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Preface 

The Fifteen American Peptide Symposium (15 APS) was held in Nashville, Tennessee, on 

June 14-19, 1997. This biennial meeting was jointly sponsored by the American Peptide Society 

and Vanderbilt University. The attendance of 1,081 participants from 37 countries was lower 

than the two previously held Symposia. However, the number of participating countries was the 

largest. Thus, it was gratifying to see that this meeting retained both its international flavor and 

participant loyalty at a time when there are many more symposia held each year on similar 

subjects. 

The scientific program, thanks to the insights and efforts of the Program Committee as 

well as Dr. Peter Schiller, the President of the American Peptide Society, was extraordinarily rich, 

diverse, and exciting. It was comprised of 124 oral and 550 poster presentations. Three 

prominent format changes were installed. First, the Symposium started on Saturday instead of 

Sunday. Second, the program opened on Saturday afternoon with a Mini-symposium by the 

Young Investigators to give them an early start and attention. Finally, 40 short and definitive 

reports were given in two parallel sessions. The expanded format permitted an unprecedented 

number of lectures and enabled wider participation by the attending delegates. 

Dr. Ralph Hirschmann, Makineni Professor of Bioorganic Chemistry at the University of 

Pennsylvania, officially opened the Symposium on Sunday morning with an exciting lecture 

entitled '"The time has come,' the walrus said, 'to talk of many things.'" His lecture focused on 

past achievements and contributions of peptide chemistry and biology to science and health care. 

Sessions I and II covered the frontiers and novel concepts of peptide science. Sessions HI 

to VI dealt with the problems in minimizing proteins to peptides and peptides to drugs. 

xliii 



xliv 

Sessions VII, VIII and XIX dealt with ihe increasing importance of peptide mimetics and 

diversity, including combinatorial libraries, in drug design. Specific problems of peptide and drug 

designs were also addressed in sessions IV and XX. The problems of drug delivery were explored 

in Session XVIII. 

Other sessions dealt with protein folding, receptor-ligand interactions, peptide biology, 

peptide immunology and conformational analysis. 

This symposium marked the first official presentation of the Merrifield Award, newly 

endowed by Dr. Rao Makineni. The Alan E. Pierce Award was discontinued. The Merrifield 

Award recognizes outstanding contributions to the chemistry and biology of peptides and 

represents the most prestigious award given by the American Peptide Society. This year's 

recipient was Dr. Shumpei Sakakibara of the Peptide Institute, Inc., Protein Research Foundation, 

Japan. Dr. Sakakibara delivered the Makineni lecture entitled "Fifty Years of My Protein 

Synthesis" in which he succinctly described his experience in the arts and methods of protein 

synthesis. 

The success of the 15"1 APS was largely due to the dedication, enthusiasm and hard work 

of the local organizing committee, who for the most part consisted of volunteers. As Symposium 

Chair, I am deeply indebted to the postdoctoral fellows in my laboratory at Vanderbilt University. 

They worked tirelessly, often past midnight, to meet deadlines, and there were many such 

deadlines. They each spent nearly two months of their time correcting, collating, typing, editing, 

and proofreading all printed materials, including this proceeding volume. I am also indebted to 

Ms. Vicki Bryant, my secretary, for her patience in handling adminstrative matters. Most of all, I 

am forever grateful to my wife, Sylvaine who shouldered the enormous task of creating the 

symposium database, keeping track of the correspondence, abstracts, registrations, and 
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manuscripts as well as maintaining the book-keeping on financial matters and audits. 

We are especially grateful for the generous financial support by the Benefactors, Sponsors, 

Donors and Contributors who are listed on the following pages. Their support enabled the 

excellence expected of this meeting. Special thanks goes to Polypeptide, Inc. for providing the 

funds for the purchase of the symposium bags. The Chairman would also like to acknowledge the 

Department of Microbiology and Immunology, particularly its chairman, Dr. Jacek Hawiger. I 

also thank Vanderbilt University for their support for holding the 15th American Peptide 

Symposium in Nashville. 

Finally, I would like to acknowledge Ms. Victoria Shaw and her band for their wonderful 

performance at the closing banquet and for providing a fond memory for all IS"1 APS attendees. 

James P. Tam 

Pravin T.P. Kaumaya 
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The Merrifield Award 1997 

(Generously endowed by Dr. Rao Makineni) 

Shumpei Sakakibara 

The first recipient of the newly created Merrifield Award is Dr. Shumpei 
Sakakibara, founder and long-time chairman of Peptide Institute Inc., Protein Research 
Foundation, Osaka, Japan. This award has recently been created through the effort of Dr. 
James P. Tam and with a generous endowment from Dr. Rao Makineni who retired from 
Bachem California last year. The Merrifield Award represents the most prestigious APS 
award and continues under a new title the Society's previous Alan E. Pierce Award. 

Dr. Sakakibara is one of the world's foremost leaders in peptide chemistry. One of 
his major scientific contributions was the development of the hydrogen fluoride cleavage 
reaction in solid-phase peptide synthesis. Another great achievement of his illustrious 
career is the synthesis, by solid-phase or fragment condensation methods, of large, 
complex biologically active peptides, including human parathyroid hormone-(l-84), 
omega-conotoxin GIVA, omega-agatoxin IVA, porcine C5a anaphylatoxin, angiogenin-(l-
123), calciseptine and human midkine. 

Dr. Sakakibara started his career as research associate in the laboratory of Professor 
Shiro Akabori at Osaka University (1951-60) and received his Ph. D degree from the same 
university. He was a research associate at Cornell University, Ithaca (1960-63). He then 
returned to Japan to assume a position as associate professor in the Institute for Protein 
Research at Osaka University. In 1971, he founded the Peptides Institute (Protein Research 
Foundation) in Osaka and served as its director (1971-76), president (1976-91) and 
Chairman of the Board (1991-96). From 1990-1992, he was the president of the Japanese 
Peptide Society. His other awards include the Chemical Technology Award from the Kinki 
Chemical Company, the Scoffone Medal, and the Hirschmann Award. Dr. Sakakibara is 
the second non-American recipient of the American Peptide Society's most prestigious 
award. 



Alan E. Pierce Award 

(Sponsored by Pierce Chemical Company, 1977-1995) 

The recipient is an individual who has made outstanding contributions to techniques and 
methodology in the chemistry of amino acids, peptides and proteins. 
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Abbreviations 

Abbreviations of common amino acids and units of measurements based on the IUPAC 
nomenclature are not enumerated. However, other abbreviations used in this proceedings 
volume are defined below: 

u. hydrophobic moment 
[0] mean residue ellipticity 
Abe 4'-aminomethyl-2,2'-

bipyridine-4-carboxylic acid 
Abh azabicylco[2.2.1]heptane-2-

carboxylic acid 
Abl abelson kinase 
Abu a-amino-n-butyric acid 
Abz 2-amino-benzoic acid; 

2-aminobenzoyl 
AC adenylyl cyclase 
Ac acetyl; acyl 
Ac6C 1-amino-cyclohexyl-l-

carboxylic acid 
Aca adamantanecarboxyl-
Acc 1-aminocyclopropane-l-

carboxylic acid 
Acm acetamidomethyl 
AEDI aminoethyldithio-2-

isobutyric acid 
AHA 6-aminohexanoic acid 
Ahp 2-amino-heptanoic acid 
A6Ahp 6-dehydro-2-amino-

heptanoic acid 
Ahx 6-aminohexanoic acid 
eAhx aminohexanoic acid 
Aib cc-aminoisobutyric acid 
AH angiotensin II 
Al allyl 
Alloc allyloxycarbonyl 
AM alveolar macrophage 
ama Ac-Abc-Ahx-Orn(Mbc-

AMBER 

AMC 
AMCA 

Bal)-Apn-Abc-Gly-NH2 

assisted model building and 
energy refinement 
aminomethylcoumaride 

7-amino-4-
methylcoumarin-

Amn 

APB 

APC 
Apn 
Arg-al 
Arg-ol 
ATP 
AUC 
AVP 
B 
BAL 

bApG 

BBB 
BK 
BMAP 

BME 
Bn 
Boc, BOC 

3-acetic acid 
8-(aminomethyl)naphth-2-
oic acid 
(4-amino)phenylazobenzoic 
acid 
antigen presenting cell 
5-aminopentanoc acid 
argininal 
argininol 
adenosine triphosphate 
area under the curve 
vasopressin 
a-aminobutyric acid 
backbone amide linker; 
broncho-alveolar lavage 
iV,/V-bis(3-aminopropyl)-
glycine 
blood brain barrier 
bradykinin 
bovine myeloid 
antimicrobial peptide 
P-mercaptoethanol 
benzyl 
ferf-butyloxycarbonyl 
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Boc-ON 

Boc20 
BOP 

Bpa 
BPTI 

bpy 
Bzl 
CaM 
CAMM 

CBA 
Cbz 

CCK 
CCK-B 
CD 
P-CD 
CED3 

CF 
CFU 
Cha 
Chg 
Cho 
Clt-resin 
Cl-Trt 
Cl-Z 
Cpg 
Cpg->Arg 
CRF 

CTL 
d.e. 
Da 
DAMGO 

2-ferf-butyloxy-
carbonylamino-2-
phenylacetonitrile 
di-rerfbutyl dicarbonate 
(benzotriazol-1 -yloxy)-
tris(dimethylamino) 
phosphonium 
hexafluorophosphate 
p-benzoylphenylal anine 
bovine Pancreatic trypsin 
inhibitor 
2,2'-bipyridine 
benzyl 
calmodulin 
computer assisted molecular 
modeling 
carboxymethyl 
carbobenzoxy; 
benzyloxycarbonyl 
cholecystokinin 
cholecystokinin-B 
circular dichroism 
P-cyclodextrin 
cenorhabditis elegans cell-
death protein 
5(6)-carboxyfluorescein 
colony forming units 
cyclohexylalanine 
a-cyclohexylglycine 
cholesteryl 
2-chlorotrityl resin 

2-Cl-trityl 
2-chlorobenzyloxycarbonyl 
cc-cyclopentylglycine 
pseudo (CH2NH) Cpg-Arg 
corticotropin releasing 
factor 
cytotoxic T-lymphocyte 
diastereomeric excess 
Dalton 
[Dala3,MePhe4, 
Glyal5]enkephalin 

DB[DMAP] 

DBU 

DCCI; DCC 
DCM 
Dde 

Ddz 

DHT 
DIC 
DIEA 

DIPCDI 

DMAP 
DMER-Plot 

DMF 
DMSO 
DNP 
DOF-COSY 
COSY 
DOPC 

DOPG 

DPC 
DPDPE 

DPPA 
DPPC 

DPPG 

DTT 
EAE 

EBP 
protein 
EBV 

2,6-di-ter/-butyl-4-
(dimethylamino)pyridine 
1,8-diazabicyclo [5.4.0]-
undec-7-ene 
dicyclohexylcarbodimide 
dichloromethane 
l-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl 
cc,a-dimethy!-3,5-

dimethoxybenzyloxycarbonyl 
1,4-Dihydrotrigonellyl 
diisopropylcarbodiimide 
jV.AT-diisopropylethylamine; 
jV-diisopropylethylamine 
N,N'-
diisopropylcarbodiimide 
4-dimethylaminopyridine 
difference minimum energy 
ramachandran plot 
dimethylformamide 
dimethyl sulfoxide 
dinitrophenyl 
double quantum field 

dioleoyl-DL-cc-
phosphatidylcholine 
dioleoyl-DL-oc-
phosphatidylgltcerol 
dodecyl phosphocholine 
cyc/o[DPen2-
DPen5]enkephalin 
diphenylphos-phorylazide 
dipalmitoyl-DI^-a-
phosphatidylcholine 
dipalmitoyl-DjL-cc-
phosphatidylgltcerol 
dithiothreitol 
experimental allergic 
encephalomyelitis 
erytropoietin binding 

Epstein-Barr virus 
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ED50 
EDT 
EDTA 

EGF 
EGFR 
EGS 
succinyl-
ELISA 

EMP 

EPO 
ES-MS 

ESI 
ESR 
ESTs 
ET-1 
Et3N 
ETAR 
F2Pmp 

f5f 
FAB-MS 

FceRI 
FceRIa 
FTTC 
fMLP 

median effective dose 
1,2-ethanedithiol 
ethylenediamine-tetraacetic 
acid 
epidermal growth factor 
EGF receptor 
ethylene glycol bis-

enzyme linked 
immunosorbance assay 
erytropoietin mimetic 
protein 
erytropoietin 
electrospray mass 
spectrometry 
electrospray ionization 
electron spin resonance 
expressed sequence tags 
endothelin-1 
triethylamine 
endothelin-A receptor 
difluorophosphonomethyl 
phenylalanine 
pentafluorophenylal anine 
fast atom bombardment 
mass spectrometry 
IgE-receptor 
IgE-receptor-oc-subunit 
fluorescein isothiocyanate 
formyl-Met-Leu-Phe 

Fmoc; FMOC 9-fluorenylmethoxycarbonyl 
Fmoc-Cl 

FTIR 
GalR 
GdnHCl 
GFC 

GlcNAc 
GPCR 
GpIIb/ma 
Grb2 

9-fluorenylmethoxy 
chloroformate 
Fourier transform infrared 
galanin receptor 
guanidinium hydrochloride 
gel filtration 
chromatography 
jV-acetylgalactosamine 
G-protein-coupled receptor 
glycoprotein Ilb/HIa 
growth factor receptor-

GRF 

GS 
GSH 
GSSG 
GuHCl 
H 
Hat 

HATU 

HBTU 

HBV 
hCG 
HCV 
HDAg 
HDV 
HFTP 
HG 
HIV 

HLA 
hm 
hml trune 

HMC 
HMPA 

HMPA 
HMPB 

1 H-NMR 

3H-NMS 

HOAt 

bound protein 2 
growth hormone releasing 
factor 
gramicidin S 
reduced glutathione 
oxidized glutathione 
guanidine hydrochloride 
hydrophobicity 
2-amino-6-hydroxytetralin-
2-carboxylic acid 
0-(7-azabenzotriazol-1 -yl)-
N.N.N'.N'-
tetramethyluronium 
hexafluorophosphate 
2-( 1 jFf-benzotriazol-1 -yl)-
1,1,3,3-teramethyluronium 
hexafluorophosphate 
hepatitis B virus 
human choriogonadotropin 
hepatitis C virus 
hepatitis delta antigen 
hepatitis delta virus 
hexafluoroisopropanol 
human gastrin 
human immunodeficiency 
virus 
human leukocyte antigen 
human muscarinic receptor 
truncated muscarinic 
receptor 
hydroxymethylcarbonyl 
p-hydroxymethylphenoxy 
acetic acid 
hexamethylphosphoramide 
4-(4-hydroxymethy 1-3 -
methoxyphenoxy)-butyric 
acid 
protein nuclear magnetic 
resonance 
tritiated Af-methyl 
scopal amine 
1 -hydroxy-7-
azabenzotri azole 
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HOBt 
HPLC 

Hpp 
HPV 
HSBOtU 

HSBtU 

1- hydroxybenzotriazole 
high performance liquid 
chromatography 
3-(4-hydroxyphenyl)proline 
human papilloma virus 
(2-mercaptobenzoxazol-2-
yl)-l,1,3,3-
tetramethyluronium-
hexafluorophosphate 
2-( 1 -mercaptobenzoxazol-

HSF 

HSNPtU 

HSDNPtU 

HTLV 
virus 
Inogatran 

i.v. 
IAPP 
iBoc 
IC5o 

ICE 

IFN 

IL-ip 

yl)-1,1,3,3-
tetramethyluronium-
hexafluorophosphate 
hematopoietic synergistic 
factor 
2-(l-mercapto-4-
nitropheny 1-1 -yl)-1,1,3,3-
tetramethyluronium-
hexafluorophosphate 
2-(l-mercapto-2,4-
dinitrophenyl-1-yl)-1,1,3,3-
tetramethyluronium-
hexafluorophosphate 
human T cell leukemia 

glycine, N-{2-[2-[[[3 
-[(aminoiminomethyl) 
amino]propyl]amino]-
carbonyl]-1 -piperidinyl] 1 -
(cyclohexylmethyl) 
-2-oxoethyl]-[2jR-[2S]] 
intravenous 
islet amyloid polypeptide 
isobutyloxycarbonyl 
50% inhibition 
concentration 
interleukin-lp converting 
enzyme 
interferon 
oc-(2-indanyl)-glycine 
interleukin-IP 

IP3 inositol trisphosphate; 
1,4,5-

trisphosphate 
FTC isothermal titration 

calorimery 
LAH lithium aluminum hydride 
LDL low density lipoprotei 
LHR lutropin receptor 
Lol leucinol 
LPS lipopolysaccharide 
LUV large unilamellar vesicle 
MAb monoclonal antibody 
MAdCAM-1 mucosal addressin cell 

adhesion molecule-1 
MALDI matrix-assisted laser 

desorption/ionization 
MALDI-MS MALDI 

mass spectrometry 
MALDI-TOF MALDI time-of-
MS flight mass spectrometry 
MAP mitogen-activated protein; 

multiple antigen peptide 
4'-methyl-2,2'-bipyridine-4-
carboxylic acid 

para-
methylbenzhydrylamine 

methylbenzhydrylamine 
myelin basic protein 
melanocortin-1 receptor 
melanocortin receptor 
molecular dynamics 
muramyl dipeptide 
methyl 
acetonitrile 
para-methoxybenzyl 
methanol 
minimum energy 
ramachandran plot 
major histocompatibility 
complex 
minimum inhibitory 
concentration 

Mbc 

MBHA 

MBHA 

MBP 
MC1R 
MCR 
MD 
MDP 
Me 
MeCN 
MeOBzl 
MeOH 
MER-Plot 

MHC 

MIC 



MIF 

MMP 
Mmt 
MS 
MSH 

MT-I 
MT-H 

Mtr 

Mtt 
NADPH 

Nal 
Nc7g 
Nchg 
Nee 
Nip 
NIR-FT 

NK-1 

NKA 
NKB 
NKR cells 
NMePhe; 
NMF 
NMM 
NMP 
NMR 
NO 
nOct 
NOE 
NOESY 

NPY 

macrophage migration 
inhibitory factor 
matrix metalloproteinase 
4-methoxytrityl 
mass spectrometry 
melanocyte stimulating 
hormone, melanotropin 
[Nle4,Dphe7] a-MSH 
Ac-Nle4-
c[Asp5,Dphe7,Lys10] 
a-MSH(4-10)-NH2; 

Ac-Nle-e[Asp5, Dphe7, 
Lys10]a-MSH(4-10)-NH2 

2,3,6-trimethyl-4-
methoxybenzenesulfonyl 
4-methyltrityl 
nicotinamide adenine 
dinucleotide phosphate, 
reduced form 
naphthylal anine 
iV-cycloheptylglycine 
./V-cyclohexylglycine 
norecgonidine 
nipecotic acid 
near-infrared, fourier-
transform 
neurokinin -1 receptor 
(substance P receptor) 
neurokinin A 
neurokinin B 
normal rat kidney cells 

TV-methyl phenylalanine 
./V-methylmorpholine 
iV-methylpyrrolidinone 
nuclear magnetic resonance 
nitric oxide 
n-octanoyl 
nuclear overhauser effect 
nuclear overhauser 
enhanced spectroscopy 
Neuropeptide Y 

Ntc2a 

Ntc2P 

Ntc3 

0 

0/X1(, 

o-AMPA 

Ochx 
OHA 
Oic 

Ome 
OMI 
OPT 
Orn 
Orn-ol 
OVX 
PAL 

PAM 
amidating 

PBMC 

PBS 
PC 
PCR 
Pd/C 
PDI 
PEG 
PEG-PS 

PEGA 

nortropane-2a-carboxylic 
acid 
nortropane-2P-carboxylic 
acid 
nortropane-3-carboxylic 
acid 

defined sequence position in 
peptide libraries 
the complete set of 220 
sublibraries 
o-aminomethylphenylacetic 
acid 
cyclohexyl ester 
octahydroacridine 
octahydroindole-2-
carboxylic acid 
methoxy 
oxomorphindole 
oligopeptide transport 
ornithine 
ornithinol 
ovariectomy 
tris(alkoxy)benzylamide; 
peptide amide linker, 5-(4-
Fmoc-ainomethyl-3,5-
dimethoxyphenoxy)valeric 
acid 
peptidyl glycine a-

monooxygenase 
peripheral blood 
mononuclear cells 
phosphate-buffered saline 
phosphatidylcholine 
polymerase chain reaction 
palladium on carbon 
protein disulfide isomerase 
polyethylene glycol 
Polyethylene glycol-
polystyrene 
polyethylene glycol pole-



lxi 

Pen 
Pfp 
Phe 

acrylamide copolymer 
penicillamine 
pentafluorophenyl ester 
phenylalanine 

Phe(4-CH2OH) 4-

hydroxymethylphenylal anine 
Phe(4-Et) 

APhe 

VPhe 
PI 
PLC 
PLN 
PLP 
PM 
Pmc 

PMD 

pNA 
Pnc 

pNpys 
PPCE 

PS 
PSD/CID 

PS-SCL 
PTH 
PTHrP 

PTK 
PTP 

PTR 
pTyr 
PY 

4-ethylphenylal anine 

dehydrophenylalanine; a,P-
dehydrophenylal anine 
cyclopropylphenylal anine 
phospatidylinositol 
phospholipase C 
phospholamban 
proteolipid protein 
plasma membranes 
2,2,5,7,8-
pentamethylchroman-
6-sulfonyl 
Pelizaeus-Merzbacher 
disease 
p-nitroanaline 
3 P-phenylnortropane-2-
carboxylic acid 
5-nitro-2-pyridinesulfenyl 
post-proline cleaving 
enzyme 
polystyrene 
post source decay/collision-
induced dissociation 
positional scanning SCL 
parathyroid hormone 
parathyroid hormone related 
protein 
protein tyrosine kinase 
protein-tyrosine 
phosphatase 
peptide transport 
phosphotyrosine 
phosphotyrosine 

PyAOP 
yloxy)-

PyBOP 

QSAR 

relC 
RGD 
RMSD 
RNA 
RP 
RP-HPLC 

(7-azabenzotriazol-1 -

tris(pyrrolidino) 
phosphonium 
hexafluorophosphate 
(benzotriazol-1 -yloxy)-
tris(pyrrolidino) 
phosphonium 
hexafluorophosphate 
quantitative structure-
activity relationships 
relative competition 
Arg-Gly-Asp 
root mean square deviation 
ribonucleic acid 
reversed-phase 
reversed-phase high 
performance liquid 
chromatography 

RuCl2(dmso)4 dichloro tetrakis(dimethyl 

Run 

Run(ama) 
SAPS 

SAR 

SCLs 

SD 
SH(32) 

SH2 
SH3 
SHU-9119 

SNC-80 

SIOM 

sulfoxide)ruthenium(II) 
ruthenium(II) 
ama complexed with Ru" 
sequence assisted peptide 
synthesis 
structure activity 
relationships 
synthetic combinatorial 
libraries 
standard deviation 
dual domains with SH2 and 
SH3 
src homology domain 2 
src homology domain 3 
Ac-Nle4- c[Asp5,Dnal(2')7, 
Lys lo]oc-MSH(4-10)-NH2 

(+)-4- [(aR-a-((2S' ,5R)-4-
allyl-2,5-dimethyl-l-
piperazinyl)-3-
methoxybenzyl]-N,N-
diethylbenzamide 
7-spiroindoyloxymorphone 



lxii 

SP 
SPPS 
synthesis 
SPR 
SR-Ca2+-
ATPase 
ss-DNA 
Sub 

SUV 
SynJ 

TAN-67 

TASP 

TBDMS 
'BU 
TCEP 
Tea 
TEMP 
TFA 
TFE 
TFFH 

TFMSA 
TGFa 

THF 
Thi 
THP 
Tic 

TIP3P 

substance P 
solid phase peptide 

surface plasma resonance 
sarcoplasmic reticulum 
Ca2+- ATPase 
single-stranded DNA 
(2S,7S)-2,7 diaminosuberic 
acid 
small unilamellar vesicle 
synthetic J protein 

2-methyl-4a a-(3-
hydroxyphenyl)-
l,2,3,4,4a,5,12,12aa-
octahydroquinolino[2,3,3-
gjisoquinoline 
template-assembled 
synthetic protein(s) 
tert-butyldimethylsilyl 
rerf-butyl 
tris(carboxyethyl)phosphine 
triethylamine 
2,3,5,6-tetramethylpyridine 
trifluoroacetic acid 
trifluoroethanol 
tetramethylfluoro-
formamidinium 
hexafluorophosphate 
trifluoromethylsulfonic acid 
transforming growth factor 
alpha 
tetrahydrofuran 
P-(2-thienyl)-al anine 
triple-helical peptide 
1,2,3,4-
tetrahydroisoquinoline-
3-carboxylic acid 
transferable inter-molecular 

TLC 
TMH 
Tmob 
TMP 
TMS-C1 
TMSI 
TMT 

TOAC 

TOCSY 

Tos 
TPTU 

TRH 

Tris 

Trt 
TsOH 
Tyr(N02) 
W13 

X 

XAL 

Xan 
Z 

potential 3 point water 
thin layer chromatography 
transmembrane helix 
S -2,4,6-trimethoxybenzyl 
2,4,6-trimethylpyridine 
trimethylsilyl chloride 
iodotrimethylsilane 
P-methyl-2',6'-
dimethyltyrosine 
2,2,6,6-
tetramethylpiperidine-
1 -oxyyl-4-amino-4-
carboxylic acid 
total correlation 
spectroscopy 
p-toluenesulfonyl 
2-(2-oxo-l(2H)-pyridyl)-
1,1,3,3-tetramethyluronium 
tetrafluorophosphate; 
2-(2-pyridon-l-yl))-1,1,3,3-
tetramethyluronium 
fluoroborate 
thyrotropin-releasing 
hormone 
tris(hydroxymethyl) 
aminomethane 
trityl 
toluenesulfonic acid 
3-nitrotyrosine 
A/-(4-aminobutyl)-5-chloro-
2-naphthalenesulfonamide 
randomized sequence 
position in peptide libraries 
5-(9-aminoxanthen-2-
oxyjvaleric acid 
S-9#-xanthen-9-yl 
benzyloxycarbonyl 



Fifty years of my protein synthesis 

Shumpei Sakakibara 
Peptide Institute, Inc., Protein Research Foundation 

Minoh-shi, Osaka 562, Japan 

I am greatly honored to have been selected as the recipient of the first Bruce Merrifield 
Award. I am grateful to those who nominated me for this Award and supported me during 
the selection process. I am particularly honored to receive this award named after a great 
scientist who showed the possibility of the chemical synthesis of ribonuclease A by the 
solid phase method in early 1969. It is an additional pleasure to know that my nomination 
for this Award was sponsored by one of my friends, Rao Makineni, who must be the most 
successful and generous man in the peptide business. My thanks are also extended to each 
of my colleagues who worked with me through every stage of my research over the past 50 
years. Without their contributions, I know I could not have realized my life-long dream. 
Now, I would like to thank the organizing committee of this symposium for giving me an 
opportunity to give a talk on the background leading to the establishment of the 
methodology for our solution synthesis of proteins. 

1951 to 1960 

I graduated from Osaka University in 1951, and started my research career as a peptide 
chemist in the same University. My first project under my instructor was the synthesis of 
poly-a-amino acids. In 1953,1 tried to synthesize a copolymer of Lys, Glu, and Cys by the 
polymerization of a mixture of the respective jV-carboxy anhydrides in a ratio of 20:20:1, 
but the synthetic product was far different from the natural protein [1]. In that year,1953, 
almost all peptide chemists around the world were very much excited on hearing the 
announcement by du Vigneaud of the total synthesis of oxytocin. I tried to reproduce his 
oxytocin synthesis in my laboratory, but I could only synthesize the N-terminal tripeptide, 
Z-Pro-Leu-Gly-OEt, in a crystalline form. 

In 1955, Morris Huggins of Eastman Kodak visited Osaka University and gave a 
lecture on the structure of collagen. He suggested that if someone could synthesize a 
sequential polymer having a unit of (Gly-Pro-X), it should be useful for studying the three-
dimensional structure of collagen by X-ray. I thought that the C-terminal tripeptide of 
oxytocin could be used as the starting material. I had the additional idea of polymerizing 
the free tripeptide, Pro-Leu-Gly, by heating with Anderson's reagent, tetraethylpyro-
phosphite, in diethylphosphite, which I had prepared myself for the synthesis of oxytocin. 
Finally, I got a product, (Pro-Leu-Gly)n, which had an average molecular weight of 3000 (n 
= 10), but it was just an amorphous powder and not as useful as had been expected for X-
ray analysis [2]. Later, however, this material was found to be digestible by a bacterial 
collagenase, and after examining the structure of the digested peptides, the substrate 
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specificity of the collagenase as well as the smallest size of the substrate could be 
determined [3]. 

1960 to 1970 

After receiving a Ph.D. in 1960, I had a chance to work with Professor George Hess at 
Cornell University for two years. His interest was in using liquid HF as a solvent for 
proteins and in elucidating the mechanism of the inactivation of proteins in HF. This 
phenomenon was originally reported by Joseph Katz of the Argonne National Laboratory in 
1954. He had tried to dissolve various biologically active peptides or proteins in HF and 
found that the recovered materials showed only diminished biological activities although 
some of them gradually regained their original activity when kept in a buffer solution for a 
while. Professor Hess considered that such a reversible inactivation of peptides could be 
explained by N to O acyl migration of the peptide bonds at the Ser or Thr residue. To 
elucidate the mechanism, I was asked to synthesize several Ser- or Thr-containing peptides 
and put them in HF under various conditions. I was able to confirm that N-Gly-Ser was 
converted to (9-Gly-Ser in HF after 2 or 3 weeks at room temperature. On the other hand, 
the OGly-Ser formed reverted to the original Af-Gly-Ser instantly in an aqueous sodium 
hydrogencarbonate solution [4]. While repeating these experiments, a Z-peptide happened 
to be added to the HF, and it was observed that the Z-group decomposed immediately at 
below 0°. I reported this fact to my superior, but no interest in this phenomenon was shown 
because the Z-group was known to decompose in anhydrous HBr in acetic acid at room 
temperature. I, therefore, decided to continue this work after returning to Japan. However, I 
am grateful to Professor Hess for having given me a chance to work with liquid HF in his 
laboratory. 

After returning to Japan, I assembled the HF-reaction apparatus in my laboratory and 
tried to dissolve various protected amino acids or peptides in HF. I found that almost all 
benzyl-type protecting groups as well as the nitro group of Arg were removable at room 
temperature [5]. My major interest was to discover whether the S-Bzl group could be 
removed by HF because it was known to be stable even in HBr/AcOH. In 1959, Micros 
Bodanszky reported a new synthesis of oxytocin by elongating the peptide bonds one by 
one using Z-amino acid p-nitrophenylesters as building blocks followed by removal of the 
Z-group by HBr/AcOH. By using his procedure, I was finally able to synthesize oxytocin. 
This gave me a small amount of fully protected oxytocin containing one Z group and two 
Cys(Bzl) groups in the sequence. The protected peptide was treated with HF at room 
temperature, and after aeration for several hours, the product was found to show oxytocic 
activity. I reported this in a short communication in 1965 [6]. The next year, I reported the 
behavior of various protecting groups in HF and the new synthesis of Arg-vasopressin by 
the HF method at the 8th European Peptide Symposium held in Holland [7]. At the same 
symposium, Bruce Merrifield reported the synthesis of insulin by his solid phase method. 
After the meeting, I visited his laboratory in New York, and we discussed the usefulness of 
the HF method in peptide synthesis. This procedure was then adopted by Merrifield as the 



standard method for removing products from his peptide resins, and finally he succeeded in 
synthesizing an enzyme, ribonuclease A, by applying the method [8]. Independently, the 
Merck research group headed by Ralph Hirschmann also synthesized ribonuclease S by 
applying the same HF method at the final stage of deprotection [9]. As you know, both 
syntheses were published in the same issue of JACS in early 1969. 

The solid phase technology is, no doubt, extremely useful and convenient for 
synthesizing peptides within a short time period, but the formation of a small amount of 
truncated side products was unavoidable. Thus, success in the synthesis of peptides by the 
solid phase method totally depends on success in the isolation of the desired peptide from 
the reaction products. Until the middle of the 1970's, only limited techniques were 
available for detecting or removing those side products having very similar structures. In 
such a situation, I thought that if a fragment condensation technique could be applied to the 
solid phase method, it should be possible to extend the limitation in the size of peptides to 
be synthesized. In 1968,1 tried to couple a tripeptide unit, Pro-Pro-Gly (an intermediate for 
the synthesis of bradykinin) on a Merrifield resin, for a definite number of times such as 10 
or 20 for the synthesis of poly(Pro-Pro-Gly) having definite molecular weights [10]. During 
simple dialysis of the product, (Pro-Pro-Gly)io, using a cellophane dialysis bag, the 
formation of several crystals was observed in the bag. When a crystal was subjected to X-
ray analysis, it was found to be composed of a typical collagen-like triple-helical structure 
[11]. This was the first successful example of the fragment condensation of peptides on 
solid support. 

1970 to 1980 

One of the drawbacks of HF as a reagent for the removal of protecting groups was the 
formation of stable carbonyl cations, which attack aromatic groups in peptides to form 
alkylated side products. In most cases, this could be suppressed by adding anisole to the 
reaction mixture, but it was still unavoidable in some cases. Various improvements were 
made by many workers not only in the reaction conditions, but also in the structure of the 
protecting groups, and the formation of almost all major side products were eliminated one 
by one. Nevertheless, if formation of unexpected side products was found during the solid 
phase synthesis, many workers frequently attributed this to the use of HF. We therefore 
decided to synthesize such questionable peptides by classical solution procedures to 
observe whether or not the same side reactions would occur. In the meantime, HPLC had 
been introduced for peptide synthesis and could be used to detect and remove almost all 
those side products. Using HPLC, we checked the conditions for forming such side 
products, and established the conditions suitable for eliminating the side reactions. This 
finally gave us confidence in obtaining peptides by the HF method in a highly 
homogeneous form. Then, we designed our own strategy suitable for the synthesis of large 
peptides by the solution procedure under the principles summarized below [12]. 



1) A large peptide is assembled from several smaller segments of about 10 amino acid 
residues each. 

2) Each segment is synthesized with Boc-amino acids in a form of Boc-Ai-A2-A3--An-
OPac (n is around 10; Pac: phenacyl), in which all side-chain functional groups are 
protected by suitable protecting groups removable by HF. 

3) After removal of either the Boc or Pac group, those segments are coupled one by one 
using WSCI as the coupling reagent in the presence of HOBt or HOOBt as an 
additive. [WSCI: 1 -ethyl-3-(3-dimethylaminopropyl)-carbodiimide] 

4) After completion of the entire segment condensation reactions, the remaining 
protecting groups are removed by the HF method. 

The strategy is characterized by the use of Boc to protect a-amino groups and the Pac 
ester to protect the a-carboxyl group. The biggest advantage of our procedure is being able 
to use the same fully protected peptide segment as not only a carboxyl component but also 
as an amino component since the Boc or Pac group can be removed selectively without 
disturbing any other protecting groups in the same segment. By applying this principle, we 
could overcome almost all major problems which were apt to arise in the synthesis of large 
peptides. 

1980-1990 

In 1981, we tested the usefulness of our strategy in the synthesis of an 84-residue peptide, 
human parathyroid hormone (PTH). The 84-residue peptide was assembled from four large 
segments, (1-22), (23-38), (39-68), and (69-84). Each segment was assembled from two or 
four smaller size segments. All of the side chain functional groups were protected by a set 
of groups which are shown in Table 1 as the 1980 version . 

Table 1. Type of Protecting Groups for the Side-Chain Functional Groups Used in 
our Peptide Synthesis. 

Version 

1965 

1980 

1990 

1995 

Asp, Glu 

OBzl 

OBzl 

OcHx 

OcHx 

Ser, Thr 

Bzl 

Bzl 

Bzl 

Bzl 

Lys 

Z 

CIZ 

CIZ 

CIZ 

Arg 

N0 2 

Tos 

Tos 

Tos 

His Cys 

Bzl 

Tos Acm, MeB 

Bom Acm, MeB 

Bom Acm, MeB 

Tyr 

Bzl 

BrZ 

BrZ 

BrZ 

Trp 

— 

— 

For 

Hoc 

During the segment coupling reactions, we encountered an insolubility problem in two 
steps; the first in the synthesis of Boc-(39-68)-OPac and the second in the last coupling 
reaction of Boc-(l-22)-OH with H-(23-84)-OBzl. In the synthesis of Boc-(39-68)-OPac, 



assembly was attempted from four smaller segments, (39-43), (44-51), (52-59), and (60-
68), which were coupled from the C-terminus one by one, but the first intermediate, Boc-
(52-68)-OPac, was extremely insoluble in ordinary solvents suitable for the coupling 
reactions and we were forced to give up the synthesis at this point. However, when the N-
terminal Boc-(39-59)-OPac was synthesized first, and then the barely soluble segment, 
Boc-(60-68)-OPac, was coupled to the C-terminus, the product was found to be extremely 
soluble in DMF, giving the desired product, Boc-(39-68)-OPac, in a highly soluble form 
[12]. This taught us that the solubility of protected peptides is not length-dependent, but 
sequence-dependent. Thus, the elongation of three larger segments was achieved smoothly 
using a mixture of DMF/NMP as the coupling solvent. In the final coupling reaction 
between Boc-(l-22)-OH and H-(23-84)-OBzl, the product precipitated as a gel. After 
treating the precipitated product with HF, we were able to isolate human PTH, although the 
yield was not very high [13]. From this experiment, we grasped that our present strategy 
could be applied to the synthesis of peptides much larger than PTH if we could overcome 
the insolubility problems. 

Applying this principle, we synthesized many peptides having two or more disulfide 
bonds that were mainly smaller than 100 residues. They are listed in Table 2. 

Table 2. Biologically active peptides synthesized by applying the present strategy. 

Year 

1982 
1985 
1986 
1988 
1988 
1990 
1990 
1992 
1992 
1992 
1992 
1992 
1993 
1993 
1994 

Name 

Conotoxin Gl 
h-ANP 
co-Conotoxin GVIA 
C5a Anaphylatoxin 
Endothelin I 
Angiogenin 
Charybdotoxin 
Calciseptine 
Elafin 
|i.-Conotoxin GIUB 
Na,K-ATPase Inhibitor I 
rat Interleukin-8 
h-Adrenomedulin 
co-Agatoxin IVA 
h-Osteocalcin 

Number of 
Amino acids 

13 
28 
27 
74 
21 
123 
37 
60 
57 
22 
49 
72 
52 
48 
49 

SS-bonds 

2 
1 
3 
3 
2 
3 
3 
4 
4 
3 
4 
2 
1 
4 
1 

From the synthesis of those peptides, we learned that the yield of the desired products 
in the folding reactions is strongly affected by changes in the peptide concentration, 
reaction temperature, type of buffer, presence or absence of a denaturating agent, redox 
agents, and water-soluble organic solvent in the folding reaction systems [14]. Such a 
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phenomenon was typically observed in the synthesis of Cu-conotoxin MVIIC [15]. 

19904997 

The low yield in the earlier synthesis of h-PTH was due to an aggregate formation 
during the final coupling reaction in an ordinary solvent such as DMF or NMP. The 
aggregate may be formed by inter- or intra-chain hydrogen bonds as well as van der 
Waals interaction between alkyl groups of side-chains. To dissolve such aggregates, 
powerful solvent systems are required. TFE is known as a solvent capable of converting 
molecules from p-sheet to helical, but neat TFE was completely ineffective in 
dissolving the aggregate. We next examined the effect of various organic solvents as the 
additive in TFE and found that the mixture of CHL or DCM in TFE in a ratio of 3:1 had 
a miraculous potential for dissolving those sparingly soluble protected peptides. 
However, in the case of using a CHL/TFE mixture as a solvent, we had to check the 
tendency for the formation of TFE-esters or racemization of the carboxyl components 
under the conditions of their coupling reactions. Thus, we examined the possibility of 
forming such side products using a model system. From this experiment, we realized 
that TFE ester formation could be suppressed in a range of less than 0.1% when 
WSCI/HOOBt was used as the coupling reagent. HFIP was known to be a much more 
powerful solvent for the same purpose, but the extent of ester formation increased to 2-
3% since its nucleophilicity is stronger than that of TFE. Thus, CHL/TFE(3:1) was 
found to be a much more suitable solvent system for the synthesis of peptides when 
WSCI/HOOBt was used as the coupling reagent [16]. This technique was successfully 
applied to the synthesis of a 121-residue protein, human midkine (MK), having five 
intramolecular disulfide bonds. 

The fully protected MK precursor molecule was assembled from two large 
domains. The N-terminal half was assembled from six segments, and the C-terminal 
portion from seven segments, all of which were synthesized in a form of Boc-peptide-
OPac, except for the C-terminal segment which was protected by the benzyl ester, as in 
the case of our PTH synthesis. The type of protecting groups applied to the synthesis is 
shown in Table 1 as the 1990 version. Almost all solubility problems could be 
overcome by using CHL/TFE(3:1) as the solvent. The final coupling reaction between 
the two large segments, Boc-(l-59)-OH and H-(60-121)-OBzl, proceeded quite 
smoothly within 1 hr. Thus, the fully protected peptide, Boc-(l-121)-OBzl, could be 
obtained in an almost quantitative yield. Next, all the protecting groups were removed 
by the HF method except for Acm groups. The (10 Acm)-peptide (1-121) thus isolated 
in a homogeneous form was further treated with Hg(AcO")2 to obtain the completely 
unprotected peptide. The folding reaction proceeded smoothly as in the case of small 
peptides, and we were finally able to isolate a homogeneous product, which showed a 
single peak not only on RP-HPLC or IEX-HPLC but also on CEZ. All analytical data 



supported the formation of human MK in a highly homogeneous form as was reported 
in our paper [17]. 

In order to confirm the reproducibility of the present strategy, we also synthesized 
a slightly larger protein, human pleiotrophin (PTN), a 136-residue protein having five 
disulfide bonds [18]. The structure of the segments and the routes of their condensation 
reactions are shown in Fig. 1. The types of protecting groups are shown in Table 1 in 
the 1996 version. In the final coupling reaction, a large carboxyl component, Boc-(l-
64)-OH, was found to react quite smoothly with a large amino component, H-(65-136)-
OBzl, in CHL/TFE(3:1) as in the case of the MK synthesis. All the protecting groups 
were removed by HF except ten Acm groups, which were then removed by treatment 

r 1 GKKEK PEKKV KKSDC GEWQW SVCVP TSGDC GLGTR EGTRT GAECK QTMKT QRCKI PCNWK KQFG-

r -r i n i 136 
AECKY QFQAW GECDL NTALK TRTGS LKRAL HNAEC QKTVT ISKPC GKLTK PKPQA ESKKK KKEGK KQEKM LD 

Boc-(l-8)-OPac -
Boc-(9-16)-OPac . 
Boc-(17-28)-OPac 
Boc-(29-37)-OPac 
Boc-(38-46)-OPac 
Boc-(47-56)-OPac 
Boc-(57-64)-OPac ? 

/ X 
% 

Boc-(65-75)-OPac 
Boc-(76-88)-OPac 
Boc-(89-100)-OPac 
Boc-(101-110)-OPac 
Boc-(lll-119)-OPac 
Boc-(120-128)-OPac 

lBoc-(129-136)-OBzl 

Boc-(l-64)-OPac + Boc-(65-136)-OBzl 
inCHL/TFE(3:l) 

T: CHUTFE (3:1), F: DMF, N: NMP, S: DMSO 

Boc-(l-136)-OBzl 
X HF followed by folding 

Pleiotrophin 

Fig. I. Primary structure and route for the synthesis of pleiotrophin. 

with Hg(AcO")2. After the folding reaction, we could isolate the product by HPLC in a 
highly homogeneous form, which showed full biological activity equivalent to that of a 
recombinant product. Thus, we can state with confidence that our segment 
condensation procedure using maximum protection strategy should be useful and 
convenient for the synthesis of proteins having more than 130 residues. 

In order to confirm the limitations of our strategy, we are trying to synthesize the 
so-called "green fluorescent protein" (GFP), which has 238 residues including two 
uncoupled Cys residues. This protein is assumed to be an auto-catalytic enzyme for 
forming a unique dehydro-imidazolidone structure from its own sequence, -Ser-Tyr-
Gly-, at position (65-67), which is essential for emitting a green fluorescence when the 
molecule is stimulated by UV light [19]. Since its three-dimensional structure had 



already been determined [20], we decided to synthesize this protein to elucidate the 
mechanism of the auto-catalytic cyclization reaction. In order to speed up the synthesis, 
we decided to combine a solid phase method to obtain all the fully protected segments, 
because the size of each segment is relatively small and they are considered to be 
purified in a homogeneous form before being subjected to the segment condensation 
reactions. For the synthesis of the segments, we decided to apply the Boc strategy on a 
9-hydroxymethyl-fluorenyl resin. This idea was originally reported by Rabanal et al. in 
1992 [21], but we found it necessary to modify the reaction conditions in several ways 
because some of the side-chain protecting groups are not so stable under the conditions 
for removing a protected segment from the resin. By applying our improved reaction 
conditions, we were able to synthesize a fully protected segment of 10 to 12 residues 
within a day or two. We started the project this March, and have now already finished 
the synthesis of all 23 necessary protected segments. I am optimistic about the total 
synthesis of the 238-residue protein GFP and plan to report the preliminary results at 
the First International Peptide Symposium to be held in Kyoto late this year. 
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'The time has come," the Walrus said, "to talk of many 
things..." Lewis Carroll, Through the Looking Glass 

Ralph Hirschmann 
Department of Chemistry, University of Pennsylvania, 231 South 34th Street, 

Philadelphia, PA 19104, USA 

Peptide Chemistry had its beginning in 1902 at a meeting in Karlsbad when Franz 
Hofmeister and Emil Fischer independently reported that proteins are made up of amino 
acids linked via "peptide bonds," a term coined by Fischer. It is fitting and proper that the 
international peptide community should celebrate the forthcoming centenary with pride and 
with confidence about the future. 

Selected Major Milestones Achieved During the Past 95 Years 

Consider some arbitrarily selected achievements which have collectively had a seminal 
impact on both biology and chemistry: 

(1) Protection and Activation of Amino Acids and Peptides The invention of the 
carbobenzoxy protecting group in 1932 made possible the practical synthesis of chiral 
peptides (1932). As is well-known, this urethane N-protecting group allows activation of 
amino acids without racemization. In addition, this group can readily be removed, making 
it ideal for stepwise peptide synthesis. The carbobenzoxy group surely represented one of 
the most important accomplishments in peptide synthesis of the first half of the century. Its 
counterpart, activation of the C-terminal carboxyl, was accomplished early on (1902) via 
the azide process. Azides are less stable than one might wish, a concern primarily when 
peptide fragments couple only slowly. The survival of this procedure for nearly a century is 
due in part to improvements introduced over the years. Its primary strength lies in the fact 
that it permits the activation and coupling of peptide fragments with minimal racemization. 
In the intervening years, diverse new activation procedures involving primarily anhydrides, 
active esters, carbodiimides and combinations of these methods, have found favor. The 
introduction of novel useful protecting groups, permitting an ever increasing degree of 
selectivity continues to this day. Still, one can only marvel at the fact that the carbobenzoxy 
protecting group in combination with the azide coupling procedure made chiral peptide 
synthesis a reality nearly 70 years ago, the former permitting stepwise chain elongation, the 
latter fragment condensation. 

(2) Early Biologically Important Peptides (a) The isolation, characterization and 
synthesis of the peptide hormones oxytocin and vasopressin in 1953 and of ACTH in 1956 
put peptides firmly on the map in physiology and medicine. One must admire the ingenuity 
and creativity of our forefathers. Consider that automated amino acid analysis was reported 
only in 1958, and that the Edman degradation was not employed in the structure 
determination of oxytocin and vasopressin, two nonapeptides with a cystine containing 
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cyclic hexapeptide linked to a C-terminal tripeptide amide. The generation of three 
equivalents of ammonia during acid hydrolysis showed conclusively that oxytocin contains 
one Gln, one Asn, and a C-terminal amide but no dibasic acids. Partial hydrolyses played a 
major role in the sequence determination. 

Enzymatic hydrolyses, spectroscopic methods, or high resolution mass spectrometry 
could establish these facts now-a-days. In 1953, seemingly unsophisticated techniques 
succeeded in answering these same questions in a definitive manner. 

(b) Among the many peptide hormones that have been isolated, characterized and 
synthesized, insulin deserves special mention. It became the first life-saving peptide after 
its isolation in 1922. The crystallization of insulin was achieved in 1926. Elucidation of the 
amino acid sequence of the hormone in 1950 was followed by the determination of the 
connectivity of the six cysteines just five years later. The X-ray structure of the hexameric 
zinc complex of pig insulin evolved between 1969 and 1972. Importantly, these spectacular 
achievements disproved the widely accepted belief that peptide hormones are mixtures (a 
"Gemisch") of closely related structures, and therefore not deserving the attention of 
organic chemists. That insulin proved to be a single chemical entity dramatically changed 
the way organic chemists think about peptide chemistry. Finally, insulin became the first 
peptide hormone to be accessible by molecular biological expression in the mid 1980s. 

(3) Peptide Chemistry, an Integral Part of Organic Chemistry One of the curiosities 
of our time is the fact that it is often implied that peptides are not organic compounds. 
Thus, a pharmaceutical company may be reported to be increasing its efforts in the 
synthesis of organic compounds at the expense of peptides. This bizarre aberration is not 
only inconsistent with the definition of organic chemistry, but it also distorts history. 
Consider that Fischer gained renown for his work with purines and sugars before he 
initiated research with peptides. Surely, above all he was an organic chemist. Peptide 
chemists have developed techniques, concepts, and methods that are part of the 
mainstream of nonpeptide organic chemistry. Conversely, physical organic chemists have 
contributed immeasurably to the elucidation of, for example, the mechanism of 
racemization of amino acids and peptides, the design of selective protecting groups, the 
activation of carboxyl groups and the removal of protecting groups under acidic 
conditions while minimizing cation induced side reactions. 

It is true, I believe, that organic chemists lacking familiarity with peptide chemistry, 
underestimate the complexity of our field. They perceive peptide synthesis as an extension 
of the synthesis of acetamide, ignoring both the problems imparted by the functionalized 
sidechains and the elegance of the diversities in the molecular shape of peptides induced by 
these sidechains. Peptide chemists, using three and one letter codes for amino acids, 
doubtless contribute to the erroneous notion that polypeptides lack structural elegance. 

One of the most striking examples of the impact of peptide chemistry on non-peptidal 
organic chemistry is cited in section 4b. 

(4) The Impact of Automation on Peptide Research (a) The invention of automated 
quantitative amino acid analysis reported in 1958 profoundly affected the determination of 
the amino acid composition of peptides, the evaluation of the purity of both synthetic and 
natural peptides, and - in the context of the so-called subtractive Edman degradation 
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method - the sequencing of peptides and proteins. In the hands of a skilled experimentalist, 
an accuracy of ±3% is achievable in automated amino acid analysis, although most 
laboratories, academic and industrial, do not come close to achieving this degree of 
experimental sophistication now-a-days. One must fear that this cavalier attitude may 
reflect a certain lack of concern about the purity and, indeed, the identity of the synthetic 
peptides. 

(b) The synthesis of peptides on solid support (1963) literally revolutionized peptide 
synthesis and also provided as a fringe benefit the application of support methodology to 
the sequencing of peptides. The usefulness of solid phase peptide synthesis benefited 
greatly from the introduction in the mid 70s of reverse phase high pressure liquid 
chromatography (RP-HPLC) as a highly resolutive chromatographic technique for the 
analytical, and preparative separation of unprotected peptides. The effectiveness of the RP­
HPLC technique in separating diastereomers is another important plus of this technique. 

Importantly, solid phase synthesis was subsequently successfully applied to nucleic 
acid synthesis, and in the 1990s to the synthesis of, for example, oligosaccharides, of the 
anti-tumour agents epothilones A and B, and of other natural and unnatural (designed) 
nonpepetides. Thus the solid phase methodology is "not just for peptides anymore." It has, 
in fact, become the cornerstone of the paradigm of library synthesis. This means nothing 
less than that an ever-growing percentage of compounds prepared for biological evaluation 
are synthesized on solid support. Peptide chemists and peptide chemistry thus laid the 
groundwork for a revolutionary development in the synthesis of nonpeptidal organic 
compounds. 

It is pleasing to note that peptide chemists have also been able to extend the scope of 
solid phase peptide synthesis to generate complex polypeptides containing non-protein 
amino acids. For example, analogs of the cyclic undecapeptide cylcosporin A (CsA) with 
its seven N-alkylated amino acids, can now be synthesized on solid support by varying 
solvent, temperature and synthetic strategy. Indeed, synthetic libraries of cyclosporin 
derivatives are now possible. The facile synthesis of CsA analogs has made a significant 
contribution to our understanding of the mechanism of the immunosuppressive action of 
this natural product. Analog synthesis has shown that it is possible to separate the 
immunnosuppressant activity from the inhibition of the peptidal-prolyl cis-trans isomerase 
activity, while retaining anti-HIV-activity. 

(5) Protein Synthesis Landmark achievements in natural product synthesis include 
both peptide hormones and enzymes. In 1958 it was shown that ribonuclease A (Rnase A) 
may be cleaved at a single bond without impairment of enzymatic activity to produce 
ribonuclease S (Rnase S), which may be separated into a tetrahectapeptide (S-protein) and 
an eicosapeptide (S-peptide). Recombination of these two enzymatically inactive fragments 
in equimolar ratio restored full enzymatic activity. Three years later (1961) in an 
experiment of historic importance, it was shown that the amino acid sequence of Rnase A 
and even of Rnase S encode the tertiary structure of these two proteins in vitro. In recent 
years, the role of chaperones in the folding of certain proteins has been investigated. This 
fact does not, however, diminish the importance of the earlier, underlying discovery. 
Rather, I see it as just another example of a general pattern: seemingly simple phenomena 
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have a way of becoming more complex as we study them further. That sequence encodes 
tertiary structure made it reasonable to undertake the total syntheses of these enzymes with 
the expectation that the synthetic products will have the proper tertiary structure. The 
required amino acid sequence of these enzymes became known in 1963. The total 
syntheses of Rnase A and of Rnase S by solid phase and solution methodology, 
respectively, were announced simultaneously in 1969. The former, involved so-called 
stepwise approach, the latter, fragment condensation. Both syntheses employed anhydrous 
HF for the removal of protecting groups. Eleven years later synthetic and purification 
techniques had progressed sufficiently to make possible the total synthesis of crystalline 
ribonuclease A using the fragment condensation method. 

In 1987, the total chemical synthesis of HIV-1 protease was achieved before this 
important AIDS-related enzyme became available by molecular biological expression, 
making possible the initiation of screening for inhibitors of this enzyme. The significance 
of this achievement has not received the attention which it deserves. 

More recently, different new approaches for the synthesis of unprotected peptides 
through selective acylations of a-amino groups have been described. Among them, the use 
of ligases obtained from proteases by site-directed mutagenesis has already achieved 
success in protein synthesis. Catalytic antibodies have generated small peptides with good 
turn-over numbers. 

(6) Conformational Analysis At about the same time, enormous strides were being 
made in the conformational analysis of peptides both by computational methods and by 
crystallographic and spectroscopic techniques. Advances in the understanding of the 
relationship between conformation and structure were both invaluable from a theoretical 
and from a practical point of view. For example, the importance of intramolecular 
hydrogen bonds for c-(Gly)6 was proven in 1963 by X-ray crystallography. Such 
understanding has become the cornerstone in the design of both peptides and 
peptidomimetics possessing targeted biological properties. The ever growing number of 
peptide hormones and neurotransmitters that have been isolated and characterized both 
chemically and biologically has fueled an understanding of the relationship between 
chemical structure and biological activity. Somatostatin, one of the hypothalamic releasing 
factors isolated in the 60s and 70s, is a tetradecapetide which has a half-life of such short 
duration that its therapeutic potential could not be determined. A speculation about its 
bioactive conformation was validated via the synthesis of rigid bicyclic analogs. This led 
eventually to the design and synthesis of a highly potent cyclic hexapeptide which retains 
the critical P-turn of the hormone. This research carried out in the 70s represented the first 
time that a major pharmaceutical company was willing to make a significant chemical and 
biological commitment to converting a peptide hormone having no practical medical value 
into a peptide that does. This goal was subsequently realized by another pharmaceutical 
company. 

The understanding of the importance of solvent-driven hydrophobic interactions in 
protein folding has advanced impressively in recent years. In addition, creative experiments 
have been devised to determine the relative importance of hydrophobic interactions and of 



15 

hydrogen bonding, as well as of torsional effects on protein folding. More recently de novo 
design has been successfully employed in attempts to mimic protein folding by using 
diverse template-assembled secondary structures. Helical bundles have often been the 
target of such de novo design. 

Multidimensional NMR spectroscopy is proving invaluable in providing information 
about solution conformations of both peptides and proteins. It has become an important 
alternative to X-ray crystallography in the determination of tertiary structures. 

Because inhibitors of many enzymes, especially proteolytic enzymes, are of 
therapeutic interest, cocrystallization of such enzymes with inhibitors has been a highly 
useful tool for the design of more potent and more selective inhibitors. The angiotensin 
converting enzyme inhibitors and the inhibitors of HIV-1 protease, an enzyme required by 
the AIDS virus, are all peptide-related compounds. They are excellent examples of 
rationally designed, orally bioavailable therapeutic agents of great clinical value. These 
protease inhibitors followed into the clinic such earlier injectable peptide drugs as the 
hormones oxytocin, ACTH, insulin and the antibiotic penicillin. 

(7) Peptidomimetics Peptidomimetics have emerged as a broad field including both 
natural and unnatural molecules. The former category includes morphine, a peptidomimetic 
known since antiquity, which is known today to bind the receptor for which the 
enkephalins are the endogenous ligands. Another natural product, statine, is a dipeptide 
mimetic transition state analog. Unnatural peptidomimetics, on the other hand, include 
pseudopeptides, peptoids, p-peptides and so forth. Peptidomimetics have come to play an 
important role in the pharmaceutical industry which screens hundreds of thousands of 
compounds from chemical sample collections, fermentation broths, and libraries generated 
by combinatorial chemistry, for their ability to bind either receptors whose endogenous 
ligands are peptides, or enzymes such as proteases. The search for such ligands is generally 
guided by two distinct strategies. One of these builds on the knowledge that certain 
scaffolds, the so-called privileged or promiscuous platforms, have a remarkably good track 
record in their ability to bind different receptors, the specificity resulting from the 
substituents attached to these scaffolds. Although it is widely thought that such platforms 
tend to bind only proteins that have much in common structurally (such as G-protein 
coupled receptors), this belief is not consistent with the reports that benzodiazepines (a 
well established class of privileged platforms) can also inhibit, for example, the enzymes 
farnesyl transferase and reverse transcriptases. The second strategy, instead of relying on a 
common scaffold and common structural features, seeks to emphasize diversity in three-
dimensional space. Polycyclic peptides, peptoids and P-peptides, and so forth, permit one 
to achieve such structural diversity also with unnatural peptides. 

Peptidomimetics are discovered today both via random screening and by design. 
Unexpectedly, peptidomimetics have been able to reveal similarities between different 
receptors which were not disclosed by the endogenous ligands. Further, the creative use of 
site-directed mutagenesis of receptors has made it possible in several instances to 
determine whether or not peptides and their peptidomimetic counterparts bind a receptor in 
a similar manner. Incorporation of conformational constraints into both peptides and 
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peptidomimetics has provided valuable information about the bioactive conformation of 
ligands. 

Summary 

Taken together, even the above, limited, highly subjective selection of the achievements of 
peptide chemists and biologists amply demonstrate that peptide research has benefitted 
both science and therapy, and thus mankind. More often than not, these advances were 
made possible through synergistic interaction between biologists and synthetic, physical 
and bioorganic chemists. 

Future Directions 

As Niels Bohr pointed out, "Prediction is a very difficult art, especially when it involves 
the future." Nevertheless, it is tempting to make some prognostications, especially since we 
are approaching the end of the first 100 years of peptide chemistry. 

I believe that the continuing importance of peptides and peptide-derived 
research is all but a certainty for two reasons. 

(1) Life, as we know it, would not exist without peptides and proteins and 
biochemists are isolating and characterizing new such peptidal structures at a 
bewildering rate. The evolution of biotechnology is regarded to have been one of the most 
important developments of the past twenty years, but it is becoming increasingly clear 
that molecular biology cannot fulfill its promise without structural biology. Thus, 
physical measurements, including X-ray crystallography, NMR spectroscopy and mass 
spectrometry are likely to assume an ever-increasing importance in peptide-related 
research. 

(2) The other reason for optimism about the future of peptide and peptide-derived 
research is that while we know an enormous amount, I believe that we really understand 
very little. This is probably generally true in science; I'm confident that it applies to peptide 
research. Even without the isolation of new peptides, there is much work to be done to 
increase our understanding. Let me cite two unrelated examples of important areas of 
research which are only now picking up steam: (1) the interactions between 
macromolecules and (2) factors affecting transport of molecules across membranes. That 
there is a problem with the oral bioavailability of most peptides has been known for a very 
long time, but the causes of this problem started to receive scientific scrutiny only during 
the past twenty years. This trend will surely accelerate. 

Taken together, this perspective suggests that it probably doesn't matter whether 
combinatorial chemistry or genomics or structural biology, or some other, as yet unknown 
discovery, will be the dominant force in the early 21st century; peptide chemistry and 
biology are sure to flourish. 
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Novel concepts for the synthesis of cyclic peptide libraries 

Lianshan Zhang and James P. Tam 
Department of Microbiology and Immunology, A 5119 MCN, Vanderbilt University, 

Nashville, TN 37232-2363, USA 

Our laboratory has previously reported various methods for orthogonal ligation and cyclization 
of unprotected peptides [1-3]. These methods differ both in concept and mechanism from 
conventional coupling and cyclization methods and have two key features: (1) amide bond 
formation proceeds through a proximity-driven intramolecular acyl migration without the need 
for an activation agent, and (2) in cyclization, the ring formation is governed by ring-chain 
tautomerization through reversible interaction of two reactive ends under aqueous conditions. 
The former feature eliminates multi-tiered protecting groups in the reaction scheme while the 
latter removes the requirement for high dilution to favor monomeric products. In addition, the 
final products can be used directly for bioassays without further chemical steps. These features 
are also attractive for preparing peptide libraries by orthogonal ligation strategies. 

Cyclic peptide libraries have recently received much attention because of the advantages of 
their constrained structures in facilitating drug development. To meet this challenge we have 
developed novel concepts for peptide cyclization with unprotected peptide precursors that exploit 
orthogonal ligation strategies and the principle of ring-chain tautomerization to give monomeric 
products. Here we describe two strategies based on thiolactone and Ag+ ion-assisted peptide 
cyclization. 

Results and Discussion 

Thiolactone cyclization through thioester ligation. Thiolactone cyclization produces an end-
to-end cyclic peptide containing a Cys which is also the ligation site (Fig. 1). It requires a free 
peptide containing an N-terminal Cys and a thioester. Under aqueous conditions, ring-chain 
tautomerization through transthioesterification of the sulfhydryl of the N-terminal cysteine and 
the C-terminal thioester yields a covalent thiolactone 1 which spontaneously undergoes an S to 
N acyl migration via a 5-membered ring transition state to give a cyclic peptide. The entropic 
factor favors thiolactone formation rather than the intersegmental thioester ligation under the 
influence of ring-chain tautomerization. 

Peptide thioesters were prepared directly by solid-phase peptide synthesis using Boc 
chemistry according to Aimoto et al. [4]. Crude peptides were used directly for cyclizations at 
- pH 7 in phosphate buffer after cleavage from the resin support. Tris(carboxyethyl)phosphine 
(TCEP) was added to prevent disulfide formation and to accelerate the desired reaction. 
Cyclizations occurred cleanly and were complete within 4 hr as shown by RP-HPLC in yields 
ranging from 78 to 92%. The cyclization was regioselective. No side reactions were observed 
with side-chain functionalities such as the NE-amine of lysine, thiol of internal cysteine, or 
imidazole 
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Fig. 1. Cyclic intermediates derived from ring-chain tautomerization in peptide cyclization. 

of histidine. More importantly, no oligomerization was observed at concentrations of 1 to 10 mM 
as monitored by RP-HPLC. 

Ag+ ion-assisted cyclization. For cyclization of non-cysteinyl peptides, we used the 
thiophilic Ag+ ion to coordinate the reactive functionalities of the N- and C-termini of a flexible 
linear peptide thioester to form a cyclic intermediate 2 for facilitating the intramolecular 
cyclization through entropic activation. Similar to the thiolactone cyclization method, the Ag+ 

ion assisted in the formation of a reversible cyclic intermediate through a non-classical ring-
chain tautomerization to promote intramolecular cyclization rather than intermolecular ligation 
(Fig. 1). However, the Ag+ ion plays an additional role in the enthalpic activation of the C-
terminal carbonyl to accelerate the amide bond formation. 

Using Xaa-Lys-Tyr-Gly-Gly-Phe-Leu-SCH2CH2CONH2 where Xaa represents all 
proteogenic amino acids except Cys, we determined the selectivity of Xaa for the formation of 
end-to-end cyclic peptides. We found that > 85% of products were end-to-end cyclic peptides 
if Xaa was Gly, Ser, and Asp/Asn. End-to-sidechain cyclic peptides as major products were 
obtained if sterically hindered amino acids such as lie, Pro were placed at the N-terminus. In 
addition, this method could generate molecular diversity from a single peptide chain by varying 
the reaction buffer pH and by adding DMSO as a cosolvent. End-to-end cyclization of Ala-Lys-
Tyr-Gly-Gly-Phe-Leu-SCH2CH2CONH2 was obtained in 67% yield in 5 hr at pH 5.7 and in the 
presence of 10% DMSO. By increasing the pH to 6.7, the end-to-sidechain cyclized peptide 
through lysine was obtained in 72% yield. However, when the pH was lowered to 5 in the 
absence of DMSO, a lactonization product was obtained in 60% yield. In all cases, no 
dimerization or oligomerization was detected. These results confirm the usefulness of ring-chain 
tautomerization in suppressing unwanted competing oligomerization and the versatility of 
producing a library of cyclic lactams and lactones through a single precursor. 

On-resin synthesis of cyclic peptide libraries. In addition to off-resin cyclization, these 
methods can be used for the preparation of cyclic peptide libraries by on-resin cyclization. 
Thioester resin was obtained by directly derivatizing 3-mercaptopropionic acid to TentaGel (Fig. 
2). A peptide library with the core sequence, Tyr-Gly-Xaa-Yaa-Leu, was synthesized according 
to the procedure by Ostresh et al. [5]. For cyclization mediated through thioester ligation, 
cysteine was introduced to the resin at the a-amino terminus. After HF treatment, the resin was 
incubated with 0.2 M phosphate buffer at pH 7 in the presence of TCEP for 1 h. The products 
were desalted by RP-HPLC. No dimerization via amide bond was detected by MALDI-
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Fig. 2. Synthesis of cyclic peptide libraries using polymer-bound peptide thioesters. TentaGel™ was 
used for the assembly of peptides. 

MS, showing the high efficiency of the formation of monomeric cyclic peptides. For Ag+ ion-
assisted cyclization, glycine was introduced at the a-amino terminus as the cyclization site. After 
HF treatment, the cyclization was conducted in 0.2 M acetate buffer at pH 5.7 in the presence 
of 10% DMSO. After precipitation of Ag+, the products were separated from DMSO and NaOAc 
by RP-HPLC. MALDI-MS indicated no oligomerization had occurred in the cyclization process. 

In conclusion, the orthogonal ligation strategy has been exploited to form cyclic peptide 
libraries from a single or mixture of unprotected precursors through covalent or nonconvalent 
cyclic intermediates derived from the process of ring-chain tautomerization which favors the 
formation of monomeric cyclic peptides. Use of unprotected peptides also eliminates further 
chemical steps after cyclization and the products can be used directly for bioassays. 
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Combinatorics, peptide mimetics, and combizymes 

Hyunsoo Han, Anthony M. Vandersteen and Kim D. Janda 
Department of Chemistry, The Scripps Research Institute, 10550 N. Torrey Pines Rd., 

La Jolla, CA 92037, USA 

Combinatorial chemistry has grown to be one of the most popular tools in the drug 
discovery arena [1]. Founded upon peptide and oligonucleotide libraries [2,3], 
combinatorics has funneled most synthetic efforts down the path of solid phase synthesis in 
which excess reagent may be engaged and tedious purification of products avoided. 
However, with these advantages also come limitations as solid phase synthesis has yet to 
be generalized to the synthesis of complex molecules which classic solution phase 
synthesis permits [4]. We have advocated the use of soluble polymer supports (liquid 
phase synthesis) with which the advantages of both solid and solution phase synthesis may 
be applied with equal vigor [5]. 

We have developed a combinatorial library strategy known as recursive deconvolution 
[6]. The essence of this method is to apply split synthesis [7] for the library construction 
but to hold back and categorize partially synthesized libraries in the building process. The 
amount saved and cataloged depends on the type of library; for a final library consisting of 
pentapeptides, five sublibraries are required. These partial libraries are later utilized in the 
screening process to identify library members with targeted properties. We have examined 
this recursive deconvolution technique using liquid phase synthesis to create a peptide 
library tailored to contain pentapeptide sequences that display binding to an anti-p-
endorphin monoclonal antibody (3E7). In the final analysis, the native epitope YGGFL 
was found to be the most extensive binder; however, other weaker binders were also 
deduced through this strategy. We have termed this general methodology liquid phase 
combinatorial synthesis (LPCS) [6]. 

We and others have been interested in applying combinatorial chemistry to the area of 
de novo peptide catalyst design or what we term "combizymes"[8]. As a starting point for 
such studies, we reinvestigated two linear pentapeptides: L-threonyl-L-alanyl-L-seryl-L-
histidyl-L-aspartic acid (TASHD) [9,10] and L-seryl-y-aminobutyryl-L-aspartic acid (Ser-
Gaba-His-Gaba-Asp)[9]. These peptides had been reported by Sheehan and co-workers to 
catalyze the hydrolysis of p-nitrophenyl acetate (p-NPA) with second order rate constants 3 
to 25 times greater than imidazole and L-histidine, respectively, to show catalytic 
stereoselectivity and to be subject to inhibition by the serine protease inhibitor DFP. What 
the authors had concluded from their studies was that polyfunctional effects associated 
with enzyme active sites might be operative in these two peptides. 

Peptidomimetics have become immensely important for both organic and medicinal 
chemists [11]. Synthetic interest in these surrogate peptide structures has been driven by 
the pharmaceutical industry's needs for molecules with improved pharmacokinetic 
properties [12]. The alteration of peptides to peptidomimetics has included peptide side 
chain manipulations, amino acid extensions, deletions, substitutions, and backbone 
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modifications [13]. We have been interested in exploiting this latter development. 
Azapeptides are peptides in which one (or more) of the a-carbon(s) has been replaced by a 
trivalent nitrogen atom (Fig. 1) [14]. This transformation results in a loss of asymmetry 
associated with the a-carbon and yields a structure that can be considered intermediate in 
configuration between D-and L-amino acids. While the synthesis of azapeptides has been 
reported, the synthesis of a pure azapeptide or what we term an azatide (Fig. 1) was only 
recently accomplished by our group using a liquid phase strategy [15]. 

M i W v K^AV^/ xS\KsK 
R1 O R3 R1

 H O R3 Ri O R3 

Peptide Azapeptide Azatide 

Fig. 1. General structures of a peptide, azapeptide and azatide. 

Results and Discussion 

We have investigated [16] the two pentapeptides and the claims put forth by Sheehan and 
co-workers. Second order rate constants for the hydrolysis of p-NPA were investigated 
with both pentapeptides. Generally speaking, the second order rate constants we obtained 
were approximately five to twenty times smaller than was originally reported. A Bronsted 
plot was constructed using our data and available second order rate constants for the 
hydrolysis of p-NPA. The second order rate constants for both peptides fell closely on the 
calculated Bronsted line (gradient = 0.64). From this we concluded that both peptides were 
acting as substituted imidazoles and were not exhibiting any enhanced catalytic 
acceleration connected with the presence of the "catalytic triad" of chymotrypsin. 

To synthesize oligoazatides an alphabet of suitably protected aza-amino acid 
constituents was prepared. Shown in Fig. 2 are the two general tactics that we have 
employed in our preparation of these monomers [15]. To convert these Boc-protected aza-
amino acids into acylating agents that would allow stepwise chain lengthening, the 
hydrazine portion of the molecule had to be activated. 

II N o H 

H Pd/C Rl «2 

R 

U M M U R " X N^ (Bo°)2° ^O^iV 
H2N-NH2 • R" ^NHg flu' Y NH2 

X = Br, Cl O 

Fig. 2. Preparation of aza-amino acid monomers. 
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Activation of the hydrazine portion of the molecule is a challenging problem since 
Boc-alkylhydrazines are rather poor nucleophiles. To resolve this problem we have used 
bis(pentafluorophenyl) carbonate as the carbonyl activation element. This reagent was 
successful in coupling the weakly nucleophilic hydrazine terminus both in solution and 
liquid phase synthesis. The versatility of this chemistry has been proven by the successful 
synthesis of azatide dimers that were both unhindered (Gly) and hindered (Val-Val) [15]. 
An oligoazatide analog of the leucine enkephalin peptide sequence was synthesized using 
liquid phase supported synthesis (Fig. 3) and the structural integrity of the product 
confirmed by tandem mass spectrometry using electronspray ionization [15]. 

TFA 

0 

W o - -•-M^oAl(X0: 

DMAP , 

, , 9 / Fig. 3. General scheme for 
M B° ' \^ /̂  ° Y l „ K A BU liquid phase synthesis of 

X a, oligoazatides. 
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Peptides as precursors in the synthesis of heterocyclic positional 
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Peptide combinatorial libraries [1] have been employed as precursors in the synthesis of 
both polyamine [2] and peralkylated peptide [3] combinatorial libraries using the "libraries 
from libraries" concept [3] (Fig. 1). The application of this concept to the generation of 
heterocyclic libraries [4] is described here. Well-characterized resin-bound peptide 
combinatorial libraries, synthesized in the positional scanning format [5] using isokinetic 
ratios [6], generated well-characterized heterocyclic combinatorial libraries in one or two 
clean transformations. The resultant indole-imidazole, bicyclic guanidine, cyclic urea, and 
hydantoin libraries in positional scanning format are readily deconvoluted following a 
single screening of the libraries (Fig. 1). 

R R I O 

H O R 

R v V O ?\ T Y R^C^\ 
R " Y Y ^ H R W

 0 ^ C 
O R R R 

R 

X R R 

Fig. 1. Positional scanning heterocyclic combinatorial libraries derived from dipeptides. 
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O \ I O 
b / o 
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Fig. 2. Reaction scheme for the synthesis of an alkylated hydantoin library from dipeptides. 

Since the lengthy iterative process is unnecessary, the time and labor expended on 
screening and synthesis are drastically reduced. In one case, the synthetic strategy is 
outlined and analytical data from a model compound is shown. 

Results and Discussion 

Expanding the "libraries from libraries" approach, we designed and synthesized four 
heterocyclic libraries by modifying short resin-bound peptide libraries. In one library, 
acylated dipeptides containing a C-terminal tryptophan residue were treated with 
phosphorus oxychloride to generate an indole-imidazole library. In a second library, a 
reduced, acylated dipeptide library was treated with thiocarbonyldiimidazole to form a 
bicyclic guanidine library. In a third library, the same reduced, acylated dipeptide library, 
which had the C-terminal amino group blocked, was treated with either 
carbonyldiimidazole or thiocarbonyldiimidazole to generate cyclic urea and cyclic thiourea 
libraries. The reaction scheme for the synthesis of an alkylated hydantoin library is 
presented in Fig 2. This library was prepared by reacting a resin-bound dipeptide library 
with triphosgene. In all cases, model compounds were synthesized and analyzed by HPLC-
MS. Fig. 3 shows the HPLC-MS for a purified control compound synthesiszed for the 
hydantoin library. 

We have successfully synthesized many positional scanning combinatorial libraries 
using the "libraries from libraries" concept. With numerous transformations available, the 
concept is a valuable tool in the search for biologically active compounds. 

In conclusion, small peptides are versatile precursors for heterocyclic compounds. 
Heterocyclic libraries are readily deconvoluted using the positional scanning format. The 
"libraries from libraries" concept leverages the diversity found in existing combinatorial 
libraries. 
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Fig. 3. LC-MS of a purified alkylated hydantoin. 
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Expanding molecular diversity with pseudopeptides and 
macrotorials: Synthesis, characterization, and biological 

activities of macrocyclic combinatorial libraries 
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and David Vogel 

Department of Chemistry, University of Louisville, Louisville, KY 40292, USA 

Combinatorial mixtures represent a potentially rich source of drug leads if problems involving 
deconvolution and structure optimization can be overcome. Cyclic peptides and their analogs 
are partially constrained systems that reduce the complexities inherent with linear 
macromolecules. Through careful optimization of synthetic procedures, we have been able 
to prepare, test, and interpret biological results from both small and large (>1000 component) 
cyclic peptide libraries. 

Results and Discussion 

The synthesis and testing of mixtures seems appropriate when all the following criteria can be 
met: 1) the synthetic procedure is sound and well-precedented; 2) the synthesis of individual 
components is rendered unexpectedly tedious due to the complexity of the synthesis, and 3) 
there is a straightforward method for deconvolution of the mixture. From our work with cyclic 
peptides, pseudopeptides, and macrotorials, we concluded that the above three conditions were 
being met. This has led us to prepare relatively large mixtures of each of the structural types 
above. Representative examples of a cyclic pseudopeptide library are given in Table 1. 

The cyclic pseudohexa-, hepta-, and octapeptides were prepared using a side chain 
attachment strategy [1,2]: Fifteen syringes (Multiblock, Coshisoft) were each loaded with 100 
mg of Boc-Asp(Merrifield resin)-OFm, with a substitution level of 0.53 mmol/g. The 
pseudodipeptide Pro\|/[CH2S]Gly was incorporated as its Boc-protected form using BOP/HOBt 
reagent, exactly as performed with standard amino acids. The flexible pseudodipeptide shares 
with glycine a greater propensity to facilitate cyclization when incorporated witiiin linear 
sequences. Cyclizations were performed using HATU/HOBt while the linear pseudopeptides 
were still attached to the resin. When representative mixture cyclizations were judged 
complete (ninhydrin testing), the resin-bound cyclic products were cleaved and deprotected 
with anhydrous hydrogen fluoride/anisole in a multiple compartment HF apparatus. Following 
cleavage, the crude products were extracted with acetic acid, subjected to solid phase 
extraction to wash out salts, and then lyophilized. As seen in Table 1, overall yields were 
relatively constant, and no clear trends were observed with ring size or with amide bond 
replacement position. Yields ranged from 33-57% with the cyclic pseudohexapeptides, 33-
54% with cyclic pseudoheptapeptides, and 40-45% with cyclic pseudooctapeptides. 

The above compound types, along with several examples of linear pseudopeptides, have 
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been subjected to a variety of bioassays including a full set of antitumor and anti-AIDS tests 
by the National Cancer Institute. To date, promising leads have been developed against several 
tumor lines and antimicrobials, including leads to methicillin-resistant Staphylococcus aureus. 
As previously reported, the positional scan approach was validated in a cyclic peptide library 

for the first time using a known endothelin antagonist, BQ-123, as a test case [2]. Several odier 
laboratories have reported increased potency when comparing cyclic peptide candidates with 

Table 1. Cyclic pseudopeptide libraries incorporating a pseudodipeptide (Proy/[CH2S]Gly) scan 

number #cmpds yield mg(%) structure 

cyclo(Xxx-Xxx-Xxx-Prouy[CH2S]Gly-Asp) 

cyclo(Xxx-Xxx-Pro\j/[CH2S]Gly-Xxx-Asp) 

cyclo(Xxx-Prov|/[CH2S]Gly-Xxx-Xxx-Asp) 

cyclo(Pro\|r[CH2S]Gly-Xxx-Xxx-Xxx-Asp) 

cyclo(Xxx-Xxx-Xxx-Xxx-Proy[CH2S]Gly-Asp) 

cyclo(Xxx-Xxx-Xxx-Proy[CH2S]Gly-Xxx-Asp) 

cyclo(Xxx-Xxx-Proy[CH2S]Gly-Xxx-Xxx-Asp) 

cyclo(Xxx-Pro\i/[CH2S]Gly-Xxx-Xxx-Xxx-Asp) 

cyclo(Pro\)/[CH2S]Gly-Xxx-Xxx-Xxx-Xxx-Asp) 

cyclo(Xxx-Xxx-Xxx-Xxx-Xxx-Pro\|r[CH2S]Gly-Asp) 

cyclo(Xxx-Xxx-Xxx-Xxx-Pro\|r[CH2S]Gly-Xxx-Asp) 

cyclo(Xxx-Xxx-Xxx-Proy[CH2S]GIy-Xxx-Xxx-Asp) 

cyclo(Xxx-Xxx-Pro\|/[CH2S]Gly-Xxx-Xxx-Xxx-Asp) 

cyclo(Xxx-Prov[CH2S]Gly-Xxx-Xxx-Xxx-Xxx-Asp) 

cyclo(Pro\|/[CH2S]Gly-Xxx-Xxx-Xxx-Xxx-Xxx-Asp) 

L-l 

L-2 

L-3 

L-4 

L-5 

L-6 

L-7 

L-8 

L-9 

L-10 

L-ll 

L-12 

L-13 

L-14 

L-15 

Xxx = 

216 

216 

216 

216 

1296 

1296 

1296 

1296 

1296 

7776 

7776 

7776 

7776 

7776 

1116 

23.5 (57%) 

13.7 (33%) 

16.3 (39%) 

22.3 (54%) 

22.0 (45%) 

19.1 (39%) 

16.1 (33%) 

17.1 (35%) 

18.9 (38%) 

28.8 (50%) 

26.9 (47%) 

30.7 (54%) 

26.2 (46%) 

23.7 (42%) 

22.6 (40%) 

Leu, Lys, Arg, Tyr, Ser, Glu 

less active linear counterparts [3,4]. These studies suggest that when cyclic peptides, 
pseudopeptides, and macrotorials [5] are carefully selected and prepared according to a 
synthetic scheme that has been perfected using small mixtures or individual compounds, then 
the combinatorial approach appears to be both valid and potentially powerful in combination 
with traditional methods of drug design. 

One concern regarding the testing of large mixtures involves the concentration of 
individual components. With a medium-sized cyclic peptide library (average MW of 500 
Daltons), a 1.5 mg sample with IO6 components dissolved in 1 mL of solvent yields a 
concentration of 3 nM for any one given species. But compared to linear peptides, cyclic 
peptides are more constrained and can thus present a structural motif, such as a specific 
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tripeptide sequence, in a relatively well-defined, constant orientation. The net result is an 
effective concentration of a potential pharmacophore that can be several orders of magnitude 
higher than the individual species. Our approach to cyclic peptide libraries also features a 
single functional group (or closely related structures) at the side chain attachment point. This 
fixes two positions and thus further reduces the ambiguities from "frame shifting" when 
combined with the positional scan mode of deconvolution [6]. 

In summary, the constraints and solubility parameters achievable with cyclic peptides, 
pseudopeptides, and related macrocycles provide a compelling middle ground between linear 
peptides and rigid organic peptidomimetics. 
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Solid phase synthesis of peptidomimetics 
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The characteristic peptide properties of low bioavailability and short half life present 
significant problems in their development as therapeutic agents. One approach to 
overcoming these problems has been the identification of non-peptide structures whose 
topological features enable them to mimic binding of the native peptide at the receptor 
level. These compounds are collectively known as peptidomimetics and have been the 
subject of several extensive reviews [1, 2, 3]. 

Recent advances in solid phase organic synthesis have the potential to accelerate the 
discovery and lead optimization phases of medicinal chemistry, including the area of 
peptidomimetic research. While much peptidomimetic chemistry has traditionally been 
performed by solution phase methods, the application of solid phase methodology can offer 
many of the same inherent advantages with respect to speed and ease of automation which 
have been realized in solid phase peptide synthesis. Our initial efforts have centered around 
the development of solid phase methods for two well established peptidomimetic scaffolds 
shown in Fig.l, the l,4-benzodiazepine-2,5-diones 1 [4], and the 4-(3H)-quinazolinones 2 
[5]. 

o 
R-xCXX2 

1 * 
Fig.l. General structures of l,4-Benzodiazepine-2,5-diones 1, and 4-(3H)-quinazolinones 2. 
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Results and Discussion 

The overall synthetic scheme to obtain 1,4-benzodiazepine-2,5-diones and 4-(3H)-
quinazolinones is outlined in Fig. 2. Commercially available FMOC amino acid derivatized 
Wang resins were deprotected with piperidine in DMF and converted to the anthranilamide 
intermediate 3. This conversion was either accomplished directly, by treatment with an 
isatoic anhydride or through a two step sequence using utilizing DCC/HOBt mediated 
coupling of an o-nitrobenzoic acid, followed by tin (IT) chloride reduction. The use of o-
nitrobenzoic acids and isatoic anhydrides permitted a wider diversity of aromatic 
substituents than would have been possible through a single route. The intermediate 3 was 
then used directly in route a to yield l,4-benzodiazepine-2,5-diones 1, or route b to prepare 
4-(3H)-quinazolinones 2. 
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Fig. 2. (i) DCC, HOBt; (ii) SnCl2, DMF; (iii) 55°C, DMF; (iv) NaOtBu, THF; (v) RCHO, 5% 
AcOH, DMA, 100°C; (vi) KMn04, acetone; (vii) 50% TFA, DCM. 
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Route a involved heating the resin in tetrahydrofuran at 60° C for 24 hours in the 
presence of sodium t-butoxide and resulted in highly efficient cyclization and release of the 
desired 1,4-benzodiazepine-2,5-diones 1 with purities in the 80-95% range as determined 
by HPLC analysis [6]. An advantageous feature to this approach is the simultaneous 
heterocyclization and release mechanism of the final step which ensures that only the 
desired material is released and the accumulated sideproducts of the previous steps remain 
bound to the polymer. The general utility of this route was validated through the use of 
various amino acids, including N-methylamino acids, proline, and a number of anthranilic 
acid derivatives. 

Route b utilized aldehyde synthons in 5% acetic acid / dimethylacetamide at 100°C for 
18-24 hours followed by potassium permanganate oxidation to convert intermediate 3 to 
the polymer bound 4-(3H)-quinazolinones. Standard TFA treatment was then used to 
release the final materials 2, which were obtained in purities ranging from 65-85%. The 
chemistry was validated for both electron withdrawing and donating aromatic substituents 
as well as a wide range of aldehyde inputs. 

Conclusion 

Peptidomimetic structures such as the l,4-benzodiazepine-2,5-diones and 4-(3H)-
quinazolinones can be synthesized using polymer supports, linkers and protecting groups 
which are commonly employed in solid phase peptide synthesis. The inherent advantages 
associated with the application of solid phase methods can result in dramatic improvements 
in speed and efficiency with respect to conventional solution phase chemistry. 
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Determination of the amino acid composition of the 
bioactive components in peptide libraries 
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In order to facilitate deconvolution of soluble peptide libraries [1] we developed different 
sets of partial libraries [2]. These include omission libraries (OLs) which proved to be 
useful tools in determining the amino acid composition of bioactive components in peptide 
libraries [3]. In this paper we show that sets of amino acid tester mixtures can be 
successfully used for the same purpose. 

Results and Discussion 

An amino acid tester mixture (AATM) comprises all peptides in which a particular amino 
acid is present in any position and, as such, can be applied to determine whether or not the 
amino acid is present in the active peptide. 

Table 1. Complexity of omission and amino acid tester libraries. 

Tri Tetra Penta Hexa 

OL 6859 130321 2476099 47045881 

AATM 114T 29679 723901 16954119 

OLs and AATMs are expected to give opposing results in screening since exactly 
those peptides that are found in AATMs are missing from OLs. The number of peptides in 
AATMs is less than that in the corresponding omission libraries (Table 1). 

Fig. 1. Component libraries of amino acid tester mixtures. Black, white and gray circles symbolize 
couplings with one, 19 and 20 amino acids, respectively. CPI-CP6: coupling positions. 

The low complexity of AATMs is advantageous in screening. A lower quantity of 
peptide mixture has to be dissolved, for example, to achieve the required molar 
concentration of the individual peptides. Preparation of an AATM is more complicated, 
however, than that of an OL. Each AATM is composed of several partial libraries. The 
number of component libraries is the same as the number of amino acid building blocks in 
the peptides (Fig. 1). As the figure shows, the non-varied amino acid (e.g. Ala if the alanine 
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tester mixture is prepared) symbolized by a black circle occupies a different position in 
these libraries. In lower coupling positions (white circles) the non-varied amino acid is 
omitted from and in the higher positions (gray circles) is included into the set of varied 
amino acids. The number of peptides in the component libraries is listed in Table 2. 

Table 2. Number of peptides in the component libraries of the amino acid tester mixtures. 

Length C o u p l i n g p o s i t i o n of t h e a m i n o a c i d t o b e t e 

1 2 3 4 5 6 

Tri 

Tetra 

Penta 

Hexa 

400 380 361 

8,000 7,600 7,220 6,859 

160,000 152,000 144,400 137,180 130,321 

3,200,000 3,040,000 2,888,000 2,743,600 2,606,420 2,476,099 

According to our optimized procedure (Fig. 2), any AATM, regardless of the number 
of its component libraries, can be prepared in a single run on an automatic synthesizer if it 
has at least 40 reaction vessels (e.g. ACT 357). If the full library is composed from 20 
amino acids, the coupling reaction in one position is executed on a maximum of 40 
samples. 

Product 

Fig. 2. General scheme of the optimized synthesis of amino acid (alanine) tester mixtures. 
CP1-CP3: coupling positions. Black circle: coupling only with alanine. White and gray circle: 
coupling with all amino acids except alanine (19). White and black circle: coupling with all amino 
acids including alanine (20). It can be continued in the same manner. 

Beginning with the starting resin, samples are sequentially removed to couple with the 
non-varied amino acid. The quantity of these samples corresponds to the number of 
peptides in the component libraries (Table 2). The remaining part of the resin is submitted 
to coupling with 19 amino acids. The samples after coupling with the non-varied amino 
acid are sequentially pooled for coupling with 20 amino acids. The quantities of the 
samples are exemplified in Fig. 2 for tripeptides. 
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Applicability in screening was tested by determining the competitive inhibition of 
binding of radiolabeled LH-RH to its polyclonal antibody. The results of the experiments, 
using a full set of tripeptide amide AATMs synthesized from 19 amino acids (Cys omitted) 
are shown in Fig. 3. The glycine, proline and arginine tester mixtures show outstanding 
inhibition activity which allow us to conclude that these three amino acids are present in 
the active tripeptide. These results are in complete agreement with those obtained 
previously with tripeptide OLs and thus, the sets of AATMs offer themselves as reliable 
tools applicable in deconvolution experiments. 
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Fig. 3. Binding experiment with 19 amino acid tester mixtures. 
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Most current methods of solid-phase peptide synthesis rely on the oc-carboxyl function of 
the eventual C-terminal amino acid residue to achieve anchoring to the solid support. This 
allows either stepwise or fragment elongation in the C —> N direction. These strategies 
easily permit modification of the Af-terminal amino acid residue, but preclude modification 
at the C-terminus. Our laboratories have been working on the development of new 
strategies that allow the attachment of peptides through other functional groups. These 
approaches have been applied successfully for the syntheses of peptide acids with C-
terminal Asn or Gln, and for on-resin head-to-tail cyclizations [1]. However, side-chain 
anchoring is inherently limited to trifunctional amino acids, and target sequences of interest 
may lack appropriate attachment sites. 

Building on chemistry that we developed previously for the preparation and use of the 
tris(alkoxy)benzylamide (PAL) handle [2], we have recently described the Backbone 
Amide Linker (BAL) approach (Fig. 1) for Fmoc SPPS, whereby the growing peptide is 
anchored through a backbone nitrogen instead of the C-terminal carboxyl [3]. In the 
present communication, we report further extensions of the applications of the BAL 
approach for the preparation of peptides containing unusual termini (e.g., Af,N-disubstituted 
amides, alcohols, esters, aldehydes, hydrazides, etc.), as well as for the solid-phase 
preparation of small heterocyclic molecules, such as pyrazoles and 2,5-piperazinediones 
(diketopiperazines, DKP). 

Results and Discussion 

The BAL anchor is established by NaBH3CN-mediated reductive amination reactions in 
DMF or MeOH, involving amino acid residues (or appropriately modified derivatives) with 
4-formyl-tris(alkoxy)benzyl derivatives linked to PEG-PS or PS solid supports. Key to 
further progress was the development of effective N-acylation conditions, since the 
hindered secondary amines formed from reductive amination were found to be less reactive 
than comparable unsubstituted amines. High yields for such acylations are obtained by 
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using symmetrical anhydrides, HATU/DIEA (1:2), PyAOP/DIEA (1:2), and TFFH/DIEA 
(1:2). Preformed acid fluorides, in the presence of DIEA (1.1 equiv.), are also effective. In 
all cases, the optimal solvent is CH2CI2-DMF (9:1), always preferred over neat DMF or 
NMP. Further acylations to continue chain growth proceed normally. 

Reductive amination with monoprotected hydrazine gives rise to a resin for the 
preparation of peptide hydrazides (Fig. 2). The use of protected hydrazine is mandatory for 

CH2OH 

Fig. 1. Some applications of BAL anchoring. 

two reasons. First, hydrazine has two nucleophilic nitrogens, one of which should be 
blocked. Second, the peptide chain should be grown through the oc-nitrogen (see arrow), 
because acidolytic cleavage of the bond between the BAL methylene and the peptide 
acylated hydrazine a-nitrogen can occur in good yields, in contrast to the difficulty in 
cleaving the unacylated hydrazine a-nitrogen bond when the peptide chain has been grown 
through the P-nitrogen. As an added benefit, use of a selectively removable hydrazine 
protecting group, e.g., Ddz or Trt, will make it possible to grow a second peptide chain off 
the P-nitrogen to ultimately prepare two-chain tail-to-tail linked peptides. Furthermore, the 
described hydrazine-resin reacts with dicarbonyl compounds to pyrazoles, which are later 
released from the resin by treatment with TFA. 
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ff 0-(CH2)4-C-NHH 

Fig. 2. BAL hydrazine linker. 
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In working with BAL-anchored amino acyl allyl and n-alkyl esters towards the goal of 
preparing peptide intermediates of some length, we observed that removal of the Fmoc 
group at the dipeptidyl level was accompanied by almost quantitative diketopiperazine 
formation. The DKPs thus formed remain covalently attached to the solid support, and can 
be released later by TFA. DKP formation can be circumvented by (i) incorporation of the 
second residue as its Trt or Ddz derivative; (ii) selective removal of Trt or Ddz with dilute 
TFA solutions; and (iii) incorporation of the third residue as its Fmoc derivative under in 
situ neutralization/coupling conditions mediated by PyAOP in DMF in the presence of 
DIEA [4]. However, it is possible to intentionally take advantage of the facile formation of 
DKPs to prepare resin-bound as well as soluble DKPs. The rigid DKP scaffolds are useful 
to display a wide range of pendant functionalities (Fig. 3). 
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a52R Y f > 

H O R, @S|A> 
R . CHs. CHrCH=CHj ( j j ) 

Fig. 3. BAL anchoring of DKPs. 

In conclusion, chemistry developed for preparation of the PAL handle has been 
adapted successfully to the BAL system. This approach promises to overcome limitations 
inherent to C-terminal or side-chain anchoring, and allows for SPS of C-terminal modified 
peptides. A new hydrazine linker allows the preparation of hydrazide peptides and 
heterocyclic compounds such as pyrazoles. Finally, BAL is used to prepare DKPs attached 
to the solid support. 
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Protein disulfide isomerase (PDI) is essential for the correct folding of many proteins and 
catalyzes disulfide rearrangements [1]. It contains two thioredoxin-like domains. However, 
assays for direct measurement of PDI activity are not available and the mechanism of PDI is 
not well understood. Therefore, a peptide library [2-4] containing well-defined disulfide 
bridges and the internally quenched fluorogenic donor-acceptor pair ((2-aminobenzoyl 
(Abz)/Tyr(N02)) [5] have been constructed [6,7] in order to develop substrates suitable for 
PDI. Prior to construction of the library model substrates were synthesized and applied in the 
study of chemical disulfide reducing reagents such as thiols, phosphines and silanes in 
solution and on solid phase [6]. The library has been screened using the enzyme hPDI 
expressed from E. coli. Peptides on the collected beads were identified by amino acid 
sequencing and fluorescence quenched substrates for PDI were synthesized. The design and 
preparation of the library and substrates will be discussed. The enzymatic screening as well as 
the study of PDI using the synthetic substrates will be described elsewhere. 

Results and Discussion 

The design of the library is presented in Fig. 1, where R = PEGA-resin [8]. It consists of two 
peptide chains linked together through an inter-chain disulfide bridge. One of the peptide 
chains contains the fluorogenic Abz-group at the N-terminal and the library is generated by 
variation of the amino acids around the Cys residue (all the natural amino acids except Cys 
were used). The peptide chain is attached to the PEGA-resin via a Met residue selectively 
cleavable by CNBr. The quencher chromophore Tyr(N02) is incorporated into the other 
peptide chain and the distance between the donor-acceptor pair is four amino acid residues 
including the S-S bond. Generation of the quenched library was achieved in two steps. First, 
the two peptide chains were synthesized separately on solid phase using the Fmoc strategy. 
Then, they were combined through an inter-chain disulfide bond formed by the reaction 
between the free thiol of Cys on the solid phase bound peptide generated upon TFA cleavage 
and the pNpys protected and activated Cys residue [9] of a peptide in solution. The library 
was generated on the PEGA-resin using the split synthesis-method [2] to yield one peptide on 
each bead. In the synthesis of the peptide chain containing Tyr(N02), the Rink linker was 
employed to generate oc-carboxamide after treatment with 95% aq. TFA. In order to establish 
a complete reaction, the disulfide bond formation was monitored under a fluorescent 
microscope where the beads turned dark blue. Cleavage with CNBr followed by MALDI-MS 
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of a few beads proved that the quenched library had been generated. Peptide sequences 
were identified by amino acid sequencing 

x,x,x,x. 
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Fig. 1. Formation of the quenched library and the synthetic substrates. 

after screening the library with hPDI. The corresponding substrates available for enzymatic 
studies in solution were synthesized (Fig. 1, R = Gly-NH2). In the generation of the 
substrates, the same synthetic strategy has been applied as for the library. An average yield of 
51 % was achieved for the synthetic substrates. 

In conclusion, a strategy for synthesis of a peptide library as well as substrates suitable 
for the study of PDI specificity have been developed. Furthermore, the specificity of hPDI 
towards the synthetic substrates is currently under investigation. 
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BQ-123, cyclo[D-Trp-D-Asp-Pro-D-Val-Leu], a potent endothelin receptor antagonist [1], 
is a member of the important class of G-protein coupled receptor ligands. In addition, its 
solution conformation is quite constrained both in polar and nonpolar solvents, adopting a 
y-turn about the Pro3 residue and a p-turn involving the other four residues [2]. 

During the course of synthesis of a variety of BQ-123 analogs, we noted an extremely 
facile ring closure for the linear sequence D-Trp-D-Asp-Pro-D-Val-Leu compared to the 
sequence D-Val-Leu-D-Trp-D-Asp-Pro. This facile cyclization occurred with the Hyp3, 
MeAla3 and Aib3 substitutions as well. Since all these amino acids share a low energy y-
turn conformation, we hypothesize that a y-turn in the linear peptide facilitates the cycliza­
tion by bringing the N-and C-terminal residues into proximity. This cyclization was largely 
independent of the side chain or chirality of the remaining residues and suggested cyclo[X-
X-Pro-X-X] as a template for a combinatorial peptide library [3]. 

We designed a solid phase approach in which all four residues could be randomized 
and in which the peptide could be synthesized by normal stepwise addition, cyclized on the 
resin, side chain protecting groups removed and the free peptide released from the resin. 

Results and Discussion 

As shown in Scheme 1, a differentially-protected bifunctional resin was prepared using 
Boc-Lys(e-Alloc) attached to BHA resin. The super acid labile hydroxymethylmethoxy-
phenoxybutyryl (HMPB) linker was attached to the a-amino group and used as the handle 
to build the linear peptide by conventional Fmoc chemistry. The Pro3 residue was substi­
tuted with a hydroxyproline bearing a differentially protected linker, succinyl-P-alanine 
monoallyl ester. After construction of the linear peptide, the allyl ester and Alloc groups 
were selectively removed by palladium(O) and the resulting free amino and carboxyl 
groups were coupled together [3]. This was extremely facile and gave a negative ninhydrin 
test after a single HBTU coupling. The Leu-HMPB bond was then selectively cleaved by 
treatment with 2% TFA/anisole in CH2C12, to give the linear peptide now tethered to the 
resin via the Hyp3 residue. There was no loss of nitrogen content on the resin at this step. 
Removal of the Fmoc group and cyclization gave the resin-bound cyclic peptide. 
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Boc-Lys(e-Alloc)-BHA - * - Fmoc-Leu-HMPB-Lys(e-Alloc)-BHA 
1 

p-Ala-Suc-O-allyl 1)(Ph3P)4Pd 
1 Bu3SnH 

Fmoc-D-Trp(Boc)-D-Asp(OtBu)-Hyp-D-Val-Leu-HMPB-Lys(E-Alloc)-BHA * -
2 2) HBTU/HOBt/NMM 
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P-Ala-Suc - 1)20% piperidine 
2) 2% TFA/CH2CI2/anisole 

Fmoc-D-Trp(Boc)-D-Asp(OtBu)-Hyp-D-Val-Leu-HMPB-Lys-BHA 
3 3) HBTU/HOBt/NMM 

P-Ala-Suc-

|-D-Trp(Boc)-D-Asp(OtBu)-Hyp-D-Val-Leu - i H M P B . L y s . B H A 
95% TFA/H20/anisoie 

p-Ala-Suc- NH2NH2 
, r— D-Trp-D-Asp-Hyp-D-Val-Leu —i 

r- D-Trp-D-Asp-Hyp-D-Val-Leu - j HMPB-Lys-BHA ' ' 

Scheme 1. Synthetic design. 

The side chain protecting groups were removed by treatment with 95% TFA/anisole/H20. 
The free peptide was finally released from the resin by treatment with hydrazine. The 
HPLC trace of the crude peptide released from the resin is shown in Fig 1. The peptide was 
obtained in 97% crude yield based on the nitrogen content of the linear pentapeptide resin 
2 and its identity was confirmed by mass spectrometry. 

J ^ _ 

Fig. 1. HPLC of crude cyclic peptide. 
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Based on these results, an eight-membered test library was constructed using the split-
and-combine approach, with either D-Trp or D-Gln at position 1, D-Asp or D-Ala at posi­
tion 2 and D-Val or D-Thr at position 4. HPLC traces of the resulting peptide mixture are 
shown in Fig 2. All eight peptides were identified by LC-MS. In the UV trace, the Trp-
containing peptides give much stronger responses due to their larger extinction coeffi­
cients. In the total ion current trace, all peptides are present in approximately equal 
amounts. 
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Fig. 2. HPLC traces of 8-membered test library. 
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The glycopeptide building block approach in portion mixing library synthesis allows the 
expedient formation of numerous glycopeptides as putative ligands in protein binding assays. 
However, rapid and unambiguous analysis of modified peptides on solid phase remains 
challenging. It has been recently demonstrated that peptide libraries can be analyzed using 
ladder synthesis, an analytical technique which involves capping a small portion of the 
growing peptide during synthesis [1]. The "ladder" of peptide fragments generated is 
subsequently evaluated by MALDI-TOF mass spectrometry. Previously, we reported the 
analysis of a glycopeptide using a similar strategy in which in situ capping with Boc-amino 
acids was successfully used to generate the "ladder" [2]. In the present work, we extend the 
methodology to include 1) an encoded in situ capping methodology that allows immediate 
distinction between peptide residues of identical masses and 2) rapid on-bead mass analysis 
facilitated by use of a photolabile linker [3]. The library generated was screened against 
Lathyrus Odoratus, a mannose/glucose specific lectin. 

Results and Discussion 

Library Ladder Synthesis With Encoded In situ Capping: The non-glycosylated amino 
acid building blocks were incorporated into the library using Fmoc/TBTU/NEM 
methodology while the glycosylated amino acid building blocks and their labels were 
coupled using the pentafluorophenol ester strategy. To ensure similar reactivity of the 
capping agent and reacting amino acid, we utilized the Boc-protected counterpart (10%) of 
each amino acid as the capping agent. The library was synthesized using a high loading 
PEG-Sarcosine resin (0.46 meq/g) equipped with a photolabile linker for rapid cleavage 
and an "ionization/mass spacer", APRPPRV, for moving the fragment mass peaks beyond 
the matrix mass region and for facilitating flight of protected peptide fragments during 
monitoring of the library synthesis. The three glycosylated amino acid building blocks and 
their carboxylic acid labels incorporated into the library were as follows: P-D-GlcNAc-Asn 
(Ng) -2-phenylpropionic acid (Ppa, mass: 132.2), oc-D-Man-Thr (Tm)-lauric acid (Lau, mass: 
182.3), and oc-D-Man(l-3)a-D-Man-Thr (Jm3)-2-naphthoic acid (Nap, mass: 154.2). 

Solid Phase Assay of Lathyrus Odoratus: A portion of the library was incubated with 
FTTC labelled sweet pea lectin, Lathyrus Odoratus, and beads with varying degrees of 
fluorescence were removed and sequenced by MALDI-MS (Fig.l). Both non-glycosylated 
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and glycosylated peptides were detected. The following active peptides were synthesized 
and tested for binding to the lectin on solid phase: 1. TmFHFVEAfeV, l.TmTNgSLENgY, 
3. PHGAfeGTEV, 4. VYYGA^FLV, 5. TEVSFWTmV, 6.TmFFFVNKV, 7. DTmPE 
NgYKY, 8. TWFAfcGFSV, 9.TmLFKGFHV, 10. EFPWLSEV, 11. TLDTTFHV, and 
12.YGEASTTV. Peptides 6 and 9 showed the most intense fluorescence followed by 
peptides 7, 5 and 2. This result is in agreement with the mannose specificity of the lectin. 
Peptides which contained only p-D-GlcNAc as the carbohydrate moiety showed little 
fluorescence. Of the non-glycosylated peptides, 10 and 12 demonstrated no fluorescence 
but peptide 11 showed a brightness equivalent to that of peptide 2. Interestingly, peptide 1 
showed very little or no binding. Inhibition of lectin binding to the resin-bound peptides 
with a-D-methyl mannose and yeast mannan resulted in reduction of binding at 
concentrations of 100 mM and 0.1 mg/mL, respectively. 
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Fig. 1. Mass spectrum of peptide 6 fragments showing peptide sequence. 1936.1: peptide-TFA 
adduct, 1677.9: loss of mannose from peptide during MALDI. 
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The synthesis of unsymmetrically substituted polyamines commonly involves tedious 
multistep reaction synthesis [1]. In the context of our gene therapy program, we were 
challenged to synthesize novel and varied lipopolyamines as non-viral vectors for DNA 
delivery [2]. Thus, we have developed a solid phase methodology which allows quick and 
easy access to a large number of mono-functionalized polyamines starting from their 
symmetrical counterparts. 

Results and Discussion 

Using this approach, the alkylating reagent is covalently attached to the polymeric support 
through esterification. The principle of the method is the use of solid phase synthesis to 
give rise to a "high dilution effect" in the proximity of the alkylating reagent. This dilution 
effect prevents poly-alkylation of the polyamine once the first alkylation has taken place. 
The symmetrical polyamine reacts with the alkylating reagent on the solid phase to yield 
the unsymmetrically mono-functionalized polyamine attached to the support. The free 
amines of the product can be protected on the solid phase with groups such as Boc (see Fig, 
1 products 1-2, 5-7) or orthogonally protected with DdeOH [3] for the primary amines 
from one side and Boc for the secondary amines on the other side (see in Fig. 1 products 3-
4). In the absence of primary amines, secondary amines will react to give the 
unsymmetrically functionalized polyamine as assessed by the synthesis of a derivative of 
the cryptand 1,4,8,11-tetraazacyclotetradecane (see product 7). 

When polyamines contain primary as well as secondary symmetrical polyamines, a 
mini-combinatorial library composed of the primary and secondary amino-functionalized 
derivatives is obtained (see products 1-2 and 3-4). The secondary functionalized 
polyamines are easily separated from their primary counterparts after protection. Finally, 
non-acidic cleavage of products from Cl-trityl chloride solid phase support using 
CH2Cl2/trifluoroethanol leads to protected products, thus allowing further modification of 
the acidic function by classical solution methodologies. 

In conclusion, combining the unsymmetrical functionalization of polyamines and 
orthogonal amine protection with DdeOH [4] significantly extends the solid phase 
chemistry of polyamines, allowing novel applications such as the use of polyamines for the 
synthesis of polyamine-combinatorial libraries, synthesis of novel analogs of polyamine-
containing toxins [5], introduction of polyamines into peptides [6], synthesis of 
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functionalized metal-complexing cryptands [7] suitable for introduction into peptides, or 
synthesis of novel cationic lipids for gene delivery, which is currently being investigated in 
our laboratory. 

5 ^ 
-^ NHBoc NBoc 0 H 

Fig. 1. a: Spermine in CH2CI2, b: (Boc)iC02 in CH2CI2, c: Cleavage with 
trifluoroethanol/CH2Cl2, d: DdeOH, e: Tetra-(3-aminopropyl)-diaminobutane, f: Tris (2-
aminoethyl)amine, g: 1,4,8,11-tetraazacyclotetradecane. 

References 

1. Ganem, B. Ace. Chem. Res., 15 (1982) 290. 
2. Byk, G., Dubertret, C, Schwartz, B., Frederic, M., Jaslin, G., Rangara, R. and Scherman D. 

Lett. Pept. Sci., (1997) in press. 
3. Bycroft, B.W.; Chan, W.C, Chhabra, S.R.; Hone, N.D. J. Chem. Commun., (1993) 778. 
4. (a) Nash, LA.; Bycroft, B.W., Chan, W.C. Tetrahedron Lett., 15 (1996) 2625. (b) Bycroft, 

B.W., Chan, W.C, Hone, N.D., Millington, S., Nash, LA. J. Am. Chem. Soc., 116 (1994) 
7415. 

5. Aramaki, Y., Yasuhara, T., Higashijima, T., Yoshioka, M., Miwa, A., Kawai, N., Nakajima, 
T. Proc. Japan Acad. Sci., 62B (1986) 359. 

6. Toki, T., Yasuhara, T., Aramaki, Y., Osowa, K., Miwa, A., Kawai, N., Nakashima, T. 
Biomedical Res., 9 (1988) 421. 

7. (a) Granier, C, Guilard, R. Tetrahedron, 51 (1995) 1197. (b) Kaden, T.A., Studer, M. Helv. 
Chim. Acta, 69 '1986) 2081. (c) Yamamoto, H., Maruoka, K. J. Am. Chem. Soc, 103 (1981) 
6133. 



Development of DNA-encoded library containing IO9 backbone 
cyclic peptides on 7 Jim glass beads 

Anna Balanov, Eran Hadas and liana Cohen 
Peptor Ltd., Kiryat Weizmann, 76326 Rehovot, Izrael 

Combinatorial synthetic libraries have become a powerful tool in high-throughput screening of 
peptides and an important starting point in the search for lead compounds for the development 
of new pharmaceutical agents. Difficulties in deconvolution of such large libraries brought 
about the invention of various tagging methods. Only a few examples of DNA-tagged libraries 
of linear peptides have been reported. [1] The size of these libraries is quite limited due to the 
relatively low capacity of the bead sorting techniques. 

Peptor Ltd. has developed a proprietary technology known as backbone cyclization (Fig.l) 
which permits the creation of conformationally constrained peptides without modification of 
their side chains or terminal groups [2]. Each linear peptide can give rise to a great variety of 
backbone cyclic peptides having the same amino acid sequence but different conformations and 
therefore different biological activity. 

The very large number of different peptides afforded by the backbone cyclization 
technology prompted the development of peptide libraries capable of screening a very large 
number of peptides per experiment. A DNA-tagged immobilized library approach is described 
that is capable of screening about IO9 backbone cyclic peptides per experiment for binding 
activity. 

O R 

Fig. 1. Peptor's backbone cyclic peptides. 

Results and Discussion 

We found 7 |xm glass bead supports to be useful solid carriers both for cyclic peptide synthesis 
and for screening binding activities. The small size of the beads provides a highly dense library 
(more then IO9 peptides in 1 ml) and the glass is compatible with all the reagents used in peptide 
and DNA synthesis. The glass bead surface was modified with aminopropyl-triethoxy silane, 
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and all the remaining free OH-groups were protected as trimethylsilyl ethers. Two linkers were 
coupled to the free amino groups in a 4:1 mixture of Fmoc-P-Ala (for peptide synthesis) and 
Fmoc-Ser(Trt) (for DNA synthesis). The synthetic procedure includes parallel peptide assembly 
and encoding of DNA sequences (Fig. 2), which is followed by peptide backbone cyclization. It 
was found that conditions of peptide assembly as well as backbone cyclization do not affect the 
DNA molecules; DNA synthesis in turn did not cause any problems in the peptides. 

O 
l I l 

I Stage 1 \Stage 2 \Stage 3 I 

AA - Amino Acid 

N - Nucleotide 

Fig. 2. Parallel assembly of peptide and DNA. 

Peptide combinatorial synthesis is achieved using a special mix and split strategy, designed 
for the libraries of backbone cyclic peptides that enables the creation of cyclic peptides with 
various bridge positions (cycloscan) within the same library. Beads are blocked by incorporation 
of biotin after each amino acid coupling step so that all deletion sequences are capped with 
biotin at the N-terminal. DNA synthesis is performed by an automated synthesizer using 
standard phosphoramidite derivatives of four nucleosides. 

Following DNA and peptide global deprotection, the beads are first blocked with avidin, 
washed and stained with murine monoclonal antibody to human interleukin-6 receptor (hIL-6R, 
gp80), followed by Texas red conjugated anti-mouse immunoglobulin second antibody. 
Selection of highly fluorescent beads is performed by a computerized image analysis procedure 
using an inverted microscope. "Positive" beads are retrieved by a CellSelector (Cell Robotics, 
USA). DNA of the "positive" beads are amplified by PCR and sequenced. Known DNA 
sequences enable us to determine the sequence of the cyclic peptide attached to the same bead. 
In model experiments many beads containing the same peptide were prepared and the 
correspondence of the peptide sequence to the encoding DNA was proven. 
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Introduction of bulky betidamino acids in 
thyrotropin releasing hormone (TRH) 

Dean A. Kirby,a Marvin C. Gershengorn0 and Jean E. Rivier3 

"Clayton Foundation Laboratories for Peptide Biology, The Salk Institute, 10010 N. Torrey Pines 
Rd., La Jolla, CA 92037; bDivision of Molecular Medicine, Cornell University Medical Center, 

New York, NY 10021, USA 

Recently, much attention has been directed to the development of new methods for 
introducing chemical diversity into peptide or peptidomimetic lead structures. 
Orthogonally protected monoacylated aminoglycine (Agl) derivatives, referred to as 
betidamino acids (bAaa), have been identified as useful scaffolds for the introduction of 
chemical diversity into bioactive polypeptides [1] A variety of novel and high potency 
analogs of gonadotropin-releasing hormone (GnRH) [2] and somatostatin (SRIF) [3]have 
recently been presented in which betidamino acids were generated by acylation of one of 
the two amino functions of aminoglycine. In the present study we synthesized TRH 
analogs that incorporated novel aromatic and heterocyclic functionalities (Fig. 1 and Table 
1) using a number of acylating agents to derivatize the resin-bound tripeptide pGlu-
(D/L)Agl(Fmoc)-Pro-MBHA after deprotection of the Fmoc group. 

Results and Discussion 

TRH (pGlu-His-Pro-NH2) is the smallest hypothalamic releasing factor and has been found 
to have very strict structural requirements for activation of its pituitary receptor. With the 
exception of two modifications of the histidine residue at position 2 (i.e. [N'm-3Me-
His2]TRH and [Pyr(l)Ala2]TRH are 8 and 3 times more potent than TRH [4, 5]), all other 
reported modifications to this tripeptide resulted in analogs with reduced binding affinity 
or low potency. In particular, the introduction of a bulky indole side-chain at position 2 led 
to [Trp2]TRH which was found inactive at doses up to 5000 times the effective TRH 
dosage [6]. 

Using the versatile pGlu-Agl-Pro-MBHA scaffold, we tested the influence of steric as 
well as charge requirements at position 2. Functionalities at position 2 ranged from 
[Pyr(l)Ala]-like (expected to be active) to [Trp]-like (expected to be inactive) (See Table 
1). TRH analogs did not bind to mouse pituitary AtT-20 cells stably expressing TRH-Rs 
nor to COS-1 cells transiently expressing TRH-Rs [7]. These negative results were 
unexpected in the cases where the substitutions of the Agl scaffold were conservative in 
both charge and/or steric hindrance, thus emphasizing the strict structural requirements of 
TRH for recognition by and activation of its receptor. 
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Fig. 1. Structure of betidamino acid-
containing TRH analogs. 
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Table 1. Selected heterocyclic and aromatic betidamino acid structures. 
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Combinatorial libraries and polyamines in the battle against 
Third World trypanosomes 

Helen K. Smith and Mark Bradley 
Department of Chemistry, University of Southampton, Highfield, Southampton SO 17 IB J, UK 

Tropical diseases such as African Sleeping Sickness and Chagas' disease result from 
infection by the trypanosome and leishmania parasites. Trypanothione reductase [1] is an 
essential enzyme in these organisms, responsible for oxidative stress management. The 
natural substrate A?1,Ar8-frw(glutathionyl)spermidine (trypanothione) [2] has been prepared 
on the solid phase in our laboratory, using a polyamine linker [3,4]. This method of 
synthesis has enabled us to apply a combinatorial approach to the preparation of 
trypanothione analogues. In addition, the modification of our linker has led to the synthesis 
of two identical 576 member libraries of polyamine-peptide conjugates for screening both 
in solution and on the solid phase against trypanothione reductase. This has resulted in the 
identification of several potent enzyme inhibitors, with both screening methods providing 
identical 'hits'. 

Results and Discussion 

The resin bound polyamines 1 and 2 were prepared as described [3,4] by selective 
protection of the primary amines of spermidine, followed by urethane formation. After 
tethering to the solid phase, libraries of polyamine-dipeptide conjugates were synthesized 
using 'split and mix' methodology (Fig. 1). After Fmoc removal, side chain deprotection 
was achieved using a TFA cleavage cocktail. The differing acid labilities of the two 
linkers ensured that while linker 1 remained attached to the resin support during TFA 
deprotection, linker 2 was cleaved, releasing the 576 member library into solution. 

1) Library Synthesis 
(24 Fmoc amino acids) 

Haa', 

H a a ' , . i 

R = CONH-PEGA 
2) TFA deprotection Resin ubrary 

(24 x 24 compounds) 

R = OCH2CONH-PS 

R = CONH-PEGA (1) Solution Library Haa',_24aa,_24HN.. 
R = OCH,CONH-PS (I) 

Haa', 

Fig. 1. Preparation of solution phase and resin bound polyamine-dipeptide libraries. 
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Both libraries were screened against trypanothione reductase using an iterative 
approach. The solution screen gave Trp as the most potent residue in the second position, 
giving rise to three potent inhibitors after deconvolution: TrpArg (Ki = 16|aM), TrpTrp (Ki 
= 3.1|aM) and TrpPhg (Kj = 83^tM). Upon resynthesis it was observed that an impurity in 
the arginine containing compound was the most active component. This was shown to be 
TrpArg(Pmc). Hence, two further compounds were prepared containing either one (Ki = 
100 nM) or two (Kj =185 nM) Pmc protected arginines. In order to investigate any 
shielding effect of the resin linker during solid phase screening, a Cbz protecting group 
was attached to the secondary amine of spermidine in the TrpArg containing compound (Kj 
= 1.6|J.M). Interestingly, all the compounds tested proved to be classic noncompetitive 
inhibitors. 

Screening of the resin-bound library was achieved by incubating the sub-libraries 
overnight in trypanothione reductase. The residual enzyme activity was determined after 
resin filtration, giving an approximate indication of protein binding. The terminal residues 
in the least active pots were again tryptophan, but also arginine. Deconvolution resulted in 
the identification of the identical hit from the solution library; TrpArg. In addition, there 
was a tendency for the two residues required for binding to be positively charged and 
hydrophobic. 

Conclusion 

Linkers designed for the solid phase synthesis of polyamines have been employed for the 
generation of two identical libraries of polyamine-peptide conjugates. These libraries have 
been screened against trypanothione reductase both in solution and on the solid phase. 
This has resulted in the identification of the same potent inhibitors containing both Trp and 
Arg (+ or - Pmc). Interestingly, a depletion screen of the same library on a TentaGel 
support gave no diminution in enzyme activity. 
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Hybrid resins for synthesis and screening 
of synthetic peptide libraries 
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A convergent library approach using peptides in solution for screening and peptides on 
beads for selection has been proposed using orthogonal cleavage conditions [1]. We 
present hybrid resins that offer possibilities for this type of library screening, but use only 
one type of cleavable linker together with non-cleavable linking. After several screening 
rounds, the identity of single active beads is determined by Edman bead sequencing. 

Results and Discussion 

A mixture of Fmoc-5(4'-aminomethyl-3',5'-dimethoxyphenoxy) valeric acid (Fmoc-linker) 
and Fmoc-Nle was coupled (PyBOP/NMM in NMP, three hours, three times molar 
excess) to TentaGelS-NH2, yielding an amide hybrid resin. After performing peptide 
synthesis on the hybrid resin, each bead contained both acid-labile and acid-stabile attached 
peptides (Fig. 1). The ratio of acid-stabile versus acid-labile attached peptides depends on 
the ratio of Fmoc-Nle and Fmoc-linker in the mixture that is used for synthesis of the 
hybrid resin. Since the cleavage rate from the hybrid resin of acid-labile attached peptides 
depends on the composition of the cleavage mix and time, but not on the peptide sequence, 
the peptide can be partially cleaved using defined cleavage conditions. Using 
TFA/CH3CN/H20, 10/9/1 (v/v/v) (16% acid-stable peptide), for 90 minutes 25 % of the 
acid-labile attached peptide is cleaved off. Cleaving off a second 25% takes 180 minutes. 
This cleavage procedure allows for stepwise screening of 'one-bead-one-structure' libraries 
in which screening for bioactivity is performed with solubilized peptides. Selection is done 
on the bead level. The peptide sequence on an active bead can be deduced by Edman bead 
sequencing with high repetitive yield. Using this newly developed method several CD4+ T-
cell epitopes were identified from HLA class II binding synthetic peptide libraries with a 
complexity of 8,000,000 (data not shown). CD8+ T cell clones, however, recognize HLA 
class I bound peptides, which require a free carboxy terminus for binding. Therefore we 
also developed a hybrid resin yielding C-terminal Val carboxy-peptides after cleavage. 
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Fig. 1. Hybrid resins after peptide synthesis. The upper hybrid resin yields peptide-amides after 
acid cleavage. The lower hybrid resin yields carboxy-peptides after acid cleavage. Peptides 
contain either a C-terminal Gaba residue or a C-terminal Val residue to make cleavage rates 
independent of the C-terminal amino acid. Part of the peptide material on both hybrid resins is 
attached in an acid-stable manner and can be used for sequence identification by Edman bead 
sequencing. 

A mixture of 2-mefhoxy-4-hydroxymethylphenoxyacetic acid (acid labile linker) and 
Fmoc-Nle-OH was coupled to TentaGelS-NH2. After deprotection (piperidine) Fmoc-Val-
OH was coupled (DIC/DMAP/HOBT) yielding a carboxy hybrid resin (Fig. 1). Cleavage 
rates from this hybrid resin were found to be dependent on the peptide sequence, probably 
due to the hyper acid-lability of the linker, which might make cleavage sequence dependent 
and diffusion controlled (inside the bead). This implies that library screening using this 
hybrid resin is impaired. 
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Combinatorial libraries: Equimolar incorporation of 
benzaldehyde mixtures in reductive alkylation reactions 
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In order to facilitate the synthesis of combinatorial libraries [1] in the positional scanning 
format [2], a method was developed for determining the relative incorporation of 
benzaldehyde derivatives in the reductive alkylation of peptides (Fig. 1). By comparing 60 
different benzaldehydes with 4-fluorobenzaldehyde as an internal reference control, we 
were able to calculate the isokinetic ratios [3] necessary for equimolar incorporation in a 
competitive reagent mixture. Individual component concentrations were adjusted based on 
the absorbance normalized peak area of the alkylated peptides in RP-HPLC. Mixtures 
obtained by this method are comparable to the equimolar mixtures generated using the 
split-resin method [1]. Syntheses were performed using the tea-bag method [4] and 
reagents were used in excesses large enough for observing pseudo first-order reaction 
kinetics. 

Results and Discussion 

For each of 60 benzaldehyde derivatives, a control resin mixture was prepared by 
synthesizing and combining equivalent molar amounts of a standard resin, 4-fluorobenzyl-
Ala-Phe-Lys(2ClZ)-mBHA, with 0-Ala-Phe-Lys(2ClZ)-mBHA resin, where O represents 
one benzaldehyde reductively alkylated to the N-terminus of the alanine residue. 
Following cleavage, the control resin mixture was used to determine the relative RP-HPLC 
absorbance of the two components in the equimolar mixture. In addition, an equimolar 

€r*H 

NH2-Ala-Phe-Lys(CIZ)-^ . N -Ala-Phe-Lys(CIZ)- ( ^ ». -NH-Ala-Phe-Lys(CIZ)- ( J 

MEOH NaBHjCN 
CH2C12 DMF 
AcOH 
TMOF 

Figure 1. Reaction scheme for the reductive alkylation of peptides using benzaldehydes. 
Table 1. Isokinetic ratios of six benzaldehydes necessary for equimolar incorporation during a 
competitive reductive alkylation reaction and the actual percent incorporation found. Isokinetic 
ratios were calculated from the RP-HPLC peak areas of compounds synthesized using a mixture of 
six different benzaldehydes during the reductive alkylation step and from control mixtures 
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prepared using the split-resin technique. 

Benzaldehyde derivative 

4-fluorobenzaldehyde 

3-hydroxybenzaldehyde 

3-cyanobenzaldehyde 

2-chloro-5-nitrobenzaldehyde 

3-bromobenzaldehyde 

4-phenoxybenzaldehyde 

Isokinetic Ratio 

1.000 

0.557 

0.556 

1.153 

0.501 

1.347 

Percent Incorporation 

100% 

83% 

110% 

107% 

112% 

91% 

mixture of each benzaldehyde with the 4-fluorobenzaldehyde standard was then reacted 
with the Ala-Phe- Lys(2ClZ)-mBHA resin, followed by cleavage of the peptide. The RP­
HPLC peak areas,normalized using the absorbance of the standard, were used to determine 
the relative incorporation of the benzaldehydes during the competitive reaction. It should 
be noted that an inverse relationship exists between the isokinetic ratio and the overall 
reaction rate for each benzaldehyde, and thus their incorporation into the peptide (Table 1). 

Conclusion 

In conclusion, relative incorporation of reagents can be determined using RP-HPLC. 
Resin mixtures synthesized using isokinetic ratios are comparable to mixtures made by the 
split-resin method. Calculation of isokinetic ratios using RP-HPLC can be applied to 
many other reactions. 
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Potential cancer vaccine: Anti-idiotype antibodies developed 
from antigen binding peptides bind to human breast cancer 

antigen 
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We have developed phage libraries for displaying large (38- and 45-mer) peptides [1,2]. It 
has previously been shown that such large peptides can fold into functional domains [3]. 
Panning with these peptide libraries can thus produce peptides with antibody-like binding 
activity. We call such molecules Abtide™ peptides. 

In this study we panned our phage libraries against a 23-residue peptide derived from 
the well-characterized human breast cancer mucin antigen known as MUC-1 [4]. This 
antigen results from aberrant glycosylation of the normal mucin glycoprotein by cancer 
cells and the subsequent unmasking of the peptide epitope. It has been shown to elicit a 
functional immune response against experimental mammary adenocarcinoma [5]. We then 
immunized mice with the MUC-1 peptide (Mucla) and compared ELISA reactivity of the 
antigen binding peptides developed via panning and the antigen binding Ab developed via 
the humoral immune response of the mice. 

Results and Discussion 

Panning the phage libraries with a MUC-1 synthetic peptide (Mucla, PDTRPAPGSTAPP-
AHGVTSAPDTR) yielded several MUC-1 binding peptides. We found that these 
Abtide™ peptides bound Mucla with binding comparable to that of several MAb known 
to bind to MUC-1, including HMFG1 [6] (data not shown). We selected one of the MUC-
1 binding molecules (MP1, GAPAPVWRGNPRWRGPGGFKWPGCGNGPMCNT-
FTPARGGSRNNGPGG) for further study, in which MP1 was a substrate for phage 
panning to develop a series of MP1 binding molecules. The best of these was MPB5 
(proprietary sequence). Remarkably, a biotinylated version of MPB5 bound to the HMFG1 
MAb with strength similar to that of the original Mucla peptide antigen (Fig. 1 A). 

We then used both MP1 and MPB5 as experimental vaccines in mice, and studied the 
responses of the animals to both peptides via ELISA. Serum Ab against MP1 bound 
strongly to MP1 (Fig. IB), and serum Ab against MPB5 also bound strongly to that peptide 
(Fig. IC). When we tested the sera for the presence of anti-idiotype Ab, we found that the 
MP1 antiserum contained reactivity against Mucla (Fig. ID), and the MPB5 antisera 
contained reactivity against MP1 (Fig. IE), confirming the anti-idiotype response. 
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Fig. 1. ELISA data. A) binding of biotinylated MPB5 • and MUC1 • to HMFG1, B) binding of 
MP1 antisera to MP1, C) binding of MPB5 antisera to MPB5, D) binding of MP1 antisera to 
Mucla, E) binding ofMPB5 antisera to MP1 (binding ofpre-bleed controls shown in gray). 

Conclusion 

We have shown that phage panning can produce large Ab-like peptides (called Abtide™ 
peptides) that are capable of binding small antigens. Through subsequent panning, these 
peptides, in turn, can be used to generate new molecules that bear the image of the original 
antigen. This process is analogous and equivalent to the generation of anti-idiotype Ab 
molecules bearing the image of an antigen via in vivo immunogenicity. 
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Studying receptor-ligand interactions using 
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Investigation into the molecular basis of protein structure and function typically requires 
modification of the chemical structure of the protein, and subsequent evaluation of the 
effects of such modification(s). Although this goal can be achieved by synthesis and 
analysis of individual compounds, this process is time-consuming and costly. Recently, the 
development of combinatorial techniques has provided a more rapid means of extensively 
modifying the chemical structure of a parent molecule [1]. Despite the obvious synthetic 
advantages of these strategies, they are often handicapped by the difficulties associated 
with the identification of the active compounds resolved during the screening process. In 
order to facilitate identification of "hit" compounds, several innovative approaches that 
rely on different encoding-decoding systems have been developed [1,2]. However, they 
typically provide only a qualitative readout. 

In the present work we introduce a new and simple solution-based encoding-decoding 
system that allows the quantitative analysis of small to medium sized polypeptide libraries 
(Fig. 1). In order to test this methodology, we have synthesized a small library based on the 
poly-Pro peptide derived from the exchange factor C3G, the natural ligand for the N-
terminal SH3 domain of the oncogene c-Crk [3]. The peptide library has been designed so 
that the positions XX5 (P-0) and XX8 (P-3), involved in key interactions in the complex 
[4], have been systematically changed (Fig. 2) in order to quantify their importance. 

S^AAn-NH-Fmoc 

1) Functional selection 
il) Thioester deavage 

Hg'OAcJj 

RP-HPLC read-oul 
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JLLLi 
Fig. 1. Description of the "Encoded Amino Acid Scanning" approach. The ellipsoid represents the 
mutation being scanned through the native sequence (here represented as a black line). 

Results and Discussion 

The synthesis of the peptide library (12 members, Fig. 2) was carried out using optimized 
Boc-solid phase chemistry in conjunction with a modified split-resin approach [2]. The C-
terminal Cys residue was protected as Cys(Fm) to allow the orthogonal introduction of the 
corresponding Fmoc-AA-OH tags as thioesters. Once the synthesis was complete, the 
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library was deprotected and cleaved using HF. Functional selection was achieved by 
running the self-encoded library over an c-Crk SH3-N affinity column. The resulting 
pools, both inactive (washes with PBS) and active (washes with 50% MeCN in H26 
containing 0.1% TFA), were submitted to Hg(OAc)2 cleavage and analyzed by RP-HPLC. 
The results (Fig. 2) indicate that the residue in the position XX8 (P-3) must be charged and 
that mutations containing isosteric residues with H-bonding capabilities (Cit, Gln) or 
hydrophobic residues (Nle) are not tolerated. This indicates the interaction at XX8 is 
mainly electrostatic. On the other hand, the results obtained from changing the residue 
XX5 (P-0) clearly show that as the hydrophobic surface of the side-chain increases, the 
binding is tighter. 

xx5 xx8 Tag 
Bound 

to c-Crk SH3-N (%) 

Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-
Fmoc-

•Ser-OH 
•Asp-OH 
Gly-OH 
Ala-OH 
Aib-OH 
Abu-OH 
Val-OH 
Nva-OH 
rie-OH 
Leu-OH 
Phe-OH 

82 
39 
7 
77 
3 
7 
41 
88 
89 
89 
95 

Fig. 2. Functional activity of the C3G peptide library used in this study. The bound percentage was 
calculated by UV detection at 300 nm from the chromatographic peaks corresponding to the 
cleaved Fmoc-AA-OH tags. 

Conclusion 

A novel encoding-decoding system has been developed which allows a quantitative read­
out of polypeptides in solution. This approach is ideal for studying protein-ligand 
interactions and will provide a rapid means of determining the relative contributions of 
individual residues to biological function. 
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The alkene side-chain offers a versatile means of generating structural diversity. In 
addition to the diol and dibromide via, respectively, KMn04 and Br2 addition [1], the 
double bond can react with peracid to form epoxide, with ozone to form aldehyde, and 
with H2/Pd to form alkane [2-4]. Because angiotensin (All) antagonism is induced by 
replacing 8-Phe with branched residues [5, 6], this study used [Sar1, DL-A6Ahp8]AII to 
generate different inhibitors with diverse activities, and examined the stability of A6Ahp 
(6-dehydro-2-amino-heptanoic acid) double bond during peptide synthesis. 

Results and Discussion 

Synthesis of DL-A6Ahp, Boc-DL-A6Ahp and Boc-A3Pro has been reported [3, 4]. The 
double bonds appeared to be stable to alkaline hydrolysis, and to Boc-deprotection by 85% 
HCOOH, 4 N HC1/THF, or 25% TFA/CH2C12. We prepared the benzyl ester by refluxing 
(80°C, 24 h) DL-A6Ahp, Bz-ol, and TsOH in benzene. The tosylate salt was separated on 
silica gel (2 x 50 cm, CHCI3-CH3OH elution), and acidified (HCl/dioxane) to yield DL-A 
6Ahp-OBzl-HCl (mp 92.5-93.5°C, 61% yield), which gave the appropriate C, H, N analysis 
and the characteristic CH2=CH- bands in NMR (Table 1). 

Cleavage of DL-A6Ahp-OBzl-HCl by HF (°C, 1 h), CF3S02H/TFA-CH2C12 (°C, 1 h), 
HBr/TFA, (rt, 2 h), BBr3/CH2Cl2 (0°C, 1 h) or H2/Pd-C (rt, 15 min), followed by amino 
acid analyses, allowed a rapid assessment of the stability of the double bond. For example, 
DL-A6Ahp was eluted from the short column at 14 min, and its reduction by H2/Pd led to a 
different product (18.5 min). As *H NMR of the reduced product showed a methyl, but no 
benzyl group, DL-A6Ahp appeared to be rapidly reduced to the linear Ahp (2-amino-
heptanoic acid). Similarly, HBr/TFA and BBr3 generated multiple products with different 
elution times, and CF3S02H generated two products beside a major band (13.5 min). 

Although HF cleavage of DL-A6Ahp-OBzl gave an amino acid eluted at 13.9 min, 
further studies indicated HF addition to the double bond. In these studies, [Boc-Sar1, des-
Phe8]AH and DL-A6Ahp-OBzFHCl in DMF were coupled by DCC/HOBt (60°C, 
overnight). The resulting [Boc-Sar1, DL-A6Ahp8-OBzl]ATI was partially purified (CM 52 
ion-change), treated with HF (0°C, 1 h), and separated by countercurrent distribution (CCD 
in 8:1:2:9 of l-butanol:pyridine:AcOH:water) into two fractions. Both fractions gave the 
correct amino acid analyses except for A6Ahp, which was decomposed during acid 
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Table 1. A Ahp-OBzl and its derivatization into HF and formate adducts during synthesis. 

Amino acid/Peptide (FAB-MS) Spectral characteristics 

DL-AbAhp-OBzl-HCl for CH2=CH-
116 & 138 ppm (13C NMR); 5.0 & 5.75 ppm ('H NMR) 

[Sar1, DL-A6Ahp] AII-HF (987) Amino acid analysis of CPY digest did not show A6Ahp 
[Sar1, DL-A6Ahp]AJJ-HCOOH (1013) Amino acid analysis of CPY digest did not show A6Ahp 

Tyr4, His6 ring Cat 116, 119,128, 131, 135 ppm, but no 
C=CH- in 13C NMR(138 ppm) or in ]H NMR (5.75 ppm) 

hydrolysis (6 N HCl, 120°C, 48 h). FAB-MS (Table 1) indicated no m+1 967 band for 
[Sar1, DL-A6Ahp8]AIL Instead, the lipophilic fraction (K=0.43, 23% yield) appeared to 
contain a HF adduct, and the polar fraction (K=0.23, 33% yield) a formate adduct. 
Digestion of the former by carboxypeptidase Y (CPY, 37°C, 48 h) followed by amino acid 
analysis gave Tyr4, Val3,5, His6, Pro , and a new amino acid eluted ahead of the position for 
A6Ahp. CPY digest of the latter gave a new amino acid with a Gly-like elution time. The 
absence of A6Ahp in HF and HCOOH adducts was verified by peptide reduction (H2/Pd, 
overnight), from whose hydrolysates no Ahp was found. 

The HCOOH adduct suggests DMF formylation of A6Ahp during coupling. A similar 
formylation of His/Lys side-chains has been reported, and could be avoided by replacing 
DMF with N-methyl-2-pyrrolidinone [7]. Because A6Ahp reacted with HF and other 
cleavage agents, alternative TMAH/r-butanol cleavage [7] may be useful to retain the 
double bond. 

In rat assays, [Asn1, Ahp8]AII with the linear 8-Ahp exhibited considerable (11.5%) 
pressor activity [6]. In contrast, 17.5-20 pg of branch-chained HF and HCOOH adducts 
blocked the pressor effect of All for 30 min. In rabbit aorta and rat stomach assays, the HF 
adduct was, respectively, 160- and 10-fold more inhibitory than the HCOOH adduct. 
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Kinase assays often utilize peptide substrates and development of maximally sensitive 
assays requires substrate optimization. Previously this has been carried out in a variety of 
ways including individual peptide synthesis [1] and peptide library approaches such as on-
bead screening [2], solution phase reactions [3], or phage display [4]. In this paper, we 
present a new method which utilizes the power of the combinatorial approach while 
allowing identification of the optimal residues through standard enzymatic assays. 

Results And Discussion 

Our target for substrate optimization was the T-cell specific tyrosine kinase ZAP-70 [5]. 
Starting from the known tyrosine kinase substrate HSl386-402 [6] a series of biotinylated 
HS1 derivatives were synthesized and analyzed with ZAP-70 in a 33P-based scintillation 
proximity assay (SPA) in order to find the shortest substrate that gave an acceptable S/N 
ratio. The HS1394^02 derivative, ((LCB)EGDYEEVLE(NH2) (LCB = aminohexanoyl 
biotin), was found to be optimal and was selected as a basis for library construction. 

The first library varied the Y+i_+3 positions of the substrate (EGDYXXXLE). 
Construction up to the Y+3 residue was carried out on an ABI 430A peptide synthesizer 
using FastMoc™ chemistry. After that, syntheses were performed manually using the 
same reagents and the 'split and recombine' library strategy [7]. Ten amino acids were 
chosen for the library in order to maximize structural diversity and binding characteristics 
while minimizing the number of individual amino acids: Nle, Phe, Trp, Val, Pro, His, Arg, 
Gln, Glu, Lys, and Ser. After the first round of library synthesis, one third of the individual 
resins were removed and the remaining HSl394-402 sequence was coupled to them (10 
samples). The remaining resin was mixed, redistributed, and the next round carried out. 
The resulting materials were split with the parent sequence being coupled to half of the 
material (another 10 samples) and the remaining material recombined and treated as before. 
The resulting library consisted of thirty samples: ten with single peptides varying at Y+3 (1 
peptide/well), ten with mixtures at Y+3 and defined residues at Y+2 (10 peptides/well), and 
ten with mixtures at Y+2,+3 and defined residues at Y+i (100 peptides/well). A similar 
library was constructed for the Y.i_.3 positions. 

The libraries were analyzed with ZAP-70 and the results of the Y+i_+3 library are 
shown below (Fig. 1). Hydrophobic residues were preferred at all positions, particularly at 
Y+3. Interestingly, Glu was also a good residue at Y+])+2 suggesting that the parent sequence 
(EEV) was close to an optimal substrate. Consistent with this is the decreasing overall 
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activity of the more complex mixtures as compared to those that were less complex (more 
parent-like). Proline is not acceptable at Y+i, an interesting result as it is well tolerated by 
Syk, a tyrosine kinase with =90% identity at the active site (data not shown). The second 
library also suggested that the parent EGDY sequence was close to an optimal substrate 
with the derived sequence (EREY) being similar to it. 

Results from the first library suggested good substrates would be of the type 
-Y(E,W)(E,W)W- and a series of peptides based on this motif were tested (Table 1). 
Because all instances these were better substrates than the parent, this approach may be a 
viable method for identifying optimal substrates in a timely and efficient manner. 

Trp 

B
D ht • _ UJ rx T r p UJ tr UJ 

• • _ ? 100 -N| Phe m _ 1 100 - tm 

.il.lil.l lllu.lihl ill. .I.i.l Fig. I. Relative turnover rates for the Y+i.+3 library compared to the HSl394^o2 substrate 

Table 1. Results for library derived substrates 

Substrate: (LCB)EGD(YXXX)LE(NH2) Relative Rate (k^/Km) 

-YEEV- (Parent) 
-YEEW-
-YEWW-
-YWEW-
-YWWW-

100 
190 
191 
177 
218 
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Polyethylene glycol-polystyrene (PEG-PS) graft supports have been shown to be superior 
to conventional PS supports for the assembly of complex peptides, including structures 
that are cyclic, hydrophobic, or contain post-translational modifications. Both Fmoc/fBu 
and Boc/Bzl-based strategies are compatible. Previously, different PS resins extended 
with PEG derivatives of various molecular weights, in conjunction with branch 
attachment points in the formulations, were incorporated to develop supports with 
increased loadings (0.35-0.45 mmol/g). These supports are compatible with a variety of 
organic transformations and have been applied successfully to the generation of small 
molecule combinatorial libraries. 

The mix and split technique for the construction of combinatorial libraries produces a 
large collection of targets in which a single resin bead contains a single component. 
Unfortunately, the quantity of material prepared on a bead is too small for elucidating the 
structure of complex molecules. Encoded libraries represent an approach to analyzing 
mixtures of compounds by incorporating chemical tags associated with individual 
members that can specify their identities [1]. 

This communication focuses on further improvements in small molecule 
combinatorial synthesis by use of PEG-PS as an adjunct to the generation of encoded 
libraries. Different parent PS resins are extended with PEG derivatives and a branch point 
for encoding with sequences of amino acids [2]. Matrix-assisted laser 
desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry was used as an 
analytical technique to characterize library members [3]. 

Results and Discussion 

The penultimate amino group and the side-chain amino group of the ornithine branch in 
PEG-PS provide attachment for two orthogonal linkers (Fig. 1) [4]. In order to examine 
the utility of the PEG-PS concept with an encoded strategy, Fmoc-amino acids in 
conjunction with the PAL handle were chosen as the tagging method since the amino acid 
sequences could be easily determined via MALDI-TOF mass spectrometry [5]. 

Amino acid derivatives containing basic side-chains (His, Arg, Lys) are known to 
ionize efficiently and provide excellent sensitivity for MALDI-TOF analysis. The 
following three sequences, H-LAGVXX-NH2 where X = H, R, and K, were prepared on 
PAL-PEG-PS with Trt, Pbf, and Boc protection, respectively. A single bead was placed on 
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a 100 well MALDI plate and treated with TFA (2 uL). After TFA had evaporated, a 
solution of a-cyano-4-hydroxycinnamic acid in CH3CN/0.1% TFA was added to the well 
containing the bead and the sample was subjected to a 25 kV extraction voltage. Analyses 
of the spectra from single beads indicated that excellent resolutions and sensitivities were 
obtained with the three different C-terminus amino acids (H=632.4; R=670.4; K=614.4). 
In the Arg sequence, an additional mass (923.5 Da) corresponding to retention of both 
guanidine side-chain protecting groups was observed. To circumvent this result, Fmoc-
Arg-Arg-NH2 was constructed using Fmoc-Arg-OH (side-chain unprotected) and 
DIPCDI/HOAt couplings. Analysis of the A^-protected dipeptide indicated that the desired 
mass (553.5 Da) was obtained. 

Post source decay/collision-induced dissociation (PSD/CID) is an excellent technique 
to analyze isomeric sequences. Comparison of the predicted product ions from the a, b, 
and y series with the actual values provides a fingerprint region for each sequence. To 
verify the encoding technique, single bead analysis of model peptides H-GVLAHH-NH2, 
H-VLAGHH-NH2, and H-AGVLHH-NH2, isomeric sequences with the first four amino 
acids sequentially rotated, was performed. The sequences were readily differentiated upon 
careful examination of the spectra. 

To conclude, branching of PEG-PS supports in conjunction with orthogonal linkers 
allows for an encoded library strategy. Tags were easily identified from a single bead via 
MALDI-TOF analysis. Amino acids containing basic side-chains positioned at the C-
terminus were useful to facilitate ionization, and PSD/CID distinguished isomeric 
sequences. 

Amino functionalized for Linker 1 „ . . , . . 
Orn internal reference, branch 

H ° ° ' H 

Y L MBHA polystyrene 

polyethylene glycol Amino functionalized for orthogonal Lii 

Fig. 1. General structure of PEG-PS support for encoded library. 
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Our aim was to develop peptides and peptide-mimetics that bind specifically to urea 
herbicides for use in biosensors. These peptides could be superior to presently used 
antibodies because of their higher stability, lower molecular weight and less expensive 
production. Since peptide hapten interactions have so far not been much studied, an 
investigation in this area would be of great scientific interest. To identify peptides or 
derivatives binding to urea herbicides, two different approaches have been compared: (I) 
screening of a phage display library and (H) testing chemical peptide libraries synthesized 
on cellulose membrane supports. 

Results and Discussion 

The phage library comprises cyclic peptides of the format Cys(B)nCys (n=6 to 16, B=19 
amino acids, Cys omitted). Oligonucleotides which code for cyclic peptides were 
synthesized using the trinucleotide-method [1]. Three rounds of panning against 
immobilized N-2-aminobenzyl-N'-4-chlorophenyl urea (Fig. 1) were performed yielding an 
enrichment of binding phages by a factor of 920. Subsequently, several phage clones were 
sequenced and 20 different peptide sequences were deduced (Table 1). The cyclic peptides 
(6 to 12 amino acids) were rich in phenylalanine and tyrosine and some displayed sequence 
homologies. Nevertheless, BIAcore measurements indicated that these peptides bind only 
with low affinity or even nonspecifically. 

Or 
° B ? 

/ c \ / ^ S \ CH3\ / ^ \ A /CH3 

NH NHHrQjV-ci \H.yrysNH' v 
> ^ N ' Cli/ ^=^ X CH 3 

NH2 

Fig. 1. Urea herbicides. (A) N-2-aminobenzyl-N'-4-chlorophenyl urea and (B) isoproturon. 
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Table 1. Left: Sequences of the herbicide binding peptides. The flanking cysteine residues respon­
sible for cyclization are not shown. Right: Homologies between sequences of identified peptides. 

peptide sequences 
N V S Q I T 
Y G N R H D 
N I P M P T Y 
T T H F I Q L 
Y L I D S D F 
F F Y A V Q F 
F I N A V G F 
H F T Y R F K 
Y A M L G D A 
P P D L V I R 

(2x) 
D 
H 

Y S V I E Y F R 
D L G T R E N Y 
F Y N Y K G S M 
I G L K S F G L 
T Q T H H F S D E 
V W S Y Y Y A P S 
F G F I P F N S I 
F T H I Q H I H I 
D L G P I F D F W 
G L M V R P T K E 

(2x) 
Y 
Y 
L 
S L N 

F 

1 
F 

F 

1 
F 

F 

I 

G 

T 

homologies 

Y A V Q F 

1 1 1 
N A V G F 

F I P F N S I 

1 • 1 
H I Q H I H I 

Alternatively, we tried to delineate binding peptides from the sequence of herbicide 
binding proteins using cellulose bound peptide scans [2]. The binding pocket of urea 
herbicides in plants is located on the Dl protein of photosystem II. Therefore, a peptide 
scan of the Dl protein was incubated with 14C-labelled isoproruron (Fig. 2). Several 
binding regions were detected which differ from the putative binding regions deduced from 
resistance mutations in the Dl protein. Substitutional analyses of selected peptides in 
which each position is substituted by all 20 amino acids indicated that the binding of these 
peptides is predominantly based on the hydrophobic nature of their residues. 
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Fig. 2. Autoradiography of the peptide scan (15mer peptides, shifted by 2 residues, scanning the 
amino acid sequence of the Dl-protein) incubated with 14C-labelled isoproturon. The framed 
regions contain positons of urea herbicide resistance mutations described in the literature. 
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Synthetic peptide libraries are useful tools in searching for biologically active peptides or 
for probing large numbers of diverse peptides towards a potential receptor protein. We 
were interested in finding a short (5-7) amino acid sequence that binds specifically and 
with high affinity to alkaline phosphatase (E.C.3.1.3.1). It was importand to us that the 
peptide does not interfere with the enzyme's catalytic activity. Since it is difficult to screen 
libraries containing more than a million members we used a repetitive approach. A first 
tetrapeptide library (204 members) allowed the identification of a lead motif after screening 
for phosphatase binding peptides. This consensus like motif was subsequently used to 
design a restricted heptapeptide library. The central position of these heptapeptides was 
restricted to certain amino acids, which were frequently found in the tetrapeptides 
identified in the first library. All 20 natural amino acids were incorporated into the outer 
positions. Peptide sequences showing affinity for alkaline phosphatase were resynthesized 
and further characterized. The stepwise screening and design of two libraries allowed the 
screening of virtually 207 heptapeptides. 

Results and Discussion 

160,000 bead-bound tetrapeptides were assayed for phosphatase binding activity. 
Approximately 0.1% of the beads were recognized as positive. Microsequencing of the 
peptides was possible without problems under standard conditions. The obtained sequences 
shared certain characteristics: all peptides contained at least one cysteine accompanied by 
two or more basic amino acids, acidic or hydrophobic amino acids were not found (Table 
1). Alignment of the sequences suggested the structure of the second, restricted 
heptapeptide library. The general architecture was as follows: a cysteine in the central 
position 4, positions 2, 3, 5 and 6 restricted to Arg, Lys, His, Ser and Trp, the outer 
positions 1 and 7 not restricted. It was found that the phosphatase binding assay had to be 
performed in the presence of specific competitors in order to decrease the number of 
positives and to ensure that exclusively peptides with high affinity were identified. The 
obtained heptapeptide sequences are relatively homogeneous (Table 1) and the hexapeptide 
K-K-K-C-K-K was found to be a consensus motif. 

Three peptides were resynthesized and labeled with the fluorescent dansyl group. 
Binding affinities to phosphatase were measured for these peptides by fluorescence 
titration (Table 2). The observed affinities are comparable to affinities typical for antibody-
antigen interactions. 
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Table 1. Sequences of tetra- and heptapeptides found to bind the enzyme alkaline phosphatase by 
screening bead-based peptide libraries. 

Tetrapeptides Heptapeptides 
R H 
C R 
R C 
R R 
R R 
R K 
K C 
R C 
W R 
R R 
R C 
R C 
R R 
C S 
R C 

R C 
R R 
C K 
C S 
W C 
C K 
W R 
R R 
R C 
C R 
R W 
K K 
C H 
R C 
R H 

P S 
G K 
K K 
K K 
K K 
K K 
K K 
K K 
K K 

K C 
K C 
K C 
K C 
K C 
K C 
K C 
K C 
K C 

K 
H 
K 
R 
K 
R 
R 
K 
K 

K P 
K K 
W K 
S K 
S K 
K R 
K I 
K Y 
K F 

Table 2. Binding constants of dansylated peptides towards phosphatase in solution. 

Peptide Kj [nM] 
Dns-Abu-Arg-Arg-Cys-Gly-OH 33 ± 5 
Dns-Abu-Arg-Cys-Arg-Gly-OH 36 ± 6 
Dns-Abu-Lys-Lys-Lys-Cys-Lys-Lys-Gly-OH 9±2 

We found a sequence of six amino acids that binds specifically and with high affinity 
to the enzyme alkaline phosphatase. Currently we are exploring the properties of a protein 
containing the phosphatase binding sequence K-K-K-C-K-K inserted into the central 
region of the protein as well as fused to the N-terminus. We investigate the possibility of 
detecting the tagged protein in a cell lysate electroblotted onto a nitrocellulose membrane 
using alkaline phosphatase. 
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Five axioms for protein engineering: 
Keys for understanding protein structure/function? 

Dan W. Urry 
Laboratory of Molecular Biophysics, The University of Alabama at Birmingham, VH300, 

Birmingham, AL 35294-0019, USA 

Elastic protein-based polymers have been successfully used to develop a set of five 
experimentally based axioms for protein engineering and protein function [1]. The parent 
protein-based polymer, poly(GVGVP) from mammalian elastins and many isomorphous 
analogues thereof, exhibit hydrophobic folding and assembly transitions, referred to as 
inverse temperature transitions. When properly designed, they are capable of performing all 
of the classes of energy conversions represented by the metabolic processes of living 
organisms[2,3]. These protein-catalyzed free energy transductions involve the set of six 
free energies, the intensive variables of which are: mechanical force, temperature, pressure, 
chemical potential, electrochemical potential and electromagnetic radiation. Of the fifteen 
pairwise free energy conversions possible between the six free energies, eight have been 
experimentally demonstrated using engineered protein-based polymers. A sixteenth free 
energy transduction is chemo-chemical transduction, e.g., enzyme catalysis, the decrease in 
chemical energy of reactants and the increase in chemical energy of products. 

Results and Discussion 

Characterization of the Transition and a Tf-based hydrophobicity scale. The hydrophobic 
folding and assembly transition is characterized by the temperature, T{, for the onset of the 
transition as the temperature is raised from below to above the transition. When each of the 
amino acid residues are substituted in the model system, poly[/v(GVGVP), /x(GXGVP)] 
where /v and / x are mole fractions with /v + /x = 1 and X is any of the naturally occurring 
amino acid residues or chemical modification thereof, the value of T^ is plotted vs fx and 

the extrapolated values are compared at fx = 1 to provide the first hydrophobicity scale 
based directly on the hydrophobic folding and assembly transition [3,4]. This experimental 
data is the basis of Axiom 1. Simply raising the temperature from below to above T t drives 
hydrophobic folding and assembly with the performance of mechanical work; this is the 
basis for Axiom 2 for fhermo-mechanical transduction. 

Dependencies of Tt and the AT.-mechanism of energy conversion. Virtually every 

interaction or modification of the polymer changes the temperature, Tt, of the inverse 

temperature transition [1,3]. Any interaction or modification that alters the value of T t can 

be used to lower the value of T t from above to below the operating temperature to drive 
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hydrophobic folding and assembly with the performance of mechanical work. This is the 
basis for Axiom 3 for baro-, chemo-, electro- and photo-mechanical transduction. 

Coupling of different functional groups in the same hydrophobic folding domain. 
When the polymer is designed such that two different functional groups of the same 
hydrophobic domain are in their more-polar states and Tt is just above the operating 
temperature, then the conversion of either one to their more-hydrophobic state, such as 

The ATt Hydrophobic Paradigm for Protein Folding and Function 
(Demonstrated and Putative Energy Conversions 

Using Molecular Machines of the Tt-type) 
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protonation of a carboxylate functional group or reduction of an oxidized redox function 
lowers Tt and changes the redox potential or the pKa, respectively, of the second coupled 
moiety [5]. This is the basis for Axiom 4, which includes ten additional pairwise energy 
conversions as indicated in Figure 1 and in the listing of Axioms in Table 1. In the case of 
the sixteenth energy conversion, chemo-chemical transduction, one type of functional 
group could be carboxylates and the other chemical function could be a phosphate. 
Protonation of the carboxylates would lower Tt and raise the free energy of the phosphate 
as the proton gradient of the mitochondrion may be used to drive phosphorylation. 

Table 1. Five Axioms for Protein Engineering of Protein-based Polymers Capable of Inverse 
Temperature Transitions of Hydrophobic Folding and Assembly. 

AXIOM 1: The manner in which a guest amino acid residue, or chemical modification thereof, 
alters the temperature, Tt, of a hydrophobic folding and/or assembly transition is a functional 
measure of its hydrophobicity. A decrease in T t represents an increase in hydrophobicity and an 
increase in T t represents a decrease in hydrophobicity. 

AXIOM 2: Raising the temperature above Tt results in hydrophobic folding and assembly and can 
be used to perform useful mechanical work, e.g., of lifting weights; this is thermo-mechanical 
transduction. 

AXIOM 3: At constant temperature, lowering the value of T t from above to below an operating 
temperature, i.e., increasing the hydrophobicity by any of the many variables of Table IV also 
results in hydrophobic folding and assembly and can be used to perform useful mechanical work 
of building a structure, e.g., of lifting a weight. 

AXIOM 4: Any two distinct functional groups responsive to different variables that include i) 
temperature, ii) pressure, iii) changes in the concentrations of chemicals, iv) changes in the redox 
state of a biological prosthetic group, and v) light elicited changes in chemical structure, each of 
which could be used to alter the value of Tt to perform mechanical work resulting from folding 
and assembly, can be coupled one to the other by being part of the same hydrophobic folding and 
assembly domain. 

AXIOM 5: The above energy conversions can be demonstrated to be more efficient when carried 
out under the influence of more hydrophobic domains. 

Hydrophobic-induced pKa shifts and associated positive cooperativity. Using the 
polymers, poly[/v(GVGVP),/x(GXGVP)], where X was Asp (D), Glu (E) or Lys (K) and 
fx varied from 1 to 0.06, electrostatic-induced pKa shifts could be clearly delineated from 
hydrophobic-induced pKa shifts [6-8]. Furthermore, using a series of poly(30 mers) with 
one E or D per 30 mer and with 0, 2, 3, 4, and 5 Phe (F) residues per 30 mer, a supra-linear 
relationship was observed between the number of F residues and the ApKa associated with 
an increase in the steepness of the acid-base titration curve [9]. The energy indicated by the 
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ApKa was matched by the energy of interaction apparent in the increasing cooperativity. 
Among other things, these findings demonstrated a greater pKa shift on going from 3 to 5 F 
residues per 30 mer than on going from 0 to 2 F residues per 30 mer. This finding and a 
similar supra-linearity for mechano-chemical transduction [10] provide the basis for 
Axiom 5: that efficiency of energy conversion increases as the hydrophobicity of the 
functional domain increases. The complete list of experimentally-derived Axioms is given 
in Table 1. 

Physical basis for the energy conversions. The physical basis for the ATt-mechanism 
of energy conversion is competition for hydration between hydrophobic (apolar) groups 
and polar (e.g., charged) groups, termed an apolar-polar repulsive free energy of hydration. 
The mechanism was proposed to understand an observed stretch-induced increase in the 
pKa of glutamic acid residues in cross-linked poly[/v(GVGIP),/E(GEGIP)] [11]. The 
competition was then found using differential scanning calorimetry in the decrease of the 

endothermic heat of the inverse temperature transition due to the formation of COO - in 
poly[/v(GVGVP),/E(GEGVP)] [12]. Most definitively, microwave dielectric relaxation 
demonstrated the destruction of water of hydrophobic hydration, A7/,/,, on ionization of 
carboxyls in poly(30 mers) with one Glu and none or two F residues per 30 mer [13]. pH 
dependence of A7/,/, can be used to calculate both the pKa shift and the associated positive 
co-operativity (S.Q. Peng and D.W. Urry, in preparation) [14]. 
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Novel collagen-mimetic structures 

Elizabeth A. Jefferson and Murray Goodman 
Department of Chemistry and Biochemistry, University of California, San Diego 

La Jolla, CA, 92093, USA 

The synthesis and biophysical study of collagen mimetics is important for the development 
of novel biomaterials. Collagen proteins contain large triple-helical domains composed of 
Gly-X-Y repeats, where X and Y are often proline and hydroxyproline, respectively. We 
recently introduced KTA-(Gly-OH)3 (KTA represents the Kemp triacid, Fig. 1) as a 
template for the synthesis of triple-helical structures with relatively short chain lengths [1]. 
The template stabilizes triple-helical structures compared to analogous triple-helical 
structures formed from single-chains through intermolecular association. We also 
discovered that peptoid residue Nleu (N-isobutylglycine) can serve as a proline substitute 
in structures with (Gly-Pro-Nleu)n [2,3] and (Gly-Nleu-Pro)n [4] repeats. According to 
biophysical studies based on CD, optical rotation, and NMR, these compounds form triple-
helical structures when chain lengths are above a critical length. These peptoid-containing 
structures are attractive because of their anticipated resistance to proteolytic enzymes. 

We have now synthesized structures containing an achiral trimer repeat, Gly-Nleu-
Nleu (Fig. 1). The achiral unit is of interest as a means of simplifying the primary structure 
of collagen-mimetics. The following acetyl-terminated and template-assembled structures 
were examined: Ac-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2 and KTA-
[Gly-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2]3. 

H .O. .N^JL,N^.^NsJLc 

O J o 

Fig. 1. (left) KTA-based template, (right) Achiral building block Boc-Gly-Nleu-Nleu-OH. 

Results and Discussion 

The single chain compound, Ac-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2, 
was prepared by standard solid-phase synthesis methods using Boc-Gly-Pro-Hyp(OBzl)-
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OH and Boc-Gly-Nleu-Nleu-OH as the building blocks. The template-assembled 
compound was synthesized by coupling the N-terminus of [Gly-Pro-Hyp(OBzl)]2 -(Gly-
Nleu-Nleu)2-[Gly-Pro-Hyp(OBzl)]2-Resin to KTA-(Gly-OH)3 in a manner similar to that 
described previously [5]. A novel X-ray crystal structure of a calcium complex of the 
achiral building block, Boc-Gly-Nleu-Nleu-OH, was obtained (Fig. 2) [6]. 

Fig. 2. The Ca2*3 (Boc-Gly-Nleu-Nleu-0')6 entity. Calcium ions and oxygen atoms are represented 
as hatched and crossed circles, respectively. 

We investigated the potential triple helicity of the structures using temperature 
dependent optical rotation measurements (melting curves) as well as CD spectroscopy. For 
collagen-mimetic structures, cooperative melting curves are indicative of triple-helical 
structure [2-5]. A cooperative melting curve was not observed for Ac-(Gly-Pro-Hyp)2-
(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2, while the template-assembled compound exhibited 
a cooperative melting curve with a thermal melting temperature (Tm) of 20 °C in H20 (Fig. 
3). Since ethylene glycol is known to augment weak triple helices [7], melting temperatures 
were determined in EG7H20 (2:1, v/v) solution, at 0.2 mg/mL. Tm values of 25 °C and 40 
°C were obtained for the single-chain and the template-assembled compound, respectively 
(data not shown). 

Collagen structures typically have CD spectra with a small positive peak near 220 nm, 
a crossover near 213 nm, and a large negative peak near 197 nm [7]. In H20, the template-
assembled compound gives a CD spectrum typical for a triple-helical structure while the 
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single chain compound does not (Fig. 4). Both compounds give CD spectra typical for 
triple helical structures in EG7H20 (2:1, v/v) solution (data not shown). 

The effect of Gly-Nleu-Nleu incorporation on the stability of triple-helical structures is 
clear from the following comparisons. KTA-[Gly-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-
Pro-Hyp)2-NH2]3 melts at 20 °C while KTA-[Gly-(Gly-Pro-Hyp)6]2-NH2 melts at 81 °C in 
H 2 0 [5]. Similar in, Ac-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2 melts at 
20 °C while Ac-(Gly-Pro-Hyp)2-NH2 melts at 59 °C in EG/H20 (2:1, v/v) [5]. Although 
substitution of Gly-Nleu-Nleu into triple-helical structures containing Gly-Pro-Hyp repeats 
results in a destabilized triple helix, the substitution can still accommodate triple-helical 
structures. 
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Fig. 3. (left). Melting curves for Ac-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2 (a) and 
KTA-[Gly-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2]3 (b) in H20, at 0.2 mg/mL. 
Fig. 4 (right). CD spectra for Ac-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2 (a) and 
KTA-[Gly-(Gly-Pro-Hyp)2-(Gly-Nleu-Nleu)2-(Gly-Pro-Hyp)2-NH2]3 (b) in H20, at 0.2 mg/mL. 
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De novo design of a-helical coiled-coils: The effect on stability of 
amino acid substitution in the hydrophobic core 

Kurt C. Wagschal," Brian Tripet," Pierre Lavigneb and 
Robert S. Hodges3' 

The Department of Biochemistry, the "MRC Group in Protein Structure and Function and bProtein 
Engineering Network of Centres of Excellence, University of Alberta, 

Edmonton, Alberta, Canada T6G 2H7 

The two-stranded a-helical coiled-coil dimerization motif has been shown to occur in a 
diverse groups of proteins. These include structural proteins such as the kmef (keratin, 
myosin, epidermis, fibrinogen) class [1] as well as DNA binding transcription factors such 
as the basic region Leucine Zipper (b-LZ) [2] and the basic region Helix-Loop-Helix 
Leucine Zipper (b-HLH-LZ) [3] families. Model two-stranded a-helical coiled-coil 
peptides have proven useful for studying the underlying principles of protein folding and 
stability [4]. In this study, we have designed a model coiled-coil protein consisting of two 
identical 38-residue (5 heptad) amphipathic helices containing the 3-4 hydrophobic repeat 
characteristic of coiled-coils. In the center of the molecule (third heptad), residues within 
the hydrophobic core were substituted with 19 of the naturally occurring amino acids 
(cysteine was omitted). Because the two positions a and d pack differently at the interface 
of parallel and two-stranded a-helical coiled-coils [5], substitutions were tested in both 
positions. This allowed us to assess the effect of packing the side-chains in the hydrophobic 
core as well as the role of the side-chain hydrophobicities in protein stability. 

Results and Discussion 

We synthesized 5-heptad disulfide-bridged a-helical coiled-coil peptides in which either 
position a (19a) or position d (22d) was substituted with 19 of the naturally occurring amino 
acids (Fig. 1). 

19a 
a b cd e f g 

Ac-CGGE-VGALKAQ-VGALQAQ-XGALQKE-VGALKKE-VGALKK-am 

Ac-CGGE-VGALKAQ-VGALQAQ-XGALQKE-VGALKKE-VGALKK-am 
abc d e f g 

Ac-CGGE-VGALKAE-VGALKAQ-IGAXQKQ-IGALQKE-VGALKK-a/TJ 
Ac-CGGE-VGALKAE-VGALKAQ-IGAXQKQ-IGALQKE-VGALKK-am 22 d 

Fig. 1. Amino acid sequences of the position a (19a) and d (22d) a-helical coiled-coil peptide 
models. Amino acid substitutions were made for the residues denoted x in center heptads of each 
sequence. 
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The relative hydrophobicity of each substituted amino acid side-chain at positions a 
and d was determined by reversed-phase HPLC at pH 7.0. Results of the study show that 
the relative hydrophobicity of each side chain correlates with the relative order of 
hydrophobicity previously observed in other model systems [6]. In addition, an excellent 
correlation (r=0.998) of side-chain hydrophobicity at positions a and d was observed 
(Fig. 2), indicating that the hydrophobicity of the amino acid side-chains substituted at 
these positions is model independent under denaturing reversed-phase HPLC conditions. 
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Fig. 2. Correlation of side-chain hydrophobicity at positions a andd. 

The stability of each analog was determined by chemical denaturation using either 
guanidine hydrochloride or urea. Ellipticity was monitored at 222 nm using circular 
dichroism spectroscopy at 25 °C. Results of the study showed that, in general, the stability 
of the position a and d analogs directly correlated with hydrophobicity of the side-chain, 
with the exception of Pro, Asn, and Trp (Fig. 3, position a data only). 

Peptides containing Pro in either the a or a" position were unable to form coiled-coils, 
presumably due to the helix-breaking nature of Pro. Interestingly, it was observed that the 
analogs containing Trp in either the a or a" position were less stable than would be predicted 
by relative hydrophobicity. This is likely due to negative packing effects for the large indole 
side-chain in a parallel two-stranded a-helical model. However, it is interesting to note that 
Trp does in fact occur in natural coiled-coils [1], and has been shown to affect inter-helix 
spacing in gp41 trimers [7]. 

We also observed that the position a Asn analog was significantly (2 kcal/mol) more 
stable than its side-chain hydrophobicity would predict, and that it was in fact more stable 
than the Gln analog at 25 °C. It has been shown that Asn in position a of a dimeric coiled-
coil forms an inter-helical side-chain-side-chain H-bond [4]. Therefore, it appears this H-
bond provids stability in addition to that provided by the hydrophobicity of the Asn side-
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Fig. 3. Comparison of protein stability and hydrophobicity for the position a analogs. 

chain. On the other hand, data obtained for the position d study revealed that the Gln analog 
is more stable than the Asn analog. Structural studies on GCN4 mutants revealed mat the 
Asn side-chain can form an H-bond at the interface of a dimeric coiled-coil, but Gln cannot 
[8]. Preliminary molecular modeling suggests that both Asn and Gln side-chains are 
sterically capable of forming an inter-helical side-chain-side-chain H-bond at position d. 

These results will be invaluable not only in de novo design applications but will 
contribute to our understanding of whether predicted coiled-coil sequences have enough 
stability to truly form coiled-coils in vivo. 
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Towards full mimics of antibodies: A 37-aa miniprotein with 
two independent activities 
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Immunoglobulins are the prototype of the ideal designer protein, being entailed with two 
independent units: a selectable binding domain and an effector domain. Our attempts to 
reproduce these features in a much smaller motif are focused on the ap fold common to 
scorpion toxins and C2H2 zinc fingers. Selectability was previously shown for the a-helix 
of a 27-aa consensus C2H2 zinc-finger [CP-1, ref. 1] which was used to design a 
conformationally homogeneous combinatorial library [2]. Randomization of the helical site 
was accompanied by very limited structure perturbation [2,3]. The selection described in 
that work was performed with an IgA mAb (IgA-C5) reactive against the 
lipopolysaccharide of the human pathogen Shigella flexneri. We could then show that the 
five IgA-binding amino acids of the helix of the selected ligand (Sh-Znf) could be grafted 
onto another helical domain (a coiled-coil peptide) without loss of affinity [4]. We also 
showed that new functions could be introduced in the |3-domain of the scorpion 
charybdotoxin (ChTX) without perturbation of the original <xp motif. While native ChTX 
acts as K+ channel inhibitor, we were able to endow it with metal binding [5] or 
curaremimetic [6,7] activity. Based on these results, we now have combined a "selectable" 
a region from zinc-fingers with an "effector" |3 region from scorpion toxins, and we show 
here that both domains are functional in the same 37 aa chimeric miniprotein. 

Table 1. Design of the Chaybdotoxin/Zinc-finger chimera. Sequence of the peptides used. 

Consensus Zinc-Finger (CP-1) 
H-PYKCPECGKSFSQKSDLVKHQRTHTG-OH 

Shigella flexneri IgA C/5-binding Zinc-Finger (Sh-Znf) 
H-PYKCPECGKSFSQKHFLVQHQHTHTG-OH 

Charybdotoxin (ChTX) 
H-ZFTNVSCTTSKECWSVCQRLHNTSRGKCMNKKCRCYS-OH 

Zinc-Finger/Charybdotoxin Chimera (Sh-ChTX) 
H-ZFTNVSCTTSHFCVQVCHSLHNTSRGKCMNKKCRCYS-OH 

Z = 5-oxoproline (Pyroglutamic acid) 
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Results and Discussion 

The design of the zinc-finger-Charybdotoxin chimera is illustrated in Table 1, where we 
show the sequences of all the peptides used in this study. Charybdotoxin, whose voltage-
activated K+ channel "effector" (3 domain was left unaltered, was endowed with anti-
Shigella IgA C-5 binding capability by substituting residues 11, 12, 14, 15 and 18 in the a-
helix (Lys, Glu, Trp, Ser and Gln, respectively) with residues 15, 16, 18, 19 and 22 of the 
a-helix of Sh-Znf [3] (His, Phe, Val, Gln and His, respectively). Residue 19 of ChTX (Arg) 
was also mutated because modeling suggested the possibility of steric hindrance with His 
18. The resulting chimera was named Sh-ChTX. It was synthesized by solid-phase methods 
using Fmoc-amino acids and HBTU activation, refolded with reduced and oxidized 
glutathione and purified by reversed-phase HPLC, as already described [8]. 

Structural integrity of the chimera was probed by circular dichroism (CD). As shown in 
Fig. 1, Sh-ChTX and ChTX show similar CD spectra, indicating that the six mutations did 
not alter the original a|3 scorpion scaffold. 
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Fig. 1. CD spectra of ChTX and Sh-ChTX in 2 mM phosphate buffer, pH 7.0. 

Preservation of the "effector activity"of the chimera, i.e. inhibition of voltage-activated 
K+ channels Kvl.3, expressed in Xenopus oocytes, was tested by electrophysiological 
recordings [9]. Sh-ChTX shows an activity (Kd = 2 nM) slightly lower than ChTX (Kd = 
0.1 nM), being still capable of nanomolar binding to the K+ channels. 

The "selected" function, i.e. binding to IgA C-5, was assessed by competition ELISA as 
already described [3,4]. Using 10 pM Sh-Znf, we obtained an IC50 of 26 \M for Sh-ChTX 
(Fig. 2) indicating a similar affinity for the parent and grafted IgA-C5 binding sites. 
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Fig. 2. ELISA Competition for IgA C-5 binding between 10 pM Sh-Znf and increasing 
concentrations of Sh-ChTX or ChTX. ELISA conditions as described in ref. 3, 4. 

Taken together, our results show that a peptide as small as 37-aa can be successfully 
endowed with two functions, one of which is the result of a selection process. With regard 
to antibody mimicry, we did not use for the selection the same molecule having the effector 
function, i.e. charybdotoxin. However we actually see the decoupling of the two functions 
as advantageous: while metal-dependent folding makes zinc-fingers more attractive for 
selection [2], the availability of many toxins structurally related to ChTX makes them 
collectively more attractive as sources of p-sheet effector domains. 
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Azobenzene-containing liquid-crystalline polymers have attracted a great deal of 
attention because of their potential to serve as holographic recording materials [1-4]. We 
report the properties of a new class of azobenzene-containing peptides which appear 
promising for erasable holographic data storage applications. 

Results and Discussion 

When illuminated in a certain wavelength range the azobenzene undergoes random 
reorientations through a number of trans-cis-trans isomerization cycles until eventually 
it is aligned with its optical transition moment axis lying in the plane perpendicular to 
the polarization direction of the laser beam. The alignment of azobenzenes leads to a 
local change in the material's refractive index which forms the basis for the storage 
process. We designed peptides, or DNO oligomers (Fig. 1) [5], in which azobenzene 
side chains were incorporated in a molecular geometry similar to that of the bases in 
DNA or peptide nucleic acids (PNA) [6]. 

DNO DNA PNA 

Si, 

Base 

Y ,0. ,Base 
s 

Azo i H>\~o-
Fig. 1. Chemical structures of DNO, DNA and PNA. 

The idea behind this design was to reduce the number of possible stationary 
orientations by imposing orientational order on the chromophores so as to achieve a high 
refractive index change. The particular backbone used is made up of ornithine units 
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oligomerized through the 5-amino groups and with the side chains attached via the 8-
amino groups. The DNO oligomers were readily prepared by standard Merrifield 
synthesis. 

The absorption spectrum of a DNO oligomer and the experimental set-up to record 
polarization holograms are shown in Fig. 2. Two orthogonally circularly polarized 
beams at 488 nm from an argon ion laser are used for the recording of a holographic 
grating. This results in a refractive index modulation because of the anisotropy created in 
the material. A weak, circularly polarized HeNe laser beam operating at 633 nm is used 
for the read-out of the diffracted light. The diffraction efficiency r\ indicates how much 
of the light entering the sample is diffracted by the holographic grating. 

The results showed that very large first-order diffraction efficiencies (up to 80%, i. 
e., near the maximum achievable) can be obtained from holographic gratings of a DNO 
dimer or oligomer recorded in films only a few micrometers thick. The recording 
properties of a DNO dimer versus those of a monomer (which contains only a single 
azobenzene side chain) is examined in Fig. 3. For the dimer, the diffraction efficiency 
increases in about 300 s to about 76%, while a much lower diffraction efficiency (15%) 
is obtained with the monomer. The holograms can be erased with circularly polarized 
light and they can be rewritten and erased several times without fatigue. Furthermore, 
they appear to be completely stable at room temperature. 

300 350 400 450 500 550 600 650 

Wavelength [nm] 

Fig. 2. (a) Absorption spectrum of a DNO oligomer, (b) Experimental set-up to record 
polarization holograms; Ml and M2 are mirrors, HWP is a half-wave plate, QWP's are quarter-
wave plates, PBS is a polarization beam-splitter, and D is a detector. 
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In conclusion, a new approach to the design of potentially very useful materials for 
holographic data storage has been demonstrated which relies on the use of azobenzene-
containing peptide oligomers. 

"~Vr Azo 

H » 

H N / V 1 7 
Orn-based dimer 

Ala-based monomer 

r, (%) 

0 200 400 600 800 

time (s) 

Fig. 3. First-order diffraction efficiencies as a function of time, measured during the grating 
formation in thin films of an ornithine-based DNO dimer (1) and an alanine-based monomer (2), 
respectively. 
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The design of model compounds is a powerful tool for understanding the structure-
function relationship in metalloproteins. Model systems are easier to study than their 
natural counterparts, and can lead to discovery of the minimal structural requirements for 
protein functions. Elaborate peptide-based metalloporphyirin molecules have been recently 
engineered [1-3] in order to investigate the role of the protein environment in tuning the 
properties of the heme center in hemoproteins. 

We have recently tailored a new class of hemoprotein models, called mimochromes 
[4,5]. In this paper we report the design, synthesis and a preliminary characterization of 
mimochrome II, namely 3,7,12,17-tetramethylporphyrin-2,18-di-N9e-(Ac-Asp1-Leu2-Ser3-
Asp4-Leu5-His6-Ser7-Lys8-Lys9-Leu10-Lysn-nel2-Thr13-Leu14-NH2)-propionamide. The 
present study highlights the importance of the peptide chain composition and length in 
controlling heme properties, and may aid in evaluating the key points in the development 
of highly stereo- and chemio-selective synthetic catalysts. 

Results and Discussion 

Mimochromes are composed of two peptide chains that surround the heme group. They 
have the following two main features: i) the peptide chains are in a-helical conformation; 
and ii) the helix - heme - helix sandwich has a covalent structure. The prototype of such 
peptide-heme adduct mimochrome I [4] contains deuterohemin bound through both 
propionyl groups to the Lys side chains of two identical N- and C-terminal protected nona­
peptides. Each peptide moiety bears a His residue in the central position which acts as axial 
ligand of the central metal ion. The detailed structural characterization of Co(IH)-
mimochrome I complex [5], derived from NMR spectroscopy, gave us information about 
the overall structure of the model. The metallation of mimochrome I by cobalt revealed 
that two different orientations of the peptide chains were possible. In fact, the flexibility of 
the linker between the peptide and the deuteroporphyrin ring permitted a peptide chain to 
be positioned either above or below the porphyrin plane. This arrangement produced 
enantiomeric configurations around the metal center, giving rise to the formation of A and 
A isomers for the cobalt complex [5]. Since the iron ion has a binding preference for 
nitrogen ligand lower than that of the cobalt, the two isomers were in a fast interconverting 
equilibrium in Fe(m)-mimochrome I complex. The intermediate species formed during 
this equilibrium may aggregate by porphirin ring stacking. Thus, the water solubility of the 
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iron complex is lowered [4]. In order to obtain water soluble iron complexes, we optimized 
mimochrome structure's. By using the P-chain F helix of human deoxyhemoglobin and the 
three-dimensional structures of the Co(III)-mimochrome I isomers as templates, we have 
designed mimochrome II. Fig. 1 reports the stereo views of the molecular model of 
mimochrome n. 

Fig. 1 Stereo view of the molecular model of mimochrome II. 

In particular, the modeling analysis suggested that the addition of four residues at the 
C-terminal region of the nonapeptide sequence, in an extended conformation, would 
strongly reduce the linker flexibility. Thus, a 14 residue sequence was built based on the 
fragment PLeu88-pPro100 of the hemoglobin template structure. The residues from position 
1 to 10 were modeled in a-helical conformation, by taking into account all the factors 
which contribute to a-helix formation, and the C-terminal part was modeled in extended 
conformation. Due to the complexity of the mimochrome II molecular architecture, 
improvements were made in the general synthetic strategy previously reported [5]. The 
final procedure is schematically depicted in Fig. 2. 

O 
Manual Solid Phase Synthesis on Sieber Resin [ 

(1) aDdeLys-Uu-Lys(eBoc)-ne-Thr(tBu)-LeuNH2+ [DP 

OOH 

Automatic Solid Phase Synthesis 
Novasyn PR 500 Resin \ To OOH 

(3) aDdeLys-Leu-Lys( eBoc)-Ile-Thr(tBu)-Leu-R aDdeLys-Leu-Lys( EBoc)-Ile-Thr(tBu)-LeuNH2 

V DP (2) 

COOH 

aDdeLys-Uu-Lys(eBoc)-De-Thr(tBu)-Leu-R a) Hydrazine Treatment 
I . *• m i 

(4) DP 
mimochrome II (S) 

b) Double Chain Assembly 
Lys(Boc), SerftBu). His(Trt), Leu, 

ouDdeLys-Leu-Lys( eBoc)-Ile-Thr(tBu)-LeuNH2 AspftBu). Ser (tBu), Leu, Asp(tBu) 

Fig. 2 Schematic presentation of the synthetic procedure employed 
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Table 1. CD parameters of mimochrome II, mimochrome I and their cobalt complexes. 

1 
2 
3 
4 

Species 
mimochrome II 

Co(III)-mimochrome II 
mimochrome I 

Co(HI)-mimochrome I A 

[91mi„ (nm) 
-13335 (207) 
-12650 (208) 
-9300 (206) 

-17229 (204) 

Uv-Region 

T01222 TOl ratio 
-10463 0.78 

-10461 0.83 

-6400 0.70 

-8757 0.51 

Ao 
199.7 

200.1 

199.1 

197.3 

roii 90 
22826 
23649 
18700 
24330 

Soret-
reHnm) 

not detected 
-10822 (415) 
not detected 
-54015 (416) 

The first experimental evidence that the designed peptide sequence was able to fold up 
into a unique topology around the porphyrin was the formation of a single species upon 
cobalt insertion into the porphyrin. The UV-visible spectrum of Co(III)-mimochrome II 
showed that the expected bis-His axial coordination occurred. CD spectroscopy revealed 
that, as expected, the peptide chains were in a-helical conformation and no spectral 
changes were observed upon metal coordination. The analysis of the Cotton effect in the 
Soret region of the cobalt complex gave definitive experimental evidence that only one of 
the two possible isomer structure's was energetically favored for mimochrome II. In fact, 
Co(in)-mimochrome II in TFE/buffer solution (1:1 v/v, pH 7) was characterized by a 
negative Cotton effect around 415 nm (see Table 1). Thus, it is possible to hypothesize, on 
the basis of the optical features of the Co(III)-mimochrome I isomers, that Co(IH)-
mimochrome II exists as a unique species whose overall structural organization 
corresponds to that of the A isomer. 

Conclusion 

Mimochrome II belongs to the second generation of a new class of low molecular weight 
hemoprotein models that derive from the prototype mimochrome I. The features of 
mimochrome II that differentiate it from mimochrome I are: i) a longer C-terminal tail 
which avoids the A <-» A interconversion; ii) amino acid substitutions which further 
stabilize the helical structure. All the experimental results obtained so far have confirmed 
the design hypothesis. In conclusion, our proposed structure for a stereochemically stable 
isomer of Co(IH)-mimochrome II serves well as a template for the design of stereo- and 
regio-selective biomimetic catalysts. 

References 

1. Choma, T., Lear, J. D., Nelson, M. J., Dutton, P. L., Robertson, D. E. and DeGrado, W. F., J. 
Am. Chem. Soc, 116 (1994) 856. 

2. Sasaki, T. and Kaiser, E. T., J. Am. Chem. Soc, 111 (1989) 380 
3. Benson, D. R., Hart, B. R., Zhu, X. and Doughty, M. B., J. Am. Chem. Soc, 117 (1995) 8502. 
4. Nastri, F., Lombardi, A., Morelli, G., Maglio, O., D'Auria, G., Pedone C. and Pavone, V., 

Chemistry. A Europ. J., 3 (1997) 340. 
5. D'Auria, G., Maglio, O., Nastri, F., Lombardi, A., Mazzeo, M., Morelli, G., Paolillo, L., 

Pedone, C. and Pavone, V., Chemistry. A Europ. J., 3 (1997) 350. 



A novel class of Calmodulin mimetics: De Novo designed 
proteins in molecular recognition 

Angela Lombardi,3 Giovanna Ghirlanda,b Laura Zaccaro,3 

Vincenzo Pavone,3 William F. DeGradob 

Centra Interuniversitario di Ricerca sui Peptidi Bioattivi, University "Federico II" of 
Naples, Via Mezzocannone 4,1-80134 Napoli, Italy bDepartment of Biochemistry and 

Biophysics, Anatomy Chemistry Building 318, University of Pennsylvania, 
Philadelphia, PA, 19104-6059, USA 

Calmodulin (CaM) is an acidic protein of 148 amino acid residues that plays a central role 
in cellular regulation by relating the levels of cellular calcium to the activities of 
regulatory proteins, such as kinases, phosphatases, etc. Recent studies with synthetic 
models and natural peptides have shown that CaM recognizes positively charged, 
amphiphilic a-helical peptides [1]. There is no exact sequence homology in the CaM 
binding proteins, but they frequently contain segments rich in basic residues (Arg, Lys, 
His) and are capable of adopting, when they bind to CaM, an amphiphilic a-helical 
conformation. These observations demonstrated that this structural feature is important 
for binding, and that hydrophobic and electrostatic interactions both play a relevant role. 

We report here our approach for the design of an a-helical dimer covalently linked in 
a parallel or antiparallel orientation that is able to specifically interact with only one of the 
target enzymes recognized by CaM and form three stranded coiled coils. The target 
sequence that we chose for binding was the CaM binding domain of calcineurin. This 
important enzyme is the target of immunosuppressive drugs, such as cyclosporin A and 
FK506. A peptide that specifically binds to calcineurin could be expected to be either an 
immune-stimulant or an immune-suppressant, depending on whether it activates or 
inhibits activation of the enzyme. 

Results and Discussion 

Two different approaches were used for modeling the CaM mimetics: i) first, a helix-
loop-helix peptide, made up of two helices covalently linked in an antiparallel orientation, 
was designed; ii) secondly, parallel helices connected by a disulfide bridge were modeled. 

Our initial design of calmodulin mimetics has evolved from a detailed analysis of the 
solid state [2] and solution behaviors of coil-Ser [3]. This 29 residue peptide is a member 
of a series of peptides developed in order to provide a convenient model system for 
investigating helix stability [4]. These peptides were expected to form parallel two 
stranded coiled coils, but they were actually found to form trimers in the solid state and in 
solution [2,3]. An antiparallel geometry was observed in the crystal structure of coil-Ser 
[2]. In solution this peptide exists in a relatively non-cooperative monomer/dimer/trimer 
equilibrium: the first step involves forming an a-helical dimer from two random coil 
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monomers, and the second step involves adding a random coil monomer to the helical 
dimer. The two steps, dimerization and trimerization, are energetically equal [2]. Thus the 
dimer could be considered a pre-organized simple receptor for binding a random coil 
monomer. 

Based on coil-Ser crystal structure, the CaM binding domain of calcineurin (396-414) 
was aligned with coil-Ser sequence, to optimize the hydrophobic interactions: 

Calcineurin -1 -R-N-K- I-R-A-1- G-K-M-A-R-V-F- S-V-L-R-
Coil-Ser -W-E-A-L-E-K-K-L-A-A- L-E- S-K-L-Q-A-L-E-

Then, a loop was built between the two antiparallel a-helices and the resulting dimer 
sequence was mutated in order to create electrostatic interactions with the basic groups of 
the calcineurin sequence. Finally, using a genetic algorithm [5], the hydrophobic residues 
from the dimer were re-packed to be complementary to the hydrophobic residues of the 
calcineurin helix. The hypothetical mode of interaction between the antiparallel dimer, 
named CM1, and the calcineurin target peptide is schematically depicted in Fig. 1. 

tf^g^fT/^ 

Fig. 1. Hypothetical mode of interaction ofCMl with the CaM binding domain of calcineurin. 

Circular dichroism measurements showed that the CM1 dimer sequence adopts the a-
helical conformation and it is capable of binding to the calcineurin peptide, with a 
dissociation constant approximately 1 fiM. As shown in Fig. 2, the calcineurin peptide is 
almost entirely in a random coil conformation in diluted aqueous solution, but binding to 
CM1 induces the a-helical conformation. In fact, the titration of CM1 with the 
calcineurin peptide resulted in an increasing helical content. On the other hand, no 
increase in ellipticity at 222 nm was observed when the CaM target peptide from myosin 
light chain kinase was titrated into the CM1 solution. Therefore, our first receptor model, 
CM1, is more specific than calmodulin, in that it is able to recognize only one of the two 
possible peptides. 

The design of parallel receptors was based on the crystal structure of coil-Val [6,7], 
which adopts a trimeric state with a parallel orientation of the helices. Using the same 
design strategy, as illustrated above, we obtained a first disulfide bridged dimer, which 
specifically binds to the calcineurin target peptide with a dissociation constant of about 
1.5 pM. The design was improved by repacking the hydrophobic core [5] and creating a 
library of 27 asymmetric receptors. The asymmetric disulfide formation was achieved 
using a method recently reported in the literature [8]. Preliminary results indicate that 
seven of the parallel receptors specifically bind to the calcineurin peptide in a 1:1 
stoichiometry, and with dissociation constants ranging from 0.1 to 3 pM. Thus, we have 
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increased the affinity of the receptor for calcineurin by one order of magnitude with 
respect our first model CM1. 

—1 1 1 1 — 1 1 1 

\ '7^' 

M " 7 : 
\ / P : boundl 

\ y -^ / |—:«- 1 
I I I I . J 1 1 

X/nm 

Fig. 2. CD spectra of the calcineurin peptide in the absence ( ) and in the presence (—J of one 
equivalent ofCMl; the contribution from CM1 itself has been subtracted out. 

In conclusion, the design strategy that we used, allowed us to make CaM mimetics, 
more specific than the natural protein. Using both computational methods and synthetic 
procedures, it was possible to improve our initial model and obtain sequences which bind 
to the target peptide with higher affinity. Actually, all the designed receptors dimerize in 
aqueous solution and therefore, when the calcineurin target peptide interacts with them, 
part of the free energy of the binding is spent causing the dissociation of the dimer. Much 
higher affinity receptor might be obtained once the dimerization problem is overcome. 
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The concept of template assembled synthetic proteins (TASP) in protein de novo design 
aims to bypass the well known problem of protein folding by constructing tertiary folds 
exhibiting non-native architectures [1,2]. A topological template, i.e. a cyclic decapeptide 
containing spatially defined attachment sites, directs covalently linked peptide blocks to a 
predetermined topology, resulting in branched structures of tailored thermodynamic 
stability. The event of chemoselective ligation techniques [3-5] and regioselectively 
addressable template molecules [6] now allows us to explore the full potential of this 
approach. 

4p < 3p 2a > 

Fig. 1. Molecular kit approach for protein de novo design : A variety of ligation methods allows 
for the covalent trapping of templates and peptides blocks to characteristic packing topologies. 
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As depicted in Fig. 1, the envisioned structural motif is based on the principles of a 
molecular kit, i.e. assembly of constitutent helical/p-sheeted peptide blocks or loops via 
templates or spacer molecules to crosslinked multibridged ("locked-in") tertiary folds. 
Most notably, the large number of alternative packing topologies as observed for linear 
polypeptides is drastically reduced due to the highly constrained conformational space of 
the locked-in structures. 

Results and Discussion 

As a prototype locked-in fold, a 4a-helical bundle is trapped via both chain ends by two 
topological templates. To this end, orthogonally protected amino oxy groups attached to 
the C- and N-terminl of a 14mer-peptide derived from hen eggwhite lysozyme [1] are 
sequentially ligated to the aldehyde functions of the templates (Scheme 1). The 
condensation reaction in aqueous solution proceeded to completion within 8 h and the 
resulting locked-in <4a> molecule (Fig. 1) was characterized by ES-MS (Mr = 8534). 

CD studies in phosphate buffer reveal a significant increase in helicity of the 
sandwiched bundle T4-(4a)-T4 compared to the regular TASP T4-(4a) and the single 
helical block a (Fig. 2). In addition, denaturation studies indicate a marked difference in 
thermodynamic stability of the TASP molecules, as documented by a two-fold increase in 
free energy (AGT-(4OO ~ 6 Kcal M"1; AGT-(4<X)-T ~ 12 Kcal M"1; Fig. 2) 

a : B o c A O - D - A - A - T - A - L - A - N - A - L - K - K - L - K ( F m o c A O ) - O N H 2 

T 4 : c [ P - G - K ( C H O ) - G - K ( C H O ) - A m h n - K ( C H O ) - G - K ( C H O ) ] 

1 .-Boc 
2. a +T4: oxime bond formation 
3. -Fmoc 
4. T4-(a) + T4: oxime bond formation 

T 4 - (4a ) -T 4 

Scheme 1. Synthesis of the sandwiched 4-helix bundle T4-(4a)-T4 (<4co in Fig. 1) by sequential 
oxime bond formation (AO = amino oxyacetic acid). 

Conclusion 

In applying recent methodologies of peptide synthesis, the TASP concept for protein de 
novo design was extended for accessing non-native architectures with a much higher 
tendency for adopting a tertiary fold compared to linear polypeptides. Using oxime bond 
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phosphate buffer, pH 7 
cone.: 10s [M] 

m 
i 

o 

© 

200 220 240 nm 

0 

• D 

£ -s 
t-
cc 

-10 

1 2 3 4 5 6 
Guanidine HCl [M] 

T-(4o,)-y* y^ 
^y^ yt 

1 2 3 4 5 
Guanidine HCl [M] 

Fig. 2. Conformational properties of locked-in helical bundles (see text). 

chemistry and regioselectively addressable templates for trapping helical peptide blocks in 
aqueous solution, a locked-in 4-helical bundle (<4a> in Fig. 1) of increased 
thermodynamic stability was obtained. In a similar approach, we recently succeeded in the 
construction of locked-in folds mimicking native tertiary structures, e.g. PPa units (<2Pa> 
in Fig. 1) derived from the zinc finger protein ZTF268 [7]. These branched architectures 
bypass completely the problem of protein folding and represent versatile scaffolds for 
mimicking protein function. 
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We have been interested in the design of bradykinin B2 receptor antagonists by using the so-
called "bivalent ligand" approach which has been shown to increase the potency and duration 
of action of bioactive compounds [1, 2]. We therefore investigated the dimerization of the 
potent and selective bradykinin B2 receptor antagonist, HOE 140 [3] (H-DArg0-Arg1-Pro2-
Hyp3-Gly4-Thi5-Ser6-D-Tic7-Oic8-Arg9-OH) and of its various C-terminal fragments by 
introduction of a succinyl linker at their N-terminal. The dimer of the C-terminal inactive 
tetrapeptide of HOE 140 had a significant affinity for bradykinin B2 receptors and exhibited 
an unexpected moderate per os activity in the rat. Starting from this dimer, we evaluated the 
influence of the linker by using different anhydrides or diacids. While corresponding 
monomers presented no detectable affinity up to concentrations of IO"5 M, this dimerization 
strategy led to pseudotetrapeptide dimeric bradykinin antagonists exhibiting an affinity in the 
range of 80 nM on the human cloned B2 receptor. 

Results and Discussion 

Biological results are reported in Table 1. Dimerization of the C-terminal tripeptide and 
tetrapeptide of HOE-140 produced compounds (1 and 2) which were able to bind to the 
human bradykinin B2 receptor with a low but significant affinity (Ki, 4.09 ± 0.35 uM and 
6.61 ± 0.25 uM, respectively) while the monomeric counterparts, H-DTic-Oic-Arg-OH and 
H-Ser-DTic-Oic-Arg-OH, presented no detectable affinity up to a 10 uM concentration. 
Compound 2 exhibited an antagonist activity in vitro on the rabbit jugular vein (RbJV). This 
compound was also evaluated for its in vivo activity in the rat. It did not alter blood pressure. 
By intravenous injection, however, it was able to reduce the fall of blood pressure induced by 
bradykinin to the same extend as HOE 140 but required a dose 300 times higher. When given 
orally at a dose of 30 mg/kg, dimer 2 reduced by about 50% the bradykinin-induced blood 
pressure decrease, while HOE 140 had no oral activity at 10 mg/kg in the same experimental 
conditions. 

Starting from compound 2, we have modified the linker. Only dimers having a linker 
containing a basic functional group (results of the most potent compounds are reported in 
Table 2) were able to bind with a higher affinity to the human bradykinin B2 receptor (e.g. 
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Table 1. Pharmacological activity of dimer derivatives of HOE-140 and of its C-terminal fragments 
dimerized with a succinyl moiety. 

4,096 ± 354 
6,609 ± 255 
17% (10 pM) 
30%(10pM) 
28% (10 pM) 
85%(10pM) 
6.9 ±0.9 
0.63 ± 0.04 
0.09 

16,220 + 2 875 
247 ±94 
26% (10 pM) 
n.d. 
n.d. 
n.d. 
n.d. 
4.6 ±0.8 
1.3 

Structure of dimers Ki(1) (nM) IC50
(2) (nM) 

or inhibition (%) or inhibtion (%) 
1 Suc[DTic-Oic-Arg-OH]2 

2 Suc[Ser-DTic-Oic-Arg-OH]2 

3 Suc[Thi-Ser-DTic-Oic-Arg-OH]2 

4 Sue [Gly-Thi-Ser-DTic-Oic- Arg-OH]2 

5 Sue [Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH]2 

6 Sue [Pro-Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH]2 

7 Suc[Arg-Pro-Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH]2 

8 SucfHOE 140]2 

HOE 140 
(1) competition binding experiments with [3H]-bradykinin on human cloned B2 receptors. 
(2) inhibition of the contraction of the rabbit jugular vein (RJV) induced by bradykinin (30 nM); nd. 
not determined 

compounds 10 and 11-2). The spatial orientation of the basic function might play an 
important role since 10 was more potent than 9 and 11-2 than 11-1. Compounds 9 and 10 
were tested for their ability to inhibit bradykinin-induced contraction of human umbilical 
vein. They both exhibited an antagonist activity with a pKb of 5.26 and 5.48, respectively. 
Using compound 10 as a template, various other dimers were synthesized. Among them, 
compounds 12, 13, and 14 were the most potent (Table 2). Compound 13 inhibited the 
contraction of HUV induced by bradykinin with a pKB of 6.45 (Table 2). None of the dimer 
analogs exhibited a significant affinity for the human cloned Bi receptor. 

Table 2. Pharmacological activity of dimers of the C-terminal tetrapeptide of HOE-140. 

Structure of dimers Ki(1) (nM) pKb
<2) (nM) 

or inhibition (%) functional test 
9 L-Aspartyl-[Ser-DTic-Oic-Arg-OH]2 

10 D-Aspartyl-[Ser-DTic-Oic-Arg-OH]2 

11-1 D,L-2,6-diaminopimelyl-[Ser-DTic-Oic-Arg-OH]2 

11-2 
12 H-Arg-DAsp-[Ser-DTic-Oic-Arg-OH]2 

13 H-D-Arg-DAsp-[Ser-DTic-Oic-Arg-OH]2 

14 NH2(CH2)i )-CO-DAsp-[Ser-DTic-Oic-Arg-OH]2 

(1) competition binding experiments with [3H]-bradykinin on human cloned B2 receptors. 
(2) inhibition of the contraction of the human umbilical vein (HUV)* induced by bradykinin 

(30nM); n.d.: not determined. 

1,907 ±156 
484 ± 87 
1,231 ±38 
324 ± 1 
90.5 ±0.3 
76 ± 2 
61 ± 5 

5.26 ±0.19 
5.48 ± 0.20 
n.d. 
n.d. 
5.49 ± 0.29 
6.45 ± 0.07 
n.d. 
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Fig. 1. In vivo activity of HOE 140 and dimer 2 on bradykinin induced hypotension in the rat. 

Conclusion 

These results have shown that it is possible, by dimerization of the C-terminal tetrapeptide 
monomer of HOE-140, to obtain a compound which is able to bind to the human cloned B2 

receptor and which is orally active against bradykinin-mediated response in the rat. From this 
lead compound, we were able to synthesize dimers of increased potency. Finally, this study 
confirmed that dimerization is a successful strategy to enhance the affinity of a peptide 
monomer for a given receptor, and that this strategy applies to bradykinin analogs. 
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The ubiquitous occurrence in nature of alpha-aminoacid residues in peptides and proteins and 
their importance in biological systems have resulted in well-documented studies of their 
folding and twisting characteristics. Beta-aminoacid residues, containing an extra C atom in 
the backbone between N and Ca atoms, have received very little attention until recently. The 
additional single bond adds a new dimension to the flexibility of the backbone and can provide 
new stable folds to the repertoire of folded molecular structures already known for alpha-
aminoacids. Tubular [1-3] and helical [4-7] structures, most of them established by single 
crystal x-ray diffraction, will be described in the following paragraphs. 

Results and Discussion 

Historically, (in 1975) nanotubes were shown to assemble in crystals of cyclic [L-Ser(O-tBu)-
(3 -Ala-Gly-I^P -Asp(OMe)] [1]. The extra -HCR- moieties in 3-Ala and P-Asp(OMe) allowed 
the 14-membered ring formed by the backbone atoms to assume a conformation such that 
NH 0=C hydrogen bonds were formed between stacked rings, thus making a tube, Fig. 1. 
However, only NIH and N3H participate in forming the tube while N2H'"02 and N4H 04 
hydrogen bonds are formed within each molecule. Recently, Seebach et al [2] obtained tubular 
structures with four H-bonds between cyclic tetrapeptide molecules in the stack by using four 
P-aminoacid residues that create 16-membered rings. Similar nanotube structures were 
prepared by Ghadiri and coworkers using only P-aminoacids but with an alternation of D and 
L chiralities in the sequence [3]. 

Perturbations of alpha or 3io-helices caused by the insertion of the P-Ala-y-Abu segment 
into the middle (as residues 4 and 5) of helical peptides Boc-(Leu-Aib-Val)2OMe and 
Boc(Leu-Aib-Val)2-Ala-Leu-Aib-OMe were examined by crystal structure analyses [4]. The 
helical nature of the altered peptides, as well as the 3io- and/or a-helical hydrogen bonds, were 
not significantly affected by the extra -CH2- and CH2CH2- segments that fold comfortably in 
the backbones with torsional angles near ±60°. Some of the hydrogen bond rings now have 
12, 13 and 14 atoms, Fig. 2. Each of these rings is different from the unusual rings in cyclic 
(Pro-Phe-Phe-P-Ala-P-Ala) described by Pavone et al [5]. 
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Fig. 1. Two views of tubular structure formed by stacking a cyclic ccPaP peptide. Only NIH and N3H 
participate informing the tube, while N2H and N4H [1] form intramolecular hydrogen bonds. 

Fig. 2. Unusual hydrogen bond rings in the helical Boc-Leu-Aib-Val-$-Ala—y-Abu-Leu-Aib-Val- Ala-
Leu-Aib-OMe that contain additional methylene groups labelled C4b, C4b+C5b, C5g and C5b, C5g, 
respectively [4]. 

A homo beta-hexapeptide with the Ca-0" bond constrained by being incorporated into 

a cyclohexyl ring, Boc(-NH_ _CO-)6OBzl, has formed a regular helical structure with 
P~140°, P~130° and P~-55°, with NH O intramolecular hydrogen honds (2.80-3.00 A N O 
distances) in 14-membered rings [6]. The hydrogen bonds are formed in an opposite direction 
to those formed in an alpha-helix; that is, 1(33 instead of 5(31. Infinite helices are formed by 
stacking three independent helices occurring in each asymmetric unit of the crystal, Fig. 3. A 
similar beta-foldamer has been deduced from solution NMR data for H(pVal-P-Ala-P-Leu)2-
OH [7]. 
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Fig. 3. A new type of helix, called a beta-foldamer, with 14-atom hydrogen bond rings [7]. Three 
independent hexamer molecules stack in a column by head-to-tail hydrogen bonds, which in turn stack 
to form an infinite column. 

Conclusion 

Stable complex molecular structures, such as nanotubes and new types of helices, have been 
made by peptides synthesized from beta-amino acid residues alone or in combination with 
alpha-amino acid residues. These new structures may be useful in both material and biological 
sciences. 
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An approach to a de novo protein having a cofactor binding site is the design of a-helical 
bundles capable of binding heme groups [1]. Chemoselective binding of a-helical peptides 
to predetermined positions of a cyclic template (TASP) [2] overcomes the problem of 
protein folding and association of single helices, allows the control of residues close to the 
cofactor and increases stability. The latter may be important if the design suffers from 
suboptimal packing of a bound cofactor. A problem in designing light absorbing 
chlorophyll proteins is the binding of the chlorophyll molecules. The structures of 
chlorophyll proteins [3] show a substantial interaction between the long hydrophobic 
phytol chains and the protein, which is not understood. Therefore the design of a binding 
pocket for the tetrapyrrol group of chlorophyll in a de novo protein is one of our goals. We 
present the design and synthesis of an antiparallel four helix TASP for binding two 
modified chlorophyll molecules or hemes. 

Results and Discussion 

Two different amphiphilic helices (HI and H2) were designed to form a water soluble 
antiparallel four-helix bundle protein and to bind in the hydrophobic interior two 
tetrapyrrol groups each via two His residues. The peptides HI, H2 and T were synthesized 
by automatic solid phase peptide synthesis. After modification of either the N-terminus of 
peptide HI or the e-amino group of the C-terminal Lys of H2 by bromoacetylation the 
peptides were cleaved from the resin and purified by reversed phase HPLC. The cyclic 
peptide template was synthesized with four Cys being protected by Acm and Trt protecting 
groups, respectively, at diagonal positions. The final molecule T(H1)2(H2)2 designated 
MOP1 was obtained via thioether bond formation of the helical peptides to this 
orthogonally protected template T [4]. 
H1: BrAc-G-G-E-L-R-E-L-H-E-K-L-A-K-Q-F-E-Q-L-V-K-L-H-E-E-R-A-K-K-L-CONH2 

H2: Ac-L-E-E-L-W-K-K-G-E-E-L-A-K-K-L-Q-E-A-L-E-K-G-K-K-L-A-K(BrAc)-CONH2 

T: cyclo-(C(Acm)-A-C(Trt)-P-G-C(Acm)-A-C(Trt)-P-G-) 
The correct synthesis and high purity of the protein was confirmed by electrospray 

MS. The pheophorbids were obtained from chlorophyll a by standard procedures. Iron 
complexes were prepared by direct metallation using the acetate method. Additional 
binding energy of the iron pyropheophorbid a (Fe-PPheid) as compared to chlorophyll is 
expected from the coordination of the iron by two His and by electrostatic interaction of the 
free carboxylic group of the propionate side chain with Arg5 and Arg,25 respectively, of HI. 
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The Fe-PPheid was dissolved in DMSO and an approx. two-fold molar excess was added 
to an anaerobic solution of 10 pM peptide to avoid aggregation. The mixture was stirred 
under Ar for 0.5 h at room temperature and the excess Fe-PPheid was removed by two 
passages through a PD10 column (Pharmacia). 
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Fig.l. Absorbance spectrum of Fe-pyropheophorbide a bound to the modular protein MOP1 (full 
line) and dissolved in the presence of His (broken line). Top, reduced; bottom, oxidized. 

The stable ligation of Fe-PPheid a was verified by passage through a 300 mm 
gelfiltration column. The spectrum of the reduced complex with Fe(II) shows a protein 
induced shift in the absorbance maximum from 647 to 656 nm if compared to that in the 
presence of His. Above is the spectrum of Fe(HI)-PPheid a after oxidation. This molecule 
is a step towards a light harvesting module. The distance of the Ppheid a groups is well 
suited for energy transfer. It will also allow modification of the residues in contact with 
chlorophyll for increased binding stability and tight packing. 
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Some caged and semicaged complexes of ruthenium(U) have long-lived metal-to-ligand 
charge-transfer states [1, 2]. In addition, such semicaged complexes should be less 
susceptible to photoinduced dissociation of the ligand. We have described the synthesis of 
4'-aminomethyl-2,2'-bipyridine-4-carboxylic acid (Abe), an amino acid that allows the 
2,2'-bipyridine (bpy) ring system to be incorporated into the main chain of a peptide [3]. 
This paper describes the use of Abe in the engineering of the branched peptide, ama, which 
contains three bpy groups for coordination of a ruthenium(II) ion (Fig. 1). 

Results and Discussion 

Apopeptide ama has two bpy groups in the Abe residues present in the peptide main chain 
and a third bpy group in the Mbc (4'-methyl-2,2'-bipyridine-4-carboxylic acid) group 
present in the branch. This branched peptide was designed to form facially bridged Ru 
complexes but not meridionally bridged complexes. The only stereogenic center in 
apopeptide ama is the a-carbon atom of the branching L-ornithine residue. Holopeptide 
Run(ama) contains the Run atom as a second stereogenic center, which can have either the 
A or A geometry. Thus Run(ama) can exist as either the (A,L) or the (A,L) diastereomer. 

The acetylated peptide amide ama was assembled by manual solid-phase synthesis 
using a combination of Fmoc and Boc-amino acids. Metallopeptide Run(ama) was formed 
by reaction of ama with RuCl2(DMSO)4 (Fig. 2). RP-HPLC indicated that the product 
mixture contained four Run/peptide complexes in nearly equal amounts. These four com-

(Mbc-Bal) 

Ac-Abc-Ahx-Orn-Apn-Abc-Gly-NH 2 

Fig. 1. Structure of the branched apopeptide ama, where Abe is 4'-aminomethyl- 2,2'- bipyridine-
4- carboxylic acid, Ahx is 6- aminohexanoic acid, Apn is 5- aminopentanoic acid, Bal is 
3-aminopropanoic acid, and Mbc is 4'-methyl-2,2'-bipyridine-4-carboxylic acid. 
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RuCb(DMSO)t 

0 CH3OH/H2O 
Ar, A, 4 d 

NH2 

ama Rii'(Ama) 

Fig. 2. Synthesis of the semi-caged metallopeptide Ru"(ama). The (out,A,L) isomer is shown. 

pounds were separated by HPLC and were shown to be monomeric isomers of Run(ama) 
based on the distribution of masses observed by fourier-transform ion cyclotron resonance 
mass spectrometry. By CD spectroscopy, Run(ama) isomers 1 and 4 (in order of HPLC 
elution time) were determined to be (A,L) diastereomers and isomers 2 and 3 to be (A,L) 
diastereomers. By 'H-NMR, isomers 1 and 2 were found to be a related pair of (A,L)/(A,L) 
diastereomers and isomers 4 and 3 were a different related pair of (A,L)/(A,L) 
diastereomers. These Run (ama) isomers were stable at 90 °C but were partially 
interconverted by prolonged exposure to intense near-UV light. 

Since the semicaged complex Run(ama) can only exist as a facially bridged complex, 
the existence of two pairs of (A,L)/(A,L) diastereomers must be due to different orientations 
of the branching ornithine residue, which can exist in either the in or out geometry. The in 
isomers have the ornithine a-hydrogen atom pointing into the semicage towards the Ru11 

atom. In contrast, the out isomers have this a-hydrogen atom pointing outwards from the 
semicage away from the Ru11 atom (see Fig. 2). Thus isomers 1 and 2 of Run(ama) are 
either the (i'n,A.L)/(wi,A,L) pair or the (out,A,L)/'(out,A,L) pair, respectively, and isomers 4 
and 3 are the other stereoisomeric pair, respectively. Which pair is which is not yet known. 

References 

1. DeCola, L., Belser, P and von Zelewsky, A., J. Chem. Soc, (1988) 1057. 
2. Fitzgerald, M.C, Larson, S.L. and Beeston, R.F., Inorg. Chem., 28 (1989) 4187. 
3. Bishop, B.M., Ray, G.T., Mullis, B.H., McCafferty, D.G., Lim, A. and Erickson, B.W., In 

Kaumaya, P.T. and Hodges, R.S. (Eds.), Peptides: Chemistry, Structure and Biology, 
Kingswinford, England, 1995, p. 105. 



Design of new tentoxin analogues: Study of the ATP-synthase 
catalytic mechanism 

Florine Cavelier,3 Christine Enjalbal,3 Jerome Santolini,b Francis 
Haraux,b Claude Sigalat,b Jean Verduccf and Frangois Andreb 

' LAPP, ESA 5075 CNRS, Universite Montpellier II, 34095 Montpellier cedex 5, France; 
2Section de Bioenergetique, DBCM, CEA-SACLAY, 91191 Gif-sur-Yvette cedex, France 

Tentoxin is a natural cyclotetrapeptide produced by several phytopathogenic fungi of the 
Alternaria family [1]. As a non host-specific toxin, it causes chlorosis in the seedlings of 
some higher plants, in particular in dicotyledone plants. Some cereals however are not 
sensitive [2]. This species-specificity raised the possibility of using tentoxin as a potential 
biogenic selective herbicide [3]. Very little is known about the modes of action of this 
phytotoxin. On the molecular level, it is now well-established that tentoxin binds 
specifically to the soluble CFi part of the chloroplast ATP-synthase [4]. For sensitive 
plants, tentoxin in vitro inhibits CFi ATPase activity at low concentration (below IO"8 M) 
but starts to stimulate this activity at high concentration (above 10" M). By the use of new 
synthetic analogues of tentoxin, we are investigating the molecular basis of this dual 
phenomenon and examining the mechanistic implications in the H+ Fi-ATPase machinery. 

Results and Discussion 

On the basis of our NMR analysis of tentoxin structure in water [5], we first designed a 
close synthetic analogue (MeSer'-TTX) which proved to exhibit the same inhibitory power 
as tentoxin but was deprived of significant stimulatory activity [6]. This demonstrated that 
the two bioactivities could be uncoupled using judicious synthetic analogues. With C 
labelled tentoxin, we also demonstrated the existence of two distinct binding sites [7]. For 

R' R2 R3 

CH3 

H 
CH2-0Bn 
CHz-OH 

CH2-CH(CH3)2 H 
CH2-CH(CH3)2 H 
CH2-CH(CH3)2 H 
CH2-CH(CHs)2 H 

CH2-C02tBu CH2-CH(CH3)2 H 

CH2-C02H 

CH3 
CHs 
CH3 

CH3 

CH2-CH(CH3)2 H 
(CH2)4-NHZ H 
(CH2)4-NH2 H 

CH2-CH(CH3)2 OMe 
CH2-CH(CH3)2 OH 

Tentoxin 
Sar1-Tentoxin 
MeSer(Bn)1-Tentoxin 
MeSer'-Tentoxin 
MeGlu(tBu)1-Tentoxin 
MeGlu'-Tentoxin 
MeLys(Z)2-Tentoxin 
MeLys2-Tentoxin 
MeTyr(Me)3-Tentoxin 
MeTyr3-Tentoxin 

H3C^ 

a careful investigation of the role of these two sites, we designed a whole set of analogues 
in which chemical modifications are located on the side chains of residues 1, 2 and 3 : The 
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two N-methylations, the cyclic backbone conformation cis-trans-cis-trans, and the a,|3-
dehydro amino acid, were preserved. This work exploits a recent strategy developed in the 
laboratory for preparing cyclic tetrapeptides of this family [8]. The effects of tentoxin 
derivatives on the ATPase activity of the isolated CFi are summarized in Table 1. The table 
also includes our activity measurement of Sar'-TTX (MeAla1 replaced by MeGly1), an 
analogue that has previously been described [9] and that we resynthesized for its ability to 
bind to the second site with a better affinity than the natural toxin. 

Table 1. Effect of tentoxin (TTX) and derivatives on the activity of CFi-ATPase. The reactivation 
effect is expressed in percentage of the activity of the control enzyme (without toxin). 

natural Sar1 MeSer1 MeSer( MeGlu' MeGlu Lys2 Lys(Z)2 MeATyr3 MeATyr 
TTX Bn)1 

(OtBu)1 (Me)3 

IC50(pM) 0.04 0.07 0.04 0.5 5 2 4 1 0.04 0.05 
Stimulation 220 240 30 0 0 0 0 40 75 290 
level (%) 

In conclusion, all analogues proved to be efficient inhibitors, but at different 
concentrations (IC50). They also exhibited various responses concerning their ability to 
stimulate the enzyme at high concentrations. All the data could be fitted with a good 
approximation to a double-site model. The affinity constants derived from the two-sites 
model and from competition experiments between active and non-activaty analogues will 
help us to characterize the topology, the role, and the functional relationship between the 
two binding sites. 
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Investigation of conformational properties of calcium-binding 
peptides in the cell adhesion molecules 
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Cadherins are calcium-dependent surface molecules that are fundamental to controlling the 
development and maintenance of tissues. It has been reported that single amino acid 
substitutions in the putative Ca(II) binding "motif B" of the N-terminal domain (D135A 
and D135K) abolish the adhesion function of cadherin. In order to establish the relative 
importance of the calcium ligand in determining the coordination geometry and affinity of 
metal binding and unravel calcium function of cadherin in cell adhesion, we have 
synthesized two peptide analogs with altered calcium binding ligands encompassing motif 
B (residues from 129 to 145)[1]. Peptide 129-145 corresponds to the native calcium 
binding sequence. A potentially stronger calcium binding motif is constructed using Asp 
to replace Ala at position 133 (peptide 129-145/A133D). The modified peptide contains 
ligands that are the same as those of the calcium binding loop of a-lactalbumin. Here we 
focus on the conformational and ion binding properties of these peptides using CD, 
fluorescence and high resolution NMR. 

P129-145 from E-cadherin Ac-MKVSATDADDDVNTYNA-NH2 
P129-145/A133D AC-MKVSDTDADDDVNTYNA-NH2 
Human a-lactalbumin (78-94): DKFLDDDITDDIMCAKK 

Results and Discussion 

The conformational properties of peptides PI29-145 and P129-145/A133D have been 
examined by far uv CD. These peptides have little regular secondary structure at 25 °C (10 
mM Tris, lmM EGTA, pH 7.5). When pH values are lower than 4, the ellipticity at 222 nm 
for both peptides increased slightly, suggesting an increase of helical conformation at 
lower pH. The addition of KCI up to a concentration of 200 mM had no observable effect 
on the conformation of the peptides. The addition of organic solvents, such as methanol, 
trifluoroethanol (TFE) and l,l,l,3,3,3-hexafluoro-2-propanol changed the conformation of 
both peptides with the increase of negative molar ellipticity at 222 nm and a decrease of the 
signal at 198 nm. However, the helical structure induced (from 8% in water to 19% in 
80% TFE) was relatively small, which is in agreement with the low intrinsic helical 
propensities of both sequences. At pH 7.5, essentially no concentration dependence was 
observed at 198 nm over the concentration range from 5 to 100 pM for both peptides both 
in water and 50% methanol. 

The calcium binding abilities of both peptides were examined in aqueous solution and 
organic solvents. In 10 mM Tris at pH 7.5, no detectable change of the CD and 
fluorescence spectra of either peptide was observed upon addition of calcium. However, 

112 



113 

the addition of calcium resulted in a change of chemical shifts of both peptides in ID and 
2D DPFGTOCSY spectra (Fig 1). Calcium had a bigger effect on P129-145/A133D than 
on P129-145. In 50% methanol, the addition of Ca(II) resulted in significant changes in 
the far UV CD spectra of the native and modified peptides. These results clearly suggest 
that the conformation of both peptides is switched by Ca(II). We have been able to measure 
the Ca(II) binding constant of peptide analogs by monitoring ellipticity at 198 nm as a 
function of Ca(IT) concentration. The Ca(II) affinity of the modified peptide is increased 
compared with that of native peptide about 5-fold (Kd = 0.50 mM for P129-145 and Kd = 
0.1 for P129-145/A133D). In this preliminary work, we have demonstrated that a better 
Ca(II) binding motif can be designed based on the high affinity structure of a calcium 
binding protein such as a-lactalbumin. Further conformational studies on these peptide 
analogs by NMR and fluorescence will provide us with detailed information about the role 
of Ca(II) in cadherins. 

Fig.l. ID ^H NMR spectra of peptide P129-145 in the absence (a) and presence of excess calcium 
(5 mM CaCl2) (b), and of peptide P129-145/A133D in the absence (c) and presence of excess 
calcium (5 mM CaCl2) (d). Spectra were recorded in 10 mM Tris, 25 °C at pH 7.5 using 500 
MHz and 600 MHz NMR. 
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End capping and helix stabilization in short peptides 
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Designing peptides and proteins that fold into predetermined secondary structures is a 
challenging biochemical problem [1]. a-Helix, which is a landmark protein secondary 
structure, has attracted considerable attention in recent years. Several laboratories have 
been investigating the parameters that influence helix stability [2]. We and others have 
recently shown that amino acids with side chains capable of hydrogen bonding with the 
free NH groups at the amino terminus and the free carbonyls at the carboxy terminus have 
a stabilizing effect on the helical structure of short peptides [2-7]. In order to test the 
efficacy of various functional groups in amino end capping, we synthesized a series of 
molecules containing different functional groups capable of hydrogen bonding with free 
NH groups and incorporated them at the amino terminus of a 15-residue alanine rich 
peptide. The end capped peptides show high helical content in aqueous solution. 

Results and Discussion 

In an earlier report, we had shown that sulfur groups at various oxidation states serve as 
good amino end capping residues for helix stabilization [8]. The high helicity observed in 
a short model peptide (X-HN-Ala4-Glu-Ala3-Lys-Ala4-Tyr-Arg-CONH2), prompted us to 
investigate the amino end capping propensities of various common functional groups. 
Different molecules containing various functionalities were synthesized and incorporated 
at the amino terminus of the 15-residue model peptide. The end capped peptides show 
relatively high helicity in aqueous solution. 

The potential a-helix inducing effect of various residues such as acetate, carboxylate, 
phosphonate, sulfonate and nitrate capable of amino end capping was determined by 
synthesizing peptides 1-8. The peptides were synthesized as their carboxamides using 
PAL resin on a Milligen/Biosearch 9050 peptide synthesizer and Fmoc chemistry and BOP 
/ HOBT activation. The peptides were purified using a reversed phase Cis HPLC and 
their primary structure confirmed by quantitative amino acid analysis and mass 
spectrometry. The peptide concentrations were determined by measuring the absorbance 
of tyrosine residues at 275 nm at 25 °C in 6M guanidine.HCl. The helix content was 
measured using a 10 pM solution of each peptide by CD at 0 °C in 10 mM phosphate 
buffer at pH 7. Helical content is taken directly proportional to the mean residue ellipticity 
at 222 nm [e]222 100 % helicity was estimated using the formula "ix[Q]212 = -40,000 x [1-
(2.5/n)] where n = number of amino acid residues [9]. a-Helicity was independent of 
peptide concentration in the range of 10-200 pM. Table 1 shows the a-helical content of 
the peptides. The trend in a-helix inducing ability was found to be sulfonate > carboxylate 
> Phosphonate > nitro > acetyl. Our data clearly demonstrate the feasibility of designing 
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novel molecules which when incorporated into peptides at helical termini can induce 
helical folding and stabilize folded structures via end capping. 

Table 1. a-Helical content of peptides 1-8 

Peptide 

1 
2 

3 

4 

5 

6 

7 

8 

X 

H 
CH3CO-

H2O3P-CH2-CO-

H2O3P-CH2-CH2-CO-

O2N-CH2-CH2-CO-
02N-(o)-C6H4-CO-

HO-CO-CH2-CH2-CO-

HO-SO2-CH2-CH2-CO-

-[0]222a 

deg.cm^.dmol"! 

5800 
10700 

14000 

17800 

13800 
3500 

21100 

24400 

Helicity ( % ) b 

17 
32 

42 

54 

41 

11 

63 

73 

"Mean residue ellipticity [6]222was determined from the CD spectra of 10 pM solution of peptides 
in 10 mM phosphate buffer at pH 7. Percentage helicity was calculated as 100 x ([0]222 /""[0]222). 
""707222= -40,000 [l-(2.5/n)], where n=15. 
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Novel a,oc-disubstituted amino acids for peptide 
secondary structure control 
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We are interested in water-soluble peptides containing a high percentage of a,a-
disubstituted amino acids (aaAAs) for both their bioactivity and for their use as molecular 
design tools. It is known that peptides possessing a high percentage of aaAAs are potential 
antimicrobial agents [1]. We envision the lysine-like 4-aminopiperidine-4-carboxylic acid 
(Api) as a prototypical polar aaAA [2]. To study the effects of chirality on peptide 
secondary structure we have developed a novel, chiral aaAA, l-amino-3-
methylcyclohexane carboxylic acid, H-Ach3Me-OH. Using straightforward synthetic 
methods, we obtain both the "like" (I) and "unlike" (u) pairs of diastereomerically pure 
Fmoc-Ach3Me-OH in good overall yields (-60% for 3 or 4 steps). 

Results and Discussion 

We have recently reported the synthesis of a protected trifunctional aaAA Fmoc-
Api(Boc)-OH [2], which is suitable for use in Fmoc/rBu SPPS strategies. Three-
dimensional orthogonal SPPS with Api in which the endocyclic nitrogen of Api can be 
used as starting point for building the peptide backbone requires that the acid-labile Boc 
group be replaced with the acid-stable Alloc protecting group. Using the Alloc group 
rather than the Boc group allows for selective deprotection of the endocyclic nitrogen. 
Subsequent reactions can be performed on the ring nitrogen without cleaving the peptide 
from the resin or causing premature cleavage of the N-terminal Fmoc group of the peptide. 
The Fmoc-Api(Alloc)-OH derivative was synthesized from Fmoc-Api(Boc)-OH as shown 
in Fig. 1. 

* oc Alloc 
Ref. 3 ^ N ^ T p A ^,N. 

2. Alloc-OSu 
Fmoc—N C02H Fmoc—N CO2H 

H H 

Fig. 1. Synthesis of Fmoc-Api(Alloc)-OH. 

Another aspect of our research focuses on cyclic, chiral aaAAs as controlling factors 
of peptide secondary structure. In general, synthesis of enantiopure aaAAs (e.g., aMeVal, 
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aMePhe) is time consuming and involves alkylation of expensive chiral template anions 
[3]. An alternative strategy uses enantiopure alkylating agents as in the preparation of 
cyclic BINAP-based aaAA [4]. In our approach, chiral substituted cyclohexanones 
provide rapid access to chiral cyclic aaAAs via Strecker-like chemistry. Thus, Bucherer-
Bergs reaction [5] (Fig. 2) of 3-methylcyclohexanone produces the (/)-isomers (IR,3R and 
15,35) of the spirohydantoin, which is then converted to Fmoc-(/)-Ach3Me-OH by basic 
hydrolysis and protection with Fmoc-OSu. 

Fmoc 
HN 

"like " 
diastereomers 

1.(NH4)2C03, KCN 

2. 3N NaOH , A 
3. Fmoc-OSu 

1.CS2, NH4CI, KCN, A 
2. CICH2C02H 
3. 3N NaOH, A 
4.Fmoc-OSu 

' ^ / 

C02H 

NH 
1 

Fmoc CH3 

"unlike" 
diastereomers 

Fig. 2. Synthesis of "like" and "unlike" diastereomers of l-amino-3-methylcyclohexane 
carboxylic acid. 

When using pure (i?)-3-methylcyclohexanone as the starting material, the (5,5)-isomer is 
formed in >95% enantiomeric excess as determined by RP-HPLC of the Fmoc-protected 
(7?)-phenylethylamide derivative. Alternatively, Carrington modification of the Bucherer-
Bergs reaction [5] produces the opposite relative stereochemistry at the a-carbon, giving 
the (w)-spirodithiohydantoin (15,37? and IS,3R). The dithiohydantoin is first converted to 
the (w)-spirohydantoin by desulfurization with chloroacetic acid and then transformed to 
the to Fmoc-(w)-Ach3Me-OH as before. 

In conclusion, we have successfully synthesized two new polar a,a-disubstituted 
amino acids that are suitable for peptide synthesis. These amino acids are useful additions 
to the arsenal of peptide chemists, for controlling secondary structure and as tools for 
molecular design of water-soluble, peptide-based structures. A new approach to chiral and 
highly enantiomerically enriched aaAAs has been developed starting from 
unsymmetrically substituted cyclohexanones. 
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Design of antimicrobial peptides based on sequence analogy 
and amphipathicity 
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Peptide-based host defense can be considered a pervasive and evolutionarily ancient 
mechanism of immunity. Antimicrobial peptides have been isolated from all animals and 
plants in which they have been sought, and so far several hundred different sequences have 
been characterized in higher organisms [1]. Antimicrobial peptides differ markedly in 
length, sequence and structure, but share two common traits, in that they are generally 
polycationic and their active structures are normally amphipathic. A currently accepted 
classification divides them into two broad classes, cyclic peptides (with one or more S-S 
bridges) and linear peptides. The most abundant type of linear peptide has amphipathic a-
helical domains. They tend to be short (< 40 residues), easily accessible to solid phase 
synthesis, and have structures that are well defined and easily characterized. 

Results and discussion 

Attempts to obtain artificial antimicrobial peptides of this type have essentially followed 
three methodologies: modification of natural peptides; ex novo design of peptides based 
purely on physical-chemical properties such as amphipathicity; and synthesis of peptides 
based on conformationally constrained combinatorial libraries [2,3]. 

We have developed an alternative method for the ex novo design of a-helical 
antimicrobial peptides which is based on the comparison of sequences from naturally 
occurring peptides with a-helical domains and extracting sequence patterns which are 
favoured by this type of peptide. These patterns were then used to construct peptides with 
an elevated helix-forming potential, in such a way as to maintain high amphipathicity 
(Table 1). Other potentially important features, such as cationicity and hydrophobicity, 
were also considered. Determination of the most frequent types of amino acids over 20 
positions for 85 different sequences allowed the design of a first peptide. The design of 
three further peptides was based on the comparison of eight sequences from a-helical 
peptides derived from the mammalian Cathelicidin family of precursors [4,5]. The four 
peptides were synthesized in the solid state using Fmoc chemistry, with cycles aimed at 
maximizing the yield. After purification and mass determination, CD analysis showed that 
they undergo a transition from random coil in aqueous solutions to an a-helical 
conformation on addition of TFE, confirming the amphipathic nature of the helices. 
The peptides displayed a potent antimicrobial activity against selected Gram-positive and 
Gram-negative bacteria, including some antibiotic resistant strains, and fungi (Table 1). 
Permeabilization of both the outer and cytoplasmic membranes of E. coli by selected 
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peptides was found to be quite rapid at concentrations close to the MIC value, and a 
dramatic drop in colony forming units (CFU) was observed after 5 min in time-killing 
experiments. At comparable concentrations, permeabilization of the cytoplasmic 
membrane of 5. aureus, was instead initially quite slow, gathering speed only after about 
45 min, which corresponds to the time required for significant inactivation in time-killing 
studies. 

Table 1. Sequence, amphipathicity and antibacterial activity of synthetic peptides. 

MIC (pM) 

Peptide Sequence pH(8)a E.cP S.t P.m S.a B.m An 

PGAa GILSKLGKALKKAAKHAAKA-NH2 3.7 (98°) 8 

PGG GLIJMUJKKKIGEIFKKYG-OH 4.2(96°) 2 

PGYa GLLRRLRDFLKKIGEKFKKIGY-NH2 4.5 (100°) 4 

PGP GRFKI?LGRKPKKLFKKYGP-OH 4.1 (102°) 4 
a Maximum mean hydrophobic moment (not normalized), calculated over the entire sequence, 
corresponding to the side chain projection angle 5 (shown in parentheses). 
b E.e, S. t, P. m, S. a, B. m, A. n refer to E. coli, S. typhymurium, P. mirabilis, S. aureus, B. megaterium and 
A niger, respectively. 

The cytotoxic activity of the peptides was determined on normal and transformed cell 
lines, and was found to be generally low at values corresponding to the MIC. Marked 
cytotoxicity was observed only at over 100 pM. 

In conclusion, we have shown that it is possible to obtain quite potent artificial 
antimicrobial agents by comparing the sequences of naturally occurring peptides and 
abstracting significant patterns that are to be included in relatively short sequences. The 
results of biological activity studies, carried out with the designed peptides, are in line with 
a currently accepted model for their mechanism of action [6] involving permeabilization of 
the cytoplasmic membrane. Furthermore, both membrane permeabilization and 
bacteriocidal activity are slower against Gram-positive than Gram-negative bacteria. This 
is possibly due to the presence of a thick, multilayer peptidoglycan layer and of teichoic 
and teicuronic acids in the former, which may act to slow down the approach to the 
cytoplasmic membrane. 
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The macrophage scavenger receptor (SR) mediates the endocytosis of modified LDLs. 
These ligands, when incorporated in excess, promote the conversion of macrophages into 
foam cells, which may result in arterial sclerosis. The modified LDL-binding site in human 
SR is located in the collagen-like domain (HSR(323-341): Ala-Gly-Arg-Pro-Gly-Asn-Ser-
Gly-Pro-Lys-Gly-Gln-Lys-Gly-Glu-Lys-Gly-Ser-Gly) [1]. In the present study, a new 
synthetic strategy for trimeric peptides was developed and applied to the syntheses of 
HSR(323-341) models (Fig. 1). The effect of spacer (X) on the structure was characterized 
by CD. 

Results and Discussion 

The method developed here enables the crosslinking of peptide chains one by one at their 
Af-termini to generate trimeric peptides. To accomplish this strategy, two peptides were 
prepared by the solid-phase method: a peptide which has a glutamic acid a-thioester at its 
Af-terminus (xa, x=l-4) and the same peptide without the glutamic acid (xb). The synthetic 
procedure for peptides xa is shown in Fig. 2a. Peptides xb were prepared as xa except that 
Fmoc group was introduced instead of Fmoc-Glu-SCHjCH^OOEt and removed after the 
introduction of Boc groups. Crosslinking was achieved by the activation of the thioester 
group (Fig. 2b) [2]. Peptides xa and xb were dissolved in DMSO in the presence of HOSu 
and silver ions were added. The coupling reaction proceeded without serious side reactions 
to give dimers xc. After Fmoc group was removed, xc was crosslinked with xa. The 
reaction for peptides 2 and 3 proceeded at room temperature. In contrast, heating to 90°C 
was required to initiate the condensation for peptides 1 and 4. This fact might show that 
peptides form triple-helix like structure in DMSO and that the spacer of peptides 1 and 4 
can not provide enough length to connect peptide chains. After the removal of protecting 

f BAIa: 1, AHA: 2 

BAIa-AHA: 3, (BAIa)2-AHA: 4 

I X-(Pro-Hyp-Gly)6-Pro-HSR(323-341)-NH2 

NH2-Glu-Glu-X-(Pro-Hyp-Gly)6-Pro-HSR(323-341)-NH2 

L-X-(Pro-Hyp-Gly)6-Pro-HSR(323-341)-NH2 

Fig. 1. Structure of triple helical peptide prepared. 
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groups, the crude product was purified by GFC and HPLC to give peptides 1-4. Mass and 
amino acid analyses confirmed that highly pure peptides were obtained. The yield of 
peptides 1, 2, 3, 4 were 10%, 20%, 20%, 2% based on dimers xb (x=l-4), respectively. 

CD spectra show that the peptides 1-4 are at the triple helical state at 10°C and at the 
random state at 75°C (Fig. 3). At 10°C [8]224 is higher in peptides 2 and 3 than 1 and 4. In 
contrast, [e]224 of all peptides are comparable at 75°C. This fact may indicate that peptides 2 
and 3 have higher helix contents than 1 and 4 at 10°C. Thus, it is suggested that AHA or 
pAla-AHA as spacers are the practical option for ease of preparation of trimers and of the 
helix content of the trimers. A modified LDL binding experiment is under study. 

a) Boc-X-(Pro-Hyp(Bzl) -Gly)e-Pro-HSR(323-341 )-MBHA-Hesln 

I 1) TFA, 2) DIEA 

I Fmoc-Glu-SCH2CH2COOC2H6 HOBt ester 

J HF treatment 
|-X-(Pro-Hyp-Gly)6-Pro-HSR(323-341)-NH2 

Fmoc-Glu-SCH2CH2COOC2H5 

J Boc-ONSu 
pX-(Pro-Hyp-Gr/)e-[Lys(Boc)332.33»338]-
| Pro-HSH(323-341)-NH2 

F1T10C-GIU-SCH2CH2COOC2H5 
1a (X=pAla), 2a (AHA). 
3a (flAla-AHA), 4a ((PAIa)2-AHA) 

•NH-Glu-C Fmoc-NH-Glll-CO 
_>CONH? peptide l e ^ j 

(Boc)j 

HJI-t HSR" 

r1 
pipericfne 

(Boc), 
HSR >CONH, 

IBoch 
H,N-eiu-f~ HSR >CONH, 

H-Gln-O 

J-CONH2 • Al* » HONSu 

peptide 1Mb 

peptide 1C-4C 

(Boc|j 
HSfl OCONH, 

Fmoc-NH-Gb-CO-SR « *Q* • HONSu 

I] TFA. a HPLC. 3) pipoHdne. 4| GFC, 9 HPLC 

r -c HSR >CONH, 

H^J-Glu-BIU-l HSR )-CONH, peplde 1,2,3.4 

I—I HSR >CONH, 

Fig. 2. Preparation of peptides, a) Synthetic route for peptides la-4a. b) Synthetic route for 
trimeric peptides. 
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Fig. 3. CD spectra of peptides. 
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Enantiomeric structural libraries of unnatural peptides which bind 
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The intent of this study was to explore comprehensively the conformational possibilities of a set 
of DNA-binding peptides containing C-terminal amides (Fig. 1). First, potential peptide 
conformations were computer generated to determine possible low-energy solution 
conformations and DNA-binding modes. Second, solid-phase peptide synthesis was used to 
produce an enantiomeric tetrapeptide library [1] comprised of unnatural amino acids. The 
solution properties of all 16 possible tetrapeptides were determined by RP-HPLC (Fig. 2a). All 
of the tetrapeptide amides generated in the library were found to bind to DNA, and their DNA-
binding affinities were compared by a novel approach to affinity capillary electrophoretic 
analysis(ACE) (Fig. 2b). 

1 DDDD-NH2 5 DDLL-NH2 9 DLLL-NH2 13 DLDD-NH2 
2 DDDL-NH2 6 DDLD-NH2 10DLDL-NH2 14DLLD-NH2 
3 LDDL-NH2 7 LDLL-NH2 11 LLDL-NH2 15 LLLD-NH2 
4 LDDD-NH2 8 LDLD-NH2 12 LLLL-NH2 16LLDD-NH2 

H2 

1(D) 

Fig. 1. D: D-(3)-(4-thiazolyl) alanine. L: L-(3)-(4-thiazolyl) alanine. 

Results and Discussion 

A peptide library of sixteen individual tetrapeptide amides was constructed using the unnatural 
amino acids D-3-(4-thiazolyl)alanine 1 and L- 3-(4-thiazolyl)alanine 2 (obtained from 
Synthetech, Inc., Albany, OR, USA) on a simultaneous multiple peptide synthesizer. Peptide 
syntheses were carried out using a MBHA resin and the BOC strategy. BOC deprotection and 
amino acid coupling reactions were monitored by the ninhydrin reaction. HF cleavage of the 
product peptides from the solid support was performed without adding any scavenger. The 
peptide products were analyzed by RP-HPLC and CZE (15 mM Tris, 10 mM MgCl2, 1 mM 
DTT, 30 mM KCI pH 7.85 at 20°), and identified by 'H-NMR analysis. The crude products were 
homogeneous by both HPLC and CE (not shown), and were used in binding and topoisomerase I 
inhibition studies without further purification. Topoisomerase I inhibition assays (50 mM Tris, 
0.1 mM EDTA, 1 mM DTT, 50 mM NaCl pH 7.5 at 37°) were performed using pBR322 
supercoiled ds DNA (2.8 x IO3 kD, 4,363 bp) after preincubation with the peptide drug, in 
duplicate. Digests were run at 37° for 30 minutes and the products analyzed by agarose gel 
electrophoresis (1% agarose, 89 mM Tris-borate, 2.5 mM EDTA, pH 8.2) and stained with 
ethidium bromide (0.05% for 45 minutes) [2]. The effects from the order of enantiomers in the 
tetrapeptide upon the overall hydrophobicity (as measured by HPLC [3]) of the peptide was 
striking (Fig. 2a). Molecular modeling, with MMII energy minimization using the CAChe 
system (Oxford Molecular Group), indicates that each peptide has different types of low-energy 
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conformations available to it, depending upon the ability of the backbone carbonyl to interact 
with the thiazole ring, and this conformational heterogeneity may explain the RP-HPLC results. 

60%-

40% 
% bound 

20%-

b) 
[DNAJxIO^M 

Fig. 2. a) RP-HPLC traces at 220 nm showing differential hydrophobicities of peptides in the libraries, 
b) Results of binding experiments using affinity capillary electrophoresis of the peptide-DNA complex. 

Both the HPLC conformational and the CE / topo I bioassay results highlight the role of a 
single amino acid in determining the overall conformation of the peptide. Our study offers a 
systematic look at the interplay between chirality of the monomers and helix nucleation. 
Although all of the designed peptides bind to double-stranded DNA, as determined by ACE, they 
exhibited diverse double-stranded DNA-binding affinities. The DNA unwinding enzyme, 
topoisomerase I, was inhibited by some of the peptides and studies are ongoing to determine the 
structure-activity profiles of the peptides. Because drug inhibition of topo I activity has been 
correlated with antineoplastic activity in vivo, so the ability to control topo I activity in the 
peptide design process may lead to a better understanding of the mechanism of topo I inhibition 
[4]. Only the peptides with a single enantiomeric amino acid in the second position (peptides 7 
and 13) consistently inhibited topoisomerase cleavage of the test DNA. With regard to topo I 
inhibition there seems to be no preference for one enantiomeric peptide over the other, indicating 
that diastereomeric interactions between the peptide and DNA did not affect topoisomerase 
inhibition in this library. Conformational space may be experimentally mapped using 
combinatorial techniques and readily correlated with the results of biological activity 
measurements. A small library was used to efficiently probe one aspect of peptide-DNA 
interaction and forces such as those arising from hydrogen-bonding and shape complimentarity 
could be assessed. Ongoing efforts are aimed at improving the binding constants of the peptides 
to DNA, and exploring other constrained amino acid side chains with different topologies. 
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Interplay of hydrophobicity and electrostatics in 
peptide-bilayer interactions 

Li-Ping Liu and Charles M. Deber 
Division of Biochemistry Research, Hospital for Sick Children, Toronto, Ontario M5G 1X8; and 

Department of Biochemistry, University of Toronto, Toronto, Ontario M5S 1A8, Canada 

In previous studies, we established a 'threshold hydrophobicity' that dictates the interaction 
of peptides with membranes [1,2]. Based on this 'threshold hydrophobicity' hypothesis, 
membrane-interactive sequences can be divided into two groups: (1) intrinsically 
hydrophobic; and (2) hydrophobic/hydrophilic. The first group, which possesses a 
generally non-polar primary sequence of segmental hydrophobicity above the 'threshold 
value,' can insert into membranes spontaneously from an aqueous phase. The second 
group, whose segmental hydrophobicity is below the 'threshold hydrophobicity' because it 
contains some relatively polar side chains, can nevertheless interact with membranes 
efficiently if facilitated by intermediate assistance through electrostatic binding to 
oppositely-charged lipid head groups [2]. In this work, we describe two peptides that have 
similar structural features but differ from each other in hydrophobicity [1]. Their 
interactions with negatively-charged phospholipid vesicles are evaluated quantitatively and 
the salt effects on these interactions are examined. 

Results and Discussion 

The 'X' residues in the 'host-guest' peptide model Lys-Lys-Ala-Ala-Ala-X-Ala-Ala-Ala-
Ala-Ala-X-Ala-Ala-Trp-Ala-Ala-X-Ala-Ala-Ala-Lys-Lys-Lys-Lys-amide were replaced by 
Met and Gln, respectively. These substitutions were chosen because Met and Gln have 
similar side chain steric requirements, and both have a positive tendency to form a-helix in 
aqueous environments [3]. This helix forming tendency is crucial as we employ a-helical 
content to monitor their conformations in water as well as in contact with lipids. 

In aqueous buffer, both Met and Gln peptides form partially a-helical conformations 
(Fig. la). Upon titrating the peptides with negatively-charged dimyristoyl-
phosphatidylglycerol (DMPG) vesicles, their helical content increased with the addition of 
lipid and subsequently reached a maximum level when the lipid/peptide ratio was 100/1 
(Met peptide) and 150/1 (Gln peptide), respectively (Fig. lb). Based on the titration 
experiments, the interaction of the peptides with vesicles can be evaluated quantitatively by 
an apparent binding constant (Kapp), which represents the affinity of the peptide to the lipid 
vesicles. Kapp = Cb/(Q x Cf), where Cb is the lipid-associated peptide concentration, Q is 
the lipid concentration [for small unilamellar lipid vesicles (SUVs), only the outer leaflet 
(-60% of total lipid) is involved in peptide binding], and Cf is the unbound peptide 
concentration [4]. In the present systems, the estimated apparent binding constants of Met 
and Gln peptides are 3xl04 and lxlO4 M"1, respectively. Values of Kapp can be converted 
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into the free energy of binding according to AG = -RTlnKapp, from which AG= -6.10 
kcal/mol for Met peptide, and -5.45 kcal/mol for the Gln peptide. 

These calculation sindicate that the binding affinities of the two peptides to DMPG 
vesicles are very similar. This result can be attributed, in principle, to the availability to 
both peptides of strong electrostatic interactions between the Lys residues and the 
negatively-charged lipid head groups. However, a more physically meaningful analysis 
separates the electrostatic interaction from the hydrophobic penetration. As it is known 
that adding concentrated salt to lipid vesicles will screen electrostatic contributions, this 
method can be used to 'separate' the two types of interactions. When we examined a 
sample containing 20 pM peptide, 4 mM vesicles + 400 mM NaCl, the interaction between 
the Gln peptide with DMPG vesicles was dramatically diminished, as judged by the 
observation that its a-helical content remained identical to that in aqueous buffer (Fig. lc). 
In contrast, upon vesicle addition the a-helical content of the Met peptide increased as 
much as in 10 mM NaCl, demonstrating that hydrophobicity is the major driving force for 
the Met peptide penetration into vesicles. The present study supports the proposition that 
their abilities to insert into membranes are likely governed by distinct mechanisms. 
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Fig. 1. (a) CD spectra of model peptides (see text) in 10 mM Tris-HCl, 10 mM NaCl buffer (pH = 
7.0). Peptide concentration = 20 pM. (b) Increment of molar ellipticity (222 nm) of Met (A) and 
Gln (•) peptides on addition of DMPG SUVs. (c) CD spectra of Met (solid lines) and Gln (dashed 
lines) peptides in DMPG SUVs in 10 mM NaCl or 400 mM NaCl. 
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An investigation of position 3 in arginine vasopressin (AVP) 
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Based on studies on lysine vasopressin (LVP) (peptides A-C, Table 1) [1] and on a recent 
study on AVP (peptide D, Table 1) [2], position three in AVP has long been considered 
intolerant of change. Consequently, position three in AVP has been largely unexplored. 
Our interest in investigating this position was sparked by our recent findings that position 
three in the non-selective AVP V2/Via antagonist d(CH2)5[D-Tyr(Et)2]VAVP surprisingly 
tolerates a broad spectrum of structural change with retention of moderate to full 
antidiuretic (V2-receptor) antagonism[3]. We now report the synthesis and preliminary 
pharmacological properties of 12 new AVP position 3 analogs (Table 1). 

Results and Discussion 

The antidiuretic potencies of peptides 1-6 (Table 1) range from 0.46 to 20.3 units/mg as 
opposed to 323 units/mg for AVP. Similarly, these 6 peptides have vasopressor (Via 

receptor) potencies ranging from 0.003 to 8.99 units/mg compared to 396 units/mg for 
AVP, confirming earlier findings that position 3 in AVP, like LVP, is intolerant to 
modifications with polar, aromatic and conformationally restricted amino acids [1,2]. In 
striking contrast, as the antidiuretic data for peptides 8-12 clearly indicate, position 3 in 
AVP is highly tolerant to structural changes with a broad range of aliphatic amino acids. 
Thus, peptides 8-12 exhibit antidiuretic potencies ranging from 86.7 to 249 units/mg. The 
Leu3 and Nle3 analogs (peptides 8 and 9) are in fact equipotent with AVT (231 units/mg) 
as antidiuretic agonists. However, while peptides 1-12 are significantly less potent than 
AVT as oxytocic agonists, peptides 7, 8 and 11 are more potent than AVP. With 
diminished vasopressor potencies, peptides 8-12 also exhibit significant enhancements in 
antidiuretic/vasopressor selectivity relative to AVP. The high antidiuretic potency of 
peptide 7 (379±14 units/mg) confirms the early promise of the thienylalanine3 [Thi3] 
modification in V2 agonist design [4]. 

Conclusion 

The findings on peptides 7-12 provide useful clues for the design of potent and selective 
AVP V2 agonists and also show that further study of position 3 in AVP agonists is well 
warranted. 
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Table 1. Some Pharmacological Properties of Position 3 Modified Analogs of AVP. 

No. 

A 
1 
B 
2 
C 
3 
4 
5 
D 
6 
E 
7 
8 
9 
10 
11 
12 
"Ref 2; 

Peptide 

AVP3 

AVT ([JJe3]AVP)b 

LVP ([Lys8]VP)a 

LVT([Ile3,Lys8]VP)b 

[Ser3]LVPb 

[Ser3]AVPc 

[Trp3]LVPb 

[Trp3]AVPc 

[Tyr3]LVPb 

[Ty^lAVP3-0 

[2-Nal3]AVPc'<1 

[Atc3]AVPc 

[Tic3]AVP= 
[Pro3]AVPc 

[Thi3]LVPf 

[Thi3]AVPc 

[Leu3]AVPc 

[Nle3]AVPc 

[Val3]AVPc 

[Nva3]AVPc 

[Abu3]AVP° 
bRef. 1; cThis publication 

Antidiuretic 
Act. U/mg 

323±16 
231±30 
-260 
25±3 
-0.02 
3.23±0.39 
-
1.60±0.18 
0.18±0.08 
20.3±2.2 
1.53±0.25 
12.7+1.2 
0.91±0.08 
0.46±0.03 
332±32 
379±14 
229±19 
249±28 
114±9 
134±5. 
86.7+2.5 

; ^Reported in 

Vasopressor 
Act. U/mg 

396±6 
160±4 
285+21 
133+13 
<0.01 
0.38±0.01 
-0.07 
0.31±0.01 
1.6±0.2 
4.93±0.20 
3.60±0.21 
8.99±0.44 
0.25+0.03 
<0.003 
243±5 
360+9 
21.4+D.6 
84.6+4.3 
45.0±2.0 
31.2±0.9 
4.29±0.13 

ref. 5 as a weak V2 agonist; 

Oxytocic 
Act. U/mg 

13.9±0.5 
127±9 
5±0.5 
80±10 
<0.01 
0.02±0.003. 
<0.01 
-0.01 
-0.01 
0.026±0.003 
0.31±0.002 
0.11 ±0.004 
-0.022 
<0.005 
19.0+D.5 
36.2±1.9 
2.1±0.2 
4.72+0.16 
11.3±1.6 
28.4±0.2 
0.45±0.03 

eRef.2;fRef.4. 
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Design and expression of recombinant Rop protein analogs 
which have metal binding ability 
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We have investigated a possibility of carbon dioxide fixation using materialized peptides. 
The basic idea is that metal molecules with photo-catalytic activity could be arranged on a 
peptide matrix by means of the regular three-dimensional structure of a-helical peptides. 
According to this idea, we selected the 63 amino acid Rop (Repressor Of Primer) protein[l, 
2], which forms a dimer consisting of a four a-helical bundle, as a peptide template to 
introduce a functional group for metal binding. Here, we present the design and data on the 
expression and purification of the Rop protein analogs. 

Results and Discussion 

The iminodiacetic acid moiety[3] was designed as a functional group to charge with a 
metal ion having coordination number four. This functional group is introduced into a 
peptide by the chemical modification of lysine (Lys) residues using ICH2COOH or N,N-
dicarboxymethyl-glycine. The native Rop protein has only three Lys residues which have 
no regular arrangement in their side chain geometry. In order to make the metal molecules 
line up on the a-helices of the Rop protein, we introduced several amino acid mutations by 
which Lys residues are periodically arranged on the a-helices, and designed two models, 
ROP-K6 (Fig. 1) and ROP-K10. Two genes encoding the ROP-K6 and ROP-K10 proteins 
were designed and synthesized to construct the expression vectors, pUROP-K6 and 
pUROP-KlO. Escherichia coli B strain BL21 was transformed with pUROP plasmids. The 
transformant of pUROP-K6 produced a protein of the expected molecular weight. 
However, that of pUROP-KlO did not give rise to a protein (Fig. 2). 

Fig. 1. A schematic drawing of the model of the ROP-K6 protein. The Lys residues are displayed 
as ball-and-stick models. The display was generated by the program MOLSCRIPT [4]. 
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Fig. 2. SDS-PAGE of proteins expressed in recombinant strains of E. coli BL21. Lanes 3-5, 
pUROP-K6; 6-8, pUROP-KlO; 9, pUCNT. The molecular weights of standard proteins are shown 
in lanes 1 and 2. 

The purification procedure was developed for the ROP-K6 protein. A large scale (24 I) 
culture of the recombinant strain of E. coli was grown in LB medium plus ampicillin at 37 
°C for 20 hr. Recombinant ROP-K6 protein was purified to apparent homogeneity in three 
steps, (1) incubating 65 °C for 10 min; (2) DEAE-Sepharose; (3) Reversed-phase HLPC, 
from a crude, soluble fraction obtained after sonication. The ROP-K6 protein was identified 
by determining the N-terminal amino acid sequence and a time of flight (TOF) mass 
spectrometry. Purity was checked by SDS-PAGE. The final yield of the purified ROP-K6 
protein, from 24 / of bacterial culture, was - 160 mg. 

Conclusion 

We have designed two Rop protein analogs as a peptide template for testing metal binding 
ability. The recombinant ROP-K6 product was expressed in E. coli B strain BL21 and 
purified from a cell extract in three steps. 
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Combination of a-helix peptides with intercalator anthracene 
for reporting peptide-DNA interactions 
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Tokyo Institute of Technology, Nagatsuta, Yokohama 226, Japan 

Reporting and sensing DNA recognition are in great demand for elucidating peptide-DNA 
interactions and developing the sensor devices of DNA manipulations as well as designing 
therapeutical and diagnostic chemicals [1]. To design sensitive reportor molecules for 
DNA interaction, we have synthesized a-helix peptides combined with an artificial 
intercalator, anthracene, and examined peptide-DNA interactions using anthracene UV, 
fluorescence and CD properties. 

Results and Discussion 

A cationic 16-mer peptide was designed to take an amphiphilic a-helix structure upon 
binding to DNA (Fig. 1 A). A pair of anthracene (Ant) groups were selectively introduced 
on the side chains of Lys residues at the 6th and 9th (Ant6,9) or 6th and 10th (Ant6,10) 
positions to examine how the side-chain chromophores behave via DNA binding. The C-
terminal Cys residue was employed for future use on a material surface. The peptides were 
synthesized by the Fmoc solid-phase method with the use of selective protecting groups. 

The Ant-peptides were in a random structure in a buffer (pH 7.4) with 40 mM NaCl, 
whereas an a-helix structure seemed to be induced via binding to calf thymus DNA 
fragments (Fig. IB). An increase in ellipticity at 222 nm was observed by the addition of 
DNA and the extent of increase of Ant6,9 was larger than that of Ant6,10. Furthermore, 
upon the binding to DNA, CD spectra based on the excitation coupling were remarkably 
observed at the Ant-region (254 nm). These results revealed that the two Ant groups were 
fixed to orient in a chiral sense, that is, Ant6,9 showed a left-handed arrangement of the 
Ant groups, whereas Ant6,10 showed a right-handed one [2]. As a result of the DNA 
interaction, these chiral signals also indicate a-helix formation of the peptides. In 
trifluoroethanol, both peptides took on an a-helix structure and showed the same sense in 
the excitation couplings as that bound to DNA. Each sense of the chromophore orientation 
was dependent on the positions at which the Ant groups were introduced. The peptide 
with one Ant group (Ant6) did not show strong CD at the Ant region. In the UV 
measurements, the absorbance of Ant groups was decreased and shifted to a longer 
wavelength by the addition of DNA. The binding of peptides with DNA was estimated by 
the site exclusion equation of McGhee and Von Hippel [3]. Both peptides showed binding 
constants of a pM order: Ant6,9; 1.3 x IO6 M"1 (n=4.5), Ant6,10; 2.4 x 10 
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Fig. 1. Structure (A) and CD spectra (B) of Ant-peptides with (135 pM) or without ct-DNA. 
[Peptide] =4.8 pM at 25 C. 

M"l (n=4.0) (n is the number of base pairs per a binding site). Ant6,9 binds to DNA 5 
times more strongly than Ant6,10 , although the n values are almost the same (-4). The 
peptide with a left-handed chiral sense of the chromophore orientation may be a better 
binder to DNA than that with a right-handed one. As a reference, Ant6 bound to DNA at a 

binding constant of 6.4 x IO4 M"l (n=2.8). An increase in number of the Ant-
chromophores enhanced the DNA binding ability of the peptide. 

On analyzing the CD data by using the number of base pairs per a binding site, n, the 
binding constants for titration curves at 222 nm and 245-261 nm were almost comparable 
to those analyzed by the UV measurements. These results suggest that the peptides fold in 
an a-helix structure, the chromophores at the side chains being fixed in a coincidental 
manner as they are deployed. 

The fluorescence intensity of Ant groups was increased by the addition of DNA. The 
binding constants from these data were also comparable to those obtained from the CD and 
UV measurements. The Ant groups may bind to a groove at the DNA concentration, when 
these chromophores are fixed to orient on the a-helix. The fluorescence intensity of Ant6 
was also increased by the addition of DNA. 

In conclusion, a new type of peptidyl molecule which bound to DNA was designed 
and synthesized. In the peptides, anthracene chromophores were fixed to arrange via 
binding to DNA so as to interact with each other at the ground state. This property was 
utilized to characterize the peptide-DNA binding. The reporting function of chromophores 
on the a-helix structure may be applicable to design a sensor device using photo-activity or 
electro-functions. 
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Macrotorials: Concept and synthetic examples using PTH (1-34) 
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Macrotorials are synthetic peptides that contain a macrocyclic core and two or more 
appendages. By consolidating a relatively rigid component with diversity in the side arms, the 
advantages of combinatorial chemistry may be used to probe a given volume of 
conformational space. 

As an initial foray into this new class of molecules, several analogs of parathyroid 
hormone (PTH 1-34) were synthesized by solid phase methods using orthogonal (Boc and 
Fmoc) protection. These individual molecules were characterized by amino acid analysis, 
positive and negative modes of electrospray mass spectrometry, and by PTH binding and 
functional assay (in progress). Specific sequences are given in Table 1. 

Table 1. Structure and physical properties of macrotorials related to PTH; General structure R-X-
A-cyclo(Glu-Pro-Ala-Lys)-B-NH2 

Compound 

1 

2 

3 

4 

N-terminal R-X-

R = H; X - Ala 

R = Ac; X - Ala 

R = H; X = Ser 

R = Ac; X = Ser 

HPLC (k') 

12.04 

12.74 

12.06 

12.47 

MW Calc. 

2603.8 

2645.8 

2619.8 

2661.8 

MW Found 

2603.4 

2645.7 

2619.7 

2662.1 

A = -Val-Ser-Glu-Ile-Gln-Sar-Sar-
B = -Sar-Sar-Arg-Lys-Lys-Leu-Gln-Asp-Val-His-Asn-Phe-

As a more general proof-of-concept, a series of macrotorials were prepared with the following 
structures: 

H-X-G-X-G-X-G-G-cyclo(Glu-Pro-Ala-Lys)-G-G-Y-G-Y-G-Y-G-OH 

where G = Gly 
X = Glu, His, Phe 
Y = Val, Leu, Arg 
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A series of cyclic tetrapeptides with two N- and C-terminal extensions (7- and 8-mers) 
was prepared. A total of 6 variable positions and 3 amino acids per position (X and Y) were 
incorporated in a positional scan mode. X and Y were selected to mimic possible key residues 
of PTH(l-34) using putative N- and C-terminal binding and message domains [1]. Glycine 
residues were used as spacer elements. 

No significant biological activity was found in the library mixtures; but in this case the 
selection of amino acid variables was severely limited to assist in mixture characterization. A 
more serious problem is the inclusion of large numbers of flexible glycine residues at 
intervening positions. This flexibility was shown to be a significant deterrent to bioactivity in 
other work from our laboratory [2], undoubtedly due to the much greater array of 
conformational possibilities and subsequently lower concentration of any given potential 
pharmacophore. 

Molecular modeling comparisons of the library products with intact PTH(l-34) 
demonstrated reasonable structural similarity, depending on the conformational tendencies 
selected. More rigid spacer elements would reduce flexibility but simultaneously limit the 
conformational space being sampled. Future synthetic efforts will focus on discovering the 
optimal compromise within these limits. 
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Metal ion-induced folding of a de novo designed coiled-coil 

W. D. Kohn, C. M. Kay and R. S. Hodges 
Department of Biochemistry and the Protein Engineering Network of Centres of Excellence, 

University of Alberta, Edmonton, Alberta, T6G 2H7, Canada 

Recently, we have designed environmentally sensitive coiled-coils, which can be induced to 
fold by changes in salt and pH conditions [1,2]. Subsequently, we have engaged in design 
of sequences that undergo a random coil to coiled-coil transition upon specific metal ion-
binding. Our approach is to destabilize the coiled-coil so that it is prevented from folding 
under benign pH 7 conditions by incorporation of interhelical ionic repulsions involving 
residues at the e and g heptad positions. Bridging of a metal ion between residues which 
repel one another and destabilize the apo-peptide will promote folding. A successful design 
requires both enough destabilization of the apo-peptide that it is completely or nearly 
completely random coil and a high metal-binding affinity. To accomplish this goal, the 
unusual amino acid y-carboxyglutamic acid (Gla) has been employed (Fig IA). Here we 
report on the design of a 35-residue disulfide bridged dimer which undergoes an almost 
complete random coil to coiled-coil transition upon high affinity binding of La3+. 

Results and Discussion 

The sequence of the designed metal-binding peptide Gla2Nx (Fig. IB) is based on our 
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Fig. 1. A, Structure of y-carboxyglutamic acid (Gla). B, Sequence of the metal-binding coiled-coil 
Gla2Nx. Substitutions of Gla (denoted G') for Gln at positions 15 and 20 and Asn for Val at 
position 23, which distinguish Gla2Nx from Nx, are highlighted in bold type. C, Helical rod 
diagram representing a side view of the Gla2Nx coiled-coil. 
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"native" coiled-coil Nx, which has a AGU of 5 kcal/mol and was used as a control in 
previous studies [2,3]. Gla2Nx is destabilized relative to Nx by the substitution of Asn for 
Val at the hydrophobic position 23 and by Gla substitutions for Gln at positions 15 and 20. 
These Gla residues form destabilizing interhelical i to i'+5 (g-e') repulsions [3]. The circular 
dichroism spectrum of Nx (Fig. 2A) is indicative of a highly helical structure, the spectrum 
of apo-Gla2Nx is essentially that of a random coil peptide. The molar ellipticity at 222 nm 
(6222 value) is a good measure of helical content. 8222 f° r Gla2Nx is -2,500 compared with 
-35,200 for Nx. Addition of the helix-inducing solvent trifluoroethanol (50% v:v) causes a 
large increase in the 8222 value for Gla2Nx to -20,900 (59% of the 8222 v a i u e for Nx). 
Addition of 5 mM LaCl3 causes a much larger induction of helical structure in Gla2Nx, 
resulting in a 6222 value of -33. Titration of G ^ N x with LaCl3 (Fig. 2B) illustrates tight 
binding. From the initial slope, the stoichiometry is two La3+ ions per peptide dimer. This 
result fits with the prediction that one La3+ ion will be coordinated between Gla residues at 
positions 15 and 20' and another will be coordinated between Gla residues at 15' and 20 
(Fig. IC). Each metal ion is complexed by four carboxylate groups (up to eight oxygen 
atoms in the coordination sphere). The data fit a model with two independent binding sites 
and Kj of 0.6 ± 0.3 uM. It was found that Ca2+ also induced significant helical structure in 
Gla2Nx but displayed a very weak binding affinity (Kj - 1 8 mM). Thus, Gla2Nx can be 
specifically induced to fold by a trivalent metal ion. 

190 200 210 220 230 240 

Wavelength (nm) 
250 1 2 3 4 5 6 

[La3 + ] / [pept ide]d i m e r 

Fig. 2. A, Circular dichroism (CD) spectra ofNx (open circles) and GlafNx (open squares), in 25 
mM MOPS, 25 mM KCI buffer, pH 7 at 20°C. Also shown are spectra of Gla2Nx under the same 
conditions plus either 50 % trifluoroethanol (v:v) (closed squares) or 5 mM LaCls (closed 
triangles). B, LaCls titration ofGla2Nx as monitored by CD. 
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a to P transitions of peptides caused by hydrophobic defects 

Yuta Takahashi, Akihiko Ueno and Hisakazu Mihara 
Department of Bioengineering, Faculty ofBioscience and Biotechnology, 

Tokyo Institute of Technology, Nagatsuta, Yokohama 226, Japan 

An improved understanding of protein misfolding and off-pathway aggregation [1] is 
critical to the study of proteins related to amyloid pathogens such as Alzheimer's [2] and 
prion diseases [3,4], as well as to the clarification of protein folding pathway. In the prion 
proteins the a-helix-rich form is transformed to the scrapie isoform with a higher p-sheet 
content, which initiates fibril formation. In general, hydrophobic clustering seems to be an 
important feature for peptide transformation. In this study, we applied the concept of 
hydrophobic defect to design and synthesize a peptide capable of performing an a-to-P 
structural transition (Fig. IA). 

Results and Discussion 

A two-a-helix peptide was designed as a simplified leucine zipper model, and each N-
terminus was modified with an adamantane group (Ad-2a) as a hydrophobic defect (Fig. 
IB). CD studies revealed that Ad-2a initially formed an a-helical structure, but the 
conformation gradually changed to a P-structure in a neutral aqueous solution after 4 h at 
25 °C (Fig. IC). Gel-filtration analysis indicated that the peptide was in a monomeric 2a-
helix structure at first, and formed aggregates coinciding with the a-to-P transition. The 
acetylated-2a (C2-2a) lacking the hydrophobic defect formed an a-helical structure, but 
failed in the transition. One segmental peptide (Ad-la) was in an almost random structure 
and did not show a transformation. These results suggested that both the hydrophobic 
defect and the initial a-helix structure were essential for transformation. Denaturation 

<=> 

B 
(Tj>pA-ALEQKIiAALEQKLA-pA-C-NH2 

<2J>- PA-ALEQKLAALEQKLA- PA- C-NH2 

2a Acm 
i 

(2E>pA-ALEQKLAALEQKLA-pA-C-NH2 

1a 
< 2 3 ^ A d . 

n = 2,4,6,8, 10, 12, 14, 16 
200 220 240 

Wavelength / nm 

Fig. 1. a-To-fi structural transition of the peptides containing hydrophobic defects. (A) Schematic 
representation of the a-to-P transition. (B) Amino acid sequences of the peptides and hydrophobic 
groups at N-termini. (C) CD spectral changes and time course of [d]'205 (inset) of Ad-2a. 
Table 1. Summary of conformational properties of the peptides with aliphatic chains. 
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Peptide 

C2-2a 
C4-2a 
C6-2a 
C8-2a 

Cio-2a 
Ci2-2a 
Ci4-2a 
Cie-2a 

Initial state in a 

Oligomerization 

1 mer 
1 mer 
1 mer 
1 mer 

1-3 mer 
3 mer 
3 mer 
3 mer 

-[8]222 

neutral aqueous 

/deg cm2 

15 800 
15 500 
16 200 
21000 
25 000 
25 300 
25 600 
26 000 

dmol" 

solution 
1 -AGH2O / kcal mol"1 

0.45 
0.86 
1.09 
0.76 
1.74 
2.88 
2.87 
2.46 

oc->P Transition b 

a 
a->p* 14 h 
a->p* 8h 
a->P 4h 
a ^ P 14 h 
a 
a 
a 

a determined by size exclusion chromatography. b a means that a peptide stays in a-helix. a—>P 
and a—>P* denote an almost complete and an incomplete a-to-p transitions, respectively, 
occurred within indicated periods. 

experiments using guanidine hydrochloride revealed that both the a-helix and P-structure 
did not possess high stability (-AGH20 were 1.0 and 2.5 kcal mol"1, respectively). The low 
stabilities in both structures and their small difference seemed to provide the peptide with 
the ability to undergo a slow transition. P-Cyclodextrin (pCDx), which has a high affinity 
for capturing the adamantane group in the cavity, inhibited the transition of Ad-2a in a 
concentration-dependent manner. The addition of 10 equiv. of PCDx completely inhibited 
the transition. 

To clarify the effects of hydrophobic groups on the a-to-P transition, aliphatic acyl 
groups with a range of chain lengths (C2 - C16) were attached to the 2a- and la-peptides 
(Fig. IB). It became clear that there was an optimum hydrophobicity for the transitions, 
and the transitional properties of the peptides seemed to be dependent on the initial a-helix 
states (Table 1). The octanoyl-group was most effective for the transition of the 2a-
peptide. The peptides with longer acyl chains (C12-, C14-, C16-2a) had a more stable a-
helix structure due to the formation of oligomers, and did not transform. The la-peptides 
capable of forming a-helix (C12-, C14-, C16-la) also transformed to a p-structure. The 
la-peptides with shorter chains were in a random coil and did not transform. These results 
confirmed that the appropriate hydrophobic defects in a-helix peptides with low stability 
are responsible for the a-to-p transitions. 
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A natural motif approach to protein folding and design [1] 

Daniel J. Butcher,3 M. Anna Kowalska,b Song Li,a Zhaowen Luo,a Simei 
Shan,a Zhixian Lu,a Stefan Niewiarowskib and Ziwei Huang3' 

" Kimmel Cancer Institute, Jefferson Medical College, Thomas Jefferson University, Philadelphia, 
PA 19107, USA; b Dept. of Physiology, Temple University School of Medicine, 

Philadelphia, PA 19140, USA 

The design of smaller functional mimics of large proteins has long been an important 
challenge. In this study we use the natural leucine zipper as a structural template to design 
a 31-residue peptide analog that mimics the function of the larger platelet factor 4 (PF4) 
protein. The heparin binding activity of PF4 has been introduced into an unrelated leucine 
zipper sequence only by virtue of incorporating four lysines of PF4. Circular dichroism 
and binding experiments have shown that the designed leucine zipper peptide adopts a 
stable helical conformation and shows significant PF4-like heparin binding activity. These 
results strongly suggest that the lysine residues play an important role in the binding of 
PF4 to heparin. The de novo generation of the PF4 function in a designed leucine zipper 
peptide demonstrates that the leucine zipper motif is a useful scaffold for the design of 
functional peptides and proteins. 

Results and Discussion 

The heparin binding activity of the designed 
leucine zipper peptide PF4ZjP was measured by 
retention on a heparin-agarose column in the 
presence of increasing NaCl concentrations. 
Fig. 1 shows that the designed leucine zipper 
peptide strongly binds heparin like the native 
PF4 protein. In contrast, no heparin binding 
activity is observed in the control native leucine 
zipper peptide GCN4aP which contains an 
identical amino acid sequence except for the 
three modified lysine residues. These results 
demonstrate that the remarkable heparin binding 
activity of the designed leucine zipper peptide is 
specifically due to the introduction of the lysine 
residues. Further in vitro functional assay 
studies have shown that the designed leucine 

10 20 30 40 
Fraction Number 

O 
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Fig. 1. Heparin binding of the PF4zip (•) as 
compared to the control GCN4zip (M) as well as 
native PF4 (A.) 

zipper peptide also reverses heparin anticoagulation, as determined by the activated partial 
thromboplastin time (APTT), while the control leucine zipper peptide does not have such 
activity (data not shown). 
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In order to determine the structural basis 
for the observed heparin binding activity of 
the designed leucine zipper peptide, we 
have carried out circular dichroism (CD) 
experiments to investigate the solution 
conformation of this peptide. The CD 
spectrum of this peptide (Fig. 2) indicates 
that the peptide adopts a highly helical 
conformation in aqueous solution. In 
addition, the peptide displays a two-state 
melting profile which is typical for a fully 
folded native protein (data not shown). The 

185 195 205 215 225 
Wavelength (nm) 

235 245 

Fig. 2. CD Spectra ofPF4lip ( • ) as compared 
Tm for GCN4Z is 55°C and 42°C for toGCN4zip(W) andPF458.70(+). 
PF42ip. These results demonstrate that the 
designed leucine zipper peptide maintains a native-like helical conformation of the leucine 
zipper template. In addition, to further investigate the importance of this helical 
conformation for heparin binding activity, we studied the solution conformation of a 
peptide comprising the C-terminal helix of PF4 (PF458-7o). Although this peptide contains 
the binding domain of PF4 with the four lysines proposed as heparin binding sites, the 
peptide has very low binding affinity for heparin. CD spectrum of the peptide shows that it 
displays a random coil conformation. This explains the loss of binding activity of the 
peptide and confirms the importance of the helical conformation as a framework for 
presenting the heparin binding lysine side chains. 

Conclusion 

The results of this study demonstrate the feasibility of our method in utilizing leucine 
zipper motifs as templates to design novel biological properties. The designed leucine 
zipper peptide adopts a stable conformation and possesses significant PF4-like heparin 
binding activity. This study suggests that the diverse structural motifs that nature has 
provided us can be exploited to design new functional peptides and proteins. 
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Engineering of a cationic coiled-coil protein bearing 
RGD-like ligands on proline-II helical spacers 

Harold D. Graham, Jr., Deborah M. John and Bruce W. Erickson 
Department of Chemistry, University of North Carolina at Chapel Hill, 

Chapel Hill, NC 27599, USA 

A RAMP is a receptor-adhesive modular protein (RAMP) which is designed to bind to 
two (or more) receptors on the surface of the same cell at the same time [1, 2]. 
Arg-Gly-Asp (RGD) is a peptide ligand present in some extracellular matrix proteins that 
binds to certain members of the integrin family of cell-surface receptors. JUDY and JUDF 
are RGD-like peptides containing 4-amidinobenzoic acid (J) and P-alanine (U) that bind 
tighter than RGD to these integrins [3, 4]. We have engineered JUDY-Procoil, a 
90-residue dimeric RAMP containing two JUDY ligands that are each attached to an 
a-helical coiled coil by two flexible linkers and a rigid proline-II helical spacer (Fig. 1). 

Results and Discussion 

The designed amino-acid sequence of the disulfide-linked dimeric protein JUDY-Procoil 
is: 

J U D Y X P P P P P P P P X L K K L K K K L K K L K K K L K K L K K K L K K L K K K L X C -
NH2 

• • • • • • • • • I 

J U D Y X P P P P P P P P X L K K L K K K L K K L K K K L K K L K K K L K K L K K K L X C -
NH2 

where the linker is 6-aminohexanoic acid (X), the diamonds (• ) indicate hydrophobic 
interactions, and the vertical bar (I) is the disulfide bridge between the C-terminal cysteine 
residues. Each chain of this RAMP contains JUDY as the N-terminal ligand, octaproline 

proline-II 
helical spacers 

JUDY-X 

JUDY-X 

JUDY 

«-helical 
coiled coil 

•As p Tyr 

Fig. 1. Modular structure of receptor-adhesive modular protein JUDY-Procoil. 
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as the spacer, and a highly cationic a helix. The P8 spacer should fold into a proline-II 
helix about 25 A long. The four-heptad repeat (LKKLKKK)4 should fold into an a helix 
about 42 A long. The flexible linkers X are each about 5 A long when extended. The 
45-residue monomer should oxidize to form a dimer (Fig. 1). The JUDY ligands could be 
as much as 65 A apart and might bind to two integrins. The highly cationic parallel 
a-helical coiled coil should have many positive charges on its 40 exterior lysine residues. 

We have designed, synthesized, and characterized JUDY-Procoil. The 45-residue 
monomer was assembled by automated solid-phase synthesis and manual capping with J, 
purified by RP-HPLC, and air oxidized to afford the 90-residue dimer, which was also 
purified by RP-HPLC on butyl-silica. ESI mass spectrometry indicated that 80% of the 
dimer had the J cap on both chains and 20% had it on only one chain. The CD spectrum 
of a proline-II helix exhibits a strong negative band at 205 nm and a weak positive band at 
226 nm; that of an a helix shows strong negative bands at 208 nm and 222 nm. The CD 
spectum of JUDY-Procoil (Fig. 2, left) suggests the presence of both helical types. 
Reduction of the disulfide bond with dithiothreitol (DTT) abolishes the a-helical structure 
while maintaining the proline-II helix (center). Subtracting the latter spectrum from the 
former reveals the a-helical coiled coil ([6]222/[0]208 = 0.98) that was lost on reduction 
(right). Thus formation of the disulfide bond induces folding of the cationic coiled coil. 

1 5 -

190 210 230 250 
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190 210 230 250 
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190 210 230 250 
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Fig. 2. CD spectra of 0.021 M JUDY-Procoil in 0.05 M phosphate (pH 7.0) and 0.05 M KCI at 
25 °C without DTT (left) and with DTT (center) and their difference spectrum (right). 
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Conformational comparison of peptide templates and their 
folding enhancements on TASP 
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To avoid the problem of protein folding, Mutter [1] has developed a method called 
template-assembled synthetic protein (TASP) in which a template molecule is introduced 
to help the synthetic protein fold into its desired tertiary structure. This strategy has diverse 
applications in protein de novo design [2]. In the present contribution, we focus on how the 
templates influence TASP folding. Two cyclic peptide templates, Cn, C12 and two linear 
templates, L10, L12, were thus designed to incorporate two de novo designed a-helical 
peptide segments, H1.2 and Hi6- The conformations of the so obtained four helical bundles 
were characterized by circular dichroism(CD). 

d o cyclo(Lys-Pro-Gly-Lys-Gly)2 L10 Ac-(Lys-Pro-Gly-Lys-Gly)2-Me 
C12 cyclo(Phe-Lys-Pro-Gly-Lys-Gly)2 L12 Ac-(Phe-Lys-Pro-Gly-Lys-Gly)2-Me 
H]2 Ac-A-E-E-L-L-K-K-L-E-E-L-G-OH Hi6 Ac-A-(E-E-L-L-K-K-L)2-G-OH 

Results and Discussion 

All of the peptides were synthesized via fragment condensation of solution method and 
purified by HPLC. The C10 and C12 templates were prepared from cyclic dimerization of 
their pentapeptide and hexapeptide precursors [3]. Four helical bundles, C58, L58, C60, Leo, 
C76 and L/76, were obtained by selective connection of the C-terminal carboxyl groups of 
H12 or Hi6 with the e-amino groups of the templates, respectively. For example, C60 = 
Ci2+4Hi2and L6o=Li2+4Hi2. 

Circular dichroism(CD) studies demonstrate that the conformations of the cyclic 
peptide templates are similar to that of the corresponding linear templates, but the cyclic 
peptides have more stable conformations in polar solvents due to their backbone 
constraints [4]. The solution structures of C10 and C12 were further determined by 2D-NMR 
techniques. C12 has a 'double-V like conformation in DMSO-d6 and its four lysine side-
chains locate the same endo-face of the 'double-V [5]. C10 has a boat like conformation in 
DMSO-d6, and its lysine side-chains are placed in the same exo-face of the 'boat bottom'. 
Such a conformation of either C10 or C12 is advantageous to the folding of TASPs, for its 
side chains position the same face of the templates. This prediction was confirmed through 
CD studying of the single a-helical segment and the TASPs in aqueous solution. From Fig. 
1, it can be found that H12 exists in a random coil structure, L̂ o and L58 have only 35-45% 
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a-helix content, but C6o and C5s have much greater (70%) a-helical structure. This shows 
that cyclic templates enhance the helical structures of the TASPs to a much greater extent 
than the linear templates, although the latter are also beneficial to TASP folding.. However, 
the difference between cyclic and linear templates in their folding enhancements on TASPs 
is very small when a longer helix segment, Hi6, was linked. As shown in Fig. 2, Hi6 has 
only 45% a-helix content, while L/76 and C76 have about 90% a-helix content. The 
hydrophobic interactions among the long helical segments compensate for the 
disadvantageous flexibility of the linear template backbone. 
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Fig. 1. CD spectra ofCS8(B), C^C), LS8(D), L^E) 
H12(F) in neutral aqueous solution. 

Fig. 2. CD spectra ofC76(B), L76(C) and and 
H16(D) in neutral aqueous solution. 

Conclusion 

The tertiary folding of a TASP is dependent on both the conformation of the template and 
the secondary potential of the peptide segment. 
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Use of a potent and selective highly constrained peptide agonist 
to design de novo an equally potent and selective non-peptide 

mimetic for the 8-opioid receptor 
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A major but elusive goal of peptidomimetic research is the translation of 3D 
pharmacophore information of a potent bioactive peptide to a small non-peptide molecule 
with the same agonist biological activities. Successfully bridging the design gap from 
peptide to non-peptide mimetic requires, clarification of the geometrical relationships of 
key pharmacophores. First we undertook a detailed development of a 3D peptide 
pharmacophore based on design, synthesis and comprehensive evaluation of 
conformational (<)>, 4/) and topographical (chi[%]) space. We have used a potent and highly 
8 opioid receptor-selective analogue [(2S,3R)-TMT']DPDPE to successfully design, de 
novo, a high affinity, highly selective 8-opioid receptor ligand. 

Results and Discussion 

The key pharmacophores for 8 opioid receptors include the phenol ring and a-amino group 
of Tyr1, the phenyl ring of Phe4, and a sterically bulky lipophilic group in position 2. We 
examined the 3D relationships of these groups in the highly constrained 8 opioid peptide 
[(2S,3R)-TMT1]DPDPE using 2D NMR, detailed computer modeling and molecular 

N pharmacophore 
Aromatic Pharmacophores 

/ 

Providing constrain! and 
hydiophoc-ldly lo Iho 
mimic moloctile I C S ( F 8 . 4 nM{5) , ju6=202ll 

SL3111 
IC50=5.OnM(5),n/6=850 

[(2S,3R)-TMT']DPDPE 

Fig. 1. Design of 8-selective non-peptide mimetic from a potent and selective peptide lead. 
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Table 1. Effect of the Mutation of Cloned Human 5-Opioid Receptor on 
nM) of 8-Selective Opioid Ligands 

Ligand 

[Phe(p-C1)4]DPDPE 

SL-3111 

SNC-80 

Wt 

1.53 ±0.26 

4.43 ± 0.49 

2.85 ± 0.26 

W284L 

1.55 ±0.11 

17.1 ±10.6 

49.1 ±4.33 

: the Binding Affinity (IC50, 

W284L/Wt 

1.0 

3.9 

17.2 

Wt: cloned human 8-opioid receptor. W284L: mutated 8 receptor- Trp 284 to Leu. 
dynamics[l]. The low energy conformations were compared with those of the potent 
through non-selective 8 non-peptide ligand SIOM (ki=1.4 nM at 8 and 10.6 nM at p 
receptors) [2]. These studies led to the pharmacophore shown in Figure 1 for 
[(2S,3R)TMT1]-DPDPE. Key topographical elements in the bioactive conformation were a 
distance between the aromatic rings of 7.0 ± 1.5A, a bulky hydrophobic group on the face 
opposite the aromatic pharmacophores, and the a-amino group. Computer-assisted 
modeling for several non-peptide scaffolds led to six-membered ring templates (Figure 1). 
To simplify the synthetic requirements for testing the different structure requirements of 
the pharmacophore, a piperazine template was chosen. A variety of structures related the 
SL-3 111 were synthesized. The binding affinities and 8 vs p opioid receptor selectivities 
were determined using the standard guinea pig brain membrane radioligand binding assays, 
with [3H]DAMGO (p-ligand) and [3H][Phe(p-Cl)4]DPDPE (8-ligand). The most potent 
and selective compound from the initially designed group was SL-3111 (Figure 1) which 
has an IC50 binding affinity of 8.4 nM at 8 receptors and a 8 vs p opioid binding selectivity 
of 2000. This is comparable or better than the peptide lead [(2S,3R)-TMT']DPDPE 
(IC50=5.0 nM, p/8=850). We next examined whether the non-peptide ligand mimics 
peptide or non-peptide ligands in its interactions with 8 receptors. Previously we had 
shown [3] that replacement of Tip284 of the human 8 opioid receptor by a Leu residue lead 
to a 8 opioid receptor in which binding of 8 peptides e.g. [Phe(p-C1)4]DPDPE was not 
affected, whereas non-peptide 8 selective agonist ligands e.g. SNC-80 [4] were greatly 
reduced. When SL-3111 was examined, its binding was very similar in both receptors 
(Table 1) as expected for a peptide mimetic. Several other tests of structure-activity 
similarities or differences of peptide vs non-peptide ligands are currently being examined. 
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Hepatitis delta virus (HDV) is a small satellite virus of hepatitis B virus that can cause fatal 
liver disease in man [1]. HDV RNA encodes one known protein, hepatitis delta antigen 
(HDAg). Multimerization of HDAg is needed for replication and virion assembly. We 
have synthesized quadrin, a 50-residue peptide consisting of HDAg segment 12-60 plus a 
C-terminal tyrosine residue [2]. Quadrin forms a thermally stable a-helical coiled-coil 
multimer that binds to antisera from patients infected with HDV [2]. 

The crystal structure of quadrin at 1.8 A resolution reveals a 400-residue square 
octamer having D4 symmetry [3]. Each quadrin monomer contains a long five-turn A helix 
(HDAg residues 13-48) and a short B helix (HDAg residues 51-59). Each edge of the open 
square consists of one antiparallel a-helical coiled-coil dimer (A/A interaction). Four 
quadrin dimers form a square octamer surrounding a 45 A by 45 A solvent-filled square 
hole. At each of the four corners of the quadrin octamer, two quadrin dimers form a right 
angle (AB/AB interaction). We modeled the quadrin corner with deltoid, a 51-residue 
peptide containing half of a quadrin dimer, and examined its ability to dimerize in solution. 

Results and Discussion 

Deltoid monomer is a chimeric peptide containing sequentially the N terminus of one 
quadrin monomer (HDAg residues 12-28), the a-hairpin loop of Thermus thermophilics 
serine tRNA synthase (residues 59-65), and the C terminus of another quadrin monomer 

1 5 10 15 20 25 30 35 40 45 51 

GREDILEQWVSCRKKLPKAPPEELRKLKKKCKKLEEDNPWLGNIKGIIGKY 

s s disulfide bond 

< AN helix > < Ac helix > <B helix> 

< > loop 0 bend 

Fig. 1. Amino-acid sequence of the deltoid monomer and its major structural features. 
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Fig. 2. Ribbon diagrams of the deltoid monomer (left) and the deltoid dimer (right). 

(HDAg residues 34-60 plus Tyr) (Fig. 1). Deltoid monomer was designed by homology 
modeling and molecular modeling to be a three-helical bundle in which a helices AN and 
AC form an antiparallel coiled coil through hydrophobic interactions and helix B packs 
against the other two helices by hydrophobic contacts (Fig. 2). Deltoid has a disulfide 
bridge but reduced deltoid has two cysteine residues. Two deltoid monomers might form 
an isologous dimer through hydrophobic contacts of their AN and B helices (Fig. 2). 

The reduced deltoid monomer was synthesized by the solid-phase method, purified by 
RP-HPLC, and air oxidized to the deltoid monomer, which was also purified by RP-HPLC. 
The molecular masses of the reduced deltoid chain (6046 Da) and the deltoid chain 
(6044 Da) were confirmed by ESI mass spectrometry. By ELISA studies, the deltoid 
protein bound as tight as quadrin octamer to polyclonal antibodies from a human patient 
with HDV and to a monoclonal antibody raised against the quadrin octamer. Thus HDAg, 
quadrin, and deltoid fold into conformationally similar structures. 

By CD spectroscopy, reduced deltoid and deltoid each showed substantial a-helical 
content and underwent reversible thermal unfolding. The melting temperature for reduced 
deltoid (-60 °C) was about 35 °C lower than that for deltoid. By sedimentation 
equilibrium studies in the analytical ultracentrifuge, each protein underwent reversible 
dimerization at 20 °C. The dissociation constant for the reduced deltoid dimer (-60 pM) 
was only about half that of the deltoid dimer. Thus the disulfide bond of deltoid 
significantly stabilises it towards thermal unfolding but slightly destabilises the deltoid 
dimer in its equilbrium with deltoid monomer. Deltoid is a good model protein for 
studying the interactions involved in forming the corners of the quadrin octamer. 
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Engineering of a molecular system that efficiently mimics the redox-separated state (rss) of 
a photosynthetic reaction center is an unsolved problem of photophysics. The long-term 
goal is to construct light-harvesting arrays that function as photochemically and 
electrochemically coupled molecular reactors [1]. A short-term goal is to achieve efficient 
redox separation and light harvesting through photoinitiation of a series of intramolecular 
electron transfers. One design strategy is to use peptide secondary structure to control the 
orientation and spacing of the redox sites involved in the electron transfers. 

Functionalized oligoprolines can form stable helical peptides. Using a modular 
synthetic strategy, McCafferty et al. [2] engineered the 13-residue redox triad ZRA, whose 
rss had a lifetime of 175 ns and a quantum yield of formation of -50% per photon 
absorbed. We have engineered a longer oligoproline redox array with increased rss 
lifetime. 

Results and Discussion 

We have designed, synthesized, and characterized oligoproline arrays containing the new 
redox chromophore Ru'p^m, a derivative of tris(2,2'-bipyridine)ruthenium(II) with an 
aminocarbonyl group on five of its six pyridine rings. It contains two copies of the novel 
ligand p, 2,2'-bipyridine-4,4'-dicarboxylic acid bis(pyrrolidine amide), and one copy of 
ligand m, 4'-methyl-2,2'-bipyridine-4-carboxylic acid, which is bound to the 4-amino 
group of Boc-(25,,45^-4-aminoproline (Boc-Pra). Solid-phase assembly using the new 
redox module Boc-Pra(Runp2m), the electron-accepting anthraquinone module 
Boc-Pra(Anq), and the electron-donating phenothiazine module Boc-Pra(Ptz) afforded the 
21-residue redox triad CH3CO-Pro7-Pra(Ptz)-Pro2-Pra(Ru11p2m)-Pro2-Pra(Anq)-Pro7-NH2 
(ZRA2) as well as CH3CO-Pro7-Pra(Ptz)-Pro2-Pra(RuI,p2m)-Pro5-Pra(RuIIp2m)-Pro2 
-Pra(Anq)-Pr07-NH2 (ZRRA), a 27-residue redox tetrad. These orange solids were 
analytically pure by HPLC and gave the expected molecular masses by ESI mass 
spectrometry (3629 Da for ZRA2, 5225 Da for ZRRA). Circular dichroic studies of ZRA, 
which has only a Pro3 segment at each terminus, showed that it forms a proline-II helix in 
water or CH3CN [2]. In contrast, the redox arrays ZRA2 and ZRRA, which have a 
longer Pro7 segment at each terminus, fold into a left-handed proline-II helix in water but 
into a right-handed proline-I helix in CH3CN. 
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Nanosecond laser-flash photolysis of ZRA2 and ZRRA in CH3CN with absorbance 
monitoring showed characteristic transient absorption bands for the bipyridine radical 
anion at 375 nm, Ptz*+ at 520 nm, and Anq*" at 590 nm. Kinetic analysis revealed that the 
rss lifetime is the same for ZRA2 (170 ns) as for ZRA but is eleven times longer for ZRRA 
(2000 ns). Three lines of evidence indicate that electron transfer from the rss 
(Ptz*+..-Anq*+) back to the ground state proceeds through the bonds of the oligoproline 
chain rather than through space. First, the through-space distance from Ptz*+ to Anq*" is 
-18 A for the proline-II helix of ZRA and only -11 A for the proline-I helix of ZRA2, but 
their rss lifetimes are the same. Second, although the through-space distance for back 
electron transfer is -14 A longer for the proline-II than for the proline-I helical form of 
ZRRA, their rss lifetimes are the same in CH3CN. Third, the rss lifetime of the latter is 
only slightly longer at lower temperatures. 
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Prolyl amide geometry dictates two kinds of helical conformations in polyproline [1]. N-
terminal amides to proline are all cw-isomers in type I polyproline (PPI), which is a right 
handed helix with an axial translation of 190 pm. Type II polyproline (PPE) is a left handed 
helix with an axial translation of 320 pm due to the prolyl amides existing as frans-isomers. 
Peptides adopting PPE conformations have been observed to bind to kinases, SH2 and SH3 
domains, and MHC class II proteins by NMR spectroscopy and X-ray crystallography [2]. 
Because of conformational lability, PPI has been studied mostly in the solid state by X-ray 
diffraction and little is known about this peptide structure and its relevance in protein biology 
[1-3]. In order to better characterize the physical and biological properties of PPI, we are 
using the steric interactions of 5-alkylprolines to augment cw-isomer populations in 
polyproline helices. We report attempts to induce PPI geometry in water by incorporating 5-
terf-butylproline (tBuPro) into polyproline hexamers as studied by NMR and CD 
spectroscopy. 

Results and Discussion 

Ac-Pro-Pro-NH2 (1) Ac-Pro-Pro-Pro-Pro-Pro-tBuPro-NH2 (4) 
Ac-Pro-tBuPro-NH2 (2) Ac-Pro-Pro-tBuPro-Pro-Pro-tBuPro-NH2 (5) 
Ac-Pro-Pro-Pro-Pro-Pro-Pro-NH2 (3) Ac-Pro-tBuPro-Pro-tBuPro-Pro-tBuPro-NH2 (6) 

Proline oligomers 1-6 were prepared to examine both the local and global effects of tBuPro 
on polyproline conformation. Fmoc-Pro-tBuPro (7) was first synthesized from (2S,5R)-N-
Boc-5-terr-butylproline methyl ester (8) [4]. Boc group removal with TFA in DCM, 
transesterification with allyl alcohol and p-TsOH in benzene, liberation of the amine with 
NaHC03, coupling to Fmoc-Pro using BOP-C1 and DIPEA in DCM, and finally allyl ester 
removal with Pd(PPh3)4 and Af-mefhylaniline in THF/DMSO/HC1 afforded 7 in 60% overall 
yield from 8. Proline oligomers 1-6 were synthesized on Rink MBHA resin (0.67 mmol/g) 
which was swollen in DCM for 20 min, and treated with 20% piperidine in DMF to effect 
Fmoc deprotection. Fmoc-Pro and 7 were introduced using TBTU and DIPEA in DMF. 
Final oligomers were Af-acetylated with excess AC2O and pyridine in DMF, cleaved with 95:5 
TFA/HzO, and purified by semi-preparative HPLC on a RP-C18 column with a linear gradient 
of 0-50% CH3CN in H20 with 0.1% TFA. 

Dipeptides 1 and 2 were examined by 'H NMR spectroscopy in water to disermine the 
influence of the f-butyl group on the prolyl amide equilibrium. The Pro-Pro amide of 1 was 
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primarily in the frans-isomer which displayed a strong NOE between Ha of the i and H8 of 
the i+1 residues. The spectrum of 2 indicated a 37:63 ratio of trans- and cw-isomers as 
assigned based on NOEs between the Pro Ha and tBuPro H8 for the trans and between the 
Pro Ha and tBuPro Ha for the cw-isomer. 

Hexapeptide 3 was observed to adopt a PPE conformation by *H and l3C NMR 
spectroscopy [3,5]. A strong NOE was apparent between the Ha and H8 signals of 3. The 
H spectrum of 4 depicted a PPII-like conformation in which a cisDtrans amide equilibrium 

was present at the N-terminal to the tBuPro residue with a 61:39 ratio of cis- and trans-
isomers. The frans-isomer of 4 exhibited NOE between the Pro Ha and tBuPro H5. The CD 
spectrum of 3 confirmed a PPE structure with a strong negative band at 203 nm and a weak 
positive band at 227 nm [1] (Fig.). The CD spectra for 4-6 deviated from PPE-like curves. 
The negative band diminished in intensity shifting to higher wavelength and the positive band 
disappeared as more tBuPro residues were introduced into the hexapeptide; however, PPI-like 
spectra were not observed in water. 

In conclusion, tBuPro was readily introduced into polyproline oligomers. The f-butyl 
substituent augmented amide m-isomer in dimer 2 and hexamer 4; however, the 
conformation of 4 remained mostly PPE in water. As tBuPro content increased PPE geometry 
was disturbed, but PPI was not observed in water. Thus, tBuPro exerted mostly local effects 
on prolyl amide geometry and not global effects on polyproline helical conformation in water. 
Alternative solvents and tBuPro 5-position stereochemistry are now being examined because 
they may enhance nucleation of PPI geometry [1,3]. 

10000 

190 X(nm) 260 

Fig.l. CD spectra of polyproline hexamers 3 (—), 4 (—), 5 (•••) and 6 (• — •) in water. 
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We have utilized the head-to-tail cyclic decapeptide gramicidin S (GS) as the basis for our 
design of novel antibacterial peptides. Results from our previous study [1] indicated that the 
disruption of B-sheet structure and amphipathicity in cyclic peptides related to GS appeared 
to be responsible for conferring a high degree of specificity for microorganisms over higher 
eukaryotic cells (a high therapeutic index). In the present study we test this hypothesis using 
GS14, a highly amphipathic 6-sheet peptide which exhibits low antimicrobial activity and 
extremely high hemolytic activity. Fourteen diastereomers of GS14 were synthesized, each 
containing a single enantiomeric substitution, with the goal of disrupting the 6-sheet 
conformation and amphipathicity of the molecule. 

Results and Discussion 

GS 14, cyclo(Val-Lys-Leu-Lys-Val-dTyr-Pro-Leu-Lys-Val-Lys-Leu-dTyr-Pro), and its fourteen 
diastereomers were synthesized, cyclized and isolated as reported previously [1]. Shown are 
the CD spectra of GS14 and a representative number of diastereomers under aqueous 
conditions (Fig. 1 A). The CD spectrum of GS 14 is typical of those seen for other cyclic 6-
sheet/6-turn peptides such as GS, and therefore contains B-sheet structure. The alternating 
hydrophobic-basic residue pattern therefore confers a high degree of amphipathicity to the 
molecule. GS 14 diastereomers all exhibited CD spectra more typical of disordered structures, 
indicating that the 6-sheet conformation was disrupted by the incorporation of the single 
enantiomeric substitutions. 

GS14 and the diastereomers were resolved by reversed-phase HPLC, with all 
diastereomers eluting at shorter retention times compared to the parent molecule. GS14 and 
the present diastereomers all have the same intrinsic hydrophobicity, and any differences in 
retention time are due to their effective hydrophobicity which is related to the ability of the 
peptide to present a hydrophobic face to the HPLC matrix. Retention time on reversed-phase 
HPLC of the present analogs is therefore a measure of the ability of the peptide to achieve a 
B-sheet conformation and an amphipathic nature. 

There was a clear relationship found between retention time on reversed-phase HPLC and 
hemolytic activity, with those analogs having the lowest retention times also showing the least 
hemolytic activity (data not shown). The antibacterial activity and therapeutic index of GS 14 
and the diastereomers against a representative microorganism is shown in Fig. IB. GS14 

152 



153 

exhibits low antibacterial activity coupled with extremely high hemolytic activity (a low 
therapeutic index), whereas the diastereomers exhibit a wide range of activities, with some 
analogs showing activities similar to GS14, and some exhibiting complete opposite activities 
resulting in very favourable therapeutic indices. As with hemolytic activity, there was a clear 
relationship between antibacterial activity and retention time on reversed-phase HPLC, 
indicating that the least amphipathic peptides possess the most desirable biological properties. 

200 210 220 230 240 
Wavelength (nm) 

38 40 42 44 46 48 
Retention Time (min.) 

Fig. 1. Structure and activity of GSM and GSM diastereomers. A) CD spectra of GSM and 
representative analogs under aqueous conditions measured as reported previously [3,4]. B) 
Relationship between retention time, antibacterial activity(MIC, open circles) and therapeutic index 
(closed circles) of analogs against a Pseudomonas aeruginosa strain. The therapeutic index = 
hemolytic activity / antibacterial activity as described previously [4]. 

Conclusion 

A definite structure-activity relationship exists in the present cyclic fourteen residue 
antimicrobial peptides based on GS. The disruption of the overall B-sheet/6-turn structure in 
GS14, and hence the amphipathic pattern of the molecule, appears to be the key to designing 
GS analogs with desirable biological properties. 
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Systems that integrate biological, chemical and physical units have great potential in 
biosensor technology. In particular, peptide and protein modules self-assembled on gold 
surfaces in combination with surface plasmon resonance spectroscopy (SPR) as surface-
sensitive analytical technique proved to be a versatile approach for the development of new 
biosensors [1], 

Results and Discussion 

Topological templates were previously introduced in protein de novo design for 
constructing tertiary folds, such as 4-helical bundles, termed Template Assembled 
Synthetic Proteins (TASP) [2,3]. For the construction of a potential biosensor based on the 
TASP concept, a cyclic decapeptide offering two regioselectively addressable faces is used 
as a template. One face is functionalized with four identical amphipathic helices while the 
other face carries two antigenic peptides. N-terminal cysteine residues on the helices allow 
for the immobilization on gold surfaces in a self-assembly process. The topological 
template acts as (a) a device for the induction of a 4 helix bundle and (b) linkage between 
the antigenic peptide and the module for immobilization on gold surfaces. 

(Asn-Ala-Asn-Pro)3 recognized by the monoclonal antibody E9 was chosen as 
biologically active peptide because of its relevance in the immune response against malaria 
parasites. The helix comprising 12 amino acids of the sequence Ac-Cys-Ala-Ser-Ala-Aib-
Ser-Ser-Ala-Aib-Ser-Ala-Gly-OH is designed to span a monolayer formed by self-
assembled 11-mercaptoundecanol. Aminoisobutyric acid residues (Aib) were incorporated 
for stabilizing the helix and the polar serine residues serve as the hydrophilic part of the 
resulting amphipathic helix. 

After the formation of either pure self-assembled TASP or mixed TASP/11-
mercaptoundecanol monolayers, the reversible binding of the monoclonal antibody E9 
towards the functionalized surface was investigated by SPR spectroscopy. The results show 
that the assembled TASP present the antigenic peptide in a proper way, i.e. the antibody 
has free access to the binding site in harmony with the proposed structure (Fig. lb). The 
binding constant of the antibody is K = 5 x IO7 M"1, which is about 100 times higher that of 
the antibody/antigen complex in solution (Fig. la). Furthermore, the antibody could be 
displaced by washing the surface with a solution containing the free antigen (Asn-Ala-Asn-
Pro)3. 
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Fig. 1. Left: Self-assembled TASP molecules on a gold surface. The topological template induces 
a 4-helix bundle and acts as linker between the helical bundle and the antibody recognition site. 
Right: SPR scan of the binding (a) and displacement (b) of the antibody to the self-assembled 
TASP monolayer. 

Conclusion 

A chimeric TASP molecule, consisting of a 4-helix bundle motif and an antibody 
recognition site, has been covalently attached to a gold surface. The reversible antibody 
binding to the self-assembled monolayer as monitored by surface plasmon resonance 
spectroscopy demonstrates the versatility of the TASP concept for the construction of 
biosensors. 
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Src homology (SH)2 and SH3 domains are found in a variety of proteins involved in the 
control of cellular signalling and architecture [1,2]. The two domains are frequently found 
together in the same protein, for example in the Abelson kinase (Abl). SH2 domains 
recognize motifs that include key phosphotyrosine residues [3], while SH3 domains 
recognize sequences with multiple proline residues [4]. The interactions between these 
domains are poorly understood. Here, we describe an approach called "consolidated" 
ligands to probe structural and functional activities of multidomain proteins. These ligands, 
having multiple binding portions, may be expected to bind with high affinity and 
specificity when a linker between the two affine segments is of the correct orientation and 
length. 

Results and Discussion 

NMR studies on the Abl SH3 construct suggested that the Abl SH(32) dual domain is a 
monomer in solution, and that there is no interdomain interaction other than the covalent 
connection [5]. The topologies of these ligands for the Abl SH(32) dual domains are 
illustrated in Table 1, which also summarizes the binding affinities measured by quenching 
of intrinsic tryptophan fluorescence. The linkers here are comprised of of moieties 
containing about 5-8 glycyls according to computer-based predictions. 

All of the bivalent consolidated ligands in Table 1 were chemically synthesized by 
A7a-9-fluorenylmethyloxycarbonyl (Fmoc) solid-phase chemistry. The syntheses of type A 
ligands were achieved by introducing a branching point at lysine through application of the 
l-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) group which is removed under 
orthogonal conditions of hydrazinolysis [6,7]. Type B ligands were assembled by a novel 
strategy featuring acylation of Gn-2BP-resin by glutaric anhydride, followed by coupling 
of the 3BP peptide fragment. 

Affinities determined for all ligands (Table 1) showed that type A and type C ligands 
can bind to both SH2 and SH3 dual domains with high specificity and affinity. The values 
of ligands varied with linker lengths, an optimal length being about Gg (type A ligand) or 
G7 (type C ligand). An order of magnitude increase was observed comparing the most 
strongly bound single ligand (2BP, Kd = 2,350 nM) [6], while type B and type D ligands 
only interfere with SH2 domains with low affinity. It is concluded that ligated Abl SH(32) 
can adopt multiple subdomain orientations. Detailed analysis by isothermal titration 
calorimery (ITC) permits the estimation of the relative contribution of entropy and 
enthalpy to the binding energies. In conclusion, this approach of consolidated ligands can 
be used to identify the interfaces between domains for rational design of higher affinity 
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binding reagents, and to probe the relative rigidity between domains or the dynamics of 
interdomain motion. 

Table 1. Affinities of ligands to Abl SH(32). 

Ligand Structure Binding Subdomain Kd(nM) 

A 

B 

C 

D U^u- fc^> 

SH2 + SH3 

SH2 

SH2 + SH3 

SH2 

200-400 

-20,000 

200-400 

-20,000 

B^3 
N 

2BP (PVY*ENV) Linker (G„) 3BP (PPAYPPPVP) 
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Toward design of a triple stranded antiparallel P-sheet 

Heather L. Schenck and Samuel H. Gellman 
Department of Chemistry, University of Wisconsin-Madison, Madison, WI 53706, USA 

A recent report from our laboratory demonstrated that a D-proline residue could induce P-
hairpin formation in a 16-residue peptide in aqueous solution. The L-proline containing 
diastereomer displayed no (i-hairpin structure [1]. This observation prompted us to try to 
generate a triple stranded (3-sheet by incorporating two D-proline residues. Such a 
structure should be incrementally disruptable: replacement of either D-Pro with L-Pro 
should destroy one or the other of the hairpins. The use of chirality to alter structure is 
appealing because the peptides to be compared will be as similar as possible 
(diastereomers differing at one chiral center). In addition, any changes in stability of the 
remaining (D-Pro containing) hairpin in either L-Pro diastereomer may have implications 
for the energetics of p-sheet stabilization in proteins. 

Results and Discussion 

Cooperative formation and stabilization of a-helical structure is a well accepted fact in 
peptide and protein science [2]. Similar information on P-sheets has been heretofore 
unavailable, due to the intractable nature of P-sheets: peptidic models have been self-
associating, precluding study of incremental steps in structure formation [3,4]. 

Recent approaches to intramolecular P-sheet design have used P-hairpins; evidence 
suggests that hairpins can exist as stable structures in aqueous solution, in the absence of 
obvious intermolecular interactions [5, 6, 7]. The next step in design of nonaggregating P-
sheets is the design of additional linked strands. Such a structure could provide previously 
inaccessible information about cooperativity [8]. 

The use of D-Pro in the design of p-hairpins is predicated on two established facts in 
protein science. First, proline is known to induce formation of P-turns (the loop linking 
hairpin strands), although L-Pro generates type I and H turns, which are rare in two-
residue-turn hairpins [9]. Second, the "mirror image" turns, types F and II', promoted by 
D-Pro, are commonly found in hairpins of the type we wish to generate [10]. 

One of the most important considerations in such a design is the avoidance of 
aggregation. In order to obtain information about the formation and stability of a discrete 
secondary structure element (intramolecular P-sheet), intermolecular interactions must be 
prevented. P-sheets found in proteins are commonly amphiphilic, which allows one face of 
the sheet to pack against a hydrophobic protein surface while the other face is solvent-
exposed. A design using this type of structure would be prone to self-association. Even 
distribution of polar and nonpolar residues on both faces of the designed sheet, as well as 
selection of residues with high propensities for P-sheet formation, is the approach we have 
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selected. Our design thus probes whether p-sheet secondary structure relies on an 
amphipathic pattern. 

Further consideration in the design of a three strand p-sheet includes strategic 
placement of residues with sidechains that offer structural information. Our previous 
experience suggests that aromatic amino acids are particularly "communicative" with 
regard to structural information from NOE interactions. 

The analysis of structure in our peptide series focuses largely on NMR 
characterization techniques. 2D NMR methods commonly used in the study of proteins 
are employed; COSY and TOCSY sequences provide intraresidue chemical shift 
information, and ROESY spectra offer sequence assignment and evaluations of proton-
proton proximity. 

Additional information available from NMR data is based on comparisons of 
experimental chemical shifts to tabulated random coil values from the literature [11]. In 
the case of Ha protons, for example, P-structure is known to cause downfield shifting 
relative to random coil values. 

Conclusion 

The peptides we are designing represent a new level of structure in synthetic P-sheet 
peptides, and may offer insights on possible cooperative aspects of P-sheet formation. 
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Copper(II)-induced folding of betabellin 15D, 
a designed beta-sheet protein 

Amareth Lim,3 Mathias Kroll3, Yibing Yan3,Matthew J. Saderholm3, 
Alexander M. Makhovb, Jack D. Griffithb and Bruce W. Erickson3 

"Department of Chemistry and Lineberger Comprehensive Cancer Center, 
University of North Carolina at Chapel Hill, Chapel Hill, NC 27599, USA 

The betabellin molecule is a designed 64-residue protein that can fold into a p-sandwich by 
isologous interaction of two 32-residue p sheets [1,2]. When three pairs of D-amino acid 
residues are used at the four t and two r positions, which favors formation of three inverse-
common (type-I') p turns [3], the peptide chain can fold into a 4-stranded antiparallel p 
sheet stabilized by as many as 18 interstrand hydrogen bonds (Fig. IA). This P sheet is 
designed to have 12 polar residues protruding from one face and 12 nonpolar residues from 
the other so that two such P sheets can fold into a p sandwich through multiple 
hydrophobic interactions between their nonpolar faces [4]. In some cases, formation of p 
structure requires the presence of an intersheet disulfide bond [5]. 

B 

His 132 

His 32 

Fig. 1. A. Predicted P-sheet structure of one chain of betabellin 15D showing 18 interstrand 
C=0-H-N hydrogen bonds (•••) between pairs of polar residues (circled, side chains down) or 
nonpolar residues (boxed, side chains up). B. A computer-generated model of a molecule of 
betabellin 15D binding two Cu ions (spheres) through histidine residues. 
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Results and Discussion 

A molecule of betabellin 15D consists of two betabellin-15 chains covalently linked by a 
disulfide bond between their cysteine residues. The 32-residue chain (Fig. IA) was 
assembled by solid-phase peptide synthesis, purified to homogeneity by reversed-phase 
HPLC, and air oxidized in 20% (CH3)2SO at 37 C to provide betabellin 15D. The 
molecular masses of the single chain (3512 Da) and the disulfide-linked two-chain 
molecule (7022 Da) were confirmed by electrospray-ionization mass spectrometry. 

Circular dichroic studies showed that a solution of 40 pM betabellin 15D in 10 mM 
ammonium acetate without CuCl2 did not exhibit p structure at pH 5.8, 6.4, or 6.7. 
Addition of one molecule of CuCl2 per molecule of betabellin 15D, however, induced the 
formation of substantial P-sheet structure ([0] = -9500 deg cm2 dmol"1 at 218 nm and pH 
6.7). The Cu'Vbetabellin 15D complex showed more P structure at pH 6.7 than at pH 5.8 
or 6.4, which is consistent with binding of Cu11 to a neutral imidazole ring on the side chain 
of a histidine residue. When folded into a p sandwich, betabellin 15D has six histidine 
residues clustered at the rr end that can bind Cu11 ions (Fig. IB). 

Electron microscopic studies showed that 40 pM betabellin 15D in 10 mM ammonium 
acetate at pH 6.7 without CuCl2 did not form fibrils. But a solution of 36 pM betabellin 
15D and 110 pM CuCl2 in 10 mM ammonium acetate at pH 6.7 formed fibrils that were 35 
± 26 nm long (mean ± SD) but only 7 ± 2 nm wide. When folded into a P sandwich (Fig. 
IB), betabellin 15D is about 3.3 nm wide, so an average fibril is about 100 molecules of 
betabellin 15D long and only two molecules wide. The structure of these Cu'Vbetabellin 
15D fibrils is probably stabilized by many intermolecular p-sheet hydrogen bonds along its 
length (cross-P structure) and many intermolecular Cun/histidine bonds across its width 
(metal-ligand structure). 
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Engineering of an iron(II)-braced tripod protein 
containing proline-II helical legs 

Bassam M. Nakhle, Tracie L. Vestal, Matthew J. Saderholm 
and Bruce W. Erickson 

Department of Chemistry, University of North Carolina at Chapel Hill, 
Chapel Hill, NC 27599, USA 

Oligoproline assemblies bearing an electron donor, an electron acceptor, and a redox 
chromophore mimic photosynthetic reaction centers by converting light energy into 
chemical energy [1]. Controlling the distance between these redox modules is an important 
factor for the efficiency of energy conversion. Five or more contiguous proline residues 
form a stable rod-like helix [2] that can serve as a rigid molecular framework for linking 
the redox modules. 

We have designed, synthesized, and characterized an iron(E)-braced tripod protein 
that contains a redox-active chromophore (Fig. 1). It consists of three copies of a rigid 10-
residue leg peptide that is covalently linked through sulfide bonds to an N-terminal 
mesitylene apex and by amide bonds to an iron(E)tris(Mbc) brace, where Mbc-OH is 4'-
methyl-2,2'-bipyridine-4-carboxylic acid. A C3 symmetry axis runs through the centers of 
the apex and the iron(E) atom of the brace. 

Fig. 1. Synthesis of an iron(ll)-braced tripod protein. Three copies of the leg peptide (left) are S-
alkylated by l,3,5-tris(bromomethyl)benzene and the resulting unbraced tripod (center) is 
complexed with one Fe2+ ion to furnish the iron(II)-braced tripod (right). 
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Results and Discussion 

The leg peptide (H-Cys-Pr05-Pra(Mbc)-Pro3-NH2), where Pra is ra-4-amino-L-proline, was 
assembled by the solid-phase method using Boc chemistry and Boc-Pra(Mbc)-OH. The 
latter was made by coupling Mbc-OH to the 4-amino group of Boc-Pra-OCH3 [3] using 
BOP, DMAP, HOBt and NMM and saponifying the methyl ester, Boc-Pra(Mbc)-OCH3. 

The five modules of the tripod protein (3 legs, apex and brace) were assembled in two 
steps (Fig. 1). First, the thiol groups of three copies of the leg peptide were 
regiospecifically alkylated by l,3,5-tris(bromomethyl)benzene to furnish the unbraced 
tripod protein. Second, the braced tripod was obtained by complexing one molecule of the 
unbraced tripod with one Fe2+ ion from Fe(NH4)2(S04)2-6H20. 

The expected molecular masses of the unbraced tripod (3730 Da) and the braced 
tripod (3786 Da) were confirmed by electrospray-ionization mass spectrometry. The 
iron(E)-braced tripod exhibited a metal-to-ligand charge transfer (MLCT) absorption band 
at 545 nm. Far-UV circular dichroic spectroscopy (CD) revealed that the leg peptide, the 
unbraced tripod, and the braced tripod each fold in aqueous solution into a proline-E helix, 
which showed a strong negative CD band at 205 nm and a weak positive band at 226 nm. 
Iron(E)tris(2,2'-bipyridine) complexes can exist in either the right-handed A conformation 
or the left-handed A conformation. Based on its negative CD band at 310 nm, the braced 
tripod exists predominantly in the A conformation [4]. 

In 20:1 (v/v) acetonitrile/water, the proline-E helical form of the unbraced tripod 
undergoes substantial isomerization into the proline-I helical form, as indicated by its 
strong negative CD band at 205 nm becoming a weaker negative band at 200 nm and its 
weak positive CD band at 226 nm becoming a much stronger positive band at 216 nm. In 
contrast, the braced tripod remains predominantly in the proline-E form, beacause of the 
shift of its weak positive CD band from 226 nm to 220 nm does not change its intensity. 
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De novo design and synthesis of a heme-binding four-helix 
TASP capable of light-induced electron transfer 

Harald K. Rau, Niels de Jonge and Wolfgang Haehnel 
Albert-Ludwigs-Universitat Freiburg, Institut fiir Biologie 11 / Biochemie 

Schdnzlestr. 1, D-79104 Freiburg, Germany 

Redox proteins are the largest group of known enzymes. They serve a wide range of functions 
including electron transport, light-induced charge separation, proton pumping and catalysis. 
Therefore, de novo design of redox proteins is an attractive approach for investigating the 
factors involved in electron transfer and to create proteins with new properties. The use of 
chemoselective ligation methods of unprotected peptide fragments in combination with the 
template assembled synthetic protein (TASP) concept [1] enables us to synthesize de novo 
designed redox proteins with high structural complexity and defined topology [2]. We present 
here the design and synthesis of a heme-binding antiparallel four-helix TASP with a covalently 
bound Ru(bipy)3-complex. 

Results and Discussion 

Three different amphiphilic helices (H1-H3) were designed to form a water soluble antiparallel 
four-helix bundle protein, which was intended to bind one heme group in its hydrophobic 
interior using two histidine side chains of the helices HI and H3 as ligands (Fig. 1). The 
sequence of the peptides was the following: 

HI 
H2 
H3 

Mal-G-N-A-R-E-L-H-E-K-A-L-K-Q-L-E-E-L-F-K-K-W-amide 
Ac-N-L-E-E-F-L-K-K-F-Q-E-A-L-E-K-A-Q-K-L-L-K(Mal)-amide 
Mal-G-N-A-L-E-L-H-E-K-A-L-K-Q-L-E-C(Acm)-L-L-K-Q-L-amide 

The peptides were synthesized by solid phase peptide synthesis. After modification of either 
the N-terminus of the peptides HI and H3 or the e-amino group of the C-terminal Lys of H2 
with 3-maleimidopropionic acid (Mai) the peptides were cleaved from the resin and purified 
by RP-HPLC (Cys16 of H3 was still Acm protected). The synthesis of the cyclic template 
(cyc/o[C(Acm)-A-C(Trt)-P-G-C(Acm)-A-C(StBu)-P-G]) was carried out with modifications 
as described by Dumy et al. [3]. The TASP molecule MOP2 was obtained via thioether bond 
formation of the helical peptides to the orthogonally protected template. 
The [Ru(4-bromomethyl,4'-methyl-2,2'-bipyridyl)(2,2'-bipyridyl)2]

2+-complex was 
synthesized in a five step synthesis as described by Geren et al. [4]. It was coupled 
chemoselectively via a stable thioether group to Cys16 (after Acm deprotection) in the 
hydrophilic face of the heme binding helix H3. Electrospray mass spectrometry confirmed the 
calculated molecular weight of the resulting peptide (Ru-MOP2) .of 12,199 Da and showed 
the high purity of the peptide. One heme group was bound to the protein as judged by UV/Vis-
spectroscopy. CD spectroscopy of heme-Ru-MOP2 showed the spectrum of a highly helical 

164 



165 

protein with a mean residue molar ellipticity at 222 nm of [0]222 = -25,500 deg cm2 dmol"1. The 
CD-spectra of MOP2 and Ru-MOP2 were superimposable on the spectrum of heme-Ru-
MOP2. Size exclusion chromatography revealed that the protein is monomeric in solution over 

a wide concentration range. An 

Termini: c N N C 

I'm ^ H 2 

Ru(bipy)3 

H1 

Template 

electrochemical midpoint potential 
of -170 mV was found by redox 
potentiometry for the heme group 
in the heme-Ru-MOP2 molecule. 
The stability of heme-Ru-MOP2 
was determined by following the 
molar ellipticity at 222 nm as a 
function of guanidinium chloride 
concentration. Using the two-state 
transition model of Santoro and 
Bolen [5] the free energy of 
unfolding in the absence of 
denaturant is 35 kJ/mol (m = -9.5 
kJ M"1 mol"1). The rate of the aser-
induced intramolecular electron 
transfer from the Ru-complex to 
the heme group was calculated to 
2.28 x IO6 s"1 from the kinetic 
measurements of the luminescence 
lifetime of the Ru-complex in the 
presence and absence of heme. 

Fig. 1. Structural proposal of heme-Ru-MOP2. 
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Inhibition of nitric oxide synthase with calmodulin 
binding peptides 
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The constitutive isoforms of nitric oxide synthase (nNOS and eNOS) are regulated by 
calmodulin, which adopts an active conformation upon binding calcium and binds to target 
proteins. The inducible isoform of NOS (iNOS) copurifies with calmodulin [1] and was 
reported not to require calcium for activation [2]. It has been shown that a peptide 
corresponding to the calmodulin binding region of iNOS (iP), shown below, completely 
inhibits the inducible isoform at a molar ratio of peptide to enzyme concentration of 12:1 
[3]. A peptide from the calmodulin binding domain of nNOS (nP), shown below, was 
synthesized and completely inhibited nNOS at a molar ratio of peptide to enzyme 
concentration of 8:1. However, this peptide is unable to inhibit iNOS at molar ratios of 
peptide to enzyme concentrations up to 16:1. These results suggest that calmodulin 
interacts differently with the two NOS isoforms. These peptides are alpha helical and show 
43% identity. There are, however, striking differences in charge and hydrophobicity in 
nine individual amino acid residues (shown in bold below) located at corresponding 
positions in the two peptides. 

nP: KRRAIGFKKLAEAVKFSAKLMGQAMAKRVR 
iP: RRREIRFRVLVKWFFASMLMRKVMASRVR 

Results and Discussion 

It was observed that these nine dissimilar positions lie on one face of the alpha helix, as 
shown in Figure 1. In an effort to confer the inhibitory activity of iP to another peptide, 
eight residues were incorporated into the calmodulin binding domain of skeletal muscle 
light chain kinase, which binds to calmodulin but was previously shown to be unable to 
inhibit iNOS. The new composite peptide was truncated before the glutamic acid residue in 
order to maintain the positive charge on the amino terminus, a charge typical of peptides 
that bind tightly to calmodulin [4]. Sequences are shown below with changed and 
corresponding residues in bold. This new composite peptide is able to inhibit iNOS, unlike 
the peptide from MLCK, although at concentrations that are ten fold higher then the 
original iP peptide. 
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Fig. 1. One face of the alpha helix formed by the calmodulin binding domain of iNOS 

iP: 
MLCK 
Composite 

RRREIRFRVLVKWFFASMLMRKVMASRVR 
KRRWKKNFIAVSAANRFKKISSSGAL 

RRWKVNFKAVFAANMFKRKSSSSAL 

Conclusion 

The residues responsible for the differential inhibition of the isoforms of NOS by 
calmodulin binding peptides have been isolated on the composite peptide. Future plans 
include the synthesis of shorter composite peptides. 

Acknowledgments 

This work was supported by grants CA 50414 (MAM) and DA03910 (HIM) from the 
National Institutes of Health. 

References 

1. Cho, H.J., et al. J.Exp.Med., 176 (1992) 599. 
2. Hevel, J.M., White, K.A. and Marietta, M.A., J.Biol.Chem., 266 (1991) 22789. 
3. Stevens-Truss, R. and Marietta, M., Biochemistry, 34 (1995) 15638. 
4. Means, A.R. and Conn, P.M. (Eds.) Methods in Enzymology, Academic Press, Inc. 

455. 

1987, p. 



Improved peptides for holographic data storage 
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There has been much interest in recent years in developing materials for erasable 
holographic data storage [1]. Although many promising organic and inorganic 
compounds and composites have been explored, at present there are none that meet all 
the prerequisites for the ideal material. We have recently reported that holographic 
gratings with large first-order diffraction efficiencies can be recorded and erased 
optically in thin films of a new class of azobenzene-containing peptides (DNO 
oligomers) [2]. The gratings also exhibit good thermal stability. This paper summarizes 
some of our efforts to modify the DNO structure so as to accelerate the recording speed. 

Results and Discussion 

As reported elsewhere [3], it takes on the order of 5 minutes to obtain a diffraction 
efficiency of about 76% with an ornithine-based DNO dimer. For comparison, such 
diffraction efficiency can be obtained with photorefractive polymers within hundreds of 
milliseconds [4]. However, by systematically varying the DNO structure a notable 
decrease in recording time can be obtained. For example, with diaminobutyric acid-
based DNO decamer 1 (Fig.l), a diffraction efficiency of 78% is reached in about 10 

H2N— C , t l Azo 

Vi 

n <%) 

y 
Azo 

Fig. 1. First-order diffraction efficiency as a function of time, measured during grating 
formation in a thin film of a diaminobutyric acid-based DNO decamer (1). Azo = -CH2-0-C6H4-
N=N-C6H4-CN. 
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Fig. 2. First-order diffraction efficiencies as a function of time, measured during the grating 
formation in thin films of an ornithine-based DNO hexamer (2) and an ornithine-based DNO bis-
trimer (3). 

seconds [2]. Another remarkable example is shown in Fig. 2. Here the recording speed 
achieved with bis-trimer 3 is enhanced dramatically when compared with hexamer 2 
made from the same number of ornithine backbone units and containing the same 
number of azobenzene chromophores. We ascribe the accelerated recording speed of 3 
to an increased secondary structure stability by which the coordinated reorientation of 
the chromophores (which eventually orient themselves in a stationary orientation with 
the optical transition moment axis perpendicular to the polarization of the laser beam) 
has become more efficient. 
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The pp60s rc (Src) is a nonreceptor tyrosine kinase which is known to interact with several 
key signalling proteins via sequence-specific phosphotyrosine (pTyr) mediated binding 
with its SH2 domain [1]. An X-ray crystal structure of Src SH2 complexed with 
phosphopeptide 1 (shown below) provided the first detailed molecular map of the family of 
SH2 domains with respect to their binding interactions with pTyr-containing ligands [2]. 
Two major binding pockets for pTyr and the P+3 Ee exist. Intermolecular H-bonding 
contacts to the P+l Glu(NH) as well as two water mediated H-bonding contacts to the P+l 
Glu(C=0) and the P+3 Ee(NH) are observed. 

H-Glu-Pro-Gln-pTyr -Glu-Glu- I l e -Pro - I l e -Pro - I l e -Tyr -Leu-OH 1 
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Fig. 1. Schematic illustration of intermolecular contacts ofl and Src SH2 [2]. 

Results and Discussion 

As detailed below, our drug discovery strategy has focused on the de novo design of a 
novel series of achiral nonpeptides. It was based on a benzamide template (Fig. 2), and first 
tested by the nonpeptide 2. Relative to the phosphopeptide 1, the nonpeptide 2 does not 
possess any amino acid substructure. Furthermore, the benzamide CONH2 moiety was 
designed to bind directly to the SH2 domain with intermolecular H-bonding with 
Ile6D6(NH) and LysBB4(NH). 
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ly, pps | Amide displaces 
water molecules 

Fig. 2. De novo design of a novel nonpeptide ligand (2) for the Src SH2 domain. 

The structure-activity relationships of a series of analogs of nonpeptide 2 are 
summarized in Table 1, and results were obtained using a competitive binding assay as 
previously described [3]. In brief, these studies supported the design concept for the 
nonpeptide series with respect to the importance of the P-site phosphophenyl moiety, P+3 
site hydrophobic group, and benzamide CONH2 functionality. An X-ray structure of 
compound 3 complexed with the Src SH2 domain has been determined (Lunney et al., 
unpublished data) and supported the de novo design strategy of the nonpeptide series. 

Table 1. Binding Affinities ofDe Novo Designed Nonpeptide Analog. 

Compound Number Analog IC50pM 

H 2 0 3 P 0 J ^ > H 0 - V > 

H203P0 
,JU H TXtf-YY^ 6.6 

CH3 

Another series of nonpeptides was next advanced by systematic modifications at both 
the P-site and the P+l site as summarized in Table 2. Substitution of pTyr at the P-site in 
nonpeptide 4 retrained similar binding affinity as shown by the "hybrid" analog 6. Relative 
to the "hybrid" pTyr-nonpeptide 6, the effect of a/p/za-methyl substitution was quite 
significant as exemplified by compound 7 (IC50 = 0.7 pM). Furthermore, replacement of 
pTyr in 7 by the nonhydrolyzable F2Pmp provided a potent analog 8 (IC50 = 0.3 pM) which 
was considered a breakthrough lead compound of possible use in cellular studies. The 
"hybrid" analog 8 was further evaluated for specificity properties relative to the SH2 
domains of Abl, PLC, Grb2 and Syp (Table 3) using methods previously described [4]. 
Indeed, the "hybrid" F2Pmp-nonpeptide 8 showed both high affinity and specificity for 
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Table 2. Binding Affinities ofDe Novo Designed Nonpeptide Analogs. 

Compound Number Analog IC50pM 

8.5 XrT:"ciO 
A A J U < J Y N H 2 

H o O 

TO"1 

rN>AJ^rNH2 
H O 1CH3 0 

0.7 

0.3 

Src SH2, as compared to the reference pentapeptide Ac^Pmp-Glu-Glu-Ile-Glu-OH 9. In 

summary, we have successfully advanced a novel series of nonpeptides to provide a lead 
compound suitable for cellular studies to examine the Src SH2 domain as a possible 
therapeutic target in cancer and/or osteoporosis drug discovery. 

Table 3. SH2 Specificity of Compounds 8 and 9. 

Compound Number Src Abl 

8 1.9 9 

9 1.4 15.3 

Syp(N) 

>100 

>100 

PLC-y(C) 

>100 

>100 

Grb2 

>100 

>100 

References 

1. Courtneige, S.A., Fumagalli, S., Koegl, M., Superti-Furga, G. and Twamley Stein, G.M., 
Development, (1993) 57. 

2. Waksman, G., Shoelson, S. E., Pant, N, Cowburn, D. and Kuriyan, J., Cell, 72(1993) 779. 
3. Plummer, M. S., Lunney, E. A., Para, K. S., Prasad, J. V. N. V., Shahripour, A., Singh, J., 

Stankovic, C. J., Humblet, C, Fergus, J. H., Marks, J. S. and Sawyer, T. K., Drug Design 
Disc, 13(1996) 75. 

4. Stankovic, C. J., Plummer, M. S. and Sawyer, T. K. "Peptidomimetic Ligands for Src 
Homology-2 Domains"; A. Abell, Ed.; Advances in Amino Acid Mimetics and 
Peptidomimetics, JAI Press, in press. 



New RGD amphiphilic cyclic peptide and new RGD-mimetic 
constrained diketopiperazines 

Jean-Francois Pons,3 Mamadou Sow,3 Frederic Lamaty,3 Jean-Luc 
Fauchere,b Annie Molla,c Philippe Viallefont3 and Rene Lazaro3 

" LAPP CNRS ESA 5075, Universite Montpellier II, 34095, Montpellier,b Institut de Recherches 
Servier, 92150, Suresnesf LEDAC CNRS UMR 5538, 38706, La Tronche, FRANCE 

The search for peptide-based or peptidomimetic derivatives is an on-going challenge in 
obtaining new lead compounds with increased bioavailability and selectivity compared 
to the parent peptide. Unfortunately, in linear peptides the RGD sequence is poorly 
resistant to biodegradation and poorly selective, since it acts on at least seven of the 
twenty integrin receptors described up to now [1]. We have therefore introduced this 
sequence in a cyclic structure, cyclo [Deg-Arg-Gly-Asp-] bearing a diazaethyleneglycol 
derivative (Deg = NHC2H4OC2H4NHCOC2H4CO). 

Furthermore, assuming that increasing the rigidity would enhance bioavailability 
and selectivity, we have designed and prepared a series of diketopiperazines (DKPs) 
containing a bicyclic residue (Abo = (2S) 2-aza-bicyclo[2.2.2]-octan-3-carboxylic acid 
[2] ) coupled to Asp, the latter supplying the essential p-carboxylic group. Amine or 
amine-like functions (guanidine, piperidine, benzamidine) supplying the necessary 
positive charge have been further grafted through different linkers to the DKP ring. 

For biological screening, in addition to the well-known ADP-induced platelet (dog) 
aggregation assay, we have developed new tests using HEL cell adhesion that are more 
convenient tools for investigating the potency and selectivity of integrin antagonists. 
HEL cells from hematopoietic erythroblastic cell line [3] grown in suspension indeed 
become adherent in the presence of matrix proteins such as fibronectin or fibrinogen 
through their respective asp\ or otnbPa receptors. 

Results and Discussion 

c(DegRGD); DKP synthesis: Trt-NHCzILtOCz^NHCOCz^COOH has been prepared 
in 4 steps (Yield: 70-90% / step), starting from available NH2C2H4OC2H4OH (H-A-
OH): H-A-OH + Trt-Cl --> Trt-A-OH + (PPh3 / DEAD) + NHPht --> Trt-A-NPht + 
(N2H4,EtOH,THF) --> Trt-A-NH2 + [(C2H4CO)20, DMAP, TEA] --> Trt-Deg-OH. The 
linear peptide precursor has been constructed in solution starting from BocGlyOBn with 
standard peptide activations and protections: BOP/DMF/DIEA for BocArg(N02), 
TrtOeg and ZAsp(OBu')OSu. The peptide cyclization has been performed at 4mM 
concentration in DMF using BOP / NaHC03 for coupling (40% yield, after HPLC 
purification [4]). 
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Fig 1. a: a general scheme of the new diketopiperazines (DKPs) ; b_: DKP -1 synthesis. 

The best way to prepare the functionalized DKP (B-OH) used as building block 
was by cyclizing HAsp(OMe)-AboOMe, (Yield: 75%, d.e.>95%) and by performing a 
smooth N-alkylation of the resulting DKP by HNa and BrCH2C02Bu' in THF giving an 
80% yield of DKP (B-OBu1). A monocrystal X-ray analysis has shown that the S,S 
configuration was maintained. As an example, DKP-1 synthesis is briefly depicted, in 
Fig.lb. 
Biological acfrvj'fy/All DKPs except DKP-1 are inactive against ADP-induced platelet 
aggregation and in the HEL-cell adhesion assays. Inhibitory activities (IC50 pM) of 
c(DegRGD) and DKP-1 for HEL cell binding to fibronectin, are respectively, 65 and 
>1000, to fibrinogen 14 and 27, and for the platelet aggregation assay 73 and 18 pM. 

Whereas the cyclic peptide displays the same activity level in both assays, DKP-1 is 
active only on fibrinogen binding both in the HEL cell adhesion and platelet aggregation 
assays which involve the 0Cnbp3 receptors and has no inhibitory action on HEL cell 
adhesion mediated by as Pi fibronectin binding. This selectivity may be related to the 
presence of a benzamidine instead of a guanidine [5] group and/or to the higher rigidity 
of the DKP-1 molecule as compared to the cyclic peptide. 
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SK&F 107647 (1, (pGlu-Glu-Asp)2-Sub-(Lys)2)l induces a chemokine from murine and 
human stromal cells that synergizes with various hematopoietic growth factors and affects 
their ability to modulate hematopoiesis [1]. SK&F 107647 also enhances effector cell 
functions [2]. A molecular target for this peptide has not yet been identified. A proposed 
pharmacophore model of 1 [3], based on detailed SAR studies [4], has been utilized to 
design potent peptidomimetic analogs. 

V^-0=—H.N+J 
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COOH 

HaN+ 

^-"VB !H -O H 'b ^ 
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(IA) (IB) 

"7"MVBM-
s-~y o 

Results and Discussion 

Most structural modifications of 1 result in a loss of activity and only a few substitutions 
give either equipotent or more potent analogs. The SAR studies also show that the P-
carboxylic group of Asp and the co-amino group of Lys5 are required for biological activity 
[4] suggesting that these functional groups either interact with a putative receptor or form 
intramolecular salt bridges. The observation that the biological activity is lost when Lys5 is 
replaced by Orn ((pGlu-Glu-Asp)2-Sub-(Orn)2) but can be restored if Asp3 is concomitantly 
replaced with Glu ((pGlu-Glu-Glu)2-Sub-(Orn)2), supports the concept of intramolecular 
salt bridges between the side chains of these two residues ( IA and IB). These SAR 
studies have prompted us to propose a pharmacophore model in which the salt bridges, in 
conjunction with the diamino dicarboxylic acid at position 4, correctly present the 
pharmacophore elements (consisting of the two N-terminal residues) to the putative 

1 Sub= (2S,7S)-2,7-diaminosuberic acid 
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Fig. 1. Proposed pharmacophore model for SK&F 107647 and its peptidomimetic analogs. 

receptor. If the model approximates the bioactive conformation then the three C- terminal 
residues, acting as scaffold, may be replaced with a simpler spacer (Fig. 1). After 
evaluating several spacers it was found that the entire scaffold can be substituted with a 
bis-(P-Ala)-l,4-phenylenediamine unit. Attachment of the two N-terminal residues to this 
unit yields a peptidomimetic analog 2 that retains the entire spectrum of biological 
activities of 1. Although all of the allowable structural modifications, such as replacement 
of pGlu1 with picolinic acid or Pro, as well as Glu2 with Asp or Ser, to the pharmacophore 
region of 1 are also accommodated in 2, this class of compounds is some what less active 
than 1 (EC50 of 2 and 1: 684pM, 4pM [4]) indicating that bis-(P-Ala)-l,4-
phenylenediamine may not be an optimal spacer. 

°<VA~J-NH 
O y> H ^ COOH 

COOH ^ ^ . . f 0 Nr sM° 
(2) 

To better understand the role of the side chain functional groups in Asp3 and Lys5, we 
attempted to constrain the side chains of residues three and five via amide bonds. The 
HPLC of the resulting product was too complex and it was not possible to distinguish 
between the interchain or intrachain lactams. Therefore, it was reasoned that if the Sub4 

was replaced with a cystine then the reduction of the disulfide bond would permit 
distinction between the intra- and interchain lactams. The unambiguous syntheses of cyclic 
peptides 3 and 4 were designed (data not shown) and reduction of the disulfide bonds in the 
final products was used to confirm structure. Since lactamization would be expected to 
reduce the size of the ring versus the corresponding salt bridge and since single methylene 
deletion in the Lys side chain resulted in an inactive molecule, we were concerned that 

•VJ l JVv 
N-'V. 

•rVtV C-: 
*yNI 

(4) 

both cyclic peptides 3 and 4 might be devoid of activity. Remarkably, both peptides 3 and 4 
retained substantial biological activity when compared with 1; in fact, 4 appeared to be 
more potent than 3. These results can be rationalized if one assumes that the critical feature 
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for biological activity is the correct presentation of the two sets of pharmacophore elements 
(residues one and two). Exact mimicry of the conformation of the spacer units, as found for 
example in compound 1 may not be required. The previous results with Lys methylene 
deletion could have resulted from competing salt bridge formation (e.g., between Lys5 and 
Glu2) which may have placed the pharmacophore elements in an improper orientation. 
NMR studies to discern the conformation of cyclic peptides 3 and 4 are ongoing but 
preliminary molecular modeling studies suggest that either orientation of the peptide 
scaffold can be accommodated by the bis-(P-Ala)-l,4-phenylenediamine spacer unit (Fig. 
2) consistent with the biological results. 

Fig. 2. Over lay of bis-(p-Ala)-l,4-phenylenediamine spacer on a minimum energy conformation 
of the cylic-tripeptide (Asp-Cys-Lys) unit of 2 and 3. 

Conclusion 

The synthesis of cyclic constrained peptide analogs has supported a proposed 
pharmacophore model of 1. Though the utility of the model has been shown by the 
synthesis of potent peptidomimetic analogs, additional structural information is required to 
fully substantiate the model. 
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In recent years integrin antagonists have been recognized as potential targets in the 
treatment of thrombotic disorders [1] bone and immune diseases [2], tissue repair [3], 
tumor invasion and angiogenesis [4]. In general, integrins bind to short peptide recognition 
motifs of their ligands. Several integrins share the RGD tripeptide as a common 
recognition motif [5]. Therapeutically applicable integrin antagonists therefore must be 
specific for their respective integrin, despite the common recognition motif. The discovery 
of potent, specific and orally available fibrinogen receptor antagonists by us and others has 
provided evidence that the discrimination between several integrins with a common 
recognition motif is achievable. To design specific and potent vitronectin receptor 
antagonists we took the same approach for the drug discovery process as for the 
fibrinogen receptor antagonist S 5740, which is currently in clinical development [6]. The 
procedure includes: 

1) Optimization of distance between pharmacophoric groups 

2) Optimization of ionic interactions and hydrophobic sites at pharmacophores 

3) Search for hydrophobic sites at the vitronectin receptor 

4) Optimization of central RGD mimetic-scaffold 

Results and Discussion 

The initial lead compound V005 was found by screening our RGD mimetic library 
synthesized for the fibrinogen receptor antagonist project (Fig. 1). Further SAR studies led 
to V0223. This compound is already selective for the vitronectin receptor. The hydantoin 
scaffold as in V0223 and the tyrosine scaffold as in V0245 (another selective lead 
compound) served as templates for extended SAR studies. In our initial studies we 
determined that the optimal distance between the guanidine and the carboxylic acid in the 
mimetic is 2-3 A shorter compared with the GP Ilb/IIIa antagonists. In the next step we 
optimized the ionic interactions between the guanidine group and the receptor. Electron 
withdrawing groups diminished the activity. Cyclic guanidine derivatives improve d the 
potency and the specificity for the vitronectin receptor. The incorporation of large 
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hydrophobic substituents at the C-terminus led to very potent and specific vitronectin 
antagonists. These antagonists were found to be highly active in various in vivo models of 
osteoporosis and angiogenesis. 

RGD 

© • 
\ 

backbone 

una 
H . N ^ N ^ ^ V ^ N 

! 9 
*V^^OL^ ̂A 
GP Hb Ilia 

ICS0 

0.33 JJM 

Kistrin I VnR 
ICso 

0.08 ilM 

VnR 293 Cell 
attachment 

ICso 

•Q 
GP lib Ilia 

ICso 

0.02 yM 

Kistrin I VnR 
ICso 

0.13 flM 

VnR 293 Cell 
attachment 

ICso 

26 yM 

-Ms C°.H ° 

1'itvm mViMut 
GP lib Ilia 

I C M 

7 flM 0.197 \lM 

Kistrin I VnR 
IC5o 

0.04 JJM 

VnR 293 Cell 
utfuchtnont 

ICso 

7.34 yM 

Fig. 1. Vitronectin receptor antagonist lead structures 

Conclusion 

By systematic SAR based on our past experience with specific RGD mimetics for the 
fibrinogen receptor we were able to obtain potent and specific vitronectin receptor 
antagonists. 
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Protein-tyrosine phosphatases (PTPs) represent attractive targets for inhibitor development. 
Using the non-receptor PTP1B, we have employed an iterative process of inhibitor design 
and synthesis / biological evaluation / enzyme-ligand structure elucidation / redesign, to 
progress from peptide-based inhibitors toward potent small molecule analogues [1]. An 
example is our initial discovery that replacement of the phosphotyrosyl residue (pY, 1) in 
the substrate peptide "D-A-D-E-pY-L" with the hydrolytically stable pY analogue, 
difluorophosphonomethyl phenylalanine (F2Pmp, 2), resulted in extremely potent PTP1B 
inhibition (IC50 = 1 0 0 nM) [2]. Our subsequent studies demonstrated that arylmethyl 
difluorophosphonates, lacking a peptide component, also retain moderate inhibitory 
potency [3]. While the simple phenyl difluorophosphonate 3 exhibited little affinity, 
addition of a second aryl ring significantly-enhanced potency (see naphthyl 
difluorophosphonate 4, Table 1). Using the X-ray structure of a PTP1B-4 complex, we 
designed analogue 5, which doubled inhibitory potency by introducing a hydroxyl group to 
mimic an H20 molecule originally bound within the catalytic site [4]. In more recent work, 
we have extended our design rationale to take advantage of interactions outside the pY 
binding pocket. Some of these later analogues exhibit markedly enhanced inhibitory 
potencies. 

Results and Discussion 

It had previously been shown for PTP1 (the rat homologue of human PTP1B) that acidic 
residues located proximal to the amino side of the pTyr residue are important for substrate 
recognition [5, 6]. The structural basis for the favorable effect of acidic residues was 
subsequently demonstrated using the X-ray structure of the PTP1B enzyme complexed 
with the peptide "D-A-D-E-pY-L" [7]. Here it was observed that the side chain carboxyls 
of acidic residues within the substrate could interact with Arg47, which was situated just 
outside the pTyr binding pocket (see Fig. IA). Since we had shown by X-ray 
crystallography how the naphthyl difluorophosphonate compound 4 binds within the pTyr 
pocket, it was of interest to examine whether functionality could be appended onto 4 that 
would interact with this critical Arg47 residue. Analogue 6 was therefore designed as a 
new pTyr mimetic that provided a carboxyl group needed for attachment of the desired 
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acidic functionality. While the carboxyl group of 6 would not be expected to extend 
outside the pTyr pocket far enough to span the required distance to the Arg47, it was 
anticipated that additional functionality could be introduced which would extend the 
distance so as to allow interaction with Arg47. Simulations of molecular dynamics of one 
such analogue (7) indicated very favorable binding with the Arg47 guanidinium group 
(Fig. IB). Because the exact binding of new inhibitors with the enzyme could not be 
predicted with certainty, the isomeric congener 8 was also designed to introduce variation 
in the orientation of the acidic side chain relative to the naphthyl ring. 

Fig. 1. Binding of ligands to PTP1B showing interaction of Arg47 with ligand acidic residues. (A) 
X-ray structure of bound peptide "D-A-D-E-pY-L" [7]. (B) Molecular dynamics simulation of 
mimetic 6. Prior to simulation, the naphthyl difluorophosphonate moiety was first oriented in the 
pTyr binding pocket based on the X-ray structure of the PTP1B-4 complex [4]. 

Analogues 6 - 8 were prepared and Ki values determined against PTP1B [8]. Relative 
to the parent naphthyl difluorophosphonate 4 (Ki = 180 pM), a 15-fold enhancement in 
potency was observed for analogue 7 (Ki = 12 pM). The isomeric compound 8 (Ki = 24 
pM), while being 2-fold less potent than 7, also showed significantly increased binding 
affinity relative to parent 4. The results with compound 7 are consistent with the molecular 
dynamics simulations which predicted a favorable interaction with the Arg47 residue. The 
lower potency of 8 may indicate less than optimal interaction with Arg47. Surprisingly, 
analogue 6, whose carboxyl group could not bridge the distance to Arg47, also showed an 
8-fold enhancement in potency (Ki = 22 pM) relative to 4. The basis for this unexpectedly 
potent binding of 6 has subsequently been elucidated from an X-ray crystal structure of the 
PTP1B-6 complex, where it is seen that a hydrogen bonded H2O molecule serves as a 
bridge between the ligand carboxyl and the enzyme [9]. Such a bridge may present 
interesting possibilities for inhibitor design. Precedents exist where incorporation of 
functionality onto an inhibitor that mimics critical H20 molecules can result in significant 
increases in binding affinity. Our previous inhibitor 5 is one such example [4]. 



185 

Table 1. Inhibition constants determined against PTP1B. 
Compound KJ IIUM) Compound Ki piMi 

(H°)2P-X>^. 

1 pTyr X = () 
2 F:Pmp X = CF: 

>2UU0 

^Reference [8). hReleience [4], 

Conclusion 

Naphthyl difluorophosphonates 6 - 8 were prepared containing acidic functionality 
intended to interact outside the pTyr binding cavity. All of these analogues exhibited 
substantial increases in potency relative to the parent inhibitor 4. While compounds 7 and 8 
can conceivably interact with the Arg 47 residue, the simpler analogue 6 achieves 
enhanced potency through a water bridge between the carboxyl and the enzyme. This study 
demonstrates the utility of combining interactions both inside and outside the pTyr binding 
pocket for the preparation of potent small molecule inhibitors. 
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The introduction of some selected isosteric modifications to the C-terminal amide group 
in our cycloalkyl amino acid-based tachykinin NK-1 receptor antagonists resulted in the 
design and synthesis of MEN 10914 [1] bearing an N-methyl retro-amide group (Fig. 1), 
which had higher in vitro activity compared to the parent peptide MEN 10725 [2]. 

However, when MEN 10914 was tested in an in vivo animal model of neurogenic 
inflammation (plasma protein extravasation in guinea-pig bronchi after agonist challenge), 
the results were not in accordance with the expected antagonist activity. Nevertheless, the 
antagonist activity in vitro was interesting enough to select MEN 10914 as a suitable lead 
candidate for further chemical modifications. The rationale for planning these changes was 
derived from the hypothesis of the bioactive structure postulated for our series of 
cyclohexane-based antagonists [2]. 

Results and Discussion 

Our antagonists in methanol, but not in dioxane. show a UV absorption band at 285 nm 
not present in the sum spectrum of the two chromophores. The excited-state behavior 
parallels that in ground state, changing with the decrease in the solvent polarity (methanol 
versus dioxane): the fluorescence emission of the dipolar state at 340 nm disappears, while 
exciplex emission in the range 400-500 nm occurs. 

NH 

N H ^ . N . ^ 0 

O 

MEN 10914 

= / ~ Y NH Y ; r 

V 
R = H 

Fig. 1. Chemical structures of MEN 10725 and the retro-inverso modified analogue (MEN 10914 
when R = H). 
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This behavior is thought to be due to an intramolecular indolyl-naphthyl charge-
transfer complex that forms in different amounts, depending on the flexibility of the 

Table 1: "In vitro" and "in vivo" antagonist activities. 

Compounds R pKi ED50 

MEN 10914 H ITo >To 
MEN 11122 4-C1 8.4 0.26 
MEN 11318 4-OCH2CH3 7.7 > 3.0 
MEN 11319 3-C1 8.2 > 3.0 
MEN 11339 3-N02 7.7 N.T. 
MEN 11366 3-NH2 8.3 > 1.0 
MEN 11149 4-CH3 8.5 0.062 

pKi: inhibition of binding of [*H] SP to human lymphoblastoma cell line IM9; ED$0-' i.v. dose in 
pmol/kg antagonizing [Sar9,Met(02)11] SP-induced bronchoconstriction in guinea-pig (ED50 
were generated by the AUC values of at least three different doses). 

scaffold [2,3]. The third aromatic moiety, not supposed to be involved in the charge-
transfer complex (essential, in our hypothesis for interaction with the receptor) was 
selected as the target for the future changes to the chemical structure of MEN 10914. We 
systematically introduced a series of substituents onto the phenyl ring, selecting these by 
following stepwise the concept of the Topliss "decision tree" [4]. Using an iterative 
procedure first developed for optimizing of the biological activity of non-peptide 
compounds and selecting the aromatic ring from the previous spectroscopic studies, we 
were able to plan a series of modifications to the chemical structure of MEN 10914 [Table 

1]. 
Preliminary NMR spectroscopy studies suggest that the overall structure in the series 

of retro-inverso analogues does not suffer any deep alteration by the introduction of the 
groups onto the third ring. It is conceivable that the activity of the analogues depends upon 
a local interaction of the modified aromatic ring with the corresponding part of the NK-1 
receptor. 

The selection of the substituent group was also guided by the results of in vivo tests. 
This approach resulted in the selective and orally effective compound MEN 11149. 
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N-acetylmuramyl-L-alanyl-D-isoglutamine (muramyl dipeptide, MDP) is the minimal 
immunologically active component of the bacterial cell wall peptidoglycan [1]. In last 20 
years many research groups have been concerned with the synthesis and immunological 
studies of derivatives of this highly active glycopeptide in order to obtain molecules with 
improved and more defined pharmacological profiles. Although structure-activity 
relationships in MDP and its analogs have been well established, rational design of 
immunomodulators on the basis of MDP as a lead compound is impeded by the fact that 
the three-dimensional structure of the receptor binding site has not yet been determined. 
Therefore, systematic chemical modification of the molecule and development of more 
constrained analogs with reduced degrees of conformational freedom provide a good 
opportunity to define the bioactive conformation of MDP and analogs. 

Results and Discussion 

In 1993, we showed, that carbocyclic nor-MDP analogs, e.g. 1, retain the immuno-
stimulant properties of MDP [2, 3]. Recently, we described novel immunologically-active 
conformationally constrained analog 2 in which the N-acetylmuramyl part of MDP was 
mimicked by 2-methyl-3-oxo-3,4-dihydro-2#-benzo[fc][l,4]oxazine-2-carboxylic acid [4]. 
Thus, it has been shown for the first time that MDP analogs rigidified in the muramyl part 
of the molecule are active as immunostimulants [5]. Further conformational restriction in 2, 
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Fig. 1. Synthesis of compounds 3 and 4. a: Gly(OMe), DPPA, EtiN, DMF; b: NaH, Br(CH2)2Br, 
dioxane; c: NaOH, dioxane; d: D-iGln(OBn), DPPA, Et3N, DMF; e: chromatographic separation 
of diastereomers; f: H2, Pd/C, MeOH; g: L-Pro(OBn), DPPA, EtjN, DMF. 

involving either the L-Ala-D-iGln chain alone or both the benzoxazinone moiety and the 
dipep-tide part of 2 produced MDP mimetics 3 and 4 which were obtained as pure 
diastereomers. In the immunorestoration test in mice [6] and in the hemolytic plaque-
forming cell assay [7] compounds 2, 3 and 4 displayed significant immunostimulating 
activity, comparable to that of MDP, romurtide [8] or azimexone [7]. The diastereomers of 
2 and 3 differing in absolute configuration at C-2 of the morpholinone ring displayed 
different potencies in the immunological tests. 

In conclusion, conformational restriction of carbocyclic MDP analog 2 in the dipeptide 
moiety furnished mimetics 3 and 4 which displayed significant immunostimulating 
activity. These novel MDP mimetics with stereoselective action may provide information 
concerning the putative receptor and the bioactive conformation of MDP analogs. 
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Tumor cells evolve negatively, with a switched off death program. In recent searches for 
signal transduction inhibitory compounds it has become clear that the inhibition of cell 
proliferation is not sufficient from a therapeutic point of view. Tumor cells have to be 
killed. Previously we have demonstrated a close correlation between tyrosine kinase 
inhibition and apoptosis [1]. In order to clarify the interrelationship of tyrosine kinase 
inhibition and apoptosis we synthesized a series of novel and also known peptidomimetic 
tyrosine kinase inhibitors and tested them for the induction of Programmed Cell Death 
(PCD). In our earlier work we have demonstrated that the well known tyrphostin AG213, 
which is an EGF-R selective tyrosine kinase inhibitor, induces non-apoptotic programmed 
cell death in tumor cells, which we characterized as Clarke in type programmed cell death. 
This type of PCD was previously described only in embryonic cells without a known 
trigger mechanism [2]. In the present work we have investigated the effect of a series of 
our peptidomimetic tyrosine kinase inhibitors on the induction of apoptosis and Clarke III 
type PCD in human colon tumor cells. 

Results and Discussion 

We have developed a rationally designed library of peptidomimetic structures by 
combination and parallel processing of known elementary synthetic steps (diazocoupling, 
nucleophilic substitution, various condensation reactions, acylation, alkylation etc.,) The 
starting materials were various heterocyclic compounds or peptidomimetic oxanyl-
hydrazide derivatives. The compounds were characterized by HPLC, NMR and MS as 
described previously [3]. The tyrosine kinase inhibitory activity of the compounds was 
tested on receptor tyrosine kinases as published earlier [2, 4]. 
We investigated the effect of various potent TK inhibitors on the induction of apoptosis 
and Clarke HI type PCD. We have synthesized several potent TK inhibitor sub-families, 
such as styryl-quinazolines, imidazo-quinazolines, quinazolyl-propionic-anilides, oxazino-
quinazolones, the benzoquinoxalines and the oxanyl-hydrazide derivatives having IC 50 
values in the low micromolar range and certain selectivity for EGF or PDGF-RTK. We 
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also used several previously described tyrphostins [5] for our PCD inducing studies in the 
HT 29 human colon tumor cells. 

Treatment of cultured tumor cells was performed 24 hours after plating. Samples were 
taken for cell count and cover slips for staining with hematoxylin and eosin 3, 24 and 48 
hours after treatment. Cell viability was determined using methylene blue staining. 
Similarly, three cover slips per dose and time point were fixed in ethanol/acetic acid (3/1) 
and stained with hematoxylin and eosin. Acridin orange and Hoechst 33342 staining was 
also carried out and the cells were examined under a fluorescene microscope. The stained 
histological preparations were investigated for morphological signs of apoptosis or Clarke 
III type PCD, the number of such cells were counted, and the relevant PCD index was 
calculated. Immunohistochemical reaction using Apop-Tag kit was performed 24 hours 
after treatment. 

After testing more than a hundred tyrosine kinase inhibitors and related structures we 
found that several of our potent inhibitors showed a strong apoptotic effect, causing more 
than 90% apoptotic cell death in the lOOpM dose range. The apoptosis inducing effect 
correlated with the TK inhibitory activity, but not with the selectivity of the compounds. 
On the other hand, we found 5 compounds (4 tyrphostins and 1 oxanyl hydrazide 
derivative), more or less selective for the EGFR tyrosine kinases which induced the 
previously unknown Clarke HI type programmed cell death. Tumor cells treated with these 
compounds showed homogenization of the nuclear chromatin and strong vacuolization of 
the cytoplasm after 24 and 48 hours. The reaction with Apop-Tag was negative in these 
cells. The induction of this non-apoptotic programmed cell death by certain 
peptidomimetic tyrosine kinase inhibitors raises the possibility for selective killing of 
tumor cells. 

Acknowledgments 

This work was supported by a grant from the Hung. National Research Fund (OTKA7722) 

References 

1. Keri, Gy„ Erchegyi, J., Horvath, A., Mezo, I., Idei, M., Vantus, T., Balogh, A., Vadasz, 
Zs.,B6konyi, Gy., Teplan, I., Csuka, O., Tejeda, M., Gaal, D., Szegedi, Zs., Szende, B., Roze, 
C, Kalthoff H. and Ullrich. A., Proc. Natl. Acad. Sci., USA, 93 (1996) 12513 

2. Szende, B., Keri, Gy., Szegedi, Zs., Benedeczky, I., Csikos, A., Orfi, L. and Gazit, A., Cell 
Biology International, 19 (1995) 903. 

3. Orfi, L., Kokosi J., Szasz Gy., Kbvesdi, I., Mak, M., Teplan, I. and Keri Gy., Bioorganic & 
Medicinal Chemistry, 4 (1996) 547. 

4. Strawn, L.M., McMahon, G, App, H., Schreck, R., Kuchler, W.R., Longhi, M.P., Hui, T.H., 
Tang, C, Levitzki, A., Gazit, A., Chen, I., Keri, Gy., Orfi, L., Risau, W., Flamme, I., Ullrich, 
A., Hirth, K.P. and Shawver, L.K., Cancer Research, 56 (1996) 3540 

5. Gazit, A., Yaish, P., Gillon, C. And Levitzki, A., J. Med. Chem., 32 (1989) 2344. 



SAR of a series of related peptidomimetics derived from 
a novel hematoregulatory peptide, SK&F 107647 

J. F. Callahan,3 D. Alberts,3 J. L. Burgess,3 L. Chen,3 D. Heerding,3 W. F. 
Huffman,3 A. G. King,b S. LoCastro,3 L. M. Pelusb and P. K. Bhatnagar3 

"Department of Medicinal Chemistry and bDepartment of Molecular Virology and Host Defense, 
SmithKline Beecham Pharmaceuticals, 709 Swedeland Rd., King of Prussia PA 19406, USA 

We have previously reported the hematopoietic activity of a novel peptide, SK&F 107647 
(1)[1]. This peptide has been shown to induce from stromal cells a novel factor, designated 
hematopoietic synergistic factor (HSF), which directly enhances host effector cell function 
and synergizes endogenous growth factors, such as G-, M- and GM-CSF [2, 3]. An 
examination of the SAR of 1 allowed the formulation of a pharmacophore model in which 
the Asp and Lys residues of 1 interact with each other by forming either inter- or intra-
chain salt bridges about the linking 2-(S),7-(S)-diaminosuberic acid (Sub) residue [1, 4]. 
This combination of the salt bridges and the Sub residue act as a scaffold which presents 
the residues, pGlu1 and Glu2 in the correct orientation [4]. These residues are responsible 
for the putative receptor interaction. As an initial validation of this hypothesis, this salt-
bridge containing scaffold has been replaced by a much simpler structural template to give 
die peptidomimetic analog 2 which displayed significant hematopoietic activity [4]. 

H Y j H ¥ | H I HO o / - . O P -J „ 

^rY<xY^6- X 

Results and Discussion 

Once 2 was identified as a much simpler mimetic of the nona-peptide 1, further work was 
initiated to ascertain the contribution of its side chains and backbone amide bonds to 
biological activity. First, substitutions were made of the p-Glu and Glu residues, which are 
proposed to interact with the putative receptor. The data show substitutions that were 
allowed in the peptide 1 were also accommodated in the peptidomimetic series (e.g., Table 
1). These results confirm the assertion that the scaffold in the peptidomimetic 2 presents 
the first two sets of residues in a manner similar to the peptide 1. 
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Table 1. HSF Activity of Peptidomimetic Analogs. 

Compound 

2 
3 
4 
5 

A 

pGlu 
Pic 
Pic 
Pro 

0 

_ / H H 

B 

Glu 
Ser 

NMeSer 
Ser 

HSF Release1 

(units/mL) 
2.0 x 103 

2.0 x IO3 

1.7x103 
l J x I O 3 

1 

All analogs tested at 1 ug/mL; HSF release for 1 = 2.7 x 10 units/mL (same experiment). 

After confirming the role of the side chains of A and B in peptidomimetic 3, this 
analog was used to examine the effects of the backbone heteroatoms on biological activity. 
Replacement of the amide bonds between the P-Ala residue and aromatic ring with an 
alkyne, trans-olefin, ethylene group or N-methyl amide gave analogs that lost biological 
activity. Replacement of the Ser-p-Ala amide bonds with either a trans-olefin, amino-
methylene, N-methylamide or thioamide also gave analogs that lost biological activity. 
Again, loss of biological activity was found in mimetic 6 which constrained the 
pharmacophore elements of 3 by linking the Pic-Ser and Ser-P-Ala amide nitrogens with a 
four methylene bridge. Although some of these mimetics may have different sets of low 
energy conformations available to them relative to the parent mimetic 3, the data implies 
that the backbone amide bonds of these peptidomimetics may interact with the putative 
receptor. 

o.J W o \ — / 
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The use of heterocyclic structures as peptidomimetics has attracted special attention with 
the increasing use of combinatorial chemistry and mass screening technologies. We have 
examined the tropane class of heterocyclics as it offers a semi-rigid template, with 
manipulable configurations that can be readily functionalized. Most importantly, a wealth 
of literature already exists which can be utilized in the synthesis of functionalized tropane-
based Fmoc-protected amino acids for use in SPPS [1]. 

Results and Discussion 

The synthesis of N-protected nortropane amino acids has been successfully achieved by 
adaptation of literature approaches to native tropanes. Synthesis ultimately has depended 
upon N-demethylation and reprotection of the corresponding tropane derivative. In this way 
a range of variants have been accessed as shown in Fig. 1. In particular, we have found that 
ethyl chloroformate is a stable, inexpensive reagent for effecting N-demethylation. The 
resulting ethyl carbamate is relatively stable, yet can be effectively removed by treatment 
with TMSI (generated in situ from hexamethyldisilane and iodine) [2]. These protected 
amino acids have proven particularly amenable to inclusion in SPPS protocols affording 
high coupling efficiencies even when used as the limiting reagent. 

Conformational analysis of model peptides using molecular dynamics has shown that 
incorporation of these tropane amino acids restricts the resultant peptide to a narrowed 
range of conformers. Analysis of the distance between the a-carbons of residues adjacent to 
the tropanes in Ac-Lys-Xxx-Gly [3] shows the discrete conformations that isomeric tropane 
-containing peptides can adopt (Fig. 2) 

Fmx x Fmx^ F m x Fmcc Fmx^ F m o c \ 

Fmoc-Ntc2™ Fmoc-Nec Fmoc-Abh Fmoc-Ntc3 Fmoc-Ntc2P Fmoc-Pnc 

Fig. 1. Novel Fmoc-protected tropane amino acids. 
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Ac-Lys-(+)-Nip-Gly [3] Ac-Lys-Ntc'-Gly Ac-Lys-Ntc"'-Gly 

5 6 7 8 3 4 5 6 7 8 3 4 5 6 7 8 
Distance CJ.ys-C.Gly (Angstroms) 

Fig. 2. 300K Molecular dynamic of Ac-Lys-Xxx-Gly peptides. 

One of our first applications of tropane-based amino acid residues involves 
substitution into reported y-chain and RGD-type GPHb/IIIa antagonists. [3] Preliminary data 
shows the influence of these substitutions on inhibition of platelet aggregation, (Table 1) 
and the enhanced potency of the D-Lys substitution (5) and RGDS analog (6). 

Table 1. Inhibition of thrombin induced washed platelet aggregation by tropane derivatives. 

Sequence 
% inhibition 

20pm 100pm 500pm 
1. Ac-Lys-(±)-Nip-P-Ala [3] 
2. Ac-Lys-(±)-Ntc2a-P-Ala 
3. Ac-Lys-(±)-Nec-p-Ala 
4. Ac-D-Lys-(±)-Abh-P-Ala 
5. Ac-D-Lys-(±)-Ntc2a-P-Ala 
6. Arg-(±)-Ntc2a-Asp-Ser 38 

8 
5 
-
-

26 
68 

68 
19 
-4 
4 
68 
70 

For conclusion, the utilization of tropane-based amino acids is providing valuable structure-
function data in our studies of bioactive peptides. Other applications that are being pursued 
include the synthesis of combinatorial libraries of oligotropanes, cyclic peptide libraries 
which incorporate tropanes as a conformational determinant, and non-amide 
peptidomimetics which utilize the tropane amino acids as a starting template. 
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Previously, we reported the design and the synthesis of amino acid and peptide conjugates of 
diaminoalkanes [1]. Now the synthesis and antibacterial activities of amino acid and peptide 
conjugates of dialkylamines will be discussed. The molecules in the present study are 
designed to have a positively charged guanidino group attached to two alkyl chains to provide 
optimal interaction with the bacterial membrane. 

Results and Discussion 

The synthesis of the amino acid conjugates was carried out by condensing the amino blocked 
derivative with dialkylamine, removing the protecting group, and converting the resulting 
amine to either a nitroguanidino group or a guanidino group. The nitro group was then 
removed by hydrogenation to obtain the desired molecules. The dipeptide conjugates were 
prepared by coupling a protected arginine to the above deblocked amino acid conjugate 
followed by hydrogenolysis. 

The antimicrobial activities against various organisms are reported in Table 1. In 
general, the conversion of the amino group to the guanidino function resulted in better 
activities (cpds 1 and 2). The length of the alkyl chain was varied (cpds 4-6) and it was 
observed that better activities were obtained when the chain length was between six and 
eight. The replacement of Phe with more hydrophobic amino acids, such as Trp (cpd 7), p-
naphthylalanine (cpd 8) or cyclohexylalanine (cpd 9), resulted in the loss of activity against 
gram negative organisms. When Phe was substituted with the basic hydrophilic amino acid 
histidine (cpd 10), the activities were significantly improved. Substitution of Phe in the para-
position of the aromatic ring with fluorine (cpd 11) or using its enantiomer (cpd 3) did not 
alter the antibacterial activities significantly; however, the addition of a p-NH2 group 
produced improved activity against gram negative organisms (cpd 12). Compounds 13-16, 
which were made with non-alpha amino acids, also retained antimicrobial activity, wim the 
analog having the shortest carbon chain (cpd 16) exhibiting the best activities. The dipeptide 
analogs (cpds 17-19) with the basic guanidino group in the amino acid side chain showed 
good antimicrobial activities. It is interesting to compare analogs 7 and 18. The dipeptide 18 
exhibits activity against E.coli but not the other gram negative organism, P.aeruginosa. 
Thus, these analogs can delineate clear differences in the activities of the gram negative 
organisms. The hemolysis of red blood cells, which is considered a measure of selectivity for 
prokaryotic over eukaryotic cells, was carried out at various concentrations. Interestingly, 
there is no hemolysis at lOpg/ml, while at lOOpg/ml concentrations the analogs were 
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significantly hemolytic (data not shown). The hemolytic activity likely results from a non­
specific detergent effect at higher concentrations. 

Table 1. Antimicrobial Activities of the Dialkylamine Compounds. 

Cpd 
# 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

Compound Name 

Phe-dioctylamide 

Amidino-Phe-dioctylamide 

Amidino-D-Phe-dioctylamide 

Amidino-Phe-didecylamide 

Amidino-Phe-dihexylamide 

Amidino-Phe-dipentylamide 

Amidino-Trp-dioctylamide 

Amidino-p-Nal-dioctylamide 

Amidino-Cha-dioctylamide 

Amidino-His-dioctylamide 

Amidino-p-F-Phe-dioctylamide 

Amidino-p-NH2-Phe-dioctylamide 

p-Guanidino methyl-benzoyl-
dioctylamide 

8-Guanidino-valeryl-dioctylamide 

•y-Guanidino-butyryl-dioctylamide 

p-Guanidino-propionyl-dioctyl amide 

Arg-Phe-dioctylamide 

Arg-Trp-dioctylamide 

Arg-His-dioctylamide 

S.aureus 

4 

1.0 

2 

128 

0.5 

4 

8 

4 

2 

1 

2 

1 

1 

2 

0.5 

0.5 

4 

2 

4 

MIC 

E.coli 

256 

16 

64 

256 

16 

64 

256 

256 

>256 

4 

64 

4 

4 

8 

4 

4 

4 

4 

8 

(pg/ml) 

P.aeru-
ginosa 

256 

128 

256 

256 

32 

128 

256 

256 

>256 

8 

128 

32 

64 

256 

32 

16 

16 

256 

16 

Calbi-
cans 

256 

1 

2 

64 

8 

64 

16 

4 

2 

1 

2 

0.5 

0.5 

1 

0.25 

1.0 

16 

16 

8 
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human melanocortin receptors, MC1R and MC4R 
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The melanotropin peptides include a-, p-, y-melanocyte stimulating hormones (MSH) and 
adrenocorticotropin (ACTH). All of these hormones are derived by posttranslational 
processing of the pro-opiomelanocortin (POMC) gene transcript, and all possess a central 
His-Phe-Arg-Trp "message" sequence. Studies using frog and lizard skin bioassays have 
identified Ac-His-Phe-Arg-Trp-NH2 as the minimal synthetic fragment to elicit a 
melanotropic response. Relative to a-MSH, Ac-His-Phe-Arg-Trp-NH2 was 400,000-fold 
less potent in the frog skin bioassay [1], and approximately 7,000-fold less potent in the 
lizard skin bioassay [2], and neither a-MSH or this tetrapeptide possessed prolonged 
(residual) melanotropic activity in either assay. Truncation studies [3] of the highly potent, 
enzymatically stable, and prolonged acting agonist Ac-Ser-Tyr-Ser-Nle4-Glu-His-Dphe7-
Arg-Trp-Gly-Lys-Pro-Val-NH2 (NDP-MSH), identified the prolonged acting tripeptide 
Ac-DPhe-Arg-Trp-NH2 (1) as the minimally active NDP-MSH fragment. Further 
stereochemical modifications of this tripeptide resulted in tripeptides with increased 
potencies of 5- to 20-fold in the frog skin bioassay simply by changing the chirality at 
positions 8 and 9 respectively. Five human melanocortin receptor subtypes (hMClR -
hMC5R) have been cloned and characterized [4-9]. All these receptors respond to all of the 
melanotropin peptides with the exception of the hMC2R, which only responds to ACTH, 
and thus has been deleted from this study. The goal of this study was to examine 
stereochemically modified tripeptides and tetrapeptides on the human melanocortin 
receptors to determine selectivity, functional properties (i.e. agonism), and to correlate 
with recent frog skin melanocortin studies [3]. Such information is expected to provide a 
basis for future structure-based design studies that are focused on the discovery of MSH 
peptidomimetic agonists. 

Results and Discussion 

Table 1 summarizes the binding affinities and signal transduction efficacy (intracellular 
cAMP accumulation) of stereochemically modified tri- and tetrapeptides. The a-MSH and 
NDP-MSH tridecapeptides have been included for reference. Intracellular cAMP 
accumulation bioassays were only performed on analogues which possessed greater than 
50% competitive displacement of [125I] NDP-MSH at 10 pM. a-MSH possessed binding 
IC50s of 5.97 nM and 38.7 nM at the hMClR and hMC4R, respectively. NDP-MSH 
possessed IC50s of 0.51 nM and 1.16 nM at the hMClR and hMC4R, respectively. 
Tetrapeptide 1 possessed binding affinities of 0.6 pM at the hMClR and 1.1 pM at the 
hMC4R and were 1,200- and 990-fold less potent than NDP-MSH, respectively. This 
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ICso(pM) 

0.62±0.04 

6.35±0.62 

>10 

>10 

EC5o (pM) 

0.23±0.09 

1.43±0.21 

IC50 (uM) 

1.15±0.21 

>10 

2.08±0.44 

9.16±0.77 

EC50(pM) 

0.79±0.44 

40% 

50% 
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peptide, at a 10 pM concentration, was unable to competitively displace [125I] NDP-MSH 
at either the hMC3R or the hMC5R. Analogue 2 was the only other tetrapeptide that was 

Table 1. Binding IC50 and cAMP EC50 results on the human MC1R and MC4R.. 

hMClR hMC4R 

Peptide 

1 Ac-His-DPhe-Arg-Trp-NH2 

2 Ac-His-Phe-Arg-DTrp-NH2 

3 Ac-DPhe-Arg-Trp-NH2 

4 Ac-DPhe-Arg-DTrp-NH2 

able to competitively displace [125I] NDP-MSH in a dose-response manner at the hMClR 
and resulted in 6 pM binding affinity. .The tripeptides examined in this study were only 
able to generate dose-response competitive binding curves at the hMC4R. Analogue 3 
resulted in a 1.8-fold decreased potency compared with analogue 1. Of particular note, 
however, is that analogue 1 was able to generate the maximum intracellular cAMP 
accumulation observed for NDP-MSH, but the tripeptide 3 resulted in only 40 % 
generation of maximal cAMP at 10 pM concentration. Analogue 4 resulted in a 9 pM 
binding affinity but was only able to generate 50% maximal cAMP accumulation at 10 pM 
concentration. 
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Cyclic Somatostatins containing oc-benzyl-o-AMPA as a cis 
peptide bond mimic 
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We have used a-benzyl-o-aminomethylphenylacetic acid (a-Bn-o-AMPA) as a cis peptide 
bond mimic replacing Phe1'-Pro6 in the cyclic somatostatin analogue c(Pro6-Phe7-D-Trp8-
Lys9-Thr10) [1]. The N-Me analogue la (Fig. 1) displays high inhibition of GH release 
(IC5o= 0.2 nM) activity. The synthesis of racemic a-Bn-o-AMPA has been performed [2] 
and resulted in two epimeric analogues lb and lc having different affinities for the SSTR2 
receptor. The configuration of the chiral center was assigned tentatively. 

CO - Phe - D-Trp-i B r ° ^ - irp-i 
N O 

rvl-Thr-Lys 1 ' • 1 ^ 1 ^ 

1aR = CH3 /VN^ 
1bR = H isomer 1 W )\ 
1cR = H isomer 2 C H 3 0 ' , ^ i : ^ O C H 3 

Fig. 1. Cyclic somatostatin analogues and retrosynthetic analysis. 

Results and Discussion 

In order to assign an absolute configuration in lb and lc, the peptide bond mimic a-Bn-o-
AMPA was prepared by asymmetric synthesis using 4-(/?)-benzyl-2-oxazolidinone as a 
chiral auxiliary [3]. The a-(/?)-Bn-o-AMPA was obtained in > 95% yield as determined by 
NMR spectroscopy. Double nitrogen protection is needed to avoid intramolecular lactam 
formation. After cleavage of the chiral auxiliary, solid phase peptide synthesis and HF 
cleavage, HPLC analysis indicated a 90 to 10 proportion of the two epimeric peptides. 
Further cyclization and deprotection revealed that isomer one lb, having a Kj of 33 nM for 
the SSTR2 receptor, has the (R) configuration of the mimic, and the isomer two lc with a 
Kj of 5.12 nM therefore has the (S) configuration. The previously reported tentative 
assignment has to be corrected [2]. The solution conformation of both isomers was studied 
by 'H NMR in both DMSO-d6 and CD3OH solution. In DMSO, both isomers adopt a P W 
conformation over the tetrapeptide part. In isomer 1 an equilibrium between a 8-turn and a 
P VI turn is observed over the o-AMPA part, whereas for isomer 2 no turn type could be 
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defined for this area . The study in CD3OH allowed us to observe more NOE cross peaks 
at °K, which can be used as constraints in molecular dynamics experiments. For both 
isomers the low energy conformers are superimposed in Fig.2, showing a well conserved P 
II' turn, but a less defined or more flexible spacer part. Goodman proposed a folded 
bioactive conformation [4] for cyclic somatostatin analogues. Overlap studies of the 
conformations shown in Fig.2, fitting the tetrapeptide backbone with the folded or the flat 
structures proposed by Goodman, revealed that for the less potent (R) isomer lb the benzyl 
sidechain of o-AMPA can overlap with the Phe11 sidechain in both structures. For the 
more potent (S) isomer lc, these aromatic sidechains overlap when fitting the folded 
model, but not when fitting the folded model. 

Fig.2. Superposition of low energy conformations for lb (left) and lc (right). For clarity, only the 
benzyl sidechain of a -Bn-o-AMPA is displayed. 

Conclusion 

Asymmetric synthesis of a-(i?)-benzyl-o-AMPA using the Evans chiral auxiliary allowed 
the assignment of the configuration of l b and lc. Conformational analysis by !H NMR 
and molecular dynamics shows a better fit of the more potent (S) isomer lc with the flat 
model proposed by Goodman, which is in agreement with a model proposed by Weber [5]. 
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Constraining peptides to the conformations they occupy in native proteins provides a 
means for converting biologically inactive peptides to bioactive peptides. We have shown 
that a peptide can be induced to form a full length a-helix in water by attaching its 
carboxyl terminus to an a-helix nucleation site (NucSite) [1]. A NucSite constitutes one 
turn of an a-helix stabilized by a covalent hydrogen bond mimic. In the initial NucSite, a 
hydrazone link was used to replace a hydrogen bond formed between a main-chain amide 
proton on one amino acid and an amide carbonyl oxygen of a second amino acid. 

In this work, we extend the utility of the NucSite by adding an a-amino group to the 
linker that allows its insertion between two peptides. In this case, the hydrazone link 
replaces a hydrogen bond that forms between the side chain of asparagine and the main 
chain amide proton of an (/, i +3) amino acid (Fig. 1). This design satisfies complex steric 
and stereochemical demands by building on a natural mechanism for a-helix nucleation 
used in proteins [2]. 

\ph peptide 

H2 

<=> &$ 

GO 

N-peptide 

AEAAKA 

"N- peptide 

(b) 

Fig. 1 (a) One turn of an a-helix showing how the side chain of asparagine stabilizes a- helix 
formation by hydrogen bonding to a main chain amide proton; (b) replacing the side chain 
hydrogen bond with a covalent mimic allows subsequent extension from the N-terminus. 

Results and Discussion 

The new NucSite is synthesized on solid supports using Fmoc chemistry and two linkers, 
Z and J'. Z (1) was synthesized as previously described and protected with Fmoc-chloride 
to give Fmoc-Z [3]. J' (2) was synthesized by chemically transforming the side chain of L-
glutamic acid to the dimethyl acetal via an alcohol and aldehyde. 
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HN—C—C-OH 
" H H.N-CH; 

COOH X' 
(1) (2) 

The Fmoc protected residues Z, Ala-Cl or Pro-Cl, Leu, and J' were sequentially added to 
the solid support [3]. Cyclization was rapid when catalyzed by one equivalent of HCl in 
10% TFE/DCM. The NucSite was synthesized either separately and then appended to a 
peptide (AEAAKA) on solid support or each residue of the NucSite was added sequentially 
to the peptide on a resin, then cyclized and cleaved. 

The ability of the modified NucSite to initiate a-helix formation in the appended 
peptide in 10% D2O/H2O at room temperature was evaluated by comparison of the amide -
NH regions of NMR spectra and by following criteria established in previous work [1]. To 
simplify the NMR spectra, the second site for peptide attachment was capped by 
acetylation. The following observations and conclusions support a-helix formation: (a) 
coupling constants for the hydrazone proton (HC=N) undergo a change characteristic of 
that observed for a-helix nucleation; (b) the expected terminal carboxamide-NH signal 
moves upfield, consistent with hydrogen bonding in a full length a-helix; (c) signals for 
the amide protons spread out with several signals moving up field indicating a better 
defined environment and hydrogen bonding throughout the length of the peptide; and (d) 
substitution of Pro for Ala in the NucSite accentuates the prior changes by inducing greater 
a-helicity in the appended peptide. 

These results provide clear evidence that the NucSite, modified for N-terminal 
extension, retains its ability to induce a-helix formation in an added peptide. Insertion of 
the mimic into peptides during solid phase synthesis greatly simplifies the syntheses of 
NucSites and lays the ground work for the insertion of hydrogen bond mimics into 
supersecondary structures and synthetic proteins. 
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Inflammation is characterized by infiltration of affected tissue by leukocytes such as 
lymphocytes, lymphoblasts and mononuclear phagocytes. Leukocytes preferentially 
migrate to various tissues during both normal and inflammatory cell processes that result 
from a series of adhesive and activating events involving multiple receptor-ligand 
interactions. MAdCAM-1 (Mucosal Addressin Cell Adhesion Molecule-1) is an 
immunoglobulin superfamily adhesion molecule for lymphocytes expressed in the 
gastrointestinal tract endothelium that specifically binds to the lymphocyte Otp7 integrin 
and participates in the homing of these cells to mucosal sites [1,2]. 

Previously we reported that the sequence LDT from the CD loop of the murine 
MAdCAM-1 is an important recognition motif for murine MAdCAM-l/a4P7 interactions 
[3]. We wish to report further studies which support LDT as a binding motif required for 
human MAdCAM-l/a^P? interactions. A peptide based structure activity study was carried 
out leading to a number of potent and selective human MAdCAM-1 inhibitors. 

Results and Discussion 

Although cyclization of LDT did not improve potency more than 5 fold, modfication of the 
N-terminal amine and the C-terminal carboxamide improved inhibitor potency up to 250 
fold when subjected to MAdCAM-l/a4p7 mediated cell adhesion assays. 

Acylation of N-terminal amine of LDT with a variety of aryl and heterocyclic groups 
enhanced the potency significantly. The addition of a spacer such as aminobenzoyl and 
amino methylbenzoyl groups made these peptides even more potent inhibitors. Finally, 
modification of the C-terminal carboxamide with a variety of aryl and heterocyclic groups 
gave highly potent, selective and more bioavailable human MAdCAM-l/a4P7 inhibitors. 
Some of the examples of modified LDT peptides are listed in Table 1. 

Cell adhesion assays involving RPMI 8866 cells activated with MnCl2 and soluble 
human MAdCAM-1 produced in a baculovirus expression system were used in a 96 well 
format. [4]. IC50 values (the concentration of inhibitor required to prevent 50% of cells 
from adhering to MAdCAM-1 plates) are reported as an average of multiple 
determinations. The compounds were also tested in fibronectin/K562 binding assay as 
described by Pytela [5]. None of the compounds inhibited binding of K562 cells to 
fibronectin. 
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Table 1. Inhibition of human MAdCAM- l/OLtfr binding by small peptides. 

Peptides IC50 (pM)' 

Ac-LDT-NH2
 2 5 ° 

Ac - C L D T C - NH2 45 

oa CO-LDT-NH 2 

O 
CO-LDT-NH2 1 7 

1.6 

O 
CO - N H ^ ^ ^ X O - L D T - NH2 

o 
CO - N H ^ ^ ^ C O - L D T - NH2 9 4 11J XT 

a^ C O - L D T - N H - ^ ^ j . 

=^N ^ ^ O C H 3 

^ \ ^ ^ C O - L D T - N H - ^ ^ , 

N 

Based on these studies it appears possible that highly potent, selective and bioavailable 
peptidomimetic inhibitors of human MAdCAM-1/04P7 mediated leukocyte adhesion may 
be found. 
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In the past few years the cyclic pentapeptide cycfo(-Arg-Gly-Asp-D-Phe-Val-), a highly 
active and selective antagonist against the OvP3-integrin, has been observed to prevent 
angiogenesis and to induce apoptosis, which may open new pathways of cancer therapy [1, 
2]. Efforts to optimize this lead structure with respect to metabolic stability and 
pharmacokinetics led us to the concept of peptoids, a new class of synthetic polymers 
[3, 4]. In this context we designed the target cyclic peptoids 5 - 8 as retrosequences of the 
lead peptide. Since the tertiary amide bonds in peptoids reveal more flexibility than the 
parent peptide, the more constrained tetrameric cyclic peptoids were synthesized omitting 
valine as a variable position that is not involved in binding to the receptor. 

Results and Discussion 

For solid phase synthesis of the linear peptoids 1 and 2, submonomeric strategy [5] and 
standard Fmoc-monomer SPS were combined. The submonomeric coupling protocol of 
bromoacetic acid was optimized for a rapid and quantitative reaction using bromoacetic 
acid anhydride, which can be readily prepared in situ by combining bromoacetic acid 
bromide and excess bromoacetic acid (Fig. 1). Cyclization of the tetrapeptoid at RT 
exclusively led to cyclodimerization, whereas at higher temperatures the desired protected 

>< 
o o 

0=̂  

o 

o 

Fig. 1. a) 5 eq. H2N-(CH2)2-COOtBu, 6.5 eq. DIEA, NMP, 45°C, 18 h; b) 20% piperidine/DMF; c) 
8 eq. bromoacetic acid anhydride, 20 eq. DIEA, CH2Cl2, 10 min; d) 30 eq. benzylamine, NMP, 4 h; 
subsequently c); e) 5 eq. H2N-(CH2)3-NH-Z, 5 eq. DIEA, NMP, 4 h; f) 2 eq. Fmoc-Gly-OH, 2 eq. 
PyBrOP, 5 eq. DIEA, CH2Cl2, 1.5 h; subsequently b); g) AcOH/TFE/CH2Cl2 1/1/3, 1 h. 
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tetracycles were obtained. Partial deprotection of Norn(Z) and subsequent guanylation of 
the side chain amino functional group yielded the Narg containing cycles (Fig. 2, Table 1). 
Compounds 5-8 were tested against the isolated anbp3- and OvP3-integrin receptors and 
showed no inhibitory capacity. 

1.2 

H O 

5,6 

'•k Z->Ky^« ^ . ^ O - V 

H O 

3,4 

H O 

7,8 

Fig. 2. h.)3 eq. DPPA, 5 eq. NaHCO,, DMF, 50°C, 4 h; i.) H2 (1 atm), 5% Pd/C, MeOH, 1 h; j.) 3 
eq. IH-pyrazole-l-carboxamidine hydrochloride, 6 eq. DIEA, MeOH/H20 9/1, 45°C, 3 h (repeat 
once); k.) TFA, 1 h. DPPA = Diphenylphosphoryl azide. 

Table 1. Yields of linear and cyclic peptoids and characterization by mass spectrometry. 

1 

3 

5 

7 

product 

H-Gly-Nom(Z)-Nphe-
-Nasp(t-Bu)-OH 
c(-Nphe-Nasp(t-Bu)-
-Gly-Norn(Z)-) 
c(-Nphe-Nasp-Gly-
-Norn-) 
c(-Nphe-Nasp-Gly-
-Narg-) 

yield 
[%] 
86 

10a 

40a 

21a 

FAB-MS 
(M+H4) 

-

624 

434 

476 

2 

4 

6 

8 

product 

H-Gly-Norn(Z)-Nphe-
-Nglu(t-Bu)-OH 
c(-Nphe-Nglu(t-Bu)-
-Gly-Norn(Z)-) 
c(-Nphe-Nglu-Gly-
-Nom-) 
c(-Nphe-Nglu-Gly-
-Narg-) 

yield 
[%] 
85 

21a 

23a 

60a 

FAB-MS 
(M+H4) 

-

-

448 

490 

a Yield after RP-HPLC purification, respectively. 
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The malaria peptide coded 1513 whose primary structure is NH2-GYSLFQKEKMVL-
NEGTSGTA-NH2 was designed from the amino acid sequence of Plasmodium falciparum 
protein MSP-1. The primary sequence of the binding motif KeKMVL of 1513 to RBCs is 
also contained in the structure of the SPf-66 synthetic malaria vaccinefl]. 

In order to explore the immunogenicity of 1513 peptide analogues containing reduced 
amide bonds, a set of peptide mimetics was synthesized and biochemically characterized. 
The analogues were synthesized by systematically replacing one CO-NH peptide bond at a 
time by a reduced amide CH2-NH isostere according to the Coy strategy [2]. 

To determine the bidimensional structure of each 1513 analogue ' H-NMR studies 
were performed in a mixture of H2O/D2O in a ratio 90/10 as well as in aqueous 30%TFE. 
NMR analysis performed for the Pse-437 analogue containing the ¥[CH2-NH] bond 
between Vain and Leu n showed features of secondary structure not yet detected for the 
parent non modified 1513 peptide. The recorded Pse-437 NMR data were processed for 
molecular modeling on an Indigo-II computer provided with a graphic package from 
Biosym/MSI. In the present work we propose a preliminary tridimensional molecular 
model for Pse-437. 

Polyclonal antibodies were obtained after immunization of BALB/c mice and New 
Zealand rabbits with oxidized pseudopeptide analogues of 1513 containing a cysteine 
residue at the N and C termini. Monoclonal antibodies to Pse-437 were obtained by 
standard cellular fusion of mice spleen cells to X-63Ag8 myeloma cells [3]. Seven 
immunoglobulin producing hybridomas to Pse-437 showed strong reactivity by ELISA and 
Western blot against Plasmodium falciparum protein MSP-1 as well as against the SPf-66 
vaccine. Each reactive hybrid cell was cloned to obtain cross-reacting mAbs to 195 kDa, 
and 83 kDa proteins and SPf-66. 

We propose these second generation novel peptides as possible tools for the 
development of chemically synthesized Plasmodium falciparum malaria vaccines. 

Results and Discussion 

MALDI-TOF mass spectrometry analyses were performed to identify the five reduced 
amide containing analogues of 1513. A normal single [M] peak corresponding to the 
molecular weight of each pseudo-peptide was observed for Pse-437 and Pse-439 and an 
additional peak of increased height [M-18] observed for Pse-440, Pse-441 and Pse-442 
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analogues. We propose that a glutamimide ring is formated [4] when the WfC^-NH] bond 
approaches the N-terminal of the 1513 analogues. 

A careful analysis of the mass spectrometry data shows the strong tendency for the 
glutamimide ring formation on the Pse-441 and Pse-442 analogues may be due to the 
introduction of the Y[CH2-NH] isostere bond between the Glu8-Lys9 and Lys7-Glug, 
respectively, which is absent on the non modified parent 1513 peptide. 

According to the 2D-NMR experiments, an a-helix is formed between Tyr2-Phe5, 
Phe5-Glu8 and Ser3-Phe5 since da(Ni+l), da(N), da(iNi+2), dN(iNi+2.) da(iNi+l) and 
da(iNi+4) interactions and conectivities are observed. According to the proposed 
molecular structure, the motif Valn-1P[CH2-NH]-Leui2 form a hydrogen bond network 
producing the subsequent structure stabilization on the Pse-437. 

A set of mAbs was induced to Pse-437 1513 analogue that recognizes Plasmodium 
falciparum proteins as well as the SPf-66 malaria vaccine (data not shown). 
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Inhibition of Ras farnesyl transferase by histidine-(N-
benzylglycinamide) type molecules 
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Ras proteins undergo farnesylation at the cysteine residue in the conserved C-terminal 
"CAAX" motif, where A is an aliphatic amino acid and X is Glu, Met, Ser, Cys, or Ala [1], 
in the presence of farnesyltransferase (FTase). Farnesylation of the ras protein allows its 
localization onto the cell membrane, leading to biological functioning. The mutant forms 
of ras p21, which are also farnesylated, are associated with 20% of all human cancers, and 
in greater than 50% of pancreatic and colon tumors [2]. Inhibition of ras farnesylation by 
FTase may represent a potential therapeutic target in cancer treatment. 

Through high volume screening of our compound library with rat brain FTase, a 
potent selective pentapeptide FTase inhibitor PD083176, Cbz-His-Tyr-(OBzl)-Ser-(OBzl)-
Trp-DAla-NH2, was identified [3]. Systematic truncation of the pentapeptide to a 
tripeptide, followed by substitution of the Ser(OBzl) moiety by an O-benzylethyl-amide 
group and transposition of the benzyloxybenzyl group from the a-C to the adjacent 
nitrogen led to the modified dipeptide PDI52440 [4]. The C-terminus was then modified 
further. In particular, substitutions with phenethylamine resulted in PD161956, 1, which 
was shown to inhibit farnesylation of H-ras (transformed NIH 3T3 cells) at a concentration 
of 100 nM (Table 1) [5,6]. Structure-activity relationships were carried out at the C-
terminus of the PD161956 series following the Topliss tree approach on the phenyl ring in 
addition to other structural modifications at this position. 

Results and Discussion 

Substitution of O-benzyl-phenethylamine by phenethylamine at the C-terminus led to a 
potent and selective ras FTase inhibitor: PD161956, 1 (Fig. 1). The optimal length of the 
methylene spacer was found to be two. The results of the Topliss tree approach showed 
that substitution at the ortho position with the halogens F, 3, and Cl, 2, was tolerated, 
giving cellular activity similar to the parent compound (100 and 200 nM). These 
compounds were also selective for FTase (Table 1). Replacement of the phenyl ring with a 
series of heterocycles led to compounds less active than PD161956, with the exception of 
the 2-pyridyl analogue, 4, which had similar cellular activity to the parent compound (200 
nM). 
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a H sO H f ^ i H q 0 H 

U K R ^ H 
OBzl OBzl 

1 R= H, 2 R= Cl, 3 R=F 4 

Fig. 1 Structures of PD 161956 and Analogues. 

Table 1-Biological Activity of the Most Potent Compounds. 

Compound 

1(PD161956) 
2 
3 
4 

FTase 
IQo(pM) 

0.062 
0.13 
0.029 
0.17 

Gel Shift3 

MED 
0.1 
0.2 
0.1 
0.2 

(pM) 
GGTase-Ib 

IC50(pM) 

6.6 
36 
42 
-

Gel Shift-MED. The minimum effective concentration to inhibit H-ras farnesylation of NIH 3T3 
cells 
bGGTase-I-geranylgeranyltransferase [7] 
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Synthesis of dipeptide secondary structure mimetics 
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Secondary structures in proteins and peptides play an important role in biological recognition 
systems. In principle, conformationally restricted mimetics of such bioactive local structures 
can enhance the activity of bioactive molecules. 

Our previous studies [1] showed that a 3-benzyl 6,5-bicyclic dipeptide mimetic for D-
Phe-Pro coupled with an Arg moiety (MOL-098) afforded effective thrombin inhibitory 
activity (IC50 =1 .2 nM). X-ray co-crystal structural analysis of MOL-098 with human 
aa-thrombin revealed that the potent inhibitory activity was due to the extended strand 
structure of MOL-098 interacting with the p-sheet backbone structure of the thrombin active 
site, and the benzyl group at the P3 position of the inhibitor interacting favorably through a 
hydrophobic aromatic interaction with Trp of thrombin. In this study, we have designed a 
conformationally constrained analogue of the 3-benzyl 6,5-bicyclic dipeptide, (3.R and 35, 6S, 
9iSO-3-(r-butyoxycarbony)amino-3-benzyl-l-aza[4.3.0]nonan-2-one-9-carboxylic acid (1, 2), 
and developed efficient syntheses of these templates. 

Results and Discussion 

We have completed the synthesis of 1 and 2 in 36% overall yield from commercially 
available Boc-Glu and Z-Glu-OBn. A crossed Claisen condensation, reductive amination, 
and base-promoted lactam cyclization were employed as the key steps of the multi-gram scale 
synthesis. Treatment of Boc-Glu with paraformaldehyde and a catalytic amount of p-
toluenesulfonic acid in refluxing DCE gave the corresponding oxazolidinone in 78% yield. 
The benzyl derivative 3a was synthesized in 98% yield via generation of the enolate with 2 
equivalents of LHMDS in anhydrous THF, followed by the addition of benzyl bromide. Allyl 
esterification of Cbz-Glu-OBn was carried out by reacting the cesium salt of the carboxylic 
acid with allyl bromide in DMF to afford the corresponding allyl ester in quantitative yield. 
A crossed Claisen condensation was performed by the generation of Cbz-Glu(OAllyl)-OBn 
y-enolate [2] with 3 equivalents of LHMDS in THF at -78 °C followed by a reaction with N-
acyl imidazole derivative 3b generated in situ from 3a withl,r-carbonyldiimidazole in THF. 
The resulting allylic p-keto ester 4a was obtained in 69% yield. Palladium-catalyzed 
decarboxylation of 4a using Tsuji's procedure [3] provided 4b in 81% yield. Hydrogenation 
of 4b in ethanol at 320 psi with a mixture of platinum oxide and palladium-carbon catalysts 
proceeded with the removal of the Cbz group, imine formation, and reduction of the imine to 
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yield the 5-substituted proline 5 in 91% yield. Only the cis isomer was observed due to 
hydrogenation proceeding from the less sterically hindered face of the imine. Base-promoted 
lactam cyclization was performed with IN sodium hydroxide in methanol produced a mixture 
of 1 and 2 in a 1 : 1 ratio in 92% yield. The complete diastereomeric separation of 1 and 2 
was carried out by flash column chromatography (silica-gel, 170 g per 1 g of the product, 
ethyl acetate / methanol / AcOH, 300 111 1). The stereochemistry of the bicyclic templates, 
1 and 2, was assigned by analysis of the 500 MHz ROESY experiment at -20 °C. 

Templates 1 and 2 were coupled with Arg(Mtr)- a-ketobenzothiazole [4], followed by 
removal of the Boc and Mtr groups to provide the electrophilic thrombin inhibitors. 
Excellent inhibitory activity (Ki = 85 pM) was observed for the inhibitor derived from 1. The 
other isomer from 2 had a Ki value of 10 nM. 
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Design and synthesis of nanomolar 8-opioid selective non­
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Based on the proposed bioactive conformation of a highly conformationally constrained 8-
selective opioid peptide lead, [(2S,3R)-TMT']DPDPE and the SAR of 8-selective opioid 
peptide ligands [1-4], we have designed and synthesized a series of non-peptide mimetics 
using a piperazine ring as template. 

Results and Discussion 

The synthesis of designed non-peptide mimetics began with commercially available 3-
hydroxylbenzaldehyde 1 as shown in Scheme 1. The free hydroxyl group was protected as 
a methoxyethoxymethyl ether 2 which was reacted with various Grignard reagents or 
reduced by sodium boron hydride to form the secondary and primary alcohols 3, 
respectively. The intermediate 3 was converted into chloride 4 in the presence of 
triphenylphosphine and tetrachloromethane. The chloride 4 was then reacted with 1-
benzylpiperazine to form intermediate 5 whose hydroxyl protection were removed with 2N 
hydrochloric acid to provide the desired products 6 as hydrochloride acid salts. 

The binding assay results of the synthesized non-peptide mimetics against radio 
labeled highly selective opioid ligands are listed in the Table 1. As shown, the 
hydrophobicity of the R group has a dramatic effect on the binding and selectivity of the 
non-peptide ligand 6 to the 8-opioid receptor. Analogue 6e (SL 3111) with a very 
hydrophobic /wzra-t-butylphenyl substituent showed the highest binding affinity (ICso=8.4 
nM) with over 2000 fold greater selectivity for the 8-opioid receptor than for the p 
receptor. This exceeds the selectivity of the peptide lead [(2S,3R)TMT']DPDPE for the 8-
opioid receptor. Although a further in vitro bioassay on 6e (SL 3111) indicates that its in 
vitro bioactivity with an IC50 =85 nM at MVD (8),and its selectivity ( p/S = 460) are lower 
than expected. This may be due to the racemic materials examined. Alternatively, the 
ligand does not have all the proper pharmacophores to interact with the 8-opioid receptor. 
Nonetheless, SL-3111 is a novel 8-opioid selective non-peptide lead that indeed mimics 
the peptide ligand. Further modification on this non-peptide lead is currently underway in 
our laboratory. 
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In conclusion, a series of 8-selective opioid non-peptide mimetics based on a piperazine 
template have been synthesized. A hydrophobic group was found to be crucial for these 
ligands to have high binding affinity and selectivity for the 8-opioid receptor. 

Table 1. The Binding Affinity of ^-Selective Opioid Peptide Ligands. 

Compound 

[(2S,3R)TMT']DPDPE3 

6a (R= H) 
6b (R= Me) 
6c (R=i-Bu) 

6d (R=Ph) (SL-3088) 
6e(R=t-BuPh) (SL-3111) 

Binding data IC<„ 
[3H]DAMGO (p) 

43000 ± 820 
8100 ±790 
780 ± 72 

2100 ± 600 
495 ± 52 

18000 ±3000 

(nM) ± SEM 
[3H]P-
CIDPDPE(S) 

5.0 ±0.1 
6400 ± 3200 

610 ±306 
420 ± 38 
34 ±17 
8.4 ±1.6 

Selectivity 
(p78) 

860 
1 

1.3 
5.0 
15 

2100 
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Undesired platelet aggregation and subsequent thrombosis are suspected to play an 
important role in various vasoocclusive diseases such as unstable angina and stroke [1]. 
Effective drugs to prevent such irregular platelet aggregation are in serious demand. The 
fibrinogen receptor, GpIIb/nia, has been one of the major targets for antagonist 
development as a promising new class of anti-thrombotic agents, because fibrinogen 
binding to GpIIb/IIIa is considered a final common pathway of platelet aggregation 
through the cross-linking of adjacent platelets [2]. In this binding process, it is known that 
the RGD sequence(s) in fibrinogen is responsible for the recognition of GpIIb/IIIa. The 
guanidino group of the Arg residue and the p-carboxylic acid of the Asp residue are the 
essential functionalities in this recognition [3]. Therefore, most of the GpIIb/IIIa 
antagonists have initially been designed to reproduce the three-dimensional configuration 
of these residues, especially the distance between both functional groups [4]. Here, we 
report the synthesis of a new RGD-based non-peptide GpIIb/IIIa antagonist utilizing the 
combinatorial chemistry. 

Results and Discussion 

It has been suggested from molecular modeling studies of small RGD peptides that the 
distance between the guanidino group of Arg residue and the P-carboxylic acid of the Asp 
residue is a very important factor and should be within the 13-16 A to show GpIIb/HIa 
antagonist activity [5]. Therefore, we can design antagonist molecules only by arranging 
the appropriate basic and acidic moieties to reside within 13-16 A and by stabilizing the 
molecule to this conformation. Such molecular design is attainable by utilizing a simplified 
combinatorial strategy with limited diversity of unit compounds. 

Here, a three component combinatorial strategy, in which molecules were constructed 
from N-terminal, spacer and C-terminal units, was adopted. To adjust the distance between 
both terminals and to reduce conformational flexibility, a ring structure was employed in 
both the N-terminal (benzoic acid derivatives) and C-terminal units (piperidine derivatives) 
as shown in Fig. 1. All the compounds were synthesized by manual Fmoc-based SPPS 
using Wang resin. After loading each C-terminal unit onto the resin, it was divided into 
three portions for the assembly of the next spacer units and then for the next N-terminal 
assembly. Each compound was cleaved from the resin by TFA in the presence of thioanisle 
and m-cresol, and purified by reverse-phase HPLC. 
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C2 
I^N^^COOH 

H N ^ J 

C3 
^ x . O ^ ^ C O O H 

HN Ĵ 
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Combination for most potent activity 
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Fig. 1. Three component combinatorial strategy and discovery of NSL-95301. 

In a screening assay for collagen-induced human platelet aggregation, the combination 
of 4-amidinobenzoic acid, 3-aminopropionic acid, and piperidine-4-acetic acid, i.e., [Nl-
S3-C2], showed the highest inhibitory activity. Thus, this was chosen as the lead 
compound for further optimization of the spacer unit. Various kinds of p and/or 
y substituted 3-aminopropionic acid derivatives were adopted for the spacer unit. 

From this modification, NSL-95301, whose spacer unit is 3-amino-3-phenyl-2,2-
dimethylpropionic acid, showed the best inhibitory activity for collagen-induced platelet 
aggregation. NSL-95301 also inhibited in vitro platelet aggregation induced by several 
agonists at submicromolar concentrations and showed a plasma half-life of 90 min (T1/2P, 
1 mg/kg i.v.) in guinea pigs. The enantiomers of NSL-95301 were separated by chiral 
HPLC. This resolution revealed that (+)-NSL-95301 was an active enantiomer with an IC50 
value of 92 nM, which is 300 times more potent than that of the (-)-enantiomer. 

A molecular modeling study revealed that NSL-95301 exhibited a rigid cup-shaped 
conformation with the distance of about 14.2 A between the amidino and the P-carboxyl 
groups. It is suggested that the steric repulsion resulting from the side chains at a- and p-
position fixes this molecule to such an active conformation. 

In conclusion, by applying the idea of combinatorial chemistry, the highly potent 
fibrinogen receptor antagonist NSL-95301 was developed. 
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A flexible strategy for the incorporation of 
ureas into peptide linkages 
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Department of Chemistry, Purdue University, West Lafayette, IN 47906-1393, USA 

A class of peptidomimetics, which we have termed ureidopeptides, involves replacement 
of an amide bond linkage with a urea linkage (denoted as \|/[NHCONH]). Although a few 
examples of this type of amide bond replacement exist in the literature [1, 2], to date it has 
been underutilized as a peptidomimetic. A novel methodology for the synthesis of 
ureidopeptides involves bistrifluoroacetoxyiodobenzene (PIFA)-promoted Hofmann 
rearrangement of L-amino acid amides, followed by nucleophilic attack of an amine on the 
isocyanate intermediate. Ureidopeptides are afforded in good yield (80-95%) from a 
variety of N-protected amino acid amides using this novel methodology. In addition, the 
reaction proceeds well in a variety of solvents (THF, CH2C12, CH3CN, DMA) and without 
racemization. The methodology was tested by synthesizing a novel [Leu5]enkephalin 
analog, H-YGG\|/[NHCONH]FL-OH (1), in which the ACE-labile Gly3-Phe4 bond [3] was 
replaced with the urea linkage. The proteolytic stability of the analog was also studied. 

H ; <*Y N N - -A N-"̂  r A N^yV^OH 

Results and Discussion 

Synthesis of 1 involved the Hofmann rearrangement of a Z-protected tripeptide amide, 
followed by nucleophilic addition of a dipeptide amine (Fig. 1). Peptides 2 and H-FL-OBzl 
were synthesized using standard Boc-based solution methods (HBTU, HOBt, DIEA, 
CH2CI2) and were both obtained in 86% overall yield. PIFA-promoted Hofmann 
rearrangement of 2, followed by addition of H-FL-OBzl afforded the fully protected analog 
3 in 30% yield. The low yield in this step is thought to be the result of deprotection of the 
Tyr Bzl-protecting group during the reaction. Benzyl ethers are known to be oxidatively 
cleaved by PIFA [4]. Investigation is underway in order to find a more suitable protecting 
group. The synthesis was completed by hydrogenolysis of all three protecting groups to 
afford 1 in 79% yield after RPHPLC purification. 

1 and [Leu5]enkephalin were then subjected to reaction with ACE, in order to 
demonstrate the proteolytic stability imparted to 1 by replacement of the susceptible bond 
with a urea linkage. The reactions were monitored by RPHPLC (Fig. 2). 
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Z-N-V^A 

PIFA (1.5 eq), H-FL-OBzl (1 eq), 
• 

H2, Pd(0H)2/C 
l:lMe0H-CH2Cl2, 

^ r / V N H ' pyridine (2 eq), DIEA 
0 H J THF, rt, 1 hr (30%) 

2 

(4 eq), z- N ^ Y ^ N ~ I v ^ r A r ' V ^ O B z l n'4hl <79% a f t e r 

" O H H H o V ^ . .™^_.. . ,^. . . . . . . . . 

3 \ 
HPLC purification) 

Fig. 1. Synthesis ofl. 

1 and [Leu jenkephalin were then subjected to reaction with ACE, in order to 
demonstrate the proteolytic stability imparted to 1 by replacement of the susceptible bond 
with a urea linkage. The reactions were monitored by RPHPLC (Fig. 2). 

H-YGGFL-OH ACE (-49 ng/ml) , 
(1.415 mM) 37 C, 4hr 

•H-YGG-OH + H-FL-OH 
ACE (-49 ng/ml) 

1 ; 1 
(1.42 mM) 3 7 C, 4hr 

30 min 30 nin 

Fig. 2. RP-HPLC analysis of the reaction of ACE with [Leu5]enkephalin and 1 (Cs Vydac 
analytical column, gradient of 5% to 95% CH3CN-H20 with 0.1% TFA, 1.2 mUmin, 214 nm). (A) 
reaction of ACE with [Leu [enkephalin, (B) co-injection with authentic H-FL-OH, and (C) co-
injection of reaction with control (no ACE). (D) reaction of ACE with 1 and (E) co-injection with 
control (no ACE). 

In the presence of ACE, [Leu5]enkephalin is cleaved into tri- and di-peptide 
fragments. The presence of the dipeptide fragment, H-FL-OH, was also confirmed by 
FABMS. Under identical reaction conditions with ACE, 1 remained intact, as confirmed 
by FABMS. Currently, studies are underway to demonstrate that 1 is a substrate for ACE 
and to determine its biological activity. 
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On-resin N-methylation circumvents a deletion peptide formed 
during the synthesis of cyclosporin analogs 

Prakash Raman, Yvonne M. Angell, George R. Flentke 
and Daniel H. Rich 

Department of Chemistry and School of Pharmacy, University of Wisconsin-Madison, 
425 N. Charter Street, Madison, WI 53706, USA 

Synthesis of Cyclosporin A [CsA, cyclo(-MeBmt1-Abu2-Sar3-MeLeu4-Val5-MeLeu6-Ala7-
D-AlaS-MeLeu^MeLeu^-MeVal11-) where MeBmt = (4R)-4-[(2'E)-butenyl]-4,N-
dimethyl-(L)-threonine); Sandimmune®, 1] has been carried out only in solution [1] even 
though solid phase methods offer many distinct advantages [2]. The seven sterically 
hindered N-methyl amino acids give rise to difficult peptide couplings, although the 
simple analog [MeLeu^CsA (2) was synthesized using a combination of solid-phase and 
solution-phase methods [3]. Here we show that the difficult coupling between the MeVal 
residue in the 11-position and the 1-position residue can be overcome to form 
[MeSer(OBzl)!]CsA (3) and [MeThr(OBzl)1]CsA (4), analogs of CsA with a P-oxygen 
functionality as in MeBmt (Fig. 1). 

Fig.l. Structures of CsA analogs. 

Results and Discussion 

1: CsA , R1 = OH; R2 = CH(CH3)CH2CH=CHCH3 

2: [MeLeu'jCsA, R1 = H; R2= CH(CH3)2 

3: [MeSer(OBzl)']CsA : R1 = OBzl; R2= H 

4: [MeThKOBzOMCsA : R1 = OBzl; R2 = CH3 

Detailed procedures for the synthesis of linear undecapeptide precursors as well as a novel 
on-resin cyclization method for the synthesis of a number of CsA analogs using solid phase 
techniques will be reported elsewhere [3,4]. During the course of these studies, we 
encountered a problemmatic coupling between MeVal11 and MeSer(OBzl) and 
MeThr(OBzl) as the 1-position residues. Coupling of Fmoc-MeSer(OBzl)-OH and Fmoc-
MeThr(OBzl)-OH with the hexapeptide H-Abu-Sar-MeLeu-Val-MeLeu-Ala-HAL-PEG-PS 
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synthesized on a Millipore 9050 Plus Synthesizer proceeded in nearly quantitative yield. 
However, the DIPCDI/HOAt/DMF double coupling strategy for the coupling of Fmoc-
MeVal-OH onto the heptapeptide resin containing the P-substituted 1-position residue, 
which had proven successful in the synthesis of [MeLeu^CsA, gave only a 70% yield for 
the MeSer(OBzl)-heptapeptide resin and only 50% for the MeThr(OBzl)-heptapeptide 
resin. 

When we switched the solvent to NMP and raised the temperature to 60°C [5], 
coupling of Fmoc-MeVal-OH proceeded quantitatively onto the Fmoc-MeSer(OBzl)-
heptapeptide resin. Under these same conditions, the coupling of Fmoc-MeVal-OH onto 
the Fmoc-MeThr(OBzl)-heptapeptide resin increased to only 70%. Use of hydrogen 
bonding solvents such as TFE and HFIP had little or no effect on the coupling yield. 
Surprisingly, upon cleavage of the linear undecapeptide from the resin and cyclization, we 
obtained substantial amounts of the cyclic decapeptide in which the MeVal11 residue was 
missing, despite capping with N-acetyl imidazole at each step. Washes with the chaotropic 
agent KSCN [6] did not improve the coupling yield but did enable capping with N-acetyl 
imidazole after the coupling of Fmoc-MeVal-OH, thereby avoiding the formation of the 
deletion peptide. Using these optimized conditions, the linear undecapeptide precursors for 
[MeSer(OBzl)1]CsA (3) and [MeThr(OBzl)1]CsA (4) were synthesized smoothly using 
NMP at 60°C for the coupling of the last four amino acid residues beginning with 
MeVal11. Cleavage from the resin and cyclization in solution using (PrP02)3 and DMAP 
in CH2CI2 led to the successful synthesis of [MeSe^OBzl^JCsA (3) and 
[MeThrtOBzl^CsA (4) in excellent overall yields (5-16%). 

•1 

1.2% DBU/NMP 
»-

2. o-nitrobenzene 
sulfonyl chloride, 
Collidine, CH2C12 

HSCH2CH20H 

DBU, DMF 

^3^ Bzl-CT^S o 

CO 
CH3 

(MTBD) 

Methyl 4-nitrobenzene 
sulfonate, DMF 

£$i5M* 
[MeThr(OBzl)1]CsA (4) 

Fig. 2. Synthesis of [MeThr(OBzl) ]CsA (4) via on-resin N-methylation. 

We then decided to investigate other methods to see if we could improve the 
coupling yield for Fmoc-MeVal-OH onto MeThr(OBzl)-heptapeptide resin. A possible 
solution would be to couple Fmoc-Val-OH instead of Fmoc-MeVal-OH in the 11-position 
followed by site-selective N-methylation [7]. MeThr(OBzl)-heptapeptide resin was 
synthesized using the standard protocol starting with Fmoc-Ala-HMPB-PEG-PS. The 
coupling of Fmoc-Val-OH proceeded quantitatively using NMP at 60°C, to give Fmoc-
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Val-MeThr(OBzl)-heptapeptide resin. The Fmoc group was cleaved using 2% DBU in 
NMP, followed by sulfonylation with o-nitrophenylsulfonyl chloride. Deprotonation with 
the hindered base MTBD and treatment with the methylating agent methyl p-
nitrobenzenesulfonate gave the N-methyl sulfonamide. Cleavage of the sulfonamide group 
with 2-mercaptoethanol and DBU proceeded smoothly to give the N-methylated Val-
octapeptide resin (Fig. 2). The resin was then reintroduced in the synthesizer and synthesis 
of the linear undecapeptide was completed using NMP at 60°C for the remaining 
couplings. Cleavage from the resin followed by cyclization using (PrP02)3 / DMAP gave 
the desired [MeThr(OBzl)1]CsA (4) analog in 9% overall yield after chromatography. Even 
though the overall yield did not improve significantly, no deletion peptides were observed, 
leading to much easier purification. 
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Synthetic approaches to elucidate roles of disulfide 
bridges in peptides and proteins 

George Barany 
Department of Chemistry and Department of Laboratory Medicine and Pathology, 

University of Minnesota, Minneapolis, Minnesota 55455, USA 

The pairing of cysteine residues to form disulfide bridges represents the only way that 
nature establishes covalent crosslinks bringing together in three dimensions portions of 
linear polypeptide chains that are apart in the linear sequence. As a consequence, 
conformations of peptides and proteins can be "locked" and both their stabilities and 
biological activities are affected. Disulfide bridges can also be harnessed in creative ways 
for de novo design studies. Finally, an active research question is to understand the roles of 
disulfide bridges in the folding process; the answer may be different for protein sequences 
able to readily access their final stable packed conformations versus peptide molecules that 
are generally quite conformationally flexible until covalent crosslinks are introduced. 

In order to develop a better understanding of the relative importance of disulfides, our 
laboratory continues to develop methods for the reliable assembly of cystine-containing 
peptides and small proteins, and for the construction of the required bridges [1]. We also 
consider a variety of analogous structures, including those in which disulfides are replaced 
by trisulfides, in which disulfides have been intentional mispaired, and in which paired 
half-cysteines have been replaced by paired a-amino-n-butyric acid isosteres. These 
approaches are applied to a range of target molecules, including oxytocin and deamino­
oxytocin (9 residues, disulfide bridge between residues 1 and 6), somatostatin (14 residues, 
disulfide bridge between residues 3 and 14), a-conotoxin SI (13 residues, disulfide bridges 
between residues 2 and 7; 3 and 13), apamin (18 residues, disulfide bridges between 
residues 1 and 11; 3 and 15), and bovine pancreatic trypsin inhibitor (BPTI, 58 residues, 
disulfide bridges between residues 5 and 55; 14 and 38; and 30 and 51). This article 
surveys our most recent progress both on synthetic aspects and on 
conformational/biological consequences, some of which is detailed further in the 
Proceedings of this Symposium [2]. We report new cysteine protecting groups and 
racemization-free anchoring and coupling procedures, a reusable polymeric reagent to 
mediate intramolecular disulfide formation, and studies which compare solution and on-
resin regioselective schemes for disulfide bridge formation. 

Results and Discussion 

In our work, peptide chain elongation occurs by 9-fluorenylmethyloxycarbonyl (Fmoc) 
stepwise solid-phase synthesis, with Cys protection provided by 5-acetamidomethyl (Acm), 
S-triphenylmethyl (Trt), 5'-2,4,6-trimethoxybenzyl (Tmob), or S-9/7-xanthen-9-yl (Xan) 
[1,3]. Cys residues may be exposed to base, with possible abstraction of the a-proton, at 
various stages of the synthetic process. While the risk of racemization of C-terminal Cys 
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anchored as an ester has been appreciated for some time, it has been recognized just 
recently that racemization of Af, S-protected derivatives of Cys residues during their 
incorporation into internal amide linkages can also be a serious concern [2a,4]. The 
problem is a function of activation/coupling protocols, particularly with certain newly 
popularized phosphonium and aminium salts that are applied in the presence of tertiary 
amine bases. Fortunately, "safe" conditions have been developed by switching to weaker 
auxiliary bases and less polar solvents, and by addressing preactivation issues. In addition, 
we confirm that pentafluorophenyl esters can be used without racemization. Once 
incorporated, Cys retains its optical purity through many cycles of further chain growth. 

Racemization of C-terminal Cys is prevented by a novel side-chain anchoring strategy 
[2f,5] that combines our recently reported S-Xan protection [3] and xanthenyl (XAL) 
handle for anchoring amides [6]. In addition, this approach circumvents formation of 3-(l-
piperidinyl)alanine by-products, a recently described side reaction involving base-catalyzed 
P-elimination at C-terminal anchored Cys [7]. Detachment of completed peptides anchored 
through the Cys side-chain can be carried out under mild conditions, with possible 
retention of protecting groups on other side-chains, either by acidolysis or by application of 
oxidative reagents [in this latter case, requiring a downstream Cys(Xan) and resulting in 
direct disulfide formation]. 

Regioselective construction of multiple disulfides in the conotoxin family [2e] updates 
earlier precedents [8] and assumes that the placement of orthogonally removable S-
protecting groups during the linear chain assembly will govern the eventual alignment of 
bridges. In the newer studies, S-Xan was used along with S-Acm, the order of loop 
formation differed from earlier work, and the unnatural "discrete" and "nested" isomers 
were accessed for the first time. The best yields and purities, with minimal scrambling, 
were observed when both disulfide-forming steps were carried out in solution. In 
preliminary bioassays, mispaired regioisomers showed negligible activity. 

Efficient formation of intramolecular disulfide bridges in peptides can be mediated by 
a novel family of polymer-bound reagents in which 5,5'-dithiobis(2-nitrobenzoic acid) 
(Ellman's reagent) is bound through two sites to PEG-PS or other supports [lb,2b]. This 
approach brings a mild oxidizing reagent into a milieu that is compatible with peptides, 
facilitates the desired cyclization step through pseudo-dilution, and allows isolation of the 
oxidized product in solution by simple filtration. We have shown the beneficial effect of a 
lysine spacer, and devised ways to recycle the polymeric reagent as well as to recover 
peptide that remains covalently adsorbed. Oxidations of a number of peptide substrates 
were found to proceed with good rates and yields over the pH range 2.7 - 6.6; for tetrathiol 
substrates (conotoxin, apamin), partial regioselectivity was observed insofar as the major 
products had the naturally occurring disulfide arrays. 

A recent area of interest to us and others relates to trisulfide variants of peptides and 
proteins [9]. Taking advantage of a facile directed displacement reaction involving the 
novel S-(N-methyl-N-phenylcarbamoyl)disulfanyl (Ssnm) protecting/activating group, we 
devised efficient syntheses of the trisulfide analogues of oxytocin and deamino-oxytocin. 
These novel peptides interacted with the oxytocin receptor and were observed to have 
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unusual protracted action [9]. Our chemistry was extended to prove the putative trisulfide 
structure of a low-level by-product from an industrial preparation of the somatostatin 
analogue lanreotide [2c]. On the basis of receptor binding assays, we conclude that the 
trisulfide offers considerable selectivity between the hSSTR2 and hSSTR5 receptors. 

Over the past few years, we have explored the roles of disulfide bridges in the small 
protein BPTI by chemical synthesis of analogues which replace some or all of the paired 
Cys by Abu isosteres [2d, 10]. Additional analogues replace selected Cys or Tyr residues 
with Ala. In these ways, we have obtained partially unfolded species which are 
characterized by an array of biophysical techniques; in particular sequential assignments 
and dynamics studies are made possible by heteronuclear NMR-experiments that follow 
site-specific incorporation of stable isotope labels. We conclude that the presence of native 
disulfide(s) leads to a decrease in the entropy of the extended (unfolded) species, and 
allows the rapid, cooperative formation of an ensemble of fluctuating structures with a 
common stable hydrophobic core. 
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Synthesis of cyclopsychotride by orthogonal ligation using 
unprotected peptide precursor 

Yi-An Lu and James P. Tam 
Department of Microbiology and Immunology, Vanderbilt University, A5119MCN, Nashville, 

TN 37232, USA 

A new method for orthogonal cyclization [1] without protection or activation steps has 
been developed for the synthesis of Cyclopsychotride (CPT), a 31-residue, end-to-end 
cyclic peptide with three disulfide bonds (Fig. 1). This method uses a "triangulation 
strategy". First, intramolecular transthioesterification by the nucleophilic thiol at the oc-
amine terminus with the a-thioester forms the end-to-end thiolactone. A subsequent ring 
contraction though S- to N- acyl migration angles back to the intended course of forming 
the end-to-end amide bond (Fig. 2). 

CTCSWPVCTRNGL-PVCGETCVGGTO Kalata Bl CTCSWPVCTRNGL-PVCGETCVGGTCN-TP--G 

Circulin B CSCKNKVCYRNGVIP-CGESCVFIPCIST-LLG 

CPT CSCKSKVCYKNS-IP-CGESCVFIPCTVTALLG 

Fig. 1. Amino acid sequences of kalata Bl, Circulin B and CPT. Bold amino acids indicate 
conserved residues. 

Results and Discussion 

CPT [2] isolated from the tropical plant Psychotria longipes is among the largest cyclic 
peptides found in nature. It exhibits inhibition of neurotensin receptor binding. The 
disulfide bond connectivity of CPT is not known but based on sequence homology and 
cysteinyl placements, this peptide belongs to the Kalata family of cyclic peptides with a 
cysteine-knot motif. The solution structure of Kalata Bl has been determined and its 
disulfide connectivity is 1-4, 2-5, and 3-6 (Fig. 1). 

CPT was synthesized as a linear unprotected precursor peptide containing an Na-
cysteine and Ca-thioester by solid-phase synthesis on Boc-Gly-SCH2CH2CO-
methylbenzhydryl-amine (MBHA) resin [3]. The least hindered site for cyclization between 
Gly-31 and Cys-1 was chosen as the respective Ca-and Na-terminal residues. To confirm 
the disulfide connectivity, we used a two-step disulfide bond forming strategy [4] which 
employed two sets of thiol protecting groups for cysteine. Base on the cysteinyl alignment 
with Kalata, acetamidomethyl (Acm) for Cys 3 and Cys 6 and methylbenzyl (MBzl) for 
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R=-CH2CH2CONH2; 

R'= -CH2CH2C02H 

Fig. 2. Cyclization of an unprotected peptide precusor (A) derived from solid-phase synthesis 
through intramolecular transthioesterification to form a thiolactone (B) and then an S, N-acyl 
migration to form an end-to-end peptide (C). 

the other four Cys were used. The unprotected peptide thioester ([M+H]+, m/z 3486.7 
found, 3485.07 calcd.) was cleaved from the resin by HF and allowed to refold and cyclize 
in descending concentrations of an 8M urea solution containing 0.1M Tris HCl, pH 7.4 and 
a 10 fold excess of water-soluble Tris (2-carboxyethyl) phosphine to prevent polymeric 
disulfide formation. Disulfide formation was achieved by DMSO to give three disulfide 
isomers ([M+H]+, m/z 3376 found, 3376.04 calcd.). The disulfide connectivities of each 
isomer were determined by partial acid hydrolysis [5]. The expected disulfide isomer of 
Cys-1,4; 2,5 was obtained in 30% yield. The third disulfide was formed by LTMeOH to 
give CPT ([M+H]+, m/z 3232.2 found, 3230.89 calcd.). The synthetic material was 
identical to naturally isolated CPT both chemically and biochemically. These results 
support the conclusion that CPT has a disulfide connectivity similar to Kalata B1 and that 
the orthogonal ligation to form a cyclic peptide is a convenient and efficient method which 
could be achieved essentially under one-pot reaction from the crude peptide after peptide 
cleavage from the resin. 

Acknowledgment 

We thank Dr. Witherup for supplying the native Cyclopsychotride. This work was 
supported by US PHS grants CA36544 and AI 37965. 

References 

1. Zhang, L., Tam, J. P., J. Am. Chem. Soc, 119 (1997) 2363. 
2. Witherup, K.M., Bogusky, M.J., Anderson, P.S., Ramjit, H., Ransom, R.W., Wood, T., 

Sardana, M., J. Natural Products, 57 (1994) 1619. 
3. Hojo, H., Aimoto, S., Bell. Chem. Soc. Jpn., 64 (1991) 111. 
4. Yang, Y„ Sweeney, W.V., Schneider, K., Chait, B.T., Tam, J.P., Protein Science, 3 (1994) 

1267. 
5. Zhou, Z., Smith, D. L., J. Protein Chemistry, 9 (1990) 523. 



Methionine as the ligation site in the orthogonal ligation of 
unprotected peptides 

Qitao Yu and James P. Tam 
Department of Microbiology and Immunology, Vanderbilt University, A5119-MCN, Nashville, TN 

37232-2363, USA 

Novel approaches to blockwise ligation for peptide synthesis using unprotected peptide 
segments have received recent attention because of their potential accessibility to diverse 
groups of macromolecules which were previously difficult to obtain through conventional 
approaches using protecting group schemes. Among these methods, the orthogonal ligation 
of two unprotected peptides segments provided approaches for amide formation [1-3]. One 
such strategy is based on Wieland's transthioesterification [4] and acyl transfer concepts 
proposed by Kemp et al [5]. In this paper, we describe the orthogonal ligation of an 
unprotected homocysteinyl peptide mediated through transthioesterification and S,N-
acyltransfer with a peptide thioester followed by subsequent S-methylation to give Met at 
the ligation site (Fig. 1). 

, ,. f H S I yy - V 
I peptide-1 m— c—SR + ^l-C—(jjeptide-y 

pH7.6 
-FISH S,N-acyl migration | peptiae-i L - c ^ S - N . ^ 

[j<r<tp^B> 

"S SCH3 

9 > yy—:—-v S-Methylation O 's. y. ._ 

Fig. 1. Synthetic scheme of orthogonal ligation with Met at the ligation site. 

Furthermore, we have also extended this method to the synthesis of cyclic peptides 
from homocysteinyl peptide thioesters (Fig. 2). 

Hcy-SVSHQLMHNLGKHLNS-5« *• *—Hcy-SVSEIQLMHNIjGKHmS—' 

Fig. 2. Scheme of cyclization from a linear ̂ -homocysteinyl peptide thioester to form a cyclic 
peptide. 

Results and Discussion 

The intermolecular transthioesterification scheme of the orthogonal ligation method, which 
results in Met at the ligation site, requires the synthesis of two unprotected peptide building 
blocks, one bearing a thioester at the a-COOH terminus and another an a-homocysteine at 
the amino terminus. The synthesis of these two building blocks was accomplished by 
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conventional solid phase synthesis. Peptide building blocks ranging from 4 to 17 amino 
acid residues were used for transthioesterification to yield peptides of 10 to 34 residues. 
Some of these peptides were derived from PTH (parathyroid hormone) and contained both 
Lys and His, which are useful for determining the regioselectivity of the 
transthioesterification and S-methylation. Transesterification was performed at pH 7.6 in 
phosphate buffer in a highly reductive environment containing a 3-fold excess of water 
soluble R3P, tris(carboxyethyl)phosphine (TCEP) to prevent disulfide formation and to 
accelerate the desired reaction. The ligation reaction usually occurred cleanly and 
efficiently in yields ranging from 79 to 97%. Intramolecular transesterification occurred 
between the C-terminal homocysteine and N-terminal thioester of the linear Na-
homocysteinyl peptide thioester precursor. The selective S-methylation of homocysteinyl 
peptides was performed at room temperature using a large excess of methyl p-
nitrobenzenesulfonate as methylating reagent [6]. The model peptide, human PTH 
fragment 1-34 prepared with our orthogonal ligation-S-methylation method, was identical 
to the standard sample obtained from the commercial source and gave correct molecular 
weight by MS measurement. 

Conclusion 

Our results show that blockwise orthogonal ligation of unprotected peptides can be carried 
out at methionine site. This adds to the repertoire of ligation sites of cysteine, histidine, 
glycine and thiaproline. Both the transthioesterification and S-methylation proceed with 
high efficiency and regiospecificity. In the synthesis of PTH fragment 1-34, the side chain 
functional groups of Lys and Arg, as well as the imidazole ring of His, do not interfere with 
this orthogonal ligation scheme. 
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Although PNA, a new class of DNA and RNA mimics, were originally developed to 
improve the antisense and antigene technology for treatment of diseases at the level of gene 
expression [1], the attractive features of PNA recently opened up a wide range of new 
applications [2]. We hypothesized that the synthetic ease associated with the preparation of 
medium-sized PNA together with the outstanding selectivity of PNA to hybridize with 
complementary DNA in solution would allow the development of a convenient and reliable 
system for the diagnosis of genetic diseases or the detection of infectious agents. Our goal 
is to apply the high density DNA arrays currently used for mutational screening [3] to 
PNA. At the first attempt, we have synthesized a set of model PNA sequences on cellulose 
membranes. We varied the length of the PNA from 8 to 12 residues, and introduced 
frameshift and point mutations. Subsequently we hybridized the paper-bound PNA array 
with a corresponding fluorescein-labeled 20-mer oligonucleotide or a 600 base pair rabies 
glycoprotein DNA. 

Results and Discussion 

The PNA oligomers were assembled according to conventional solid-phase peptide 
synthesis protocols by using Fmoc-protected base analogs (PerSeptive Biosystems) and 
HATU activation. Completion of coupling steps was followed by staining the paper with 
bromophenol blue. For quality control, some spots were derivatized with a TFA-cleavable 
linker, and the cleaved and deprotected PNA was subjected to reversed-phase HPLC and 
MALDI-mass spectroscopy. The analytical methods detected remarkably pure products 
regardless of whether they were made manually or by an Abimed 422 robotic arm. As 
many as 260 PNA sequences could be assembled on a single 9 x 13 cm cellulose sheet. 

The deprotected PNA attached to the paper was placed in a resealable plastic bag and 
150,000 lux units of purified DNA were added in 10 mM Tris buffer containing EDTA. 
After incubation the paper was washed and the DNA bound to the PNA spots was 
measured on a fluoroimager. During these conditions, the rabies DNA bound stronger to 
the 10-mer PNA than to the 8-mer, but further increase in PNA size did not improve 
binding. 

Subsequent experiments were based on the best binder 3' catctccctt 5' sequence. A 
frameshift in mid-chain position (3' catcttccctt 5') completely eliminated the ability of PNA 
to hybridize with the rabies glycoprotein oligonucleotide. To study the effect of point 
mutations, two analogs were synthesized. Both mutations considerably reduced DNA-
binding. Because the same rabies DNA probe hybridized with various efficiency to PNA 
from other sections of the glycoprotein, we are trying to set conditions that will make the 
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PNA-DNA binding less sequence-dependent. Our preliminary results indicate that extreme 
(either high or low) pH is advantageous to reach this goal. 
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Fig 1. Representative reversed-phase HPLC profile and MALDI-mass spectrum of the PNA 3' 
catctccctt 5' synthesized on an amino-derivatized cellulose membrane. 

Table 1. Single base mutations reduce the binding of the PNA array to the corresponding rabies 
DNA sequence. The numbers represent fluorescent counts on the PNA spots. 

PNA 
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References 

Origin 

rabies G 
5 t - > a 
7c -> a 
control 

Prehybridization 

876 
939 
945 

1241 

2 hour incubation 

14697 
8050 
4717 
2241 

16 hour 
incubation 

24561 
13142 
3616 

not tested 

1. Nielsen, P.E., Egholm, M., Berg, R.H. and Buchardt, O., Science, 254 (1991) 1497. 
2. Hyrup, B. and Nielsen, P.E., Bioorg. Med. Chem., 4 (1996) 5. 
3. Matson, R.S., Rampal, J., Pentoney, S.L., Anderson, P.D. and Coassin, P., Anal. Biochem., 

224(1995) 110. 



Intramolecular orthogonal ligation for 
the synthesis of cyclic peptides 

Chuan-Fa Liu,a Chang Rao and James P. Tam 
Department of Microbiology and Immunology, Vanderbilt University, A 5119 MCN, Nashville, TN 

37323-2363, USA, "Current address: Amgen Boulder Inc., 3200 Walnut St., ACSA, 
Boulder, CO 80301, USA 

Cyclic peptides are of great interest therapeutically and chemically. With a designed 
structural rigidity, these molecules often possess enhanced biological potency and 
selectivity, and are metabolically more stable than their linear counterparts. However, the 
synthesis of cyclic peptides, especially those with head-to-tail lactam linkages, remains 
challenging. A significant recent advance in synthetic peptide and protein chemistry is the 
development of novel convergent approaches to aqueous-phase peptide/protein synthesis 
using unprotected segments as building blocks [1-5]. A key element of those methods is to 
introduce two special functional groups with complementary reactivity onto the respective 
C- and N- termini of two unprotected peptides. The specific capture reaction between these 
two groups brings the two termini together, leading to spontaneous formation of a peptide 
bond through an entropy-driven acyl transfer. Forming a peptide bond in this way is also 
referred to as orthogonal ligation, because it permits specific peptide bond formation in the 
presence of many other functionalities. With demonstrated utility in protein synthesis, 
these methods hold equal promise for the synthesis of cyclic peptides [6]. In this case, the 
two reactive groups are placed at the C- and N- termini of the same unprotected peptide 
molecule, and their reaction leads to forming a lactam linkage through the same 
mechanism. 

Results and Discussion 

We recently reported on a new orthogonal ligation method that utilizes a peptide 
thiocarboxylic acid to capture an N-Cys(Npys)-peptide [5]. The net result is the formation 
of an Xxx-Cys bond at the ligation site. The general procedure for cyclic peptide synthesis 
with this method involves the use of t-Boc chemistry on a benzhydryl thioester resin, 1. 
Boc-Cys(Npys) is incorporated at the last step of solid phase synthesis. HF treatment 
releases the CO-SH, 2, that captures the N-terminal cysteinyl Npys-sulfur group to form an 
acyl-disulfide, 3, which in turn rearranges to an amide bond, 4. Thiolytic reduction of the 
reaction mixture gives the desired cyclic peptide, 5. 

A 10-aa cyclic peptide of the sequence cyclo(-Cys-Gly-Arg-Phe-Glu-Gly-Pro-Lys-
Leu-Ala) was first prepared by using this method. We found the entire synthesis to be a 
simple procedure. In fact, the cyclic product was formed during HF work-up and a single 
preparative HPLC step was sufficient to purify the product to homogeneity. It was 
observed that the thiolcarboxylic capture step was already accomplished by the time of 
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ether precipitation, since the ether phase from washing the cleaved resin and crude peptide 
precipitates was yellow and contained free Npys-H, as revealed by HPLC analysis. The 
low pKa value of the thiolcarboxylic group was responsible for this unusual nucleophilicity 
under acidic conditions. 
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Fig. 1. General scheme for cyclic peptide synthesis. 

It was actually impossible to isolate the intermediate linear peptide thiolcarboxylic acid 
with an Npys-Cys residue in its sequence. The subsequent acyl transfer reaction from an 
acyl disulfide to an amide occurred when the crude peptide was extracted with a buffered 
solution (pH 5-6) containing 20% acetonitrile. Since the S-SH group generated from the 
acyl transfer step is both a reductant and an oxidant, it was unstable and underwent a series 
of oxidation/reduction reactions to generate various products that were all reducible to the 
desired cyclic peptide. Therefore, after incubation for 30 min, the peptide extract was 
treated by reduction with dithiothreitol (DTT) or tricarboxyethylphosphine (TCEP) before 
being applied to HPLC purification. The purified product was analyzed by MALDI-TOF 
MS and had a [M+H]+ of 1059.8 (Theo. 1060). Tryptic digestion produced the fragment H-
Leu-Ala-Cys-Gly-Arg-OH, confirming the formation of the Ala-Cys linkage. The overall 
yield on the basis of the starting resin substitution was about 20%. A number of other 
cyclic peptides were also prepared in good yield. The cysteinyl thiol group in these cyclic 
peptides is also a ligation site. We have exploited Michael addition of a thiol to the double 
bond of an acrylic moiety for chemoselective peptide ligation. Using this method, a 
symmetric peptide dendrimer was prepared by assembling four copies of a cysteinyl cyclic 
peptide derived from the V3 loop of the gp 120 protein of HrV-l(III-B strain) onto 
pentaerythritol tetraacrylate (PETA) (CF. Liu and J.P. Tam, manuscript in press). 

In conclusion, intramolecular orthogonal ligation provides a convenient approach to 
synthesizing cyclic peptides from totally unprotected linear precursors. 
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A new approach to phosphonopeptide analogs 
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Phosphonopeptide analogs 1 (Fig. 1) in which an amide bond is replaced with a 
phosphonate ester or phosphonamide linkage are highly effective inhibitors of proteases [1] 
and synthetases [2] and are widely employed as haptens for catalytic antibody generation 
[3]. While simple phosphonates and phosphonamides (1, A, W - H; R1, R2 = alkyl or aryl) 
can be prepared easily via nucleophilic addition to phosphonochloridates 2, the additional 
functionality (A = PhthN, BocNH, FmocNH, CbzNH; W = C02R or CONHR) and 
a-carbon branching (R1, R2 ^ H) present in the amino acid or peptide coupling partners 
result in moderate to poor yields for most phosphonopeptides. For example, a phosphonate 
ester analog of cyclohexylglycine-Trp (1, X = O, R = p-nitrobenzyl, A = FmocNH, R1 = 
cyclohexyl, R2 = 3-indolylmethyl, W = CONH2) could be prepared in 40% yield, but the 
corresponding phosphonamide (X = NH) could not be prepared at all [3]. Although 
advances in the phosphoryl chloride method for preparation of both phosphonate ester [4] 
and amide [5,6] peptide analogs have been made, further improvements are needed. 

* Y ™ ISCOJT V "Cl A V P "V"W 
Ft1 3 R1 2 Rl I 

Fig. 1. Traditional phosphorus(V) approach to phosphonopeptides. 

Results and Discussion 

We are developing a new general approach to phosphonate derivatives using nucleophilic 
addition to much more reactive P(III) intermediates [7]. Hydrogen-phosphinate esters 4 are 
non-oxidatively activated in situ to phosphonochloridites 5, which are subsequently reacted 
rapidly with a heteroatom nucleophile (X = O, NR, S). The resultant P(I1T) intermediate 6 
is then oxidized sulfurized to provide to phosphonate product. 

Using hydrogen-phosphinate amino acid esters having a range of urethane and 
phosphorus ester protection (Table 1), a variety of phosphosphonamide dipeptides have 
been prepared according to Fig. 3 using a slight modification of published protocol [8]. All 
products were purified to homogeneity by silica gel chromatography and characterized by 
FAB-MS, 31P NMR and ;H NMR. 

NMR analysis of crude reaction mixtures at all stages of the process (activation, 
coupling, oxidation) show very clean chemistry (>80% purity) of the phosphorus-
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Fig. 2. Phosphorus(III) approach to phosphonopeptides. 

containing products, indicating the compatability of the methodology with standard 
protection strategies. The moderate isolated yields of phosphonopeptides 9 are mostly due 

1.£®A0 R S RIP2 R* 
R5 

Fig. 3. Phosphonamide dipeptide synthesis from H-phosphinate amino acids. 

to loss during purification (difficulties separating away PhsP=0 coproduct). The very 
sterically hindered phosphonamides 9c and 9d derived from an a,a-disubstituted 
phosphinate amino acid indicate the great potential of this approach for preparation of 
phosphonate peptide analogs not available by current P(V) methodology. 

Table 1. Yield and P NMR of phosphonamide dipeptides 9 prepared from amino acids 7. 

a 
b 
c 
d 
e 
f 

Prot 
Boc 

Fmoc 
Fmoc 
Fmoc 
Cbz 
Cbz 

R' 
iPr 
Bn 
CH, 
CH, 
Bn 
Bn 

R2 

H 
H 

CH, 
CH, 
H 
H 

R3 

tBu 
Bn 
Bn 
Bn 

Allyl 
Allyl 

R4 

H 
H 
H 
H 

iBu 
iBu 

R5 

Et 
Et 
Et 
Et 

CH, 
CH, 

Z 
S 
0 
0 
S 
0 
S 

3'P(S) 
71.0,71.2 
28.0, 29.3 

28.2 
92.7 

25.3-27.1 
82.8-85.8 

yield (%) 
40 
20 
50 
40 
56 
20 

In conclusion, phosphonodipeptides with allyl ester protection at phosphorus (Table 1, 
entries e and f) have been treated with catalytic Pd(0) to generate the corresponding 
phosphonamidate dipeptides, which are being evaluated as zinc protease inhibitors. 
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Protected amino acid chlorides: Coupling reagents suitable for 
the most highly hindered systems 
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The most highly hindered systems with respect to peptide bond formation are encountered 
when the a-amino acid units to be coupled are C(a)-dialkylated and/or N(a)-alkylated. As 
model compounds to investigate the applicability of amino acid halides for such highly hindered 
systems, we studied coupling reactions between a-aminoisobutyric acid (Aib) and/or N-methyl-oc-
aminoisobutyric acid (MeAib). 

Results and Discussion 

Fmoc amino acid fluorides have proven to be generally useful for peptide synthesis, even 
in the case of hindered systems such as those incorporating adjacent Aib residues. In such 
cases, Fmoc-Aib-F has been shown to be more efficient than the corresponding acid 
chloride (Fig. 1) because the urethane-protected amino acid chloride is converted much 
more readily than the acid fluoride to the corresponding oxazolone. On the other hand 
Fmoc-amino acid fluorides appear to have reached their limits in attempted applications to 
very highly hindered substrates, e.g. the coupling of Fmoc-protected proteinogenic amino 
acids to MeAib substrates. The corresponding amino acid chlorides, although long 
disregarded due to deficiencies associated with available protocols, can, in fact, overcome 
these limitations. In the presence of bis(trimethylsilyl)-acetamide (BSA), urethane-
protected amino acid chlorides provide for a far more efficient process than the 
corresponding fluorides (Fig. 1). 

By switching to other forms of N(a)-protection that are more compatible with the acid 
chloride functionality such as N-arenesulfonyl protectants for which the already high 
reactivity of the acid chloride unit is increased by inductive effects, it is possible to couple 
Aib to MeAib units within a few minutes. Indeed it is even possible to couple MeAib to 
MeAib, a reaction never achieved previously. Because of its facile removal the Pbf group 
was used as N(a)-protectant. Thus, Pbf-MeAib-Cl (1 eq.) was coupled to MeAib-OMe»HCl 
(2 eq.) in toluene in the presence of DIEA (2 eq.) and BSA (1 eq.) within 2-3 h in a 70% 
yield. The structure of the resulting dipeptide (Pbf-MeAib-MeAib-OMe), purified by 
preparative HPLC, was confirmed by NMR analysis, mass spectrometry, and CHN 
analysis. Removal of the Pbf-group by means of 10% dimethylsulfide in trifluoroacetic 
acid (v/v) for 1 h at ambient temperature yielded the desired dipeptide, MeAib-MeAib-
OMe, in a yield of 87%. 

239 



240 

2 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

0 

CS^nr-

^ i i i 

- • — Fmoc-Ala-MeAib-OMe 
via chloride 

- • - Fmoc-Ala-MeAib-OMe 
via fluoride 

* - Fmoc-Aib-Aib-OMe via 
chloride 

• Fmoc-Aib-Aib-OMe via 
fluoride 

0 20 40 60 80 100 120 

Time(min) 

Fig. 1. Coupling efficiency of Fmoc amino acid chlorides versus the corresponding fluorides in 
DCM; (a) Fmoc-Aib-X/Aib-OMe»HCUDIEA= (1.25/1/2), and (b) Fmoc-Ala-X/MeAibOMe»HCl 
/BSA=(1.25/1/2.2). 

Conclusion 

These results demonstrate that acid chloride activation is highly suited for the coupling of 
very hindered systems. Similar results have recently been described by others [1,2]. The N-
sulfonyl protectants which prevent decomposition of the highly activated acid chlorides 
provide for coupling of even the most hindered systems. Although suitable in the case of 
amino acids not bearing functional side chains, the Pbf residue would not be compatible 
with peptide synthesis protocols involving t-butyl and related side chain protection. For 
such systems, a more easily deblocked temporary sulfonyl-type N(a)-protectant must be 
developed. 
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The introduction of topographically constrained unusual amino acids into biologically 
active peptides is one of the most powerful approaches for examining the topographical 
pharmacophore requirements of peptide bioactivities [1]. Recently, the asymmetric 
synthesis of a-amino acids has become an area of substantial activity. Many procedures 
described in the literature make use of a suitable chiral auxiliary to generate 
stereoselectivity at the a-position. We have designed and synthesized several P-branched 
amino acid analogues of phenylalanine, tyrosine and other aromatic amino acids [2] and 
utilized them in the design of several biologically active peptides [3]. These studies have 
shown that utilizing such topographically constrained analogues can lead to dramatic 
changes in potency and receptor selectivity, and have provided valuable insights into how 
these amino acid residues in the peptide interact with their receptors [4]. The key reactions 
in our synthetic strategy are the asymmetric Michael-like addition utilizing copper 
complexes, and direct electrophilic azidation with trisyl azide or bromination with NBS. 
Our recent studies have been directed to the extension of this methodology to the 
preparation of P-isopropyltyrosine and P-isopropyl-2',6'-dimethyltyrosine on a large scale. 
These are the most highly topographically constrained novel amino acids that have been to 
date. 

Results and Discussions 

Our synthetic route is shown in Scheme 1. (2£)-5-Methyl-2-hexanoic acid (2a) was 
prepared in 94% yield as described in the literature with modifications. 2a was treated with 
trimethylacetyl chloride to give the corresponding mixed anhydride which was directly 
coupled with (4R or 45>4-phenyloxazolidinone to afford the corresponding unsaturated N-
acyloxazolidinones 3a and 3b following procedures recently developed in our laboratory. 

Using a similar methodology, the unsaturated N-acyloxazolidinones 3c and 3d were 
prepared from 2',6'-dimethylanisaldehyde in 84% and 87% yields, respectively. 

The stereoselective Michael addition of organometallic reagents to a,P-unsaturated 
acyl derivatives that contain a chiral auxiliary is one of the most reliable methods for 
synthesizing optically pure P-branched carbonyl derivatives. We have developed an 
efficient procedure to prepare these important intermediates via asymmetric Michael 
addition using optically pure 4-phenyloxazolidinone as an auxiliary [2]. However, in our 
initial attempts to synthesize the much more sterically-hindered P-isopropyl aromatic 
amino acids, the addition of isopropylmagnesium bromide to 3d did not work well using 
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the previously developed reaction conditions. Instead, we had to apply a chiral resolution 
method to synthesize the desired optically pure intermediates of P-phenyl isohexanoic acid 
derivatives [5]. 

RCHO - R ^ C O O H — ^ R ^ ^ C O X - i — ^ p C O X 

1 2 3 4 

N3 N 3 NH2 

e/f _^ R N k A c o x _ g _ ^ R , J i h ^ R" 
COOH *~ 7 ^ COOH 

5 6 7 
1-3: R = iso-C,R,, 4-CH30-2,6-(CH3)2C6H2-; 4-6: R = «o-C,H7, /7-CH,OC6H4, 4-CH30-2,6~-
(CH3)2C6H2-; 7: R' = p-CH3OC6H4, 4-CH30-2,6-(CH3)2C6H2, />HOC6H4, 4-HO-2,6-(CH3)2C6H2 

X=(4R or 4S)-4-phenyloxazolidinone. 

Scheme 1. (a) malonic acid, pyridine, piperidine; (b) trimethylacetyl chloride, triethylamine, THF; 
(c) lithium (4R or S)-4-phenyloxazolidinone; (d) Grignard regent, CuBr»S(CH3)2, THF; (e) 
KHMDS, trisylazide, THF; (f) BufiOTf, NBS in CH2Cl2 and then TMGA; (g) LiOH, CH3OH-H20; 
(h) H2, Pd-C, EtOH-HCl; (j) trifluoromethane sulfonic acid, TFA, thioanisole. 

Recently, we have re-examined the asymmetric Michael reaction in order to develop a 
general approach for the asymmetric syntheses of highly hindered p-isopropyl aromatic 
amino acids. We found that the addition worked very well with modifications such as not 
using dimethylsulfide as co-solvent and using a catalytic amount of copper complex, even 
when the highly sterically hindered 2',6'-dimethylphenyl magnesium bromide was also 
employed. The addition of 4-methoxyphenylmagnesium bromide or 2',6'-dimethyl-4-
methoxy-phenylmagnesium bromide to N-acyloxazolidinones 3a or 3b gave the 
corresponding desired compounds 4a-d with 85-95% yields and high selectivities. No 
diastereoisomers were found from 'H-NMR. The addition of isopropylmagnesium bromide 
to N-acyloxazolidinones 3c or 3d also proceeded well with high yields (90-95%). 
However, a mixture of diastereoisomers was obtained. Various modifications of the 
reaction conditions to improve the stereoselectivity failed. Nonetheless, the predominant 
isomer could be easily obtained in diastereomerically pure form by fractional 
crystallization from ethyl acetate-hexane. 

The amount of the copper catalyst has a great effect on the reaction. A highly polar by­
product was formed without using the copper complex. Only catalytic amounts (0.3 eq.) of 
the copper complex are needed when the benzyl ring has no methoxy group. Introduction 
of the azido group to 3a-f was achieved either directly by stereoselective electrophilic 
azidation [6] or indirectly by stereoselective bromination [6] and subsequent replacement 
of the bromide with nucleophilic tetramethylguanidium azide [7]. When we first tried 
direct azidation using the reaction conditions developed in our group we found that the 
reaction did not work well. A large amount of the starting material was recovered. Various 
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modifications of the reaction conditions were made and we finally found that the reaction 
time before quenching with acetic acid has a great effect. Usually more than 10 minutes are 
needed before the azidation reactions are completed. Thus, when N-acyloxazolidinones 
were successively treated with potassium bis(trimethylsilyl)amide (KHMDS) at -78°C for 
30 min and then with trisylazide for 15 min, azido acid derivatives were obtained in high 
yields (80-90%) and very high stereoselectivities (de>95%). An X-ray crystal structure of 
(2iv>,55)-azido oxazolidinone derivative 5c was obtained to confirm the suggested absolute 
stereochemistry. The same results were obtained with electrophilic stereoselective 
bromination. Usually, a longer reaction time was needed for complete conversion. No 
stereoisomers were found from 'H-NMR. 

The azido acids were obtained by catalyzed hydrolysis of the corresponding azido acid 
oxazolidinone derivatives with simultaneous recovery of the chiral auxiliary according to 
published procedures[2]. In all cases, no epimerization at the a-carbon was detected. 

Free amino acids were obtained by hydrogenolysis of the resulting azido acids in 
mixed solvents of acetic acid and water (50/50, w/w) or better, in ethanol containing 2 
equivalents of hydrochloric acid to yield the hydrochloride salts of the phenol-protected 
tyrosine derivatives. Higher hydrogen pressures (50-70 psi) and longer reaction times were 
employed. The methoxy protecting group of the amino acids was removed either by 
trifluoromethane sulfonic acid and thioanisole in trifluoroacetic acid at low temperature or 
by sodium iodide in 47% hydrobromic acid at 90~95°C. No racemization was found in 
either case. Free amino acids were obtained by using ion-exchange chromatography. It is 
very important to note that before loading the ion-exchange resin, the crude amino acids 
should be extracted two times with hexane to remove water insoluble organic impurities. 

Using the same methodology, all four isomers of P-isopropyltyrosine were obtained in 
35-40% total yield and high diasteroselectivities. 
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Development of a new class of protecting groups for use in solid 
phase peptide synthesis 
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S - 10691 Stockholm, Sweden 

The selection of protecting groups for trifunctional amino acids in peptide synthesis is an 
important issue since a number of side reactions are highly dependent on how the side 
chain is protected. We have investigated the concept of using flexible, sterically hindered 
alkyl protecting groups as a new class of protecting groups that minimize side reactions 
related to nucleophile lability. This type of protection has been introduced for aspartic acid 
[1-3], histidine [4], tryptophan [5] and tyrosine [6] (Fig. 1) and it has been shown that these 
protecting groups suppress common side reactions such as aspartimide formation and 
premature cleavage by nucleophiles. 

.fi .fid .ff^ 
— H > N COOH — k o ^ r r x O O H —1-0^1*1 COOH 

Fmoc-Asp(OMpe)-OH Boc-Asp(ODmp)-OH Boc-His(Doc)-OH Boc-Trp(Doc)-OH Boc-Tyr(Doc)-OH 

Fig. 1. New amino acid derivatives. 

A serious side reaction which occurs in Boc chemistry is the alkylation of the amino 
acid side chains of Cys, Tyr, Met and Trp by carbocations generated by acidolytic cleavage 
of the benzylic protecting groups. The addition of scavengers suppresses this side reaction, 
but does not always provide sufficient protection. In the present study we have investigated 
the alkylation of cysteine residues by carbocations generated by cleavage of different types 
of protecting groups. To see if the extent of this side reaction is affected by the choice of 
side chain protecting groups, three different protecting groups for aspartic acid were used 
as sources for carbocations, the b-benzyl (Bzl) ester, the b-cyclohexyl (cHex) ester and the 
b-2,4-dimethyl-3-pentyl (Dmp) ester, and the alkylation of cysteine residues in model 
peptides was studied. 

Results and Discussion 

The model peptide Asp(OR)-Cys(MeBzl)-Asp(OR)-Pro-Phe(N02)-NH2, where R=Bzl, 
cHex or Dmp, was synthesized on MBHA resin by standard Boc chemistry using 
TBTU/HOBt/DIEA in DMF for coupling and 50% TFA-DCM with 2% N-acetylcysteine 
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for deprotection of the Boc group. Boc-Asp(ODmp)-OH was synthesized as previously 
described [3]. 10 mg peptide resin was treated with 2 ml liquid HF with 10% (v/v) p-
cresol-/>thiocresol at 0°C for lh. After work-up the crude peptide was reduced by DTT in 
NH4HCO3. The peptides were subsequently analyzed by reversed phase HPLC on a C18 

column at 280 nm and by plasma desorption mass spectrometry to determine the relative 
amounts of alkylated peptide using the different protecting groups and cleavage conditions. 
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Fig. 2. HPLC elution profiles of the peptide DCDPF(N02)-NH2 synthesized with Boc-Asp(OBzl)-
OH, Boc-Asp(OcHex)-OH or Boc-Asp(ODmp)-OH. 

The HPLC elution profiles of the peptides synthesized with different aspartyl 
protecting groups showed one major peak (Fig. 2), which by mass spectrometry was 
identified as the correct product (MW= 639). In addition to this peak, the major by-product 
in the peptide synthesized with Asp(OBzl) had a mass difference of +90, which 
corresponds to the peptide alkylated by a benzyl cation. In the peptide synthesized with 
Asp(OcHex) the major by-products formed had mass differences of +82, which correspond 
to the peptide alkylated by a cyclohexyl cation. Two peaks with this molecular weight 
were found and a plausible explanation is that the cyclohexyl cation rearranges to the 1-
methyl-1-cyclopentyl cation [7] which can alkylate the peptide and give the same mass 
difference. In the peptide synthesized with Asp(ODmp), only small peaks in addition to the 
correct product were found in the HPLC elution profile. Mass spectrometry analysis 
showed that one peak had a mass difference of +98 which corresponds to the peptide 
alkylated by a 2,4-dimethylpent-3-yl cation. The relative amounts of by-products formed 
when using the different aspartyl protecting groups are shown in Table 1. 

All peptides contained a peak eluting late in the HPLC chromatogram which had a 
mass difference of +104. This corresponds to a peptide in which Cys(4-MeBzl) has not 
been completed deprotected. Since this by-product was found in all peptides its occurrence 
is probably independent of the choice of aspartyl protecting group. 
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Table 1. Alkylation of the model peptide Asp(OR)-Cys(4-MeBzl)-Asp(OR)-Pro-Phe(N02)-NH2. 
where R = Bzl. cHex and Dmp, by cations generated by cleavage of the aspartyl protecting, 
groups. 

Asp protecting group Alkylation 
Bzl 4.5 % 

cHex 3.5 % 
Dmp <0.5 % 

Conclusion 

It was concluded that under the cleavage conditions used, the cations generated by 
cleavage of the Bzl and the cHex protecting groups were able to alkylate the peptide 
DCDPF(N02)-NH2, whereas cations generated by cleavage of the Dmp protecting group 
were less reactive and caused significantly less alkylation. 

It must be emphasized that the branched alkyl protecting groups have in several 
respects proven to be superior to the protecting groups commonly used in Boc synthesis of 
peptides, which is an additional advantage. The Doc/Dmp protecting groups are extremely 
resistant to nucleophiles and therefore reduce side reactions such as aspartimide formation 
and premature cleavage of protecting groups during synthesis. They can be used in 
connection with orthogonal base/nucleophile-cleavable protecting groups that can be 
selectively removed in the presence of the Doc/Dmp groups. In contrast to the commonly 
used protecting groups for His and Trp, which have to be removed in a separate 
deprotection step, they are all cleaved by anhydrous acid along with other protecting 
groups used, and as shown in this study they also reduce the level of alkylation. 
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Sequential orthogonal ligation for the synthesis of p defensin 
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Orthogonal ligation involves amide bond formation by a specific a-amine in the presence 
of other amines on unprotected peptides [1-3]. An example is thioester ligation in which a 
weakly activated thioester on the C-terminus of the first segment is captured by the thiol 
nucleophile on the side chain of the a-Cys of the second segment [3]. The transient 
formation of the thioester is followed by spontaneous intramolecular acyl migration 
forming the peptide bond. So far, this strategy without any protecting group is limited to 
the ligation of two segments since the peptide bearing the thioester is prone to cyclization 
if a free N-terminal cysteine is present [2]. To allow sequential orthogonal ligations, the N-
terminal cysteine of the thioester segment needs to be protected. This protecting group 
should be compatible with Boc chemistry, which is the favored method for preparing 
thioester peptides. Furthermore, this protecting group should be removable under mild 
aqueous conditions to be compatible with the characteristics of the unprotected peptide. 
We have designed a thiazolidine-based phenacyl protecting group for the N-terminal 
cysteine that fulfills these requirements. Here we demonstrate sequential orthogonal 
ligation through a three-segment sequential thioester ligation of a human P-defensin. 

Results and Discussion 

Human p-defensin is a 36-residue peptide containing 6 cysteines with 3 disulfide bonds. 
The sequence, D-H-Y-N-C'-V-S-S-G-G-Q-C2-L-Y-S-A-C3-P-I-F-T-K-I-Q-G-T-C2-Y-R-G-
K-A-K-C'-C3-K, was synthesized through the successive thioester ligation of three 
segments as shown in Fig. 1 and 1, 2 and 3 of Cys represent the disulfide bond forming 
cysteine pairs while the amino acids shown in bold face are the chosen ligation sites. Each 
segment was synthesized on solid support using Boc chemistry. The thiazolidine protecting 
group of the middle segment (Mopt-C-P-I-F-T-K-I-Q-G-T-thioester) was formed by 
condensing the purified unprotected a-Cys peptide with 4-monomethoxy phenacyl 
aldehyde in an aqueous solution containing 60% CH3CN. After 2 hr, the excess aldehyde 
was extracted by CH2C12 and the middle segment was used for the ligation with the C-
terminal segment (C-Y-R-G-K-A-K-C-C-K) at pH 7.4 without further purification. After 
ligation of the M+C segments, the medium was acidified to pH 4 with acetate buffer and 
the Mopt was removed by irradiation with a mercury lamp at 10 °C for 1 hr [4] in the 
presence of 10 mg/ml of 1,2-aminothiol as scavenger. Deprotection can be performed with 
zinc in acetic acid [5]. After purification by HPLC the deprotected M+C segment was 
ligated with the N-terminal segment (D-H-Y-N-C-V-S-S-G-G-Q-C-L-Y-S-A-thioester) 
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and after oxidation with DMSO yielded human p-defensin. In conclusion, our strategy for 
sequential orthogonal ligation is efficient and holds promise for the synthesis of proteins. 
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Fig. 1. Schematic representation of the sequential three-segment ligation of human P-defensin. 
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A facile metal ion-assisted amidation on solid supports 

Kalle Kaljuste and James P. Tam 
Department of Microbiology and Immunology, Vanderbilt University, A5119, MCN, 

Nashville TN, 37232, USA 

Peptides with C-a thioesters have been used for the synthesis of proteins, cyclic peptides 
and peptide dendrimers in aqueous solution [1-3]. We have found that the peptide-
thioesters are useful and facile for generating carboxamides and cyclic peptides in solid 
phase. The method is based on metal ion-assisted intra- or intermolecular aminolysis of 
thioester, involving complexation of thiophilic metal ions with the amine nitrogen and the 
sulfur of thioester, followed by an S-A^acyl migration [4]. 

Results and Discussion 

Peptides were synthesized either on nondetachable aminomethyl or a detachable p-
methylbenzhydrylamine resin carrying the thioester linker, HS-(CH2)2-CO-Nle (Scheme 1). 
The norleucine served as a spacer and as an internal standard for amino acid analysis. 
Protected peptides were C-terminally amidated and simultaneously cleaved from the resin 
by treatment with an excess of amine and silver trifluoroacetate in CH2O2 alone or in a 
mixture of CH2CI2 and DMSO. The silver ions were precipitated by addition of NaCl 
solution, and the mixture was further purified by HPLC. The on-resin amidation proceeded 
quickly, and most of the reactions were complete in lh with high yield (Table 1) and purity 
(Fig. 1 A). This method has special value for the preparation of peptide amides of weak and 
sterically hindered amines which are difficult to achieve by other methods. 

Similarly, cyclization of peptides on solid support was conducted as described above. 
After the removal of the A^-terminal protecting group, silver trifluoroacetate in CH2C12 was 

R-1—I Peptide'/v^! 

/~i^~ 

s O R2 
\ HNR2R3 , - i -A 1 
N V " *i~[IIg!i>Y%i 

\\r\i\ r\r on/I- P _ allfwl nr arwl " 
^% - solid support; R, - Boc or H; R2 - H, alkyl or aryl; R3 - alkyl or aryl ^ 

Scheme 1. The synthesis of C-terminally amidated peptides and cyclic peptides on thioester 
resin. 

added and then diisopropylethylamine was added to neutralize the reaction medium 
(Scheme 1). The silver ions were precipitated by addition of NaCl solution, and cleaved 
peptides were purified by HPLC. A sample chromatogram for the hexapeptide c(Gly-
Thr(Bzl)-Phe-Leu-Tyr(2,6-dichloro-Bzl)-Ala) is shown in Fig. IB. Similar to the amidation 
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reactions, end-to-tail cyclization on a thioester resin proceeded quickly. This cyclization is 
simple to perform as well as efficient largely because of the dual entropic and enthalpic 
activation by the Ag+ ions without risk of polymerization. 

Table 1. The cleavage yields of thioester resin with various amines. 

Amine % peptide cleaved Amine % peptide cleaved 

Cr"0 

92 

91 

98 O O - * 

96 

91 

95 

The cleavage yields are given for the peptide-resin Boc-Gly-Leu-Phe-COS-(CH2)2CO-Nle-
aminomethyl resin. 0.5 M of amine solution in CH2CI2 was mixed with 3 equivalents of 
CFsCOOAg dissolved in 10 ml toluene; this mixture was added to 10 mg of resin and shaken for 
Ihr . 

Boc-Gly-Phe-Leu-NH-C.H, 

B 

c(Gly-Thr(Bzl)-Phe-Leu-Tyr(2,e-dichloro-Bzl)-Ala) 

10 20 t (min) 

Figure 1. HPLC elution profile of (A) crude peptide Boc-Gly-Phe-Leu-NH-CtHs and (B) 
crude c(Gly-Thr(Bzl)-Phe-Leu-Tyr(2,6-ClBzl)-Ala) after Ag* ion -mediated reactions. 
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Sequence assisted peptide synthesis (SAPS): A structural 
evaluation of the technology 
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Since the introduction of solid-phase peptide synthesis by Merrifield in 1963 [1] certain 
problems have been recognized. Among these problems are "incomplete Fmoc-deprotection" 
in the synthesis of difficult sequences [2, 3]. In a previous report [4] we presented a new 
concept - Sequence Assisted Peptide Synthesis (SAPS) - for the synthesis of difficult 
sequences. The SAPS technology has proven to be very effective in synthesizing a number of 
difficult sequences, resulting in crude products of high purity [unpublished data]. In this 
report we present results from a structural investigation of the SAPS approach using NTR-FT 
Raman spectroscopy. 

Results and Discussion 

The SAPS technology is based on incorporation of a short peptide sequence (pre-sequence) 
between the polymeric support and the target peptide. Recently we have investigated the 
synthesis of H-Alan-Lys-(Lys)m-OH using the SAPS approach [6] and only the target 
peptide could be detected with m = 2, 5 and n = 10 and m = 5 and n = 20 [4]. 

To investigate the structural influence of the pre-sequence Lysm on the target peptide, H-
Alaio-Lys-(Lys)m-OH with m = 5, we used NIR-FT Raman spectroscopy in a stepwise 
manner by recording the NIR-FT Raman spectra at every coupling and deprotection step 
during the chain assembly. The resin-bound peptides were synthesized on a PepSyn Gel resin 
(1 mmol/g) with a HMPA linker using the Fmoc-strategy. Raman spectroscopy was 
performed as earlier described [3]. The results clearly show a different structural course in 
comparison to earlier studies of alanine peptides without a pre-sequence [3]. Previously it 
was concluded that the Fmoc-protected alanine peptides with m = 0 and n = 3 - 10 were 
adopting a P-sheet structure and it was observed that the Fmoc-group supported P-sheet 
formation. The corresponding deprotected peptide showed a tendency to switch 
conformation towards random coil. The structural assignment was based on Raman bands 
located in the structure sensitive amide-I (1600-1700 cm"1) and the amide-Hi (1230-1300 
cm -1) regions [3]. 

Amide-I bands for H-Alan-Lys6-OH with n = 1 - 10 are observed at 1668 cm"1 and the 
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Fig. 1. NIR-FT Raman spectra Amide-1 (A), Amide-III (B) of H-Alan-Lys(,-OR with n = l,3, 5, 7, 10 
curves from buttom to top at 1670 cm~* and 1240 cm~* respectively; Amide-I (C), Amide-III (D) of 
Fmoc-Alan-Lys(,-OR with n = 1,3, 5, 7, 10 curves from buttom to top at 1670 cm~* and 1240 cm~* 
respectively. 

amide-HI bands at 1245 cm"1 (Fig. 1). The same bands are observed for the corresponding 
Fmoc-protected sequences. These bands can definitely be assigned to a random coil structure 
[5]. The structural observations - using the SAPS approach - agree with previously obtained 
chemical results where neither deletion nor Fmoc-protected peptides could be detected in the 
synthesis of the alanine peptides H-Alan-Lys6-OH with n = 10 and 20 [4]. 

Conclusion 

Using NIR-FT Raman spectroscopy, we have shown that the pre-sequence (Lys)m induces a 
random coil structure in the resin-bound alanine peptide and thereby prevents the formation 
of the undesirable P-sheet structure. 
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The design of congener breaking sets to determine the function 
of amino acid residues in biologically active peptides 
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A major focus of modern drug discovery is to rationalize the methods used in the process. 
Older intuitive methods are being replaced by systematic techniques such as rational drug 
design, QSAR, and combinatorial chemistry. The evident power of the first two techniques 
has not been fully realized for the conversion of peptide lead sequences into drugs because 
of two related problems: the flexible nature of peptides and a lack of amino acid analogues. 
The lack of conformational constraints means that replacing amino acid residues in a 
peptide chain may greatly alter conformation of the peptide. In turn this may make it 
impossible to correlate structure with activity. This perception has discouraged the labor-
intensive effort needed to develop new amino acid analogues that could be used in rational 
or quantitative methods of drug design. Clearly it is not reasonable to go to the trouble of 
synthesizing, resolving, and derivatizing new amino acid analogues for synthesis without 
an underlying paradigm to help select compounds that are likely to be useful. 

Results and Discussion 

One approach to the problem of selecting amino acids for synthesis is to choose families of 
amino acid analogues that have the same effect on the conformation of a model peptide. 
This tends to weaken the perception that different solution conformations make it 
impossible to do systematic structure-activity relationships with peptides. 

One efficient way to evaluate the effect of various analogues on peptide conformation 
is with a Difference Minimum Energy Ramachandran Plot (DMER-Plot). In the studies 
reported here, Ramachandran Plots were calculated using an MM3 forcefield for the 
tripeptide Ala-Phe-Ala. The <|)-\|r angles are those associated with the phenylalanine 
residue. Unlike most Ramachandran Plots in which all rotatable angles except for the <|>-\j/ 
angles of interest are fixed, the calculations discussed here involved a global search for the 
minimum energy conformation of the tripeptide at each <|)-\!/ pair. The resulting plot is 
called a Minimum Energy Ramachandran Plot (MER-Plot). The underlying assumption is 
that this conformation will eventually be realized by the peptide in solution. 

Subtracting the MER Plots for various tripeptides in which the central phenylalanine 
residue is replaced with homologues allows the rapid identification of amino acid families 
that have the same effect on the conformation of the model tripeptide. We have found that 
while the energies of the MER plots for Ala-Phe-Ala and Ala-Phe(4-Cl)-Ala vary over 
approximately 20,000 cals/mol the DMER plots vary over less than 100 cals/mol. This is 
taken to indicate that the p-substitutent does not greatly affect the solution conformation of 

253 



254 

the model tripeptide. For screening purposes DMER-Plots are constructed for all p-
substituted phenylalanine residues that may be used in peptide design. 

Once a set of amino acids that have similar effects on solution conformation are 
defined, these can be further examined for appropriateness in peptide design. The physical 
properties that are widely agreed to correlate with activity are lipophilicity, size, hydrogen 
bond donor and acceptor abilities, charge, parachor and electron distribution. Two criteria 
are used to select the analogues synthesized. First, the physical properties that may be 
correlated with biological activity should exhibit a reasonable range of values, p-
Substituted phenylalanine analogues which have log P values that range over 3-order of 
magnitude were chosen. 

The second criterion for choice of phenylalanine analogues is to avoid co-linearity 
between properties. For example, size and lipophilicity are frequently highly correlated. A 
series of analogues in which these properties vary to the same degree in the same direction 
are not useful in deciding which variable is correlated with activity. It is important to 
choose analogues in which these, and other parameters, are separable. For example, Phe(4-
Et) and Phe(4-CH20H) have similar sizes but markedly different lipophilicities. If a 
peptide containing the latter analogue has about the same biologic activity as the former 
this indicates that lipophilicity will not be correlated with activity at this position. 

Using the above approach sets or kits of amino acids each centered around one of the 
coded amino acids can be developed to help in peptide drug design. 

Conclusion 

Sets of amino acid analogues based on each of the coded amino acids have been developed 
for the design of peptide based drugs. DMER plots were used to identify amino acid 
analogues that affect the conformation of a model peptide in the same way as each of the 
coded amino acids. Further criteria such as the range of physical properties and lack of co-
linearity are then used to refine the set of amino acid analogues. 
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The term "difficult sequences" is used for peptide sequences characterized by a high tendency 
to form secondary structure (e.g. a-helix or P-sheets) or to aggregate during SPPS. The 
associated shrinking of the resin support during chemical synthesis can lead to poor coupling 
and slow deprotection in the growing peptide chain. Use of a mixture of dipolar aprotic 
solvents (Magic Mixture) and high temperature reduces this problem [1]. In continuous flow 
SPPS, use of polyethylene glycol resin can partially overcome this problem, although the use 
of the Magic Mixture is not easily applicable to automated systems. The synthesis of the trans­
membrane fragment 361-402 of a rat brain Na+ channel represents an interesting model for this 
analysis because our first synthesis attempt was unsuccessful. Therefore we monitored the 
deprotection of Leu392 (the first poorly deprotected residue) with different solvent mixtures to 
optimize synthesis. Combinations of DMF, NMP, DCM, and Triton X 100 were used with 
either piperidine or 1,8-diazabiclyclo[5,4,0]undec-7-ene (DBU) [2] as the deprotecting agent. 
The ratio between deprotected peptide/Fmoc-peptide in each condition gave us the optimal 
solvent mixture. Differences in deprotection efficiency between the same deprotecting agent 
in different mixtures were used as an index of the ability of that mixture to swell the resin and 
eliminate inter-chain interactions. We proposed that the solvent combination determined for 
the leucine step could be optimal for the coupling of the entire synthesis. To test this 
hypothesis, peptide synthesis was performed using as coupling solvent DMF/NMP 1:1, 1 % 
Triton X 100, the HO At activating agent, coupling time two hours and deprotection with 1% 
DBU in the same mixture. The final 41 amino acid product contained 45% of the full length 
361-402 rat brain Na+ channel compared to 10% for the 24 amino acid truncated sequence in 
the first attempt. 

Results and Discussion 

In a first attempt, a 24 amino acid peptide was synthesized using a PEGA-PS resin with a 
substitution of 0.2 mmol/g in a 0.2 mmol scale. The solvent used was DMF, 20% piperidine 
for the deprotection, and OPfp/HOBt as coupling amino acid with one hour recycling. UV 
monitoring indicated poor deprotection starting at Leu392 (70%) that remained low up to residue 
24. The correct sequence was identified by TOF-MALDI mass spectrometry after HPLC 
purification and represented only 10% of the crude product. 

For the new synthesis procedure we started with the same resin and stopped without 
deprotection at Leu392. The resin was then washed with DCM and dried. Ten mg of the resin 
were suspended in different mixtures of DMF, NMP, DCM, and Triton X 100 and then packed 
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in glass pipettes stoppered with glass wool . One hundred pi of the corresponding solvent 
mixture with 20% piperidine or 1% DBU was applied to the column and then the column was 
washed with DMF, DCM and dried. The resin was cleaved for 2 hour with TFA (reagent K) 
and cold ether precipitated. The lyophilized product was analyzed by RP-HPLC at 220 nm. The 
amount of deprotection for each solvent was calculated from the ratio of peak area of 
deprotected peptide/Fmoc-peptide. As expected, DBU was the better deprotecting agent, with 
the ratios for all the different mixtures ranging from 1.7 to 10.1. Piperidine was less active, 
ranging from 0.18 to 0.53. The solvent mixture that gave the best deprotection was 
DMF/NMP1:1, 1% Triton X 100 with both piperidine and DBU. DCM seems to have a 
negative effect that is more marked when used with Triton X 100. The synthesis proceeded 
using DMF for the washing steps. Before the acylation steps the solvent was changed with 
DMF/NMP/Triton X 100 and the OPFP amino acids were activated with HO At in the same 
solvent mixture. Recycling was carried out for 2 hours. Every 10 residues 10 mg of resin was 
cleaved and analyzed by HPLC and mass spectrometry. The yields of the correct products 
ranged from 70 to 50% of the crude product measured as area of the correct peak by RP-HPLC. 
The final product was confirmed by mass spectrometry and amino acid analysis. 

Table 1. Ratio Deprotected peptide/Fmoc-Peptide in different solvent conditions. 

Solvent 

DMF 
L1DMF/NMP 
1:1 DMF/NMP 1% Triton XI00 
1:1:1 DMF/NMP/DCM 
1:1:1 DMF/NMP/DCM 1 % Triton X100 

20% Piperidine 

0.325 
0.510 
0.529 
0.201 
0.185 

1% DBU 

4.16 
7.65 
10.11 
1.83 
1.67 

The method presented here provides a semi-empirical approach for determining optimal 
synthesis conditions of difficult sequences. This approach should have general application and 
in fact we have used it successfully for the synthesis of other potentially difficult sequences. 
The changes from a normal synthesis scheme are minimal, and it is suitable for automatization. 
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An artificial receptor for a tri(histidine) ligand 
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We are interested in the recognition of histidine containing peptides and proteins by 
multiple transition metal ion based receptors [1,2]. The imidazole moiety of the amino acid 
histidine binds to various transition metal ions (e.g., Cu2+, Ni2+, Co2+, Hg2+, Zn2+ etc.) with 
good affinities. We are using these metal ion to histidine interactions as the basis of the 
recognition process. 

Results and Discussion 

As a model system, we have designed the ligand L (Fig. 1) to position three histidines -12 
A apart. The design was carried out by the molecular modeling software "insight II" and 
"discover" (BioSym Technologies/MSI Inc., Version 95.0). The structures were energy 
minimized in the gas phase using the consistent valence force field (cvff). A 
complementary receptor R (Fig. 1) was then designed (using the same software) to position 
three transition metal ions -12 A apart. The mono-histidine C was used as a control for the 
recognition studies. 

Rigand L 

BocHN u u - T ^ 1 I 

H I TX Sm HfS 
.H^KS***/* f Hg2+ J 

j ! NH N 

Control C 
L*0 NH HN 

Receptor R L^J 

Fig. 1. Structures of the tris(histidine) ligand L, its receptor R and the control C used for the 
binding studies. Chemical shifts of the hydrogens monitored in the titration studies are circled. 

Recognition studies were conducted in a highly polar organic solvent, dmso-d^ and 
were followed by 'H NMR spectroscopy. The C-2-H of the imidazole moieties (indicated 
in Fig. 1) were found to be shifted down-field (by about 0.9 ppm) upon complexation with 
the Hg2+ ions of the receptor R (10 mM in R). The control C was in fast-exchange with the 
receptor and only an average signal was observed (for the bound and free forms) in the 
titration experiments. This peak was followed as a function of the concentration of added C 
(3-50 mM). Non-linear regression analysis of the binding data [3,4] (Sigma Plot, Jandel 
Scientific) provided the value for the binding constant, KRC = 1.3 x IO4 M"1 (10% error). 
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Similar titration experiments (10 mM in R, 3-40 mM in L) showed that R interacts 
differently with its ligand L compared to the control C. L was found to be in slow-
exchange with R. Two different C-2-H signals were observed for the free (d = 7.55 ppm) 
and bound (d = 8.43 ppm) ligand. The amount of free L (measured by the integration of the 
bound and free peaks) was very small with up to 1:1 stoichiometry and then increased 
rapidly. The aromatic hydrogens of L were found to be shifted up-field (by about 0.5 ppm) 
in the presence of the receptor R. These observations indicated that R is forming a 1:1 
complex with its ligand L and the two benzene rings of the receptor and the ligand are 
stacking. 

Due to inherent errors in the integration of very small peaks in *H NMR spectra, only 
a lower limit of the binding constant between R and L (KRL) can be determined (i.e., 
KR1>105 M"1). When a 1:1 complex of R and L (10 mM) was titrated with C (3-50 mM), C 
was unable to displace L to any measurable concentration (followed by lH NMR). In the 
competition experiment, C-2-H signals for bound L remained unaffected while the C-2-H 
peak for free C increased steadily. Analysis of the competition experiment data (Fig. 2) [1] 
indicated that R is favoring L over C by a factor of at least 20. 

•9 
a s o 

•a 

12 
fa 

1.0 1.5 2.0 2.5 3.0 3.5 

[Receptor]t/[His]t 

Fig. 2. Fraction of bound C (A) in the competition experiments. The corresponding fraction bound 
in the titration expts for C (O) are also plotted. 
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Comparative studies of racemization during peptide synthesis 
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We have developed a simple protocol for measuring the intrinsic rates of racemization of 
N-protected amino acid intermediates using urethane-protected N-carboxyanhydrides 
(UNCAs) [1] as unique model reactants. Under typical conditions for peptide synthesis, the 
influences of the amino acid side chain, solvent, and added tertiary amine were probed for 
their contributions to the rate of racemization. In addition, isolated activated intermediates 
(OAt and OBt esters) normally generated in situ via "onium-type" activating reagents were 
synthesized, and a comparative study of the intrinsic tendencies toward epimerization was 
carried out. 

Results and Discussion 

The general protocol (Fig. 1) relies on the quantitative separation of enantiomeric Na-
protected N-benzyl amino amides by chiral HPLC (Chiralcel OD, hexane/isopropanol). 

For pre-activated intermediates: 

BoC-Xaa-X 1.5 eq. 3° amine t 
0.33M aprotic solvent 

20°C 

For activation in situ: 
delay_ + NH2 Boc-L-Xaa-NHBzl 

Boc-D-Xaa-NHBzl 

Boc-Xaa-OH l.O eg. activator % 
0.33M 2.0 eq. 3° amine J 

aprotic solvent 
20°C 

Fig. 1. The general protocol for determining rates of racemization. 

The half-life for racemization (tRi/2) is calculated from the delay time (the time during 
which only epimerization can occur) and the molar ratio of L:D enantiomers following 
instantaneous quenching of the activated intermediates with benzylamine [2]. The UNCA 
is particularly well suited for this study, because its planar ring structure allows 
epimerization only by direct abstraction of the a-proton and not by any other mechanism 
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Table 1. Effect of the side chain, solvent and tertiary amine on the racemization rate of activated 
amino acid intermediates. 

Activated Amino Acid 
Boc-Phe-NCA 
Boc-Phe-NCA 
Boc-Phe-NCA 

Boc-Ser(OBzl)-NCA 
Boc-Ser(OBzl)-NCA 
Boc-Ser(OBzl)-NCA 
Boc-Ser(OBzl)-NCA 
Boc-Asp(OBzl)-NCA 

Boc-Val-NCA 
Boc-Cys(4MB)-NCA 
Boc-Cys(4MB)-OBt 
Boc-Cys(4MB)-OAt 
Boc-Cys(4MB)-OAt 

Boc-Cys(4MB)-F 

Solvent 
toluene 
toluene 
toluene 
toluene 
toluene 
DCM 
DMF 

toluene 
toluene 

THF 
THF 
THF 
DCM 
THF 

Tertiary Amine 
TEA 
DIEA 

4-methylmorpholine 
DIEA 

4-methylmorpholine 
4-methylmorpholine 
4-methylmorpholine 

TEA 
TEA 
DIEA 
DIEA 
DIEA 
DIEA 
DIEA 

Half-Life (tR
I/2) 

16 min 
4.6 hr 
240 hr 
42 min 
130 min 
23 min 
13 min 
6.0 min 
150 hr 
27 min 

510 min 
197 min 
12 min 
26 hr 

(e.g. 5(4/f)-oxazolone formation [3]). For comparison, isolated OBt and OAt esters and 
acyl fluorides were subjected to the general protocol. The effect of varying reaction 
conditions on the rate of racemization of amino acid intermediates is shown in Table 1. 

Conclusion 

The results from the experiments with UNCAs unequivocally establish factors that control 
epimerization. The rate of racemization is decreased by carrying out reactions in nonpolar 
solvents such as toluene and THF, and by employing weak hindered bases such as N-
alkylmorpholines. Amino acids that have electron-withdrawing groups at the P-position 
(Cys, Ser, Asp, etc.) are particularly susceptible to epimerization and require prudent 
choices of reagents. These trends among the factors (tertiary amine structure, side chain 
structure, solvent) influencing the rate of racemization of UNCAs are observed under the 
conditions of in situ activation using "onium-type" activating agents, and are consistent 
with trends found in classical studies in the literature. Our protocol can be used to measure 
the rate of racemization for any type of activation under all reaction conditions. 
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A novel approach for SPPS of compounds with an amidino 
group in the C-terminal residue using trityl resins 
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A large number of active biological compounds, e.g. protease inhibitors or hormone 
agonists and antagonists, contain an amidino group in their C-terminal residue. Many of 
them do not have an oc-carboxyl or other suitable group to achieve anchoring to a support 
for use in SPPS. To our knowledge, such compounds have been synthesized exclusively by 
solution synthesis. Therefore, we investigated the possibility of attaching amidines to trityl 
resins for use in SPPS. Several compounds of the general structure arylsulfonyl-aa-DL-3-
amidinophenylalanyl-methylester were synthesized and analyzed as factor Xa inhibitors 
(Fig. 1). 

Results and Discussion 

The starting material Fmoc-DL-Phe(3-Am)-Ome 4 was synthesized as described in Fig. 1. 

a b, c 
Fmoc-DL-Phe(3-CN)-OH • Fmoc-DL-Phe(3-Oam)-OH • 

1 2 

d 
Fmoc-DL-Phe(3-Am)-OH • Fmoc-DL-Phe(3-Am)-OMe 

3 4 

Fig. 1. Synthesis of Fmoc-DL-Phe(3-Am)-OMe. a) NH2-OH / DIEA, RT, 24 h in ethanol, b) acetic 
anhydride in AcOH, c) H2/ Pd in AcOH containing HCl, RT, 5 h, d) SOCl2 in methanol, RT, 12 h, 
(Oam = hydroxyamidino, Am = amidino). 

Compound 4 was attached to 4 different trityl resins (2-chlorotrityl-, trityl-, 4-
methyltrityl- and 4-methoxytrityl chloride resin). In general, 1.5 equivalents of 4 and a 6-
fold excess of DIEA in dry DCM (5 h, RT) compared to the trityl groups resulted in a 
similar resin loading between 0.20 and 0.35 mmol/g determined by UV-absorption at 301 
nm after Fmoc cleavage. In contrast, there were large differences in the rate of product 
cleavage. The release of 4 from the different resins with 95% TFA/H20 was measured 
spectrophotometrically at 300 nm (e ~ 4650 M"1 cm"1, Fig. 2). 

As seen in Fig. 2, only the release of 4 from the Mmt resin is fast enough to be of 
interest for the synthesis of C-terminal amidines in SPPS. The cleavage follows a pseudo 
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first order reaction with an approximate half-life time of ~ 6.5 hours at 35 °C. 

t£ 

100 

80 

60 

40 -

20 -

500 1000 

time (min) 

• Mmt-resin, 35 °C, k = 1.8e"3 min"1, r - 6.5 h 

- D Mmt-resin, RT, k = 5.4e"4 min"1, T ~ 21 h 

"Mtt-resin, 35 °C, k = 1.27e"4 min"1, r~ 91 h 

o Mtt-resin, RT, k = 7.1e"5 min"1, T~ 162 h 

* Trt-resin, 35 °C, cleavage less than 10 % 

v Cl-Trt-resin, 35 °C, cleavage less than 5 % 

1500 

Fig. 2. Time dependence of the release from Fmoc-DL-Phe(3-Am)-OMe from different trityl resins. 
Mmt = 4-methoxytrityl, Mtt = 4-methyltrityl, Trt = trityl, Cl-Trt = 2-Cl-trityl. 

First attempts to synthesize compounds of the general structure arylsulfonyl-aa-DL-3-
Phe(3-Am)-OMe starting from Fmoc-DL-Phe(3-Am[4-Mmt resin])-OMe resulted 
quantitatively in a hydrophobic side product, which was identified by MS to be the double 
acylated product, e.g. l3-Nas-Pro-DL-Phe(3-Am[B-Nas-Pro])-OMe. Therefore, after 
attachment of 4 to the 4-Mmt resin the support was treated with 4,4'-dimethoxytrityl 
chloride / DIEA in DCM for one hour to achieve full protection of the amidino group. This 
resin was used to synthesize the inhibitors listed in Table 1. After a two step cleavage 
procedure with TFA/H20/triisopropylsilane 92/4/4 (5 min to remove the 4,4'-
dimethoxytrityl group followed by 24 h) nearly pure products could be isolated. 

Table 1. Structure activity relationship against factor Xm trypsin and thrombin. 

No. Structure3, 
Inhibition constants K; (pM) 

Xa bovine Xa human trypsin thrombin 
1 6-Nas-Gly-DL-Phe(3-Am)-OMe 
2 6-Nas-Pro-DL-Phe(3-Am)-OMe 
3 B-Nas-Lys-DL-Phe(3-Am)-OMe 
4 6-Nas-Glu-DL-Phe(3-Am)-OMe 
5 Mtr-Gly-DL-Phe(3-Am)-OMe 
6 Tbp-Gly-DL-Phe(3-Am)-OMe 
7 Tips-Gly-DL-Phe(3-Am)-OMe 

0.44 
1.6 
21 
3.6 
1.6 

0.38 
3.8 

1.1 
4.0 
32 
8.5 
3.8 
0.7 
7.0 

5.2 
2.0 
10.7 
21 

3.71 
4.28 
3.42 

1.9 
1.3 
9.0 
32 

0.42 
1.43 
0.95 

aNas=naphthylsulfonyl, Tbp=4-tert butylphenylsulfonyl, Tips = 2,4,6-triisopropylphenylsulfonyl 

This series of inhibitors showed moderate activity and weak selectivity against factor 
Xa in comparison to trypsin and thrombin. However, this synthesis procedure may be 
useful for further development of inhibitors with C-terminal amidino groups. 



Mild methods for the synthesis of peptide aldehydes directly 
from thioester resin 
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Peptide aldehydes are useful enzyme inhibitors, synthons for peptide mimetics and peptide-
derived biologically active heterocyclic molecules [1]. They are also versatile building 
blocks in orthogonal coupling methods of peptide synthesis [2]. Although solution 
synthesis of N-protected a-amino aldehydes has been well developed, only a few methods 
exist for their solid phase synthesis [3,4]. Thus, a facile and general method of on-resin 
generation of peptide aldehydes is still highly desirable. The formation of thioesters is a 
known method of activating an acyl moiety. In particular, peptide thioesters undergo 
different nucleophilic substitutions in solution including amidation, transthioesterification 
and hydride reduction to peptide aldehydes [5,6,7]. Furthermore, thioesters have been 
shown to be stable linkers in solid phase peptide synthesis [8]. Here, we describe three new 
methods leading directly from peptide thioester resin to peptide aldehydes or their masked 
acetal forms under mild reaction conditions (fig. 1). A simple tripeptide, BocPheValAla, 
was used as a model for optimizing the reaction conditions. Several longer peptide 
aldehydes were also prepared. 

Pd", Et3SiH 
/ ]— •(Peptide ) \ ^ .H 1 

O O 
l.H2NCH2CH(OCH3)2 ^ ^ - — — - ^ g | | 2 

H 
r r,—\ « MTwm '• "2i,v-"2v-"vv-"-"3.'2 rz———\ n 
(Peptide V. . S ^ ^~*. .N—fRes IR • ( P e p t i d e > ^ N 

^^rT T W 2H+ ^ ^ T T 
O o O o 

\ l.HSCH2CH(OCH,)2 , v II -» 

o 

Fig. 1. Three different methods to generate peptide aldehydes directly from thioester resin. 

Results and Discussion 

Peptides were synthesized using t-Boc chemistry on MBHA or TentaGel resins containing 
thiopropionic acid as a detachable linker. Similar results can also be obtained using a 
nondetachable linker anchored on the aminomethyl resin. 

263 



264 

1. Pd° catalyzed on-resin reduction. Treatment of N-protected peptide thioester with 
Pd and EtaSiH gives the cleaved C-terminal peptide aldehyde 1. The reaction was 
performed under N2 in THF or DCM using 20-30 fold excess of Et3SiH in 4°C to avoid 
aldehyde racemization. The catalyst was obtained by in situ reduction of Pd(OAc)2. The 
yield ranged from 80-89%. 

2. On-resin Ca-amidation with a masked glycinal. To obtain an acetal masked form 
of a peptide elongated with glycinal residue at the C-terminus 2, we used silver-ion assisted 
amidation using a 10 fold excess of aminoacetaldehyde dimethyl acetal in DCM and a 
solution of CFsCOOAg in toluene. After evaporating the reaction mixture, the conversion 
of peptide acetal to its aldehyde form was easily performed by treatment with TFA in 
water, in 0°C with an overall yield of more than 90%. 

3. On-resin thiol-thioester exchange. Treatment of peptide thioester resin with 
dimethyl acetal of thioacetaldehyde in the presence of trialkylphosphine in a mixture of 
DCM and DMF was followed by a thiol-thioester exchange. This reaction provides an 
interesting C-terminal glycinal peptide derivative with the last amide bond substituted with 
a thioester 3. Such derivatives may be useful for orthogonal ligation strategies and as 
bifunctional reagents, specifically, cross-linking the thiol and amine groups at close 
proximity. The excess of highly boiling thioacetal and phosphine was removed by HPLC 
(yields = 40-50%). 

Conclusions 

We show that thioester resin linkages are a source for peptide aldehydes under very mild 
conditions. Changing the nature of nucleophile used for cleavage of the peptide, three 
different derivatives containing a C-terminal aldehyde moiety can be obtained from a 
single batch of peptide thioester resin. Thus, the on-resin synthesis of peptide aldehydes 
provides the possibility of obtaining longer peptide aldehydes not accessible from natural 
sources or by molecular biology techniques (i.e. mimetics of ubiquitin aldehyde) and 
enables the preparation of libraries of small heterocycles. 
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Synthesis of cyclic ureas and cyclic thioureas 
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Peptides can be used for the synthesis of a wide range of heterocyclic compounds. The 
ready availability of a diverse range of protected amino acids and the strength of solid 
phase peptide synthesis facilitates such transformations. The use of the "libraries from 
libraries" concept [1] enables peptide combinatorial libraries to be transformed into 
heterocyclic combinatorial libraries [2]. The current status of heterocyclic combinatorial 
libraries has recently been reviewed [3]. We describe here the design and the solid phase 
synthesis of cyclic ureas and cyclic thioureas derived from dipeptides. 

Results and Discussion 

Employing a selective N-alkylation of the amide-linked resin-bound N-tritylated amino 
acid [2], and reduction of the amide groups of acylated dipeptides 1 [4], the cyclization 
reactions to obtain the five member ring ureas 2a and thioureas 2b were performed using 
carbonyldiimidazole and thiocarbonyldiimidazole. The cyclization step has also been 
successfully carried out using triphosgene and thiophosgene (Fig. 1). 

HN N V N " ^ 
R R n 
K2 KT ^ 

• 2a, X= O 
2b, X= S 

NH2 : MBHA resin (p-methylbenzhydrylamine resin) 

Fig. 1. Reaction scheme for the synthesis of cyclic ureas and cyclic thioureas from acyl dipeptides. 

In Fig. 2 we show the HPLC-MS of the cyclic urea derived from the reduced dipeptide 
H2N-Val-Phe-NH-Bzl acylated with phenyl acetic acid (expected mass = 455). Using the 
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synthetic methods described above, we have prepared four separate combinatorial libraries 
(R2= Me, Bzl; X= O, S), each containing 118,400 cyclic ureas or cyclic thioureas [2]. 

RT: 0.00 -10.03 

O X N ^ o 

1.09 
5.47 

. » I ' 
K ^ 

r ± • • • 4 - - 1 - - 4 " 4 - " T " , 4 ' , , , i , , , , , ' o 
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Fig. 2. HPLC-MS of the cyclic urea derived from the reduced dipeptide H2N-Val-Phe-N-Bzl 
acylated with phenyl acetic acid. 

Conclusion 

Amino acids and small peptides are versatile precursors for the solid phase synthesis of 
heterocyclic combinatorial libraries. We have prepared a range of different heterocyclic 
combinatorial libraries from peptides, including cyclic ureas and cyclic thioureas. 

Acknowledgments 

This work was funded by National Science Foundation Grant No. CHE-9520142 and by 
Trega Biosciences, Inc. of San Diego, California. 

References 

1. Ostresh, J.M., Husar, G.M., Blondelle, S.E., Dorner, B., Weber, P.A. and Houghten, R.A., 
Proc. Natl. Acad. Sci. U.S.A., 91 (1994) 11138. 

2 Nefzi, A., Ostresh, J. M., Meyer, J.-P. and Houghten, R.A., Tetrahedron Lett., 38 (1997) 931. 
3. Nefzi, A., Ostresh, J.M. and Houghten, R.A., Chemical Reviews., 97 (1997) 449. 
4. Cuervo, J.H., Weitl, F., Ostresh, J.M., Hamashin, V.T., Hannah, A.L. and Houghten, R.A., In 

Maia, H.L.S. (Ed.), Peptides 1994 (Proceedings of the 23rd European Peptide Symposium), 
ESCOM, Leiden, The Netherlands, 1995, p.465. 



Tri-t-butyl-DTPA: A versatile synthon for the preparation of 
DTPA-containing peptides by solid phase 

Ananth Srinivasan and Michelle A. Schmidt 
Mallinckrodt Inc., 675 McDonnell Blvd., Hazelwood, MO 63042, USA 

Diethylenetriaminepentaacetic acid (DTPA), a chelator of In-111, is routinely conjugated to 
receptor-targeted peptides [1,2] for diagnostic nuclear medicine applications. For example, 
In-111-DTPA-Octreotide ("Octreoscan", Fig. 1) is currently used for the visualization of 
neuroendocrine tumors using y-scintigraphy. In this case, conjugation of DTPA at the N-
terminus of Octreotide maintains tumor targeting. DTPA also imparts favorable solubility 
properties and renal clearance properties. DTPA-peptides can be easily labeled with In-111 
in high specific activity, and the In-DTPA-chelates are metabolically stable. 

^ C O O H 

H O O C ^ / \ N / \ /^CO-Phe-Cys-Phe-DTrp-Lys-Thr-Cys-Thr(OH) 
N ^ ^ ^ ^ N I I 

HOOC^y In3+ V-COOH <\ £ 
In-111-DTPA Octreotide 

Fig. 1. Structure of ln-111-DTPA-Octreotide. 

Results and Discussion 

DTPA is often introduced at the N-terminal position of the peptides by the reaction of the 
bireactive reagent, DTPA-bis anhydride. This approach generally results in the formation 
of the bis-adduct as the major product in which two peptide units are attached to the DTPA 
moiety [3]. Hence, a monoreactive agent capable of producing a monoadduct devoid of any 
side products is necessary. While our work was in progress, Arano and co-workers 
published the synthesis of a monoreactive DTPA derivative, tetra-t-butyl-DTPA [4]. 

Tri-t-butyl-DTPA (Fig. 2) was prepared by a modification of the procedure of 
Williams and Rapoport [5] and can be used in an automated synthesizer. Upon activation, 
tri-t-butyl-DTPA presumably forms an anhydride which reacts witih amines to form the 
corresponding amides. Upon cleavage and deprotection, the peptides were isolated devoid 
of any dimeric products. The utility of this versatile synthon is illustrated by the examples 
shown below (Table 1). 
Compounds 1-3 were synthesized by placing tri-t-butyl-DTPA in the appropriate location 
in the automated synthesizer. Incorporation of p-Alloc-Aphe in the peptide chain, followed 
by removal of the Alloc-protecting group with Pd(0), and reaction with tri-t-butyl-DTPA 
anhydride afforded compound 4. Diaminoethane-trityl resin was used to prepare the 
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protected des-DTPA peptide, the precursor to 5. Reaction with tri-t-butyl-DTPA anhydride 
followed by deprotection gave 5. Tri-t-butyl-DTPA anhydride was prepared by the reaction 
of tri-t-butyl-DTPA with DCC in DMF. DTPA-Octreotide was synthesized using 
Threoninol-Rink resin [6]. 

^COOtBu 

t B u O O C ^ ^ / N ^ ^ C O O H H2N-(AA)n-Resin ^ ^ p ^ . ^ . ^ 

tBuOOC-^/ V-COOH Cleavage and 
deprotection 

tri-t-butyl-DTPA 

Fig. 2. General scheme for the synthesis of DTPA-containing peptides by SPPS. 

Table 1. Examples of DTP A-containing peptides synthesized by Fmoc SPPS using the tri-t-butyl-
DTPA synthon 

PEPTIDE m/z (M+H)+ 

DTPA-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH2,1 1783.2 
DTPA-Asp-Tyr-Met-Gly-Trp-Met-Asp-Phe-NH2,2 1438.8 
DTPA-Asp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH2,3 1402.8 
Asp-Tyr-Nle-Gly-Trp-Nle-Asp-Aphe0p-NH-DTPA)-NH2,4 1417.7 
Asp-Tyr-Nle-Gly-Trp-Nle-Asp-Phe-NH-(CH2)2-NH-DTPA, 5 1481.4 
DTPA-Octreotide (for structure see Fig. 1) [6] 1394.7 

Conclusion 

Tri-t-butyl-DTPA can be efficiently used in an automated synthesizer for SPPS and in 
solution phase for the synthesis of DTP A-containing peptides devoid of dimeric products. 
Examples of N-terminal DTPA-peptides and peptides containing DTPA at other locations, 
through the use of orthogonal protecting groups, were prepared. 
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Intramolecular migration of the (3-Dde protecting group of 
diaminopropionyl to the cc-position during Fmoc 

solid phase synthesis 

Ananth Srinivasan, R. Randy Wilhelm and Michelle A. Schmidt 
Mallinckrodt Inc., 675 McDonnell Blvd., Hazelwood, MO 63042. USA 

The utility of Dde (l-(4,4-dimethyl-2,6-dioxocyclo-hexylidine)-ethyl) protecting group has 
been illustrated by the orthogonal protection [1] of the e-amine of lysine in the synthesis of 
branched peptides and unsymmetrically functionalized polyamines [2]. However, Jung and 
co-workers observed migration of the e-Dde protecting group to other lysines during Fmoc 
removal with piperidine (Fig. 1) [3]. 

Boc-Lys(Fmoc)-Ala-Lys(Dde)-Pro-Lys(Dde)-Ala-Resin • Peptides containing 
0, 1,2,3 Dde groups 

Fig. 1. Migration of Dde protecting group in peptides containing multiple lysines. 

Results and Discussion 

We were interested in the use of oc,P-diaminopropionic acid as a possible candidate for the 
isosteric replacement of aspartic acid because it would provide a site for incorporation of a 
metal chelating moiety such as diethylenetriaminepentaacetic acid. In the following CCK26" 
33 analog, we chose to incorporate Fmoc-Dpr(|3-Dde) in the place of Asp32. At the end of 
the solid phase synthesis, the resin was treated with 2% hydrazine/DMF followed by the 
incorporation of tri-t-butyl-DTPA anhydride [4]. After cleavage and deprotection, two 
isomeric peptides were obtained. The above results, combined with the observation of Jung 
and co-workers, suggested the possibility of formation of isomeric peptides due to Dde 
migration (Fig. 2). 

i - ix, cleavage and deprotection 
Fmoc-Dpr(P-NH-Dde)-Phe-CO-Rink '• - - • 

DTP A-CONTAINING ISOMERIC CCK26"33 PEPTIDES m/z (M+H)+ 1373.7 
i. Piperidine, ii. Fmoc-Nle-OH, iii. Fmoc-Trp(Boc)-OH, iv. Fmoc-Gly-OH, 
v. Fmoc-Nle-OH, vi. Fmoc-Tyr(OfBu)-OH, vii. tBoc-Asp(OtBu)-OH, 
viii. 2% hydrazine/DMF, ix. tri-t-butyl-DTPA anhydride 

Fig. 2. Formation of DTP A-containing isomeric CCK2 ~33 analogs. 
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We chose the model peptide, Asp-Trp-Dpr-Ser-Phe-NH2, to study in detail the 
migration of the Dde protecting group. Compound 1, upon completion of the synthesis 
followed by deprotection (step iv), gave a mixture of Dde-containing peptides, 4 and 5. 
Initial treatment with 2% N2H4/DMF followed by deprotection (step v) yielded a mixture 
of 2 and 3 (Fig. 3). Peptides 2-5 were identified by LC mass spectral analysis of the 
mixture. Peptides 2 and 3 were individually prepared by SPPS by employing Fmoc-Dpr(|3-
Boc)-OH and Boc-Dpr((3-Fmoc)-OH, respectively for comparison by HPLC. 

i. Piperidine or DBU 
Fmoc-Dpr(B-NH-Dde)-Ser(OtBu)-Phe-CO-Rink .. ^ — ^ /T, , ^ T T — • 

11. Fmoc-Trp(Boc)-OH 
1 iii. tBoc-Asp(OtBu)-OH 

i v o r v Asp-Trp-NH-CH(CH2-NH-Y)-CO-Ser-Phe-NH2 2; Y = H, 4; Y = Dde 

Asp-Trp-NH-CH2-CH(NH-Y)-CO-Ser-Phe-NH2 3; Y = H, 5; Y = Dde 

iv. 85% TFA:5% phenol:5% thioanisole:5% water, v. 2% N2H4/DMF followed by iv. 

Fig. 3. Migration of Dde protecting group during Fmoc SPPS. 

The migration is independent of the nature of the base (piperidine or DBU) employed 
for Fmoc removal from Dpr. As a mechanism, we propose a nucleophilic addition of the a-
amino group of the Dpr (after the Fmoc-removal) to the a,f5-unsaturated carbonyl to give 
the imidazoline intermediate. The retro-Michael addition ultimately results in the formation 
of isomeric Dpr-containing peptides. We verified this phenomenon with at least three other 
sequences incorporating Fmoc-Dpr((3-Dde)-OH. 

Conclusion 

The above observations demonstrate the limitations of Dde as an orthogonal protecting 
group in Fmoc-based SPPS. In particular, the intramolecular migration of Dde in 
diaminopropionic acid is facile in the presence of base. 
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Intentional syntheses of disulfide-mispaired isomers of 
oc-conotoxin SI and SIA 

Balazs Hargittai and George Barany 
Department of Chemistry, University of Minnesota, Minneapolis, Minnesota 55455, USA 

A significant research goal of our laboratory is to devise orthogonal chemistries for the 
regioselective formation of multiple disulfide bonds in peptides [1-2]. The present 
investigations center on several solution, solid-phase, and mixed solid/solution phase 
routes for the syntheses of the snail-derived tridecapeptide amides, oc-conotoxin SI and a-
conotoxin SIA, and their disulfide-mispaired isomers. These molecules contain cysteine in 
the 2, 3, 7, and 13 positions, and only one of the three possible regioisomers is found in 
nature (Fig. 1). 

S S 
Interlocking (natural) H-L. 1 rNH2 i I 
Discrete (mispaired) H TT 1 T NH2 

S-S S S 
S—S 

Nested (mispaired) H-i—'—' i-NH2 H I 
Fig. 1. Disulfide arrays in regioisomers of a-conotoxins. 

Results and Discussion 

The protection strategies chosen involved the base-labile Fmoc A^a-amino protecting group, 
acidolyzable trityl and tert-butyl type side-chain protecting groups, and the acidolyzable 
tris(alkoxy)benzylamide (PAL) anchoring linkage. Side-chain protection of cysteine was 
provided by suitable pairwise combinations of the S-xanthenyl (Xan) and S-
acetamidomethyl (Acm) protecting groups. For all syntheses in this work, the C-terminal 
Cys13 and its intended partner were protected with 5-Xan; selective acidolytic 
deprotections gave the corresponding bis(thiols) and subsequent oxidation allowed the 
"large loop" disulfide bridges to be formed first. In a second stage, the "small loop" 
disulfide bridges were formed by orthogonal oxidation of S-Acm groups on the remaining 
two Cys residues. 

The linear precursors were converted to disulfide-bridged forms by three different 
strategies. The highest overall yields were obtained when both disulfides were formed in 
solution. Thus, acidolytic cleavage/deprotections of the peptide-resins were achieved by 
Reagent K (TFA-phenol-water-thioanisole-l,2-ethanedithiol = 82.5:5:5:5:2.5), which gave 
the corresponding peptide amides, with the S-Xan protecting groups removed but the S-
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Acm groups still intact. Oxidation with DMSO (1% v/v) in pH 7.5 phosphate buffer gave 
the first disulfide, and oxidation with I2, Tl(Tfa)3, or DMSO/Me3SiCl mixtures converted 
the S-Acm pairs and gave the second disulfide. Alternatively, the S-Xan protecting groups 
were removed selectively by treatment of the peptide-resins with Reagent X (TFA-
CH2Cl2-triethylsilane = 2:97:1), while retaining the peptide on the support for on-resin 
oxidation mediated by Et3N in NMP, or by aqueous K3Fe(CN)6- At this point, the pairwise 
S-Acm oxidation could be carried out in either of two ways: (i) another on-resin oxidation, 
using I2 or Tl(tfa)3, followed by final cleavage with Reagent B (TFA-phenol-water-
triethylsilane = 88:5:5:2), or (ii) cleavage of the peptide from the support with Reagent B, 
followed by solution oxidation of S-Acm as already described. Control experiments with 
pure two-disulfide regioisomers showed that neither the acid nor the oxidative reagents 
used in these studies affected or scrambled the disulfide bonds once they were formed. 

Syntheses of the "nested" regioisomers proved to be much more difficult than 
syntheses of the "discrete" regioisomers. When both disulfides were created in solution, the 
isomers predicted from the protection schemes were in all cases the predominant product 
(usually 75-97%), and the overall yields were also relatively the highest (43-54% for 
"discrete"; 17-24% for "nested"). However, when both disulfides were formed by on-resin 
oxidation procedures, overall yields were low (3-9%) and the "natural" isomer was a 
dominant product obtained irrespective of the protection scheme. The strategies involving 
on-resin formation of the first disulfide, followed by release from the support and 
formation of the second disulfide in solution, gave intermediate yields with the intended 
regioisomer usually predominant [exception was formation of "discrete" isomer in some 
experiments directed at "nested"]. In terms of reagents, iodine oxidation at the second step 
was preferred for maximal purities and yields, whereas DMSO/Me3SiCl or Tl(tfa)3 led to 
more by-products with scrambling of bridges. 

Most of these studies were carried out on 4 pmol scales. The best procedures were 
repeated on 30 pmol scales, following which preparative HPLC purifications provided 
isolated yields of 17% for "nested" conotoxin SI, 6% for "nested" conotoxin SIA, 21% for 
"discrete" conotoxin SI, and 43% for "discrete" conotoxin SIA regioisomers. 

Conclusion 

A number of disulfide bridge-forming chemistries have been tested with the goal of 
creating peptides with disulfide arrays that are not found in nature. For the conotoxin 
model, "discrete" isomers have proven to be more readily synthesized than "nested" 
isomers. 
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S-Xanthenyl side-chain anchoring for solid-phase synthesis of 
cysteine-containing peptides 

Balazs Hargittai,3 Yongxin Han,a Steven A. Katesb 

and George Barany3 

"Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA 
bPerSeptive Biosystems, Framingham, MA 10701, USA 

Many naturally occurring peptides contain a cysteine residue at the C-terminal, and this 
terminus is also of interest as an attachment point for generation of antibodies. Anchoring 
of S-protected C-terminal cysteine as an ester in Fmoc solid-phase synthesis has attendant 
risks of racemization [1]. As chain elongation proceeds, a serious side reaction can occur 
that involves (3-elimination of protected sulfur and addition of piperidine across the 
ensuing dehydroalanine intermediate to produce 3-(l-piperidinyl)alanine by-products [2]. 
We recently reported initial studies on a novel side-chain anchoring strategy in which an S-
xanthenyl handle derivative of cysteine, with Fmoc for Na- protection and terf-butyl for 
Ca-protection (structure la in Fig. 1), was used to attach the C-terminal cysteine [3]. This 
approach uses key intermediates that are common to our previously reported XAL handles 
[4], and builds on our experience with 5-xanthenyl-type protection for cysteine [5]. 
Importantly, it was shown by modified assays with Marfey's reagent that racemization of 
the C-terminal cysteine did not occur in Fmoc synthesis with this strategy [3]. The present 
article illustrates further the scope of side-chain anchoring, and reports the new allyl 
derivative lb which we hope to apply later for orthogonal syntheses of bicyclic peptides. 

Results and Discussion 

Preparation of preformed handle derivative la was outlined previously [3]; preparation of 
l b was achieved in overall 69% yield following the same steps except that introduction of 
the allyl ester onto bis(Fmoc)-cysteine was accomplished by a method using Me3SiCl as 
catalyst with a mixture of allyl alcohol and dry CH2CI2 [6]. 

Handle la coupled smoothly onto amino-containing PEG-PS supports, and was the 
starting point for further peptide chain elongation by stepwise Fmoc chemistry (Fig. 2). 

( V A pXAL-OH 
^"^i ° ° Fmoc-Cys(2-XAL4)-OR = Fmoc-Cys-OR 

H CH2-O-C-NH-CH-C-O-R 
CH2 

i O , 
f " la R = 'Bu 

c&y ib R=AI 
Fig. 1. Preformed handle derivatives for side-chain anchoring of cysteine. 
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|—XAL-OH 

Fmoc-Cys-C-'Bu + H2N-PEG-PS 

I Couple 

,—XAL-PEG-PS 

Fmoc-Cys-O'Bu 

(Stepwise Fmoc SPPS 
(using Fmoc-Cys(Xan)-OH) 

Xan I—XAL-PEG-PS 
I I t 

Peptide-Cys-O'Bu 
TFA cocktail/ >. l2/HOAc 

SH SH S - S 
H-Peptl'de-OH H-Peptlde-O'Bu 

Oxidatiofhv f — ? >^Deprotectlon 
H-Peptlde-OH 

Fig. 2. Side-chain anchoring strategy for solid-phase synthesis of disulfide-bridged peptides. 

The P-elimination side reaction mentioned earlier [2] is circumvented by side-chain 
anchoring, since any occurrence would be accompanied by loss of chains from the support 
and the resultant solubilized undesired by-products would not contaminate the desired 
peptide which is retained until the end of the synthesis. 

Detachment of completed peptides anchored through the cysteine side-chain can be 
carried out under mild conditions either by acidolysis or by application of oxidative 
reagents (Fig. 2). Acid/scavenger cocktails with dilute TFA cleave the XAL anchor in high 
yield and expose the free cysteine thiol while ferf-butyl type protecting groups on other 
side-chains remain stable; alternatively, the common cocktails with higher TFA 
concentration promote full cleavage/deprotection. The presence of silane scavengers 
ensures quantitative formation of reduced cysteine(s). At any stage, standard oxidation 
protocols can be applied in solution (Fig. 2, left side). Further options involve concurrent 
cleavage/oxidation, without affecting other side-chain protecting groups, by use of iodine 
in acetic acid (Fig. 2, right side). This route permits direct disulfide formation. A final 
deprotection step follows in solution. 
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Isolation, characterization, and synthesis of a trisulfide related 
to the somatostatin analog lanreotide. 

Lin Chen,a Steven R. Skinner,b Thomas D. Gordon,b John E. Taylor,b 

George Barany3 and Barry A. Morganb 

"University of Minnesota, Dept. of Chemistry, Minneapolis, MN 55455, USA, andbBiomeasure Inc., 
Milford, MA 01757, USA 

Lanreotide [1] is a cyclic octapeptide with somatostatin agonist activity, and is currently 
approved for the treatment of acromegaly. Several minor impurities generated during the 
synthesis were characterized as an adjunct to process validation studies. One such 
impurity, present at <0.1% in the synthetic sample, was isolated to 70% purity and 
characterized by mass spectroscopy, NMR, and elemental analysis. This analysis led to the 
conclusion that the impurity was the corresponding trisulfide, in which the disulfide bond 
between the two cysteine residues in Lanreotide had in some way been converted to a 
trisulfide. To confirm this conclusion, it was desirable to prepare the trisulfide material by 
unambiguous synthesis. 

Results and Discussion 

New approaches developed recently in one of our laboratories [2] for the preparation of 
novel peptide trisulfides were applied and extended, with the goal of confirming the 
identity of the putative lanreotide trisulfide. Thus, a directed reaction of a nucleophilic (3-
thiol from an internal cysteine residue onto an ^[(A^'-methyl-A^-phenylcarbamoyl) 
disulfanyl] (Ssnm) protected cysteine residue was envisaged to form the key trisulfide 
linkage. The protected dipeptidyl building block A/a-rerr-butyloxycarbonyl-D-3-(2'-
naphthyl)alanine-Cys(Ssnm)-OH was prepared in 59% yield starting with Boc-D-3-(2'-
naphthyl)alanine (Boc-D-Nal-OH), which was converted to its N-hydroxysuccinimido 
ester, coupled with S-acetamidomethyl-L-cysteine hydrochloride (HCl«Cys(Acm)-OH), 
and transformed further with (chlorocarbonyl)disulfanyl chloride and N-methylaniline. 
Next, starting with Fmoc-PAL-PEG-PS, the sequence Boc-D-Nal-Cys(Ssnm)-Tyr(tBu)-D-
Trp-Lys(Boc)-Val-Cys(Tmob)-Thr(tBu)-PAL-PEG-PS was assembled manually by 
stepwise solid-phase synthesis, with the N-terminal protected dipeptide added in a single 
step. Fmoc removal was carried out with piperidine-DMF (1:4) and the couplings were 
mediated by DIPCDI/HOBt. Tmob alkylation was suppressed to the greatest extent 
(<10%) with the thioanisole-containing cocktail TFA-thioanisole-phenol-iPr3SiH-H20 
(84:4:4:4:4), which was also preferred because the ratio of desired trisulfide:disulfide was 
~ 2-3:1. It should be emphasized that no special steps were required to induce trisulfide 
formation; the cyclization occurred during the standard procedure of cleavage and workup. 

Isolation of the pure trisulfide peptide required two consecutive preparative HPLC 
runs. During the first run, trisulfide and contaminant disulfide merged in a single peak, 
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whereas in the second run, baseline separation of the disulfide and trisulfide was 
accomplished. The pure Lanreotide trisulfide was isolated with -17% overall yield, based 
on the initial loading of Fmoc-PAL-PEG-PS resin. 

Characterization by electrospray MS indicated that the synthetic preparation displayed 
the expected mass of m/z 1128, or 32 higher than Lanreotide. In addition, the synthetic 
preparation was run on analytical HPLC along with the material from the side-cut isolate. 
The pure synthetic trisulfide (>98%) co-injected with the material isolated from 
manufactured Lanreotide. It was therefore concluded that the isolated material was 
identical with the material obtained by targeted synthesis, and that the original 
characterization of the isolated material as a trisulfide was correct. 

The availability of pure trisulfide from directed synthesis allowed measurement of 
biological potency in terms of affinity at the various human somatostatin receptor sub­
types hSSTRl-5. Clonal cell lines expressing these receptors were obtained by transfection 
into CHO-K1 cells [3]. Receptor binding assays were run using [125I-Tyrn]SRIF-14 as 
radioligand, except for the hSSTR-2 assay when [125I]MK-678 was employed. The data 
(Ki, nM) are shown in the following table: 

hSSTRl hSSTR2 hSSTR3 hSSTR4 hSSTR5 
Lanreotide 1214± 81 0.75±0.10 97.8±14.5 1826±264 12.7±7.5 
Trisulfide 4641 (n=l) 0.84±0.22 498 (n=l) >5000 114± 10 

The trisulfide is similar in profile to Lanreotide in terms of potency, the only 
significant difference being at hSSTR5. Thus the trisulfide is significantly more selective 
for the hSSTR2 compared to hSSTR5, with a Ki ratio hSSTR5/hSSTR2 of approximately 
140-fold. The corresponding ratio for Lanreotide is 17. Other structural modifications 
which lead to increased hSSTR5/2 selectivity have recently been described [4]. 

In conclusion, the side-product isolated from lanreotide crude product has been 
confirmed to be the corresponding trisulfide by unambiguous synthesis. The authentic 
trisulfide has an affinity profile similar to Lanreotide at human somatostatin receptor-sub 
types, but is more selective towards the hSSTR2 sub-type due to a decreased Ki at the 
hSSTR5. 
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Novel safety-catch protecting groups and handles cleavable by 
intramolecular cyclization 

Chongxi Yu and George Barany 
Department of Chemistry, University of Minnesota, Minneapolis, MN 55455, USA 

The design, synthesis, and evaluation of libraries of small molecules are currently a major 
frontier in organic chemistry. One important aspect of achieving facile synthesis of these 
libraries is the development of protecting groups and handles that are stable to specific 
reaction conditions, yet orthogonally cleavable under other, preferably mild, conditions. To 
this end, we have prepared a variety of S-protected/linked co-mercaptoalkyl esters. Cleavage 
of the protecting group off sulfur is followed by intramolecular cyclization that furnishes a 
free carboxyl group. The original inspiration for this work comes from Ho and Wong [1], 
who reported cleavage of co-chloroalkyl by displacement with sulfides. Additionally, 
disulfide-containing linkers have been described for peptide and DNA synthesis; reduction 
of the disulfide triggers a similar cleavage mechanism. 

Results and Discussion 

To demonstrate the principle, we carried out protection and deprotection of Boc-Phe-OH as 
outlined in Fig. 1. The appropriate esters were formed by DCC/DMAP-mediated coupling. 
Removal of S-triphenylmefhyl (Trt) or 5-9H-xanthen-9-yl (Xan) protection was carried out 
selectively (i.e., in the presence of the Boc group) with dilute trifluoroacetic acid (TFA) in 
the presence of silane scavengers for 2 h. The media was then made slightly basic (pH - 9 
for aliquot spotted on wet litmus paper) by addition of the tertiary amine DIEA, and ester 
cleavage via intramolecular cyclization was complete in 5 h. The best yields required the 
presence of the reducing agent dithiothreitol (DTT); in its absence some of the co-
mercaptoalkyl intermediates formed stable disulfide dimers. 

HO-(CH2)n-S-Prot TFA- Et3SiH (2% each) 
Boc-Phe-OH *—— • Boc-Phe-0-(CH2)n-S-Prot • 

DCC/DMAP in CH2C12 CH2C12 

DIEA, DTT f^S~\ 
Boc-Phe-0(CH2)n-SH ^ ^ • Boc-Phe-OH + ( ^ ) 

Fig. 1. Protection and safety-catch deprotection of Boc-Phe-OH. Chemistry demonstrated for Prot 
= Trt and Xan, and for n = 2or4. 

The chemistry of Fig. 1 was readily melded with that of our recently reported 
xanthenyl (XAL) handles for anchoring amides and thiols [2]. The handle intermediate 5-
[(9-hydroxyxanthen-2-yl)oxyvaleric acid] [2] was treated with |3-mercaptoethanol under 
acidic conditions, and the resulting product was coupled onto amino functionalized PEG-
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PS. After chain assembly by standard methods gave the protected peptide-resin shown in 
Fig. 2, cleavage at the site shown by the horizontal dotted line was accomplished with 
TFA-Et3SiH-CH2Cl2 (1:1:48) (80% yield in 1 h, 90% in 2 h at 25°C). The cleavage 
mixture was then made basic with DIEA to effect cyclization. In this way, the model 
peptide Fmoc-Lys(Boc)-Gly-Glu(OfBu)-Ala-OH was obtained in >85% purity. 

Peptide- 0-CH2CH2-S O 
^ C ^ O ( C H 2 ) 4 - C - N H -

Fig. 2. A novel acidolyzable handle for preparation of protected peptide acids. 

Further directions to apply the principles of this work for the preparation of 
orthogonally cleavable handles are illustrated in Fig. 3. The three-membered ring of 
commercially available 1-aziridineethanol is opened with thiol derivatives corresponding 
to known ^-protecting groups, e.g., with triphenylmethanethiol (Trt-SH) or p-
methoxybenzylmercaptan (Mob-SH). Straightforward transformations and chain 
assemblies set the stage for cleavage at the vertical dotted line; for Prot = Trt by using 
TFA-Et3SiH-CH2Cl2 (5:2:93) for 3 x 1 h, and for Prot = Mob with mercury (II) 
trifluoroacetate (2 equiv) in 80% aqueous HOAc for 10 h, followed by on-resin treatment 
with p-mercaptoethanol to remove mercury. In both cases, cyclizations to form the six-
membered ring and simultaneously effect release of the protected peptide from the support 
were carried out in a milieu of DMF or acetonitrile. For optimal cleavages, it was necessary 
to apply elevated temperatures and add sodium borohydride (20 equiv) as a reducing agent 
[yields: 40% in 12 h at 25 °C, 80% in 2 h at 50 °C, 85% in 1 h at 70 °C]. Without 
borohydride or use of DTT, the process was not effective. The final purity of model peptide 
Fmoc-Lys(Boc)-Gly-Glu(OrBu)-Ala-OH was >95%. 

CH2CH2OH 
I Peptide-:O^CH2CH2N ft 0 

/ \ — > • — > • —>• I N-C(CH2)3C— NH 
Prot S-CH2CH2 

Fig. 3. Novel orthogonally cleavable safety-catch handles for preparation of protected peptide 
acids. Chemistry demonstrated for Prot = Trt and Mob. 
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Synthesis of conformationally constrained peptides 
using the Heck reaction 

David E. Wright 
R.W. Johnson Pharmaceutical Research Institute, San Diego, CA 92121, USA 

Conformational constraint designed into the synthesis of peptides has led to mimetics with 
increased potency and receptor selectively. One avenue of conformational constraint is the 
synthesis of cyclic peptides. Cyclization is usually brought about through amide bond 
formation using lysine and glutamic acid or aspartic acid side chains as well as disulfide 
bond formation using cysteine or cysteine derivatives. A number of enkephalin derivatives 
have been synthesized using these cyclization approaches. The Heck reaction, which is a 
carbon-carbon bond formation reaction, recently has been shown to be applicable to 
synthesis on solid supports [1-4]. In the present study the Heck reaction was used to 
develop cyclic peptides. In this approach cyclization was carried out using a p-
iodophenyalanine residue and an alkene group. Since numerous cyclic derivatives of opiate 
peptides have been synthesized using amide bond cyclization and disulfide bond 
formation, the Heck reaction was used to synthesize new cyclic opiate peptides. 

Results and Discussion 

When applied to the synthesis of new cyclic peptide derivatives, the Heck reaction is useful 
for the formation of carbon-carbon bonds. The Heck reaction provides a more stable bond 
than the usual cyclization methods of disulfide and amide bond formation. Peptide 
cyclization can be carried out both in solution and on the solid support. 

The optimal conditions for carrying out the cyclization on the solid support are as 
follows: Peptide-resin (0.015 mmoles), tris(2-tolyl) phosphine (0.01 mmole), 
tetrabutylammonium trifluoromethanesulfonate (0.015 mmoles) were placed in 0.85 ml 
dimethylformamide/0.1 ml water/0.05 ml triethylamine. The mixture was bubbled with 
argon after which Palladium(II) acetate (0.05 mmoles) was added. The reaction was stirred 
overnight at 60°. The mixture was filtered, and the resin was washed with 
dimethylformamide, ethanol, methylene chloride, ethanol, and water. The peptide was 
cleaved from the resin using trifluoroacetic acid/water (9:1). The resulting cleaved peptide 
was analyzed by mass spectroscopy and HPLC. The cyclization was done on three 
different resins: Rink-amide resin (0.50 mmoles/g), high load PEG-resin (0.38 mmoles/g) 
and PEG-resin (0.16 mmoles/g). With all three resins no starting material was seen after 
the reaction had taken place. Both the Rink-amide and high load PEG-resins gave about 
25% desired product. The Rink-amide resin appeared to produce more polymer peaks than 
the high load PGR-resin, whose major side product was the cyclic dimer. The standard 
PEG-resin gave the best result with 60% of the desired product being obtained with and the 
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blance being mainly dimer. Thus even though the reaction can take place using all three 
resins, a lower substitution is preferred to minimize polymerization and dimer formation. 

Similar reaction conditions are used to for the solution cyclization and are as follows: 
peptide (0.01 mmoles), tris(2-tolyl) phosphine (0.01 mmole), tetrabutylammonium 
trifluoromethanesulfonate (0.01 mmoles) were placed in 4.4 ml dimethylformamide/0.5 ml 
water/0.1 ml triethylamine. The mixture was bubbled with argon after which Palladium(II) 
acetate (0.05 mmoles) was added. The reaction was stirred overnight at 60°. The mixture 
was concentrated to dryness by lyophilization. The resulting cleaved peptide was analyzed 
by mass spectroscopy and HPLC. The above reaction conditions give about 60% desired 
product with the major side product again being the cyclic dimer. If the reaction is run 
using less solvent more dimer and polymer are obtained. 

Cyclization of three opiate peptides was performed according to the reaction 
conditions listed above. They were allylacetyl-Tyr-Tic-Phe-Phe(I)-amide, Tyr-DL-
vinylglycine-Gly-Phe(I)-Leu-amide, and Tyr-D-allylglycine-Gly-Phe(I)-Leu-amide. For the 
first two peptides the reaction went well with no starting material remaining whether the 
reaction was run in solution or on the solid support. However, when allylglycine was 
substituted for vinylglycine, no reaction took place. It would appear that vinylglycine is not 
activated enough for the reaction to occur even when using reaction conditions for 
nonactivated alkenes [5]. The reaction also can be analyzed by UV spectroscopy since the 
starting material, desired cyclic product and side reaction cyclic dimer have different 
characteristic spectra. 

Conclusion 

The Heck reaction can be used for making new cyclic peptides and mimetics both on the 
solid support and in solution. Using the Heck reaction with regard to peptides opens up 
new opportunities for peptide design since the reaction forms a carbon-carbon bond rather 
than reaction the usual amide or disulfide bond. Conditions have been determined to favor 
the formation of the desired product. Side reactions such as dimerization and 
polymerization were found to be common but could be minimized by using the proper 
resin for solid support cyclization or correct reaction volume for solution cyclization. This 
peptide cyclization procedure can be done with alkynes as well as alkenes and could be 
used in a combinatorial setting as well. 
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A facile synthesis of 3-substituted pipecolic acids 

Gergely M. Makara and Garland R. Marshall 
Department of Molecular Biology and Pharmacology, School of Medicine, Washington University 

at St. Louis, St. Louis, MO 63110, USA 

Pipecolic acid, the next higher homolog of proline, has generated considerable attention as 
a proline analog. Not only can the compound serve as an analog of proline, but it has utility 
in the area of constrained amino acids. Substitution of the six-membered ring by any 
sidechain moiety found in natural amino acids yields a constrained, chimeric amino acid. 
By holding the sidechain and the backbone in a limited number of conformations, active 
analogs of biologically active peptides containing this unusual amino acid can provide 
valuable insights into the conformational requirements of ligand binding [1]. 
Computational studies indicate that pipecolic acid shows a similar, if not higher, propensity 
to occupy the i+2 position in reverse turns compared to proline (Y. Takeuchi, G.R. 
Marshall unpublished). Thus, incorporation at appropriate positions of carefully designed 
pipecolic acid analogs as peptide building blocks can trigger the formation of turns while 
retaining the sidechain functionality for important molecular recognition. 

Several routes have recently been published for the synthesis of pipecolic acid and its 
derivatives [2]. However, no methods for the synthesis of 3-analogs having polar 
functionality and appropriate protection for solid phase peptide synthesis have been 
reported. 

Results and Discussion 

The synthesis of the protected 3-hydroxy and 3-mercapto analogs was envisioned as 
depicted in Fig. 1 starting from the commercially available 3-hydroxypyridinecarboxylic 
acid. The free hydroxyl group of 4 was to be masked as a benzylether to give a key 
intermediate of the desired BocPip(OBz). However, this functionality proved to be 
extremely labile and gave the 2,3-dehydroanalogs as side products. All attempts to 
circumvent this undesired elimination were fruitless and, thus, an alternate route had to be 
sought to achieve a suitably protected 3-OH analogue. This involved the use of the Fmoc 
strategy. An approximately 50-50% mixture of cis and trans 5 was isolated indicating an 
elimination-addition mechanism instead of SN2-substitution, which is consistent with the 
ease of elimination of 3-OR moieties observed throughout these syntheses. The two pairs 
of diastereomers of 5 were conveniently separated by flash chromatography. 

Major goals in the synthesis of the 3-carboxyl analog were to distinguish between the 
2- and 3- positions and to achieve stereoselectivity to reduce the number of isomer 
products (Fig. 2.). We took advantage of the selective ring opening of quinolinic anhydride 
during alcoholysis to give monoester 10, which can be reduced to the corresponding cis 
piperidine derivative 11. An appropriately selected sequence of reactions provided the 
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suitably protected 15 in 56% overall yield from 10. One can easily envision the easy access 
of other carboxylic acid derivatives starting from 12. The mesylate of 4 could also likely 
serve as an excellent intermediate for the synthesis of other 3-position analogs. 

cf-^cr^cf • rYH - rY^™ 
V-yfL "BSE" I I MOOH/HCI I I <53T I X "MKOBSTI I + 

^ >:OOH > < - - ^ V O O H N I - ' N J O O C H , ^J - ^COOCH, > J - ^ N ; O O « 

cf" -^ cf"" -i. cf" OOH 

a coc 
FMOC 

8 

Fig. 1 

^ V \ - i^V^0 0" b ^y^OOH ^ X ^ 0 0 " ^^>= 0 0 1 

^ 1 / l-Buofr |l J L "Pio^*" I 1 ^ (&£$ I J . 6ZBX " I - L 
T J ^ ^ C O O I B U ^>r T;OOIBU >* ^ :OOIBU > J ' ^ ; O O I 

e l Ac 

a (3oc),0 I 1 ^ 
OOH T v | > ^ ^ V i 

e | AcOH/HCI 

:OOBI 

Kg. 2. 

The stereochemistry of compounds 5, 8 and 15 was established by :H NMR. Proton 
NMR and molecular modeling showed that the Boc protected pipecolic acids can exist only 
in a conformation in which the 2-COOH is axial due to steric interference with the bulky 
vicinal groups. This effect can account for the ease of coupling observed in SPPS (TBTU, 
HOBt/DIEA). Incorporation of 15 into Asp-Tyr(OS03H)-Nle-Gly-Trp-Nle-Asp-Phe-NH2 

(CCKA inhibitor) peptide sequence revealed an important side reaction resulting in further 
constrained piperidine-2,3-dicarboximide peptides. 

References 

1. a, Kaczmarek, K., Li, K.-M., Skeean, R., Dooley, D., Humblet, C, Lunney, E., Marshall, 
G.R., In Hodges, R. and Smith, J.A., (Eds) Peptides: Proceedings of the 13th American 
Peptide Symposium, ESCOM Leiden, 1994, p. 687. b, Olma, A., Nikiforovich, G.V., Nock, 
B. and Marshall, G.R., In Hodges, R. and Smith, J.A., (Eds) Peptides: Chemistry, Structure 
and Biology, ESCOM Leiden, 1994, p. 684. 

2. For example, see a, Fernandez-Garcia, C. and McKervey, M.A., Tetrahedron: Asymmetry, 6 
(1995) 2905. b, Angle, S.R. and Arnaiz, D.O., Tetrahedron Lett., 30 (1989) 515. c, Adams, 
D.R., Bailey, P.D., Collier, I.D., Heffernan, J.D. and Stokes, S. J., Chem. Soc. Chem., 
Commun., (1996) 349. c, Shuman, R.T., Ornstein, P.L., Paschal, J.W. and Gesellchen, P.D., J. 
Org. Chem., 55 (1990) 738. d, Bailey, P.D., Londesbrought, D.J., Hancox, T.C, Heffernan, 
J.D. and Holmes, A.B., J. Chem. Soc. Chem. Commun., (1994) 2543. 



Rapid thioester couplings mediated by new uronium salts 

Hartmut Echner and Wolfgang Voelter 
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Tubingen, Hoppe-Seyler-Str. 4, D-72076 Tubingen, Germany 

Two of the most popular reagents in SPPS are tetramethyluronium salts like 2-(lH 
benzotriazolyl-l-yl)-l,l,3,3-tetramethyluronium hexafluorophosphate (HBTU) [1] and 
phosphonium salts like benzotriazolyl-l-yl-oxy-tris(dimethylamino)phosphonium hexa­
fluorophosphate (BOP) [2]. These compounds are able to form in situ O-benzotriazolyl 
active esters as acylating species. 

However, until now, no reports describe the use of thioesters for the coupling steps in 
SPPS. Only few reports exist on thioester couplings in classical peptide synthesis. For 
example, Farrington [3] and Kenner [4] described 4-nitrophenylthioester to be 16-fold 
faster in coupling with amines than standard 4-nitro-phenylesters. Also, S-(2-
benzothiazolyl)-thioesters were described as reacting very rapidly with amines [5]. We 
therefore combined the well-known fast coupling uronium salts and different 
arylmercaptanes to achieve several new in situ acylating reagents based on preformed 
thioesters as highly active intermediates. The general formula is: 

N02 

©c>- Ou -©- <-d-
HSBOtU (1) HSBtU (2) HSNPtU (3) HSDNPtU (4) 

Fig. 1. S-aryl-uronium salts: 2-(2-mercaptobenzoxazol-2-yl)-l,l,3,3,-tetramethyluronium-hexa-
fluorophosphate (1), 2-(l-mercaptobenzotriazol-l-yl)-l, 1,3,3-tetramethyluronium-hexafluoro-
phosphate (2), 2-(l-mercapto-4-nitrophenyl-l-yl)-l,l,3,3-tetramethyluronium-hexafluoro-
phosphate (3), 2-(l-mercapto-2,4-dinitrophenyl-l-yl)-l,l,3,3-tetramethyluronium-hexafluoro-
phosphate (4). 

Results and Discussion 

l,l,3,3-tetramethyl-2-chlorouroniumchloride was synthesized similar to the procedure of 
Knorr [6]. 2-Mercaptobenzoxazole was commercially available, 1-mercapto-benzotriazole 
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was synthesized from 1-hydroxybenzotriazole by conversion with 3N HBr/HAc into 1-
bromobenzotriazole and afterwards with 1 eq. NaHS into the product. 4-Nitro-l-mercapto-
benzene and 2,4-dinitro-l-mercapto-benzene were prepared according to the procedure of 
Takahashi [7] from p-nitro-chlorobenzene and 2,4-dinitro-chlorobenzene, respectively, by 
addition of a solution of 2 eq. NaSH in 90 % ethanol. Addition of 1 mol potassium 
hydroxide to a hot saturated ethanolic solution of the aryl mercaptanes lead to the 
potassium salts of the S-aryl compounds. Syntheses of the S-aryl-l,l,3,3-tetra-
methyluronium compounds were accomplished by reaction of the potassium mercaptides 
with 1 eq. of tetra-methyl-2-chlorouroniumchlorid and potassium hexafluorophosphate 
under slight cooling. The products were recrystallized from dichloromethane/ether, 
yielding 20,33 g (1) (C,2H16N3OSPF6 = 379,3), 33,7 g (2) (C„H16N5SPF6 = 395,3), 25 g 
(3) (C1,H16N5SPF6= 395,3) and 23 g (4) (C1,H15N404SPF6 = 540,4). 

To test the usefullness of our new compounds for SPPS we synthesized the following 
opioid peptides using Fmoc/tBu strategy, with an automatic ECOSYN P synthesizer 
(Eppendorf Biotronik, Maintal,Germany): 
1) orphanin FQ: (FGGFTGARKSARKLANQ), on [5-[4-(Fmoc-amino)-methyl]-3,5-

dimethoxy-phenoxy] valeric acid coupled to aminomethyl-PEG-resin (Rapp-Polymere, 
Tubingen, Germany). Activating agent: HSBtU / acylation time: 10 min. 

2) dynorphin A: (YGGFLRRIRPKLKWDNQ), on 2-Chlorotritylchloride-polystyrene 
resin (Barlos-resin) loaded with Fmoc-Gln(Trt)-OH. Activating agent: HSBOtU / 
acylation time: 10 min. 

3) a-endorphin: (YGGFMTSEKSQTPLVT), on Fmoc-Thr(tBu)-TentaGel S-PHB-resin 
(Wang-resin), (Rapp-Polymere, Tubingen, Germany). Activating agent: HSNPtU / 
acylation time: 15 min. 

4) dynorphin B: (YGGFLRRQFKVVT), on Fmoc-Thr(tBu)-Tentagel-S-PHB-resin 
(Wang-resin), (Rapp-Polymere, Tubingen, Germany). Activating agent: HSDNPtU / 
acylation time: 5 min. 
All opioid peptides were cleaved from the resin, following standard procedures, 

lyophilized and purified using RP-HPLC. The structures were reconfirmed by laser-
desorption-mass-spectroscopy. 
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Chemical synthesis, purification and characterization of a 107 
residue fragment of the prion protein 
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The prion protein (PrP) in its mature form is a 209 residue glycolipid anchored sialoglyco-
protein that is implicated in the development of scrapie in sheep, bovine spongiform 
encephalopathy and Creutzfeld-Jacob disease in humans. Cellular PrP is ubiquitous in 
neurons where it normally exists as a benign cellular form (PrPc), but may be transformed 
into a pathogenic isoform (PrPSc), either spontaneously due to pathogenic mutations or by 
interacting with an infectious particle comprised perhaps entirely of PrPSc. As a result of 
unfavorable physical properties, large quantities of PrP are difficult to obtain from natural 
sources. We describe the chemical synthesis of a 107 residue chimeric 
mouse/hamster/mouse protein from PrP (MH2M 107) using an optimized stepwise solid-
phase peptide synthesis approach. It appears that a similar entity in N2a cells can undergo 
conversion to PrPSc [1]. We report the synthesis, purification, refolding and characterization 
of the MH2M 107 protein. 

Results and Discussion 

Initially, MH2M 107 was synthesized using a highly efficient t-Boc chemical protocol [2]. 
An aliquot of peptidyl-resin was removed half way through the synthesis and cleaved with 
hydrogen fluoride. The RP-HPLC chromatogram of the crude product showed a complicated 
mixture of products consisting mainly of deletion sequences. These were believed to have 
been due to secondary structure of the growing resin bound peptide. The addition of 20% 
trifluoroethanol to the coupling solvent overcame most of these problems by reducing 
intermolecular interactions. Unfortunately extending the synthesis to give the full-length 
protein resulted in a highly contaminated cleavage product. Extensive analysis by RP-HPLC 
and mass spectrometry allowed the identification of "difficult" couplings. Despite use of 
various strategies we were unable to obtain a sufficiently pure product for the 107-mer using 
t-Boc chemistry. We then investigated the alternative Fmoc chemical approach. A highly 
optimized protocol was used involving DCC/HOBt activation and extended deprotection and 
coupling times. Removal of side-chain protecting groups and cleavage of protein from the 
resin was achieved using a 6 hr treatment with Reagent K [3]. Analysis of the crude product 
by RP-HPLC (Fig. IA) and ESI-MS (Fig. IB) showed a highly homogeneous product with 
virtually no deletion sequences. Purified protein was readily obtained by semi-preparative 
RP-HPLC at 50°C, which reduced interaction between protein chains resulting in higher 
yields. Natural PrP possesses an intramolecular disulfide bridge which is present in both 
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PrPc and PrPSc [4]. Attempts to oxidize the Cys residues at basic pH failed due to lack of 
solubility and so lower pH solutions were investigated. Success was achieved by dissolving 
the protein at 0.5mg/ml in water, pH 3.5. Disulfide bond formation was monitored and 
confirmed by RP-HPLC as indicated by the appearance of an earlier eluting peak and ESI-
MS (-2 Da) and shown to be complete after 3 day. The oxidized MH2M 107 was purified on 
RP media at elevated temperature. The overall yield from 120mg of crude protein for the two 
RP purification steps and Cys oxidation was 8.7mg (7.3%). RP-HPLC (Fig. IC) and ESI-MS 
(Fig. ID) showed that the correct protein had been obtained. 

Secondary structural analysis by circular dichroism showed that before Cys oxidation 
MH2M 107 adopted a f$-sheet conformation. However, after refolding the protein became 
predominantly a-helical, reflecting the behavior of a 142-residue recombinant PrP protein. 
MH2M 107 with mutations predicted to increase the p-sheet character is being assayed for 
prion infectivity in laboratory rodents. 

yh. j \ _ ~ i -
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11700 11760 nazo 
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Fig.l. Analysis of MH2M 107 synthesized using Fmoc chemistry. (A) RP-HPLC and (B) ESI-MS of 
crude MH2M 107, showing Met[0] impurities. (C) RP-HPLC and (D) ESI-MS of pure, refolded and 
Cys oxidized MH2M 107. Calculated mass 11758. 
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Problems encountered with the synthesis of a glycosylated 
hydroxylysine derivative suitable for Fmoc-solid 

phase peptide synthesis 
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Hydroxylysine (Hyl) is the glycosylation site within type IV collagen tumor cell 
recognition sequences al(IV) 531-543 and al(IV)1263-1277 as well as type II collagen T-
cell recognition sites. In order to investigate the role of glycosylation in tumor cell 
interaction with type IV collagen, it is desirable to synthesize peptide models of cell 
adhesion sites that incorporate Hyl(2-0-a-D-glucopyranosyl)-|3-D-galactopyranoside. Some 
protected Hyl derivatives have been synthesized in non-glycosylated [1-3] and glycosylated 
[4] forms but are not suitable for Fmoc-SPPS. The synthesis of Fmoc-Hyl(Ne-Boc,08-
TBDMS)-OH was reported in a poster abstract [5], but a detailed description of the 
synthesis has not appeared. 

Results and Discussion 

Starting from pure L-Hyl, we have been developing a solution synthesis of a fully protected 
Noc-Fmoc-Hyl derivative which will then be glycosylated. Three synthetic strategies 
compatible with Fmoc chemistry have been investigated based on the use of Boc, Cbz or 
Aloe for Ne-protection (Fig. 1, pathways A, B, C; Cbz can be cleaved with 
TFA/thioanisole [6]). In the Boc approach (Fig. 1, A) reaction 3A was performed using 
supersaturated EDTA at pH 9 and 7. The subsequent Fmoc acylation did not yield the 
expected product IV-A [Fmoc-Hyl(Boc)-OH, MW: 485 amu]. FAB-MS showed an 
[M+H]+ peak of 607 amu and a peak at 485 amu. By 'H-NMR spectroscopy, no Boc signal 
was found and integration data proved the presence of two Fmoc groups. The mass of 607 
amu corresponds to Fmoc-Hyl(Fmoc)-OH. Due to the missing Boc signal in the 'H-NMR, 
the peak at 485 amu in the FAB-MS can be unambigiously assigned to the glycerine 
matrix. We believed that the Boc group was removed during disruption of the Cu-complex 
with EDTA. This side reaction did not occur when fresh EDTA was used. In the Cbz 
approach (Fig. 1, B) H-Hyl(Cbz)-OH was poorly soluble in commonly used organic 
solvents and reactions 4,5,6 B could hardly be performed. The Aloe-approach (Fig. 1, C) 
was successfully applied to yield IV-C, as revealed by ES-MS and 'H-NMR. This Fmoc-
Hyl(Aloc)-OH could not be extracted into organic solvents for purification and/or 
crystallization. We expect that 6-hydroxy protection and esterification (reactions 5C and 
6C) would render the molecule more hydrophobic and thus relatively easy to purify. These 
reactions are currently under investigation. 
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I : : : > I c
 > i 

(CH,), A,B,C (CH,), L (CH2)2 

HJN CH COOH R2HN CH COOH R2HN—CH COR4 

L-Hyl IV-A,B,C VI-C 

Fig. 1. Synthesis of a fully protected Fmoc-Hyl derivative. PROTECTING SCHEMES: pathway A: 
R=Boc, R=Fmoc; pathway B: R=Cbz, R2=Trt; pathway C: R=Aloc, R=Fmoc, R=Trt, R = 
OPfp or GlyOPfp. REACTIONS: 1 A,B,C: CuS04 /NaOH, 30°C, 15 min; 2A: Boc-ON/Et^ in 
dioxane/water, RT, 2 h; 2B: Cbz-Cl, 0°C, 2 h; 2C: Aloc-Cl, 0°C, 2 h; 3A: supersaturated 
EDTA/NaHCO, RT, pH 9, 2 h, pH 7, 12 h,; 3B.C: KCN, RT, 1 h; 4A.C: FmocOSu/NaHCO3 in 
DME/water, RT, 15 h; 5C: Trt-Cl in chloroform/acetonitrile, RT, 2 h; 6C: Pfp-OH/DCCI (0°C, 1 
h) or GlyOPfp/DIC/HOBt (RT, 1 h) in DME. 

Conclusion 

The results show that synthesis scheme C (Fig. 1) using Ne-Aloc protection is the pathway 
of choice to obtain a fully protected Hyl derivative as a building block for Fmoc-SPPS. 
Fmoc-Hyl(Ne-Aloc)-OH can be obtained in four steps. Ne-Boc protection seems to be 
another feasible approach when avoiding EDTA disruption of the Cu-complex. Comparing 
the protection schemes of the Boc and Aloe approaches, the latter is preferable because of 
its orthogonality, which allows for selective deblocking of the 8-hydroxy function and 
facile introduction of the glycosyl moiety. 5-Hydroxy and a-carboxy protection as well as 
glycosylation are now under investigation. 
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The most commonly used derivatives for studying the interaction of fluorescence-labeled 
proteins and peptides with living cells [1] are isothiocyanates such as fluorescein 
isothiocyanate (FTTC). However, major problems arise from the relatively low reactivity of 
the isothiocyanates and the low stability of the thioureas formed [2]. Activated esters of 
5(6)-carboxyfluorescein (e.g. the N-hydroxysuccinimide ester) have been shown to be 
highly reactive and to generate stable amide bonds [3,4]. In general, these active esters can 
react with various amino functions. Previous receptor binding studies with different site-
specific fluorescent analogs of glucagon [5] inspired the present work on the synthesis of 
peptides bearing stable fluorescent labels introduced at selected amino functions. 

Results and Discussion 

Substance P (RPKPQQFFGLM-NH2) was chosen as model peptide to examine selective 
incorporation of 5(6)-carboxyfluorescein-N-hydroxysuccinimide ester (FLUOS) at various 
pH levels and amounts of active ester used. Reactivity toward the a- and e-amino functions 
was examined in borate buffer adjusted to pH values of 7.0, 7.5, 8.0, 8.5, 9.0, 9.5, and 10.0 
using 1 eq. of FLUOS (Fig. 1 A). The effect of the molar ratio of FLUOS/Substance P was 
studied at pH 8.5 (borate buffer, 10% DMF) followed by stepwise changes from 0.75 to 2.0 
eq. FLUOS (Fig. IB). Optimized conditions (pH 9.0, 0.9 eq. FLUOS) were applied to 
verify the found effect on the 41 amino acid-containing h-CRF molecule yielding a stable 
product with >80% of the NMabeled product. In a second approach solid phase 
methodology was evaluated for the synthesis of both N-terminally or side chain-labeled 
species. Substance P was assembled via the Fmoc-strategy on a Tenta-Gel resin. The Mtt-
group was chosen to protect the amino function of Lys allowing its selective removal in 
the presence of other side chain protecting groups for which 95% TFA is required for 
deprotection [6]. 

After the synthesis, amino functions subject to modification were deprotected in 
separate batches using either 25% piperidine/DMF for 15 min (N-terminal amino group) or 
1% TFA, 5% TIPS, DCM for 45 min (Lys3 amino group). After fluorescence labeling with 
FLUOS, the Fmoc-group of the side chain modified peptide was removed and peptide resin 
cleavages were carried out along with deprotection of the remaining side chain protecting 
groups. The selectively labeled crude peptides were obtained in HPLC purities of >70%. 
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unmodified SP 
Lys3(Fluos) 
Fluos-Arg1, Lys3(Fluos) 
Fluos-Arg1 

7.0 7.5 8.0 8.5 9.0 9.5 10.0 

pH value 

0.75 0.85 1.00 2.00 

molar ratio of FLUOS to Substance P 

Fig. 1. Influence of (A) pH and (B) molar ratio of FLUOS/peptide for the acylation of Substance P 
amino functions. 

The stably modified peptides could be purified by preparative HPLC. Labeling position 
was confirmed by MALDI-MS Post Source Decay (PSD) analysis. The general 
applicability of the SPS method was confirmed by its application to the synthesis of an 
MHC class I restricted antigenic peptide (GYKDGNEYI) from listeriolysin selectively 
labeled either at the N-terminus or the Lys side chain. 
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Solid phase synthesis of lanthionine peptides 
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Recently, the monosulfide cystine analog, lanthionine, that is found in a number of peptide 
antibiotics [1,2] and natural product enzyme inhibitors [3], has been utilized as a 
constraining residue in several enkephalin-related opioid compounds [4]. The thioether 
linkage of lanthionine approximates the constraint of a disulfide bridge but lacks the 
instability of the latter under physiological as well as chemical conditions. Despite the 
utility of this residue and the versatile methodologies developed by Goodman et al. [4-6], 
the synthesis of lanthionine-containing peptidomimetics remains a challenge. The present 
strategy involves a reaction between a p-bromo-alanine obtained by on-resin bromination 
of an unprotected serine residue and a cysteine thiol group. This new all solid-phase 
approach is demonstrated for H[D-AlaL2, L-AlaL5] enkephalin 1. 

Results and Discussion 

The analog H[D-AlaL
2, L-AlaL

5] enkephalin 1 was synthesized from its linear D-serine 
containing precursor in 25% yield based on the initial loading of Rink resin and the HPLC 
purity and weight of the final material (Fig. 1). The crude peptide was shown to be 
homogeneous by HPLC and the purified material was extensively characterized. Amino 
acid analysis, electrospray mass spectrometry, and *H-NMR data all correlated closely with 
published data [4]. Attempts to synthesize H[L-AlaL

2, L-AlaL
5] enkephalin from the L-

serine-containing precursor yielded material in approximately the same yield and was 
found surprisingly to be indistinguishable from the D-serine derived material by HPLC 
analysis and ' H-NMR. Since the cyclization does not proceed with retention of 
configuration at the a carbon, this suggests that one or possibly both precursors cyclize via 
the dehydroalanine intermediate to give 1, consistent with the previous finding that only a 
single isomer, [D-AlaL

2, L-AlaL
5] EA, for steric reasons, forms from the dehydroalanine 

precursor [4]. In order to clarify this we assessed the chiral integrity of the a carbon of the 
(J-bromoalanine prior to the cyclization step by converting the D-serine and L-serine 
derived brominated intermediates to their corresponding phenylcysteine products with 
thiophenol. The cleaved peptides were shown to be distinct by C-18 HPLC analysis 
demonstrating that the p elimination to the dehydroalanine (the "Goodman intermediate") 
occurs during the cyclization step, possibly because direct bromine displacement is 
unfavored for steric reasons. Although our results do not definitively elucidate the 
mechanism of cyclization, the demonstration that the serine to bromoalanine conversion 
proceeds efficiently and without racemization suggests that this methodology may be 
applicable to lanthionine formation in less sterically hindered peptides. 
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Fig. 1. Solid phase synthesis ofH[D-AlaL
2, L-AlaL

5] enkephalin 1. 
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Synthesis of p-methyl aspartic acids 
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The incorporation of topographically constrained amino acids has proven to be useful in 
the design of bioactive peptides, providing ligands with both improved potency and 
receptor selectivity. Several potent a-melanocyte-stimulating hormone (a-MSH) agonists 
[1] and antagonists [2] with aspartic acid at position 5 have been developed in the past 
decades. However, there is a need to develop more constrained a-MSH analogues that will 
provide both high potency and selectivity for only one of the melanocortin receptors 
(MC1R, MC3R, MC4R, and MC5R). One way to design such analogues is to incorporate 
|3-substituted aspartic acids in position 5. We are exploring two simple synthetic 
approaches to the preparation of these types of amino acid derivatives with easy protection 
and deprotection of all the functional groups, which will provide more easy access to these 
compounds than previously reported approaches [3,4]. 

Results and Discussion 

As shown in Fig. 1, all of the functional groups in L-aspartic acid are fully protected in the 

.COOH 1).HCI/MeOH ^ ™ LHMDS 
XOOMe __ Me,,,. ^COOMe 

H c N ^ r o O H 5 ' S ^ ^ S S ^ B o c - N ^ C O O M e Mel B o c - N ^ C O O M e 
H2N COOH 3 \ BoCoO/TEA/DMAP | I 

' Boc Boc 
Fig. 1. Synthesis of p-methyl aspartic acid via bis-Boc protection. 

first step. The acid groups are protected by esterification with methanol. This is 
accomplished by bubbling dry HCl gas into a methanol solution of aspartic acid, followed 
by protection of the a-amino group with two Boc groups. The first Boc group was 
introduced by a widely used method [5]. However, the same approach did not work for the 
second Boc group which was successfully introduced by using triethylamine (TEA) with a 
catalytic amount (10%) of p-dimethylaminopyridine (DMAP) in ethyl acetate. Computer 
modeling has shown one side of the |3-position is hindered by one of the Boc groups, 
suggesting that good stereoselectivity could be achieved when alkylation occurs at the im­
position. Although this alkylation step gave almost exclusively one diastereomer (>98% 
d.e.), the yield was poor due to side reactions. 

Our second approach to the synthesis of P-methyl aspartic acids is shown in Fig. 2. In 
this case, all the functional groups in L-aspartic acid are protected by benzyl groups. 
Refluxing a mixture of aspartic acid and benzyl bromide (excess) in an aqueous potassium 
carbonate and sodium hydroxide solution afforded the fully benzyl-protected aspartic acid 
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.COOH B n B r XOOBn M H M D S M e ^ X O O B n 

H 2 N^COOH K2CXVNaOHVH2Q' B n - N ^ C O O B n M e l Bn-N^COOBn 

Bn Bn 

Fig. 2. Synthesis of P-methyl aspartic acid via bis-benzyl protection. 

derivative. No epimerization was found in this process. Methylation of the P-position was 
achieved by treatment with methyl iodide and one of the bases shown in Table 1. Isolated 
yields varied from 50% to 80%. Thus far we have not found suitable conditions for the 
separation of the P-methyl diastereoisomers by flash chromatography. However, they can 
be separated by reverse phase HPLC which also was used to determine the d.e. of the 
alkylation. 

Table 1. Alkylation results ofbis-Bn protected aspartic acid derivative. 

Reaction 
A 
B 
C 
D 

MHMDS 
LHMDS 
LHMDS 

NaHMDS 
KHMDS 

Temperature 
-78 
-30 
-78 
-78 

Note*: 70% conversion 

(°C) Time (hrs) 
2 
2 
8 
8* 

d.e (R:S) 
3.0: 1.0 
2.1 : 1.0 
1.8:2.0 
1.0: 1.1 

Further research is needed to improve the selectivity of the alkylation step using our 
second approach. We are currently investigating the diastereoselectivity by varying the 
reaction temperature, base, solvent and alkyl reagent as well as exploring the synthesis 
with a variety of functional nucleophiles. 
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Total solid-phase synthesis of human cholecystokinin (CCK)-39 
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To date many synthetic methods for the peptide containing tyrosine O-sulfate 
[Tyr(SOsH)] have been reported including the solid-phase approach; however, a general 
and convenient synthetic method has not yet been established. Recent advances in Fmoc-
SPPS using the solid-phase method have made the direct synthesis of the sulfated peptide 
possible. When Fmoc-strategy is adopted, conditions for the final cleavage/deprotection 
with acidic reagents becomes crucial. During the course of our efforts to find a general 
synthetic method for the Tyr(S03H)-containing peptides, 90% aqueous TFA at low 
temperature proved effective in minimizing the deterioration of Tyr(S03H) [1]. Based on 
this finding, we have recently established a facile solid-phase method for the preparation 
of Tyr(S03H)-containing peptide and have shown that this methodology could be applied 
to the preparation of fairly large sulfated peptides [2]. 

CCK is known to have several molecular forms, but the significance of the presence 
of such molecular diversity and physiological roles, especially of its large molecular 
forms, are still unclear. In order to extend our methodology and to evaluate the biological 
activity of the large molecular form peptide of CCK, we have undertaken total solid-phase 
synthesis of human CCK-39. 

Results and Discussion 

The synthetic route to CCK-39 is shown in Fig. 1. The C-terminal dipeptide amide, Fmoc-
Asp-Phe-NH2, was first linked to a 2-chlorotrityl (Clt)-resin [3] through the side-chain 
carboxyl group of Asp, then each Fmoc-amino acid including Fmoc-Tyr(S03Na)-OH was 
introduced stepwise to the peptide-chain. In order to carry out the synthesis with a 
minimun of protecting groups, Asn and Gln residues were introduced by Fmoc-Asn/Gln-
OPfp in the presence of HOOBt. The guanidino function of four Arg residues was 
protected with the Pbf group [4], which was the most sensitive to our deprotection 
conditions (90% aq. TFA at 4°C) among the various guandino protecting groups. The 
Bu'/Boc protecting groups were used for the amino acids requiring the side-chain 
protecting group including His, which was introduced with a form of His(Boc). After the 
construction of the full-length peptide-chain on the resin, the resin-bound peptide was 
subjected to a two-step cleavage/deprotection; first with a mixture of ACOH-CF3CH2OH-
CH2C12 (1:1:3 v/v, 25°C, 30 min) for cleavage, followed with 90% aq. TFA (4°C, 15 h) 
for deprotection. The first mild acid treatment could detach the protected peptide from the 
Clt-resin nearly quantitatively without affecting the sulfate. The second acid treatment at 
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low temperature could deprotect the protecting groups including four Pbf groups on the 
Arg residues with minimun damage on the sulfate despite the prolonged acid treatment. 
Although the crude peptide thus obtained showed a fairly complicated HPLC elution 
profile, a highly homogeneous product was obtained after one-step HPLC purification. 
The main peak in HPLC proved to be an objective CCK-39; the amino acid analysis of 
this product agreed well with the theoretical value, and the intactness of the sulfate was 
directly established with MALDI-MS. Although the yield from the cleavage/deprotection 
step was not excellent (8%) due to the presence of highly oxidation-sensitive Met 
residues, the yield is judged to be acceptable for synthesizing sulfated peptide colse to 40-
residue. Thus CCK-39 was synthesized by our newly developed solid-phase approach in a 
quite facile manner. 

The insulinotropic effect of the synthetic human CCK-39 was examined using rat 
isolated pancreatic islets at high glucose concentration (11.1 mM). Synthetic human CCK-
39 increased insulin release in a dose-depended manner and, at the dose of IO"8 or IO"9 M, 
the relative molar potency of CCK-39 was comparable to that of CCK-8 and CCK-33. 

Fmoc-SPPS 

H-Tyr(Bu')-He-Gln-Gln-Ala-Arg(Pbf)-Lys(Boc)-Ala-Pro-Ser(Bu')-Gly-Arg(Pbf)-Met-Ser(Bu')-
Ile-Val-Lys(Boc)-Asn-Leu-Gln-Asn-Leu-Asp(OBur)-Pro-Ser(Bur)-His(Boc)-Arg(Pbf)-Ile-
Ser(Bu')-Asp(OBu')-Arg(Pbf)-Asp(OBu')-Tyr(S03Na)-Met-Gly-Trp-Met-Asp-Phe-NH2 

fl Two-step cleavage/deprotection, then RP-HPLC 

vHuman CCK-39 

Fig.l. Synthetic outline for human CCK-39. 
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Studies on synthesis of peptides with C-terminal glutamine para-
nitroanilide 
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Para-nitroanilides (pNA) of amino acids and peptides are useful chromogenic substrates for 
the determination of the activity of proteases. Synthesis of these compounds is complicated 
by the weak nucleophilicity of p-nitroaniline. Many coupling reagents have been tried, with 
limited success, but the mixed anhydride of Boc amino acids with pivaloyl chloride [1], and 
the reaction with POCI3 [2] have given good yields in most cases. We report here attempts 
to use HBTU and HATU, two potent coupling agents, in the synthesis of Boc-Gln-pNA and 
Fmoc-Glu(OtBu)-pNA. 

There is no general method for the solid phase synthesis of peptide-pNA. Voyer et al. 
[3] attempted aminolysis with pNA's of a peptide linked to an oxime resin and obtained a 
yield of 30% for the cleavage step. We describe a method that is potentially useful for the 
solid phase synthesis of pNA's of peptides having a C-terminal Glu, Gln, Asp or Asn 
residue. 

Results and Discussion 

Attempts to couple Boc-Gln with pNA using HATU or HBTU did not succeed. The main 
product (yield 44%) of the reaction is Boc-glutarimide identified by elemental analysis, 
mass spectrum and NMR (Table 1). Boc-Gln-pNA was formed in only 6% yield. We found 
that one equivalent of base (DIEA) gave a cleaner reaction mixture than two equivalents of 
base. The attempt to react Fmoc-Glu(OtBu) with pNA by HATU also did not succeed; only 
a trace amount of Fmoc-Glu(OtBu)-pNA was formed. 

However, with the phosphorazo-method [4], Fmoc-Glu(OtBu) was converted by PCI3 
to Fmoc-Glu(OtBu)-pNA in 90% yield. After allowing PCI3 (1.0 eq.) and pNA (2 eq.) to 
react in pyridine at room temperature for 1 hour, Fmoc-Glu(OtBu) (1.0 eq.) was added. The 
reaction was stirred at 40° C for 3 hours. After appropriate workup, the crude product was 
purified by flash chromatography on silica gel. 

The compound was treated with TFA to remove the t-butyl ester, and linked to a Rink 
Amide MBHA resin. Using Fmoc t-butyl chemistry, the sequence Asp-Ser-Arg-Glu-Thr-
Leu-Phe-Glu(Rink Amide MBHA resin)-pNA was assembled on an ABI 431A automatic 
synthesizer on a 0.1 mmole scale using a 10-fold excess of Fmoc amino acids with 
HBTU/HOBt-mediated coupling. After treatment with TFA, the resin gave the desired 
product, 95% pure by HPLC, in a yield of 47%. The compound was identified by its mass 
spectrum. 
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In contrast to the report that the p-nitroanilide bond in Fmoc-Glu-pNA is not stable in 
20% piperidine in NMP (a loss of 4-nitroaniline in lh) [5], we found that the p-nitroanilide 
bonds in Fmoc-Glu(OtBu)-pNA, Fmoc-Glu-pNA and Boc-Gln-pNA are stable in 20% 
piperidine in DMF; even after 24 hrs treatment, no p-nitroaniline was found on TLC. 

Table 1. Properties of the products of the reaction of Boc-Gln with pNA by HATU or HBTU 
coupling method. 

Products 

Boc-Gln-pNA 

Boc-glutarimide 

Elemental analysis 
Calculated (found) 

C 
52.45 

(52.48) 

52.62 
(52.37) 

H 
6.05 

(6.07) 

7.07 
(7.13) 

N 
15.30 

(15.30) 

12.28 
(12.07) 

Mass spectra 
Calculated 

(Found, M+H*) 
366.4 

(367.7) 

228.2 
(229.2) 

NMR 

1.45 (s,9H, Boc) 
2.04 (m. 2H. |3-CH2) 
2.34 (m, 2H, y- CH2) 
4.28 (s, IH, a-CH) 
6.52 [m, 2H, Gln(CONH2)] 
7.85/7.88-8.14/8.17 (dd, 4H, arom pNA) 
10.47 (s, lH,NH-pNA) 
1.46 (s,9H, Boc) 
1.88 (m, 2H, P-CH,) 
2.69 (m, 2H, y- CH2) 
4.30 (m, IH, a-CH) 
5.36 (s, IH, NH-Gln) 
8.15 (s, IH, imide-NH) 

Conclusion 

If Glu or Gln and presumably, Asp or Asn are located at or near the C-terminus of a peptide 
pNA, the above procedure should allow synthesis by the solid phase method. After this 
work was completed, a similar result was reported by A. Kaspari et al [5]. 

In addition, we found that PCI3 method can be used to synthesize Fmoc-Glu(OtBu)-
pNA and this may be extended to the coupling of all other Fmoc-amino acid with pNA. 
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Peptide nucleic acids (PNAs) are analogs of DNA in which the phosphodiester backbone 
has been replaced by 2-aminoethyl glycine units with the nucleobases attached through 
methylene carbonyl linkages to the glycine amino group. PNAs hybridize to 
complementary DNA and RNA with higher affinity and stability than analogous DNA 
oligomers. They are not substrates for endogenous proteases or nucleases, and have the 
remarkable ability to perform strand invasion at target sequences within duplex DNA. 
While their application for experiments in vitro is becoming increasingly broad [1], they 
lack membrane permeability, and their potential for regulating cellular processes is 
unknown. We describe here the synthesis of PNA-peptide conjugates, consisting of PNAs 
targeting to the RNA active site of telomerase and peptides derived from the third helix of 
Antennapedia homeodomain, one of which is known to enter cells [2]. PNA-peptide 
chimera can be efficiently synthesized with the PNA at either the C or the N-terminus and 
can be labeled with fluorescein or rhodamine. PNA-peptide chimera containing full length 
peptides accumulate within cells, while those containing truncated peptides do not. 

Results and Discussion 

PNA-peptide chimera were synthesized with either the peptide or the PNA in the C-
terminal position by solid phase coupling rather than conjugation of the peptide and PNA 
by disulfide exchange, thus reducing purification steps and increasing yield. PNAs are 
synthesized manually for economy and better control over coupling chemistry [3]. After 
completion of the initial synthesis, a small aliquot was deprotected, cleaved from the resin, 
and characterized by MALDI-TOF mass spectroscopy. Once the quality of the synthesis 
was confirmed, the fully protected peptide or PNA was extended by automated synthesis or 
manual synthesis respectively. Although Boc synthesis of PNA typically results in a better 
yield with fewer side products, Fmoc synthesis was necessary when PNA was added to the 
N-terminus of a peptide previously prepared by Fmoc chemistry. PNAs or PNA-peptide 
hybrids were purified by reverse phase HPLC using 0.1% TFA in acetonitrile as the mobile 
phase. 

PNAs were labeled with either fluorescein maleimide, through a cysteine, or 
rhodamine (carboxytetramethylrhodamine from Molecular Probes). Since rhodamine 
proved to be stable to TFA or TFMSA cleavage conditions, it was coupled directly to the N 
terminus of the protected conjugate. Coupling was usually complete in twenty minutes, but 
was sometimes left overnight. Excess rhodamine was washed away with DMF or NMP. 
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Table 1. PNA-peptide conjugates. 

Import peptide-fully complementary PNA (conjugate 1) 
NHa-GlyGlyArgGlnneLysneTrpPheGlnAsnArgArgMetLysTrpLysLys-GGGTTAGACAA-Lys 

Truncated (control) peptide-fully complementary PNA (conjugate 2) 
NH2-GlyGlyLysDeTrpPheGlnAsnArgArgMetLysTrpLysLysGluAsn-GGGTTAGACAA-Lys 

Fully complementary PNA-import peptide (conjugate 3) 
NHz-GGGTTAGACAA-GlyGlyGlyArgGlnneLysneTrpPheGlnAsnArgArgMetLysTrpLysLys 

Fully complementary PNA-truncated (control) peptide (conjugate 4) 
NH2-GGGTTAGACAA-GlyGlyGlyLysneTrpPheGlnAsnArgArgMetLysTrpLysLysGluAsn 

A peptide was chosen as a carrier domain for delivery of PNAs into cells because 
several different peptide sequences have been shown to promote the cellular uptake of 
attached molecules. A 16 amino acid peptide sequence derived from the third helix of 
Antennapedia homeodomain has been shown to deliver peptides, proteins, and 
oligonucleotides into cells [2]. The PNA domain was designed to be complementary to the 
RNA template of human telomerase. We observed that PNA-peptide chimera containing 
full length peptide in either orientation (conjugates 1 and 3) are able to cross cell 
membranes in culture. Chimera containing truncated peptides (conjugates 2 and 4) or 
fluorescently labeled PNAs lacking any peptide were not taken up by cells. 

Conclusion 

Our data show that PNA-peptide hybrids can be taken up by cells. Uptake is independent of 
the relative orientation of the PNA and the peptide, and occurs quickly. Somewhat 
surprisingly, given that hybrid synthesis requires 25-30 coupling steps, the hybrids can be 
made rapidly and in good yield, and the modular nature of our synthesis helps ensure good 
quality of the final product. 
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Sequential ligations of three or more free peptide segments in solution typically require 
temporary protection of one of the functionalities of the difunctional middle segments and 
a purification step (e.g. HPLC) after each ligation [1]. We have developed a solid phase 
ligation technique based on principles originally enunciated by Merrifield [2]. Our 
approach avoids the need for multiple purifications of intermediate ligation products in 
solution and uses fully unprotected peptide segments. The strategy, as outlined in Scheme 
1, employs: (i) ligations in an N- to C-terminal direction, (ii) modification of the N-
terminal peptide segment with a cleavable linker functionalized with a group capable of 
chemoselective reaction with the solid support [3], and (iii) sequential native chemical 
ligations of unprotected peptide segments in aqueous solution [4]. This technique was 
applied to the synthesis of a lymphokine protein, Macrophage Migration Inhibitory Factor 
(MIF). 

Scheme 1 
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Results and Discussion 

Peptide segments corresponding to the amino acid sequence of MIF were synthesized 
using in situ neutralization/HBTU activation protocols for Boc chemistry [5]. The three 
unprotected peptide segments were ligated as outlined in Scheme 1. The final product, full 
length MIF 1-115 as cleaved from the solid support, is shown in Fig 1. The advantages of 
solid phase protein synthesis are numerous and include: (i) purification of resin-bound 
intermediates by simple filtration and washing; (ii) faster overall synthesis of the final 
product because no time-consuming intermediate purifications are necessary; (iii) higher 
reaction rates from higher concentrations of reactants; (iv) solubility problems are 
overcome by attachment of the growing peptide to solid support; (v) much larger peptides 
and proteins can be made than presently attainable by more conventional methods; (vi) 
easy scale up due to high resin loadings; (vii) automation possible because of the repetitive 
nature of the operations; and (viii) completed full length peptide is totally unprotected and 
requires only cleavage from the solid support. We expect solid phase protein synthesis by 
the chemical ligation of unprotected peptide segments in aqueous solution to be of major 
utility in the future and to have a high impact on the world of synthetic protein chemistry, 
bringing within our grasp previously unattainable protein targets. 
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Fig. 1. (A) Analytical HPLC of crude MIF 1-115 after cleavage from the solid support. (B) 
Electrospray MS of the HPLC-purified peak showing the distribution of protonation states. (C) 
Hypermass reconstruction of the raw MS data to a single charge state. Full length MIF 1-115 had 
an observed mass of 12451 ±1 Da (expected mass 12450 Da). 
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Amino acids with alkyloxyaryl-keto function in their side chains 
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Formation of ketones has been repeatedly observed when peptides with glutamyl residues 
were cleaved from the polymeric support with liquid HF in the presence of anisole as 
scavenger [1,2]. We noted [3] that under similar conditions, the carboxyl group of C-
terminal ooamino acids, with at least four carbon atoms between the amino and the 
carboxyl group, is also completely converted into ketone derivatives. In the present study 
we exploited this reaction for the facile preparation of amino acids with alkyloxyaryl-keto 
side chain function. 

OAlkyl 

Jy~-W 

CO n>3 

(CH2)n 

(Boc or Fmoc) — N H ~ CH— COOH 

R: H, alkyl, aryl 

Results and Discussion 

D,L-cc-Aminopimelic acid was treated with liquid HF in the presence of a compound 
susceptible to electrophilic substitution, such as anisole, 2-methoxybiphenyl, 3-
methylanisole or butyl phenyl ether. After one hour at 0° C, HF was removed by 
evaporation, the residue triturated with ether, the precipitate filtered and dried. In each 
case, the product of the reaction, co-keto-cc-amino acid, was secured in excellent yield. Its 
purity was tested by RP-HPLC, :H NMR, mass spectrometry and elemental analysis. The 
novel keto-amino acids were converted into the a-N-Boc- or a-N-Fmoc- derivatives and 
subsequently, smoothly incorporated into model peptides by conventional coupling 
methods, on 431A ABI peptide synthesizer, e.g. 

Formation of cyclic Schiff bases or lactams, during coupling or deprotection steps, 
was not observed. Neither ions 18 Da smaller than expected nor ions corresponding to 
truncated fragments of the peptides could be detected in the mass spectra of the final crude 
products. 

Also, an alternative route for preparation of Fmoc-protected o>(alkyloxyaryl)-keto-a-
amino acids was explored. First, D,L-oc-aminopimelic acid, or L-a-aminosuberic acid, was 
converted into the Fmoc-derivative, by reaction with Fmoc-OSu, and then treated with 
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liquid HF (0°C, 1 hr) in the presence of selected alkyloxyaryl compounds. Once again, 
Fmoc-protected o>(alkyloxyaryl)-keto-a-amino acids were secured in excellent yields. 

OCH, 

CO 
(CH2)4 

D,L-NH2 -CH-CO-L-Lys-L-Lys-L-Val-amide (Fmoc synthesis) 

CO 
(CH2)5 

Gly-Ala-NH-CH-CO-Arg-His-Arg-Lys-Val-amide (Boc synthesis) 
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We are interested in developing strategies and chemistries that would allow entry to 
combinatorial libraries of peptidomimetic structures on solid support. Our synthetic 
approach involves attachment of an essential amino acid residue via its side-chain group to 
the solid support. We present here the use of the Asp and Glu derived N-substituted 
oxycarbonyl-5-oxazolidinones 1-3 as a selective means to protect the a-carboxylic acid 
prior to co-carboxyl attachment to either Knorr and Wang resin. We also present the first 
solid-phase examples of oxazolidinone ring opening reactions using primary amines to 
provide the corresponding amides [1-3]. A key advantage of employing oxazolidinones in 
solid-phase synthesis is their characteristic carbonyl IR absorption band at 1800 cm"1. In 
this work, we used this unique band and 'single bead' FT-IR to facilitate methods 
development and monitor reaction kinetics of the oxazolidinone ring opening reaction [4-
6]. 

Scheme 1 

O 

(i)n ,0 @-Linker-A m n 1. R-NH2/DMF 
-*-

. _ .. , 2.TFA/H2O 

0 PG'Nv° 
Asp(n=1);Glu(n = 2) 1-3 4-7 

Results and Discussion 

Starting from Af-substituted-oxycarbonyl-Asp or Glu, we prepared oxazolidinones 1-3 
in high yield (> 90%) by known procedures [7]. Compounds 1-3 were attached to Knorr 
and Wang resin using standard DIC/ HO At or PyBrOP/ HO At coupling methods to provide 
4 and 5-7, respectively. The polymer-bound oxazolidinones 4-7 were analyzed by single 
"flattened" bead FT-IR microspectroscopy and compared to unloaded resin. They showed a 
characteristic strong carbonyl IR band at 1800 cm"1 which can be assigned to the carbonyl 
of the 5-oxazolidinone (Fig. 1). 

Reaction conditions for the ring opening of the polymer-bound oxazolidinones 4-7 
with primary amines (Scheme 1) were determined by using single bead IR to monitor the 
reaction of resin 4 with a 10-fold excess of phenethylamine. The time course of this 
reaction showed (Fig. 2) a decrease in intensity of the band at 1800 cnr1 indicating loss of 
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starting oxazolidinone and formation of the resin-bound Asn amide. Amide 8 was obtained 
in a crude mass yield of 80% in a purity of > 90% as measured by percent area (%Area) at 
230 nM via RP-HPLC. 

An array synthesis of 12 different Asn, Asp, and Gln amides was produced using 
primary amines, and we observed complete conversion, based on the absence of any 
absorption at 1800 cm-1. All new compounds were analyzed and characterized by HPLC, 
mass spectroscopy, and 'H and l3C NMR spectroscopy. This chemistry also works using 4-
7 immobilized on pins (1.2 pmol/crown). 

In conclusion, the oxazolidinone protection scheme is suitable for side-chain 
immobilization of Asp and Glu and for "activation" of the a-carboxylic acid. The polymer 
bound oxazolidinones underwent ring opening reactions with a wide range of primary 
aliphatic and benzylic amines to give Asn, Asp, and Gln amides in high yield and high 
purity. We further established single bead FT-IR microspectroscopy for monitoring 
oxazolidinone carbonyl IR band at 1800 cnr1. 

4000 3500 3000 2500 2000 1500 

Wavenumber (cm') 

Fig. 1. FT-IR spectra taken from (a) Knorr-
Fmoc resin and (b) after Fmoc-deprotection 
and coupling of oxazolidinone. 
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Fig. 2. Single bead IR at various times after 
initiation of ring-opening reaction depicted in 
scheme 1. 
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Convergent solid-phase peptide synthesis is one of the most attractive strategies for the 
synthesis of large peptides or small proteins. Up to now, several handles have been 
developed for anchoring and selectively removing the peptides from the polymer support 
with the protecting groups intact. Photo labile [1], fluoride labile [2] or Pd(0) [3] cleavable 
handles have been designed to suit either Boc or Fmoc chemistries. The use of 
hypersensitive acid-labile [4] or of nucleophile- and base-labile [5] handles allow only the 
preparation of Fmoc/r-butyl or of Boc/Bzl protected peptides respectively. 

We report here the synthesis and development of a new handle, A?-{2-[4-
(hydroxyethylsulfonyl)benzenesulfonyl]ethyl}succinamic acid (EBEL) 1 labile to bases 
through a p-elimination process. This handle is based into alkyl/arylsulfonyl 
ethoxycarbonyl groups used for temporary A^-protection [6]. 

Results and Discussion 

A^-{2-[4-(hydroxyethylsulfonyl)benzenesulfonyl]ethyl}succinamic acid 1 was synthesized 
in four steps from commercially available 2-(4-chlorophenylthio)ethanol (Fig. 1) in an 
overall yield of 43% after purification. 

The EBEL handle (5 equiv.) was attached to an amino functionalized PEG-PS resin 
(0.28 mmol/g) containing NLeu as internal reference with DIPCDI and HOBt using DMF 
as solvent. A qualitative ninhydrin test was used to ascertain the completion of the 
coupling. The C-terminal Boc-amino acid (5 equiv.) was anchored to the hydroxyethyl 
group of the EBEL-resin using DIPCDI and HOBt in the presence of catalytic amount of 
DMAP in DMF. Peptides were then built up by a Boc/Bzl strategy following standard 
protocols used in our laboratories. 

Boc-Leu-OH and Boc-Phe-OH were stepwise attached to the handle-resin and the 
resultant dipeptide used as a model to evaluate the stability of the linkage towards DMF 
and DIEA. Amino acid analysis of both the acid hydrolysates of the resin before and after 
the cleavage showed that the EBEL-resin is stable to DMF (24h at 25° C) and that the low 
loss observed upon treatment with DIEA-DMF (1:19) (<7% loss after 2h at 25° C) does not 
prevent its use on SPPS using a Boc/Bzl strategy. 

* Deceased. 
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A kinetic study of the cleavage of a rather hindered amino acid [Boc-Tyr(BrZ)-OH] 
was performed in order to establish the lability of EBEL-resin. These experiments showed 
that a 35 min. treatment with piperidine-DMF (1:19) was sufficient to cleave the model 
amino acid from the resin. However, to cleave protected peptides longer times and more 
concentrated piperidine solutions [2-4 hours, piperidine-DMF/CH2Cl2 (2:8, v/v)] were 
needed. 

/=\ H2O2 / = \ aminoethanethiol y=s 

Na2W04x2H20 4 N aq NaOH z 

P H 2 0 2 r=s 0 »ic / = \ " H 2U 2 / = \ V 

— H O ' ^ S 0 2 - V J _ S ^ N A - ^ 1 r O H HO '^ S O r -V>- S 0 ^-^N A -^Y O H 
anhydride H 0 Na2W04x2H20 H Q 

1 

F(g. 1. Synthesis of the EBEL handle. 

The usefulness of the new handle was demonstrated by the synthesis of Boc-Leu-
enkephalin, Boc-Ala-Arg(Tos)-Lys(ClZ)-Leu-Ala-Asn-Gln-OH and Boc-Phe-Gly-Gly-Phe-
Thr(Bzl)-Gly-Ala-Arg(Tos)-Lys(ClZ)-Ser(Bzl)-OH. Those peptides were successfully 
cleaved with piperidine [piperidine-DMF/CH2Cl2 (2:8, v/v), 2-4 hours]. 

In summary, the new handle A^-{2-[4-(hydroxyethylsulfonyl)benzenesulfonyl] 
ethyl Jsuccinamic acid is easily synthesized and can be used with any amino-functionalized 
resin. The anchor has proved to be stable throughout SPPS approach following a standard 
Boc/Bzl strategy, even to the neutralization step with tertiary amines such as DIEA. 
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p-Benzoylphenylalanine (Bpa) is an unnatural amino acid which has been used for the UV 
initiated cross-linking of Bpa-containing biologically active peptides with binding sites of 
receptors and enzymes. One of the problems associated with this field of research is to insert 
Bpa in the peptide molecule without compromising biological activity. In order to find the 
most active Bpa-containing analogs of the a-factor from Saccharomyces cerevisiae we 
synthesized a Bpa-scanned series of an analog (WHWLQLRPGQP-Nle-Y) of this 
tridecapeptide. We prepared 10 analogs using automated Fmoc- based SPPS on a Wang 
resin followed by cleavage from the resin using the conventional 95% TFA/2.5% water/2.5% 
1,2-ethanedithiol (EDT) cocktail [1]. 

Results and Discussion 

Major impurities caused by the reaction between the diaryl ketone side chain of Bpa and 
the EDT scavenger under the described cleavage conditions were observed in the crude 
products recovered for the 10 Bpa-containing peptides [1]. Efforts to reverse the reaction 
and regenerate Bpa from its dithioketal derivative were subsequently initiated (Fig. 1). 

= 0 EDT/TFA 

AgN03/Hg(CF3C00)2 

; H 2 C H 2 

HN-^ CO i \ H N ^ — CO-

Fig. 1. Reversible transformation of Bpa to and from its dithioketal derivative. 
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Previous attempts to reverse dithioketal formation have utilized mercury salts or 
dimethylsulfoxide at high temperature [2,3]. Using dimethyl sulfoxide under published 
conditions we observed the complete decomposition of the Bpa-containing a-factor 
analogs. Accordingly, dithioketals of a model tripeptide (Ac-Ala-Bpa-Leu-OH) or of one of 
the a-factor analogs were dissolved in a 50% water/acetonitrile mixture at a concentration 
of 0.5 - 2.0 mg/ml, mercury (H) trifluoroacetate was added to the reaction mixture and the 
progress of the reverse transformation of the Bpa(dithioketal) to Bpa was monitored using 
HPLC. Regeneration of the Bpa function in [Ac-Ala-Bpa(dithioketal)-Leu-OH] proceeded 
rapidly under these conditions. In contrast, we noted in the case of several Bpa-containing 
a-factor analogs that there was significant degradation of the peptide, thus leading us to 
explore other conditions for regeneration of this photosensitive moiety. 

With silver nitrate as the reagent we observed a slow but highly specific regeneration 
of the Bpa functionality from its dithioketal derivative. A large molar excess of this metal 
salt over the peptide was required for complete reaction. However, in contrast to 
Hg(CF3COOH)2, in no case using silver nitrate did we observe side reactions with the a-
factor analogs. We found that the use of the mercury salt calls for an accurate salt-to-
peptide ratio which is hard to maintain because of the uncertain residual amounts of TFA, 
water and other solvents in peptides after HPLC purification. Transformation was only 
-75% when a supposedly equimolecular amount of Hg(CF3COOH)2 was weighed and 
added to the reaction medium, and a 1.5 molar excess of this salt was necessary for 100% 
conversion. Since excess Hg(CF3COOH)2 may cause modification of amino acids with 
sensitive side chain groups such as tryptophan, the silver nitrate method may prove 
advantageous. In addition, this method avoids the problem of disposal of mercury ions in 
the waste solvents. 

To summarize, unintended reaction of the Bpa with dithioketals may be avoided by 
excluding conventional EDT from the cleavage cocktail or substitution of EDT with 
dithiothreitol, which does not react with Bpa [1]. However, if desired, dithioketal 
formation may be used for temporary protection of the light sensitive Bpa function 
followed by the regeneration with Hg(CF3COOH)2 or AgN03. 
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In this study we describe a method for designing prodrugs of biologically active peptides. It 
involves blocking the side-chain functionality of a specific amino acid residue essential for 
its biological activity with a protective group that can later be removed enzymatically. 
Although a few studies have been done on the enzymatic deprotection of side-chain 
functional groups, little has been reported regarding in vivo enzymatic deprotection for 
purposes of drug activation. Mezoe et al. [1] has reported that a tuftsin (Thr-Lys-Pro-Arg) 
derivative acylated by Thr at the e-amino group of Lys, Lys(Thr)-Pro-Arg, was hydrolyzed 
at the isopeptide Lys(Thr) linkage by leucine aminopeptidase (LAP), but that the reaction 
rate was very slow. The e-amino group of Lys is a good modification site because this 
amino acid appears in many biologically active peptides, generally has some role in 
biological activity, and thus could afford a temporarily inactivated derivative when 
modified. It also can easily be modified by acylation to form a chemically stable isopeptide 
linkage, whereas side-chain acylation of amino acid residues Arg, Ser, Tyr and Cys give 
labile isopeptide linkages, and Lys isopeptide linkages can be deblocked by LAP with wide 
substrate specificity [2]. Aminopeptidase N, similar in activity to LAP, was reported to be 
rich in human melanoma cells [3], suggesting that this enzyme could be used for tumor-
specific drug activation. 

Protease cleavage of isopeptides branching at the Lys e-amino group has been found to 
be slow compared with linear peptides. We postulate that the slow rate is due to the lack of 
an amide or carboxyl group a to the Lys e-nitrogen cleavage site, and thus the isopeptide 
bond is amide-like, whereas by substituting 2,6-diaminopimelic acid (Dpm) for Lys, the 
corresponding isopeptide bond is more peptide-like. Many synthetic peptides containing 
the Dpm residue have been prepared, but the enzymatic cleavage of an isopeptide bond 
from Dpm has not been reported in the literature. Therefore, this study was initiated to 
compare the ability of proteases to cleave isopeptide bonds in both Lys- and Dpm-
containing peptides. 

Results and Discussion 

We prepared (2S,6S)-Z-Dpm(Z)(OMe) by protease-mediated hydrolysis of (R,R/S,S)-Z-
Dpm(Z)(OMe)-OMe and then converted it to (2S,6S)-Dpm(Z)(OMe) via PC15 to an NCA 
intermediate and hydrolysis. Protection of the free amino group with Boc, ammonolysis of 
the Me ester, hydrogenolysis of the Z group, and protection with Fmoc gave (2S,6S)-Boc-
Dpm(Fmoc)(NH2) (1). Using 1 and SPPS, we prepared Ac-Gly-(2S,6S)-Dpm(Leu)(NH2)-
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Ala (2), Ac-Gly-(2S,6S)-Dpm(Ac-Gly-Pro-Gln-Gly-Leu)(NH2)-Ala (3) and Ac-Gly-
(2S,6S)-Dpm(NH2)-Ala (6) and the Lys peptides Ac-Gly-Lys(Leu)-Ala (4), Ac-Gly-
Lys(Ac-Gly-Pro-Gln-Gly-Leu)-Ala (5) and Ac-Gly-Lys-Ala (7). 

Enzymatic and kinetic studies showed that the Leu moiety in 2 was hydrolyzed 68-fold 
and > 1000-fold more rapidly than it was from 4 by microsomal LAP and cytosol LAP, 
respectively, via comparison of their Vmax values. The rate of formation of Leu from 2 
was also faster than the formation of Leu from Leu-NH2 by both LAP's. The enzymatic 
cleavage of Leu from 2 was also greater than from 4 when incubated with homogenates of 
various tissues from C57B1/6 mice implanted with C3 sarcomas. The tumor homogenate 
was better able to cleave Leu from 2 than from 4 by a factor of about 8-9, was higher than 
those of lung, muscle and blood, but about equal to that of liver and intestine. In an attempt 
to suppress isopeptide cleavage in tissues other than tumor we prepared peptides 3 & 5 
because it is known that Ac-Gly-Pro-Gln-Gly-Leu is a substrate for matrix 
metalloproteinases (MMPs) and is preferably cleaved between the Gly-Leu bond [4]. 
Because malignant tumors are usually rich in MMPs [5], we expected that isopeptides 
protected by this sequence would, after cleavage of Ac-Gly-Pro-Gln-Gly, leave Leu 
remaining which would then be cleaved by LAP. In fact, isopeptides 3 & 5 were 
enzymatically cleaved by tissue homogenates to Leu, Ac-Gly-Pro-Gln-Gly and the parent 
peptides 6 & 7. The rate of liberation of Leu was again faster from 3 than from 5. 

Conclusion 

The synthesis of (2S,6S)-Boc-Dpm(Fmoc)(NH2), a blocked carboxamide analog of Lys, 
which has potential use in the preparation of isopeptides with enhanced enzymatic side-
chain cleavage, was accomplished. The entire penta-isopeptide side-chain of 3 & 5 was 
presumably cleaved by the cooperative action of LAP and MMP present in C3 sarcoma 
tissue and occurred more efficiently with Dpm-isopeptide 3 than with Lys-isopeptide 5. 
These studies suggest that Dpm-containing isopeptides may be for the design of peptide 
prodrugs useful for targeting protease-rich tumors. 
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Synthesis and optical properties of cyclic bis-cysteinyl-peptides 
and their linear precursors with a built-in light-switch 
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The redox potentials of active-site fragments of thiol-protein oxidoreductases depend 
strongly the intervening dipeptide sequence of the Cys-X-Y-Cys motif and the preferred 
conformation of the disulfide-bridged loops [1]. Strong effects on the redox properties are, 
therefore, to be expected from the restriction of the conformational space of such bis-
cysteinyl-peptides via backbone cyclization. Further modulation of the conformational and, 
correspondingly, the redox properties of the cyclic bis-cysteinyl-peptides were envisaged 
by incorporation of photoresponsive moieties into the peptide backbone, e.g. of an 
azobenzene group capable of significant light-induced configurational changes (size of the 
molecule in trans 9.0 A and in cis 5.5 A). 

Results and Discussion 

Unlike the azobenzene derivative reported by Ulysse et al. [2] we selected (4-
amino)phenylazobenzoic acid (APB) as the light-switchable pseudo-amino acid where the 
absence of spacers for both the amino and carboxyl function should guarantee a maximum 
of impact of the photomodulated azobenzene configuration on peptide conformation. This 
azobenzene derivative is characterized by extremely poor nucleophilicity of the amino 
group which, however, could exploited for its C-terminal extension to the pseudo-dipeptide 
derivative without additional N-protection. The amino group of the resulting H-APB-Ala-
OtBu then proved to be sufficiently nucleophilic to allow, after silylation, for its acylation 
via the fluoride procedure. Upon C-terminal deprotection, the intermediate 1 (Fig. 1) was 
used as synthon in the subsequent steps of peptide synthesis to produce the linear 
nonapeptide derivative H-Phe-APB-Ala-Cys(StBu)-Ala-Thr(tBu)-Cys(StBu)-Asp(OtBu)-
Gly-OH. 
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Fig. 1. N- and C-derivatized (4-amino)phenylazobenzoic acid (APB) as synthon for incorporation 
into peptide sequences. 
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Fig. 2. Structure of the thiol-protected monocyclic peptide 2 corresponding to the active-site 
sequence 134-141 of thioredoxin reductase bridged by the light-switch APB; UV spectra of the 
thermally stable trans- and cis-isomers, fully interconvertible by irradiation at 370 and 430 nm, 
respectively. 
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Fig. 3. Structure of the disulfide-bridged bicyclic peptide and the related UV spectra of the cis-
isomer prior to and upon irradiation at 430 nm. 

The azobenzene moiety of the linear peptide is essentially in trans-configuration, and 
its light-induced trans-x:is isomerization was found to be fast, fully reversible and without 
effect on the cyclization step to the monocyclic compound 2 (Fig. 2). Conversely, the 
monocyclic thiol-protected peptide 2 behaves as bistable system, fully interconvertible 
upon irradiation, but characterized by extremly slow thermal relaxation. Finally, 
phosphine-mediated cysteine deprotection and air oxidation leads to quantitative 
conversion of the monocyclic peptide 2 to the bicyclic peptide 3 with the azobenzene 
moiety in exclusively cw-configuration (Fig. 3). In the bicyclic form the system is virtually 
non-responsive to irradiation, confirming a maximum of rigidity as required for efficient 
photomodulation of the redox potentials of the systems cis-l-^cis-Z and 
trans-2-^>cis-3. 
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Cyclodextrin as carrier of bioactive peptides 
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We have recently elaborated the chemistry of mono-functionalization of P-cyclodextrin 
with linear and flexible carboxyalkyl spacers for the synthesis of peptide conjugates [1]. 
Covalent grafting of the calpain inhibitor I, Leu-Leu-Nle-H, to the cyclomaltoheptaose, in 
addition to enhancing the solubility of the peptide aldehyde, was found to lower only 
negligibly its inhibitory power. Mapping the ligand binding sites of the CCK-B/gastrin 
receptor by the use of lipo-gastrin peptides, mutagenesis data and molecular modelling led 
to a hormone binding model consisting of insertion of the C-terminal tetrapeptide amide of 
gastrin, i.e. the message part of the hormone, into the helix bundle with the residual N-
terminal extension interacting mainly with the extracellular portion of the receptor at the 
water/lipid interphase [2]. According to this binding model, covalent linkage of the 
tetragastrin moiety to P-cyclodextrin via a sufficiently large spacer was expected to allow 
for binding to the receptor with minimal effects on affinity. 

Results and Discussion 

Adopting a succinyl group as C4 spacer, both the tetra- and heptagastrin peptide were 
linked to p-cyclodextrin to produce the conjugates 1 and 2 (Fig. 1). The intra-peptide and 
inter-peptide/carbohydrate NOEs of [Nle15]-HG-[14-17]/p-cyclodextrin in aqueous 

C^\ 11 ^ 

Fig. 1. Gastrin/R-cyclodextrin conjugates: 1, R = Trp-Nle-Asp-Phe-NH2, 2, R = Ala-Tyr-Gly-Trp-
Nle-Asp-Phe-NH2.. 

solution are strongly supportive of a bended conformation of the peptide moiety with 
significant interactions of the aromatic side chains of Trp and Phe with the carrier molecule 
in a host/guest-type complexation. This is further supported by the CD spectra of the 
conjugate in the far uv region but particularly in die near uv region where the sharp Lb 

bands of Trp (at 282 and 289 nm) and the well resolved vibronic structure of the phenyl Lb 

transitions indicate rigidity of the two aromatic groups. Conversely, both the NOESY 
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Table 1. Binding affinities of gastrin/p-cyclodextrin conjugates to the CCK-B/gastrin receptor 
expressed in C0S7 cells. 

Gastrin/p-Cyclodextrin Conjugate IC50 [nM] 

H-Trp-Met-Asp-Phe-NH2 12.0 

P-CD-NH-C0-(CH2)2-C0-Trp-Nle-Asp-Phe-NH2 (1) 18.0 

Pyr-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2 3.2 

P-CD-NH-CO-(CH2)2-CO-Ala-Tyr-Gly-Trp-Nle-Asp-Phe-NH2 (2) 8.0 

spectrum of [Nle15]-HG-[ll-17]/p-cyclodextrin and its CD spectra in the near and far uv 
indicate a large degree of flexibility of the peptide chain in this conjugate which apparently 
is no longer interacting with the hydrophobic cavity of the cyclomaltoheptaose. It is well 
known that the Kd values of inclusion complexes of p-cyclodextrin with hydrophobic 
compounds are in the mmolar range whereas ligand/receptor complexes are generally 
characterized by nmolar Kd values. Correspondingly, complexation of receptor ligands to 
cyclodextrin is not expected to affect their binding affinities. In fact, the IC50 values of the 
gastrin-peptide/p-cyclodextrin conjugates 1 and 2 for the CCK-B/gastrin receptor were 
comparable to those of the parent tetra- and heptagastrin, as shown in Table 1. In both 
cases the affinity is lowered by a factor of about 2, independently of whether host/guest-
type complexation is taking place. These results support the proposed binding mode of 
gastrin to the receptor with insertion of solely the C-terminus into the helix bundle since 
the cyclomaltoheptaose moiety with its highly hydrophylic outer surface and considerable 
size can hardly insert itself into more hydrophobic interiors of the receptor. In the parent 
gastrin peptide on the other hand the N-terminal extension of the heptagastrin consists of 
the characteristic pentaglutamic acid sequence which in the conjugates could be mimicked 
by the P-cyclodextrin moiety at least in terms of hydrophilicity. However, a related effect 
on the IC50, i.e. an enhanced binding affinity as observed upon elongation of the 
heptagastrin with the [Glu]5 sequence, could not be observed. In contrast to previous 
results obtained with the enkephalin conjugate DPDPE/p-cyclodextrin [3], their receptor 
binding affinities were largely retained upon linkage of the gastrin peptides to P-
cyclodextrin. Moreover, in the case of the tetragastrin compound 1, all the beneficial 
effects of this type of drug carrier system can be envisaged in addition to full water 
solubility. 
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Facile stereoselective synthesis of y-amino acids from the 
corresponding a-amino acids 
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Recently, while synthesizing 3-hydroxy-4-t-butoxycarbonylamino-5-phenyl pentanoic 
acid using a modification of the described procedure [1], we consistently observed a side 
product after sodium acetoxyborohydride mediated reduction of tetramic acid 5. Analysis 
of the NMR spectra of the side product revealed the presence of three carbonyls and the 
acetonide moiety. It was thus assigned structure 2 (R = benzyl), resulting from complete 
reduction of exocyclic carbonyl of 1. Unreacted 1 present in crude 5 apparently 
underwent reduction of its ketone functionality, followed by dehydration to unsaturated 
ester which was further reduced to 2 (Scheme 1). A literature search revealed that the 
analogous reduction of acyl derivatives of Meldrum's acid and barbituric acid have been 
described [2], but its synthetic potential has been virtually unexplored . 

B o c N H ' ^ ^ l < " >• B o c N H ^ ^ t r ^ ^ l f ~ *" B o c H . I ** Statlnes 
see [1] 

i ^ ^ ^ . BocNH ^ COOH 
BocNH'' ~ 

2 ° 3 ° 4 
Scheme 1. R = benzyl (Phe), i-propyl (Val), i-butyl (Leu), benzyloxymethyl (Ser(Bzl)), 
benzylthiomethyl (Cys(Bzl)), benzyloxycarbonylmethyl (Asp(Bzl)). 
i) Meldrum's acid, DCC, DMAP, CH2CI2, 0"C, 12h; ii) toluene, reflux, 3h; iii) NaBH4, AcOH, 
CH2CI2, -5"C, 8h; iv) NaOH, acetone, water, 0.5h. 

Decarboxylative ring closure of compound 2 forms the N-Boc-5-substituted 
pyrrolidinone, precursor of the corresponding y-substituted, y-amino acid 4. These 
functionalities are found in natural compounds [3], y-Amino acids have been used for 
peptide modification [4], possess various biological activities [5], and could also serve as 
building blocks for combinatorial chemistry. 
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Results and Discussion 

In our method (Scheme 1) the N-t-butoxycarbonyl (Boc) protected amino acid is coupled 
with Meldrum's acid at 0°C in dichloromethane using dicyclohexyl carbodiimide (DCC) 
and 4-dimethylaminopyridine (DMAP) for activation. The precipitated dicyclohexyl urea 
is filtered off and DMAP removed by bisulfate extraction. The CH2CI2 solution is dried 
with MgS04 and used directly for the sodium acetoxyborohydride reduction which gives 
2, typically in 60 to 90% overall yield. The intermediates 2 are stable and easy to purify. 
The decarboxylative ring closure of 2 proceeds smoothly and gives the 5-substituted 
pyrrolidinones 3 in high yields and sufficient purity to be used for the next step. The final 
basic hydrolysis gives the N-Boc-y-amino acids 4 in almost quantitative yield. The 
convenience of the present method is best shown by its comparison with the published 
procedure based on alkylation of diethylmalonate [6]. Our method is shorter, directly 
yields the N-Boc protected y-amino acid in 40 to 60 % overall yield, and because the 
reaction conditions in all steps are mild, is compatible with most common side chain 
protecting groups and sensitive functionalities. 

Stereoselectivity of the present method was proven by comparison of [OJD with 
literature values where were available and by synthesis of separable diastereoisomeric 
derivatives. 

Conclusion 

We have developed a short stereospecific and general method of conversion of a-amino 
acids to corresponding y-amino acids. 
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Unnatural peptide synthesis (UPS): A positional scan study 
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Unnatural peptide synthesis (UPS) is a method for introducing novel side chains during solid 
phase amino acid and peptide synthesis [1]. The technique involves activation of the N-
terminal residue of the resin-bound substrate as a Schiff base (imine) followed by a-carbon 
alkylation of this residue and then hydrolysis of the alkylated product. 

0 0 0 0 

Ph Ph LN LN 

Alkylation is accomplished at room temperature in the presence of the alkyl halide by 
using the strong, non-ionic phosphazene-type base, BEMP (Schwesinger base) (2). 

Results and Discussion 

The scope of UPS has been explored further through the solid-phase synthesis of a series of 
model peptides including sequential isomers of hexaglycine 1-6 (R = quinaldoyl), in which the 
2-naphthylmethyl (Nal) side chain is introduced by UPS on each one of the glycine residues. 

R-Gly-Gly-Gly-Gly-Gly-(D,L)-Nal-OH . . . R-(D,L)-Nal-Gly-Gly-Gly-Gly-Gly-OH 
1 6 

Following cleavage of the products from the resin, the resulting hexapeptides were 
analyzed by LC-MS. LC-MS analysis results demonstrated that the further the Schiff base-
activated glycine residue in the peptide chain is from the peptide-resin attachment point, the 
more likely formation of di-alkyl (and even tri-alkyl) by-products (Fig. 1). 
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Fig. 1. Percentage of the mono-, di-, and tri-naphthylmethyl derivatives in the crude products of 
sequential isomers 1-6. 
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No special attempts were made to optimize the UPS conditions undertaken in this work. 
To the contrary, the hexaglycine model and the stoichiometries of the alkylating agent and 
Schwesinger base (4-times excess as opposed to only 2-times excess in the original method) 
amplify the occurrence of potential side products. 

From these data it is apparent that the presence of increasing numbers of base-labile 
amide hydrogens leads to undesired oligo-N-alkylation, at least with the sterically accessible 
glycyl residues. 

,Ph 

O V C^) I I O V ^ ^ OBzl 

T 
o 8 

The use of UPS to prepare more sterically demanding resin-bound peptides has also been 
studied. Resin-bound tripeptide H-Leu-Phe-Asp- (attached either through P-Asp or the 
a-COOH group), when activated by forming aldimine with 3,4-dichlorobenzaldehyde, 
submitted to alkylation (with 2-(bromomethyl)naphthalene in the presence of BEMP), 
hydrolyzed (with IN HCl in THF), followed by deprotection and cleavage from the resin gave 
a good yield of the desired H-(D,L)-(Nal)Leu-Phe-Asp-OH (62% for 7 and 78% for 8, 
respectively). 

Remarkably, in both of the latter cases, the presence of di-naphthylmethyl derivatives in 
the crude products was less than 5% as evidenced by LC-MS. 

From an analysis of reaction by-products from our studies, we observed: 
• rapid transesterification of the Asp a-ONB ester by primary or secondary alcohols in the 

presence of small quantities of BEMP; the results indicate the sensitivity of the -ONB 
ester to the UPS conditions; 

• incomplete Asp side chain deprotection by HF when the latter had been blocked as its 
-OBzl ester. This may be a function of partial steric hindrance. 
From these results we conclude that with adequate precautions, the synthesis of at least 

some longer chain a,a-dialkylated peptides using the solid phase approach should be practical. 
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The distinctive feature of peptide synthesis using a partially protected S-alkyl thioester [1] 
is its feasibility in obtaining highly homogenous peptides and proteins. Direct preparation 
of the S-alkyl thioester by the Fmoc method is, however, difficult because the thioester is 
sensitive to piperidine. Here we report our new approach to prepare S-alkyl thioester 
segments with the aid of Fmoc-SPPS. Application of the thioester method to the 
preparation of a TASP molecule [2] composed of helices corresponding to a 
transmembrane segment of the calcium channel is also reported. 

Results and Discussion 

The protected peptide fragment corresponding to one of the transmembrane segments (S4 
in repeat IV) of rabbit skeletal muscle calcium channel [3] was prepared by Fmoc-SPPS on 
2-chlorotrityl resin followed by detachment from the resin with AcOH-TFE-DCM (1:1:8) 
at r. t. for 1 h (Fig. 1). Coupling of the fragment with HS-(CH2)2-COOEt (20 eq) was then 

conducted in DMF using water soluble carbodiimide (WSCDI, 10 eq) (4°C, 12 h). 
Treatment of the protected thioester segment with 95% aqueous TFA (r. t., 2 h) followed 
by purification by HPLC afforded the desired segment 1 in a 20% yield. Another peptide 
segment corresponding to an alamethicin analog, Ac- Leu- Pro- Leu- Ala- Leu- Ala- Gin-
Leu- Val- Leu- Gly- Leu- Leu- Pro- Val- Leu- Leu- Glu- Gln- Phe- Gly- S- (CH2)2-
COOEt, was similarly prepared in good yield (59%). 

In order to examine the applicability of the thioester method to the construction of 
TASP molecules, the above-obtained thioester segment 1 (12 eq) was introduced onto a 
Mutter-type template, Ac-Lys-Ala-Lys-Pro-Gly-Lys-Ala-Lys-Gly-NH2, in the presence of 
HOBt (36 eq), AgN03 (24 eq) and diisopropylethylamine (36 eq) in DMSO at 37°C for 48 

h (Fig. 2). After DMSO was removed by evaporation, the sample was treated with IM 
(CH3)3SiBr-thioanisole in TFA in the presence of m-cresol and ethanedithiol to remove 

the remaining Cl-Z group followed by the purification on HPLC to afford the desired four-
helix-bundle protein 2 in a 19% yield (for the two steps). 
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^c-lle-Ser(,Bu)-lle-Thr(tBu)-Phe-Phe-Arg(Pmc)-Leu-Phe-Arg(Pmc)-Val-Met-
Arg(Pmc)-Leu-Val-Lys(CI-Z)-Leu-Leu-Ser(tBu)-Arg(Pmc)-Gly-Glu(0%u)-GlyjCOO{^rt-resin) 

I AcOH-TFE-DCM (1:1:8) (r.t. 1h) 

Ac-lle-Ser(tBu)-lle-Thr(tBu)-Phe-Phe-Arg(Pmc)-Leu-Phe-Arg(Pmc)-Val-Met-
Arg(Pmc)-Leu-Val-Lys(CI-Z)-Leu-Leu-Ser(tBu)-Arg(Pmc)-Gly-Glu(OtBu)-Gly-COOH 

1) HS-(CH2)2-COOEt (20 eq), WSCDI (10 eq) (4°C, 12 h) 

2)95%aq.TFA(r.t.,2h) 

Ac-lle-Ser-lle-Thr-Phe-Phe-Arg-Leu-Phe-Arg-Val-Met-
Arg-Leu-Val-Lys(CI-Z)-Leu-Leu-Ser-Arg-Gly-Glu-GlyjCO-S-(CH2)2-COOEt 1 

Fig. 1. Preparation of a peptide thioester segment 1 corresponding to a transmembrane sequence 
of the calcium channel (S4 in repeat IV). 

" '2 . . . . NH 2 
NH 
I ^NH2T*NH2 

A c - K ^ ^ K ^ p 

H2N-G — K " * * A ^ K * ^ G 

1)1 (12 eq), HOBt (36 eq) 
AgN03 (24 eq), DIEA (36 eq) 
(37°C, 48 h) 

2) 1M (CH3)3SiBr-thioanisole 
in TFA, m-cresol, ethanedithiol 
(0°C, 1 h, then, 20°C, 1 h) 

fZ^ 

Ac 

H2N-G - K ^ A - K ^ r , 

Fig. 2. Construction of a TASP molecule using a partially protected peptide thioester segment 1. 

In conclusion, we have developed a new approach to prepare the S-alkyl thioester of 
partially protected peptide segments using Fmoc-SPPS. Also, our results should open the 
way for the construction of TASP molecules using peptide thioesters. The ion channel 
activity of 2 is under investigation in our laboratory. 
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Racemization induced by excess base during activation 
with uronium salts 

Jo-Ann Jablonski, Russel Shpritzer and Stephen P. Powers 
Immulogic Pharmaceutical Corporation, Waltham, MA 02154, USA 

Uronium salts have gained wide acceptance in SPPS as reagents which rapidly activate 
amino acids in polar solvents with low racemization and side reactions [1]. However, more 
recent publications have drawn attention to the susceptibility to racemization of some 
residues in the presence of the excess organic base customarily used with uronium salts [2]. 
We investigated the ability of excess base to promote racemization during pre-activation of 
Boc-protected amino acids with TBTU in DMF with or without HOBt. The extent of 
racemization was measured by hydrolysis of the activated amino acids and derivatization 
with Marfey's reagent. The effectiveness of pre-activation using one or two equivalents of 
base was compared by coupling to Val-PAM-resin, an amino component of recognized 
steric hindrance. 

Results and Discussion 

Racemization was examined under three pre-activation conditions: 

a) To 0.6 M TBTU in DMF were added amino acid, then DIEA (molar ratio of 1:1:2). 
b) To 0.6 M amino acid in DMF were added HOBt, DIEA, then TBTU (molar ratio of 

1:1:2:1). 
c) To 0.6 M amino acid in DMF were added DIEA, then TBTU (molar ratio of 1:1:1). 

Aliquots were taken at the time points indicated in Fig. 1, and the active ester was 
separated using a C18 Sep Pak, eluted using acetonitrile/water, solvents removed by 
vacuum centrifugation and the Boc group removed by treatment with 6N HCl/dioxane 1:1 
(a treatment which left the side-chain protection intact). Solvents were removed again and 
the amino acid derivatized with Marfey's reagent. The percentage of D-amino acid 
derivative was determined by HPLC. Control samples subjected only to removal of the Boc 
group showed levels of D-amino acid of approximately 0.2%. 

For Boc-Asp(OcHex)-OH and Boc-Phe-OH racemization increased with time. When 
only one equivalent of base was used and when neutralization of the amino acid was 
performed before addition of the activating agent the rate of racemization was reduced. 

The coupling efficiencies to Val-PAM-resin were compared for methods a and c. Pre­
activation was performed for two minutes, and a three-fold excess of activated amino acid 
was added to a sample of the resin. Aliquots of resin were removed over the time course 
shown in Fig. 2. The degree of coupling was assessed using the quantitative ninhydrin test 
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[3]. Coupling efficiency was as good or better when one equivalent of base was used as 
when two equivalents of base were used. 

Fig. 1. Comparison of activation methods a (M), b (+) and c (•) showing the % D isomer formed 
as a function of time. 

Boc-Phe 
100.00% 

99.50% + 

99.00% 

98.50% 

98.00% 

-* • » • 

^ ~ ~ 

H 1 1 I I 1 1 1 r-

Time in minutes 

Boc-Asp(OcHex) 

100.00% 

Time in minutes 

Fig. 2. Coupling efficiencies to Val-PAM resin using a 3-fold excess of amino acid pre-activated 
for 2 min using method a(B) or method c( •). 

In the cases studied, mixing one equivalent of base with the amino acid component 
followed by addition of TBTU provided superior results in minimizing racemization and 
increasing coupling efficiency. 
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Synthesis and characterization of a novel tryptophan derivative 

Ted J. Gauthier, Bo Liu, Guillermo A. Morales and 
Mark L. McLaughlin 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA 

Fluorescence spectroscopy is uniquely capable of reporting structure and dynamics under 
conditions ranging from dilute solutions to intact cells. Tryptophan has been widely used to 
detect protein structures and dynamics [1]. However, tryptophan can have as many as six 
conformers, each of which is significant. As a result, each ground state tryptophan 
conformation can exhibit a distinct fluorescence lifetime [2]. This characteristic makes it 
possible, although challenging, to deduce structural information of tryptophan-containing 
peptides and proteins. Here, we report the synthesis and characterization of a novel 
tryptophan derivative specifically designed to limit its conformational flexibility. As a 
result, we are able to isolate and study just two of the six possible conformers. 

Results and Discussion 

In order for tryptophan to be used more effectively as a conformational probe, the 
relationship between the fluorescence lifetimes and the six ground states must be 
determined. Ideally, we need to isolate each conformation and to study its fluorescence 
characteristics alone. We have synthesized a constrained tryptophan derivative which 
places the amino and carboxylate groups in fixed locations. This derivative mimics two of 
the six tryptophan conformers by judiciously fusing a six-membered ring to the a and 
P carbons. The six-membered ring has two possible conformations about the Ca-Cp bond 
that can interconvert via a ring flip. However, a single Ca-Cp bond conformation is dictated 
by equatorial placement of the sterically bulky 3-indolyl substituent on the six-membered 
ring. Six-membered annulation and replacement of the P(S) hydrogen atom favors the Cp-
CY torsion angle of +90°. This Cp-C7 torsion angle preference is due to van der Waals 
repulsion of the indole H4 with the axial hydrogen atom on C3 of the six-membered ring. 
Thus, the six-membered ring constrains both the Ca-C7 and CP-CY torsion angles in 
tryptophan-like conformational geometries. 

The synthesis of the target molecule begins with the formation of ketone 1 as reported 
by Freter [3]. Ketone 1 is converted to 2 via electrophilic aromatic substitution followed by 
hydantion formation via the Bucherer-Bergs synthesis [4]. The target molecule, 3, is 
obtained by hydrolysis of 2 under strong alkaline conditions, high temperature and pressure 
(Fig.l)-
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Fig. 1. Synthesis of tryptophan derivative, (a) Indole, HOAc, H3P04; (b) KCN, (NH4)2C03; (c) 
Ba(OH)2. 

Edward and Jitrangsri have studied the stereochemistry of the Bucherer-Bergs reaction 
[5]. They report that a Bucherer-Bergs reaction using 4-ferf-butylcyclohexanone gives 
primarily one isomeric hydantoin, designated a, and a trace of the other isomer, p. In our 
lab, chromatography shows that only one isomer is present. nOe difference spectroscopy 
and X-ray crystallography of the hydantoin indicates that only the a isomer is obtained. A 
strong nOe is observed between the N l ' proton (8=8.5 ppm) and the C3 and C5 axial 
protons (8=1.99-1.42 ppm) but no nOe is observed between the N l ' proton and the C2 
proton (8=3.36-3.20 ppm). Because the P isomer would show an nOe between the Nl ' 
proton and the C6 and C2 axial protons, which was not observed the a isomer is, therefore, 
the sole product of the Biicherer-Bergs reaction. NOESY experiments confirm that the C -
CT= -90° conformer is much more prevalent that the C-C7= +90° conformer. A much 
stronger nOe is observed between the C2 proton with the C4' proton than with the C2' 
proton. 
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On resin preparation of C-terminal peptide amides, analogs of 
the nematode neuropeptide PF1, SDPNFLRF-NH2, by 

application of a cysteine-specific precursor cleavage 

Teresa M. Kubiak, Alan R. Friedman and Martha J. Larsen 
Pharmacia & Upjohn, Inc., Kalamazoo, MI 49001, USA 

Described in this report is a solid-phase variant of a procedure previously reported for the 
modification of recombinant proteins in solution to yield C-terminal amides [1, 2]. The 
hallmark of this method is a site-specific cleavage at the amino side of the peptide bond of an 
S-cyanylated cysteine residue located in the peptide chain [3]. This reaction, when carried out 
under mild aqueous alkaline conditions, affords two products, a peptide with a C-terminal 
carboxyl group, and a peptide with a 2-iminothiazolidine-4-carbonyl residue at the N-
terminus [3]. In a similar way, C-terminal primary or secondary amides can be generated via 
a short-time exposure of the S-cyanalylated peptide to moderate concentrations of aqueous 
ammonia or dilute amines, respectively [1,2]. 

We adapted these methods to the on-resin preparation of C-terminal amides. In this 
approach, the cyanylation reaction and subsequent treatment with the amine are carried out on 
a side-chain deprotected, resin-bound, cysteine-containing precursor peptide (Scheme 1). The 
application of TentaGel-S-NH2 resin is essential since it accommodates peptide synthesis and 
side-chain deprotection in pure organic solvents as well as the subsequent S-cyanylation and 
aminolysis under aqueous conditions. 

Results and Discussion 

The cysteine-containing resin-bound precursors, SDPNFLRCGG-Resin, FLRC-Resin or 
FLRFCGG-Resin, were prepared starting with the attachment of Fmoc-Cys(tBu) either 
directly or through a Gly-Gly spacer to TentaGel-S-NH2 resin (Advanced ChemTech), after 
which the main steps were as follows: (i) peptide synthesis via Fmoc chemistry, (ii) Fmoc 
removal with 20% piperidine in DMF and side chain deprotection with Reagent K, followed 
by a series of sequential washes with DCM, ACN and 0.1M AcOH; (iii) a 15-20 min. on-
resin S-cyanylation reaction with 0.05-0.15 M l-cyano-4-(dimethylamino)-pyridinium 
tetrafluoroborate (CDAP) in aqueous 0.1 M AcOH (3-5 fold molar excess) followed by a 
series of washes with 0.1 M AcOH and water; (iv) a 30 to 60 minute treatment of the S-
cyanylated resin-bound peptide with 0.2 M-0.4 M amine (phenethylamine or methylamine) in 
30% aqueous acetonitrile (ca. 10-20 molar excess). The latter step resulted in the cleavage 
and release from the resin of the C-terminally amidated peptides SDPNFLR-NH-(CH2)2-
C6H5, FLR-NH-(CH2)2-C6H5 or FLRF-NH-CH3., respectively. Following dilution with excess 
0.2% TFA, the reaction products were either lyophilized or directly purified by HPLC on a 
semi-preparative Vydac Cis column (0.1% TFA/ACN systems) and lyophilized. While the 
aminolysis reaction was quantitative under the conditions employed, the cyanylation reaction 
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was incomplete with a 3-molar excess of CDAP. A significant improvement was achieved 
with the 5 molar excess CDAP which corresponded to ca. 30% overall yields of the HPLC 
purified amidated peptides. 

The biological activity of PF1 includes its ability to cause muscle relaxation in muscle 
preparations from a porcine gut-living nematode (A. suum) [4]. The C-terminal modifications 
reported here for PF1 and its fragments led to the loss of this muscle-relaxing. 

In summary, the presented procedures for on-resin cyanylation and aminolysis are fast 
and simple and can effectively afford a variety C-terminal primary or secondary amides. 
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Synthesis of a series of "cationic", orthogonally protected, 
a,oc-disubstituted amino acids 

T. S. Yokum, M. G. Bursavich, S. A. Piha-Paul, D. A. Hall 
and M. L. McLaughlin 

Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA 

a,a-Disubstituted amino acids (a,aAAs) are important tools in the design of peptides 
because of their ability to promote specific secondary structures [1]. Aib (a-amino 
isobutyric acid) and Aib-like residues (where the side chains are not extremely bulky) have 
been incorporated into peptides to form a- and 3i.0-helices [2]. The helix type formed 
depends upon the design of the peptide and the placement and percentage of a,aAAs. 
Unfortunately, the majority of a,aAAs that have been incorporated have been 
hydrophobic, which has limited the characterization of the resulting peptides to organic 
media. Polar a,aAAs are required to synthesize highly helical, water soluble peptides that 
contain high percentages of a,aAAs. These peptides allow the study of the solvent effects 
on the 3irVa-helix equilibrium, stability of the 3io-helix in aqueous media, and the design 
of short antimicrobial peptides. To date, there have been few reports in the literature of 
polar a,aAAs that promote helicity and are suitable for incorporation into peptides via 
solid-phase peptide synthesis (SPPS) [3]. We report the synthesis of a series of "cationic" 
a,aAAs that may be readily incorporated into peptides via SPPS (Fig. 1). 

Results and Discussion 

A six-membered ring was used as the backbone for these amino acids because of the helix 
promoting effects shown by six-membered cyclic a,aAAs [3]. The synthesis of the polar 
a,aAAs begins with a reductive amination using NaBH(OAc)3 and the amine on 1,4 
cyclohexanedione monoethylene ketal, 1 [4]. The ketone functionality is unmasked by 
refluxing with 10% TFA. The side chain nitrogen is protected using (Boc)2-0 and DMAP 
to yield 2A-D. The hydantoin is formed using a traditional Bucherer-Bergs synthesis 
followed by the activation of the hydantoin nitrogens with (Boc)2-0 and DMAP to yield 
3A-D. This activation of the hydantoin allows a mild hydrolysis to occur without removal 
of the side chain Boc protecting group. If normal hydantoin cleavage techniques were 
employed (i.e. pressure and high temperature with strong base) the side chain protecting 
group would be cleaved and selective protection of the a-nitrogen over the side chain 
nitrogen would be difficult. Thus, the bis-Boc hydantoin is treated with IN LiOH to yield 
the free amino acids, 4A-D [5]. The free amino acids are treated with DIEA and TMS-C1 
followed by the addition of solid Fmoc-Cl. After aqueous workup, the orthogonally 
protected amino acids 5A-D are obtained [6]. This is a general method for the synthesis of 
polar a,aAAs. 
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Boc. -R 
N 

+ 
Fmoc-N "C02H H 3 N ' X C 0 2 

H 
5A-D 4A-D 

Fig. 1. Synthesis of amino acids 5A-D (A, R=ethyl; B, R=butyl; C, R=benzyl, D, R=2-naphthyl 
methyl) (a)H2NR, NaBH(OAc)3, HOAc; (b) 10% TFA; (c) (Boc)2-0, DMAP; (d) KCN, (NH4)2C03; 
(e) (Boc)2-0, DMAP; (f) LiOH; (g) 1. DIEA, TMS-Cl, 2. Fmoc-Cl, 3. H*. 
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Synthesis of Na-f-Boc-benz[/]tryptophan: an intrinsic/extrinsic 
fluorescent probe 

T.S. Yokum, P.K. Tungaturthi, and M.L. McLaughlin 
Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA 

The development of amino acid based fluorescent probes of peptide structure and 
dynamics is a long term goal of our group. Peptide hormones are flexible molecules in 
solution that adopt a unique conformation upon receptor binding. Fluorescence 
spectroscopy possesses the potential to determine peptide hormone structure while in the 
receptor site. This information can be used for the rational design of peptide hormone 
agonists and antagonists. Tryptophan is an excellent intrinsic fluorescent probe for the 
determination of peptide conformation. Unfortunately, upon peptide binding to receptors, 
tryptophan can suffer spectral overlap with other tryptophans and other fluorophores 
present in the protein receptor. To overcome this issue, we have designed an intrinsic red 
shifted fluorescent probe which closely mimics the structure of tryptophan. We report the 
synthesis of Na-r-Boc-benz[/]tryptophan, 6, an amino acid based intrinsic fluorescent 
probe suitably protected for incorporation via solid-phase peptide synthesis (SPPS) (Fig. 
1). 

Results and Discussion 

Benz[/]tryptophan best mimics the structure of tryptophan and least perturbs peptide 
structure compared to other benzannulated derivatives, benz[>j]tryptophan and 
benz[e]tryptophan. The natural electronic effects of the naphthalene moiety allow an 
easier route to benz[g]tryptophan and benz[e]tryptophan via their benzannulated indoles. 
The routes utilizing the indole intermediates for the synthesis of benz[/]tryptophan are not 
practical because of the low benz[/]indole yields obtained [1]. Our synthesis begins by 
refluxing allyl bromide with 3-bromo-2-amino naphthalene, 1, and Na2C03 in DMF [2,3]. 
The indoline backbone is formed by treating the diallyl compound with r-butyllithium at -
78 °C and allowing it to warm to room temperature [2]. The solution is immediately 
recooled, DMF is added, and warmed to room temperature to yield the aldehyde, 2 [3]. 
The aldehyde is converted to the corresponding hydantoin, 3, via a modified Bucherer-
Bergs synthesis [4]. The next obvious step is to remove the allyl group and oxidize to the 
indole, but after the removal of the allyl group, the resulting molecule is sparingly soluble 
in organic media. To overcome this problem and to allow the mild hydrolysis of the 
hydantoin, we protect the hydantoin nitrogens with Boc by treating the hydantoin, 3, with 
(Boc)2-0 and DMAP to yield 4 [4]. The allyl protecting group is now removed by 
treating the bis-Boc hydantoin with Pd° and thiosalycylic acid to give the free indoline 
[5]. The air sensitive indoline is immediately oxidized to the indole, 5, using DDQ. The 
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Boc 

Fig 1. Synthesis of N"-t-Boc-benz[f]tryptophan. (a) allyl bromide, Na2C03; (b) 1. t-butyllithium, 
2. DMF; (c) KCN, (NH4)2C03; (d) (Boc)2-0, DMAP; (e)Pd°, thiosalicylic acid; (f) DDQ; (g) 
LiOH. 

indole hydantoin is treated with IN LiOH to give Na-f-Boc-Benz[/]tryptophan, 6 [4,6]. 
We expected to obtain the free amino acid upon hydrolysis of the bis-Boc indole 
hydantoin based on previous results [4,6]. However, only a,a-disubstituted hydantoins 
have been hydrolyzed using this method while our bis-Boc indole hydantoin is only 
monosubstituted on the a-carbon. 

Preliminary experiments have shown this chromophore is an excellent red-shifted 
fluorescent probe with simpler fluorescence decay behavior than the parent indole 
chromophore. 
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Synthesis of HIV-1 protease analog by ligation of bromoacetyl 
and mercaptoethylamide peptide prepared using 

disulfide linkage to solid-support 
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Hikaru Matsumoto,3 Masamichi Kishida,3 Kenichi Akaji3 

and Haruo Takakub 
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The chemical ligation strategy which is based on chemoselective reactions of special 
functions on unprotected peptide segments is often employed for the synthesis of large 
peptides [1]. Englebretsen et al. reported a synthesis of HJV-1 protease analog employing 
thioether forming ligation which is a reaction of peptide-mercaptoethylamide with 
bromoacetyl-segment [2]. In the synthesis, they prepared the mercaptoamide-segment using 
a thiol-releasing resin by acid treatment. However this strategy sometimes caused trouble 
due to the released thiol group. In order to obtain the thiol-segment without difficulty, we 
employed a new strategy using a multi-detachable linker to avoid contact of thiol with 
strong acids. 

Results and Discussion 

In order to prepare the mercaptoamide-peptide, we investigated various linkages releasing 
the thiol function by acid treatment, which contained substituted benzyl thioethers [3]. 
However large peptide segments could not be obtained in good purity using these linkages. 

v Q-ci 

Fmoc-NHCH2CH2 'S. s^co_0_W-yrj55jffv 

Fmoc-based SPPS I O H-l 1-50 )-NHCH2CH2S. .X. 
S COQ-CIH resin > 

deprotection 1 Fmoc-Phe-0-Clt-(resjj^ 

1. Fmoc-based SPPS 
2. deprotection 

H-l 1-50 l-NHCHpCHp-S^X.^^.^,, 

reduction 1 

H-l 1-50 irNHCHpCH2-SH BrCH,CQ-(~ 53-99 (-QH 
| ligation | 

Wli * <sn ,. 
H-l 1-50 hNHCH2CH2-S-CH2C0j 53-99 hOH 

[(NHCH2CH2-S-CH2CO)51S2, Ala" M]-HIV-1 protease 

Fig. 1. Synthetic scheme for HIV-1 protease analog using thioether forming ligation. 
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Because we suspected that the results were due to the thiol involving side-reactions, we 
attempted to protect the thiol group during the acid treatment. An aminoethyldithio-2-
isobutyric acid (AEDI), which can connect the mercaptoamide-peptide to the solid support 
by disulfide bond [4], is stable under the conditions during SPPS and acid treatment. We 
introduced AEDI on an acid-labile resin and used it as a multi-detachable linker. In this 
strategy, the peptide containing a masked thiol moiety was cleaved from the resin by acid-
deprotection, and then the thiol was generated by reduction. We applied it to the synthesis 
of HIV-1 protease analog (Fig. 1). 

A mercaptoethylamide-peptide segment, HIV-1 protease (l-50)-NHCH2CH2SH, was 
prepared starting from an Fmoc-AEDI-O-Clt-resin (Clt-resin = 2-chlorotrityl-resin). SPPS 
was performed with a ABI 431A synthesizer with standard DCC-HOBt protocol, and then 
the peptide segment containing the linker moiety was cleaved by HF-dimethyl sulfide-m-
cresol (3:6:1) (0°C, lh). The cleavage result was treated with dithiothreitol (DTT) in 6M 
guanidine*HCl (pH 8) and gave the desired product in good purity. Purification by RP­
HPLC gave a homogeneous product in 29.9% overall yield, which was characterized by 
amino acid analysis of the hydrolyzate and MALDI-TOF MS. 

Another segment, BrCH2CO-[Ala67'95]-HIV-l protease (52-99), was also prepared by 
the usual SPPS, deprotection by HF-m-cresol and purification on RP-HPLC (8.0%). 

The ligation of the above two segments was carried out in 6M guanidine«HBr, 200mM 
Tris buffer (pH 8.5) at r.t. for 5 h with vigorous stirring. The product was purified on 
Hiload 16/60 superdex 75 pg in 8 M urea and then gel-filtered to remove urea. The desired 
product, [NHCH2CH2SCH2CO51-52, Ala6795]-HJV-l protease was obtained in 50% yield 
and characterized by MALDI-TOF MS (m/z: 10759.2±0.1%, calcd: 10758.6). 

After folding, the synthetic protease analog possessed enzymatic activity, although it 
showed minor differences to recognize substrates. The synthetic protease had comparable 
enzymatic activity to the wild type enzyme against a substrate, H-Lys-Ala-Arg-Val-
Tyr*Phe(N02)-Gln-Ala-Nle-NH2. The Km values of the synthetic protease and wild type 
were 12.8pM and 26.8uM, respectively. On the other hand, the protease analog had larger 
Km (>30mM) than the wild type protease (21.4mM) against H-Ser-Gln-Asn-Tyr*Pro-De-
Val-OH. The non-peptide region at the flap of synthetic protease may affect substrate 
recognition. 
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Thrombin is a trypsin-like serine protease that plays a major role in blood coagulation. In 
particular, thrombin is responsible for conversion of the soluble plasma protein fibrinogen 
to the insoluble fibrin by cleavage of the Arg16-Gly17 amide bond, leading to clot 
formation. As with other serine proteases, thrombin utilizes a catalytic triad of amino acids 
(Ser195, His57 and Asp102) to initiate this conversion. Currently, potent small molecule and 
specific inhibitors of thrombin are of significant pharmaceutical interest. Several common 
problems have been encountered in the development of these small molecule inhibitors; a) 
lack of selectivity for thrombin over other trypsin-like enzymes, b) low oral bioavailability, 
c) short duration of action, d) rapid clearance and e) increased bleeding times [1,2]. 

Recently, Inogatran (1), a pseudopeptide, has been reported to be an effective, 
noncovalently bound, direct and selective inhibitor of thrombin in several in vitro and in 
vivo models (Kj = 15 nM for thrombin, 45 nM for trypsin) [3-8]. Inogatran inhibits arterial 
thrombosis more effectively than acetylsalicylic acid or heparin in a closed-chest porcine 
model [7] and moderately increases bleeding times at high doses [8]. Also, Inogatran has 
significant oral bioavailability in rats (32-51%) and dogs (34-44%) [4-6]. Herein, we report 
an efficient and convergent chemical synthesis of 1 that is amenable to the preparation of 
multiple gram quantities. 

Results and Discussion 

The synthesis of 1 was achieved by a convergent strategy in which the molecule was 
divided into two components (A and B) (Fig. 1). Component A was prepared in five steps 
(29% overall) starting from L-phenylalanine. L-Phenylalanine was converted to its t-butyl 
ester with isobutylene (72%), hydrogenated to cyclohexylalanine (75%) and alkylated with 
benzyl-2-bromoacetate (62%). The resulting secondary amine was protected with the 
benzyloxycarbonyl group (86%) and the carboxylate liberated by treatment with HCl to 
yield Component A (>99%). Component B was prepared in four steps (61% overall) from 
Boc-l,3-diaminopropane. The free amine of Boc-l,3-diamino-propane was guanylated 
with bis-Z-lff-pyrazole-carboxamidine (75%), Boc deprotected with HCl and coupled to 
Na-Boc-pipecolic acid with BOP reagent(85% for both steps). The product was Boc depro-
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Component A 

N 
H 

NH 
.HCl 
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Inogatran.2HCl (1) 

ZN 

X 
"N NHZ 
H 

.2HCI 

Fig. 1. Synthetic strategy utilized for the preparation of Inogatran (1). 

protected once more (95%) to yield Compound B. Several conditions were explored to 
couple Compound A and B. HATU proved to be the optimum coupling reagent, providing 
fully protected Inogatran (56%) which, upon hydrogenolysis, conversion to the HCl salt, 
and lyophilization, provided 1 (100% for both steps) without the need for purification 
(>98% pure by RPHPLC). This synthetic sample has a K; of 3.0 nM for thrombin which 
compares favorably with the values reported in the literature [3-8]. 
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We have developed the syntheses of four organophosphorus compounds (Fig. 1.): 
DEPBO, DOPBO, DOPBT and DEPBT [1] which can be used as novel coupling 
reagents in peptide synthesis. We have synthesized a number of bioactive peptides such 
as analogues of delta sleep inducing peptide, a group of y-glutamyl oligopeptides 
isolated from Panax ginseng and a cyclic heptapeptide isolated from Caryophyllaceae 
by using these organophosphorus compounds as coupling reagents in both solution and 
solid phase peptide syntheses. Among the four compounds, DEPBT affords the best 
results. DEPBT is much better than the others as far as racemization is concerned, and is 
also especially useful in the cyclization of linear peptides. 

> - N CH \-t 
VJ o 

DEPBO DOPBO DOPBT 
Fig. 1. The structures of four organophosphorus compounds. 

Results and Discussion 

All of these organophosphorus compounds are stable colourless crystals which can be 
easily prepared in large quantity. The physical properties of the protected peptides 
synthesized by DEPBO, DOPBO, DOPBT, DEPBT are in agreement with those peptides 
prepared by other methods. During the coupling reaction, the hydroxy group in the amino 
component does not need to be protected, and the dehydration of Asn, which is caused by 
DCC or EDC, was not observed (Table 1 and Table 2). The racemization caused by these 
organophosphorus compounds is much less than that from BOP and DCC. Among them, 
the best result was obtained from DEPBT in which racemization was less than 1% as 
detected by the Young test [2], while 18.4% and 36.8% D-isomers were formed by BOP 
and DCC (without HOBT), respectively. 
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Table 1. The physical constants of oligopeptides synthesized by DEPBO and DEPBT. 

Peptide 

Z-AlaSerOMe 
Z-AlaPheOMe 
Z-AlaTyrOMe 
Z-AsnPheOMe 
Boc-LeuGlyOEt 
Boc-IleTyrOMe 
Boc-TrpLys(Z)GlyOM 

Yield(%) 

85 

82 
80 

72 

e 

DEPBO 
m.p.CC) 

135-136 

98-99.5 
118-120 

86-88 

[a]2
D°(c,Sol.) 

-15.7°(l,MeOH) 

-7.3°(l,EtOH) 
-11°(2,DMF) 

-19.4°(l,EtOH) 

Yield(%) 

66 

94 

73 

91 
82 

DEPBT 
m.p.(°C) 

137-138 

101-102 

199-201 

144-146 
150-151 

[a]2
D°(c,Sol.) 

-20.0°(l,MeOH) 

-11.5°(l,EtOH) 

-3.0°(1,DMF) 

-17°(l,EtOH) 
+28.7°(l,MeOH) 

Table 2. The physical constants of oligopeptides synthesized by DOPBO and DOPBT. 

Peptide 

Z-AlaTyrOMe 
Boc-AlaPheOMe 
Z-MetGlyOEt 
Z-AlaPheOMe 
Z-AsnPheOMe 
Z-AlaGlyOEt 
Z-AlaSerOMe 
Boc-TrpGlyOEt 

DEPBT has 

Yield(%) 

90 

84 
81 
83 
76 
72 
68 
73 

been used 

DOPBO 
m.p.(°C) 

125-126 

88-89 
90-92 

101-103 
199-200 
101-102 
137-138 
118-121 

[a]2
D°(c,Sol.) 

-6.4°(l,MeOH) 

-20.2°(l,MeOH) 
-18.5°(l,EtOH) 
-12.7°(l,EtOH) 
-5.1°(1,DMF) 

-24.0°(l,EtOH) 
-20.0°(l,MeOH) 
-14.7°(l,Et0H) 

successfully in the cycl 

Yield(%) 

79 

72 
67 
72 
58 
66 
53 
50 

ization 

DOPBT 
m.p.CC) 

122-124 

84-87 
92-94 
97-100 
195-198 
100-101 
137-139 
116-119 

of linear 

[a]2
D°(c,Sol.) 

-6.0°(l,MeOH) 

-19.0°(l,EtOH) 

-4.3°(1,DMF) 
-22.r(l,EtOH) 
-19.5°(l,MeOH) 
-12.7°(l,EtOH) 

peptides such as 
cyclo(GlyTyrGlyGlyProPhePro) in dilute solution (10"J mol/L) for 24h with 6 1 % yield. 
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Upon their incorporation into internal amide linkages, racemization of A7,S-protected 
derivatives of cysteine residues can be a serious concern in Fmoc stepwise solid-phase 
synthesis. We have recently reported a systematic study of this problem, as a function of 
coupling conditions and p-thiol protecting groups, i.e., 5-acetamidomethyl (Acm), 
S-triphenylmethyl (Trt), S-2,4,6-trimethoxybenzyl (Tmob), and S-9/7-xanthen-9-yI (Xan) 
[1]. A convenient and quantitative model system assay involving HPLC resolution of 
H-Gly-L-Cys-Phe-NH2 from H-Gly-D-Cys-Phe-NH2 was developed to monitor this 
problem. We now report an extension of the earlier racemization studies to include a 
variety of hindered bases, as well as additional coupling reagents. 

Results and Discussion 

Many of the recently popularized in situ coupling reagents such as BOP/HOBt, 
HBTU/HOBt, or HATU/HOAt, when used with DMF as solvent in the presence of a 
tertiary amine base, e.g., NMM or DIEA, along with a 5-min preactivation time, were 
found to give 5 -33% levels of cysteine racemization, which are unacceptable. By using a 
less polar solvent combination during coupling, e.g., CH2CI2-DMF (1:1), avoiding the 
preactivation step with in situ protocols, and/or using a weaker or more hindered base, for 
example collidine, we were able to reduce racemization to acceptable levels of < 0.2 % [1]. 

Carpino and coworkers have shown that whereas DIEA and NMM promote 
considerable racemization during segment condensation [2], a series of more highly 
hindered bases, e.g., collidine, lutidine, TEMP, OHA, DBfDMAP] (structures shown in 
Fig. 1) permit reduced racemization levels [3]. For the present studies, we applied some of 
these unique bases (Fig. 1) to our model assay system in order to evaluate the ability of 
each to allow cysteine incorporation with minimal racemization. 

In one set of experiments, we used (BOP or HBTU)/HOBt/base (4:4:4) in 
CH2CI2-DMF (1:1), without preactivation, conditions known to be "safe" [1] when the 
base is TMP. In successive experiments, we replaced TMP with one of the following bases: 
pempidine, OHA, TEMP, DB[DMAP], lutidine, or acridine. Excellent results were 
obtained under these conditions. All bases tested allowed efficient coupling of 
Fmoc-Cys(Trt)-OH (60 - 90 min coupling time), with the exception of acridine, which 
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required double coupling for complete reaction. Racemization was not detected with the 
first four of these bases, and was 0.2 - 0.4 % with lutidine or acridine. 

H: CH, CH, 

2,6-Lutidine, pKz = 6.60 
(2,6-Dimetliylpyridine) 

TMP (collidine), pKa = 7.43 
(2,4,6-Trimethylpyridine) 

TEMP, pKa = 7.90 
(2,3,5,6-Tetramethylpyridine) 

H3C^ ,CH3 

CH, 

OHA, pATa = 8.09 
(Octahydroacridine) 

t-Bii N \-Bu 

DB(DMAP), pA:a = 9.0 
(2,6-Di-tert-butyl-4-
(dimethylamino)pyridine) 

Acridine 
pK„ = 10.65 

CH, 
CH3 

Pempidine, pKa = 11.19 
(1,2,2,6,6-Pentamethyl-
piperidine) 

Fig. 1. Hindered tertiary amines proposed to minimize racemization during segment condensation 
[3 J, applied to cysteine racemization studies in the present work. 

A second set of experiments used two coupling reagents, PyBOP and PyAOP, that 
were not tested previously with our model system. Racemization was not detected under 
these conditions: PyBOP/HOBt/TMP or PyAOP/HOAt/TMP (4:4:4) without preactivation 
in CH2CI2-DMF (1:1). However omission of the coupling additives HOBt and HO At, 
respectively, did result in 3 - 4 % racemization with these reagents. In conclusion, a set of 
"safe" conditions has been found for racemization-free cysteine coupling. Several highly 
hindered bases have been shown to be useful for prevention of cysteine racemization. Less 
polar solvents [e.g., CH2CI2-DMF (1:1) vs. neat DMF] also aid in reducing racemization. 
Use of additives such as, HOAt and HOBt, with PyAOP and PyBOP, respectively reduces 
racemization. 
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The incorporation of Af-mefhyl amino acids into biologically active peptides has been 
widely used to study conformation and biological activity, and to improve oral activity and 
duration of action. N-methylated peptides are normally synthesized by incorporation of 
protected N-methylated amino acids. Existing methods for the synthesis of jV-methyl 
amino acids or their //-protected forms require strong basic, acidic or reducing conditions, 
which exclude their use in some sensitive systems, such as tryptophan and Boc 
orthogonally protected lysine analogs. Herein we report the solid phase synthesis of N-
methyl amino acids and their N-Fmoc analogs by applying Fukuyama amine synthesis [1]. 
This methology has very general applications and can be used for the preparation of a 
variety of amino acid derivatives (Fig. 1). 

Results and Discussion 

We investigated the scope of the reaction by using amino acids preloaded on 2-Cl-trityl 
resin, since it has been widely used for fully protected peptide fragment synthesis. After 
some experimentation, the best sulfonylation results were obtained by using 2-
nitrobenzenesulfonyl chloride (2-NBSC1, 4 equivalents) and A^-diisopropylethylamine 
(DIEA, 6 equivalents) in THF/DCM. The reaction was monitored by the Kaiser ninhydrin 
test and generally went to completion in less than three hours. DMAP can be added to 
accelerate the reaction. Methylation of the resulting sulfonamide was carried out with 
methanol under Mitsunobu conditions [2]. It should be noted that replacing methanol with 
other alcohols produced N-alkyl amino acid derivatives, providing an 

O 1) ArS02CI/base Q Q 

OL-» 2)Ph3P'MeOH'DEAD. ^ o - C M S^J^RJL 
T U _ W 3)PhSNa/DMF T W T 
NH2 4) FmocCI/DlEA FmocN-Me FmocN-Me 

2-ClTrt resin 

Fig. 1. Synthesis of Fmoc N-methyl amino acids. 
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Table I. Analytical data for the Fmoc-N-Me amino acids and retention time comparison with 
Fmoc-amino acids. 

entry 
1 
2 
3 
4 
5 

6 

amino acids 
Val 
Trp 
Trp(Boc) 
Lys(Boc) 

Ser( Bu) 
Asp('Bu) 

Fmoc-AA 
Rt (min.) 

7.32 
8.20 
12.31 
8.58 
8.49 

8.51 

Rt (min.) 
8.58 
8.60 
13.11 
9.45 
9.39 

9.38 

FmocN-Me AA 
purity1 

96 
88 
96 
90 
98 

90 

yield1' 
95% 
100% 
98% 
100% 
100% 

96% 

f: Purity & crude yield after cleavage. Analysis was performed using a Partisil ODS-3 RAC II 
column (100x4.6 mm, 5 pm) eluting with a linear gradient of 40-80% acetonitrile in water 
containing 0.1% TFA as buffer over 15 minutes at 1 mL/min. The HPLC is equipped with a PDA 
detector and the results are plotted at 278 nm with band width of 8 nm. 

alternative to reductive alkylation [2]. Direct alkylation with methyl iodide (4 equiv.) and 
fine K2C03 powder (10 equiv.) also gave good results (DMF, 6 h). Removal of the sulfonyl 
protecting group was accomplished using the commercially available thiophenol sodium 
salt (or lithium salt) in DMF (0.5 M, lh, twice). The Fmoc protecting group was introduced 
by treatment with DIEA (6 equiv.) and FmocCl (4 equiv.) in DCM for 2 hours. The 
intermediates or final N-Fmoc N-methylated amino acids were cleaved from the resin 
under the usual acidic conditions (0.5% TFA/DCM). The purities of the Fmoc protected 
amino acids were quite good (generally >90%, see Table 1). If necessary, reverse phase 
HPLC purification will yield pure products. 

Conclusion 

In summary, Fukuyama amine synthesis is a reliable method for the conversion of amino 
acids to their N-methylated forms on solid phase in high yield and purity. The procedure is 
especially valuable for the preparation of Af-methylated amino acids that are difficult to 
synthesize by conventional methods. In addition, this methodology can be easily adapted 
for the preparation of other Af-alkyl amino acids providing a good alternative to reductive 
alkylation. 
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Novel solid-phase reagents for facile formation of 
intramolecular disulfide bonds in peptides 
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Disulfide bridges are important structural motifs in many peptides and proteins. The 
controlled formation of intramolecular disulfide bridges in peptides, while avoiding 
unwanted oligomerization by-products, is a significant challenge. We have developed a 
family of novel solid-phase reagents which efficiently form disulfide bonds in peptides 
over a wide pH range under mild conditions. 

Results and Discussion 

Ellman's reagent, 5,5'-dithiobis(2-nitrobenzoic acid) (1), was developed in the context of an 
assay for measuring free thiol concentrations under physiological conditions. When bound 
through two sites to a solid support (PEG-PS, aminated Sephadex, controlled-pore glass), 
the reagent mediates the formation of disulfide bonds in a variety of peptides. 
The preparations of solid-phase bound Ellman's reagents are outlined in Fig. 1. Ellman's 
reagent 1 was reduced to 2, and the aromatic thiol was protected with the xanthenyl group 
to give 3. Derivative 3 was coupled to both the a- and the e-amino groups of a lysine 
spacer, which made it possible to carry out subsequent on-resin deprotection/oxidation of 
intermediate 4 to completion. Earlier attempts to form 5 without lysine resulted in up to 
20% of reduced Ellman's reagent bound to the solid-phase, due to site isolation. Oxidation 

Table 1. Effect of pH on rates and yields of oxidation of peptide substrates by resin-bound 
Ellman's reagent 5.a 

Substrate 
Somatostatin 
Conotoxin (SH 2&7) 
Conotoxin (SH 3&7) 
Conotoxin (SH 3&13) 
Conotoxin (4 SH) 
Apamin (4 SH) 

pH 
tj/2 (min) 

50 
240 
330 
390 
54 

240 

2.7 
% yield 

25 
65 
70 
65 

64* 
71* 

PH 
ti/2 (min.) 

5 
4 

3.5 
2.2 
3 
3 

6.6 
% yield 

62 
92 
90 
88 

78* 
75* 

a All reactions were monitored by HPLC. Reagent 5 was derived from PEG-PS with 0.21 
mmol/g loading, and used in 15-fold excess. Initial concentrations of peptides were 1 mg/mL. 
* Yield of correctly paired regioisomer. Depending on the pH, a further 19-27% mispaired 
isomers were formed for apamin, and a further 15-22% for conotoxin SI. 
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HO-C-Q 0~<i-OH 
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(CH3)2NCH2CH2OH 
HSCH2CH2NH2 HCl 

in H20 

N0 2 
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TFA (1 equiv) in CH2CI2 
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H-Lys-® 

DIPCDI/HOBt 

0-c-fLys-® 
XanS 0 h 

1) TFA-CH2CI2-EI3SiH, 30:70:3 
2) 0.5 M aq. K3Fe(CN)6 

or 0.5 M l2 in DMF 

fy 
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C-NH-CH-C-NH-(| 

NO, 

Fig. 1. A general scheme for preparation of solid-phase bound Ellman's reagents. 

with 5 was tested on the reduced linear precursors of somatostatin (14 residues, disulfide 
bridge between residues 3 and 14), a-conotoxin SI (13 residues, disulfide bridges between 
residues 2 and 7; 3 and 13), and apamin (18 residues, disulfide bridges between residues 1 
and 11; 3 and 15). As further controls, differentially protected derivatives were prepared 
[conotoxin (SH 2&7), conotoxin (SH 3&7), conotoxin (SH 3&13)] and used to investigate 
selective formation of predetermined (single) bridges denoted by the numbers. Kinetics 
were determined as a function of pH value, solid support loading, and excess oxidizing 
reagent (Table 1, and unpublished studies from our laboratory). The reagent 5 allowed 
successful formation of disulfide bonds in the substrates tested, even at quite acidic pH 
values. From pH 2.7 to 5.0, a plot of reaction rate versus hydrogen ion concentration was 
linear. Upon completion of incubation and simple filtration, the major product in solution 
was the desired oxidized product, but some peptide remained covalently bound to the solid 
support through two disulfide bonds. The support-bound by-products were easily 
converted to soluble, reduced peptide by treatment with dithiothreitol. Following such 
reduction, reagent 5 was regenerated by repeating the last step in Fig. 1. Solid support 
loadings also affected the oxidation reactions using 5. Higher loadings resulted in slower 
rates and more support-bound by-product, and therefore lower yields. As another factor, a 
direct linear dependence was observed of the reaction rate as a function of an excess of 
oxidizing reagent 5. In the cases of conotoxin SI and apamin, which have four thiols to be 
oxidized, the correctly paired regioisomers were the main products, but mispaired 
regioisomers were also detected. Improved selectivities were observed at higher pH 
values. In summary, we have proposed and demonstrated novel solid-phase oxidizing 
reagents. Particular advantages of our approach include fast reaction times under mild 
conditions over a wide range of pH values, from 2.7 to 6.6; facile purification of 
disulfide-containing products; and the specificity and reusability of the reagents. 
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Lipopeptides have been demonstrated to have immunoadjuvant properties both in vitro and 
in vivo. They can play an important role in the regulation of cellular functions, such as the 
antigen processing pathway, by anchoring the lipophilic moiety to the cellular membrane. An 
interesting goal is the use of lipopeptides to induce the proliferation of T cell clones to develop 
synthetic vaccines and to study immunological disorders of autoimmune diseases such as 
multiple sclerosis (MS). 

In the natural post-translational processes, palmitoylation of a cysteinyl residue via a 
thioester or a thioether bond is one of the most common modifications of the C-terminal part 
of a protein that doesn't require a consensus sequence. 

It was previously reported that a single modification on the C-terminal position of 
peptides derived from HIV-1 env sequences by NE-palmitoyl-L-lysine amide allowed the 
induction of a relevant CTL response [1]. 

The palmitoyl moiety can also be introduced in a peptide sequence on the N-terminal side 
either directly by SPPS, by using the pentafluorophenyl ester of palmitic acid, or by appending 
an NE-palmitoyl-L-lysyl residue to the sequence. 

Results and Discussion 

With the aim of introducing a lipophilic moiety directly in the peptide sequence by continuous 
flow SPPS following the Fmoc/f-Bu strategy, we recently synthesized the racemic mixture of 
Fmoc-2-aminopalmitic acid (Fmoc-Apalm-OH). Because H-Apalm-OH [2] is poorly soluble 
in the reaction media usually employed for the Fmoc protection of the amino function, it was 
necessary to prepare the /?-toluensulfonate salt of its benzyl ester by Dean-Stark apparatus 
(70% yield). This salt was allowed to react with Fmoc-OSu in benzene (84% yield). After 
controlled catalytic hydrogenation (Pd/C 10%) in 5% ethanolic AcOH, Fmoc-Apalm-OH was 
obtained as a racemic mixture in 80% yield. 

By using this derivative, we synthesized the peptide H-Apalm-h-MBP(83-99) (H-Apalm-
Glu-Asn-Pro-Val-Val-His-Phe-Phe-Lys-Asn-Ee-Val-Thr-Pro-Arg-Thr-Pro-OH) by SPPS. The 
two diastereomeric peptides were separated by RPHPLC and characterized by ESMS and 
aminoacid analysis. These peptides, tested for the proliferation of human CD4+ T cell clones 
from MS patients, showed different behaviors. Only one of them gave a noteworthy 
reproducible response, in respect to the wild type peptide. In order to identify the enantiomer 
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responsible for the biological activity, we attempted to obtain the pure enantiomers of Fmoc-
Apalm-OH. 

The reaction of Fmoc-Apalm-OH with S(-)-*ec-phenethyl alcohol, DCC, 
DMAP/DMAPTFA in dry DCM gave two diastereomeric esters that were partially resolved 
by fractional crystallization from petroleum ether (80:20 ratio between the diastereomers, as 
detected by HPLC on silica). The resolution procedure was also performed by crystallization 
of the diastereomeric salts of Fmoc-Apalm-OH with /?(-)-2-amine-l-benzyloxybutane [3], but 
this led to a less satisfactory enantiomeric excess. The complete resolution of Fmoc-Apalm-
OH can be achieved by separation of its diastereomeric esters with S(-)-.sec-phenethyl alcohol 
by semipreparative HPLC followed by catalytic hydrogenation. 

We are trying to obtain single crystals from the two diastereomeric esters in order to 
determine the absolute configuration of the asymmetric carbon of 2-aminopalmitic acid by X-
ray analysis. 

Conclusion 

The new lipophilic building-block Fmoc-Ampa-OH can be a useful tool for synthesizing 
peptides in which the hydrophobic chain is present as a side-chain linked with a C-C bond in 
any part of the peptide backbone. 
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While we have known for many years that an amino acid sequence is sufficient to direct the 
folding of a protein to its native structure [1], the mechanism by which the sequence guides 
the process of folding is still not well understood. Particularly lacking are principles by 
which P structure forms. Cellular retinoic acid binding protein I (CRABPI) serves as an apt 
model for detailed study of the folding of a predominantly P-sheet protein with a simple 
topology, no cofactors or disulfides, and reversible unfolding-refolding behavior. The 
structure of CRABPI is composed of a short helix-turn-helix and a ten-stranded 
compressed P-barrel which surrounds a central cavity (Fig. 1) [2,3]. Analysis of the 
kinetics of CRABPI refolding by stopped-flow fluorescence (SF-Flu) of wild-type and 
single-Trp variants, stopped-flow circular dichroism (SF-CD), hydrogen exchange, and 
probing of ligand binding has provided a description of the stages in its folding pathway. 
These results are complemented by study of peptide fragments corresponding to regions in 
the sequence of CRABPI, which enable an assessment of the importance of local 
conformational propensities in guiding folding. 

Results and Discussion 

CRABPI contains three tryptophan residues, at positions 7, 87 and 109. SF-Flu during 
folding shows that the protein folds with four kinetic phases (see Table 1), with the process 
initiated via global hydrophobic collapse, indicated by an increase in fluorescence intensity 

Fig. 1. Ribbon diagram of the crystal structure of 
CRABPI [2]. Amino acid residues with amide 
protons observed in the quenched-flow 
experiments are shown as darkened sections of 
ribbon; the locations of the three tryptophan 
sidechains are drawn as ball-and-stick 
representations. 

and the blue-shift of the emission spectrum 
[4]. SF-Flu of the folding of single-Trp 
CRABPI variants demonstrates that 70% of 

the Trp7 environment evolves on a 100-200 ms time scale (including the docking of the N-
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and C-termini), the quenching of Trpl09 fluorescence by the guanidino group of Argl 11 (a 
specific native state tertiary interaction) occurs on a 1 s time scale, and the presence of a 
slow folding phase attributable to proline isomerization. 

Quenched-flow NMR experiments show the development of stable hydrogen bonds 
during folding [5]: all observable amide protons in the P-clamshell are protected from 
hydrogen exchange with similar phases; 80% of protection occurs on a 1 s time scale, with 
20% in a longer 15 s phase. These phases correlate well with the SF-Flu phase 
corresponding to the development of a specific tertiary environment involving Trpl09, and 
with proline isomerization, and indicate that hydrogen bond formation occurs relatively late 
in the folding process. 

We also determined when the central cavity of CRABPI is formed, using a 
fluorescent dye, ANS, that binds specifically to the cavity [5]. Adding the dye after 
specified folding intervals clearly shows that the binding cavity emerges on a 100 ms time 
scale—coincident with the time scale observed for the docking of the N- and C-termini. 
Therefore, the surrounding P-clamshell structure develops without the assistance of a 
hydrogen bonding network, but rather via specific sidechain interactions. 
Two peptide fragments of CRABPI have been studied in an effort to dissect sequence 
contributions to the kinetic folding events. A peptide corresponding to the helix-turn-helix 
region of CRABPI (residues 10 to 32, peptide H-Sm-H) retains local sequence-driven 
conformational tendencies [6]. Embedded in the sequence of H-Sm-H is a motif found in 
many proteins and associated with helix termination and folding back of one secondary 
structural unit on another-the so-called Schellman motif [7]. NMR data in aqueous solution 
clearly show that H-Sm-H spends a significant proportion of time in a native-like 
conformation with a key local hydrophobic interaction between Leu 19 and Val24 
stabilizing the helix-helix arrangement. The Gly residue at position 23 is also critical to the 
local influence on folding. 

Table 1. Summary of the kinetic pathway for CRABPI folding. 

Kinetic Phase 
Burst 
(<10 ms) 

Fast 
(100-200 ms) 

Medium 
(Is) 

Slow 
(-20 s) 

Folding Events 
Hydrophobic Collapse 

Secondary Structure 
(excess helix?) 

Cavity Formation 
Docking of N- and C-termini 

Hydrogen Bonding Network 
Specific Tertiary Interactions 

Proline cis-trans isomerization 

Methods 
Fluorescence 
ANS Binding (non-specific) 
CD 

ANS Binding 
Fluorescence 

Quenched-Flow NMR 
Fluorescence 
CD 

Fluorescence 
CD 
Quenched-Flow NMR 
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We have recently begun to explore the importance of the turn regions in CRABPI in 
specifying the architecture of the p sheets. Strikingly, NMR data shows that a peptide 
corresponding to residues 72 to 82 has a highly populated native-like turn conformation in 
aqueous solution. NOEs are consistent with distances calculated for the native protein; the 
temperature coefficient of the Arg79 NH is significantly lower than those for adjacent NHs, 
as expected for the native turn; and all NH-aH coupling constants are as expected for the 
native <|) angles. This turn is stabilized in the protein by favorable side chain interactions 
between Arg79/Asp77, Lys80/Glu74 and Arg82/Glu72. 

Conclusion 

We find that CRABPI folding is characterized by several kinetic events (Table 1): Early 
events (<10 ms) lead to a hydrophobically collapsed state with considerable structure. This 
state of the protein rearranges on a 100 to 200 ms time scale to adopt a structure with 
native-like topology including the central ligand-binding cavity and close approach of the 
N- and C-termini. Yet only on a 1 s time scale are the stable native hydrogen bonds in the P 
sheets formed, along with the specific tertiary packing of all side chains. We conclude that 
the topology of the P sheets in CRABPI is guided by incipient native side chain 
interactions; stable hydrogen bonding and presumably, solvent exclusion, occur only 
during the final stage of folding. Peptide fragments show that there are regions of CRABPI 
in which local sequence strongly directs the adoption of native-like conformation, even 
without the context of the entire protein. These regions may reflect initiation sites for the 
folding pathway. 
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Insights into the molecular mechanisms of protein 
folding and misfolding 
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The field of protein folding commenced more than twenty five years ago with Chris 
Anfinsen's Nobel prize winning discovery that protein folding is a spontaneous process [1]. 
Since then, new and exciting methods have been developed to try to delineate the 
mechanisms by which proteins fold, the steps taken, the structure and roles of partially 
folded states, and the nature of the transition states that separate them. Ingenious methods 
involving hydrogen exchange labeling and detection of protected amides by *H NMR [2], 
and later by electrospray mass spectrometry [3], provided the first insights into the 
structure of partially folded states, their stability and the kinetics of their formation. In 
addition, the stopped flow methods of circular dichroism to detect nascent secondary 
structure and fluorescence to detect hydrophobic collapse have shed light on the nature of 
events in the first few msec of folding (see [4] for a review). Most recently, the very early 
stages of folding occurring on psec and nsec time scales are being revealed using novel 
methods that include very rapid mixing or temperature jump experiments [5]. We have 
been using a number of different biophysical methods to determine, in as much detail as 
possible, how one protein, hen lysozyme, folds [6]. We have shown that the protein folds 
along parallel pathways and that the major folding route involves an intermediate partially 
folded state in which only one domain composed of purely a-helices (the a-domain) is 
folded [7]. For all of these experiments, conditions have to be found (11-fold dilution of 
the protein denatured in 6M guanidinium chloride sodium acetate buffer, pH5.2, 20°C), 
under which protein folding is a unimolecular event, and any intermolecular processes 
involving transient or irreversible protein association or aggregation are avoided. In vivo, 
folding conditions cannot be so strictly controlled, and a new and exciting field of protein 
misfolding, highlighted by the role of protein aggregation in Alzheimer's disease and the 
transmissible spongiform encephalopathies, is now at the forefront of research. 

Results and Discussion 

Hydrogen exchange labeling studies monitored by ^H NMR have demonstrated that 
formation of the P-domain is the rate limiting step in lysozyme folding [7]. In order to 
probe the nature of this step, we have studied the folding of a three disulphide lysozyme 
derivative in which one of the four native disulphide bonds (Cys6-Cysl27) has been 
reduced and the resulting cysteine residues carboxymethylated [8]. This species retains the 
native fold, but is significantly destabilized relative to its four disulphide counterpart [9]. 
Reduction of the disulphide bond was shown to destabilize the a-domain intermediate to 
such an extent that it is no longer populated during folding. Despite this, the rate of folding 
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of the P-domain is unaffected, suggesting that folding this domain is an independent and 
intrinsically slow process. More recent experiments, in which the a-domain is destabilized 
by refolding lysozyme at high temperature (50°C), are in agreement with these results 
(Matagne, Radford and Donson, unpublished). 

Our interest in the folding of the p-domain of lysozyme was heightened by the 
discovery that mutations in this domain in human lysozyme (replacement of De for Thr at 
position 56, or Asp for His at position 67) result in the deposition of lysozyme in amyloid 
fibrils [10, 11]. Our knowledge of the folding characteristics of lysozyme provided us with 
a unique opportunity to try to gain new insights into the mechanisms of fibril formation at 
the molecular level [11]. Using a combination of methods we demonstrated that the 
amyloidogenic lysozyme variants are less stable than the wild-type protein (by about 12°C 
at pH7), and that they unfold non-cooperatively via a partially folded state resembling a 
typical 'molten globule' state. In addition, the recombinant form of the variant proteins 
form fibrils in vitro by extended incubation at pH 7, 37°C. Fibrillogenesis involved 
structural conversion of the mainly helical structure of the native fold to a typical amyloid 
cross p-fold. Taken together, the data suggest that a reduction in the cooperatively between 
the two domains caused by the mutations is responsible for the unique amyloidogenic 
properties of the variant forms. 

To investigate further the folding and aggregation of the p-domain we have 
synthesized this region of hen lysozyme as two short synthetic peptides (corresponding to 
residues 41-60 and 61-84 in native lysozyme) [12, 13]. Peptide 41-60 encompasses the 
p-sheet in native lysozyme, including the site of one of the amyloidogenic mutations. The 
peptide forms P-sheet structure at low pH in a concentration dependent manner [12]. At 
very high concentrations (~10mg/ml) the peptide forms a solid gel-like material which also 
is formed of antiparallel P-sheets and, excitingly, appears to be fibrillar in nature [14]. This 
and other peptides taken from naturally occurring proteins or designed de novo to self 
assemble are being actively studied at the Center for Self Organizing Molecular Systems in 
Leeds. A simple 11-reside peptide was designed and found to assemble spontaneously into 
the desired structure. The P-sheet tapes are much simpler than fibrils from intact proteins, 
some of the tapes are a single molecule in thickness, whilst others stack back-to-back. 
Molecular self assembly of the peptides to polymeric p-sheet tapes provides a powerful 
system to investigate the molecular nature of the self assembly and structural nature of the 
polymers. In addition, we hope that a molecular understanding of the assembly process of 
these simple systems will provide inspiration for new therapies for amyloid diseases, as 
well as proving novel routes to the production of new materials. 
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Hydrophobicity analyses have been used extensively in algorithms to predict membrane-
spanning segments of proteins; several hydrophobic scales for amino acid residues have 
been proposed to facilitate these studies [for a review, see ref. 1]. However, significant 
differences exist among these scales due to their varying methods of determination, and/or 
the peptides used as the experimental basis for construction of the scale. Previous studies 
have suggested that the interaction between a peptide's hydrophobic face with the 
hydrophobic stationary phase of a reversed-phase high performance liquid chromatography 
(RP-HPLC) column is a reasonable mimic for the interaction of a peptide with a 
membrane-mimetic environment [2]. Accordingly, through evaluating the retention time 
behavior of model hydrophobic peptides in RP-HPLC experiments, we developed a new 
hydrophobicity scale [3], and in the present work compare it with two other commonly-
used hydrophobicity scales [4,5]. We find that our HPLC-based scale - derived specifically 
from properties of hydrophobic peptides - may have some advantage over, the Kyte-
Doolittle (KD) and Engelman-Steitz-Goldman (GES) scales in predicting protein 
transmembrane (TM) segments. 

Results and Discussion 

De novo designed peptides with typical sequence Lys-Lys-Ala-Ala-Ala-X-Ala-Ala-Ala-
Ala-Ala-X-Ala-Ala-Trp-Ala-Ala-X-Ala-Ala-Ala-Lys-Lys-Lys-Lys-amide were synthesized 
by Fmoc solid phase chemistry [6], where X residues were substituted with each of the 20 
commonly-occurring amino acids. An uninterrupted 19-amino acid hydrophobic core was 
employed to mimic membrane-interactive TM a-helices. Since the distribution of three 'X' 
residues is angularly and longitudinally symmetric, amphipathic bias is minimized when 
'X' is defined by any charged or polar residues. 

Peptide retention times were recorded on a reversed-phase Primesphere C4 column 
(250 x 4.6 mm, 10 m, 300 A) using a linear AB gradient (2% B/min) elution at a flow rate 
of 1 ml/min, where eluent A is 0.1% TFA/dd water, and B is 0.1% TFA/acetonitrile (Table 
1). Despite the obvious differences between the two sets of model peptides in length (25 
residues vs. 18 residues) intrinsic character (non-amphipathic vs. Amphipathic) number of 
guest residues per peptide (3 vs. 1) and the differing chromatographic conditions, 
comparison of the retention times of the present peptide series with the 'AX9 peptides' of 
Sereda et al. (typical sequence: Ac-Glu-Ala-Glu-Lys-Ala-Ala-Lys-Glu-X-Glu-Lys-Ala-
Ala-Lys-Glu-Ala-Glu-Lys-amide) [7] gave an excellent correlation (r = 0.97). This result 
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may relate to the comparable helical 'face' (clusters of Ala residues + one guest residue) 
presented by each set of peptides to the stationary phase of the HPLC column. These 
findings provide evidence that the retention times can reflect the intrinsic hydrophobic 
character of the substituted 'X' residues remarkably well. 

If we assume that the retention time of a peptide is directly related to the summed 
hydrophobicity/hydrophilicity of the amino acids, the measured retention times of each 
peptide can be converted to a relative hydropathy scale for the corresponding substituted 
'X' residues. For data analysis, we set H = 10 x AtRx_Lys/AtRpne_LYS ~ ̂ -00, where H = 
amino acid residue hydrophobicity, AtRx_LyS is m e retention time difference (min.) 
between the 'X' peptide and the 'Lys' peptide, and AtRphe_Lys is the retention time difference 
between 'Phe' peptide and the most hydrophobic 'Lys' peptide [3]. Through this calculation, 
Phe is assigned a value of +5, while the most hydrophilic, Lys is assigned a value of -5. 
The resulting values are listed in Table 1. 

The advantages of this HPLC-derived scale are as follows: (1) the scale is based on a 
set of transmembrane a-helical peptides [8]; and (2) the measured retention times arise 
from a combination of the hydrophobicity and helicity of peptides upon interaction with the 
hydrophobic stationary surface of the column. These factors should produce a scale which 

Table I. Retention times and hydrophobicity scale of model peptides (adapted from [3]). 

Residue Retention time of conesponding peptide (min) Hydrophobicity 

Phe 22.58 fToO 
Trp 22.49 4.88 
Leu 22.40 4.76 
De 22.13 4.41 
Met 21.23 3.23 
Val 21.07 3.02 
Cysa 21.82 2.49 
Tyr 20.28 2.00 
Ala 18.88 0.17 
Thr 17.92 -1.08 
Glu 17.60 -1.49 
Asp 16.84 -2.49 
Gln 16.64 -2.75 
Arg 16.63 -2.77 
Ser 16.57 -2.84 
Gly 16.22 -3.31 
Asn 15.85 -3.79 
His 15.21 -4.63 
Pro 14.98 -4.92 
Lys 14.92 -5.00 

aTo avoid the complexity of synthesizing a multiple Cys-containing peptide, only the middle 'X' 
residue was substituted by Cys, and the other two 'X' residues were replaced by Leu. 
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Table 2. TM helices in the photosynthetic reaction center (R. viridis) obtained by x-ray 
crystallography and by prediction using the hydropathy scale from the present work. 

L chain M chain 

X-ray crystallography [9] 

33-63 (21) 52-76 (25) 
84-111(28) 111-137(27) 
116-139(24) 143-166(24) 
171-198 (28) 198-223 (26) 
226-249 (24) 260-284 (25) 

hydropathy scale prediction 
(17 residue window) 
22-51(30) 55-80 (26) 
81-109(29) 110-135(26) 
115-140(26) 141-166(26) 
176-194 (19) 201-223 (23) 
224-250 (27) 258-290 (33) 

H chain Over-

12-35 (24) 

10-32 (23) 34 

Under-
prediction 

31 

Accuracy (%) 
prediction 

76 

will reflect closely the extant interactions between TM segments with membranes. Using 
this scale (Table 1), we attempted predictions of the TM helices in the photosynthetic 
reaction center - one of the very few membrane proteins studied by crystallography [9]. 
The segments identified as TM helices by the X-ray determination and those identified by 
the scale are given in Table 2. Using the method proposed by Ponnuswamy & Gromiha for 
assessing the accuracy of a theoretical prediction [10], the present scale correctly predicts 
76% of TM residues. Similar predictive analyses gave an accuracy of 73% for the GES 
scale [5], and 45% for the KD scale [4]. A more definitive evaluation of the new scale 
awaits extension of these analyses to a broader sample of crystallized membrane proteins. 
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We have determined the crystal structure of human endothelin-1 (ET) [1], the most potent 
naturally-occurring vasoconstrictor. This 21-amino acid polypeptide has two disulfides 
which link residues 1 and 15, and 3 and 11, respectively. It consists of a short N-terminal 
P-strand followed by a hydrogen-bonded loop connected to a long irregular helix that 
extends to the C-terminus of the molecule (Fig. la). Comparisons of the X-ray structure, 
with the various and diverse NMR structures reported for the polypeptide indicate that the 
most significant differences are in those regions that are important for receptor binding and 
specificity, namely the central loop and the C-terminal helix [2]. 

Fig.l Structures of ET and its precursor, BigET. A) Crystal structure of human ET-1 [1]; B) 
Molecular model of human BigET [10]. Both molecules are shown as ribbon diagrams in the 
same orientation, with the N-terminus being located to the left in the figure ofET. 

G-Protein Coupled Receptors and the Endothelin Crystal Structure 

One concern for either an NMR or X-ray structure of a relatively small polypeptide that 
may be flexible in solution or influenced by packing in a crystal, is whether the structure is 
related to the conformation that binds the target receptor in vivo. In this case, correlations 
between the structure and binding activity data for a number of ET analogues strongly 
support the crystal structure as being the biologically relevant form with respect to G-
protein coupled receptor binding [3]. For example, alanine scan studies showed a 
functional periodicity of 3 or 4 residues in the C-terminus [4], indicative of a helically 
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repeating structure, as found in the X-ray but not the NMR structures. Furthermore, 
mapping of all the residues important for binding places them on a single face of the crystal 
structure [3]. No such clustering of sites (nor any sensible pattern) emerges from any of the 
NMR structures. Another test as to whether a structure is related to the biologically-active 
conformation is if two molecules which bind to the same site but which are chemically 
unrelated can be overlaid in three dimensions in a manner that places important functional 
groups in coincident positions. BQ123, a cyclic peptide containing D- and L-amino acids 
and a conformationally-restricted proline, is a competitive antagonist of ET. Although 
chemically very different, it shows remarkable overlap with residues 17 to 21 of the C-
terminus of ET as found in the crystal structure, especially in its aromatic and carboxyl side 
chains [5]. No such overlaps could be made with any of the NMR structures. Thus it 
appears that, unlike any of the NMR structures, the X-ray structure is relevant to receptor-
binding conformation. As a consequence, this structure provides an experimental basis for 
the rational drug design of new endothelin receptor antagonists. 

A Model for the Structure of the Endothelin Precursor BigET 

ET is synthesized as a prepropolypeptide of 212 amino acids, which is subjected to a series 
of processing steps to produce the mature and active 21 amino acid ET molecule. The 
immediate precursor to ET, a 38 amino acid polypeptide designated BigET, appears to 
have no receptor-binding activity. The final processing step is the C-terminal cleavage of 
17 amino acids at an unusual Trp-Val bond by the Endothelin Converting Enzyme (ECE) 
[6]. A three-dimensional structure of BigET would provide important information for 
rational drug design of inhibitors for the final step in the processing pathway. NMR studies 
of BigET have shown that the C-terminal extension is floppy and thus they have been 
unable to define the nature of the structure in the region of the cleaved bond and beyond 
[7,8]. A recent development has been the production of crystals of BigET (Cronin & 
Wallace, unpublished data), but the X-ray structure is unlikely to be available for some 
time. Hence, there is now a need for a testable model structure which can be used as a 
framework for design studies. Any correct model must satisfy the following biophysical 
criteria: 1) The NMR spectra of the common parts of BigET and ET are indistinguishable, 
thus indicating at least residues 1 to 18, and possibly residues 1 to 21, are in identical 
conformations [7,8]; 2) The 3-dimensional structure of ET has been defined by X-ray 
crystallography [1]; and 3) Circular dichroism spectroscopic studies indicate that the 
additional residues in the C-terminal extension adopt specific conformations [9]. Not 
unexpectedly, given the small size of the polypeptide, homology modeling studies did not 
produce any structures consistent with all of the above criteria (Peto, Janes, & Wallace, 
unpublished results). However, modeling using a threader algorithm on the proET 
molecule, followed by extracting the BigET fragment from that structure, produced a 
model that met all the criteria [10] (Fig. lb). Its first 20 amino acids have the same 
conformations as they do in ET, and the C-terminal extension has the following notable 
features: residues 26 to 29 form a two-stranded P-sheet with residues 1 to 5 of the N-
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terminus, the irregular helix which begins at residue 9 is extended to residue 23 (residues 
21-23 being in a standard alpha helix conformation) and there is a hydrogen-bonded P-turn 
between the carbonyl group of residue 35 and the amino group of residue 38. 

Endothelin Converting Enzymes and the BigET Model Structure 

Again, it is important to examine the relevance of the BigET structure to the conformation 
which is active in vivo, in this case, that which binds to proteases. Biochemical criteria can 
be used to test the BigET model structure. The BigET Trp21-Val22 bond is cleaved by ECE; 
in the model structure, this bond is surface accessible, as it must be. Furthermore, the 
reduced susceptibilities to other proteases at other sites in BigET relative to the equivalent 
sites in ET [11] are correlated with sites of reduced surface accessibility in the model. 
Hence, all the currently available biophysical and biochemical evidence suggests this 
model structure is consistent with the type of structure cleaved by ECE. Since BigET itself 
does not exhibit vasoactivity, molecules which mimic its structure and are capable of 
binding to and inhibiting ECE could prove to be beneficial therapeutics in that they would 
prevent formation of the active mature ET molecule. Thus, the BigET model structure may 
provide a useful template on which inhibitor drugs for the endothelin converting enzyme 
could be designed. 

In summary, the structures of ET and its precursor polypeptide BigET provide 
important new information for the rational design of antagonists of the ETA receptor and 
inhibitors of the ECE protease, respectively. 
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Developing 3D models of transmembrane G-protein coupled receptors (TM GPCRs) 
starting from their amino acid sequences is one of the most challenging tasks facing 
computational biophysics. Some 3D information on TM proteins is known a priori. TM 
segments (presumably helical) are immobilized in the lipid environment. Also, protein 
fragments at the outer surface of the membrane would certainly not interact with fragments 
inside the cell. Therefore to attempt building 3D models of TM receptors several 
independent steps: are necessary (i) locate possible TM helical fragments in the GPCR 
sequence; (ii) build 3D structures for these helices; (iii) arrange isolated helices across 
membrane; (iv) calculate all pairwise helix-helix interactions; (v) assemble helical 
bundle(s), (vi) restore interhelical loops and N-and C-termini, and, (vii) refine the entire 3D 
structure(s). Most of these steps are either already developed as computer algorithms and 
are validated, or are at the implementation stage. Recent progress is briefly reported in this 
study. 

Results and Discussion 

Predicting Breaks in TM Helices. We have developed a novel energy-based procedure for 
locating the ends of TM helical fragments. We have utilized the postulate that a peptide 
chain can "enter" an a-helix at the N-end and "exit" from it at the C-end without steric 
hindrance by using only a limited number of backbone conformers for the terminal residues 
(e.g., [1]). Comparing conformational energy of the regular helical conformation for the 
peptide fragment, E(oc), and the energies of the same fragment in conformations sterically 
allowing "entries to" or "exits from" a helical segment, Ej, we can obtain the minimal value 
out of Ej - E(oc) values, Afc. The lesser is Ak, the greater the tendency for the helix to be 
disrupted at the k-th residue in the amino acid sequence. Sliding the fragment "window" by 
one residue at a time along the sequence, we obtain several Ak values; the smallest ones 
represent potential "signals" to disrupt the helix. 

Validation of our procedure was performed by predicting possible breaks in 17 long 
helices belonging to 6 soluble globular proteins of known X-ray structures, namely 6adh, 
21zm, lgpd, 3grs, lmba and lccp. Energy calculations for each peptide fragment were 
performed as described earlier [2] employing the ECEPP/2 force field. Out of 17 cases, 
signals corresponding to the predicted N-terminal "breaks" coincided with the actual N-
termini in 8 cases, and differed by one position in 7 cases, the maximal difference being 
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two positions. Out of 16 cases of C-terminal predictions, 13 C-terminal signals are located 
exactly at the actual C-termini or within one position of them, and in only 3 cases the 
differences are of two or three positions. The procedure was applied also to 17 
transmembrane helices (10 helices of the photosynthetic reaction center (PRC) [3] and to 7 
of bacteriorhodopsin (BR) [4]) In all cases but two, the N-terminal residues were marked 
by a signal located either at the same position, or shifted by just one position. This is also 
true for all C-terminal residues. Although these results show that our procedure is quite 
accurate, it produces multiple choices for possible "entries" and "exits" for each given 
helix. 

3D Structures of Isolated Helices. Energy calculations performed employing the 
ECEPP force field for TM helices in the PRC L-subunit have yielded conformers with the 
following rms values for CP-atoms in comparison with the X-ray structures: 0.84 A for LA 
helix, 0.49 A for LB, 2.9 A for LC (LC helix contains 3 prolines), 0.93 A for LD, and 1.2 
A for LE. The same calculations performed for BR helices produced the rms values of 0.85 
A for BR1, 1.95 A for BR2, 2.34 A for BR3, 0.63 A for BR4, 0.57 A for BR5, 1.34 A for 
BR6, and 1.10 A for BR7. These results strongly suggest that the backbone structures 
calculated for isolated helices would be almost the same in helical bundle(s). In other 
words, we can pack isolated helices consisting of the "hard cores" (backbones) and the 
"soft shells" (side chains). 

Predictions of Intramembrane Regions in TM Helices. We have developed a 
computational procedure to place an isolated TM helical segment into the system of the 
double phase boundary (water/octanol/water) of a given thickness (for details see Tseitin 
V.M., Nikiforovich G.V., these Proceedings). The procedure has been applied to predict 
intramembrane regions of the TM helices of the PRC L-subunit. The best prediction was 
obtained assuming a membrane thickness of ca. 24 A; the intramembrane boundaries of 
helical fragments have been predicted with an average accuracy of 1.8 residues. The same 
values were 3.3 residues for the PRC M-subunit, and 1.5 for BR. 

Pairwise Packing of Helices. We have developed an algorithm that calculates total 
conformational energy for two helices. The energy depends on the dihedral angles of the 
side chains for both helices (again, the backbones are kept frozen), and on the six 
additional "global" parameters describing relative movements of helices as rigid bodies. 
The calculation protocol consists of the initial scanning of the dihedral angles in side 
chains of both helices, minimization of energy with respect to these angles and to the six 
"global" parameters, then to renewed scanning of side chains in the newly found local 
minimum followed by new minimization, and so on. Energy calculations are performed 
systematically, starting in each "cube" in the six-dimensional space of the "global" 
parameters selected to completely cover the six-dimensional space available for each pair 
of helices. Some initial results show that the procedure reproduces the X-ray complex of 
the PRC helices LA/LB with the rms value of 1.6 A when energy minimization was started 
from the experimental dihedral angle values and the experimental "global" parameters. We 
have also performed a limited number of calculations to find possible LA/LB complexes 
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starting from the calculated 3D structures for isolated LA and LB helices, and from various 
sets of "global" parameters. So far, our best results yield the rms value of 3.2 A. 

Assembling Helical Bundle. The above approach deals with a pair of helices. To 
assemble a bundle out of these pairs, we have developed a special algorithm employing the 
results of the previously described "pairwise" interactions. For each complex formed by a 
pair of helices (a,b), these results include the value of energy, Eab, as well as the 
coordinates of the complex. Each sterically allowed ternary complex (a,b,c) can be 
revealed by manipulations with three (0,l)-matrices, namely Q abb c . Qbcca and Qacab> 
containing information on pairs (a,b), (a,c) and (b,c). The elements {dij} of a matrix D = 

QabbcQbcca would be the numbers of the sterically allowed triplets (a,b,c) in which the 
pair (a, b) forms the binary complex of type i and the pair (a,c) of type j . Also, for each 
element {dij}, the element {ejj} of the matrix of energies, E, would be determined, where 
eij =Eab1 + EacJ + Ehc1-)^,,, the Bbc1-^,, being the lowest energy for every dij complex of 
the type (b,c). Then, the matrices D and E could be used for further extending the ternary 
complex (a,b,c) by adding the fourth helix, d, which forms binary complexes with helices 
a and c, etc. Although the algorithm cannot exclude combinatorial problems completely, it 
reduces them to manipulations with (0,l)-matrices that can be performed very rapidly. 

Restoring Interhelical Loops. We have developed a procedure to build loops in 
proteins based on the residue-residue contact matrix approach (for partial details of the 
approach see Galaktionov S., Nikiforovich G.V., Marshall G.R., these Proceedings). For 
this particular problem, we assumed that the contact matrix is composed of two main parts, 
one that is constant (the core part) and the variable or loop parts. After predicting the 
variable part of the matrix, the three-dimensional structures for loops are reconstructed at 
the level of Ca-atoms, and then are restored at all-atomic resolution structure with 
subsequent refinement using the ECEPP force field. The procedure was used for loop 
restoration in five globular proteins of known X-ray structure, namely 4cpv, lbp2, 351c, 
3c2c and 3icb featuring two loops each ranging from 9 to 28 residues; the rms values 
between predicted and experimental spatial positions of Ca-atoms were from 3.1 to 4.9 A. 
Several 3D structures for loops 50-64 and 89-102 in 4cpv and for loops 16-25 and 55-63 in 
3icb have been restored at all-atom resolution yielding conformers with the rms values 
from 1.6 to 2.9 A [5]. 
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Multicyclic side-chain bridged peptides designed 
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Our laboratory has used a series of model peptides, as well as peptide segments from native 
protein structures, to investigate and develop side-chain to side-chain links as 
conformational constraints favoring a-helix formation in short monomeric peptides. Lys', 
Asp i+4 and Asp', Lys i+4 side-chain linkages are known to stabilize a-helical structure [1]. 
In addition, helix stabilizing side-chain linkages for residue pairs separated by two turns of 
a helix have also been developed. One such bridge that we reported recently consists of a 
4-(aminomethyl)-phenylacetic acid residue (AMPA) linking the side chains of a 2,3-
diaminopropionic acid residue (Dap) in position i and an Asp in position i+7 [2]. Our 
model peptide studies have now been extended (a) to investigate the importance of the 
intervening i+1, i+2 and i+3 residues in determining helix stabilization by the Lys1, Asp1+4 

lactam bridges, and (b) to test the helix stabilizing effects of combining the i, i+4 bridges 
and the i, i+7 bridges to create different bicyclic structures. 

Results and Discussion 

We are interested in using peptides as models to investigate the protein folding and lipid 
binding properties of transmembrane proteins. To this end, we have studied the following 
peptide analogues of the second transmembrane helix (TMH2) proposed for the 5-opioid 
receptor [3]: 

TMH2: Acetyl-[S-receptor residues 81-108]-NH2 

A3-TMH2: Acetyl-(cyclo'-5)[Lys-Ala3-Asp-(8-receptor residues 81-108)]-NH2 
R3-TMH2: Acetyl-(cyclo1-5)[Lys-Arg3-Asp-(8-receptor residues 81-108)]-NH2 
S3-TMH2: Acetyl-(cyclo1-5)[Lys-Ser3-Asp-(8-receptor residues 81-108)]-NH2 

Table 1. Mean residue ellipticities of peptides measured at 25 °C in different solvents. 

Peptide 

TMH2 
A3-TMH2 
R3-TMH2 
S3-TMH2 
biAMPA-9 

biAMPA-14 
KD/AMPA-9 
KD/AMPA-14 

Solvent 

20% HFIP in H2O 
20% HFIP in H2O 
20% HFIP in H2O 
20% HFIP in H2O 

100% H2O 
100% H2O 
100% H2O 
100% H2O 

[6]192 
25,000 
59,700 
41,800 
31,400 
2,100 

46,400 
7,700 

42,400 

[6]208 
-10,000 
-24,800 
-19,100 
-15,000 
2,300 

-12,500 
-4,500 

-11,500 

[0]222 
-9,800 

-24,300 
-17,700 
-14,500 
12,100 

-12,100 
-1,200 
-15,100 
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These TMH2 peptides were designed to investigate the helix stabilizing effects of various 
Lys1, Asp'+4 lactam-bridged pentapeptides as N-terminal extensions to transmembrane 
helical segments of the human 8-opioid receptor. By measuring the CD spectra of the 
TMH2 analogs in 20% aqueous hexafluoroisopropanol (HFIP), we have shown (Table 1) 
that the helix stabilizing effects of the residues Xxx in the Lys', Aspi+4-bridged N-terminal 
extensions, cyclo1"5[Lys-Xxx3-Asp]- are ordered Ala > Arg > Ser > no bridged extension. 
Therefore, within this limited series, the helix stabilizing effects of the intervening i+1, i+2 
and i+3 residues in a Lys1, Asp>+4 lactam-bridged peptide follow the order of helix forming 
propensities established previously for individual residues in linear peptides [4]. 

In a separate study, we have also extended our earlier studies of model dicyclic and 
bicyclic 14-residue peptides by combining the best helix stabilizing i, i+4 and i, i+7 side-
chain bridges within the same peptides to create new bicyclic structures. These new model 
peptide structures are shown below (Z - Dap[AMPA]): 

biAMPA-9: H-^yclo1 8 ' 2"9)[Z-Z-K-L-K-E-L-D-D]-OH 
biAMPA-14: H-(cyclo3-10.714)[K-L-Z-E-L-K-Z-K-L-D-E-L-K-D]-OH 
KD/AMPA-9: H-(cyclo1"5.2"9)[K-Z-K-L-D-E-L-K-D]-OH 
KD/AMPA-14: H-(cyclo3-10- 7"14)[K-L-Z-K-L-K-Q-D-L-D-E-L-K-Q]-OH 

The CD spectra of these four peptides were measured at 25 °C in aqueous phosphate 
buffer, pH 7.0 (Table 1). These spectra indicated that both of the bicyclic 14-residue 
peptides, biAMPA-14 and KD/AMPA-14, had high helix contents. Furthermore, these 
helical structures were very resistant to thermal denaturation over the temperature range 
from 0 °C to 80 °C. In contrast, both of the 9-residue bicyclic peptides gave CD spectra 
indicating that no a-helical structure was present at any temperature within this range. 

Conclusion 

These results demonstrate (a) that the intervening residues between side-chain linked Lys' 
and Asp'+4 residues determine, in part, the helix stabilizing effects of these bridges, and (b) 
that helix stabilizing side-chain linkages placed in overlapping positions in the linear 
amino-acid sequence of a peptide can be used to generate highly rigid a-helical structures. 
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Natural selection with self replicating peptides 
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The self-replicating capabilities of DNA have played a penultimate role in the 
widespread emergence of biotechnology strategies. The ability to produce useful 
quantities of DNA from a limited pool of molecules has revolutionized fields as diverse 
as criminology and genetic medicine. DNA is unique in its self-replication, and species 
which rely on DNA for replication of self can adapt to environmental changes through 
natural selection. There are recent examples of designed molecular systems capable of 
self-relication, including nucleotide-based oligomers, [1,2,3] adenine-Kemp's triacid 
conjugates [4], peptides [5] and micelles [6]. The production of a single self-replicating 
molecule from a large molecular pool, a form of in vitro natural selection, has been a 
more elusive target. Recent work of Lee et al demonstrated that peptides from the GCN4 
leucine zipper domain self-replicate in an autocatalytic cycle [5]. We sought peptidic 
self-replicating systems that would be sensitive to environmental conditions and 
reproduce only under extreme conditions. We now disclose a system composed that 
displays the properties of natural selection via autocatalysis and cross-catalysis in an 
environmentally-dependent manner. 

Results and Discussion 

We designed peptides E1E2 and K1K2 (Fig. 1) based on the peptides of Zhou et al (EE, 
KK) [7]. E1E2 was designed to form a coiled-coil under acidic conditions due to 
protonation of Glu side-chains at the e and g positions of the helical heptad repeats, 
whereas K1K2 was designed to form a coiled-coil at neutral pH only upon addition of 
helix-stabilizing salts, such as NaC104. Under physiological conditions, however, the 
negatively-charged side-chains of Glu should destabilize the coiled-coil of E1E2, as 
should the proteonated side-chains of K1K2, leading to a random coil conformation in 
both cases. 

El Ac-ELYALEKELGALEKELA-COSR 
E2 H-CLEKELGALEKELYALEK-NH2 
E1E2 Ac-ELYALEKELGALEKELACLEKELGALEKELYALEK-NH2 

Kl Ac-KLYALKEKLGALKEKLA-COSR 
K2 H-CLKEKLGALKEKLYALKE-NH2 
K1K2 Ac-KLYALKEKLGALKEKLACLKEKLGALKEKLYALKE-NH2 

E1K2 Ac-ELYALEKELGALEKELACLKEKLGALKEKLYALKE-NH2 
K1E2 Ac-KLYALKEKLGALKEKLACLEKELGALEKELYALEK-NH2 

Fig. 1. Sequences of the peptide fragments and potential products. 
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Two fragments each of E1E2 and K1K2 (Fig. 1), the electrophilic thioester-
containing fragments El and Kl, and the nucleophilic fragments E2 and K2, that contain 
free cysteine at their N-termini, were designed based on the thioester-promoted, peptide-
bond formation strategy.[8] We predicted that under acidic conditions the coupling 
between El and E2 to form E1E2 should proceed via an autocatalytic pathway, whereby 
the coupled product, E1E2, would act as a template to organize the two subunits and 
accelerate their condensation. This should lead to enhanced E1E2 production from a 
mixture of the four peptide fragments. At neutral pH the organized structure of E1E2 
and K1K2 should be lessened, and a mixture of the four potential products would result. 
Addition of 2M NaC104, however, should enhance the coiled-coil of K1K2 and its 
templating abilitiy, leading to enhanced production of K1K2 within the peptide mixture. 

Circular dichroism spectroscopy (CD) was used to assess the helical content of the 
designed peptides by measuring their ellipticity at 222 nm. It was found that E1E2 
adopted a helical conformation in a pH-dependent manner; the helical content reached a 
maximum of 90% at pH 4.0, presumably due to formation of a coiled-coil dimer in 
which the Glu residues are protonated. K1K2 adopted a helical conformation in a 
NaC104 concentration-dependent manner, with a maximum helicity of 90% reached at 
2M NaC104, presumably due to shielding of the positively-charged lysine side-chains, 
resulting in a stabilized coiled-coil. 

To demonstrate that autocatalysis could be controlled by environmental 
modifications, the thiol-capture reactionwith was performed with a mixture of El, E2, 
Kl and K2 at pH 4.0 and at 7.5. At pH 4.0 the exclusive (>95%) product formed was 
E1E2 (Fig. 2). A decrease in E1E2 product formation was observed at pH 7.5, 
confirming the lack of autocatalysis upon deprotonation of the Glu residues and 
uncoiling of E1E2 (Fig. 2). The high rate of E1E2 formation at pH 4.0 as compared to 
pH 7.5 is most likely due to the autocatalytic nature of the reaction at pH 4.0 due to 
templating of the peptide fragments by E1E2. Addition of E1E2 to the pH 4.0 reaction 
mixture was shown to increase product formation (data not shown). 

When the thiol-capture reaction was performed at pH 7.5 with 2 M NaC104, K1K2 
was the dominant product formed (Fig. 2) as was predicted by the circular dichroism 
studies, although the other three possible products were formed in significant quantities 
as well. The E1E2 peptide was also used in the mixed peptide reaction to further enhance 
the production of K1K2. K1K2 production was examined with 100 pM E1E2 at pH 7.5 
with 2 M N a 0 0 4 (Fig. 2). Under these reaction conditions K1K2 production was 
significantly enhanced realtive to the other products to greater than 80% of the reaction 
mixture. 

In conclusion we have demonstrated that a peptide system may be designed in 
which both autocatalysis and cross-catalysis have occured. Product distributions may be 
controlled by reaction conditions such as low pH and high salt., such that very high 
selectivity can occur under specific conditions. As such this system could be said to 
possess the attributes of both self-replication and natural selection. 
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Fig. 2. Product formation with reaction conditions. 
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Insulin, an ancestral and highly conserved motif of protein structure, provides a well-
characterized model for the study of protein folding. Native disulfide pairing (A6-A11, A7-
B7 and A20-B19; Fig. 1) is directed by sequences in the A- and B domains [1]. The 
isolated chains may, therefore, be regarded as peptide models of proinsulin-folding 
intermediates [2]. In previous studies of insulin and homologous proteins we and others 
have sought to define sequence determinants of protein foldability [3], the pathway of 
protein folding [4, 5], and the structures of protein-folding intermediates [6, 7]. Given that 
disulfide bridges are thought to reflect rather than direct nascent interactions in the folding 
chain, which contacts are most critical to specify disulfide pairing?. Conversely, in a 
rugged free-energy surface how are non-native pairing schemes (and other off-pathway 
kinetic traps; [8, 9]) avoided?. 

In this paper we describe a synthetic approach to define the structural and functional 
roles of individual amino acids. This approach employs combinatorial peptide chemistry to 
compare the effect of L- and D-amino acid substitutions on insulin "foldability." A novel in 
vitro selection has been designed based on chain combination [10]; mass spectrometry is 
used to distinguish between "allowed" and "disallowed" B-chain sequences [11]. This 
method in principle allows systematic analysis of the mechanism of chain combination and 
is applied below to invariant sequence features of the B-chain: positions B8 and B24. 
Motivation is in each case based on crystal structures of the native state [12]. GlyB8 

exhibits an unusual structural transition involving its backbone dihedral angles in the two 
crystallographic states (T and R; see Nakagawa et al. in the volume). Although PheB24 

adjoins the A20-B19 disulfide bridge in the hydrophobic core, paradoxical enhancement of 
bioactivity is observed on its substitution by D-amino acids. 

Results and Discussion 

Modified insulin B chains were synthesized by SPPS using Fmoc chemistry. Four series of 
B-chain libraries were prepared with 17 (or 18) L- (or D-) amino acids at positions 8 and 
24, respectively, by using a simple process of dividing, coupling and recombining the 
peptide resins to ensure the equimolarity of individual insulin B-chain analogs within the 
peptide pool. That the expected range of amino acids was incorporated in each B-chain 
library was verified by MALDI-TOF mass spectrometry. The individual libraries were each 
combined with the native A-chain (in an S-sulfonate form) [4], and the chain combination 
reaction was monitored by MS. 
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To our surprise, the B8 L-amino acid library yielded only a trace amount of insulins as 
detected by MS. The D-amino acid library by contrast resulted in native foldability (Fig. 2). 

After chain combination the B8 D-library was subjected to gel filtration and RP-HPLC 
purification. All expected D-amino acid substitutions were detected by MS. Among these 
substitutions polar side chains at position 8 (such as D-Lys and D-Arg) gave a better yield 
in chain combination than non-polar or aromatic side chains (such as D-Ala and D-Trp). 
The purified D-amino acid insulin analogs or partially resolved HPLC fractions were 
assayed in vitro for their ability to interact with insulin receptors of human placental 
membranes. All samples exhibit very low affinity (< 0.5% of that of insulin, data not 
shown). Attempts to enhance the yield of L-amino acid analogs by manipulation of chain-
combination conditions failed. In particular, use of prolonged reaction times resulted in a 

Fig. 1. Human insulin primary structure (top) and the ribbon model of insulin crystallographic T-
state structure (bottom, the A chain is striped). 

W M M ^ A. 

Fig. 2. MALDI-TOF spectra of the chain-combination reactions (24 hr, 4 °C) ofL-B8 library (A) 
and D-B8 library (B). 
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considerable increase in the amounts of both insulins and A- and B-chain. polymer 
mixtures This observation was verified by conventional synthesis of L-Ala and D-Ala 
insulin B-chain analogs: the respective efficiencies of chain combination in each case 
mirrored those of the parent D- and L-amino acid libraries. These results have structural 
implications. Since the invariant residue GlyB8 adopts the dihedral angles of a D-amino 
acid in the T-state and of an L-amino acid in the R-state, we speculate that the structural 
features of the T-state are more relevant to folding than are those of the R-state. We 
propose in particular that this B8 § dihedral angle is critical in allowing or hindering 
formation of the A7-B7 disulfide bridge on the surface of the protein. The B24 libraries 
gave a distinct pattern of results. B-chain analogs with an L-amino acid at position B24 
offered a significantly better yield in chain combination than those with a D-amino acid. 
However, the overall yields were in each case significantly lower than that characteristic of 
native insulin-chain combinations [4, 11]. Further, large differences were observed in the 
relative yield of distinct L-amino acids. These observations suggest that an L-amino acid 
(rather than an D-amino acid) is required at position B24 for efficient insulin foldability 
and that the particular properties of the side chain are important. The environment of 
PheB24 is similar in both T and R states: the side chain anchors the B-chain P-turn (B20-
B23) and P-strand (B24-B28) to the hydrophobic core. We propose that the presence of a 
nonpolar or aromatic side chain at position B24 facilitates initial hydrophobic collapse of 
this part of the hydrophobic core, in turn directing the pairing of the A20-B19 disulfide 
bridge. 
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TGF is a small mitogenic protein with three disulfide loops and thus possesses significant 
secondary structure in solution. Binding of this ligand to the EGF receptor (EGFR) 
propagates biological responses including wound healing and embryogenesis [1,2]. Most 
significantly, however, it is understood to play a role in tumor proliferation [3,4]. Analysis 
of NOE and relaxation rate data from NMR experiments of TGF in complex with the 
extracellular domain of the EGFR has been undertaken and utilized to elucidate the 
residues and regions of the ligand that contribute to the receptor combining site [5,6]. 
These data indicate a multidomain binding model for TGF in which the A and C loops 
comprise the receptor binding interface and also suggest the regions of the ligand that are 
non-essential for complexation. In particula, the amino terminus of TGF was identified as 
remaining flexible in the receptor bound form and thus targeted for design of a reductant 
molecule. Using this information, a TGF analog has been synthesized in which the N-
terminal seven residues were deleted. This polypeptide, which has been demonstrated to be 
active in an EGFR phosphorylation assay, has been characterized using NMR chemical 
shift differences and structure determination. It was shown to have a near native fold, 
although differences in the A and B loops are observed. The synthesis of an active 
reductant TGF suggests the feasibility of the design and synthesis of molecules which are 
further reduced in size but not in efficacy and may lead to progress in the development of 
agonists or antagonists. 

Results and Discussion 

For the purpose of determining the contribution of the N-terminus of TGF to receptor 
binding and activity, the truncated protein Ac-TGF 8-50 was synthesized and purified prior 
to oxidation. Subsequent to oxidation, TGF 8-50 was repurified to give homogenous 
material of the correct molecular weight as determined by electrospray M.S. The biological 
activity of this mutant was performed by quantifing the extent of phosphorylation of the 
EGF receptor and comparing this with that of TGF Using this assay, TGF 8-50 was shown 
to have activity approximately equal to that of the intact protein. For the purposes of 
characterization of the 3-D structure and determination of the contribution of the N-
terminal tail to the global fold of TGF, 2-D TOCSY and NOESY spectra were acquired for 
the 43 residue polypeptide and chemical shift assignments were obtained. Comparison of 
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the resonance assignments with the native protein confirmed the presence of the correct 
fold of the three disulfides. It was observed, however, that there were significant 
differences between the H resonances of the deletion mutant and those of the intact 
molecule. A plot of for the protons of the two proteins is shown below (Fig. 1). It can be 
seen that the variation in the chemical shifts is greatest in the A loop i.e. the residues 
between 8 and 21, although changes are observed in the hinge region between the two 
subdomains. The individual residues that showed a of greater than 0.1 ppm were C8, T13, 
Q14, F15, K29 and C32. 

S 

1 
E 

i 

0.25 

-0.25 -

-0.5 -L 

Residue 

Fig. 1. Plot of-proton chemical shift differences between TGF and TG 8-50 at pH 6.0. 

In order to calculate the solution structure of TGF 8-50, 407 NOE distance restraints were 
assigned from the NOESY spectrum of the D2O and H2O samples. These were used to 
calculate an ensemble of structures for the deletion analog using the simulated annealing-
molecular dynamics program X-plor. The average structure is shown in a ribbon 
representation shown below (Fig. 2). The NMR structure reveals the differences between 
the TGF 8-50 and the native protein [7]. The A loop as suggested by the chemical shift 
variations of residues 8-21 loses the partial helix present in TGF. In addition, the C 
terminal subdomain has a different orientation from the wild type, being more 
perpendicular to the N-terminal subdomain. The conformational differences of TGF 8-50 
and the near native activity suggest that it undergoes adaptation to the receptor binding 
pocket to adopt the structure of the native protein. TGF 8-50 was proposed based on the 
observation that the N-terminus of the protein remains flexible upon addition of the EGF 
receptor, as evidenced by the relaxation rate studies and that the N-terminal residues do not 
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lose any NOE's upon complexation. These data suggest that the flexibility of the tail 
residues do not contribute directly to receptor binding and thus are likely to be non­
essential. Since the truncation analog has been demonstrated to be approximately as active 
as the wild type in the receptor phosphorylation assay, it is evident that this is true. Further 
TGF reductants may be possible, the study of which assist in the design of 
agonists/antagonists for this protein. 

Fig. 2. Stereoview of the NMR average structure of TGF 8-50. 
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Helical formation is a major factor in protein folding. While most helices in globular 
proteins are either a-helical in conformation or distorted from that geometry, 310-helices 
offer a major alternate form, yielding significant fractional contributions in a number of 
proteins. Furthermore, these "native" 310 helices are usually quite sort, 1-2 turns, and often 
distorted. The determination of 310 helix formation for proteins in solution has long been a 
problem since many techniques give ambiguous results or are limited in their application. 
Recently, Toniolo et al. [1] proposed using the relative strengths of the n-n* and TT-TT* 

transitions as measured in electronic circular dichroism (ECD), in terms of R = 9222/0207-
to discriminate between peptides whose structures are primarily a-helical (R~l) and 310-
helical ( R « l ) . These R values were chosen based on measurements of the spectra of an 
unusually stable and well-formed 310helical octapeptide Ac-[L-(a-Me)Val]8-OtBu. ECD 
depends strongly on dipole coupling to sense stereochemistry and has an important length 
dependence. Its bandshapes are also susceptible to distortion due to electronic structure 
changes as might occur with a-Me substitution and to overlap with unrelated transitions as 
often occurs with aromatic side chains. Since 310helices in proteins are often short and 
contain various residues, it is of interest to develop new tools for their detection. 
Vibrational CD (VCD) has been shown to be quite short range in sensitivity [2]. It 
develops a unique bandshape pattern for 31Q-helices as compared to a-helices [3], and is 
almost totally dependent on the relative orientation of the amides, which confers 
significant independence from the nature of the sidechain group or other perturbing effects 
such as solvation [4]. A comparison of ECD and VCD for a-methylated oligopeptides of 
various lengths offers a basis for evaluating the reliability of such optical spectroscopic 
measures of 310~helix formation. 
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Results and Discussion 

Conformational variation in the homo-oligopeptide series Z-[L-(a-Me)-Val]n-OtBu (n=3 
to 8) and selected Ac-[L-(a-Me)-Val]n-OtBu oligomers (n=4, 6, and 8) was studied with 
ECD, VCD and Fourier transform IR (FTIR) spectra. This series was chosen as a test case 
due to its development of 310"helical conformational characteristics in very short 
oligopeptides and because of the regularity and closeness to ideal of the 310-helical 
torsional angles in the octamer as judged by its crystal structure [5]. VCD and FTIR data 
for the amide I and II bands of the former series were measured in CDCI3 and in TFE in 
what is the first VCD study of a complete homo-peptide series of Ca-methylated amino 
acids. The ECD spectra for both series were measured in TFE and HFIP over the 260-190 
nm region. Octamer samples at various concentrations were studied with FTIR and ECD to 
probe the effect of peptide-peptide interactions on this structure. 

The VCD spectra for these peptides with either blocking group confirm the 310 nature 
of the helices formed under these high concentration (-0.5 M in peptide), short path length 
conditions. For chain lengths as short as n=4, characteristic 310 helical VCD bandshapes 
were obtained, having a weak positive couplet for the amide I and a strong negative for the 
amide II. The Z blocked oligomers even gave similar results for n=3, while, for the Ac 
blocked peptides in TFE, generally weaker amide II VCD and broader VCD for n=4 than 
for n=6,8 were obtained. In general this pattern is consistent with previous spectroscopic 
and crystallographic characterizations of these oligomers [5]. FTIR data showed a steady 
decrease in amide I frequency and increase in amide II frequency with increasing peptide 
length. The VCD zero-crossings track this shift but maintain its band shape. This is a good 
example of the band shape being the primary diagnostic feature of VCD spectroscopy and 
the frequency, which can be affected by external perturbants, being relatively unimportant. 
The Z-blocked species have an extra urethane absorbance at -1730 cnr1 which gives rise 
to little if any VCD since it is poorly coupled to the helical residues. These consistencies 
are effects of the VCD being dominated by amide-amide coupling and being relatively 
independent of other factors. The VCD observations confirm that the 310 helical 
conformation seen in the crystal structure is maintained in the high concentration solution. 

ECD spectra measured for the Z series of peptides in TFE at -0.1 mM peptide 
concentration gave a somewhat different result from previous reports. The ECD bandshape 
for n=6 is clearly less helical than for n=7 or 8 and that for n=4 is indicative of a coil form. 
However, the longer peptides had R-0.8, somewhat higher than seen earlier [1,5]. Since 
the Z blocking group can interfere with the n-Tt* ECD bands, the source of this discrepancy 
was in doubt. Remeasurement of the ECD for the Ac blocked peptides at -1 mM peptide 
indicated that the n=6,8 bandshapes at high concentrations were similar and more closely 
resembled the proposed 310-helical form with R<0.5 and a weak 195 nm feature. This 
suggested the possibility of a concentration effect on the structure. 

In TFE, as a function of decreasing concentration, the octamer has ECD spectra that 
progressively change from a bandshape similar to that associated with 310-helices [1] to 
one at lower concentrations that is more like that of an a-helix due to a significant increase 
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in the intensity of both the 222 and 195 nm bands. While the two blocking groups give rise 
to somewhat differently shaped spectra, the general effect of concentration is seen with 
both. The relationships between the independent structural characterizations are important. 
The crystal structure is clearly 310 [5]; the VCD is 310-like and was measured under very 
high concentration conditions to better mimic the crystal structure. Since the highest 
concentration ECD results have low R values, the VCD data provide a link to the structural 
data and support the proposal [1] that a low R value is indicative of 310 helical 
conformation. To confirm this link, the concentration dependence for the FTIR of the Z-
octamer in CDCI3 showed no significant change in frequency or bandshape from 0.1 to 10 
mM. In an independent test, we re-measured the ECD in HFIP over several days. 
Although initial spectra were 310-like at high concentrations and a-helical at low, gradually 
all spectra became similar with R- l . 

These results indicate a concentration induced shift in the 310- to a-helical equilibrium 
with 310-helical stabilization by peptide-peptide interactions. The HFIP result implies that 
the solvent can also affect structural equilibrium with HFIP apparently better able to 
solvate the 310 aggregates. It is possible that, since they line up parallel to the helix axis, 
the side chains pack together much better in the 310 helical conformation. This 
conformation would favor that conformer in the crystal structure and at high concentration. 
Concentration induced helix stabilization has also been seen in previous VCD studies of 
(LKKL)n polymers and Ala rich helical peptides in water [6]. 
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A proper understanding of the mechanisms of side-chain to side-chain interactions depends 
heavily upon the ability to design and build conformationally constrained structures whose 
intercomponent geometry is well defined. As appropriate templates, we chose to focus on 
structurally restricted 310-helical peptides, which provide access to the investigation of 
through-space interactions between side chains of two a-aminoacid residues incorporated 
at the i and i+3 relative positions. By exploiting the conformationally restricted Aib residue 
and other helicogenic members of the Ca'a-disubstituted glycine family (Ac6c, Ac7c, etc.) 
(Fig. 1) as the main building blocks [1, 2], it is possible to achieve stable 310-helicity and 
excellent structural rigidity at very short peptide main-chain lengths. 

In this communication we describe the results of our conformational and photophysical 
study of Boc-(S)-Bin-Ala-Aib-TOAC-(Ala)2-OfBu, the first peptide based on: (i) a rigid a-
aminoacid donor, (S)-Bin (Fig. 1), an optically pure, axially dissymmetric (atropoisomeric) 
1,l'-binaphthyl-substituted Aib, which may also be considered a side-chain modified AC7C 
[3, 4]; (ii) a rigid a-aminoacid acceptor, TOAC, an Ac6c analog containing a stable 
nitroxide free radical [5]; (iii) a rigid 310-helical interchromophore bridge. This N- and C-
protected hexapeptide was synthesized by solution methods and fully characterized. 

Results and Discussion 

The terminally-protected hexapeptide Boc-(S)-Bin-Ala-Aib-TOAC-(Ala)2-Od3u was 
synthesized by solution methods and fully characterized. Bin-Ala and TOAC-Ala peptide 
bond formation was achieved using the EDC/HOAt approach, while Ala-Aib and Aib-
TOAC peptide bond formation was obtained via the symmetrical anhydride method. The -
Ala-Aib-TOAC-Ala- sequence was built up using Fmoc Na-protection. 
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Fig. 1. Chemical structures of the five C°~a-disubstituted glycines discussed in this work. 

X-ray diffraction analysis of a crystal grown from acetone-light petroleum (by vapor 
diffusion) revealed the presence of two independent molecules (A and B) in the 
asymmetric unit. The conformational differences between molecules A and B are of minor 
significance. Figure 2 illustrates the 3D-structure of molecule A. The -(S)-Bin1-Ala-Aib-
TOAC4- sequence is folded in a regular, /e/r-handed 310-helix, stabilized by three 
intramolecular 1^-4 C=0 • • -H-N H-bonds. The N-»0 bond of TOAC4 points towards the 
binaphthyl moiety of Bin1 after one complete turn of the ternary helix. The shortest 
intramolecular (nitroxide) O - C (aromatic) distance is 4.8 A. The angle between the 
direction of the N-O bond and the normal to the average plane of the closest naphthyl 
group is 53°. An FT-IR absorption study in the N-H stretching region in CDC13 solution 
showed that two bands occur in the spectrum: (i) a weak band at 3431 cm-1, associated with 
free, solvated NH groups, and (ii) an intense and broad band at lower wavelengths 
(resolved into two components, with maxima at 3341 CUT1 and 3312 cm1, respectively), 
associated with intramolecularly H-bonded NH groups. These spectral features support the 
view that the hexapeptide is highly helical in solution. 
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Fig. 2. X-Ray diffraction structure of one of the two independent molecules (A) in the asymmetric 
unit of Boc-(S)-Bin-Ala-Aib-TOAC-(Ala)2-OtBu. 

The steady-state fluorescence spectrum of the hexapeptide (kex= 305 nm) shows a 
substantial quenching of binaphthyl singlet emission by TOAC. Fluorescence time decay 
measurements (kiX= 305 nm, A,em= 360 nm) strongly suggest a bi-exponential decay. The 
shorter decay time (T,) ranges from 0.5 to 1.4 ns and the longer decay time (T2) from 3.1 to 
4.5 ns, depending on the solvent medium. Both lifetimes may be interpreted as arising from 
a quenching process associated with an intramolecular electronic energy transfer from 
excited binaphthyl to TOAC, occurring within two rather rigid, left-handed 310-helical 
conformers that exhibit a slightly different distance and relative orientation of the two 
photoprobes. 
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The Aspartic Proteinase family of endopeptidases [E.C. 3.4.23.nn] includes members from 
various mammalian systems, yeast, bacteria, viruses and plants [1,2]. Because of this 

diversity, it is important to understand the functional relationships in the family. Consequences 
of this understanding would be the more precise design of organism-specific inhibitors as well 
as a greater understanding of enzymatic specificity in general. 

Fortunately, significant efforts over the past twenty years have yielded the crystal 
structures of many members of the family [3], and the overall three-dimensional structures 
have been found to be remarkably similar, although not identical. Each enzyme contains two 
homologous domains comprised of two orthogonally-packed beta sheets, achieved by the 
retroviral members using two identical monomeric units. Located between the two domains 
is a deep and elongated active site cleft where substrate and inhibitor binding takes place. 
From the crystallography, we know that peptide ligand binding always takes place with an 
extended beta-strand conformation. This places as many as eight different amino acid side 
chains in unique positions, or sub-sites, along the cleft. 

To study interactions within the active site, we have prepared sets of oligopeptide 
substrates of related structures [4]. By varying one residue at a time along the peptide, we can 
evaluate the resulting effects on catalytic cleavage by various members of the aspartic 
proteinase family. Maintaining the two residues at the cleavage point constant, and monitoring 
the efficiency of that cleavage, enables us to make the assumption that the flanking residues 
are occupying the same subsites in each case. 

Results and Discussion 

Two series of chromogenic oligopeptide substrates have been used to obtain the kinetic 
parameters, kcat, Km, and kcat/Km, of representative members of the Aspartic Proteinase family 
of enzymes: pig pepsin, human cathepsin D, human cathepsin E, Rhizopus chinensis pepsin, 
yeast proteinase A, and plasmepsin U of Plasmodium falciparum. 

Critical features of the individual sub-sites of the active site cleft, such as hydrophobicity 
or the presence of a specific complementary side chain, are revealed in these analyses. In 

381 



382 

particular, it has been found that pig pepsin can tolerate a Lys residue in the P2 position, while 
human cathepsin D [huCatD] (and many other aspartic proteinases) cannot. The S2 subsite 
of huCatD is comprised of mostly hydrophobic amino acids, and is dominated by two Met 
residues, 287 and 289 in the pepsin numbering system. Accordingly, hydrophobic amino acids 
in P2 for are required in order to create an effective substrate for huCatD. 

The P2' position is also critical to determining an optimal match of substrate and enzyme, 
and in differentiating one aspartic proteinase from another. While long, positively charged 
amino acids such as Arg and Lys are acceptable in P2' for most enzymes we have studied, the 
negatively charged and short amino acids, Glu and, especially, Asp, in P2' produce peptides 
that are cleaved with very low values of the specificity constant, kcat/Km. 

When the amino acids in positions such as P2 and P2' match the specificity of the enzyme 
under study, such as huCatD, the resulting value of kcat/Km falls in the range of 
1-10x10 M'V.This agreement of the maximum efficiency of these family members is 
consistent with the generally similar catalytic apparatus, primary specificity and overall three-
dimensional structural similarity. 

Conclusion 

Oligopeptide substrates may be used to determine specificity of proteolytic enzymes. This 
analysis generates informaton that can be of use in the design of selective inhibitors for 
therapeutic benefit. This work was supported by NTH grants DK 18865 and AI39211 to BMD. 
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The design of sequence-specific DNA-binding ligands is important to the discovery of 
novel anticancer drugs [1,2]. However, past approaches have mainly focused on small 
molecules that bind into the DNA minor groove or between DNA base-pairs with low 
specificity and have severe side-effects[3]. In contrast, most gene regulatory proteins bind 
into the DNA major groove in a sequence-specific manner and usually recognize 
palindromic DNA sequences through a pair of a-helices or a P-ribbon (a two-stranded anti-
parallel P-sheet) [4]. A P-ribbon has a two-fold symmetry and twisted curvature 
complementary to that of the palindromic DNA. It is small in size and represents an ideal 
leading structure for the design of DNA-binding peptidomimetics. Here, we report our 
design and structural characterization of a series of two-stranded anti-parallel P-sheet 
peptides that structurally mimic the DNA-binding P-ribbon motif of a MetJ repressor 
dimer. 

Results and Discussion 

We took an incremental approach to design a series of three anti-parallel P-sheet peptides 
based on the P-ribbon motif of a MetJ dimer[5] (Fig. 1 A). P7, a seven-residue peptide, was 
designed to mimic the P-strand (residues 22-28) of a MetJ repressor to form a p-ribbon as 
required for specific DNA binding. In order to increase DNA binding affinity by reducing 
entropy loss associated with peptide-DNA binding reactions, two strands of the seven-
residue peptide were linked by a dipeptide, D-Phe-Pro, which is expected to form a unique 
type II' turn promoting the formation of the designed P-hairpin peptide, [316. Finally, a 
cyclic p-ribbon, (318, was designed in which two strands of the seven-residue peptide were 
linked at both ends by two type IT turns to further constrain the conformation of the 
peptide. Even the short seven-residue peptide P7 forms a predominant P-sheet structure at 
concentrations above 125uM. The CD spectrum of the peptide shows a typical pattern of 
p-sheet conformation with a maximum of about 202nm and a minimum at around 221nm 
(Fig. IB). Size-exclusion chromatography analysis of the P7 gives an estimated molecular 
weight of 1929 and indicates a dimeric structure of the peptide, which is further confirmed 
by the presence of a molecular ion peak at 1687 in both FAB and ESI MS. Further 
supporting evidence for the native-like P-ribbon structure of the P7 dimer come from 
structural studies of the pi6. A CD spectrum of the pl6 in aqueous solution again shows 
significant P-sheet structure formation (Figure IB). The (316 hairpin is monomeric in 
solution from micromoles to millimoles, as demonstrated by the concentration-independent 
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CD spectra and the chemical shifts of its amide proton resonance 2D NMR studies of the 
P16 in a mixed solvent of methanol and water (1/1, v/v) reveal three long- range daa(i, 
i+j) NOE cross-peaks (K2/S15, S6/Kn , and T4/T13), which are characteristic of the $-

P7 
• i . . . . i . . . . i . . . . i . . . . 

• 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

Fig LA. an incremental approach for the peptide design. Peptide sequences: [37, Ac-K1KITV5SI-
NHCH3; $16, Ac-K'K1TV5SIFPK10K1TVS15I-NHCH3; pi8, cyclo-^KlVfiSl-

FPK10KITVS15IFP). F, D-phenylalanine. B. CD spectra of p7( ), pl6(-—), and (318( ) in 
WmMNaH2P04 and WOmM NaCl, pH 7.0, at 25°C. 

hairpin structure. A deuterium-hydrogen exchange experiment shows that six amide 
protons of I3, V5 and I7 in one P-strand, and K 1 0 ,1 1 2 , V14 in the second p-strand are well 
protected. A CD spectrum of the cyclic pi8 shows a unique pattern (Fig. IB), indicating 
special structure formation of the peptide. 2D NMR structural analyses of the cyclic pi8 
show a complete network of long-range NOE interactions characteristic of the cyclic P-
ribbon. A deuterium-hydrogen exchange experiment revealed four pairs of slow-
exchanging amide protons, that is, Ki/K10, I3/I12, V5/V14 and I7/I16, which suggest the 
formation of all eight intramolecular hydrogen-bonds in the cyclic peptide. 

By taking an incremental approach, we have designed three anti-parallel p-sheet 
peptides of well-defined P-sheet conformations. Two linear peptides fold autonomously 
into P-sheet structures and provide us unprecedented opportunity to study the mechanism 
of P-sheet formation in peptides as well as in the early step of protein folding. These 
peptides structurally mimic the p-ribbon motif of the MetJ dimer and could serve as 
leading structures for the further design of the DNA major groove-binding 
peptidomimetics. 
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Frog skin is a particularly rich source of host defense peptides, including magainins and 
PGLa [1]. These cationic peptides, which kill bacteria by permeabilizing their plasma 
membrane, do not appear to harm mammalian cells at antimicrobial concentrations. Al­
though magainins and PGLa show broad antimicrobial activity, relatively high concen­
trations are required to kill most target organisms. It is possible to enhance antimicrobial 
activity while maintaining desired selectivity (i.e., inability to lyse red blood cells) through 
simple modifications of the native peptides. MSI-95, which was derived from PGLa by 
substituting G1K, M2L, and A8K, contains three heptamers of sequence KXXXKXX, 
where X represents a nonpolar residue. MSI-103, a trimeric repeat of the second heptamer 
segment of MSI-95, has the same antimicrobial activity as its parent. Here, we compare the 
conformation and activity of MSI-103 with two related peptides. MSI-144 is derived from 
MSI-103 by substituting the three glycines with lysine. MSI-1425 is similar to MSI-103 in 
that it contains six lysines, but the positions of three of the lysines are shifted, resulting in a 
significantly lower hydrophobic moment (p), if the peptides adopt a helical structure. 

1 5 10 15 20 
PGLa G M A S K A G A I A G K I A K V A L K A L - N H 2 

MSI-95 K L A S K A G K I A G K I A K V A L K A L - N H 2 

MSI-103 K I A G K I A K I A G K I A K I A G K I A - N H 2 

MSI-144 K I A K K I A K I A K K I A K I A K K I A - N H 2 

MSI-1425 K L A G L A K K L A G L A K K L A G L A K - N H 2 

Results and Discussion 

Several models have been proposed for transmembrane pores formed by magainin 2 amide 
in lipid bilayers [2,3]. These models require that the peptides adopt an a-helical conform­
ation. We previously demonstrated by FTIR and NMR spectroscopy that magainin 2 amide 
contains a mixture of both alpha-helical and beta-sheet secondary structure when bound to 
lipids [4]. Here, the model peptides described above possess substantially more 
antimicrobial activity, and only slightly higher hemolytic activity, compared to PGLa. 
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Peptide 
PGLa 

MSI-103 
MSI-144 

MSI-1425 

E. coli 
32 
4 
4 
8 

MIC (g/pmL) 
S.aureus 

32 
8 
8 
16 

P. aeruginosa 
128 
32 
16 

128 

% Hemolysis 
(500 g/pmL) 

1 
9 
8 
9 

In order to determine whether conformational differences exist among these peptides, 
we compared the amide I bands in the infrared spectrum. The amide I band is sensitive to 
secondary structure, and can be resolved to reveal the membrane-bound conformation of 
the peptides [4]. 

Peptide 
PGLa 

MSI-103 
MSI-144 
MSI-1425 

Charge 
+5 
+7 

+10 
+7 

H 
0.04 
-0.01 
-0.19 
-0.07 

H 
0.26 
0.40 
0.51 
0.25 

Conformation (%) 
a-Helix 

74 
83 
86 
60 

P-sheet 
26 
17 
14 
40 

The three model peptides are more cationic and less hydrophobic than PGLa. These 
results show that MSI-103 and MSI-144 are more helical than PGLa; however, MSI-1425 
contains a substantially greater amount of beta-sheet structure compared to the other pep­
tides. MSI-1425 shows good activity against E. coli and S. aureus, in spite of its relatively 
low hydrophobic moment and helical content. 

In conclusion, these results demonstrate that antimicrobial activity does not require 
complete helical structure of bound peptides. Our data suggest that even peptides which 
cannot form a helix with a very large hydrophobic moment can be effective antimicrobial 
agents. 
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Cyclization of a polypeptide sequence offers an interesting method for .studying the 
contributions of the N- and C-termini of a protein to folding and structural stability. 
Although backbone (head-to-tail) cyclization is commonly used to constrain the structure 
of small peptides, very little is known about the effect of this modification on the structural 
and function properties of a protein. Indeed, the small number of protein cyclization 
studies performed to date have all relied on the use of limited techniques such as random 
chemical crosslinking [1]. Here we describe the application of an intramolecular native 
chemical ligation strategy to the synthesis of a circular protein domain possessing a 
functional, native-like fold. In addition, we demonstrate that this synthetic strategy can be 
performed both in solution and directly from a solid support. 

Results and Discussion 

Our initial protein cyclization studies have focussed on the 48 residue WW domain from 
the human Yes-kinase Associated Protein (YAP) [2]. This system was chosen because of 
the proximity of the N- and C-termini within the native protein fold [3], a feature which, in 
principle, allows the relationship between folding and chemical reaction rate to be 
explored. Two related synthetic pathways were successfully applied to the synthesis of the 
circular YAP WW domain (Fig. 1). The first of these extends the solution-based 
chemoselective cyclization approach previously applied to the synthesis of small cyclic 
peptides [4,5]. Key to this strategy was the generation of linear polypeptide precursor 1 
which contains both the necessary groups for native chemical ligation [6]. Simply 
dissolving unprotected polypeptide 1 in phosphate buffer at pH 7.5 gave a single ligation 
product in quantitative yield. This ligation product was characterized as being the desired 
cyclomonomeric WW domain 2 using a combination of electrospray mass spectrometry, 
tryptic digestion and Edman sequencing. Moreover, the rate of cyclization was found to be 
related to the folded state of the protein since inclusion of 6 M Gdm-HCl in the ligation 
buffer significantly slowed down the reaction (X\/2 [0 M Gdm-HCl] = -20 sec. vs iy2 [6 M 
Gdm-HCl] = -150 sec). This rate-enhancement on going from unfolding to folding 
conditions can be understood in terms of the juxtaposition of the N- and C-termini within 
the native fold of the protein, i.e, folding assists the cyclization reaction by elevating the 
local concentration of the reactive groups. 

A simplified synthetic route to circular WW domain 2 was developed which involves 
solely solid-phase transformations (Fig. 1). Key to this approach was the generation of a 
fully unprotected polypeptide tethered to a macroporous PEGA support through an alkyl 
"thioester linkage. Swelling these beads in the appropriate ligation buffer is enough to 
initiate the intramolecular ligation reaction leading to displacement of the newly cyclized 
polypeptide from the support. Note, commercially available aminomethyl PEGA resin can 
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be readily converted into the 3-mercaptopropionamide-PEGA (HS-PEGA) resin simply 
using solid-phase chemistries. Subsequent chain assembly using Boc-SPPS gives the 
immobilized polypeptide that can then be globally deprotected, without cleavage from the 
support, by treatment with HF. Importantly, this solid-phase ligation approach does not 
require the isolation and purification of any intermediates and is thus significantly more 
convenient than the previous solution-based synthetic route. 

[C]FEIPDDVPLPAGWEMAKTSSGQRYFLNHIOQTTTWQDPRKAMLSQ[G] 

1 
H2N-Cys-

1.SPPS 
2. HF 
3. thioesterify 
4. purify 

1a 

aqueous buffer 
pH7.5 

C02H 

-Gly-S-\{ }—N02 

1. SPPS on HS-PEGA resin 
2. HF 

Gly- cos—\ 

aqueous buffer 
pH7.5 

O 

Fig.l. Synthesis of a circular WW domain in solution and on solid-phase. 

The effect of backbone cyclization on the structure and function of the YAP WW 
domain was investigated by multidimensional NMR spectroscopy and ligand-binding 
measurements, respectively. Two-dimensional XH NMR studies revealed that, as expected, 
cyclization of the protein domain had no effect on the global fold of the protein. Chemical 
shift deviations for the mainchain protons were uniformly less than 0.05 ppm between the 
linear and circular versions of the protein. Consistent with the structural data, the circular 
WW domain was found to bind its cognate proline-rich ligand at least as tightly as the 
linear protein (Kfjflinear] = 50 ± 4 mM, ICjfcyclic] = 35 ± 4 mM). 
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Gramicidin destroys gram-positive bacteria by forming channels in membranes that are 
specific for monovalent cations . The antibiotic consists of alternating D- and L-amino 
acids in the sequence, HCO-L-Val1-Gly2-L-Ala3-D-Leu4-L-Ala5-D-Val6-L-Val7-D-Val8-
L-Trp9-D-Leu10-L-Trp11-D-Leu12-L-Trp13-D-Leu14-L-Trp15-NHCH2CH2OH. Naturally 
occurring gramicidin D is a mixture of six isoforms differing in amino acid composition at 
position 1, ValjOVgynejQg), and position 11, TrpntgAyPhenCgByTyrnCgC). 
Electrophysiological measurements indicate that several types of channels having different 
conductance levels, channel accumulation and duration of channel opening are observed 
for homo- and heterodimers of natural and synthetic gramicidins and their mixtures. The 
Trp residues at the four sites (9, 11, 13, and 15) differ significantly with respect to their 
effect upon lipid association, ion coordination, and transport. Studies of naturally occurring 
and synthetic isomers indicate that amino acid variation at position 11, in particular, has 
significant effects on channel opening, duration, and transport properties. 

Results and Discussion 

An antiparallel p-helix conformation has been found in crystals of uncomplexed 
gramicidin, obtained from methanol [1], ethanol [2], and n-propanol. Highly specific 
solvent effects result in cocrystallization of gA homodimers and gA/gC heterodimers from 
methanol and ethanol solutions and gA homodimers and VgA/IgA mixtures from n-
propanol solution. 

The %, § values for the fifteen residues in the three dimers (a total of 90 residues) are 
plotted in Fig. la and compared with the distribution observed in the Protein Data Bank 
[3]. When the %\ and xi values for the Trp residues are examined, (Fig. lb) the 
conformational trends of the amino acid side chains at position 11 emerge. In the plot, 
24/29 residues have %\ values of -180°. The Trp 9, 13, and 15 residues in the ethanol and 
n-propanol structures have conformations with %\ = -165±13° and %i = -90±18°. Variation 
of the xi and %2 values in this subset is highly correlated. None of the Trpl 1 residues fall in 
this region of conformational space. The nine Trp n conformations are in less favored 
regions and four of them are among the five having xj values closer to ±90° than 180°. In 
one of these unusual conformations \x\,xi = - 6 0 ° . - 6 0 ° ] t h e i n d o l e r i nS l i e s s o c l o s e t 0 t h e 

gramicidin backbone that several contacts of less than van der Waals distance are made 
between the ring and the carbonyl group of Leu 10. There is 13C NMR evidence that this 

389 



390 

which a Tyr replaces a Trp may have a sufficient increase in stability such that the 
formation of heterodimer P-ribbons is favored. 

If Trpi i takes up a conformation [x\, X2 = -60°, -60°] that shields the carbonyl oxygen 
of Leu io and contributes to its enhanced electronegativity it could account for evidence 
that there is an ion binding site inside the channel near that position [4,5]. 

The Tyr on gC may be critically important to stabilization of the antiparallel P-ribbon 
and its conversion to the a-helix to create a template for formation of homodimers of gA 
via specific end-to-end hydrogen bonds. The hydrophilicity of the Tyr residue in the 
heterodimer may prevents its facile entry into the membrane, whereas the homodimer of 
gA assembled on the template may more readily insert into membranes where it may 
undergo conformational change to an open pore reportedly found in crystals of the Cs+ 
complex [7], the head-to-head single helical dimer postulated to be the more active channel 
form [8], or a tetramer that has also been suggested to be a channel forming species [9]. 

In addition to stabilizing the antiparallel p-ribbon the Tyr residue plays a critical role 
in determining the aggregation of dimers in the two crystal forms. In crystals obtained from 
ethanol a hydrogen bonded network consisting of Tyr^, two ethanols, and a water 
molecule link adjacent chains of dimers into infinite ladders that are arranged in a 
herringbone fashion [2]. In the methanol form the more polar solvent produced a crystal 
form having well defined solvent layers alternating with layers of gramicidin chains [1]. 
The Tyr residues are embedded in the solvent layer orienting the amphiphilic gramicidin 
chains with their more polar faces to the solvent layer. 

The fact that a minor component in a heterogeneous mixture appears to have a 
profound effect on peptide folding and aggregation has potential applications to other 
systems in which anomalous behavior is exhibited by aggregation of apparently 
homogenous materials, such as the enigmatic behavior of the prion, responsible for bovine 
spongiform encephalitis and ovine scrapie, as well as the human equivalents kuru, 
Creutzfeldt-Jakob Disease, and Gerstmann-Straussler Syndrome. These diseases have 
been linked to a template-driven protein conformational change requiring the presence of 
small amounts of PrPSc, a conformational mutant of a naturally occurring protein PrPc, 
that form heterodimers as a part of the disease process. 
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Parathyroid hormone (PTH) and parathyroid hormone related protein (PTHrP) bind to and 
activate a common receptor, the PTH/PTHrP receptor [1-4], that belongs to a subclass of a 
family of G-protein coupled receptors. The N-terminal portions of both hormones 
(fragments 1-34) constitute functionally active domains, retaining high binding affinity and 
PTH-like bone-related activities [5-7]. In most in vitro PTH/PTHrP receptor-related assays, 
the pharmacological profiles of PTH and PTHrP are nearly identical [1]. Comparable 
binding to the same receptor despite limited sequence homology (only 11 amino acids, of 
which 8 are located in the sequence 1-13) strongly suggests that both hormones present 
similar bioactive conformations (associated with recognition, binding, and activation) to 
the PTH/PTHrP receptor. 

From truncation studies of PTH and PTHrP, the principal binding domain has been 
assigned to residues 25-34 [2]. When sequence 20-31 of hPTHrP(l-34) is folded into an oc-
helix, it shows a well-defined hydrophobic face that is very similar to that produced when 
PTH is folded into an a-helix; the only common feature of the opposite face of the helix is 
the predominance of polar residues. 

The peptide RS-66271 incorporates the sequence of hPTHrP-(l-34)NH2 in which the 
amino acids 22-31 have been substituted by the sequence E22-L-L-E-K-L-L-E-K-L, 
designed to model a perfect amphiphilic a-helix (MAP, model amphipathic a-helix 
peptide, Krstenansky et al. [3]. If this region in the receptor-bound conformation of active 
PTHrP is a-helical, then incorporation of MAP should enhance the binding affinity to the 
PTH/PTHrP receptor. Of course, this conclusion presupposes that MAP will be helical 
within the PTHrP sequence. In vitro, RS-66271 displays a 10-fold lower affinity for the rat 
osteosarcoma-like cell line expressing PTH/PTHrP receptor than the parent analog 
hPTHrP-(l-34)NH2. In the same cell line RS-66271 is 6-fold less potent than the parent 
compound in stimulating adenylyl cyclase. This low in vitro activity is not in accord with 
the high in vivo anabolic activity in bone reported for RS-66271 [3], which suggests its 
potential use as a therapeutic agent in the treatment of osteoporosis. Here we describe the 
conformational study of RS-66271 in aqueous solution by CD and NMR spectroscopy. 
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Results and Discussion 

The pattern of NOEs observed for residues 1-15 is consistent with the "random coil" 
conformation (only structurally trivial, sequential and intraresidue NOEs were observed). 
In contrast, the NMR study provides strong evidence for an a-helix beginning with residue 
16 or 17 and extending to residue 30. Because of the degeneracy of the H„, Hp and, to a 
lesser extent, amide protons (HN) in this region, many of the characteristic NOEs for an a-
helix (i.e., Ha(i)-HN(i+3), Ha(i)-HN(i+4), Ha(i)-Hp(i+3)) severely overlap with 
intraresidue and sequential NOEs. Nevertheless, the helix is well-characterized by the 
combination of NOEs, temperature coefficients, and chemical shifts (shown in Fig. 1). 
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Fig. 1. Ha secondary shifts of RS-66271 in water solution. 

The NMR study of the peptide in aqueous solution in the presence of 
dodecylphosphocholine micelles provided a sufficient number of distance constraints 
despite serious overlapping. The results of distance geometry and calculation of molecular 
dynamics indicate the presence of a-helix around residue 9 and residues 23-30. From CD 
studies the global a-helix content is slightly higher than in water. 
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The formation and cytotoxicity of pancreatic islet amyloid is strongly associated with 0-
cell damage and the progression and pathology of type II diabetes [1]. Islet amyloid is 
formed by the aggregation of islet amyloid polypeptide (IAPP or amylin), which is a 
peptide of 37 amino acid residues [1]. Soluble IAPP functions as an insulin counter-
regulatory hormone. However, fibrillar aggregates have been found to be toxic to 
pancreatic P-cells [1]. We showed recently that hIAPP (human IAPP) aggregation proceeds 
via the formation of a dimeric, antiparallel P-sheet-containing conformational intermediate 
[2]. hIAPP aggregation is related to the region spanning residues 20 to 29 [3]. hIAPP(20-
29) forms fibrils with the peptide chains arranged in an antiparallel p-sheet conformation 
and to date is known as the shortest amyloidogenic sequence of hIAPP [3]. 

Identification of a shorter, required minimal sequence of hIAPP that is sufficient for P-
sheet formation, fibril formation and cytotoxicity might assist in designing inhibitors of 
pancreatic amyloidosis. To localize this sequence, we synthesized the following hIAPP 
fragments, based on their predicted p-sheet forming propensities: GAIL or hIAPP(24-27), 
FGAJJL or hIAPP(23-27), and NFGAIL or hIAPP(22-27). Amyloid-related and cytotoxic 
properties of these peptides were then studied and compared to longer sequences, such as 
hIAPP(20-27), hIAPP(22-29) and hIAPP(20-29). 

Results and Discussion 

According to secondary structure predictions, FGAIL is the shortest sequence of hIAPP 
that is still sufficient for P-sheet formation. In fact, electron microscopy revealed that 
supersaturated solutions of FGAIL formed long unbranched fibrils and fibril bundles (Fig. 
1). Fibrils stained with Congo red and exhibited gold/green birefringence under polarized 
light, a feature that is characteristic for amyloid structures. Moreover, the main absorption 
band of FGAIL fibrils detected by FT-IR spectroscopy was at 1633 cm"1, suggesting that 
FGAIL was predominantly in a P-sheet conformation. These findings are in good 
aggreement with a structural model of hIAPP(20-29) fibrils that indicates that FGAIL 
participates in formation of an intermolecular, antiparallel p-sheet [3]. By contrast, no fibril 
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formation could be detected for the tetrapeptide fragment GAIL. Consistent with this 
finding, mainly random coil structure was detected by FT-IR in aged GAIL solutions. Thus, 
GAEL alone is not sufficient for P-sheet and fibril formation. By contrast, supersaturated 
solutions of the hexapeptide NFGAIL formed fibrils that were birefringent by Congo red 
staining under polarized light. However, FT-IR spectroscopy of the fibrils showed them to 
contain significant amounts of random coil and turns in addition to the P-sheet structure. 

Fig. 1. Electron micrograph of FGAIL fibrils (magnification: 19095x; 0.8 cm represents 
400 nm). 

Aggregation kinetics of the fragments revealed that aggregation and fibril formation in 
vitro proceeds by a nucleation-dependent polymerization mechanism. hIAPP(20-29) 
exhibited the lowest kinetic and thermodynamic solubility followed by hIAPP(22-29), 
hIAPP(20-27), NFGAIL, and FGAIL. Of note, NFGAIL and FGAIL show considerably 
higher kinetic solubility than hIAPP. 

Finally, cytotoxicity of the hIAPP fragments towards the pancreatic cell line RIN5fm 
was studied. Only the fibrillar aggregates of FGAIL and NFGAIL were cytotoxic (EC50 1.8 
pM), whereas their soluble forms did not affect cell viability. Interestingly, the penta- and 
hexapeptide fibrils exhibited the same cytotoxicity as hIAPP(20-29), further adding to the 
significance of the FGAIL motif for amyloidogenicity and cytotoxicity. 

Conclusion 

Our data strongly indicate that the pentapeptide sequence FGAIL is the minimal sequence 
of hIAPP that is still sufficient for P-sheet formation, aggregation, amyloid formation, and 
cytotoxicity. Therefore, FGAIL may provide a template for the design of inhibitors of 
hIAPP aggregation and pancreatic amyloid formation. FGAIL and FGAIL-derived 
compounds may therefore be potential therapeutics for the treatment of type II diabetes. 
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Hepatitis C Virus (HCV) infection is a major health problem for which no therapy or vaccine 
is yet available. Currently, the most promising target for an antiviral drug is the virally-
encoded serine protease NS3. This protease is necessary for maturation of the nonstructural 
portion of the HCV polyprotein, performing cleavages at the NS3/NS4A, NS4A/NS4B, 
NS4B/NS5A and NS5A/NS5B junctions [1,2]. In vivo as well as in vitro NS3 must be 
activated by complex formation with another viral protein, NS4A. As a necessary step for the 
development of protease inhibitors, we have studied in detail the biochemistry of the enzyme 
using a recombinant protease domain and a synthetic peptide corresponding to the central 14-
amino acid sequence of the protein (Pep4A, GSWIVGRIILSGR) which efficiently mimics 
the properties of full-length NS4 [1]. 

Results and Discussion 

Examination of NS3 substrate specificity of the NS4A/NS4B cleavage site (DEMEECASHL, 
cleavage between Cys and Ala) [2] indicated to us that the P-region of the substrate is the 
main determinant of ground-state binding whereas the P' region is crucial for catalytic 
efficiency. Further insight was gained by inverse alanine scanning of a "minimalist" 
substrate, a polyalanine containing only the consensus P6, PI, P3 and PI ' residues (Peptide 2 
in Table 1). This peptide is cleaved 70-85-fold less efficiently than the parent substrate 
(Peptide 1). Reintroduction of residues P5 (Peptide 3) or P4' (Peptide 4) has little effect on 
activity; simultaneous reintroduction of P5 and P4', however, restores activity to about 30% 
of the original value (Peptide 5). 

Table I. Inverse alanine scanninng ofNS4A/4B substrate Ac-DEMEECASHLPYK-NH2 

Peptide kcat/Km kcat/Km 

1. Ac-DEMEECASHLPYK-NH2 

2. Ac-DAAEACAAAAPYK-NH2 

3. Ac-DEAEACAAAAPYK-NH2 

4. Ac-DAAEACAAALPYK-NH2 

5. Ac-DEAEACAAALPYK-NH, 

These findings confirm the view that substrate cleavage is modulated by several small 
contributions from both the P and the P' regions. The effect of the NS4A cofactor on 
substrate cleavage is to increase the kcat while leaving Km essentially unaffected. This is 
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particularly evident in the NS5A/5B cleavage site: for the peptide substrate Ac-
EDVVCCSMSY-NH,, Km in the presence of Pep4A goes from 206pM to 168pM while kcat 
goes from 0.5 to 2.6 min"1. It is noteworthy that a decapeptide chimera encompassing the P-
region of the NS4A/4B cleavage site and the P' region of the NS5A/5B cleavage site (Ac 
DEMEECSMSY-NH2) shows a turnover 10-fold higher than NS4A/4B (A. Urbani et al., 
unpublished results). 

We then studied NS3/NS4A interaction by CD. While addition of Pep4A to the enzyme 
had no apparent effect on secondary structure, we observed a large change in the near-UV 
region (see Fig. 1); this effect was confirmed by monitoring tryptophan fluorescence. The 
complex forms with a 1:1 stoichiometry and an apparent Kd of 6.8 uM. Kinetic analysis 
shows a very slow on-rate (kon=390 M's ) with a complex half-life of 3.5 min. 
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Fig 1. Pep4A-induced conformational change of NS3 as detected by near-UV CD in 50% glycerol, 
2% CHAPS, 3mM DTT, phosphate buffer 50mM, pH 7.5, using 60 pM NS3 and increasing amounts 
of Pep4A (60-120 pM). 

Our results are surprising in view of the recently published structure of the NS3/Pep4A 
complex, showing an extensive network of contacts with a total 2400A2 of buried surface 
area [3]. The low Kd observed in solution is also at variance with the stability of the complex 
between full-length NS3 and full-length NS4, as judged by in vitro translation experiments, 
where no evidence for dissociation was found for up to 6h (De Francesco et al., 
unpublished). Our working hypothesis is now that other regions of the full-length NS3 or 
NS4 must contribute to complex stability. We have therefore synthesised full-length NS4A 
and spectroscopic experiments are in progress. 
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Tetanus toxin (TeNT) is produced by the anaerobic bacillus Clostridium tetani and causes 
the paralytic tetanus syndromes by blocking neurotransmitter release at central synapses. 
The light chain of tetanus neurotoxin (TeNT-L chain) has been shown to be endowed with 
a highly selective zinc endopeptidase activity which is directed towards the single Gln76-
Phe77 bond of synaptobrevin[l], a Vesicle-Associated Membrane Protein (VAMP) 
critically involved in neuro-exocytosis [2]. 

In previous reports, truncations at the NH2- and COOH-termini of synaptobrevin have 
shown that residues located in the sequences 27-49 and 82-93 of synaptobrevin were 
required for hydrolysis by TeNT, suggesting a role in the mechanism of substrate 
hydrolysis for residues distal from the cleavage site [3]. Three reasons could account for 
these results: i) the NH2- and COOH-terminal domains may induce a cleavable 
conformation of synaptobrevin at the Gln76-Phe77 bond; ii) the binding of the NH2- and 
COOH-terminal domains of synaptobrevin could ensure Michaelis complex formation; iii) 
the binding of the NH2- and COOH-terminal domains of synaptobrevin to TeNT could 
promote a proteolytic conformation of the toxin. In order to clarify these issues, various 
peptides corresponding to the synaptobrevin (S) acidic domain S1 (for S 27-55) and basic 
domain S2 (for S 82-93) (Fig.l) have been synthesized and their influence on purified 
TeNT L chain cleavage of synaptobrevin fragments lacking these sequences was studied. 

Results and Discussion 

We show here that the cleavage of synaptobrevin fragment S 50-93 (respectively S 32-81), 
which is too short to be efficiently cleaved by TeNT, can be recovered by addition of 1 
mM SI (respectively lmM S2) while the same concentrations of SI or S2 do not affect the 
cleavage rate of S 32-93 . We also show that the coaddition of lmM SI and 1 mM S2 is 
required to recover the cleavage of S 56-81 by TeNT L chain . 

Real time surface plasmon resonance experiments demonstrated that the presence of 
S2 is required for the binding of TeNT L chain to peptides S1 (data not shown). 

Altogether these results show clearly that synaptobrevin cleavage is dependent on the 
double interaction of well-defined NH2- and COOH-terminal synaptobrevin domains S1 
and S2, with complementary exosites present on TeNT. Furthermore the influence of SI 
and S2 on the kinetic constants of the enzymatic reaction favours the idea that this 
mechanism could fit with the allosteric model of enzyme functioning [4]. This allosteric-
type binding promotes the enzymatic activity of TeNT via a probable conformational 
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change which has not yet been investigated. This cooperative mechanism of enzymatic 
activity, not previously described for zinc peptidases, can be extended to other clostridial 
neurotoxins and could likely account for their high substrate specificity. 

Hydrolysis of Synaptobrevin fragments by TeNT Cleavage rate 
(pmoles.iriln-'1.(j.g-1) 

32 TeNTwCleavage 93 
LQQTQAQVDEWDIMRVNVDKVLEHDQKLSELDDRADALQAGASOFirrSAAKLKRKYWWKNL 102 ± 5 

A 27 S1 55 

NLTSNRRLQQTQAQVOEVVOIMRVNVDKVLE + S 32-93 105 ± 5 
82 S2 93 

S 32-93 + AKLKRKVWWKNL 1 0 3 1 5 

5Q_ 93 . c „ c 

VDKVLERDQKLSELDDRADALQAGASQFETSAAKLKRKYWWKNL 1.5 ± 0.5 
27 S1 55 

g NLTSNRRLQQTQAQVDEVVDIMRVNVDKVLE + S 50-93 52 * 2 

82 S2 93 
S 50-93 + AKLKRKYWWKNL 1.5 ± 0 . 5 

??)QTQAQVDEVVDIMRVNVDKVLERDQKLSELDDRADALQAGASOFETSA <0.1 
„ 82 S2 93 
C S 32-81 + AKLKRKYWWKNL 1 5 * 0 . 5 

27 S1 55 
NLTSNRRLQQTQAQVDEVVDIMRVNVDKVLE + S 32-81 < 0.1 

56 81 ^y-
RDQKLSELDDRADALQAGASQFETSA < 0.1 

D NLTSNRRLQQTQAQVDEVVDIMRVNVDKVLE + S 56-81 < 0.1 

82 S2 93 
S 56-81 + AKLKRKYWWKNL < 0.1 

27 S1 55 82 S2 93 
NLTSNRRLQQTQAOVDEVVDIMRVNVDKVLE + S 56-81 + AKLKRKYWWKNL 1 2 * 0 . 5 

Fig. 1. l0r4M of peptide substrate (lOr^M in the case ofS 56-81) were incubated in presence or in 
absence of 1 mM S] or/and lmM S2 in a total volume of 100 pi of 20 mM Hepes pH 7.4 with 1 pg 
of TeNT L chain at 37 °C. The reaction was stopped by addition of 50 pi of HCl 0.2 N. The 
released metabolites S 77-93 or S 77-81 were quantified by RP-HPLC in isocratic conditions. 

References 

1. Schiavo, G , Benfenati, F., Poulain, B., Rossetto, O., Polverino de laureto, P., Dasgupta, B., 
and Monteccuco, C , Nature, 359(1992)832. 

2. Cornille, F., Deloye, F, Fournie-Zaluski, M.C, Roques, B.P., and Poulain, B., J. Biol. Chem., 
270(1995)16826. 

3. Yamasaki, S., Baumeister, A., Binz, T., Blasi, J., Link, E., Cornille, F., Roques, B.P., Fykse, 
E.M., Siidhof, T.C., Jahn, R., and Niemann, H , J. Biol. Chem,. 269(1994)12764. 

4. Monod, J., Wyman, J., and Changeux, J.P, J. Mol. Biol., 12(1965)88. 



Structure activity studies of macrophage migration inhibitory 
factor show a functional role for cysteine residues 

Jiirgen Bernhagen,3 Robert Kleemann,3 Aphrodite Kapurniotu,b 

Richard Bucala0 and Herwig Brunner3 

"Universitat Stuttgart, Fraunhofer Institut, Nobelstr. 12, D-70569 Stuttgart, Germany; 
Physiologisch-chemisches Institut, Hoppe-Seylerstr. 4, D-72076 Tubingen, Germany; cThe 

Picower Institute for Medical Research, 350 Community Drive, Manhasset, NY 11030, USA 

The classical T cell-derived factor, macrophage migration inhibitory factor (MIF), has 
re-emerged recently as a critical mediator of the host immune and stress response [1,2]. 
MIF was found to be a multifunctional cytokine that participates in the regulation of 
several diseases including septic shock, and delayed-type hypersensitivity reactions [2]. 
The immunological functions of MIF include the modulation of the host macrophage, T 
cell, and B cell responses [2]. MIF is characterized by a number of unusual features that 
are not commonly seen in cytokines. For example, regulated secretion of MIF by the 
pituitary suggests that MIF can serve as a hormone. Other features include the counter-
regulation of glucocorticoid action by MIF and the reported enzymatic functions [2]. 
The latter findings have opened a new dimension into our understanding of how this 
peptide mediator may function. 

MIF is a 115 residue polypeptide that forms a homotrimer with 6 a-helices 
surrounding 3 6-sheets. These 3 B-sheets wrap around to form a solvent-accessible 
channel [3]. Although architectural similarities to a known enzyme have been found, the 
x-ray structure of MIF has not given conclusive evidence about the molecular mode of 
action of MIF. One structural feature of MIF is a conserved C-X-X-C motif that has 
been suggested to form an intramolecular disulfide bridge. However, no disulfides were 
found by x-ray analysis of recombinant protein. To confirm the existence and functional 
relevance of the proposed disulfide motif, we performed detailed structure activity 
studies of human MIF using thiol-alkylated and site-directed mutagenized protein. 

Results and Discussion 

Isosteric mutants C57S and C57S/C60S were generated by PCR-based site-directed 
mutagenesis and expressed in E. coli. Mutant C57S was purified to homogeneity by ion 
exchange and C8-RP chromatography in high yield and was found to behave like 
wildtype MIF (wtMIF). However, C57S/C60S exhibited entirely different properties. In 
contrast to C57S and wtMIF, C57S/C60S was found to be contained within inclusion 
bodies. Gel chromatography and C8-RP chromatography were used for purification. In 
addition, wtMIF was reduced and/or alkylated to block cysteine residues, and all 
proteins then were employed in structure activity analyses. CD spectroscopy confirmed 
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Table 1. Conformational stabilities of MIF and cysteine-modified MIF. Stabilities were 
determined by GdnHCl-induced unfolding as described previously [4], 

MIF type 

Human MIF 
Reduced human MIF 

Mutant C57S 

Midpoint of unfolding 
[M, GdnHCl] 

1.8 
1.25 
1.3 

Free energy at zero 
cone, denaturant 

(AG°N-E) 

2.73 
2.44 
1.92 

that wtMIF and the mutants showed an overall structural similarity. This was verified 
further by analysis of the spectra using various deconvolution methods. However, GdnHCl-
induced unfolding of wtMIF in comparison to mutant C57S and reduced MIF revealed a 
stabilizing effect of the putative disulfide bridge (Table 1). Similar observations were made 
when C60S was compared to wtMIF under solubility-enhancing conditions, i.e. in 0.8% 
hexafluoroisopropanol. These data indicated that MIF may be stabilized by an 
intramolecular disulfide between Cys-residues 57 and 60. Next, functional studies were 
performed and the observed effects for wtMIF compared with those of alkylated wtMIF and 
the cysteine mutants. Enzymatic redox activity was studied in a hydroxyethyldisulfide 
transhydrogenase assay. In this test, wtMIF exhibits a specific activity of 180 mU. We were 
surprised to find that MIF that had been alkylated under oxidizing conditions was twice as 
active as wtMIF. By contrast, when the alkylation was performed under reducing 
conditions, the resulting protein was completely inactive, suggesting that a disulfide bridge 
comprises the active center which participates in the transhydrogenase reaction. Further 
adding to this notion was the finding that C57S exhibited a markedly reduced biological 
activity in this test system. 

In conclusion, our data strongly support the concept that the enzymatic redox activity of 
MIF is cysteine-dependent. Moreover, we conclude that a redox active disulfide bridge 
may form between Cys-residues 57 and 60 and that this structural feature is responsible for 
the above effect. These findings give important insights into the molecular mode of action 
of MIF. 
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The N-terminal portion of human parathyroid hormone (fragment 1-34) constitutes the 
functionally active domain, retaining high binding affinity and most of the biological 
functions of the full-length molecule. The large number of studies on the solution 
conformation of hPTH(l-34) agree on a mainly disordered structure in water compared to a 
high percent of a-helix with trifluoroethanol. The present study details the conformation of 
hPTH(l-34)-NH2, investigated by CD and NMR spectroscopy in different environments 
and under varying experimental conditions. The structures obtained in benign aqueous 
solution, in near physiological conditions (H20/buffer/salts), and in the presence of 
membrane mimetics have been refined by distance geometry (DG) and extensive molecular 
dynamics (MD) calculations (with explicit solvent simulation). The high resolution 
structures allow for comparison of the effect of the environment in enhancing the presence 
of secondary structure (i.e., a-helical domains) and in favoring tertiary interactions, as 
observed for hPTH(l-37) [1]. In particular, interaction with micelles may approximate the 
situation of the peptide approaching the membrane-bound G-protein-coupled receptor [2]. 

Results and Discussion 

The NMR and CD studies where performed on aqueous solutions of hPTH(l-34) in three 
different conditions: a) pH = 4 in benign water solution, b) 50 mM phosphate buffer/270 
mM NaCl at pH = 6, c) 200 mM dodecylphosphocholine (d38). The CD spectra indicate an 
increasing content of a-helical structure going from the first to the last listed condition 

The NMR studies confirmed the presence of a-helix in different proportions. Fig. 1 
shows the fingerprint region of NOESY spectra for two of the studies. The shift of the 
resonances of Ha protons toward typical values for residues in a-helix and the abundance of 
cross-peaks indicative of secondary structures are easily observed. The structure calculations 
with a home written distance geometry program revealed a high degree of disorder for the 
peptide in condition a). Irregular helical loops are present between residues 23-29 and 
around residue 8. The helix loops proved to be stable in the presence of a full forcefield 
during 200 ps of restrained molecular dynamics in the presence of the solvent. 
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F/g. 1. Fingerprint region of NOESY spectra ofhPTH(l-34) in the conditions b (left) and c (right). 

The same calculation procedure (DG/MD) applied to the peptide in condition b) 
produced a more ordered structure especially in the region of the C-terminal helix. The 
utilization of the ensemble calculations approach [3] identified the C-terminal region as in 
equilibrium between an extended and an a-helical conformation. Medium range NOEs 
observed between Leu15 and Tip23 are compatible both with a U-shaped tertiary fold and 
with a more extended structure. 

The study in the presence of DPC micelles produced the most converging ensemble of 
structures with a-helices in 5-9 and 21-33. 

Conclusion 

The tendency of the peptide to fold into a-helix in two segments is therefore clear from the 
three studies. The DPC micelles seem to favor greatly this secondary structure, indicating 
that the interaction of the peptide at the membrane interface where the receptor is embedded 
may play a major role in inducing the bioactive conformation. 
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Three-dimensional models of 8 opioid pharmacophore: 
Molecular modeling and QSAR study of peptide and 

non-peptide ligands 

Mark D. Shenderovich, Subo Liao, Xinhua Qian, Victor J. Hruby 
Department of Chemistry, University of Arizona, Tucson, AZ 85721, USA 

Selective agonists of the opioid 8 receptor have potential clinical advantages as analgesics 
that cause minimal side effects. The conformationally constrained peptide [cyc/o(D-Pen2, 
D-Pen )]enkephalin is known as a highly potent and selective 8 receptor agonist. Recently, 
we designed DPDPE analogs with topographically constrained P-methyl-2',6'-
dimefhyltyrosine (TMT) residues in position 1 [1]. Four stereoisomers of TMT prefer 
different side-chain rotamers, and only the (2S,3R)-isomer of [TMT']DPDPE showed high 
potency and enhanced selectivity for the 8 receptor. Here we present comparative 
molecular modeling and QSAR study of [TMT']DPDPE analogs and high-affinity non­
peptide 8 receptor ligands aimed at the development of a three-dimensional (3D) model for 
the 8 receptor pharmacophore. 

Results and Discussion 

3D structures of the non-peptide 8 opioid agonists 7-spiroindanyloxomorphone (SIOM) [2] 
and TAN-67 [3], and a partial agonist oxomorphindole (OMI) [4] were determined by 
molecular modeling with the MM3 force field. A good spatial overlap was found for 
pharmacophore groups including the basic nitrogen, hydroxyl and two aromatic rings of 
SIOM, TAN-67 and OMI (Fig. IA) which allowed us to suggest that these non-peptide 
ligands may interact with the same binding site of the 8 receptor. Based on this overlap we 
proposed a tentative 3D pharmacophore model for 8 opioid agonists with distances of 7.0± 
1.5 A between two aromatic rings and of 8.3±1.5 A between nitrogen and the phenyl ring. 

The highly potent (2S,3R)-stereoisomer of [TMT']DPDPE, which shares the global 
backbone constraints of DPDPE with strong preferences for the trans rotamer (%' = 180°) 
of the aromatic side chain in position 1, is an excellent peptide template for the 8 opioid 3D 
pharmacophore. Molecular dynamics (MD) simulations at 300 K with the AMBER force 
field and a continuum hydration model were performed for the (2S,3R)-isomer and for a 
less potent (2S,3S)-isomer of [TMT']DPDPE. Four 100 ps MD trajectories were collected 
for each analog starting from X-ray structures of DPDPE and [L-Ala3]DPDPE [5,6], and 
from two models of DPDPE bioactive conformations proposed in the literature [7,8] with 
the most populated TMT1 rotamers. Low-energy conformations obtained from MD 
trajectories were filtered by the non-peptide pharmacophore query and then directly 
superposed with SIOM, OMI and TAN-67. The two conformations that showed the best 
overlap with the non-peptide pharmacophore (RMS deviations < 1.0 A for N, O atoms and 
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centers of two aromatic rings) were selected as putative biologically active conformations 
of [(2S,3R)-TMT']DPDPE. Both conformations have similar backbone structure, trans 
rotamers of TMT', and differ by gauche (-) and gauche (+) rotamers of Phe4 (Fig. IB). 
They are reasonably close to the X-ray structure of the active [L-Ala3]-DPDPE analog, but 
differ significantly from the X-ray structure of DPDPE itself. The proposed 3D models 
were used for rational design of new non-peptide 8 receptor ligands. 

NH2 

Fig. 1. A. Superposition of the 8 opioid pharmacophore of SIOM (black), OMI (dark) and TAN-67 
(grey). B. Superposition of two putative biologically active conformations of [(2S.3R)-
TMfjDPDPE. 
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A chromophoric study of zinc coordination and conformer 
selectivity of the human insulin hexamer in solution 

Mark L. Brader 
Lilly Research Laboratories, Eli Lilly and Company, Indianapolis, IN 46285, USA 

The respective pharmacological characteristics of the therapeutic insulin preparations 
Humulin R (regular) Humulin® U (ultralente), and Humulin® N (Neutral Protamine 
Hagedorn) are based on the formulated stability of specific coordinate and conformational 
states of the zinc insulin hexamer that possess distinct physicochemical characteristics. 
The innovation of therapeutically improved insulin preparations requires a detailed 
understanding of how formulation excipients and solution conditions influence the 
structure and dynamics of the zinc hexamer. 

Early x-ray crystallographic studies established that the zinc insulin hexamer exists as 
an oblate spheroidal assembly comprising three asymmetric dimers arrayed about a three­
fold crystallographic axis of symmetry [1-3]. Current understanding of the conformational 
behavior of the hexamer is based on a three-state allosteric system where the T3R3 state is 

an intermediate in the Tg-to-R6 phenolic-binding transition [4-9]. Because the solution 

coordination chemistry of the d10 Zn(II) ion plays a central role in the pharmacological and 
physiological properties of the hexamer, the aim of this work was to identify a 
spectroscopic approach to probing both the zinc coordination and the conformer selectivity 
of the hexamer in solution. 

Results and Discussion 

The compound 2-(l-(2-hydroxy-5-sulfophenyl)-3-phenyl-5-formazan) (zincon) (Fig. 1) 

Fig. 1. Structure of zincon, monosodium salt. 

forms a colored complex with the T-state zinc-insulin hexamer, possessing absorption 
band maxima at 630 nm, 540 nm, and 479 nm. The formation of a hexamer-bound zinc-
zincon chromophore is indicated by the induced circular dichroism which resolves these 
transitions into components with extrema at 422 nm (+), 540 nm (-), and 645 nm (+). This 
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induced CD is attributed to excitonic coupling of the zincon transition dipole moments 
oriented within the asymmetric field of the hexamer, thus indicating intimate 
chromophoric contact between the zincon ligand and the insulin subunits. Zincon is a 
relatively bulky, achiral, multidentate ligand that has been used as a chelatometric indicator 
for zinc [10]. It is inferred that zincon coordinates to the T-state zinc by replacing the 
coordinated water molecules. The distinctive UV-visible absorption spectrum and induced 
CD thus provide a useful T-state-specific signature of the zinc center. 

Conclusion 

These results establish that the zinc-zincon-hexamer complex gives rise to an optically 
active chromophore that is sensitive to the extrachromophoric environment of the HisB1° 
sites. This technique provides a novel approach to probing the zinc site and the effects of 
ligand-binding in solution, thereby facilitating new insight into the zinc coordination, 
allostery, and kinetics of the phenolic-binding T6-to-R6 transition. 
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Amide NH shift gradients: Quantitating peptide 
structure / disorder transitions 

Jonathan W. Neidigh, Scott M. Harris, Hui Tong, Gregory M. Lee, 
Zhihong Liu and Niels H. Andersen 

Department of Chemistry, University of Washington, Seattle WA 98195, USA 

Many authors have used temperature gradient information in attempts to assess NH 
exposure in peptides and proteins. We recently established [1] that the common practice of 
correlating the A8NH/AT value with NH sequestration from solvent has zero predictive 
validity for peptides which have even a modest degree of conformational averaging. 

Results and Discussion 

For peptides, temperature-induced changes in conformer populations completely dominate 
the dependence of 8NH upon temperature. As a result, partially structured peptides can 
display a wide range of shift gradients ( -35 to +15 ppb/°). For peptides, and some regions 
in proteins, rather than being a guide to NH hydrogen-bonding status or exposure, 
A8NH/AT values are an exquisitely sensitive probe of both the AG and degree of 
cooperativity of conformational 
transitions. For peptides, the occurrence 
of large shift deviations and abnormal 
gradients are diagnostic for partial 
structuring at lower temperatures which 
becomes increasingly randomized upon 
warming. Peptides that favor a single 
conformer at low temperatures can be 
recognized using a plot of the NH shift 
deviation versus A8NH/AT. A good 
correlation coefficient (R > 0.80) for NH-
CSD and A8/AT values indicates that 1 °-*L CWf, n °. ,. , "°-5 "1 

NH Shift Deviation (ppm) 
essentially all of the NH shift deviation Fig L The NH Ad/AT and CSD correlation plot 
from reference values is due to the for Protein G, Bl domain fragment (41-56). 
concerted formation of a single structured 
state upon cooling. The correlation observed for a P-hairpin forming sequence [2] from the 
Bl domain of protein G is illustrative (Fig. 1). 

Many peptides with distinct low-temperature structure preferences display nearly 
linear plots of 8NH versus T. This can be rationalized within the context of our model only 
by assuming that structure loss is linear with temperature, fs (T) = fs* + kAT (fs* is the 
mole fraction of the structured state at the low temperature limit of the experiment, T ). In 
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order to derive explicit expressions for NH shift gradients and the slope and intercept of 
our A8NH/AT versus HN-CSD plots, we assumed linear structure loss upon warming and 
define "Agrad" as the difference between the intrinsic gradient of the structured and coil 
states, Agrad = (A8/AT)s - (A8/AT)rc, for each NH (<Agrad> is the avarage). 

38NH/9T = [(A8/AT)rc + fS* • (Agrad)] + 2kAT(Agrad) + k(CSD)S where 

the slope of the plot is given by m = k • (fg* )-l, the intercept is given by 

(A8/AT)CSD = o = (A8/AT)rc + fs* • [ 1 + 2 m (Tm - T*)] • <Agrad>, 

where T m is the midpoint of the temperature range examined in the CSD-A8/AT plot. 
For peptides that have been implicated as folding determinants, our studies indicate 

that structure loss is associated with a significant positive ACp value. Assuming that the 
value of AS0 at the entropic convergence temperature should be at least 17 JK"1 /residue, a 
nearly linear dependence of 8NH upon temperature requires a positive ACp with a value at 
least 1.2 times AS0. Thus it appears that cooperative secondary structure formation for 
sequence fragments of proteins that have evolved to fold efficiently is the result of 
hydrophobic forces associated with intermediate range ordering rather than strictly local i)l 
\\f preferences. In all likelihood, short peptide sequences ( 8 - 1 6 residues) have no 
meaningful secondary structure preferences in water except when an ordered state is 
favored by differential solvation effects. 

Conclusion 

If this model is correct, the formation of secondary structure prior to molten globule 
formation in a protein folding pathway would be consistent with the demonstrated 
importance of the hydrophobic effect in the earliest stages of protein folding. This provides 
new support for NMR studies of sequence fragment conformational preferences as a tool 
for understanding the earliest stages of protein folding. The NH gradient/shift-deviation 
plot should prove very useful in such studies. 
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Predicting the conductance properties of ion channel structural 
models using the HOLE program 

Oliver S. Smart 
Department of Crystallography, Birkbeck College, London WC1E 7HX, UK; from Sept. Is' 1997: 

School of Biochemistry, The University of Birmingham, Edgbaston, Birmingham B15 2TT, U. 

Ion channels are an important class of membrane proteins. Because of the difficulty of 
experimentally determining the three-dimensional structures of integral membrane proteins 
it is often necessary to resort to modeling techniques [1]. The aim of this work is to aid the 
validation of such model structures by producing an easy-to-use, rapid and accurate method 
of predicting the conductance for any given ion channel model [2]. The method is also 
useful in understanding normal behavior for experimental channel structures. 

Results and Discussion 

The procedure adapts the HOLE method [3] which was developed to analyse the pore 
dimensions of ion channel models and has gained wide-spread acceptance. HOLE uses 
Monte Carlo Simulated Annealing to find the best route for a sphere with a variable radius 
to squeeze through the channel. The central pore of the channel, as delimited by HOLE, is 
treated as an ohmic conductor, enabling an immediate calculation of resistance or 
conductance. In practice it is found necessary to reduce the conductivity of the permeating 
ion solution by an empirical correction factor [2]. This factor (which is normally around 
five) reflects the fact that ions within a channel have their motions more restricted than in 
bulk solution. 

The prediction routine was tested on all channel forming proteins and peptides for 
which both an experimental structure and conductance measurements are available [2]. 
Overall predictions were within an average factor of 1.62 of the true value and the 
predictive r2 was 0.90 (six systems tested, none in training set) [2]. The routine is already 
in use as an aid to modelling studies [1]. 

In addition to predicting the absolute conductance of a channel structure the routine 
can be modified to calculate the expected result on conductance of adding non-electrolyte 
polymers [2]. Such experiments have been interpreted in terms of a radius profile for a 
channel [4]. Encouraging preliminary results have been obtained in comparing the 
experimental profile and that expected from the X-ray structure for the cholera toxin B-
subunit [2,4]. 

Future work aims to improve the method by detailed patch clamping measurements on 
channels of known structure. Empirical correction factors may be superseded by data 
derived from Molecular Dynamics simulation procedures. 
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Conclusion 

By systematically linking the three-dimensional structure of ion channels with conductance 
properties useful insights can be obtained. The HOLE program includes facilities needed to 
carry out all calculations described here and is available free to workers at non-profit 
organisations. Please address requests for the program by using the form on the world wide 
web - http://www.cryst.bbk.ac.uk/~ubcg8ab/hole/top.html or by e-mail to 
0. smart@mail. cryst. bbk. ac. uk. 
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Molecular dynamics simulation of epidermal growth factors in 
aqueous solution. 

Charles R. Watts, Sandor Lovas and Richard F. Murphy 
Department of Biomedical Sciences, Creighton University School of Medicine, 

2500 California Plaza, Omaha, NE, 68178, USA 

The conserved six Cys residues of murine EGF (mEGF), human EGF (hEGF) and human TGF-
a (hTGF-a) form three disulfide bonds that divide the structures into three loops: the A-loop 
(Cys6 to Cys20), B-loop (Cys14 to Cys31), and C-loop (Cys33 to Cys42). Residues 1 to 31 and 33 
to 53, respectively, define the N-terminal and C-terminal domains with a hinge residue at 
position 32. MD simulations in vacuo have indicated differences in the degree of movement at 
the hinge residue between the three peptides and the importance of weakly polar interactions 
between aromatic residues in stabilizing peptide conformation [1]. The AMBER 4.1 force-field 
[2] was used here in 1.5 ns MD simulations to study the conformational features of TIP3P 
solvated mEGF, hEGF and hTGF-a. 

Results and Discussion 

The total energy of the system for each peptide equilibrated rapidly within approximately 100 
ps and remained stable throughout the trajectory. Analysis of backbone RMSD indicates that 
the most stable regions of mEGF are the N-terminus and C-loop while the most stable regions 
of hEGF and hTGF-a are the A- and B-loops. Secondary structure analysis reveals that the B-
loop regions of mEGF and hEGF differ significantly from that of hTGF-a. The B-loop region 
of mEGF and hEGF consists of a shortened two strand antiparallel p-sheet from residues 20 to 

Table 1. Intra- and inter-loop TT-K and N-TT interactions for the trajectories of mEGF, hEGF and 
hTGF-a, 

mEGF hEGF hTGF-a 
Intra-loop Tyr10 to Tyr13 His10 to Tyr13 His4 to Phe5 

His22 to Tyr29 Tyr22 to Tyr29 His12 to Phe15 

Trp49 to Trp50 His35 to Tyr38 

Inter-loop Tyr10 to Tyr29 His10 to Tyr22 Phe5 to Arg22 

Tyr13 to Arg41 His10 to Tyr29 His12 to Phe23 

Tyr37 to Arg45 Tyr13 to Tyr29 Phe'5 to Arg42 

Tyr37 to Arg48 Phe17 to Arg42 

His18 to Tyr38 
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Fig 1. Ramachandran plot of the hinge residue overlaid on the energetically favorable regions of phase 
space as determined by Scheraga and coworkers for (A) mEGF, (B) hEGF and (C) hTGF-a [4[. 

21 and residues 30 to 31. The strands are connected by either a P-turn from residues 23 to 26 or 
a 3io-helix from residues 23 to 25 and a p-turn from residues 26 to 29. The B-loop of hTGF-a 
maintains a conformation that closely resembles the NMR structure [3]. The flexibility of the 
hinge residue is greater in hTGF-a than hEGF and mEGF (Fig 1). d>,\|r Dihedrals of hTGF-a 
form two separate populations corresponding to either Cf^ or a-helical conformation while 
those of mEGF correspond to a Cf^ conformation and hEGF to a region of contiguity [4]. 
Several weakly polar n-Tt and N-7I interactions (Table 1) between the aromatic residues may 
play an important role in stabilizing the structures of each peptide [5,6]. Intra-loop interactions, 
Try10 to Tyr13 in mEGF, His10 to Tyr13 in hEGF and His12 to Phe15 in hTGF-a, stabilize the a-
helix in the A-loop of each peptide. Inter-loop interactions, Tyr10 to Tyr29 in mEGF, His10 to 
Tyr22 and His10 to Tyr29 in hEGF and His12 to Phe23 in hTGF-a, stabilize the interface of the A-
and B-loops. Weakly polar interactions are especially important in facilitating the flexibility of 
the hinge in hTGF-a. The Phe15 to Arg42 and Phe17 to Arg42 interactions anchor the C-loop to 
the N-terminal domain stabilizing the peptide in both conformations. 

Domain movement, facilitated by N-Jt interactions, was observed only in the simulation of 
hTGF-a and could account for its different receptor binding properties. 
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Engineering of snake venom cardiotoxin by computer modeling and 
chemical synthesis approach 

Shui-Tein Chen,a Chi-Yue Wua and Kung-Tsung Wanga b 

"Institute of Biological Chemistry, Academia Sinica, Taiwan. Department of Chemistry, National 
Taiwan University, Taiwan. 

Recently, polypeptides containing 60-80 amino-acid residues have been successfully 
synthesized in our laboratory by solid-phase peptide synthesizer with satisfying yields in about 
10 days. The success of this methodology gives us a strong encouragement to try to synthesize 
cardiotoxins (CTXs) and their analogues to elucidate their structure and function relationships. 
CTX's are a group of basic proteins containing 60-63 amino acids and 4 disulfide bonds. First, 
we have developed a chemical synthesis methodology to successfully produce fully active CTX 
U (Naja Naja Atra) [1]. Second, we have used the above method to engineer the Af-terminal 
residue of CTX II (Naja Naja Atra) and to study the effects of Af-terminal substitutions on its 
structure and biological function [2]. Third, we have designed a disulfide-bond free CTX 
(calciumtoxin) in which the disulfide bonds in native CTX are replaced with two calcium 
coordination sites by computer modeling. The designed calciumtoxin presents a novel 
conformation and has biological activities of antigenicity and cytotoxicity similar to those of the 
native CTX in the presence of calcium ion [3]. 

Results and Discussion 

The complete sequence of CTX II is chemically synthesized by an automatic peptide 
synthesizer. After completion of peptide-chain elongation, the crude sample of reduced CTX is 
obtained from the peptide-resins, purified by RP-HPLC, air-oxidized, and repurified by RP­
HPLC. The overall yield of synthetic CTX II is 3.9 mg (3.9%). Physicochemical 
characterization of synthetic CTX II is carried out by amino acid analysis, mass spectroscopy, 
capillary electrophoresis, peptide mapping, circular dichroism spectroscopy, and lethal toxicity 
[1]. The results indicate that the synthetic CTX possesses the same physicochemical properties 
as those of natural CTX II. Therefore, this synthesis method provides a direct and rapid route to 
obtain other snake toxins and their analogues for studying the structure/function relationship of 
CTXs. 

To study the role of the Af-terminal L-leucine residue in CTX II (Naja naja atra), this 
residue is systematically replaced with D-leucine (CTXH-Ll-D-L) and glycine (CTXII-L1G) by 
the above established chemical synthesis method. Both CTX analogues are characterized by 
amino acid analysis, mass spectrometry and peptide mapping [2]. Structurally, changing the N-
terminal L-Leu by D-Leu or Gly causes a drastic alteration in the entire CTX II structure as 
detected by circular dichroism [2], l-anilino-naphthalene-8-sulfonate (ANS) fluorescence assay 
(Fig. 1). Functionally, both analogues still retained substantial biological activity of native CTX 
11 [2]. These results indicate that both the chirality and the side-chain of the N-terminal leucine 
residue of CTX II are important elements in maintaining the whole CTX II structure. 
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Fig. 1. Fluorescence spectra of ANS in the presence of various CTX samples. Curves: (1) CTX II, (2) 
CTXII-L1-D-L and (3) CTXL1G. The dotted line shows the fluorescence of ANS in the absence of 
sample. 

The designed calciumtoxin by computer modeling utilizes two calcium coordination sites 
instead of disulfide bridges to stabilize the conformation. The coordination sites are introduced 
at the cleft of three P-sheet strands by replacing the residues of Leu-1, Leu-26, Ser-28, Leu-48, 
and Ser-55 with Glu and using their y-carboxyl groups as chelaters. The residues of Cys at 
positions 3, 14, 21, 38, 42, 53, 54, and 59 of the four disulfide bridges were changed with Gly to 
remove all the disulfide bonds. Circular dichroism spectra showed that the synthesized peptide 
has a conformation similar to that of the native cardiotoxin of a defined structure only in 
calcium ion solution [3]. Immunoprecipitation assay, using the anti-cardiotoxin V, shows that in 
the presence of calcium ion calciumtoxin presents the same cross reaction as that of native 
cardiotoxin [3]. Hemolysis assay in the presence of calcium ion (150-250 mmol) and 
phospholipase A2 showed that the peptide had 65-70% as much cytolytic activity as the native 
toxin [3]. 
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X-ray analysis [1,2] shows that the mature, fully folded P-subunit of human chorionic 
gonadotropin (hCGP) contains three hairpin-like fragments. Two of them (Hl-P and H3-P) 
are formed from antiparallel p-structures, while H2-P is formed by polyproline-II-rich 
structural motifs. To better understand the earliest events of 28-residue peptide with a 
sequence corresponding to the 60-87 fragment of H3-P was synthesized. The temperature, 
concentration, and environmental dependence of the conformational preferences of the 
peptide were studied by analysis of NMR, electronic CD (ECD) and vibrational CD 
(VCD), and Fourier transform infrared spectra (FTIR). 

Results and Discussion 

The peptide RDVRFESIRLPGSPRGVNPVVSYAVALS (hCGp60-87, S72) was synthesized 
on an Applied Biosystems 430A synthesizer using Merrifield's solid phase peptide 
synthesis methodology. Boc-amino acid derivatives were coupled to MBHA resin as their 
preformed hydroxybenzotriazole active esters in N-methylpyrrolidinone. The peptide was 
cleaved from the resin by the low-high TFMSA method and purified by RP-HPLC. 

ECD spectra of the sample with both the 0.01 and 0.1 mg/ml concentrations showed 
that a majority of the amino acid residues within the peptide adopt an extended random coil 
conformation in a mixture of double distilled water (dd^O) with 0, 10, or 20%TFE. The 
ECD spectrum in 30% TFE suggests the presence of a significant fraction of fully 
formed a-helix conformation. There is little change in the ECD spectra from 30 to 50% 
TFE. 

NMR data were acquired at 30°C in pure H20 and in a mixture of H20 with 30% TFE. 
Sequence-specific proton resonance assignments were established from phase sensitive, 
two-dimensional NOESY experiments. Proton resonance assignments were confirmed by a 
comparison of cross peaks in a NOESY spectrum with those of a total correlation 
(TOCSY) spectrum acquired for the peptides under similar experimental conditions. A 
total of 512 increments of 4K data points were recorded for double quantum filtered 
correlation spectroscopy (DQF-COSY) experiments. All data sets were collected in a 
hypercomplex phase sensitive mode. Inter- and intra-residue NOE intensities were 
measured in 100, 200, and 400 ms mixing time NOESY experiments. 
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The NMR data were used to retrieve conformational constraints for structure 
calculations. Newly developed programs and procedures [4] were applied to narrow the 
torsional angle constraints and to increase a number of stereospecific assignments. These 
data were used in NMR structure calculations by the DIANA program [5]. The DIANA 
structures were energy minimized using the NMR distance constraints and an AMBER 
force field implemented in the SYBYL 6.3 software package (Kollman all-atom parameters 
and Kollman atomic charges). The results of this structural interpretation of the NMR data 
suggest that, in FL,0, most of the amino acid residues within the peptide adopt extended 
conformations corresponding to P-strand and polyproline II conformations, while in 30% 
TFE, eight C-terminal residues of the peptide adopt an a-helix-like conformation. 

FTIR and VCD were done at higher concentration of the sample (50 mg/ml). The 
spectra showed that in pure D20, as well as in 30% and 50% TFE-OD, extended 
conformations (such as random coil and P-structures) dominate the spectra. According to 
both VCD and FTIR data, the highest percentage of P-structure is achievable in pure D20 
in which the VCD signal is twice as large as in 30% TFE-OD. When TFE-OD is added, the 
growth of the helical component would serve to cancel the sheet/coil contribution to the 
spectrum, making it weaker and leading to the negative VCD band at 1665 cm"1. Again, 
there is little change in the VCD spectra when going from 30% TFE-OD to 50% TFE-OD. 

Conclusion 

The results of our structural analysis of the peptide are consistent with a hypothesis that a 
turn in positions 72-76 observed in the crystal structure of the fully folded protein may be 
formed during the earliest stages of the folding, while formation of H3-P may occur after a 
hydrophobic collapse, when the hydrophobic core of hCGP is formed. 
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Human apolipoprotein B-100 (apoB) is a nonexchangeable glycoprotein with 4536 amino 
acid residues. It is the only protein present in low density lipoprotein (LDL). The direct 
correlation between LDL concentrations in plasma and atherosclerosis makes structure-
function studies on apoB physiologically relevant. Analysis of the potential amphipathic 
lipid-associating domains in apoB, using the program LOCATE, revealed a pentapartite 
structure consisting of three amphipathic a helical domains alternating with two 
amphipathic P strand domains: NH2-arPi-a2-p2-a3-COOH [1]. Although we previously 
suggested that amphipathic p strands in apoB are involved in lipid association [1], direct 
experimental evidence was lacking until now. Here we report the conformation and lipid 
affinity of two peptides, Ac-TFTLSCDGSLRHKF-NH2 (apoB: 1390-1403, I) and Ac-
EGNLKVRFPLRLTGKJDF-NH2 (apoB:3026-3043, II) from the PJ and p2 regions of 
apoB, respectively. 

Results and Discussion 

The partition coefficients (expressed as natural log, lnKp) of I and II into palmitoyloleoyl 
phosphatidylcholine (POPC) multilamellar vesicles (MLV), using ultracentrifugation 
method [2], are 3.0 and 3.7, respectively. Fourier-transform infrared (FTIR) spectroscopy 
indicated that both peptides adopt predominantly P strand conformation in phosphate 
buffer saline (PBS; pH 7.4), and that this conformation is further stabilized in the presence 
of POPC MLV. Fig.l shows the amide I' region of the FTIR spectra of II in PBS (Fig.l, 
left) as well as in the presence of POPC MLV (Fig.l, right). Disappearance of the 1637 cm" 
1 band and a substantial increase in the 1627 cm"1 band compared to the spectrum in PBS is 
consistent with the further stabilization of p strand conformation in the presence of POPC, 
presumably resulting from additional stronger H-bonding interactions (Fig.l). 
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Fig. 1. Amide I' region of the FTIR spectra of II in PBS (left) and in the presence of POPC MLV 
(lipid to peptide ratio 2:1, w/w) (right). Spectra were recorded at room temperature using Digilab 
FTS-60A spectrometer at a resolution of 4 cm'. Deconvolution was used to determine the number 
of bands in the amide I' envelope and curve-fitting was used to determine the secondary structure. 
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Young Kee Kang, Seong Jun Han and Jong Suk Jhon 
Department of Chemistry, Chungbuk National University 

Cheongju, Chungbuk 361-763, Korea 

Because of the conformational restriction in the pyrrolidine ring, the Pro residue has a 
relatively high intrinsic probability of having the cis peptide bond preceding the proline as 
compared with other amino acids [1,2] The pyrrolidine ring may adopt two distinct down-
and up-puckered conformations that are almost equally favorable [3]. Only a few studies 
have been performed for the ring puckering of cis- and trans-proline residues by analysis of 
X-ray crystal structures of peptides and proteins [4], by conformational energy calculations 
on proline-containing peptides [5,6], and by ab initio molecular orbital calculations on the 
proline dipeptide [7]. 

Results and Discussion 

All conformational energy calculations were carried out on terminally blocked Ac-X-Pro-
NHMe dipeptides and Ac-X-Pro-Y-NHMe tripeptides using the ECEPP/3 force field [8]. 
For dipeptides, X included five types from all twenty amino acids, whereas for tripeptides 
one representative residue was chosen for each type of X and Y residue. A quasi-
Newtonian algorithm SUMSL [9] was used for energy minimization. All torsion angles of 
each peptide were allowed to move during minimization. All minima of the Ac-X-NHMe 
with the relative energy AE < 5 (or 3) kcal/mol [10] and all minimum-energy 
conformations of Ac-Pro-NHMe [8] were combined to generate starting conformations for 
minimization. 

The statistical populations of Ac-X-Pro-NHMe with cis- and trans-imide bonds 
depending on its down- and up-puckerings are shown in Table 1. The calculated overall 
preference is trans-down > trans-up > cis-down > cis-up. The higher populations of trans-
down conformations may ascribed to the significant contribution of the conformation tCd, 
which is the lowest energy conformation of Ac-Pro-NHMe [8]. The relative abundance of 
trans-down conformations appears to be overestimated, compared to that obtained from the 
analysis of X-ray structures of proteins, since the average abundance ratio of down:up for 
trans imides is calculated to be 78:19, whereas the corresponding ratio for proteins is 41:50 
[4]. This overestimation can be attributed to the contribution of low energy conformations 
tAd and tFd [8], since our recent ab initio HF/6-31G calculations on Ac-Pro-NHMe 
indicate that these two conformations are not local minima at high levels of basis sets [7]. 
The lowest cis population is found for aromatic residues, whereas they are most abundant 
in protein X-ray structures. 
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Table 1. Statistical populations of Ac-X-Pro-NHMe (%) 

X trans-down 

aliphatic 
nonpolar 
aromatic 
polar 
charged 
PDB analysis* 

" Taken from refs 

68.5 
73.4 
90.8 
76.6 
80.8 
40.8 

;. 1 and 2. 

trans-up 

29.3 
21.3 

8.2 
20.7 
16.7 
50.0 

cis-down 

2.1 
5.0 
1.0 
2.5 
2.4 
8.2 

b Taken from ref. 4. 

cis-up 

0.2 
0.3 
0.1 
0.2 
0.2 
1.0 

PDB cis%" 

4.1,3.4 
5.7, 4.9 
9.4, 7.7 
6.3, 6.2 
5.3,4.8 

This disparity may be interpreted as the weak aromatic-proline interactions for isolated 
dipeptides. From the analysis of secondary structures for the proline in Ac-X-trans-Pro-
NHMe, the average a% and P% populations are calculated to be 46% and 54%, 
respectively, which are in good agreement with the values obtained from X-ray structures 
of proteins [2,4] in spite of some overestimation for down-puckered conformations, as 
discussed above. In particular, the higher abundance of P-sheets relative to a-helices for 
aromatic residues is promising, which may indicate that the bulkier side chains of X 
residues force the conformation of the Pro residue to be more extended. 

Although there is some decrease in the population of trans-down conformers, the 
relative preference for puckering and imide isomerization for tripeptides is similar to that 
for dipeptides. The relative a% population for prolines in tripeptides is increased compared 
to that of dipeptides. 
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Protein-folding studies are often complicated by proline isomerization processes which 
lead to the formation of non-intrinsic intermediates and slow down the folding processes 
[1,2]. It is of interest to design a protein in which the native cis conformation of an X-Pro 
peptide bond can remain even when the protein is unfolded. This would eliminate proline 
isomerization and significantly simplify protein folding studies. Native ribonuclease A 

93 114 42 
(RNase A) has two prolines (Pro and Pro ) in cis conformation and two others (Pro 

117 
and Pro ) in trans conformation. In this study, an analog tripeptide corresponding to the 

92 93 94 

sequence Tyr -Pro -Asn of RNase A was synthesized with proline replaced by a non-
natural amino acid, 5, 5-dimethylproline (dmPro). The bulky methyl groups were 
introduced to retard the proline isomerization process. NMR techniques were used to 
characterize the solution conformation of the peptide. 
Results and Discussion 

Conformationally constrained dimethylproline was synthesized using the method described 
by Magaard et al. [3]. L-Dimethylproline was separated from D-dimethylproline by 
crystallization with D-tartaric acid, and its purity was checked by a BGIT (2,3,4,6-tetra-O-
benzoyl-beta-D-glucopyranosyl isothiocyanate) assay [4], The tripeptide Tyr-dmPro-Asn 
was synthesized by a solution procedure using Boc-chemistry. A variety of coupling 
reagents were used to facilitate the formation of the Tyr-dmPro peptide bond that was 
impeded by the bulky dimethyl group. Satisfactory yields, 65% and 75%, were obtained 
by using Bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-C1) [5] and 
tetramethylfluoroformamidinium hexafluorophosphate (TFFH) [6], respectively, as 
coupling reagents. Purification was carried out on a YMC C)8 column, and characterization 
by MALDI-MS, amino acid analysis and NMR techniques. 

The 500 MHz NOESY experiment was carried out in D 20 at 25 °C, pH 7.28, with a 
mixing time of 250 ms. A strong NOE between the a-protons of tyrosine and 
dimethylproline and the absence of NOEs between the a-proton of tyrosine and the e-
protons of dimethylproline (Fig. la), together with the assignment of all chemical shifts 

422 



423 

... 

« 

lH
 C

he
m

ic
al

 1 

«.e 

1 

o 

' • • 

* a 
o * 

* 0 
o * 

J-—7VAH-dmP'IH 

* , 
i. i a.a i.s 

' H Chemical Shift (ppm) 

JS5 ' " 

1 1 
(JmP'CH, 

•' ' 

Tyr-dmPro-Asn-OH 

P"H . f/H 

1 1 Tl nil 
'H Chemical Shift (ppm) 

P'CH. 

P'H 

P'CH, 

Niu, 
. , . , . 

Fig. 1. 500 MHz NOESY spectra of Tyr-dmPro-Asn-OH in D20 at pH 7.28 and 25 °C. (a) 
Expanded area of the NOESY spectrum recorded on a Varian Unity 500. The cross peaks between 
the Tyr C H and dmPro C H are labeled; (b) Assignment of all !H chemical shifts. 

and the ratios of intensities (Fig. lb), led to the unambiguous conclusion that the Tyr-
dmPro peptide bond was locked in a homogeneous cis rotamer. 

Conclusion 

X-Pro peptide bonds in an unfolded protein can be locked in a cw-conformation by 
replacing proline by dimethylproline. This provides a powerful tool to assess the impact of 
proline cis/trans isomerization on protein folding pathways by selectively eliminating some 
proline isomerization processes, and will prove useful in both disulfide-intact and 
disulfide-coupled protein-folding studies. 
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Rod cells desensitize in response to high light levels. One mechanism of desensitization is 
phosphorylation of rhodopsin by rhodopsin kinase followed by arrestin binding [1]. Work 
in progress is providing three dimensional structural information for rhodopsin. We have 
determined the structure of the cytoplasmic surface of this receptor to moderately high 
resolution [2-5], and others [6] have determined a low resolution structure for the 
transmembrane helices. 

Phosphorylation of rhodopsin occurs on the carboxyl terminal domain of the receptor 
[7]. Phosphorylation may change the conformation of the protein as well as add negative 
charge. We used the techniques of structural biology to determine whether phosphorylation 
alters the structure of the rhodopsin carboxyl terminal. We show that a peptide with 19 
residues (from the carboxyl terminal) retained the structural characteristics of the parent 43 
amino acid peptide and could be used to determine the effects of phosphorylation. 

Results and Discussion 

The experimental plan was to solve the structures of the carboxyl terminal domain of 
rhodopsin in the presence and absence of phosphorylation to determine whether there is a 
conformation change induced by phosphorylation. Because of technical difficulties in 
synthesizing the phosphorylated peptides, it was necessary to explore whether a shorter 
peptide would carry the structural features of the parent. Therefore we determined the 
structures of peptides with 19, 25, 33 and 43 residues (from the carboxyl terminal of 
rhodopsin) to determine the shortest peptide that could be used that retained the structural 
features of the parent. 

Unphosphorylated peptides were synthesized using Fmoc-Ala-Pam resin and the 
standard DCC/HOBt protocol. Cleavage from the resin and deprotection employed 95% 
trifluoroacetic acid/5% H2O for 90 min. Phosphopeptides were made on Boc-Ala-Pam 
resin using Boc-0-(diphenylphosphono)-serine and -threonine by the DCC/HOBt protocol. 
Cleavage and deblocking were performed in a single step using catalytic hydrogenolysis in 
the presence of palladium and platinum with anhydrous trifluoroacetic acid as solvent [8]. 
The structure of the 19mer and 25mer were determined in solution by NMR. Both contain 
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Fig. 7. NMR-derived solution structures (ensemble average) of the carboxyl terminal of rhodopsin. 
A. 19 most C-terminal amino acids of a 43mer representing the carboxyl terminal of rhodopsin 
[4]. B. 19mer without phosphorylation as described in the text. C. 19mer with one serine 
phosphorylated, as described in the text. 

a P-turn with a short stretch of antiparallel P-sheet. These same structural features are 
found in the larger 33mer [2] and 43mer [4]. This structure appears to be locally stabilized 
as is typical of structures containing p-turns [9]. 

The structure of the 19mer + 1 phosphate (Ser 9 in the peptide, corresponding to 
Ser338) was determined by standard multidimensional NMR techniques. The results are 
shown in Fig. 1. A conformational difference is observed between the two peptides, 
although a turn is defined in all these peptides. 

Phosphorylation changes both conformation and overall charge on this portion of 
rhodopsin, and both may play a role in promoting the binding of arrestin which in turn 
inhibits the activation of transducin by photoactivated rhodopsin. Whether this apparent 
conformational change persists with higher levels of phosphorylation is under 
investigation. 
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Despite the idea that peptides shorter than 10-12 amino acids are generally devoid of 
structure and assume random conformations [1], we have recently shown that linear 
peptides formed by 6-10 amino acids, of the general formula Boc-(Leu)2-Lys(P)-(AA)n-
(Leu)2-Lys(N)-OtBu, where n = 0-4, N = naphthalene, P = protoporphyrin IX and AA = 
Ala or Aib, are able to attain ordered structures in methanol or water/methanol (75/25, v/v) 
solution. By combining fluorescence with both IR and CD spectra results we were able to 
prove that the backbone chain of P(Ala)nN peptides populates a-helical conformations, the 
size of a-helices increasing with the length of the backbone, while that of P(Aib)nN attains 
3io-helical structures [2,3]. 

To ascertain whether the high helix propensity of Aib holds even in destructuring 
solvents, such as DMSO, we thoroughly investigated the structural features of P(Aib)2N 
and (Aib)2N octapeptides in this solvent. ^ -NMR and fluorescence results suggest the 
presence of two families of structures, both characterized by locally ordered arrangements, 
reminiscent of P-turn features. Only the combination of NMR coupling constants and NOE 
connectivities data with time resolved fluorescence results made it possible to build up the 
whole molecular structure. 

Results and Discussion 

Both intra- and inter-residue NOE's cross-peaks involving backbone atoms were evidenced 
in the NOESY spectra, but the absence of NH-NH cross-peaks strongly suggests the lack of 
ordered conformations, either a-helix or 3in-helix. In addition, the coupling constants for 
NH-CaH(i,i) of P(Aib)2N, by analysis of the line splitting in the 1-D spectra of non-
overlapped signals, are around 8-9 Hz, which are inconsistent with a-helical conformation 
but are similar to those of p-sheet structures (3JNH-C«H(i,i) = 9.0 Hz). These results, together 
with other NOE evidence, support the idea that P(Aib)2N is somewhat structured in 
DMSO. 

The steady-state fluorescence spectra of P(Aib)2N (A,ex = 280 nm) show a substantial 
quenching of N singlet emission by the bound protoporphyrin in methanol and 
water/methanol 75/25 (v,v), but not in DMSO. In all cases, the efficiency of the quenching 
process, EN, parallels the efficiency of the fluorescence rise in P, Ep, thus indicating that 
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the energy lost in the deactivation of the excited naphthyl chromophore is nearly 
completely transferred to the porphyryl group. This indicates that the N* quenching chiefly 
occurs by intramolecular 'N* -» P energy transfer. The modest N quenching observed in 
DMSO is suggestive of a rather large interchromophoric center-to-center distance or a 
mutual orientation of the probes approaching 90°, provided that the donor and acceptor 
molecules do not rotate fast enough to randomize their orientation during the donor 
lifetime [3]. This latter idea is supported by fluorescence time decay experiments of excited 
naphthalene in the same solvents. The curves were well fitted by a two-component 
exponential decay, the shorter decay time (s 3 ns) being assigned to the energy transfer 
process, XN* -» P [2], while the longer decay time (%2 = 45 ns, in both methanol and 
water/methanol 75/25) is assigned to a minor exciplex decay. By contrast, T2 a 38 ns in 
DMSO, being similar to that observed for the unperturbed N* decay (To = 36 ± 0.9 ns). 
This suggests that the latter lifetime can be assigned to the natural N* decay, which is 
suggestive of a poor interaction, and hence a large separation distance between N and P 
groups. Alternatively, even though the probes are close to each other, this result may be 
due to a perpendicular mutual orientation of the probes, which, according to Forster 
mechanism, prevents energy transfer to occur if they are frozen on the time scale of the 
donor lifetime [3]. Both long range NOE contacts and JN«H values were used as restraints, 
together with both the interprobe distance, R, and orientation parameter K2 = cos2r>(3cos2y 
+ 1), which describes a particular relative orientation between the probes [3], as obtained 
by fluorescence decay experiments. Energy minimization in terms of the internal rotation 
angles was carried out making use of the Karplus-Pardi expression, while Rm and Km

2 

values were employed for optimizing the agreement between experimental and calculated 
energy transfer efficiency of the with conformer. From the results it appears that the 
molecules fold around the Aib residues, assuming a P-turn-like arrangement, which is 
stabilized by short range interactions within the backbone chain, as well as between the 
backbone and protoporphyrin group. The structural features of the other (unfolded) part of 
the molecules depend on whether the naphthyl moiety is close to protoporphyrin or far 
away from it, the average center-to-center distance changing from about 9 to 19 A, 
respectively. In the former case, the chromophores are frozen in a perpendicular 
orientation, which prevents energy transfer to occur despite their proximity. In the latter 
case, the naphthyl moiety is freely rotating, thus being able to assume an average isotropic 
orientation with respect to the P group, the characteristic time for the internal rotation of 
naphthalene being shorter than that of the transfer process. 
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High-resolution NMR spectroscopy of liquids has become a standard method for 
conformational studies in biochemistry. This method provides information on the secondary 
and tertiary structure of macromolecules and on intermolecular interactions such as ligand -
receptor binding. These determinations are based mainly on interatomic distance 
measurements by quantitative analysis of NOESY spectra and, to a lesser degree, on torsion 
angle measurements based on homo- or heteronuclear scalar coupling constants. As with 
liquids, internuclear distances in solids are reflected in dipole-dipole coupling constants 
between the nuclear magnetic dipoles. Rotational-echo double resonance (REDOR) 
spectroscopy has been employed to determine heteronuclear dipole-dipole coupling 
constants [1,2] and to study internuclear distances in peptides, proteins and bound ligands. 

An important target for the REDOR experiment is an amorphous solid. For 
biologically important amorphous solids that cannot be obtained in crystalline form, NMR 
spectroscopy is the only method for direct investigation of conformation at the atomic 
level. In the present study we examine the 13C - 15N REDOR of selectively labeled a-factor 
peptide hormone in lyophilized powders. In order to understand the contribution of natural-
abundance nuclei to the REDOR data at long evolution times, we have used a three-body 
calculation [3,4] and assumed a spherical distance distribution for natural abundance 
corrections. In addition we have evaluated the REDOR results in terms of a superposition 
of different distances with appropriate weighting factors. These approaches allow us to fit 
the experimental data on the a-factor to a high degree of accuracy and to conclude that this 
peptide has a tendency to be bent in a lyophilized powder. 

Results and Discussion 

Peptides investigated in this study were prepared by solid-phase synthetic methods and are 
selectively 13C,I5N-labeled analogs of the Saccharomyces cerevisiae a-factor 
(WHWLQLKPGQPNleY) or melanostatin (PLG-NH2 ). The a-factor was studied as an 
amorphous lyophilate, and melanostatin was examined in both crystalline and amorphous 
forms. Using a slightly modified three-body theory we were able to evaluate the 
contribution of natural abundance nuclei to the REDOR data. In these calculations we 
placed the labeled nuclei at specific distances and calculated the effects of background 
nuclei spherically distributed within shells of different radii. As expected, the contribution 
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of the naturally abundant atoms to the REDOR evolution curves (AS/S0 versus X) depended 
on the size of the sphere, the distance between the labeled centers and the identity of the 
observed nucleus. For molecules of the size that we investigated, naturally abundant nuclei 
as far as 10 A from the observed nucleus were found to contribute significantly to the 
REDOR peak amplitudes. We also observed that the influence of the natural-abundance 
correction on the data was dependent on the distance between the two labeled centers. A 
corrected AS/S0 versus X curve for labeled centers separated by 2 A was almost identical to 
the uncorrected curve. As the internuclear distance increased to 8 A, the deviations became 
quite significant when 15N was the observed nucleus but remained much smaller for 13C 
REDOR spectra. Using these natural-abundance corrections we determined that atoms 
separated by more than 5 A can be identified using 13C-detected REDOR experiments. 

To examine how the presence of conformational heterogeneity in a sample can affect 
REDOR results, we calculated AS/S0 versus X curves that would result from heteronuclear 
interactions of 15N and 13C labels having several distance distributions that differed 
significantly in their width and dispersity. Applying our natural-abundance correction to 
the REDOR data, the fit of the theoretical AS/S0 curves with the experimental data was 
quite good. Our simulations showed that the presence of any conformational heterogeneity 
in a sample influences the shape of the AS/S0 curve and leads to a monotonic upward trend 
in the apparent REDOR distance with increasing evolution time. This upward distance 
trend caused by the presence of more than one conformation in the sample closely 
resembles the observed experimental curves for the a-factor lyophilates. Using the above 
approaches we ascertained that nuclei placed at residues 4 and 13 in the a-factor peptide 
were separated by less than 7 A. 

Conclusion 

REDOR analysis may be used to study the conformational heterogeneity of amorphous 
peptides. In the case of a-factor such investigations provided evidence that this linear 
peptide exists as a distribution of structures in a lyophilized solid and that the pheromone 
likely assumes a bend in the center of the molecule. Thus, the lyophilate of a-factor 
maintains aspects of the solution conformation of this peptide. 
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Cyclic P-casomorphin analogs described by the general formula H-Tyr-c[-D-Xxx-Yyy-D-
Pro-Gly-] (Xxx = Orn, Lys; Yyy = Phe, Trp, 1-naphthylalanine (1-Nal), 2-Nal) have been 
shown to have high affinity for p opioid receptors and somewhat lower but still 
considerable 8 opioid receptor affinity [1]. Among various prepared analogs of this type, 
H-Tyr-c[-D-Orn-l-Nal-D-Pro-Gly-] was an agonist at both the p and the 8 receptor, 
whereas H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-] turned out to be a novel prototype of a mixed 
p agonist/8 antagonist. Opioid compounds with mixed p agonist/8 antagonist properties are 
known to have potential as analgesics with low propensity for producing tolerance and 
dependence [2]. Since the Nal3-analogs contain a fluorescent naphthyl moiety, they are 
amenable to conformational analysis by fluorescence spectroscopic techniques. Here, we 
describe the results of fluorescence decay measurements and fluorescence quantum yield 
determinations that were undertaken in conjunction with a theoretical conformational analysis 
in an effort to elucidate distinct conformational features of the 1-Nal3- and 2-Nal3-P-
casomorphin analogs described above. 

Fig. 1. Low energy conformers of H-Tyr-c[-D-Orn-2-Nal-D-Pro-Gly-J with extended Nal3 side 
chain (left) and with the Nal side chain in proximity of the Gly5 carbonyl group (right). 

Results and Discussion 

Naphthylalanine fluorescence decay measurements were performed in aqueous 
solution (Tris buffer, pH 7.5, 20°C) at low concentration (1 x 10"5M). Analysis of the 
fluorescence decay resulted in a single fluorescence decay time both for the reference 
compound N-acetyl-1-naphthylalanineamide (Ac-1-Nal-NH2) (x = 30.6 ns) and for the cyclic 
peptide H-Tyr-c[-D-Orn-l-Nal-D-Pro-Gly-] (x = 31.3 ns), indicating that the naphthyl 
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moiety in the peptide is fairly exposed to the aqueous environment. In the case of the 2-Nal-
containing peptide, a two-component analysis produced the best fit with the fluorescence 
decay curve. The major component with an amplitude factor (a) of 0.95 was characterized by 
a decay time (Xi, = 30.2 ns) similar to that of the corresponding reference compound N-Ac-
2-Nal-NH2 (x = 34.0 ns), reflecting again a mostly aqueous environment of the fluorophore. 
The minor component (a = 0.05) with a much shorter decay time (x2 = 6.9 ns) indicated the 
existence of a small fraction of conformers in which drastic intramolecular quenching of 
the naphthyl fluorescence occurs. This was confirmed by steady-state fluorescence 
measurements which resulted in a lower quantum yield for H-Tyr-c[-D-Orn-2-Nal-D-Pro-
Gly-] (<|> = 0.070) as compared to H-Tyr-c[-D-Orn- 1-Nal-D-Pro-Gly-] (<|> = 0.128). 

A molecular mechanics study (systematic grid search) resulted in 15 and 19 low 
energy conformations (< 3kcal/mol above the lowest energy conformation) for H-Tyr-c[-D-
Orn-1-Nal-D-Pro-Gly-] and H-Tyr-c [-D-Orn-2-Nal-D-Pro-Gly-], respectively. In all low 
energy conformers of either peptide, one face of the naphthyl moiety was exposed at the 
surface of the molecule. This result is in agreement with the fluorescence data indicating a 
predominantly aqueous environment of the fluorophore in both peptides. However, the 
combined accessible surface area of the naphthyl moiety in the 2-Nal-containing peptide 
was found to be considerably larger than that of the naphthyl group in the 1-Nal-containing 
peptide. Two low energy structures of the 2-Nal peptide are shown in Fig. 1. Whereas the 
1-Nal side chain is not located close to a carbonyl group in any of the low-energy 
conformers of H-Tyr-c [-D-Orn-1-Nal-D-Pro-Gly-], the 2-Nal side chain in the third-lowest 
energy conformer of H-Tyr-c [-D-Orn-2-Nal-D-Pro-Gly-] (Fig. 1, right panel) is folded over 
the peptide ring with the naphthyl moiety being in close proximity to and on top of the Gly 
carbonyl group. Since the carbonyl group is a strong fluorescence quencher, this conformer 
may represent the structure which gives rise to the short fluorescence decay time (minor 
component) observed with the 2-Nal peptide. Interestingly, this conformer showed 
excellent spatial overlap of its N-terminal amino group, phenol ring and naphthyl moiety 
with the corresponding pharmacophoric moieties in the non-peptide 8 antagonist 
naltrindole, thus providing a structural explanation for the 8 antagonist properties of H-Tyr-
c[-D-Orn-2-Nal-D-Pro-Gly-]. 
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The neurokinin-1 (NK-1) receptor belongs to the class of seven transmembrane G-protein 
coupled receptors (7TM receptors). Ligand recognition and signal transduction in 7TM 
receptors are central themes in molecular pharmacology. Due to the physical nature of 
these proteins, direct methods for structural analysis [1], e.g. X-ray crystallography and 
multi-dimensional NMR, have so far yielded little information. Here we describe a strategy 
to circumvent some of these difficulties and produce structural information on 7TM 
receptors. 

Results and Discussion 

Our general strategy was to synthesize transmembrane (TM) segments in which aromatic 
amino acid residues were replaced by their fluorinated analogs and to monitor their 
behavior in phospolipid membranes when embedded in phospholipid vesicles by 19F NMR 
studies. 

The 34-residue peptide KRKVVKMMIWVSTFAISWLPFHIFFLLPYrNPE, 
corresponding to the putative sixth transmembrane helix (TM6, residues 242-275) of the 
NK-1 receptor, was selected as a model TM segment. Synthesis was carried out manually 
on MBHA resin using Fmoc solid phase chemistry and TBTU/HOBt as coupling reagents. 
The four phenylalanine and one tryptophan residues were replaced with their 
monofluorinated analogs. The most effective method for peptide-resin cleavage and 
sidechain deprotection used a HF, EMS, and anisole cocktail in a ratio of 8:1:1. The crude 
peptide was then dissolved in AcOH/ACN/H20 (1:2:7, v/v), and purified by reverse phase 
HPLC. Four major peaks were observed on the HPLC profile (Fig. la), all of which 
corresponded to the desired product as identified by electrospray mass spectrometry. We 
hypothesized that the four peaks represented various conformers/aggregates of the peptide. 
Using MeOH/H20 (1:1, v/v) and 6 M GdnHCl solvent systems, which disrupt the 
secondary or tertiary structure of peptides to various extents, the HPLC profiles of the 
crude peptide (Fig. lb & lc), were reduced to only one predominant peak representing the 
desired product. The retention times of the most prominent peak observed in the 
AcOH/ACN/H20, MeOH/H20, and 6M GdnHCl solvent systems were at 48.95, 48.97 and 
52.26 minutes, respectively. These differences in retention times could be attributed to 
changes in the hydrophobic surface of the peptide indicating that the conformation of the 
peptide was dependent on the particular solvent system. Based on HPLC analysis, greater 
than 30% of the crude cleavage mixture was the desired peptide when the MeOH/H20 
dissolving system was applied. 
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'H NMR of the phospholipid bilayer vesicles made from egg yolk lecithin and 1"F 
NMR of these vesicles containing fluorinated amino acid analogs were performed. Four 
probes, gadolinium, lanthanum, ferriocyanide and TEMPO were investigated. Gadolinium 
was most effective in signal line broadening and differentiation between internal and 
external surfaces of the vesicle. The resulting spectra implicated a through-space (dipolar 
or pseudocontact) interaction rather than transmission of electronic spin density through 
bonds (a contact shift). 19F NMR was performed in presence or absence of gadolinium on 
vesicles containing HPLC-purified TM6. As shown in figures 2a and 2b, the peak 
representing tryptophan disappeared and the phenylalanine peaks were broadened in 
presence of gadolinium. Disappearance of the tryptophan signal indicated that the 
tryptophan was exposed to water toward the outer surface of the vesicle. This is consistent 
with the current model for 7TM receptors [2]. Although the four labeled p-F-
phenylalanines could not be assigned because of overlap, their line broadening in the 
presence of gadolinium indicated the effectiveness of this probe for lipid bilayer embedded 
peptides. Based on the above results, we propose that the relative broadenings observed 
can be quantitatively correlated to distances in the form of <r°> [3]. Thus, the spatial 
relationships of the labeled amino acid residues can be readily calculated. 

a) 

Trp 

Phe 

fZyyy^. 

b) 
Phe 

1 
Fig. 1. HPLC profiles of crude TM6 when 
dissolved in a) AcOH/ACN/H20 (1:2:7, v/v) 
b) MeOH/H20 (1:1, v/v) c) 6M GdnHCl. 

Fig. 2. 19FNMR spectra of the 2.5 mg/ml 
phospholipid vesicle containing the 0.5mM 
fluorine labeled TM6 in a) absence or b) 
presence (2.5 mM) ofGd.3+ 
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Trichogin GA TV is a terminally-blocked, membrane-modifying lipopeptaibol of fungal 
origin [1], characterized by: (i) Ten a-aminoacids, one P-aminoalcohol (leucinol) at the C-
terminus, and one ra-octanoyl chain at the N-terminus, (ii) Three Aib residues at positions 
1, 4, and 8, (iii) A mixed 310/a-helical structure (a 3|0-helix near the N-terminus and an a-
helix in the central part) [2]. (iv) Amphiphilic properties: all of the hydrophobic groups (n-
octanoyl, and Leu, Be, and Lol side chains) are positioned on one helix face, while the four 
Gly residues comprise the hydrophilic face. The primary structure of trichogin GA IV is as 
follows: 

nOct-Aib'-Gly-L-Leu-Aib-Gl^-Gly-L-Leu-Aib-Gly-L-ne^-L-Lol 

We have also shown that the [L-Leu-OMe11] trichogin GA IV analog has almost identical 
conformational and membrane modifying properties as the natural lipopeptaibol [3]. To 
determine the structure of trichogin GA IV in solution, we have recently synthesized by 
solution methods and fully characterized three analogs, each with a double Aib —> TOAC 
replacement. Like Aib, TOAC is a strong 310/a-helical former, but it also contains a stable 
nitroxide free radical which may be exploited as a useful ESR probe [4]. In the TOAC(l,4) 
analog the double replacement is located in the 310-helical region, whereas in the 
TOAC(4,8) analog it is positioned in the a-helix region. The two TOAC residues in the 
TOAC(l,8) analog are separated by approximately two turns of helix. 

Results and Discussion 

In the X-ray diffraction structure of the [Fmoc0, TOAC4-8, L-Leu-OMe11] trichogin GA IV 
analog [this work] the 310-helix at the N-terminus (residues 1-4) is more regular than in the 
natural lipopeptaibol [2]. The central 4-8 sequence is folded in a classical a-helix in both 
peptides. Therefore, TOAC may replace Aib at positions 1, 4, and 8 in the sequence 
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without significantly disturbing the overall peptide secondary structure. The nitroxide 
groups of the two TOAC residues are ~ 6 A apart. 

TOAC1.4 TOAC4.8 TOAC1.8 

Fig. 1. ESR spectra of the n-octanoylated TOAC(l,4), TOAC(4,8), and TOAC (1,8) trichogin GA 
IV analogs in MeOH solution at 200 K Peptide concentration: 1 mM. Scanwidth: 250 G. 

From the relative strengths of the dipolar coupling interaction in the ESR spectra of the 
three doubly substituted analogs in MeOH solution at 200 K (Fig. 1) it may be concluded 
that the distances between the TOAC spin labels are d18 »> dx. > d,s. In unilamellar 
vesicle experiments we found that the peptides are immobilized into the lipid bilayer and 
the rank order of distances between the TOAC spin labels is the same as that found in 
MeOH solution. In summary, the results of our ESR study support the view that the same 
mixed 310/a-helical structure, found in the crystal state for trichogin GA IV and its double 
TOAC analog, is largely preserved in solution and in a membrane-like environment. Under 
the latter experimental conditions all of the three ra-octanoylated analogs are active in 
inducing membrane permeability. 
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Myasthenia gravis is a neuromuscular autoimmune disease induced by autoantibodies 
raised against the acetylcholine receptor (AChR) which consists of five subunits O.2PY§. 

The AChR epitope involved in the binding of mAbs, called 'main immunogenic region' 
(MIR), has been localized between residues 67-76 of the AChR a-subunit. We used high 
field NMR spectroscopy to elucidate the solution structure of the antibody-bound peptide. 
Homology modelling and molecular docking led to a complex stabilized by some highly 
favorable intermolecular contacts. 

Results and Discussion 

A modified MIR sequence of Torpedo electric organ, the decapeptide W67NPADYG-
GIA76, was synthesized by solid phase synthesis. Alanine scan of the MIR sequence 
revealed in earlier investigations a threefold higher binding potency of the [Ala76]MIR 
compared to the native sequence [1]. A recombinant antibody fragment of the rat anti-MIR 
mAb 198 was cloned by polymerase chain reaction and expressed as the soluble scFv 
fragment (scFvl98) in E. coli. This fragment was capable of blocking the AChR in human 
cell cultures against the action of the intact mAb 198 or Abs from human sera [2]. 
The construction of the scFvl98 was based on two reference molecules of which structures 
were derived from crystallized complexes. The reference Abs IgM [3] and D1.3 [4] were 
chosen because of their sequence similarity to scFv. The canonical CDRs HI, H2, Ll, and 
L2 were superimposed with those of the reference structures. Loop H3 was aligned with 
the sequence H3 of mAb Kol2fb4. The structure of CDR L3 was generated de novo and 
optimized. Superimposition of the constructed active site of the scFv fragment with the 
active site of the IgM yielded a RMS value of 1.45 A for the Ll, L2, and L3 loops and a 
RMS value of 0.85 A for the HI and H2 loops. 

The structure elucidation of the [Ala76]MIR decapeptide complexed to the anti-MIR 
mAb in solution (molar ratio 50/1) was performed using transferred NOE experiments. 
Analysis of the spectra led to a well defined solution structure. 

Molecular docking was initialized by a parallel and independent fit onto both 
structures, i.e. the modelled binding site of the antibody and the [Ala76]MIR decapeptide 
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derived from NMR experiments. The complex starting conformation was deduced from a 
crystallized myohemerythrin-Ab complex [5]. An energy minimization of both, the peptide 
and the CDR side chains (elimination of atom overlaps), led to a refined complex structure. 
In the [Ala76]MIR-scFvl98 complex, the antigen backbone fits perfectly the channel 
formed by the CDRs (Fig. IA). The most important contacts are formed between the Y72 

aromatic ring of [Ala76]MIR and the aromatic side chains of the H2, H3, and L3 CDRs. 
The tyrosine is surrounded by four aromatic residues and one arginyl residue (Fig. IB). 
Residues H2-W52, H3-F100d, and L3-Y95 give raise to a n-n interaction system. In 
addition, the arginyl H2-R50 side chain points perpendicularly towards the Y72 ring, thus 
generating an additional TC-TC energy contribution. 

H3Tyr100f 
H3Phe100d ' ^ 

L3 Tyr 95 
H2 Arg 50 

Fig. 1. Views of the [A76]MIR-scFvl98 complex obtained after docking optimization. (A) The main 
chain traces of the 6 CDRs are shown as thin lines. (B) The central ligand [A76]MIR-Y72 side 
chain is located in the cage of aromatic antibody groups. 
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Parathyroid hormone-related protein derived mono- and bi­
cyclic agonists and antagonists: A conformational comparison 

Stefano Maretto,3 Elisabetta Schievano,3 Evaristo Peggion,3 Stefano 
Mammi,3 Alessandro Bisello,b Michael Chorev,b Michael Rosenblattb and 

Dale F. Mierkecd 

"Department of Organic Chemistry, University of Padova, Biopolymer Research Center, Via 
Marzolo 1, Padova, Italy, Division of Bone and Mineral Metabolism, Harvard-Thorndike and 

Charles A. Dana Laboratories, Department of Medicine, Beth Israel Deaconess Medical Center, 
330 Brookline Ave., Boston, MA 02215, U.S.A., cGustafH. Carlson School of Chemistry, Clark 
University, 950 Main Street, Worcester, MA, 01610, U.S.A,dDepartment of Pharmacology and 

Molecular Toxicology, University of Massachusetts, Medical School, 55 Lake Ave. North, 
Worcester, MA 01655, USA 

To incorporate more conformational constraint into the peptide hormone parathyroid 
hormone-related protein, PTHrP, we initiated a program of incorporating (i)-to (ix4) side 
chain lactam bridge cyclization into the N-terminal 1-34 fully active fragment of PTHrP [1-
3]. This modification has been previously shown to stabilize a-helical conformations, a 
secondary structural element that has been proposed be very important for the biological 
activity of parathyroid hormone and PTHrP. In this communication, the conformational 
results of lactam cyclization between Lys -Asp , Lys -Asp , and a bicyclic analog 
containing both of these lactams are presented. These modifications have been 
incorporated in both agonist peptide series, containing the full 1-34 sequence, and the 
truncated antagonist series, containing residues 7-34 of the PTHrP sequence. 

Results and Discussion 

The results from the spectroscopic characterization including circular dichroism and 
nuclear magnetic resonance, clearly indicated a high a-helix content for all members of this 
series of peptides. Interestingly, there does not seem to be a general synergy between the 
helix-inducing capacity of the mid-sequence (Lysl3-Asp17) and the C-terminal (Lys26-
Asp30) lactams, that is, the bicyclic analog does not display additional helicity in 
comparison to the two mono-lactam containing analogs. The conformational features of the 
peptides were refined by extensive computer simulations including metric matrix distance 
geometry calculations followed by molecular dynamics simulations using explicit solvent. 
The results from these studies illustrate striking similarities for the agonists and antagonists 
containing the same modification. As an example, the agonist PTHrP(l-34)-NH2 and 
antagonist PTHrP(7-34)-NH2 containing the mid-sequence and C-terminal lactams are 
shown superimposed in Fig. 1. In this figure the heavy atoms of residues 22-32 have been 
superimposed. Similar results are obtained with the comparison of the other pairs of 
similarly modified agonists and antagonists. 
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Fig. 1. Superposition of the bicyclic, Lys'3-Asp11, Lys26-Asp30, lactam containing PTHrP agonist 
PTHrP(l-34)-NH2 and antagonist PTHrP(7-34)-NH2. 

The lactam modified analogs have been shown to display similar binding properties and 
relative biological properties (agonist and antagonist). The mid-sequence lactam-containing 
analogs and the bicyclic analogs display high binding affinities and are highly potent while 
the analogs containing the C-terminal lactams display poor receptor binding [2]. Given 
these biological activities, the similarity between the conformational features of the 
agonists and antagonists is not surprising. The results indicate that the C-terminal lactam is 
not well tolerated when used alone. However, coupling with the mid-sequence lactam 
overcomes the deleterious effect of the C-terminal lactam and restores activity. Further 
efforts to explore this phenomenon and identify the source (dynamics or conformation or a 
combination of the two) are currently underway. 
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The NMR structure of a cyclic V3 loop peptide that binds tightly 
to a monoclonal antibody that potently neutralizes HIV-1 

Edelmira Cabezas and Arnold C. Satterthwait, 
Department of Molecular Biology, The Scripps Research Institute, 

La Jolla, CA 92037, USA 

Cyclic[JHIGPGR(Aib)FGGZ]G-NH2 was selected as the best binder to Mab 58.2 from a 
series of constrained peptides corresponding to the tip of the V3 loop on gpl20 of HIV-1 
[1]. The cyclic peptide binds about 256-fold better than the corresponding linear peptide, 
acetyl-GHIGPGRAFGGGG-NH2. Substitution of Aib for Ala improves the affinity of both 
peptides for MAb 58.2 about 2-4 fold. Mab 58.2 is the most potent neutralizer of primary 
HTV-1 isolates among several thousand Mabs evaluated by White-Scharf et al. [2] at the 
Repligen Corporation. Alanine scanning indicates that Mab 58.2 binds GPGRAF as a core 
epitope [2]. Enhanced affinity of the cyclic peptide for Mab 58.2 suggests that it adapts a 
conformation in water that mimics the conformation on antibody HTV-1. Since 
conformational mimicry can be critical for effective synthetic peptide vaccines [3], we 
compared solution structures of the linear and cyclic peptides using NMR spectroscopy. 

Results and Discussion 

Signal assignments, temperature coefficients and NOEs were obtained from ID and 2D P.E. 
COSY, TOCSY and ROESY spectra of 20 mM peptides at 21°C in 10% D20/H20 on a 500 
MHz Brucker NMR spectrometer. A FG/F(D-Ala) substitution was made for the NMR 
study and has little effect on affinity. Deuterated analogs of the cyclic peptide were used to 
isolate overlapping signals. The linear peptide showed evidence for Type I and/or Type II 
turns at GPGR as indicated by weak PnAGlyN (i, i + 1) and Proa-ArgN (i, i + 2) NOEs 
and a strong Proa-GlyN (i, i + 1) NOE. Data for the cyclic peptide indicates a slight increase 
in the turn population at GPGR with a shift towards the Type I turn. Thus an ArgN-GlyN (i, 
i + 1 ) NOE is isolated, the ProaGlyN (i, i + 1) decreases and the ArgN temperature 
coefficient is reduced. The Proa-ArgN (i, i + 2) NOE is lost, possibly as a consequence of 
an increased distance for the Type I turn. 

An Arga-PheN (i, i + 2) indicates that a second turn is formed at R(Aib)F in the cyclic 
peptide. This turn(s) is well populated. Signals for the two Aib P-methyl groups separate 
indicating a better defined environment while coupling constants and NOE's indicate that 
rotation about the Phe % angle is restricted. However, medium NOEs from the Phe NH to 
both Aib methyl groups suggest that AibF forms more than one type of turn. The turn(s) at 
R(Aib)F could be part of a reverse tum(s) at GR(Aib)F and/or R(Aib)F(D-Ala). Observation 
of a lowered temperature coefficient for D-AlaN and not PheN, supports the formation of a 
reverse turn(s) at R(Aib)F(D-Ala). 
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The NMR data suggest that cyclization of the linear peptide stabilizes two or more 
reverse turns that may exist in separate conformers and/or concurrently in the same 
conformer. While both turns are highly populated in the cyclic peptide, they are very likely 
in dynamic equilibria with disordered forms. Sequential reverse turns are frequently found 
in complex loops on protein surfaces [5]. The appearance of two or more turns in the V3 
cyclic peptide and a P. falciparum malaria cyclic peptide [4], show that medium sized 
cyclic peptides can provide platforms for complex loop structures in water. 

The formation of two or more reverse turns in the cyclic V3 peptide but not the linear 
peptide provides a basis for its enhanced affinity for Mab 58.2. Ghiara et al. [6] have 
reported that another neutralizing Mab 59.1 binds linear V3 peptides in multiple turn 
conformations. It thus remains likely that multiple turns constitute recognition elements at 
the "tip" of the HTV-1 V3 loop and can account for the neutralization properties of these 
Mabs. Further, it emphasizes the probable importance of multiple turns for HIV-1 vaccine 
design. 
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Folding of the second extracellular loop of the myelin 
proteolipid protein (PLP) 
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Laboratoire de Chimie Organique des Substances Naturelles, CNRS URA 31, 5 Rue Blaise Pascal, 

67084-Strasbourg, France. 

Pelizaeus-Merzbacher disease (PMD) is an X-linked dysmyelinating disorder resulting 
from mutations in the proteolipid protein (PLP) gene [1]. PLP is an integral membrane 
protein in which the extracellular domains are believed to anchor adjacent membranes to 
each other [2]. The second extracellular loop of PLP (loop 4) which contains two disulfide 
bridges, Cysl83-Cys227 and Cys200-Cys219 [3] (Fig. 1), is the site of several point 
mutations in PMD. However the effects of the mutations on PLP structure and function are 
little understood. One hypothesis is that these mutations can affect PLP function by altering 
protein folding. For this purpose we have synthesized a peptide (PLP 181-230) 
corresponding to PLP loop 4 and one PMD mutant (P215S) and compared their folding. 
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Fig. 1. Extracellular loop 4 of PLP according to [3]. 

Results and Discussion 

The 50-residue peptides were synthesized manually by SPPS using Fmoc chemistry and 
purified in their reduced form by HPLC. Their foldings, which required the introduction of 
two disulfide bonds, were performed using different oxidizing conditions and compared. 

Air oxidation (O.Olmg/ml peptide / 0.1M Tris-HCl, pH 8.8 / RT, stirring) for both 
peptides resulted in the formation of a single one-disulfide intermediate. For the mutant, 
aggregation occurred quite rapidly, and could not be prevented by the addition of 
denaturants. The oxidation could not continue further. 

Folding of PLP( 181-230) was then attempted using the redox system: oxidation and 
glutathione reduction. The oxidation was monitored by HPLC. Fig. 2A shows the results 
obtained under the following conditions: 0.5mg/ml peptide / 0.1M Tris-HCl, pH 7.8, lmM 
EDTA / O.ImM GSH/0.02mM GSSG / 5°C. After 71 hrs three major peptides were 
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generated (W-01, W-02 and W-03). These peptides were shown to contain two disulfide 
bonds and their pairings were determined as shown in Table 1. W-03 contains the native 
disulfide bonds. An intermediate (W-I) was rapidly formed reaching a maximum 
concentration after about 3 hrs and then gradually disapeared. 

Table 1. Arrangement of the disulfide bridges in the oxidized peptides. 

Peptides 

Disulfide bonds 

W-Ol/M-Ol 

183-219,200-227 

W-02 / M-02 

183-200,219-227 

W-03 / M-03 

183-227,200-219 

The same conditions of oxidation and analysis were applied to the PM mutant. The 
oxidation was complete after 165 hrs (Fig. 2B). Two major peaks were obtained (M-Ol 
and M-02) (Table 1). Only a trace amount of M-03 with the native cysteine pairing could 
be detected. Two intermediates (M-Il and M-I2) were formed reaching a maximum 
concentration at about 23 hrs. 

Our results show that the mutated peptide does not follow the same mechanism of 
folding as the wild peptide, that its kinetic of oxidation is much slower and a very small 
amount of the loop with the native disulfide bonds is obtained. 

Fig. 2. HPLC analysis of the folding reaction. PLP (181-230) (A) and mutant (P215S) (B). 

Conclusion 

We have shown that the PM mutation affects the folding of the loop 4 of PLP in vitro 
indicating that the inability of the extracellular domain of PLP to fold in vivo may 
contribute to the molecular defects responsible for Pelizaeus-Merzbacher disease. 
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An improved template for the initiation of peptide helices 

Evan T. Powers, Peter Renold, Sherri Oslick and D. S. Kemp 
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

The N-terminal reporting conformational template AcHeh (1) has proven valuable in the 
study of peptide helicity [1], but its reporting feature, the cis / trans equilibrium of the 
acetyl group interferes with its ability to initiate helices. Replacing the acetyl with a 
sulfamate (N-S03~) yields the new template S03Heli (2) (Fig. 1). This modified template 
does not have an analogous conformational equilibrium that can hinder its helix initiating 
ability. 

^s,y^\ "0,SN V' \ . . - ^ V 

(1) (2) 

Fig. 1. N-terminal helix inducing templates AcHel, (1) and S03Helj (2). 

Results and Discussion 

S03Heli-peptide conjugates are prepared by synthesizing a peptide terminating in BocHeli 
by standard Fmoc SPPS. BocHeliOH can be prepared by a modification of AcHeh's 
synthesis ([2] and P. Renold, unpublished). The template-peptide conjugate is deprotected 
and cleaved from the resin by TFA to yield HHeli-peptide, in which the template has a free 
amine. This is sulfamated by dissolving the peptide to 5mM in 10% aq. NaHCOs and 
treating it with a large excess of S03-pyridine (>100 eq.) for 12h at 25°C [3]. These 
conditions tolerate all side chains except those of Lys, His, and Tyr. SOsHeli-peptide 
conjugates are stable for months in water solution at pH 3 to 7. 

The CD spectra of HHeli, AcHeh and SOsHeli as conjugates of Ala6-NH2 are shown 
in Fig. 2. Judging by the per residue molar ellipticity at 222nm ([©]222), one can see that 
S03HeliAla6-NH2 is substantially more helical than AcHeliAla6-NH2 ([9]222 = -10,200 vs. 
-7,150 deg cm2 / dmol), and that HHeliAla6-NH2 is not helical at all. These CD data can 
also provide a rough estimate for CT, the Zimm-Bragg helix initiation parameter [4]. 
Assuming that the helix propagation constant for Ala, SAia, is 102 [1] and that [0]222 for 
the 100% helical peptide is -30,000 deg cm2 / dmol [5], the calculated CT is probably in the 
range of 0.5 to 0.8 with the best fit being at CT = 0.6. This is about two orders of magnitude 
larger than the values reported for natural amino acids [6]. 
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S03Heli is a potent helix initiator, but is only available by total synthesis. S03ProAla 
is a much simpler analog that can adopt a conformation analogous to that of S03Heli 
S03Heh and S03ProAla were compared by CD spectroscopy as conjugates of the peptide 
SELSRL-NH2, a sequence from the gut hormone secretin (Fig. 3). The spectra show that 
the unsulfamated control peptide, H-ProAlaSELSRL-NH2 is a random coil, that 
S03Hel,;SELSRL-NH2 is fairly helical, and that S03ProAlaSELSRL-NH2 is markedly 
shifted away from a random coil and toward a helical conformation. While it is much too 
early to conclude that S03ProAla induces helicity by adopting the conformation of 
S03Heh, it is clear that sulfamation affects the structure of the peptide. 

o 
E 

-10000 

wavelength (nm) 

Fig. 2. CD spectra of HHel]Ala6-NH2 (squares), AcHel)Ala6-NH2 (triangles), and S03HeUAla6-NH2 

(circles). Spectra were corrected for contributions due to the templates [5]. 

y- -10000 
CD 

-20000 

wavelength (nm) 

Fig 3. CD spectra of H-ProAlaSELSRL-NH2 (squares), S03ProAlaSELSRL-NH2 (triangles), and 
S03Hel,SELSRL-NH2 (circles). 

References 

1. Kemp, D.S., Oslick, S. L., Allen, T. J., J. Am. Chem. Soc, 118 (1996) 4249. 
2. McClure, K, Renold, P., Kemp, D. S., J. Org. Chem., 60 (1995) 454. 
3. Baumgarten, P, Marggraff, I., Dammann, E., Hoppe-Seyler's Z. Physiol. Chem., 209 (1932) 

145. 
4. Zimm, B. H., Bragg, J. K, J. Chem. Phys. ,31 (1959) 526. 
5. Oslick, S. L., Thesis, Massachusetts Institute of Technology, 1996. 
6. Wojcik, J., Altmann, K.-H., Scheraga, H. A., Biopolymers, 30 (1990) 121. 



Conformational studies of PTH/PTHrP hybrids 
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The very low sequence homology in the 1-34 fragments of parathyroid hormone (PTH) and 
PTH-related protein (PTHrP) and the fact that they act on the same receptor by assuming a 
putative common bioactive conformation make these two peptides an ideal target for 
studies on segmental and point-mutated hybrid peptides. Recently, receptor binding studies 
of PTH/PTHrP (1-34) hybrids revealed that the 1-14 segment of PTHrP is incompatible 
with the 15-34 segment of PTH [1,2]. The incompatible sites were identified at position 5 
[1,2] and in the triad of residues 19-21 [1]. Therefore, Gardella and coworkers [1] 
concluded that interactions between the two portions (1-14 and 15-34) of the agonist are 
essential for PTH-like activity. 

In an attempt to gain insight regarding the structural elements responsible for 
biological activity, we have studied the PTH/PTHrP hybrids I [Glu22]hPTHrP(l-34)NH2 

and II [Glu19'22,Val21]hPTHrP(l-34)-NH2. In these hybrids the residues Arg19, Arg21 and 
Phe22 of the native PTHrP sequence were replaced by the corresponding residues Glu19, 
Val21 and Glu22 of the PTH sequence. In vitro studies revealed that hybrid I binds strongly 
to human osteosarcoma Saos-2/B10 cells, while hybrid II exhibits receptor affinity and 
bioactivity lower by 3 orders of magnitude. The conformational preference of the hybrids 
was studied by CD in different solvent systems including water and TFE as a helix-
inducing solvent. The structural details of hybrid I in 1:1 water-TFE were elucidated by 
2D-NMR spectroscopy and computer simulations. 

Results and Discussion 

The CD spectra of hybrid I in aqueous solution are typical of a random structure with a 
small amount of a-helix (10%). This figure is independent upon peptide concentration in 
the range 1X103-H1X10"5 M, and also pH-independent in the range 3.2-8.9. Upon addition of 
TFE to the solvent mixture there is an increase in helix content which reaches 80% in l: 1 
(v/v) TFE/H20 (Fig. 1). In this solvent mixture the CD pattern is insensitive to a change in 
the apparent pH from 2.5 to 8.9. The CD properties of hybrid II under identical 
experimental conditions were very much the same as those of hybrid I. Hybrid I was 
further characterized by 2D-NMR and Distance Geometry calculations. Interresidue NOEs 
allowed the determination of secondary structure elements. At pH 2.5 two helical segments 
were identified, located in the sequences 4-10 and 18-34, connected by a type I p-turn. In 
all experimental conditions we were unable to identify long range NOE cross peaks 
indicative of interactions between the two N-terminal and C-terminal helices. Thus, in this 
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solvent system the proposed U-shaped bioactive structure was not identified. The general 
conformational features of the hybrid [Glu22]hPTHrP(l-34)NH2 include two helical 
domains at both termini connected by a flexible region. This structure is very similar to 
those of the 1-34 fragments of PTH and PTHrP [3] and of the segmental hybrids PTHrP(l-
27)-[Tyr34]bPTH(28-34)NH2 andPTHrP(l-18)-[Nal23, Tyr34]bPTH(19-34)NH2 [4] studied 
in the same solvent system. The first hybrid is as active as hybrid I and 3 orders of 
magnitude more active than the second hybrid. These findings do not provide a 
conformational basis for understanding the different biological activities. One possibility is 
that, in this solvent system, the common conformation observed for highly and poorly 
bioactive analogues may not correspond to the bioactive conformation, and that this 
solvent system does not mimic correctly the receptor environment. Another possible 
explanation might involve ligand-receptor interactions. Namely, the conformation assumed 
in this solvent system is of biological relevance, but the presentation of different side-chain 
functionalities in the different ligands does not meet the essential requirements for 
interaction with the receptor. 
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Fig. 1. CD spectra of 10.4 pM [Glu22]hPTHrP(l-34)NH2 in H20/TFE at various percentages (v/v) 
of TFE (indicated). In the insert, variation of molar ellipticity at 220 nm vs. TFE content. 
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Synthesis and conformational analysis of C- and 
N-glycopeptides 

Fred Burkhart, Gerhard Hessler and Horst Kessler 
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Lichtenbergstr. 4, D-85747 Garching, Germany 

In most natural and synthetic glycopeptides the carbohydrate moiety is N-glycosidically 
linked to asparagine or O-glycosidically linked to hydroxy-containing amino acids. 
Unnatural and more stable linkages between carbohydrates and peptides are important for 
understanding the mutual interactions between both moieties and to improve the 
pharmacokinetic properties of peptides. Herein we present the synthesis of the 
C-glycopeptides 1-3, possessing a reversed amide bond as isosteric replacement of the 
AT-glycosidic linkage. The structures are compared with their corresponding 
Af-glycopeptides 4-6 to determine the influence of the glycosidic linkage and the sugar 
moiety on the peptide backbone. 
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1:X = NHAc;n = 1 
2: X = NHAc; n = 2 
3:X = OH; n = 1 

4: X = NHAc; n = 1 
5: X = NHAc; n = 2 
6:X = OH; n = 1 

Results and Discussion 

Af-glycopeptide 5 [1] and C-glycopeptide 1 [2] have already been published. All peptides 
were prepared by SPPS using Fmoc protected amino acids. The ^-glycosylated amino 
acids have been synthesized according to described procedures [3]. 

The C-glycosylated amino acid building block for the synthesis of peptide 3 was 
prepared as outlined in Scheme 1 [4]. Peptide 2 was prepared by the subsequent 
glycosylation of the corresponding cyclopeptide with glutamine in position 4 which was 
built up by standard SPPS. 

The structure of C-glycopeptide 1 shows a backfolding of the sugar residue over the 
peptide backbone with hydrogen bonds between the acetyl group of the glucosamine and 
Phe5NH and Phe6NH. 
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The corresponding Af-glycopeptide 4 also shows an interaction of the acetyl group with the 
peptide backbone, but only with Gaa4NH (Fig.l). In the other C- and jV-glycopeptides no 
evidence for an interaction of the sugar residue with the peptide backbone was found. All 
peptides show a PIT turn with DPro1 in the i + 1 position and a pl/pil-turn equilibrium 
with the glycosylated amino acid in the (' + 1 position. 

Phe 

Fig.l. The structure of 4 determined by NMR techniques, 
molecular dynamic calculations[5J. 

distance geometry and restraint 
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Lactam cyclization [i to (i+4)] for nucleation / 
stabilization of a-helices? 

Gal Bitan,"'b Maria Pellegrini," Michael Chorevb and Dale F. Mierke" 
"Chemistry Department, Clark University, Worcester, MA 01610, USA and bDivision of Bone and 

Mineral Metabolism, Beth-Israel Deaconess Medical Center, Boston, MA 02215, USA 

The i to i+4 side-chain to side-chain lactam-type cyclization is a widely used modification 
for stabilization of proven or putative a-helix secondary structures in peptides. Numerous 
structure-function studies have addressed the effects of ring-size, bond location, and bond 
direction in bioactive or model cyclic peptides containing this and similar modifications. 
Here we examine the effect of i to i+4 lactam-type cyclization through three forms of a 
model undecapeptide derived from the parathyroid hormone related protein (PTHrP): the 
linear sequence Ac-[PTHrP(10-20)]-NH2, the corresponding linear peptide in which the 
side-chain of Lys13 is acetylated and Asp17 is substituted by Asn, and a cyclic analog 
containing lactam-type cyclization between Lys13 and Asp17. Lactam cyclization between 
Lys13 and Asp17 of PTHrP(l-34) has been shown to increase affinity towards the 
PTH/PTHrP receptor [1,2], as well as to induce helicity in solutions containing detergents 
[3] or TFE [4]. Unfortunately, in the NMR study of cyclo(13,17)-PTHrP(l-34) the 
conformation of the ring portion could not be analyzed in detail due to severe peak overlap 
[4]. Nevertheless, this study indicated some distortion away from a perfect a-helix which 
could be attributed to the lactam ring. The current study was designed to address three 
questions: 1) In the absence of other driving forces, such as interactions with other parts of 
the full length molecule, or with membrane mimetics/detergents, or with the a-helix 
inducing solvent TFE, will the lactam ring between positions 13 and 17 be sufficient to 
induce a helical conformation; 2) if a helical structure is formed under these conditions, 
how close is it to an ideal a-helix; 3) can salt-bridges induce/stabilize the putative a-helical 
conformation in comparison to the corresponding lactam-type cyclization. 

Results and Discussion 

NMR. Only a small number of NOEs were observed for the linear analogs. The cyclic 
analog showed many structural NOEs, but not necessarily NOEs characteristic of an a-
helix. The high-field shift of the a-protons observed in the central portion of the cyclic 
peptide is, however, in line with a helical structure. The corresponding a-protons of the 
linear analogs do not show this shift. 
Computer simulations. Distance geometry calculations have been performed for the three 
model peptides. In general the linear analogs show little order and appear to be 
conformationally free. The order parameter of the dihedral angles d> and Y indicates 
relatively high order for the ring portion of the cyclic model peptide and lower order in the 
corresponding portion of the linear analogs. Another indication is given by the average 
rmsd values calculated for the backbone atoms from the C" of Lys to the Ca of Asp , 
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which are 0.75, 1.36 and 1.12 for the cyclic, linear free and linear blocked analogs, 
respectively. 

Two families of structures were found for the cyclic analog. The major family is 
characterized by a distorted type UI P turn about Ser14. The minor family has somewhat 
lower energy and shows nucleation of a helical conformation (one loop of a helix) with 
irregular dihedral angles between Ser14 and Asp17 (Fig. 1). Further molecular dynamics 
refinement of two low-energy structures, representative of the major and minor families of 
conformations of the model cyclic peptide, was performed in water. The overall 
conformation of the major family representative structure changed very little and 
maintained the distorted type m P turn about Ser14. On the other hand, the structure taken 
from the minor family folded into a helix spanning from Ser14 to the C-terminus. The 
dihedral angles of this helix deviate from an ideal a-helix, and some of them are more in 
line with a 3io helix. 

Fig I. Superposition of 51 structures of the major family (left) and 7 structures of the minor family 
(right) of the cyclic model peptide. The side-chains of Lys13 and Asp17 are shown in grey. 

Conclusion 

1. In the absence of other driving forces lactam-type cyclization of model peptides with the 
general formula Ac-[PTHrP(10-20)]-NH2 enables folding into a helix, but is not sufficient 
to induce this secondary structure. The helical conformation is probably not the major 
conformer in aqueous solution. 
2. The helix formed is not an ideal a-helix, but shows some distortion of the dihedral 
angles, presumably induced by the lactam ring. 
3. The putative salt-bridge between Lys13 and Asp17 has little effect on the conformation of 
the peptide in aqueous solution, as both linear analogs, with free or blocked side-chains, 
were to be found similarly unstructured. 
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Molecular modeling and design of metal binding template 
assembled synthetic proteins (TASP) 
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This study presents further developments in the design of protein mimetics with potential 
metal binding properties. Extensive molecular modeling of the two-loop TASP constructed 
by condensation of two identical HAGHG fragments on the K3, K 1 0 and K5, K8 side 
chains of the cydo(PGKAKPGKAK) decamer template (RAFT, [1]) was performed 
employing various force fields and protocols. The results are compared to the available 
NMR data [2] and are to design rigidified analogs of RAFT. Possible metal binding 
properties of the TASP in question are discussed. 

Results and Discussion 

Conformational calculations employing the ECEPP/2 force field were performed for all 
possible combinations of conformations corresponding to local minima for all residues in 
the PGAAAPGAAA decapeptide (13,824,000 conformers) that would allow proper closing 
of the cycle by geometrical considerations (9,778 conformers). After energy minimization, 
55 low-energy conformers of backbone (AE < 10 kcal/mol) were found. The Nle side 
chains then were placed at the positions of the Lys residues (since those chains are not 
charged in TASPs), and energy minimization was repeated with the dielectric constant e = 
2.0 (the standard ECEPP value), and e = 45.0 (the macroscopic value for DMSO), yielding 
10 low-energy RAFT conformers, and 15, respectively. 

Four out of ten low-energy RAFT conformers represent various types of "rectangular" 
conformation with two P-turns centered at the Pro-Gly fragments, and with the spatial 
arrangement of all Lys side chains "at the same side" of the RAFT backbone plane. A 
conformer of the same type was deduced earlier from the NMR data obtained in DMSO 
[2]. However, to satisfy all measured NMR parameters one needs consider the 
conformational equilibrium among several low-energy RAFT conformers. Independent 
energy calculations performed by stochastic conformational sampling with the MAB force 
field [3] found two families of low-energy conformation of RAFT of the same 
"rectangular" type, one more extended, and one more folded at the Lys-Ala-Lys fragments. 
Both limiting structures conform to the NMR data; the extended antiparallel P-sheet 
structure is obtained when additional transannular H-bonds are accepted. 

Energy calculations employing the ECEPP/2 force field were also used to explore the 
possibilities of rigidifying the discussed "template" RAFT backbone. Substitutions of both 
Gly's by D-Ala's or Aib's did not limit the diversity of RAFT low-energy conformers, but 
when Gly's were replaced by D-Pro's, the scope of possible conformers was reduced to 
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those geometrically close to the desirable "template" conformer. This "template" 
conformer is also stabilized in the fefcyc/o(PGK(CKPGKC)K) compound, which was 
confirmed independently by calculations employing the ECEPP/2 and MAB force fields. 

Fig. 1. Stereoview of the lowest-energy TASP conformer resulting from build-up procedure in the 
ECEPP/2 force field. All hydrogens are omitted. 

The low-energy conformers for the entire TASP molecule were found by build-up 
procedure employing the ECEPP/2 force field for a single lowest-energy RAFT conformer. 
391 low-energy conformers of each HAGHG fragment were combined with optimized 
rotamers of Lys side chains and oxime linkers allowing cycle closures. Totally, 1,886 
conformers of the entire TASP molecule were selected for energy calculations. Out of the 
the resulting 8 low-energy conformers (AE < 12 kcal/mol), was found suitable to chelate a 
metal ion by all four imidazole rings of the His residues simultaneously in the same 
construct. The typical low-energy TASP conformer in depicted in Fig. 1. However, low-
energy conformers of the depicted type still have an inherent propensity to dispose side 
chains into entropically favorable orientations for metal binding. Thereby, stoichiometrics 
of 1.0 as well as 2.0 may be expected for complexation. In conclusion, we have 
demonstrated possibilities of detailed and extensive molecular modeling of TASP 
constitutions optimized for metal binding. 
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Syntheses, conformational analysis and the bioactivities of the 
lanthionine analogs of a cell adhesion modulator 
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CA 92093-0343, USA 

Cell adhesion plays an important role in many biological processes, such as wound healing, 
immunity and inflammation. The proteins that mediate the adhesion processes are 
integrins. Finding an integrin antagonist or agonist is of great interest since either could 
have potential therapeutic value [1-2]. A lead integrin modulator, l-FCA-Arg-c[Cys-Asp-
Thz-Cys]-OH, a disulfide containing derivative, acts as an antagonist to VLA-4 which is an 
o^Pi integrin. We have developed the syntheses of lanthionine peptides that are 
conformationally more constrained and more stable towards enzymatic degradation than 
the parent disulfide peptides [3]. In order to study the structure-activity relationship and to 
improve stability and potency, we synthesized two lanthionine analogs of the parent 
disulfide molecule (Fig. 1). 

k 
HN 

O 

H2N. JL 
9 T OH 

I N - A OH S 

s 
O^OH 

1-FCA Thz Lanthionine 

Fig. 1. The structures of 1-FCA , Thz and Lanthionine. 

Results and Discussion 

The chemistry leading to the target molecule is presented in Fig 2. The lanthionine analogs 
(compounds, 1 and 2) have been tested as antagonists to VLA-4 (Table 1). 

Table 1. Potencies of the parent compound and its lanthionine analogs as antagonists to VLA-4. 

Parent compound Compound 1 Compound 2 
2.7nM 209nM 557nM 
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Fig. 2. The syntheses of the lanthionine analogs of a cell adhesion modulator. 

From NMR and conformational studies, we observe that the overall topologies of the 
parent peptide and its lanthionine analogs are very similar. Particularly, the peptide bond 
between Asp3 and Thz4 exists only in the cis conformation in all three compounds. 
Compound 1 and the parent compound have similar conformations except for the C-
terminus. The parent compound and compound 2 have differences arising from the psi 
angle of Thz4. From the NOE patterns, we determined that the C-terminal carboxylate and 
the amide bond between residues 4 and 5 have opposite orientations in the parent 
compound from that in compound 2. The parent compound and both lanthionine analogs 
showed no affinities to the other integrin receptors. Although the potency for compound 1 
and 2 is diminished, the parent disulfide and the lanthionine analogs exhibit the same 
selectivity toward the o^Pi (VLA-4) integrin. 
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Utilization of a reporting conformational template in probing 
the Phe-His interaction in the short alanine-rich peptide helices 

Kwok Yin Tsang and Daniel S. Kemp 
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, MA 02139, USA 

When N-terminally linked to polypeptides, a reporting conformational template (Ac-Helj) 
derived from Ac-Pro-Pro initiates a-helices and allows measurement of their helicity [1-5]. 
Located at the N-terminus, Ac-Heh is least sensitive to energetic effects that arise locally 
at or near the C-terminus. Other reporting functions that reflect local helicity and that could 
be placed at arbitrary sites within the peptide chain would complement the Ac-Heh and 
significantly extend its resolving poer for detecting local energetic effects. Baldwin et al. 
have previously reported a Phe-His (i,i +4) helical stabilization that results from an 
interaction between the aromatic side chains of Phe and His [6]. Through ID and 2D XH 
NMR studies of templated peptide conjugates containing Phe and His, we report herein 
that the Phe-His (i,i +4) helical stabilization is attributed to a Dougherty-type cation-7t 
interaction [7]. The temperature-dependent chemical shift differences between helical and 
non-helical states of the His imidazole 2-proton (AHiS-2) are shown to reflect the local 
helicity within the Phe-His (i,i +4) loop. 

Results and Discussion 

Analysis of a locally energy-minimized -A4FA3HA4- helical model revealed that the Phe-
His (i,i +4) interaction is ascribed to a cation-n; interaction [7] with two sets of protons that 
likely render the NOE signals in a 2D NMR experiment, namely His-H2-Phe meta proton 
and His-H4a(J-3) -proton interactions. This model has been validated experimentally by a 
ROESY spectrum of Ac-Heli-A4FA3HA4KANH2 which shows all characteristic NOE 
crosspeaks. In water, the *H NMR spectra of templated peptide conjugates show two sets 
of resonances that correspond to the slowly equilibrating non-helical c-state and helical t-
state. Through study of Ac-Heli-A(5.m)FAmHA2NH2(m=0-3) from 2 to 60°C, we have 
observed that both the ratio of t-state to c-state (t/c ratio) and AHiS-2 show a large 
temperature dependence when m=3, presumably due to the Phe-His (i, i +4) interaction that 
locates the His-H2 in the shielding zone of the Phe aromatic ring (Fig. la). For m*3, the !H 
NMR chemical shift of the His-H2 in the t- and c-states are nearly identical (Fig. lb). This 
result implies that the simple relationship AHiS-2=A„-aA«,(c/t) must hold where A» is the 
limiting value for a 100% helical peptide. Fig. 2 validates the above equation by showing 
the excellent linear correlation between AHJS-2 and inverse t/c ratio. 
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Fig. 1. H NMR spectra of Ac-Heli-Al5.m)FAmHA2NH2 showing His-H2 resonances at 2,25, and 
60 C, respectively, a) m=3, b) m^3. 
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Fig. 2. The plots of AHis.2 vs c/t. a)Ac-Hel,-A3FA3HA2NH2,b) Ac-Hel,-A4FA3HA2NH2 

Conclusion 

AHIS-2 provides a direct measure of the helical structure in the C-terminal region, and the 
fractional helical structure that extends from the His residue to the C-terminus equals the 
simple ratio of AHiS-2 to A„. 
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Structure-Activity Studies on the Abl-SH2 Domain 

Maria Pietanza and Tom Muir 
Synthetic Protein Chemistry Laboratory, The Rockefeller University, 

1230 York Ave., New York, NY 10021, USA 

The cellular signaling protein, c-Abl, is one of the few non-receptor protein tyrosine kinases 
directly linked to human malignancies. The transforming activity of c-Abl is tightly 
controlled in vivo and is regulated by molecular interactions involving its Src Homology 2 
(SH2) and Src Homology 3 (SH3) domains. It has been demonstrated that the SH3 domain 
suppresses the transforming activity of c-Abl, whereas the SH2 domain is absolutely 
required for the transforming activity of the activated form of this proto-oncogene [1]. 
These studies have also shown that altering the length of the linker region between the SH2 
and SH3 domains, although a subtle change, causes the activity of the protein to be 
modified [1]. Since this linker region is of known importance in kinase activity, we are 
interested in systematically varying its length and studying the effect on structure and 
function. In order to accomplish this, it is necessary that we first identify precisely where in 
the primary sequence of c-Abl the SH3 domain ends and the SH2 domain begins. Previous 
work in our lab indicated that the SH3 sequence must be extended to at least Val-119 on the 
C-terminal side, in order for the domain to retain native structure and function. Here we use 
a chemical ligation strategy to define the minimum N-terminal boundary of the c-Abl SH2 
domain. 

Results and Discussion 

Based on multidimensional NMR studies [2] as well as sequence alignment analysis, it 
seemed likely that the minimum N-terminus of the protein lay somewhere in the region 
Asnl20 - Trpl27. We have previously demonstrated synthetic access to c-Abl SH2 
(comprising residues 120-220) using a strategy which involved the native chemical ligation 
of two -50 residue unprotected polypeptide fragments [3]. The present work took 
advantage of the modularity of this synthetic approach and involved the preparation of an 
N-terminally truncated set of protein sequences. Chemical ligation of a ladder of N-terminal 
peptide fragments (each one residue longer than the other) to a C-terminal fragment of fixed 
length, allowed the generation of the desired truncated array of protein domains with a 
minimum amount of synthetic effort. Note, the entire family of N-terminal peptides was 
obtained from a single synthesis by removing aliquots of the peptide-resin at appropriate 
points in the chain assembly. Following the ligation reaction, each protein was purified by 
preparative HPLC, folded by controlled dialysis from denaturant and characterized by 
electrospray mass spectrometry. 

The effect on structure and function of systematically truncating the N-terminus of the 
domain was evaluated. A fluorescence-based assay was used to study the ligand binding 
affinity of each of the nine synthetic domains (Fig. la). Constructs Asnl20 through Glul23 
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have dissociation constants (KD) similar to that previously reported for the recombinant 
protein (KD = 2.5 ± 0.3 pM [4]). Truncation beyond Glul23 leads to a rapid loss of 
function until by Serl26 no specific affinity for ligand can be detected using this assay. 
Each of the nine constructs was also studied by circular dichroism (CD) spectroscopy in 
order to determine the effect of systematic N-terminal truncation on overall secondary 
structure content (Fig lb). Consistent with the biochemical data, truncation beyond Glul23 
leads to a clear structural transition in which the protein goes from a native folded state to a 
misfolded state (although not entirely unstructured) with lower a-helical content. 
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Fig.l. Effect of systematic N-terminal truncation on (a) Function and (b) Structure. 

Conclusion 

We have demonstrated that native chemical ligation can be used to systematically probe the 
relationship between the primary amino acid sequence, structure and function of the c-Abl 
SH2 domain. Our results indicate that c-Abl SH2 cannot be N-terminally truncated beyond 
Glu 123 without global changes in structure and function. This information is now being 
integrated into studies involving modifying the linker region between the SH3 and SH2 
domains of the c-Abl protein. 
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Design and use of amphiphilic peptides in liposomes as pH-
triggered releasing agents 

M. L. Brickner, C. Yusuf, K. M. Vogel, and J. A. Chmielewski 
Department of Chemistry, Purdue University, West Lafayette, IN 47907, USA 

Cell-specific targeting and delivery of drugs is an important clinical goal. The use of 
liposomes to conceal and deliver drugs to cells has received much attention [1]. One such 
method is folate receptor-mediated endocytosis which exploits the recognition of folic 
acid by a cell surface receptor. This method delivers liposomes conjugated to folate into 
the cytoplasm of cells [2]. Although drugs may be delivered into the cells via liposomes, 
they can remain trapped within the endosomal compartment. The endosome has a lower 
pH than the rest of the cytoplasm. This change in pH could be used as a triggering event 
for the release of the liposomal contents. Thus, there has been a great deal of work on pH 
sensitive liposomes [3]. In this study, we instead utilize a pH sensitive peptide 
encapsulated within the liposomes which undergoes a conformational switch to an <x-
helix at endosomal pH from random coils at physiological pH. This would enable them 
to insert into the lipid bilayer and act as releasing agents from the endosome. 

Results and Discussion 

The peptide sequences (Fig. 1) composed of Glu, Ala and Leu residues were designed to 
form amphiphilic a-helices under mildly acidic conditions, to allow interaction with and 
insertion into the lipid bilayer structure. The peptides were synthesized using solid phase 
methodology [4] and Fmoc strategy [5]. 

Peptide EALA1 AALAEALAEALAEALAEALAEALAAAAGGC(Acm) 
Peptide EALAls Ac-ALAEALAEALAEALA-NH2 

Fig. 1. Sequences of designed peptides. 

The pH-based peptide conformational switch was analyzed by CD spectroscopy. The 
peptides showed a pH-dependent helical content; EALA1 went from having 11% helical 
content at pH 7.4 to 37% at pH 5.0 (Table 1. EALAls switched from 10% helical content 
at pH 7.4 to 16% at pH 5.0. These results are encouraging since the endosomal pH is about 
5.5 [6], which is in the most helical range for the peptides. Incorporation of these peptides 
into phosphatidyl choline (PC) liposomes along with a fluorescent dye has enabled us to 
follow the pH-dependent release of the dye due to the conformational switching of the 
peptides. This release was quantitated using an assay in which the fluorescent dye calcein, 
which self-quenches at high concentration inside the liposomes [7], was coencapsulated 
with each peptide in PC liposomes. Aliquots of the liposomes were equilibrated for 8 hrs at 
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pH 7.4, 6.0, and 5.0 (p=0.5M). All solutions were brought up to pH 8.0 to cancel the pH 
dependence of calcein's fluorescence, and the fluorescence of calcein released was 
measured at 520nm (A.ex = 470 nm). The percent of calcein released was determined by: % 
release = [(fluXL - AUBG) / (AUXLIMX - fluBGmax)] x 100; where AUXL was the fluorescence of 
control or peptide-containing liposomes, fluxLmax was the fluorescence of maximum release 
of the calcein which was induced by the addition of Triton X-100(reduced) detergent, and 
fluBG was the fluorescence of liposomes prepared without dye or peptide. At pH 5.0, the 
liposomes encapsulating EALAls released 19% greater than the control liposomes, and the 
EALA1 liposomes 33% (Table 1). At pH 7.4, these values were only 5% and 6% 
respectively. The pH dependent release of calcein follows that of the helical contents for 
these peptides, indicating that a helical conformation is needed in order for insertion into 
the lipid bilayer to trigger the release of the dye. 

Table 1. Comparison ofpH dependence of helical contents and release data for peptides. 

EH 
7.4 
6.0 
5.0 

Helical 
Content 
EALA1 

11% 
38% 
37% 

Helical 
Content 

EALAls 
10% 
10% 
16% 

% Release 
EALA1 

6% 
6% 

33% 

% Release 
EALAls 

5% 
13% 
19% 

Liposomes were also made containing folate conjugated through a polyethylene glycol 
linkage to PC lipid [2] which coencapsulated the peptides and propidium iodide. These 
liposomes were added to a monolayer of KB cells cultured under folate deficient 
conditions. After 24 hours, the cells were suspended in media at lxlO6 cells/ml and then 
analyzed by flow cytometry. The fluorescence of the PI in 10,000 single cells per sample 
was measured after excitation at 488 nm using a 550 nm dichroic long pass filter. The cells 
treated with liposomes encapsulating the peptides showed higher fluorescence than the 
control liposomes due increase in quantum yield of PI upon binding to DNA in the cell 
following release from the endosome. The EALAls liposomes showed an average increase 
of 1.13 fold from the control fluorescence, and the EALA1 showed a 1.19 increase. Thus, 
these peptides are able to switch to an a-helical conformation at low pH and trigger the 
release of the contents of liposomes. 

References 

1. Lasic, D. D., and Martin, F. J., 'Stealth Liposomes,' CRC Press, 1995. 
2. Lee, R. J. and Low, P. S., J. Biol. Chem., 269 (1994) 3198. 
3. Chu, C. J., and Szoka, F. C, J. Liposomes Res., 4 (1994) 361. 
4 Merrifield, R. B., J. Am. Chem. Soc. 85 (1963) 2149. 
5. Atherton, E. and Sheppard, R. C, In Gross, E. And Meienhofer, J. (Eds.), 'The Peptides,' 

Academic Press, New York, 1987, p. 1. 
6. Tycko, B., Keith, C. H., and Maxfield, F. R., Cell 28 (1982) 643. 
7. Chen, R. F., Knutson, J. R., Anal. Biochem. 172 (1988) 61. 



NMR structure determination and DNA binding properties of 
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GCN4 is a eukaryotic transcription regulating protein in the basic-leucine zipper (b-zip) 
family. Like all members of this family, it binds to DNA as a dimer. The two basic regions 
in the dimer constitute its entire DNA recognition surface. These peptide segments are 
disordered in aqueous solution, but fold into an a-helical conformation upon specific DNA 
binding [1]. We have previously shown that the monomeric GCN4 basic-region peptide 
(yeast GCN4 residues 226-254) binds specifically to duplex DNA containing its 
recognition half-site, and that stabilization of its helical conformation increases its affinity 
for this DNA site [2]. We are now engaged in the development of small a-helical 
peptidomimetics for specific DNA binding, based on the minimal recognition surface of 
the GCN4 basic region found within residues 234-243: -Arg-Asn-Xxx-Xxx-Ala-Ala-Xxx-
Xxx-Ser-Arg-. 

Results and Discussion 

Recently, we described the NMR structure determination [3] of a protected, bicyclic, side-
chain lactam-bridged hexapeptide, Boc-(cyclo1-5-2-6)[Lys-Lys-Ala-Ala-Asp-Asp]-OPac. 
This peptide was a-helical in 50% TFE, and appeared suitable as a central building block 
for the development of our DNA binding peptidomimetics. To investigate this possibility, 
we have now extended this peptide by two unconstrained residues in both the N-terminal 
and C-terminal directions. The resulting bicyclic decapeptide, GCN4bMl (Fig. 1), contains 
all of the essential DNA recognition elements of the GCN4 basic region structure, and is 
constrained centrally by two overlapping Lys1, Aspi+4 side-chain lactam bridges. In this 
extended peptide, these bridges link the side chains of residues 3 and 7 and residues 4 and 
8. 

Conformational analysis of GCN4bMl by NMR was performed in aqueous solution. 
The assignment of the proton spectra was achieved using the 1-D proton spectrum, and the 
2-D NOESY and TOCSY spectra. Most of the NOE correlations expected for a-helix, such 
as N; - Nj+i, a; - Ni+3 and aj - pi+3, were observed (Fig. 1). In total, 143 distance 
constraints were determined from the NOESY spectrum at -5 °C and were used in 
restricted molecular dynamics simulations. These simulations resulted in a converged 
family of six conformers that were a-helical throughout their structures. Therefore, the 
central bicyclic a-helical hexapeptide structure in GCN4bMl can propagate the a-helical 
conformation in peptide extensions in both directions in aqueous solution. A comparison of 
our NMR structures. 
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Fig. 1. NMR data for GCN4bMl in 90% H20/D20, pH=3.0. NOEs were measured at -5 °C. The 
thickness of the lines indicates relative intensities of the NOEs. Coupling constants and amide 
exchange rates (Kex) were measured at 5 °C. 

for GCN4bMl with the crystal structure of the specific GCN4-DNA complex indicates that 
this a-helical peptidomimetic is fully compatible with the required DNA binding 
conformation. 

Conclusion 

Two overlapping Lys', Aspi+4 side-chain lactam bridges in the central region of a 
peptidomimetic can initiate and stabilize a-helix in small peptides. In the bicyclic 
decapeptide, GCN4bMl, this provides a useful model for studying specific DNA 
recognition by small peptidomimetic molecules. 
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The cyclic octapeptide Axinastatin 5 (1) (cycZo(-Tyr'-Val2-Pro3-Leu4-Ile5-Leu6-Pro7-
O J-I 

Pro -)), recently isolated by Pettit and coworkers in 10" % yield from the marine sponge 
Axinella cf. Carteri, was found to be a cancer cell growth inhibiton. Its G/50 values were 
0.3 to 3.3 pg/mL against selected human cancer cell lines [1]. In the course of our 
investigations of peptidic anticancer agents [2], Axinastatin 5 (1) was synthesized to verify 
the proposed primary structure of the isolated compound and to provide sufficient amounts 
of the biologically active compound for structural and pharmaceutical investigations. A 
comparison with didemnin B [3], bouvardin [4] and other Tyr(Me) containing active 
compounds led us to investigate the biological effect of a modification of the Tyr side 
chain as methylether (2) and t-butylether (3). 

Results and Discussion 

Synthesis - As described previously for the synthesis of Axinastatin 5 (1) [5], the 
derivatives (2) and (3) were synthesized by cyclization of linear, side chain protected 
peptide building blocks. The linear peptides were synthesized by solid-phase synthesis, 
while tyrosine was used as t-butylether for (1) and (3), methylether for (2). We compared 
the *H- and 13C-NMR chemical shifts of synthetic Axinastatin 5 (1) with the natural 
product in CD3CN and found the compounds to be identical, J 

NMR Studies and Conformational Analysis - The structure of Axinastatin 5 in DMSO 
(Fig. 1) is characterized by a distorted pit-turn with Pro3 in the i+1 position and a pVI(a)-
turn about Pro7 and Pro8 with a cis amide bond between these residues. Two bifurcated 
hydrogen bond motifs between Leu6CO, Tyr*NH (32%), Val2NH (100%) and Val2CO, 
De5NH (46%), Leu6NH (98%), respectively, result in a pseudo-|3-strand overall 
conformation. An additional H-bond between Pro3CO and De5NH, consistent with a y-turn 
about Leu,4 is present during 94% of the simulation and results in the twisted pH-turn 
about Pro3 and Leu4. As expected from the NMR data, the DG calculations for Axinastatin 
5 (Tyr(Me)) (2) and Axinastatin 5 (Tyr(t-Bu)) (3) result in a backbone conformation similar 
to Axinastatin 5 (1) (Fig. 1). 
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Leu4 

Fig. 1. Conformation of Axinastatin 5 (1) in DMSO obtained by averaging over the last 50 ps of 
the rMD trajectory and subsequent energy-minimization for 300 steps steepest descent. 

Biological Tests - Synthetic Axinastatin 5 (1), and derivatives (2) and (3) were tested 
for inhibition of tumor cell growth in different human cancer cell lines (Table 1). For 
concentrations up to 31.6 pg/mL no significant inhibition of cancer cell growth was found 
for synthetic Axinastatin 5 (1), indicating a lower activity of the natural product than 
initially assumed. As we have already found for Axinastatin 2, 3 and 4 [5], Axinastatin 5 
also seems to be accompanied by highly active byproducts, such as the sponge 
halichondrins and halistatins. However, the modified peptides (2) and (3) show increasing 
activity with the change from Tyr(Me) to Tyr(t-Bu). A structural comparison with active 
compounds containing side chain alkylated tyrosines is in progress. 
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The oncoprotein c-Myc (a member of the basic region-Helix-Loop-Helix-Leucine Zipper 
family of transcription factors) must heterodimerize with the b-HLH-LZ Max protein to 
bind DNA and activate transcription [1]. Max is also known to heterodimerize with 
proteins from the b-HLH-LZ Mad family. Max-Mad heterodimers are proposed to repress 
transcription [1]. It has been shown that the LZ domains of the c-Myc and Max proteins 
specifically form a heterodimeric LZ at room temperature and neutral pH [2,3]. This 
indicates that the LZ domains of the c-Myc and Max proteins play an important role in the 
heterodimerization of the corresponding gene products in vivo [2,3]. The solution structure 
of the c-Myc-Max heterodimeric LZ was solved and shown to be a parallel and two-
stranded a-helical coiled-coil [4]. The existence of a buried salt bridge that was proposed 
to play a crucial role in the heterodimerization specificity was also observed [2,4]. In order 
to gain more insights into the energetics of heterodimerization, the stability of the disulfide 
linked c-Myc and Max homodimeric LZs and the c-Myc-Max heterodimeric LZ have been 
studied by temperature induced denaturation monitored by CD spectroscopy at pH 7.0. 

Results and Discussion 

Shown in Fig IA and IB are the fitted temperature denaturation curves for the Max 
homodimeric LZ and the c-Myc-Max heterodimeric LZ. It has been demonstrated that the 
c-Myc homodimeric LZ does not homodimerize [2,5]. The denaturation curves have been 
fitted assuming a two-state transition and that the temperature dependence of Gibbs free 
energy of unfolding (AG11) is descibed by the Gibbs-Helmholtz equation [2]. We present in 
Fig.lC the corresponding stability curves (AGU(T)) for the Max homodimeric LZ and the c-
Myc-Max heterodimeric LZ. The c-Myc-Max heterodimeric LZ is more stable than the 
Max homodimeric LZ at 25°C (2.4 vs 0.9 kcal/mol) in accordance with the highly specific 
heterodimerization previously observed at this temperature [2]. On the other hand, the Max 
homodimeric LZ and the c-Myc-Max heterodimeric LZ have inherent low stabilities, both 
having TmS of approximately 37°C. It is to be expected that heterodimerization will be less 
specific at 37°C compared to room temperature. Nonetheless, even if the Max 
homodimeric LZ and the c-Myc-Max, heterodimeric LZ have low stabilities, taking into 
account that the c-Myc LZ does not homodimerize folded c-Myc-Max heterodimeric LZ 
will always be preferred over the folded Max homodimer in a concentration dependent 
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manner (mass action). It is thought that apart from heterodimerization of the HLH-LZ 
domains (thermodynamic control) that the regulation (activation vs repression) of 
transcription in this family relies on the level of expression of the mad and myc genes [1]. 
In that regard, the low intrinsic stabilities for the Max homodimeric and the c-Myc-Max 
heterodimeric LZs are likely to be an advantage for the reassortment of the complete gene 
products in vivo. Indeed, if the Max homodimeric and the c-Myc-Max heterodimeric LZs 
were highly stable, they would only allow for low populations of dissociated monomers 
and impede reassortment through mass action dictated by the level of expression of the 
different transcription factors of this family. 
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Fig. 1. Temperature induced denaturation of the Max homodimeric LZ (A) and the c-Myc-Max 
heterodimeric LZ (B) at pH 7.0 (50mM potassium phosphate buffer containing 50 mM KCI). The 
molar ellipticity at 222 nm was monitored. The LZs were cross-linked by air oxidation of a N-
terminal Cys-Gly-Gly linker (2). (C) - The free energy of unfolding (AG") obtained from the non­
linear least squares fitting for the Max homodimeric LZ (broken line) and the c-Myc-Max 
heterodimeric LZ (solid line). 
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Since the discovery of the highly potent somatostatin analog c-[Pheu-Pro6-Phe7-D-Trp8-
Lys -Thr ] I by Veber and coworkers [1], numerous cyclic hexapeptides related to 
somatostatin have been studied. We report the synthesis, bioactivity data and 
conformational analysis of potent analogs of I containing novel peptoid residues. 
Incorporation of N-benzyl glycine (Nphe, II), j¥-(5)-a-methylbenzyl glycine [(5)-p-
MeNphe, III), and N-(.R)-a-methylbenzyl glycine [(R)-P-MeNphe, IV] into position 6 of I 
led to the analogs c-[Pheu-Nxaa6-Phe7-D-Trp8-Lys9-Thr10] (II-IV). 

Results and Discussion 

The synthesis of the peptoid residues was achieved by alkylation of the appropriate amines 
with ethyl bromoacetate. The linear hexapeptides were synthesized in solution via fragment 
condensation. DPPA mediated cyclization and deprotection led to the cyclic peptides II-IV 
in good overall yields. 

These compounds show two set of signals in *H NMR corresponding to cis and trans 
isomers of the peptide bond between Phe11 and the peptoid residue. The results of 'H NMR 
studies and molecular modeling suggest that the cis isomers, which we believe to be the 
bioactive structures, adopt conformations similar to those observed for compound I. The 
conformational search for the cis isomers resulted in "folded" and "flat" conformations [2] 
which are consistent with the NMR data. 

peptoid 

D-Trp 

peptoid 

Fig. 1. Structures (a) and (b) show the two "folded" conformations observed for compound II and 
minimum-energy "folded" conformations (c) of compound III and (d) of compound IV. 
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Both conformations contain a type II' P-turn with D-Trp in the i+1 position and a type VI 
P-turn spanning residues 11 and 6. The Nphe analog II shows more flexibility in the 
bridging region than compounds III and IV and adopts at least two "folded" conformations 
with considerable differences in the overall topology of the bridging region (Fig.l). The 
main conformational difference between compounds III and IV is the orientation of the 
rigid peptoid side chain relative to the Phe11 side chain. In compound IV and in the 
conformation (b) of compound II, these two side chains are in close proximity while in 
compound III the peptoid side chain is orientated towards Phe7 (Fig. 1). 

Compound II and especially compound IV are SSTR2 selective with decreased 
binding activities to the SSTR5 compared to compound I while compound III shows 
reduced binding potencies to both SSTR2 and SSTR5 receptors. According to our model, 
the close spatial proximity of the aromatic side chains in positions 6 and 11 is responsible 
for the selectivity to the SSTR2 receptor of compounds II and IV compared to compound 
III. The results of the in vivo assays in rats suggest that the peptoid analogs inhibit 
specifically the release of growth hormone and have a much lower effect on insulin 
inhibition compared to sandostatin and RC-160. 

Conclusion 

The incorporation of peptoid residues containing aromatic side chains led to potent cyclic 
hexapeptide analogs of somatostatin which exhibit selective binding to the isolated SSTR2. 
These analogs also inhibit the release of growth hormone selectively. Based on our studies 
we believe that the additional aromatic side chain of the peptoid residues and its specific 
orientation are responsible for the enhanced selectivity in the inhibition of growth hormone 
release. These results will have important applications for the design of more selective 
analogs of somatostatin. 
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Insulin provides a model for the study of protein folding and conformational change. The 
sequences of the insulin A- and B chains contain sufficient information to direct native 
disulfide pairing. Residue GlyB8, invariant among members of the insulin superfamily, is 
located at the junction of an invariant a-helix (B9-B19) and a segment of variable 
conformation (B1-B8) [1]. This latter segment undergoes the T (extended) -»R (helical) 
transition in insulin hexamers. Whereas in the R-state [2] the mainchain dihedral angles are 
those of an L-amino acid, in the T-state GlyB8 lies in the D-region of the Ramachandran 
plot. This study describes the effect of D-alanine and L-alanine substitutions at position B8 
on insulin bioactivity, foldability and the T -> R conformational transition. The 
experimental design also employs a monomeric insulin analog, [AspBlu, ProB28, 
LysB29]insulin (DKP-insulin), as a template for mutagenesis [3]. 

Results and Discussion 

We designed and synthesized four insulin analogs, [D-AlaB8]-, [D-AlaB8]-DKP-, [AlaB8]-
and [AlaB8]-DKP human insulin by solid-phase peptide synthesis of modified insulin B 
chains and chain combination of the B chains with the native insulin A chain [4]. DKP 
insulin analogs are monomeric and hence facilitate NMR structural study in solution. 
Insulin analogs were purified by a combination of gel-filtration and reversed-phase HPLC 
and characterized by peptide mapping following Staphylococcus aureus V8 protease 
digestion and MALDI-TOF mass spectrometry. It was found that the [D-AlaB8]- and [D-
AlaB8]-DKP B chains gave excellent chain combination yields of the insulins (>20%) 
whereas yields of both [AlaB8]- and [AlaB8]-DKP insulins were very low (< 3%) under 
standard conditions [4]. Synthetic insulin analogs were studied with respect to their 
abilities to interact with the insulin receptors on human placental membranes. The 
following receptor binding potencies relative to human insulin were obtained: [AlaB8] 
insulin, 1.0% (reported 3% in ref.[5]); [AlaB8]-DKP insulin, 3.2%; [D-AlaB8] insulin, 
0.12%; and [D-AlaB8]-DKP insulin, 0.16%. The structures of both [AlaB8]- and [D-AlaB8]-
DKP insulins were examined by jH-NMR (Fig. 1). The ability of the [D-AlaB8]- and 
[AlaB8] insulins to undergo the T -* R conformational transition was evaluated by visible 
absorption spectroscopy. Co2+ coordination changes characteristic of the R-state were in 
each case observed in the presence of phenol and SCN". Our results demonstrate that a 
representative D-amino acid confers native foldability but markedly impairs receptor 
binding. By contrast substitution by an L-amino acid, associated with low but significant 
receptor-binding activity, blocks chain combination. 
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We conclude that flexibility at position B8 is important in the specification of 
disulfide pairing and may also enable the hormone to achieve a bioactive conformation on 
binding to the receptor. Conservation of glycine in the B-chain with variable D- or L-
region dihedral angles suggests that this residue provides a "pivot points" in protein folding 
and bioactivity. 

Fig. 1. 'H-NMR spectra of[AlaB8, Asp810, LysB28, Pro829]-insulin (A), [D-AlaB8, Asp810, LysB28, 
ProB^I-insulin (B) and [AspBW, LysB28, ProB29]-insulin (C, DKP-insulin). 
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The design of highly selective peptides using the amphibian skin peptide deltorphin C (H-
Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2) provides a scaffold for probing opioid structure 
activity relationships since it exhibits high affinity and selectivity for 8 opioid receptors [1]. 
An a,a-dialkylated residue, a-aminoisobutyric acid (Aib), is known to stabilize helices in 
peptides with 7 to 20 residues [2-4]. Aib could conceivably replace D-Ala2 in deltorphin C 
because the symmetric carbon affords an equal possibility for L- or D-configurations2 and 
Aib adopts ((]), \|/) values that overlap those of D-Ala in the Ramachandran map [2,3]. The 
a,a-dimethyl groups of Aib might further offset the hydrophobicity of the phenyl side-
chain of Phe since the converse was observed when L-Phe replaced Aib residues in Aib-
rich peptides [4]. It is feasible that Aib can substitute for the critical residues in the N-
terminal region of deltorphin C without adversely affecting the physicochemical 
requirements for receptor recognition and at the same time induce conformational changes 
that influence receptor interaction. Here we explore Aib substitutions for D-Ala2, Phe3, and 
Asp4 of deltorphin C and report its effect on 8 opioid receptor binding properties, 
biological activity and ligand conformation 

Results and Discussion 

Substitutions by Aib for D-Ala2 (2) or Phe3 (3), or both (5), exhibited high 8 receptor 
affinity (K;8 = 0.12 to 3.6 nM) and 5- to 9-fold greater selectivity (Kip/K;8 = 5,000 to 
8,500) than the parent compound (1). This is the first definitive demonstration that the D-
chirality of alanine and the aromaticity of phenylalanine are replaceable by an achiral a,a-
dialkylated residue without a loss of binding affinity. Replacement of the anionic residue 
Asp4 by Aib (4) resulted in high affinity for both 8 and p receptors (Table 1) underscoring 
the repulsive effect of a negative charge at p receptor sites. Individual substitutions of D-
Ala and Phe were not detrimental to opioid binding; however, simultaneous substitution 
(5) of these residues resulted in decreased 8 affinity suggesting a conformational change. 
Molecular dynamics conformational analyses showed that Aib residues caused distinct 
changes in deltorphin C secondary structure when substituted for D-Ala2 or Asp4 and, 
simultaneously, for D-Ala2 and Phe3 but not when substituted for Phe3. Disparities between 
binding data and functional bioassays of [Aib3]deltorphin C indicated that Phe3 was 
required for bioactivity in mouse vas deferens but not for interaction with 8 opioid 
receptors in rat brain membranes. 
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Table 1. Receptor binding profiles of delorphin C analogous contaiing a-aminoisobutyric acid K, 
and IC50 values for mouse was defenrens (MVD) and guinea pig ileum (GPI) are „M. 

icZ 

Peptide Kj6 

0.15 
0.12 
0.80 
0.20 
3.62 

Kjp 

147 
1,015 
4,544 
0.43 
15,200 

Kip/Kj6 

980 
8,460 
5,680 
2.2 
4,200 

MVD 

0.46 
1.44 
57.3 
0.36 
70 

GPI 

420 
>10pM 
>10pM 
4.5 
>10pM 

1 Tyr-D-Ala-Phe-Asp-Val-Val-Gly-NH2 

2 Tyr-Aib-Phe-Asp-Val-Val-Gly-NH2 

3 Tyr-D-Ala-Aib-Asp-Val-Val-Gly-NH2 

4 Tyr-D-Ala-Phe-Aib-Val-Val-Gly-NH2 

5 Tyr-Aib-Aib-Asp-Val-Val-Gly-NH2 

Conclusion 

The aliphatic properties of Aib in deltorphin C derivatives may provide greater 
compatibility with a lipophilic binding site consisting of residues with hydrophobic or 
aromatic side chains [5]. Although the location and 3-dimensional arrangement of the 8 
opioid receptor binding site is not known, site-directed mutagenesis of 8 receptors 
indicated that the opioid ligand enters a transmembrane channel to interact with regions of 
the receptor embedded in the membrane lipid bilayer [6,7]. Ligands adopting a-helical or 
well ordered structures might be compatible with this region. Structure inducing amino 
acids such as Aib are useful for exploring the role of conformation in opioid receptor 
binding and activation. 
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Small icosahedral bacteriophages <|>K, a3, G4, and <j)X174 contain highly basic small, J 
proteins, which are 24-37 amino acids long [1-4]. These J proteins have been shown to 
be essential for DNA packaging into the phage capsids [5-8]. However, no detailed 
information on the mode of interaction of the J proteins with DNA has been obtained. 
Using a gel retardation assay, Kodaira et al. Recently showed that a synthetic <{>K J 
protein (SynJ, KKARRSPSRRKGARLWYVGGSQF, 23 amino acids long) bound 
tightly to the circular single-stranded DNA (ss-DNA) of (j)K phage to form a compact 
complex in 50 mM Tris-HCl (pH 7.3) [1]. We also reported that SynJ binds 
cooperatively to ss-DNA. in the same buffer containing 200 mM NaCl based on the 
results of circular dichroism (CD) and fluorescence methods [9]. In this work, we 
examined the CD spectral change of the SynJ/ss-DNA complex in 50 mM Tris-HCl 
(pH 7.3) at various NaCl concentrations (0, 0.2, and 1 M) to investigate the salt effect 
on the interaction of the SynJ with the ss-DNA, 

Results and Discussion 

Upon addition of small amounts of the SynJ to the ss-DNA in 50 mM Tris-HCl (pH 
7.3) at various NaCl concentrations (0, 0.2, and 1 M),changes were seen in the CD 
spectra in the range of 220-320 nm. The CD changes at each maximum observed for 
the buffer titrations in at 0, 0.2, and 1 M NaCl were plotted as a function of 1/R (R -
[Nucleotide]/[SynJ]) in Figs. 1 A, IB, and IC, respectively, because the spectra changes 
for the maximum at around 277 nm seem to result from structural changes in the DNA. 

It was found that there are three states in SynJ/ss-DNA complex formation in the 
buffer containing 0.2 M NaCl, i.e. an initial state (1/R 0-0.07) showing relatively small 
change, a middle state (1/R 0.07-0.11) showing drastic change, and last state (beyond 
1/R 0.11) without change (Fig. IB). This suggests that the SynJ interacts with the ss-
DNA to form a complex cooperatively in this conditions (0.2 M NaCl). Under high 
salt conditions, the CD value was decreased steadily with increasing 1/R value (Fig. 
IC), indicating that no significant structural change for the SynJ/ss-DNA complex took 
place. On the other hand, a complicated spectral change was observed under low salt 
conditions (Fig. IA). The maximum (274 nm) and minimum (249 nm) observed for the 
free ss-DNA became more negative and positive with increasing 1/R value and 
consequently an inversion of these CD bands appeared in the range of 1/R 0.052-0.079 
(data not shown). 
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Fig. 7. CD changes accompanied by the titration of the ss-DNA with the SynJ in 50 mM Tris-
HCl (pH 7.3) as a function of 1/R ratio ([SynJ[/[Nucleotide]). The NaCl concentrations were 
0 (A), 0.2 (B), and 1 M (C). 

These results indicate that the SynJ interaction with the ss-DNA depends on the salt 
concentration and imply that the interaction between the SynJ and the ss-DNA 
electrostatics. Also, cooperative SynJ/ss-DNA complex formation was observed in the 
buffer containing 0.2 M NaCl. A fluorescence titration experiment under the same 
conditions showed that a hydrophobic interaction may also cause the cooperative 
complex formation [9]. In conclusion, the J protein can interact with DNA 
cooperatively by both electrostatic and hydrophobic interactions in vitro. However, it is 
still unknown how the J protein contributes to the packaging of viral DNA. Further 
study using the SynJ should be performed 
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V3 loop of HIV gpl20 protein: Molecular modeling of 3D 
structures interacting with cell proteins 
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The hypervariable V3 loop of gpl20 is one of the principal components of interaction 
between gpl20 and the target cell proteins, CD4 and HIV co-receptors. V3 loops of 
different HIV strains are 30-40-membered peptides cyclized by the disulfide bridge 
connecting the ends. The data on the binding of gpl20 with mutations in the V3 loop to 
various cell proteins can be used to determine the possible "interacting" conformations of 
the V3 loop, which presumably should be common for all mutants displaying high levels of 
binding to target proteins. 

Results and Discussion 

This study employed the residue-residue contact matrix algorithm [1] for elucidating a set 
of sterically consistent Ca-traces for "potent analogs" of the V3 loop. Possible 3D shapes 
of different molecules then were compared in searching for geometrical similarity. As an 
example, we predicted sterically consistent Ca-traces for the V3 loops of two SIV mutants, 
(CRRPGNKTVLPVTIMSGLVFHSQPrNDRPKQAWC) for mac251 and (CRRPGNKTV 
LPVTRIHGGPFRAQPINDRPKQAWC) for M4A [2]. Both possess the same high 
specific binding to CD4. Ca-traces for their more distant homolog, HXB2, 
(CTRPNNNTRKRIRIQRGPGRAFVTIGKIGNMRQAHC) have also been calculated. 

The procedure starts with predictions of secondary structure using the methods 
implemented in SYBYL 5.5 as well as the procedure available at the PHD mail server [3]. 
The consensus location of secondary structure was used for prediction of a coordination 
number vector [4]. These data were used for reconstruction of contact matrices [1]. The 
multiple criteria for optimal organization of the intraglobular contact network were 
formulated in terms of the relationship of a contact matrix with its powers and 
eigensystems and used in an iterative procedure over the set of spatially consistent 
matrices. Ca-traces were restored on the basis of the contact matrix. The initial 
reconstruction of 3D structure employed elements of distance geometry. A refinement 
procedure corrected chosen intraglobular distances and removed stressed contacts. 

Four different methods for secondary structure prediction positioned a P-strand 
between residues 10 and 18 in all three molecules, although in M4A and HXB2 it is 
significantly shorter. In HXB2, there is another p-strand consensus region, at residues 20-
25. The presence of these strands as well as the end-to-end disulfide bond considerably 
limit the flexibility of the molecule. Various protocols for matrix prediction which proved 
to be effective in calculation of contact matrices for 1CRN and 1NXB were used for 
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calculation of contact matrices. They produced essentially the same type of contact 
matrices for mac251. Reconstruction of space structures corresponding to this matrix 
resulted in five distinct 3D structures. All of them are more or less similar in the central 
part of the molecule and differ in the packing of the terminal parts. For M4A, two different 
types of matrix were predicted. For the first matrix type, resembling that of mac251, a 
single 3D structure was found. On the basis of the contact matrix of the second type, five 
different structures were generated. In most structures of mac251 and M4A, the fragment 
20-25 is extended. Finally, for HXB2, four different structures were found. 

Most NMR data on the whole V3 loops in solution (see [5] and references therein) and 
on the reduced linear peptide 6-29 bound to an anti-gpl20 antibody [6] as well as X-ray 
data on the central decapeptide [7] reveal the turn at position 17-20. It is present in all 
predicted structures. In the most of these structures, the turn at position 3-6 suggested by 
[5] is also recognizable. The set of residue-residue contacts between regions 9-14 and 21-
25 discovered by most NMR studies is also present in the calculated structures. 

Fig. 1. Stereoview of the C° -trace common for both sets of calculated conformations for mac251 
andM4A (rms=2.8 A). 

Comparison of Ca-traces for mac251 and for M4A revealed two very similar structure 
types (Fig. 1). These structures can serve as an initial template in a search for the V3 loop 
conformer interacting with CD4. 
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The N-terminal fragments 1-34 of both parathyroid hormone (PTH) and PTH-related 
protein (PTHrP), despite very low sequence homology, are equipotent and each retains all 
the calciotropic activity of the respective intact parent hormone [1]. In addition, truncation 
of the first 6 N-terminal residues generates PTH(7-34), a pure weak PTH/PTHrP receptor 
antagonist, and PTHrP(7-34), a weak partial agonist. We have previously studied the 
conformation of the highly potent pure PTH antagonist, [Leu",D-TrpI2]PTHrP(7-34)-NH2 

[2], and the weak partial agonist, [Lys26—Asp30]PTHrP(7-34)NH2 [3,4]. In 50% TFE, CD, 
NMR and restrained molecular dynamics gave evidence of a long helix in their sequences 
15-32 and 13-34, respectively. To assess the importance of this structural motif, we 
synthesized and studied an analogue containing both D-Trp12 substitution and lactam-type 
cyclization: [Leu11, D-Trp12, Lys26—Asp30]PTHrP(7-34)-NH2. The conformational 
properties of this analog, which is a potent antagonist, were studied by CD, NMR and 
distance geometry calculations. 

Results and Discussion 

In water (concentration 2.8xl0"5 M), the CD spectrum of this PTHrP analogue is pH-
independent in the range 3.8-7.4 and indicates the presence of a mixture of a-helix and 
random coil with a helix content of -30%. This behavior is quite different from that 
observed for the corresponding linear sequence, which was found in an almost completely 
random structure at neutral pH [2]. The helix content increases upon addition of TFE in the 
solvent mixture and saturation is reached at 30% TFE. Under these conditions the helix 
content is -88%, higher than that of both the corresponding linear sequence and the 26 to 
30 lactam lacking £>-Trp12 substitution [2,4]. All spectra fit a well-defined isodichroic point 
typical of coil-helix equilibrium. Thus, these results indicate that this analogue has a higher 
propensity to fold into the a-helical structure than the linear peptide without the side-chain 
constraint. The conformational details of the peptide in 1:1 TFE-d3IH20 were further 
investigated by 2D-NMR. From all NOESY connectivities relevant for the determination 
of secondary structure elements, we identified a helical segment spanning the sequence 
from £>-Trp12 to Thr33. A structural refinement carried out by distance geometry 
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calculations yielded a structure comprising a long helical stretch spanning the sequence 
from D-Trp to Thr with a small bend around Arg (Fig. 1). The structural motif of the 
corresponding linear analogue [Leu11, D-Trp12]PTHrP(7-34)- NH2 is characterized by a 
slightly shorter a-helical segment spanning the sequence He15 -Ala34 and by a loop similar 
to a P-turn located in the sequence Leu11-Ser14. The linear analogue [Leu11, D-
Trp12]PTHrP(7-34)-NH2 exhibits very potent antagonistic activity and very good receptor 
affinity [5]. The corresponding lactam constrained analogue of the present study also 
exhibits good antagonistic activity, but its binding affinity to the receptor is lower by one 
order of magnitude than that of the linear peptide. The lactamization between Lys2 -Asp30 

in the agonist PTHrP(l-34) and in the antagonist PTHrP(7-34) also decreases receptor 
affinity. It was suggested that the amphipathic helical motif localized in the sequence 25-34 
is of significance for receptor binding and may play an important role in the interaction 
with cellular lipid membranes. The reduced affinity for the receptor of analogues 

eye. y\r\ *)f. OA 

containing a Lys -to-Asp lactam bridge replacing His and Glu could be due either to 
elimination of charges essential for receptor binding and/or to an alteration of the 
amphipathic profile of the helical segment comprising the principal binding domain. 

Fig. 1. Backbone representation of the best Distance Geometry structure. The lactam bridge is 
detailed at the C-terminal portion of the sequence. 
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While thermal denaturation of proteins is normally studied as a function of increasing 
temperature, several examples exist of cold denaturation of globular proteins. Recently, 
data for some model peptide systems have been reported which provide evidence for cold 
denaturation in simple systems which are highly helical at room temperature [1-3]. As 
opposed to many high temperature thermally denatured states, such cold denaturation is 
often a more gentle process that avoids aggregation and results in a reversible transition 
which is better suited for thermodynamic study of the basic coil-helix transition and is 
more relevant to protein folding studies now of wide spread interest. 

Here we report Fourier transform infrared (FTIR) and vibrational circular dichroism 
(VCD) spectra of four related sequential polypeptides; which can be conveniently viewed 
as (XKELXEKL)n where X=P or L. That polymer based on a repeating octomer containing 
with two prolines, one every four residues, (PKELPEKL)n, will be denoted (P2)n; that 
without any prolines, (LKELLEKL)n, is denoted as (P0)n ; and the other two with a proline 
present every eight residues, (LKELPEKL)n and (PKELLEKL)n, are denoted as (Pi)„ and 
(P'i)n, respectively. Of these, (Pi)„ exhibits cold denaturation behaviour in dilute aqueous 
solution as detected with electronic CD (ECD) [1]. 

All four polypeptides were pre-exchanged with D20 and then redissolved in D20 at 
concentrations of 50-60mg/ml. The samples were measured in a cell (Graseby Specac) 
equipped with CaF2 windows and either 25 or 50p path spacers. Temperature controlled 
FTIR and VCD studies of the (Pi)n polypeptide in a 0.1M deuterated phosphate buffer 
(pD=7) at 20mg/ml were carried out over 5°C to 60°C using a laboratory constructed 
variable temperature cell controlled with a heating/cooling bath (Neslab). Temperature 
controlled ECD spectra of (Pi)n polymer at O.lmg/ml were also recorded in 5°C to 60°C 
temperature range using a Jasco J-600 spectrometer for comparison with earlier results [1]. 
The temperature dependent VCD and ECD spectra were quantitatively analyzed with our 
protein based factor analysis/restricted multiple regression (FA/RMR) method using 
twenty three proteins in the training set [4]. 

The VCD spectra of (P0)n and (P'i)n both show characteristic bandshapes of an a-helix 
while that for (P2)n shows a typical random coil signature (Fig. 1 left). By contrast, the 
room temperature VCD spectrum of (Pi)n has a mixed helix/coil type bandshape. The 
observed temperature controlled VCD spectra of (Pi)„ shows the same type of cold 
denaturation behaviour (Fig. 1 right) for this peptide, even though the concentration is two 
hundred times higher than used for ECD studies [1]. However, the transition seems 
complete by 25°C under the VCD conditions and the final state is significantly more mixed 
in structure than reported in the ECD study. Our measurements of the ECD temperature 
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variation agree with the earlier results. FA/RMR analysis of both the VCD and ECD 
temperature dependent spectra indicate an increase in the helical content with increase in 
temperature, but the quantitative values are somewhat at variance. Presumably this reflects 
difference insensitivity of both techniques. The high temperature (ECD) value helix is in 
good agreement with published analysis [1] using a different model. However ECD based 
P-sheet estimates in our calculations were much higher than expected while the VCD 
estimates, which are more reliable for P-sheet [4], were near zero. The low temperature 
form appears to have much less helix. The most interesting aspect of this data is the 
difference in behaviour for (Pi)n and (P'0„. Adding proline residues is expected to disrupt 
helices so the general trend of (Po)n, (Pi)n to (P2)n is expected, but the positional 
dependence that leaves (P'i)„ highly helical is surprising. 

1700 1800 1700 1600 
Wtvenumber(cm') 
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wivcnumbcrs (cm ) 

Fig. I. (left) Normalized VCD (top) and FTIR (bottom) spectra of(P0)m (P,)m and (P2)n in D20. 
(right) Temperature-dependent VCD spectra of(Pt)n in D20 at (pD=7). 
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Human statherin is a low molecular weight (Mr 5380 Da, 43 aa residues) phosphoprotein 
secreted by salivary glands that is important in the maintenance of oral health [1,2]. While 
numerous reports are available on structure-function analyses of statherin and its fragments 
[2-4], little is known on the three-dimensional structure of the intact molecule in the 
solution state. Our recent study on this important phosphoprotein procured by solid-phase 
synthesis clearly indicated that synthetic statherin was identical to the native molecule [5], 
thus enabling us to proceed with solution state structural investigations. 

Results and Discussion 

The solution structure of statherin was determined by ID and 2D NMR spectroscopy using 
Varian Unity Inova 500 MHz spectrometer. The complete assignment of !H resonances to 
individual residues was accomplished by combined analysis of 2D phase sensitive DQF-
COSY, single as well as double relayed COSY, TOCSY and NOESY spectra. Delineation 
of the backbone conformation was performed utilizing the (|> values deduced from the 
coupling constant (JNH-CCIH) values, temperature coefficients of NH chemical shifts, 
hydrogen-deuterium exchange rates of amide resonances and the set of NOE 
connectivities. Figure 1 depicts the NH region of non-proline residues of statherin which 
are labelled based on the results obtained from a series of 2D experiments performed in 
aqueous environment (pH 4.5). When the spectrum was recorded in 50% trifluoroethanol 
(TFE-ds) which is known to stabilize helical structures in aqueous solutions, residues 
comprising Ser2-Tyr16 and Gln37-Phe43 showed strong NH-NH (i, i+1) and fewer (i, i+2) 
cross peaks characteristic of helical structures at both N- and C-termini. In addition, CD 
studies, deuterium exchange and low temperature coefficients of the amide resonances 
further supported this observation. Although, it appears that the middle portion of statherin 
has a polyproline type extended structure due to high proline content, our NMR 
experiments did not yield any significant structural constraints for this region. 

Previously, CD studies of statherin carried out in our laboratory in the presence of 
Ca2+ ions indicated that calcium ions have minimal influence on statherin secondary 
structure [4]. To substantiate this observation, 31P spectrum of statherin was recorded in 
water and showed a sharp 31P signal (Fig. la) having a linewidth of 10 Hz. This indicates 
that the two phosphate groups are chemically equivalent due to N-terminal flexiblity. 
However Elgavish et al., [6] found an identical but a broad 31P resonance of 300 Hz 
linewidth in the presence of excess calcium ions. In the present study, the intensity of the 
31P signal was reduced exponentially upon Ca2+ addition and completely disappeared at 
high Ca2+ concentration (20 mM, Fig. lb). This 31P signal loss may be attributed to: 1) 
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possible chelation of the two phosphate groups retarding their local motion, and 2) 
increased 31P relaxation rate as a result of the quadrupolar nature of the vicinal Ca2+ 

nucleus. On the other hand, titration with TFE (50%, v/v) resolved the 31P signal into two 
sharp signals (Fig. lc) of equal intensity and no effect of Ca2+ ions was noticed on these 
two 31P signals. This clearly indicates a solvent-dependent conformational transition for 
the N-terminal domain of statherin from flexible to an ordered structure, which agrees well 
with our CD results. The separation of the 31P signal is due to the helical structure which 
makes the two phosphate groups non-equivalent. Although the effect of Ca2+ ions was 
negligible in non-aqueous conditions, there is indeed a significant effect of Ca + ions in 
water especially on the statherin N-terminal domain. 

Conclusion 

Our NMR and CD results suggest that in aqueous phase statherin adopts largely a 
disordered structure and exhibits marked interaction with Ca 
domain. 

2+ ions in the N-terminal 

Statherin = DS*S*EEKFLRRIGRFGYGYGPYQPVPEQPLYPQPYQPQYQQYTF; S*-phosphorylated 

Fig. 1. Amide signals of non-proline residues and P nmr spectra (a-c) of statherin. 
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The interaction between peptides and membranes plays a central role in mediating cellular 
processes. In order to understand these interactive processes at the molecular level, the 
structural changes and dynamic behavior of peptides can be investigated with natural and 
membrane model systems via various spectroscopic techniques [1]. The interaction of 
melittin with membranes is known to involve a coil-helix transition [2-4]. However, the 
influence of membranes on the thermodynamics and kinetics of this lipid-induced coil-
helix transition has yet to be properly characterized. In the present study, a membrane 
model was synthesized by covalently immobilizing phosphatidylcholine (PC) onto an 
activated surface of porous silica particles. The structural properties and dynamic behavior 
of melittin were examined with this membrane model system at various methanol 
concentrations and at different temperatures. 

Results and Discussion 

Retention plots were derived from the elution profiles (Fig. 1) and were used to probe the 
structural behavior of melittin upon interaction with phospholipids. Linear retention plots 
were observed for small molecules without secondary structure. However, significant 
deviation from the linearity of the retention plots was observed for melittin. As melittin is 
known to exist as an extended coil in aqueous solution and as an a-helix either in methanol 
solution or bound to lipid micelles/vesicles, the non-linear behavior is consistent with 
changes in helical content during interaction with the PC ligands [5,6]. The dynamic 
behavior of melittin was also studied by measuring the changes in bandwidth of the elution 
peaks. Small molecules exhibited small uniform changes in the dependence of bandwidth 
on operating temperature and methanol content. However, large variations in bandwidth 
were observed for melittin. While asymmetric peak shapes and split peaks were observed 
for melittin, gaussian peak shapes were seen for the small molecules (Fig. 1). The multiple 
peaks coalesced at temperatures above 35°C, which indicates that the rate of coil-helix 
transition increases at higher temperature. 
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Fig.l. The elution profiles for (a) N-acetyl-L-tryptophanamide and (b) melittin at 35°C and 
different methanol content using PC-immobilized ZORBAX-300 column (4cmx4.6mm I.D.). 

Conclusion 

In the present study, a novel membrane model was synthesized by immobilizing 
phosphatidylcholine onto an activated silica surface. The conformational properties and 
dynamic behavior of melittin were investigated with the immobilized lipid monolayer 
using HPLC techniques. Conformational heterogeneity of melittin upon interaction with 
the lipid monolayer was shown by the presence of multiple peaks in the chromatograms. 
Based on these experimental results, this silica-based phospholipid monolayer provides a 
stable and sensitive system for exploring the effects of environmental factors on peptide-
lipid interactions. 
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Prediction of intramembrane regions in transmembrane helices 

Vladimir M. Tseitin and Gregory V. Nikiforovich 
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A computational procedure has been developed to place a transmembrane (TM) helical 
segment into a triple phase system, namely "water/octanol/water". The system crudely 
mimics the actual situation for the TM helical fragment immersed in a membrane 
environment. The procedure moves the segment through this system step-by-step along an 
axis perpendicular to the boundary surface. At each step, energy of solvation is estimated 

for several possible tilts (up to 40°) and rotations (up to 180°) of the segment, as well as 
for various spatial arrangements of the side chains. The backbone conformation of the 
segment is considered to be "frozen" in the conformer obtained by energy minimization of 
the isolated segment employing the ECEPP/2 force field. Solvation energy is calculated 
according to the protocol described in [1] and with experimental parameters for the 
water/octanol system deduced in [2]. As a result, the procedure obtains estimates of the 
"energetic cost" for transfer of the helical fragment from one side of the membrane to 
another. The lowest estimates can indicate boundaries of the intramembrane helical 
segment. 

Results and Discussion 

The procedure has been applied to predict the intramembrane regions of the 
transmembrane helices in the L- and M-subunits of the photosynthetic reaction center from 
Rhodopseudomonas viridis (PRC) [3] and bacteriorhodopsin (BR) [4]. Using membrane 
thickness as a parameter for the L-subunit of PRC, calculations were performed for 
several membrane thicknesses from 16 A to 30 A. The best prediction was obtained 
assuming a membrane thickness of 24 A (Table 1); the intramembrane boundaries of 
helical fragments have been predicted with an average accuracy of 1.8 residues. The 
transmembrane arrangements of each fragment were determined mostly by distribution of 
hydrophobicity for amino acid residues within the helices. The position of the first helix 
was determined by two relatively hydrophilic residues, Tyr52 and Ser54 at its C-terminal 
part; the position of the second by Glu69, Arg90, Arg96, Lys97, Glu91 and Glu93; the 
third helix was positioned by Argl35; the fourth helix by Serl76, Serl77, Serl97 and 
Asn200; and the fifth helix by Ser228 and Arg231 at its N-terminus. The predictions for 
the M-subunit (Table 2) were obtained with the best average accuracy of 3.3 residues, the 
membrane thickness being 24 A. In this case no hydrophilic residue influenced the position 
of the first helix; the position of the second one was influenced mainly by Asp 109, Serl33 
and Argl34; the third by Asnl47 and Thrl64; the fourth helix by Ser203 and Arg226; and 
the fifth helix by Arg265 in its N-terminal part. 
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Table 1. Intramembrane fragments (N- to C-end residues) for TM helices of the PRC L-subunit. 
Membrane Ll L2 L3 L4 L5 

thickness, A 
181-196 231-244 
180-200 235-254 
180-196 229-249 
174 -196 226 - 248 
172 -198 226 - 252 
171-196 229-249 

Table 2. Intramembrane fragments (N- to C-end residues) for TM helices of the PRC M-subunit. 
Ml M2 M3 M4 M5 

207 - 225 263 - 282 
203 - 225 260 - 282 
201-223 261-280 
198-220 262-281 

16.0 
22.0 
24.0 
26.0 
30.0 

Experiment 

37-50 
35-54 
33-54 
30 -53 
29-54 
33-53 

86-99 
82-99 

81 -102 
81-99 
82-101 
84 - 104 

128 -134 
118-139 
114-137 
114-139 
112-140 
116-138 

22.0 
24.0 
26.0 

Experiment 

54-75 
49-68 
49-71 
48-67 

110-
111 -
109-
118-

•131 
-132 
•131 
•137 

145 -166 
144 - 163 
143 -165 
141 -157 

Table 3. Intramembrane fragments 
Membrane BR1 

thickness, A 
22.0 9 - 30 
24.0 10-31 
26.0 9 -31 

Experiment 10-31 

BR2 

40-61 
44 -63 
41 -63 
42-62 

(N- to C-end residues) for TM helices 
BR3 

80-101 
83-101 
83 -103 
80 -100 

BR4 

109 -128 
106 -127 
107 -130 

-122 

BR5 

135-153 
134-155 
137-157 
137 -156 

of BR. 
BR6 

168 -192 
167 -189 
169 -192 
168-189 

BR7 

205 - 224 
204 - 225 
203 - 227 
204 - 225 

An average accuracy of the results for BR (Table 3) was within 1.5 residues, although 
the fourth helix did not reach the membrane surface at the N-terminus [4]. The best 
prediction in this case was also obtained for a membrane thickness ca. 24 A. Comparison 
with experimental data shows that the tilts of helices predicted by our procedures were 
mostly overestimated. However, the directions of the predicted tilts were correct, since a 
tilt is determined mainly by solvation energy of hydrophobic and hydrophilic residues. 
Therefore, a helix tilts in the way that the hydrophobic residues immerse their side chains 
into the membrane and the most hydrophilic atomic groups are exposed to water. This 
consideration can explain an overtilt of the isolated TM helix, which would not occur in 
the case of a helical bundle. The results of this study could be used to determine suitable 
"starting points" for more general procedure of helix packing. 
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Synthesis of gramicidin analogs with conformationally 
constrained dipeptides 

Wei-Jun Zhang, Jeff Kao, Eduardo Groissman and Garland R. Marshall 
Departments of Molecular Biology and Pharmacology, of Chemistry and of Molecular 

Microbiology, Washington University, St. Louis, MO 63110, USA 

Gramicidin (D-Phe-Pro-Val-Orn-Leu)2 is a cyclic decapeptide possessing antimicrobial 
activity. Its 3D structure is supposed to be an antiparallel strand stabilized by the two p-IF 
type turns formed by the two D-Phe-Pro segments [1]. Kelly and co-workers [2] have 
replaced one of the D-Phe-Pro fragments by the p-hairpin-nucleating 4-(2-aminoethyl)-6-
dibenzofuranproprionic acid (DBZ) and omitted the other thus creating the linear peptide 
Val-Orn-Leu-DBZ-Val-Orn-Leu-NH2 with retention of antimicrobial activity. 
Independently, energy calculations performed by Chalmers, Takeuchi and Marshall 
suggested that incorporation of the D(L)Pro-L(D)NMeAA (where AA is any amino acid 
residue and the two residues are hetrochiral, either LD or DL pairs) and D(L)Pro-L(D)Pro 
fragments into a peptide sequence would be a synthetically simpler way to induce a reverse 
turn [3]. This study present the results of such an incorporation into the gramicidin 
sequence. 

Results and Discussion 

We have synthesized several linear peptides of the general sequence Val-Orn-Leu-X-Y-
Val-Orn-Leu-NH2,where X-Y were D-Pro-L-Pro, L-Pro-D-Pro, D-Pro-L-NMePhe, L-Pro-
D-NMePhe, D-Pro-L-Pip and L-Pro-D-Pip. Synthesis of these turn mimetic peptides 
presented some difficulties in coupling due to steric hinderance. They were successfully 
prepared using the Fmoc amino acid fluoride method or HATU coupling with the acid 
fluoride method which gave superior results. Formation of the Leu-X-Y-Val amide bonds 
was followed by a chloranil and acetoaldehyde test in DMF. This method was found to 
give an intense color only for secondary amines and was used to determine the 
completeness of coupling to these N-dialkyl amino acids. The color was the same (deep 
blue) using p-chloranil, but varied significantly using o-chloranil depending on the 
secondary amine (strong coffee color for Pro, deep purple red for Pip, and yellow for 
NMePhe). 

The proton NMR spectra were obtained for Val-Orn-Leu-D-Pro-L-Pro-Val-Orn-Leu-
NH2 in both water and DMSO and for Val-Orn-Leu-D-Pro-L-NMePhe-Val-Orn-Leu-NH2 
in DMSO. All NMR measurements employed a Varian Unity Plus 500 or Varian Unity 
600 spectrometer. NOESY and TOCSY spectra of these peptides were acquired and cross 
peak assignment completed. The spectra for the Val-Orn-Leu-D-Pro-L-Pro-Val-Orn-Leu-
NH2 in water were typical for an unordered conformation, whereas the same spectra in 
DMSO were more suitable for structural interpretation. One hundred possible 3D 
structures for Val-Orn-Leu-D-Pro-L-Pro-Val-Orn-Leu-NH2 were generated from the NMR 
data in DMSO using the Tinker program [4] employing distance geometry techniques. 
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Some were further subjected to energy minimization by the SYBYL program which did 
not change their geometrical shapes to a significant extent. 

The expected turns (or, more precisely, reverse turns) at the D-Pro-L-Pro fragment 
were present in all 100 generated conformers of Val-Orn-Leu-D-Pro-L-Pro-Val-Orn-Leu-
NH2. However, only two conformers out of 100 could be regarded as more or less regular 
p-hairpin structures implying that chain reversal was not sufficient to stabilize the hairpin 
conformation in DMSO. All other conformers displayed significant conformational 
mobility of the N- and C-terminal Val-Orn-Leu tripeptide segments. The obvious 
conclusion is that the D-Pro-L-Pro fragment (and, perhaps, most of the other fragments 
considered in this study) are good enhancers of the central peptide chain-reversal, but may 
not be suitable for full induction of the P-hairpin structure in this particular sequence in 
DMSO and presumably in water. Accordingly, if the P-hairpin structure of this linear 
gramicidin sequence, is crucial for displaying antimicrobic activity our peptides may show 
diminished activity in comparison with Val-Orn-Leu-DBZ-Val-Orn-Leu-NH2 Indeed, the 
compounds were found inactive in "Minimal Inhibitory Concentration" assays against the 
strain of E. coli used by Kelly et al. although cyclic gramicidin S itself was a potent 
antimicrobial. These are preliminary results, however, and the compounds need to be 
directly compared with Val-Orn-Leu-DBZ-Val-Orn-Leu-NH2. 
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IS4 is the fourth of six transmembrane segments within the first domain of the rat brain sodium 
ion channel [1, 2]. It consists of 22 amino acid residues, the sequence of which is 
SALRTFRVLRALKTISVIPGLK, with regular alternations of one positively charged and two 
hydrophobic residues. This segment is highly homologous with other sodium ion channels of 
different species [1, 2]. It is thus believed that IS4 plays an important role in channel opening 
and closing. There have been two main models proposed to explain the mechanism of action of 
IS4. One is the "sliding helix" model [1, 3], and the other is the "conformational change" 
model [4, 5], However, the mechanism by which of IS4 regulates ionic conductance is still 
unclear. It is thus of great significance to elucidate the conformational properties of IS4 in 
different media. For this purpose, we have synthesized the IS4 peptide and characterized it 
under various conditions. 

Results and Discussion 

The IS4 peptide was synthesized by solid phase method using Boc/Bzl chemistry on MBHA 
resin. Circular dichroism (CD) studies demonstrated that IS4 exhibits distinct conformations in 
different media (Fig. 1). In neutral aqueous buffers IS4 exists mostly in random coil structure, 
but in organic solvents IS4 becomes ordered. IS4 exhibits highly a-helical conformation in 
ethanol, 1-propanol, n-butanol and trifluoroethanol, but P-sheet in methanol. The amount of P-
sheet structure induced by methanol and a-helix structure induced by ethanol increase 
dramatically as the concentrations of methanol and ethanol change from 25% to 100% (Fig. 2). 
In contrast, the amount of a-helix structure induced by n-propanol increases only slightly, and 
in TFE remains almost the same. Moreover, the a-helix content of IS4 in n-butanol, TFE and 
aqueous SDS are constant. This means that the conformations of IS4 these hydrophobic media 
are very similar. 

Two-dimensional lR NMR techniques were also employed to determine the structure of 
IS4 in 90%TFE aqueous solution. Proton resonance assignments were obtained using 2D DQF-
COSY, TCOSY and NOESY techniques. The cross-peak volumes in NOESY spectra were 
used for calculating the structure of IS4. These data, combined with the O angle constraints 
deduced from 3JHNCI coupling constants, gave rise to a set of 10 structures with the program 
DIANA. The results, refined by unrestrained energy minimization, indicate that the 
conformation of IS4 in 90% CF3CD2OH aqueous solution is a-helix from Leu3 to De15. 
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Similarly, the conformation of IS4 in DMSO-d6 was also determined by 2D-NMR techniques 
[6], and was found to be a random coil structure rather than a-helix. 

4 -

3 -

-£~~ 2 -

I': 
£ o-
60 

S"1" 
© „ • r-H - 2 -
X 
CD 

- 3 -

*\ 
\ 

1 
\ 1 i 

• • • • I I 

* /*-*** 
> j f / 

\ y 
• • • • • • i 

• Q 

—+— F 
—T—G 

' 1 7 -

190 200 210 220 230 240 

nm 

Fig. 1. CD spectra ofIS4 in methanol(B), 
ethanol(C), l-propanol(D), l-butanol(E), 
TFE(F) and SDS(G) solution(SDS:IS4= 
100). 
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Conclusion 

According to the results of CD and 2D-NMR studies, the structure of IS4 is sensitive to its 
environment, undergoing conformational transition from random coil to a-helix or p-sheet. 
This property may be related to its functional behavior in ion channel regulation. 
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Human CD8 (hCD8) is a glycoprotein expressed on the surface of T cells that has 
specificity for antigens presented by major histocompatibility complex (MHC) class I 
proteins. hCD8 functions as a co-receptor with the T-cell antigen receptor (TCR) by 
binding to the MHC class I molecule on the antigen-presenting cell, thereby increasing the 
avidity of the TCR for its ligand. In this study, we have utilized an approach combining 
molecular modeling, synthetic peptide mapping, and hCD8-MHC class I binding assay to 
probe precise surface regions of hCD8 involved in MHC class I binding. These 
experiments have led to the identification of the DE loop of hCD8 protein that is 
implicated in the hCD8 interaction with MHC class I molecules. Synthetic 
conformationally restricted peptide analogs derived from the hCD8 DE loop have been 
shown to specifically inhibit hCD8-MHC class I binding. To further define the functional 
role of each residue of the DE loop, DE loop peptide analogs containing a series of alanine 
substitutions were synthesized and tested. These studies provide information about the 
structure-function relationship between the surface structural feature of the CD8 DE loop 
and CD8 mediated immunological function. 

Results and Discussion 

Using peptide mapping and theoretical analysis methods similar to those used in recent 
7CD4 studies [1-4], we have synthesized potent CD8 peptide inhibitors derived from the 
DE loop region of the CD8 protein as a surface functional epitope that may be important 
for the interaction between CD8 and MHC class I [5]. A conformationally restricted 
peptide, which was designed to mimic the surface shape and composition of the DE loop 
region of CD8, was able to specifically inhibit CD8-MHC class I binding in a cell adhesion 
assay and block human CD8-mediated T cell cytolytic responses in vitro (Fig. 1). A series 
of alanine substitution experiments were carried out for the peptide, and the results 
suggested an interesting structure-function relationship between the precise surface 
structure of the CD8 DE loop and CD8-dependent biological function. These results have 
revealed an important new functional site on the CD8 protein surface as a target for drug 
design. 
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hCD8 DE Loop Peptides 

Fig. 1. Inhibitory effect of the synthetic peptide analogs derived from the hCD8 DE loop on hCD8-
MHC class I binding as measured by the rosette formation. The sequences of the synthesized 
peptides are as follows: DE loop: CKRLGDTFVC, Linear DE: KRLGDTFV, Scrambled DE: 
CVGTFRKDLC. 

Conclusion 

A conformationally restricted peptide, which was designed to mimic the surface shape and 
composition of the DE loop region of CD8, was able to specifically inhibit CD8-MHC 
class I binding in a cell adhesion assay and block human CD8-mediated T cell cytolytic 
responses in vitro. The experimental results of the peptide mapping and alanine 
substitution have revealed an important new functional site on the CD8 protein surface as a 
target for drug design. 
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Despite considerable advances over the past several years, the problem of protein folding 
remains perplexing. The "new view" of protein folding, championed by Chan and Dill, 
proposes that proteins fold along many pathways with the number of conformations 
diminishing as the protein collapses [1]. This is opposed to the previously favored 
frame-work hypothesis, which postulates a single pathway involving early formation of 
nascent secondary structure [2]. Equilibrium partially folded species are thought to 
resemble transient intermediates that exist in the first few milliseconds of folding [3]. 
Previous work from our laboratory has demonstrated that the BPTI analogue termed 
[14-38]Abu, which retains one disulfide bond between residues 14 and 38 and replaces 
other paired cysteines with pairs of the non-natural amino acid a-amino-n-butyric acid 
(Abu), has the characteristics of a partially folded molten globule with a native-like 
hydrophobic core and multiple conformations in the outer regions [4,5]. We have now 
synthesized the related BPTI variants [30-51]At,u and [14-38]A]a. Biophysical criteria 
indicate that removal of four methyl groups from [ 14-38]Abu is sufficient to destabilize the 
partially folded state so that the protein no longer favors formation of the native-like, 
antiparallel p-sheet core. In contrast, the structure analogue [30-51]Abu is quite different 
from that reported in the literature for other analogues of [30-51] [6,7]. 

Results and Discussion 

Most studies of single disulfide mutants of BPTI utilize recombinant expression systems 
substituting either alanine [6] or serine [7] for reduced cysteine. Our work is predicated on 
total chemical synthesis, and allows the incorporation of Abu, which in our judgment is a 
superior cysteine isostere [4] (Fig. 1). 

At 3° C and pH 6.3, [14-38]Ala shows negligible molar ellipticity at 220 nm, as well 

/SH .OH 
CH3 ' 

H 2 N^ ^ r r ^ H z N ^ ^ l j ^ H ! H ' / V H2N' 

O O O O 

Cysteine (Cys) Alanine (Ala) Serine (Ser) a-Amino-n-butyric Acid (Abu) 

Fig. 1. Reduced cysteine replacements. 
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as an NMR spectrum lacking downfield dispersion of the amide protons. The structure 
present in [14-38]Abu is notably absent in [14-38]Ala. As reported previously, the Tm of 
[14-38]Abu is approximately 19 °C [4,8]. Taken together, the extra non-polar heavy atoms 
present in [14-38]Abu contribute considerably to its partially folded state. We anticipated 
that [30-51]Abu should be stabilized versus the analogs of [30-51] reported in the literature, 
i.e., [30-51]Ser with a Tm = 15 °C [7] and [30-51]Ala with a Tm of 35 °C [6]. Consistent 
with this, preliminary results indicate that [30-51]Abu denatures only at 4 M guanidine 
hydrochloride, and temperature-induced unfolding is clearly non-cooperative in the range 
3-45 °C. The circular dichroism spectrum of [30-51]Abu has less molar ellipticity at 220 
nm than [14-38]Abu (Fig. 2). However, from the trough above 200 nm, we conclude that 
[30-51]Abu has more structure than [R]Abu (Fig. 2) as well as some previously reported 
tyrosine to alanine mutants of [14-38]Abu [9] in random coil conformation. 

Fig. 2. Circular dichroism spectra of BPTI analogues at 3° C, pH 6.3. Thin line wt-BPTI, open 
triangles [14-38]\fru, open squares [RJAI,U, thick line [30-51]^^.. 

Conclusion 

Seemingly minor changes in amino acid sequence often lead to rather large protein 
conformational and/or stability changes. As such, the rules of protein folding are subtle and 
models for studying folding must perturb the protein as little as possible. The role of 
cysteine crosslinks in securing proteins, largely by destabilizing the denatured state, is well 
appreciated. The present studies point also to cysteine acting as a hydrophobic residue. 
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Antimicrobial peptides show significant diversity in sequence and structure but may be 
grouped into cecropins, melittins, magainins, cryptidins, defensins, proline-arginine rich 
peptides and others [1]. It has been found that certain synthetic hybrid peptides containing 
sequences from different antibacterial peptides were more active than the parent molecules 
[2]. Using the solid-phase technique we have synthesized various chimeric analogs of 
cecropin PI (CPI) [3] and melittin (M) [4], to improve antibacterial activity and widen the 
spectrum of susceptible microbial species. The normal and retro sequences of the hybrids 
were synthesized to explore the effect of sequence, helix dipole, charge and amphipathicity on 
their antibacterial activity and channel forming ability. 

Results and Discussion 

Hybrids of CPI and M [SWLSKTAKKIGAVLKV, CPl(l-9)M(2-8) (1), SWLSKTAKKGIG 
AVLKV, CPl(l-9)M(l-8) (2), and SWLSKTAKKLIGAVLKVL, CPl(l-10)M(2-9) (3)] 
amides were found to be active against Gram-negative Escherichia coli and also Gram-
positive Streptococcus pyogenes (Table 1). The other bacterial strains, Pseudomonas 
aeruginosa, Staphylococcus aureus, and Bacillus subtilis, were found to be resistant to 1 and 
2. However, analog 3 was also active against these three test bacteria. Acetylation of the a 
amine resulted in lowered activity indicating the importance of the presence of free amine. 

Retro analogs of 16-18 residue hybrids of CPI and 
melittin showed lowered activity against all five 
bacteria tested. These results suggest that both 
sequence and helix dipole are important structural 
features for the activity of CP1-M hybrids. 

The CD spectra of normal and retro sequences 
of all the synthesized CPI - melittin hybrids 
revealed a random conformation in phosphate buffer 
at pH 7.2. The ellipticities of normal and retro 
peptides are not the differ, having the same amino 
acid composition because the sequences are inverted 
(Fig. 1). The retro peptide showed low a-helical 
structure at the lower concentrations of HFIP, but as 
the HFIP concentration was increased, the retro 

§ 3 analog had approximately the same a-helicity as the 
Wavelength, nm normal peptide (Table 1). At a higher concentration 

Fig. 1 : CD Spectra of normal and retro 
CP1(1-10)M(2-9)NH 2 

x 7.5 
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of HFIP (16-20%) the retro sequence showed higher helical content than its normal sequence. 
Acetylation of the N-terminus of the 16-18 residue normal and retro hybrid peptides reduced 
the net charge from +5 to 4-4 but had only a small effect on their secondary structure. Retro-
CPl(l-10)M(2-9) amide showed higher helicity and is also more active compared to the other 
retro analogs synthesized. 

Table 1. Lethal concentrations (mM), % of a-helix and retention times for CP1-M hybrids.11 

Peptide amide 

CPl(l-9)M(2-8) 
Retro-CPl(l-9)M(2-8) 
CPl(l-9)M(l-8) 
Retro-CPl(l-9)M(l-8) 
CPl(l-10)M(2-9) 
Retro-CPl(l-10)M(2-9) 

Size 

16 
16 
17 
17 
18 
18 

Escherichia 
coli 
3.1 

64.8 
12 
>350 

3.1 
4.6 

Streptococcus 
pyogenes 

0.89 
8.9 
7.6 

>350 
0.2 
5.0 

8% 
17 
12 
0 
0 
42 
46 

HFIP Retention 
20% Time (min.) 
44 15.2 
61 10.7 
28 17.5 
35 8.4 
44 28.1 
75 17.2 

aLethal concentrations calculated from inhibition zones on agarose plates, a-helices obtained from 
CD measurements and retention times from reverse phase HPLC 

The retention times (RT) of normal and the retro sequences of the 16-18 residue peptides 
were obtained by reverse-phase analytical HPLC. It is interesting to note that these sequences 
with the same amino acid composition and relative hydrophobic contribution have different 
RT. This may be due to the conformational constraints in the retro sequence as compared to 
the normal peptide, which is probably due to the inverted helix dipole when viewed as the 
normal sequence. In all cases peptides with a normal sequence eluted later than the 
corresponding retro sequences (Table 1). 

CP1-M hybrids produced ion-channels in artificial bilayers formed in hexadecane but not 
in bilayers formed in decane. a-Helical 16-18 mers should span a distance of 24-27 A (1.5 A 
/residue) and are of a length appropriate to form channels in the bilayer formed in hexadecane 
but not in decane. We believe that these hybrid analogs first bind electrostatically to the 
phospholipid bilayer followed by a rearrangement to form an amphipathic helical 
conformation that leads to ion-channels or pores. A similar mechanism was earlier described 
for cecropins [2] and melittin [5]. The passage of ions would lower the proton gradient, 
destroy the membrane potential, thus stopping cellular metabolism, followed by cell death. 
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We have recently discovered a series of peptides which serve as erythropoitein (EPO) 
receptor agonists [1]. Further, the x-ray crystal structure of a member of this series (EMP1) 
complexed with the extracellular ligand binding domain of the erythropoietin receptor 
(erythropoietin binding protein; EBP) has been described [2]. Their ~2 kDa molecular 
weight makes these peptides significantly smaller than EPO and the sequences of these 
peptides are unrelated to the primary sequence of EPO. A significant feature of the 
peptide-receptor interaction is the ability of the mimetic peptide to promote both the 
crystallographic and solution phase dimerization of the EBP [2]. This family of EPO 
mimetic peptides is characterized by a conserved motif of xxxYxCxxGPxTWxCxPxxx, in 
which the cysteine residues are oxidized to form a disulfide bond and the indicated 
residues appear exclusively or at high frequency. Structurally, the -GPxTW- region forms 
a slightly distorted type 1 P-turn and is primarily involved in peptide-receptor contacts. 
The Tyr4 side-chain hydroxyl makes the only sidechain hydrogen bond from the peptide to 
the receptor [2]. 

Results and Discussion 

The original phage selection process and subsequent sequence analysis produced almost 80 
distinct sequences with the EPOR binding [1]. Several positions within the 20 amino acid 
sequence were found to appear exclusively or at high frequency as indicated above. These 
conserved positions were replaced with Ala to determine the effect on both binding and 
mimetic activity in vitro. These substitutions were made within a single peptide sequence, 
EMP1, and the data are presented in Table 1. We employed a cell free binding assay 
format to measure the ability of the parent peptide or variants to compete for [125TJEPO 
binding to immobilized EBP [3] and EMP1 demonstrates an IC50 of 5 pM. The ability of 
the peptide variants to support cellular proliferation as an indicator of receptor activation 
was studied in an EPO-responsive cell line that expresses the recombinant human EPO 
receptor. Results from proliferation assays were standardized to the number of counts 
observed at the 50% maximal value obtained with EPO to calculate an EPO ED50 
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(Effective Dose 50% stimulation) value. The data were recorded as their measured ED50, 
if a peptide displayed adequate potential to reach the 50% maximum response level of EPO 
or >10 pM (the highest concentration tested), if the peptide retained some activity but did 
not reach the 50% level. Peptides which did not induce levels of radioactivity greater than 
the EPO free control were scored as inactive. The data are reported as EPO ED50 values 
since the more traditional value of half-maximal activity of each individual peptide could 
not be determined since peptide solubility or residual DMSO concentrations preclude 
determination of a plateau from which half-maximal activity can be estimated. 

Most of the Ala substitutions of conserved residues decreased the relative binding 
affinity. Trp 13 substituition (EMP13) had the most significant effect, resulting in almost 
undetectable binding and a complete loss of mimetic activity. Ala substitution of Tyr4, 
Gly9 or Thrl2 each resulted in significant relative binding losses and a concomitant loss of 
mimetic action. Unexpectedly, Ala substitution of Pro 10 (EMP10) had no effect on relative 
binding or mimetic activity suggesting that an acceptable (3-turn structure can still be 
achieved. Substitution of Pro 17 (EMP15) resulted in a 100-fold loss of mimetic activity. 
The relative binding of this peptide was also significantly altered and was limited by 
decreased peptide solubility. This Pro is not as conserved as other positions in the phage 
selected sequences [1] and the reason for the importance of the residue is unclear. The two 
aromatic residues at positions Tyr4 and Trp 13 appear to play important roles in both EPO 
receptor binding ability and EPO mimetic properties of EMP1. To investigate this further, 
Tyr4 or Trp 13 was replaced with Phe. Restoration of aromaticity at position 4 (EMP8) 
resulted in the recovery of some binding activity (12-fold less than EMP1) and mimetic 
activity. Restoration of aromaticity at Trp 13 (EMP14) resulted in recovery of activity to a 
level similar to EMP1. The data indicate that aromatic residues at these positions are 
important for EMP1 agonist activity. 

We next sought to determine the minimal active structure within the EMP1 sequence 
by truncating residues of the peptide outside the disulfide-bond. Deletion of the two C-
terminal Gly (EMP16) resulted in a sequence with improved proliferative properties, while 
deletion of only the M-terminal Gly (EMP17) had a net negative effect. Deletion of the four 
N- and C-terminal Gly had a net negative impact on both binding and bioactivity (EMP18). 
Further truncation down to a sequence with two residues on either side of the cysteines 
(EMP19), demonstrated very poor activity. This loss of activity could be partially restored 
by deletion of the C-terminal Pro of EMP19 to obtain EMP20. This peptide sequence 
represents the minimal active structure that we have identified to date. Deletion of the C-
terminal Lys (EMP21) resulted in a peptide whose activity measurements were limited by 
poor solubility properties. Within the context of the EMP20 sequence, which retained 
binding and proliferative potential, deletion of the Tyr (EMP24) resulted in an inactive 
peptide with retained binding activity. 
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Table 1. EMP-1 Based Substitution and Truncation Peptides 

Sequence No. 

EMP1 

EMP6 
EMP8 
EMP9 
EMP10 
EMP12 
EMP13 
EMP14 
EMP15 
EMP16 
EMP17 
EMP18 
EMP19 
EMP20 
EMP21 
EMP24 

Sequence Binding 

IC50 (uM) 

GGTYSCHFGPLTWVCKPQGG 

GGTASCHFGPLTWVCKPQGG 
GGTFSCHFGPLTWVCKPQGG 
GGTYSCHFAPLTWVCKPQGG 
GGTYSCHFGALTWVCKPQGG 
GGTYSCHFGPLAWVCKPQGG 
GGTYSCHFGPLTAVCKPQGG 
GGTYSCHFGPLTFVCKPQGG 
GGTYSCHFGPLTWVCKAQGG 
GGTYSCHFGPLTWVCKPQ 

TYSCHFGPLTWVCKPQGG 
TYSCHFGPLTWVCKPQ 

YSCHFGPLTWVCKP 
YSCHFGPLTWVCK 
YSCHFGPLTWVC 

SCHFGPLTWVCK 

5 

120 
60 
80 
10 
90 
>500 
30 
>100* 
8 
40 
30 
45 
70 
>250* 
90 

Relative 

Binding^ 

1 

24 
12 
16 
2 
18 

>100 
6 
>20* 
1.6 
8 
6 
9 
14 

>50* 
18 

EPO 

ED 5 0 (pM) 

0.1 

IA' 
>10 
IA 
0.3 
IA 
IA 
0.1 
10 
0.011 
0.3 
1 
>10 
8 
IA 
IA 

Binding relative to EMP-1; IA= inactive; *Solubility limited 

These findings are in agreement with the X-ray crystal structure of the EMP1-EBP 
complex in which hydrophobic interactions play a critical role in the assembly of two 
mimetic peptides and two receptor subunits [2]. This information should prove useful in 
the reduction of the mimetic peptide into a small molecule with EPO-mimetic activity. 
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Determination of the receptor-bound conformation of bioactive peptides as a prelude to 
peptidomimetic design has been a long-term goal of many investigators. One indirect 
approach has been to incorporate covalent constraints into peptides to limit their 
conformations and help resolve this issue. An experimental paradigm for the direct 
determination of the conformation of peptides when bound to G-protein coupled receptors 
(GPCRs) would be welcome. A significant problem facing such an experimental approach 
is the limitation of receptor availability. Visual signals in retinal rod cells are triggered by 
the interaction of photoexcited rhodopsin (Rh*) with the heterotrimeric GTP-binding 
protein transducin (Gt). This G-protein coupled receptor has been well characterized with 
regard to the light-activation and is readily available in quantities sufficient for biophysical 
studies from bovine retina. The GTP-bound form of activated Gt differs markedly from the 
inactive GDP-bound state (1-4). Molecular details of the mechanism by which Rh* 
recognizes Gt and catalyzes nucleotide exchange remain obscure. Several domains on the 
a-, and Py-subunits of Gt contribute to its rhodopsin-binding site and an eleven-residue 
segment, IKENLKDCGLF, at the carboxyl terminus of the a-subunit, Gta(340-350), has 
been shown to play a major role in receptor recognition and nucleotide exchange (5-7). 
This C-terminal segment of Gta is disordered in all X-ray structures of Gt (1-4). 
Transferred nuclear Overhauser effect (TRNOE) spectroscopy was used to elucidate the 
structure of the Gta(340-350) peptide when bound to Rh*. Despite the fact that this peptide 
binds to the intracellular face of rhodopsin rather that to the external face as do peptide 
ligands for other GPCRs, the success of this approach provides a model for the direct 
experimental determination of the GPCR-bound conformation of peptide ligands. 

Results and Discussion 

In the dark-adapted state, only two medium-range NOE interactions were observed in the 
sample of Gta(340-350) with rhodopsin. Exposure to 495 nM light produced a remarkable 
increase to 98 from 2 in the number of medium and longer-range interactions observed 
indicative of a discrete conformation in the Rh*-bound state to give a total of 103 
additional NOE cross-peaks (Fig. 1). These additional NOE cross-peaks relax in parallel to 
the decay of the light-activated form of rhodopsin, metarhodopsin II (MH) thought to bind 
and activate Gt. This argues for specific binding of Gta(340-350) to Rh* and parallels the 
ability of Gt to form a transient high-affinity complex with Rh* (8). The paucity of 
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medium to long-range NOEs in the dark-adapted spectra indicates minimal, if any, binding 
of Gta(340-350) to dark-adapted rhodopsin. 

B Phe350H6/Leu344H6 

Phe350H&/Lys341HPSY 

7.2 , > / ^ \ , 7.2 

7.3 
1.6 1-2 

Fl (p.p.m.) 

7.3 
0.8 1.6 \ 1-2 

Phe350H6/Leu344HY 
Phe350H.S/Leu349H6 

Fig. 1. Cross-peaks in the aromatic-aliphatic region showing interactions between F350 
aromatic protons and sidechain protons ofL349, L344, and K341 from the NOESY spectra 
of Gta(340-350) in the presence of the dark-adapted (left panel) and photoexcited 
rhodopsin (right panel). 

Phe 350 

(cr)-
Leu 349 

- ( G ) -

o" 

-(cs)-
Leu 344 

Gly 348 

-(c) 
N 

H 

-(C2)' 
Lys 345 

^ ) Cys 347 

' C 1 ) Asp 346 

Fig. 2. Two orthogonal views of Rh*-bound conformation of Gta(340-350) 
IKENLKDCGLF as determined by TRNOESY. A = front, B = end view, C = scheme of the 
C-cap motif. 

Independent computations of the NMR structure of Gta(340-350) bound to Rh* gave 
20 structures with a high degree of convergence (0.30±0.12 A r.m.s.d. for Cos) for the 
bound state of Gta(340-350) with a helical turn in the middle of the undecapeptide 
followed by an open reverse turn (Fig. 2). The Rh*-bound structure of Gta(340-350) is 
characterized by multiple strong peaks in the TRNOE spectra between the Phe350 aromatic 
ring and the sidechains of Leu349, Leu344 and Lys341 (Fig. 1) of Leu344 and the amide 
hydrogen of Gly348 which additionally stabilizes the reverse turn. The helical turn 
involving Glu342, Asn343, Leu344, Lys345, and Asp346 is supported by 48 medium- and 
long-range NOEs, and two main-chain hydrogen bonds between Lys341-Lys345 and 
Glu342-Asp346. The NOE cross-peak between the amide protons of Lys345 and Asn343, 
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(NHji+2) agrees with the presence of a helical turn. Gly348 is highly conserved in G-
proteins of Gt and Gi families and appears invariant at position 348 in twenty four 
Gta(340-350) peptide analogs selected for rhodopsin binding (9) consistent with the <()/\|/ 

torsional angles of Rh*-bound Gta(340-350). Expression of heterotrimeric G( mutants with 
substitutions of Gly348 by Ala or Pro (6, 7) in the a-subunit severely impairs interaction 
with rhodopsin. Based on earlier NMR studies, Gly348 was suggested to be part of a type 

II P-turn at the C-terminus of the a-subunit (10) which our results do not support. 
Comparison of the Rh*-bound structure of Gta(340-350) with known types of helix-
terminating motifs revealed a high degree of similarity with the aL type of helix capping 
characterized by a hydrogen bond between the amide hydrogen at C and carbonyl oxygen 
at C3 (5->l type). When docked to the GDP-liganded crystal structure of Gt, the NMR 
structure of Gta(340-350) provides a perfect continuation of the C-terminal helix a5, 
Gta(325-340), terminated by the C-cap and hydrophobic cluster. The hydrophobic patch 
(Lys341/Leu344/Leu349/Phe350) points in the direction where rhodopsin would be found 
in a putative ternary complex with transducin. Hydrophobic shielding of this motif from 
water clearly requires a specific binding site on Rh*. Light-induced exposure of a potential 
complementary binding site on the second (CD) and third (EF) intracellular loops (11) is 
consistent with the movement of transmembrane helices C and F recently shown to be 
required for light activation (12-13). Dissociation from the receptor would be expected to 
expose Leu349 to solvent, leading to transition of the Gta(340-350) segment back into a 
disordered state. The pivotal roles of Leu344 and Leu349 in rhodopsin binding have been 
established with specific mutations at these sites in Gt and by studies of Gta(340-350) 
peptide analogs. 

Several factors contribute to the credibility of our results. The hydrophobic cluster on 
the exterior of the peptide is unexpected in water; the cation-aromatic interaction between 
the Lys341 e-amine and the Phe350 phenyl ring is commonly seen in the interior of 
proteins and is often exploited in specific ligand-receptor recognition (14). Helical turns at 
the terminals of small peptides in solution are also somewhat unusual. Also, similar 
TRNOE experiments on an analog of Gta(340-350) with an affinity approximately 100-
fold greater show diminished NOE peaks in accord with the requirements for an 
appropriate exchange rate in ligand-receptor complexes. TRNOE experiments can produce 
artifacts due to spin diffusion via receptor protons and solids CPMAS NMR experiments 
of specifically labelled analogs of Gta(340-350) are in progress to confirm and refine the 
Rh*-bound conformation. 

Our results provide direct evidence for the reversible ordering of the C-terminal 
eleven-residue segment of Gta induced by Rh*. The C-terminus of Gty is also known (15-
17) to interact with Rh* and the combination of interactions could impact the interface 
between Gta and GtPy. If structurally coupled to the conformation of the nucleotide 
binding site, Rh* catalyzed C-capping of Gta(340-350) could trigger GDP release and 
subsequent GTP binding resulting in second messenger production.We believe that the 
strategy demonstrated for determination of the conformation of the undecapeptide 
Gta(340-350) to the intracellular loops of the activated G-protein coupled receptor Rh* 
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could be easily adapted to determining the receptor-bound conformation of many of the 
biologically active peptides binding to the extracellular loops of these receptors. 
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The GABAA receptor is the major inhibitory neurotransmitter receptor in the mammalian 
brain. This receptor is a member of the ligand-gated ion channel superfamily, which 
includes receptors for acetylcholine, glycine, and serotonin. It is a macromolecular protein 
comprised of an integral chloride-selective channel with specific binding sites for GABAA, 

benzodiazepines (BZDs), barbiturates, steroids and picrotoxin [1,2]. Although 
GABAreceptor a subunits are important for BZD binding and GABA-current potentiation 
by BZDs, the presence of a y subunit is required for high affinity binding [3]. In order to 
determine which portions of the 72 subunit confer BZD binding and potentiation, we 
generated chimeric protein combinations of rat 72 and ai subunits, and expressed them, 
one at a time, with wild type ai and p2 subunits in HEK 293 cells and Xenopus oocytes. 
Chimeras containing appropriate regions of y2 should bind BZDs, whereas others (e.g. 
those with insufficient or inappropriate 7) and the aip2 combination alone should not. In 
this study, we show that a chimeric subunit with 72 sequence in the first 161 amino acid 
residues and an a i sequence in the rest efficiently substitutes for a wild-type y2 subunit in 
assembling functional cell surface GABAA receptors that bind BZD's. Thus, the 
extracellular 161 amino acid residues of the y2 subunit is sufficient for BZD binding and 
Y2 subunit assembly. 

Results and Discussion 

Chimeric subunits containing 5' y2 and 3' ai sequences (Fig. 1) were generated by a 
modification of a published protocol for random chimera production [4]. In order to 
determine whether the chimeric subunits contained appropriate 72 domains for BZD 
binding, they were individually expressed with wild-type ai and P2 subunits in HEK 293 
cells and the binding of [3H]fIunitrazepam was measured. Only two chimeras, 7I6I and 
7167; which contain the N-terminal 161 and 167 amino acid residues of the 72 sequence 
respectively, specifically bound [3H]flunitrazepam. The affinities of aip272, aiP27l61 and 
aip27l67 receptors for [3H]flunitrazepam (BZD agonist) and Rol5-1788 (BZD antagonist) 
were measured by radioligand saturation and competition binding experiments to 
determine if 7I6I and yl67 containing receptors were altered in their ability to bind 
different classes of BZD's. Results from saturation binding experiments demonstrated that 
OC1P2YI6I and aiP27l67 receptors have an affinity (KD) for [3H]flunitrazepam similar to 
OC1P2Y2receptors with KD's of 13.3 nM, 11.3 nM and 9.9 nM, respectively (Fig.l). 
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Competition binding experiments using R015-1788 showed no significant differences in 
the Ki's for this compound (Fig. 1). The above results demonstrate that the N-terminal 161 
amino acid residues of 72 not only contains the necessary information for correct assembly 
with a i and p2 subunits but in addition is sufficient for BZD binding. Thus, the 
72 determinants of BZD selectivity lie in the major extracellular portion of the subunit from 
the amino terminus to the conserved cyc-cys loop. 
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Fig. 1. Chimeric receptor subunits and their affinities for [3H]flunitrazepam and Rol5-4513. (A) 
Schematic representation of the sequence encoding the rat aj and y2 subunits and two chimeric 
subunits of the GABAA receptor. Shaded segments represent y2 sequences, and unshaded segments 
represent «; sequences. The solid segments represent putative transmembrane domains. Chimeras 
are named as follows. The first symbol is the subunit from which the amino-terminal sequence is 
taken, the following number is the position of the chimera junction. (B) The affinity (KD or Ki) of a 
BZD agonist, [3H[flunitrazepam, and a BZD antagonist, Ro 15-1788, for GABAA receptors 
assembled from a wild-type y2 or chimeric subunit with wild-type at and p2 subunits. The numbers 
are the KD or K/ means in nM, with the SEM derived from at least three experiments. N.D. Specific 
binding of [3H]flunitrazepam was not detectable in receptors assembled from wild-type a ; and p2 

subunits. 

To test the allosteric coupling between the BZD and GABA binding sites, GABA 
potentiation of [3H]flunitrazepam binding was measured in membranes prepared from 
HEK 293 cells expressing aiP272, aiP27l61 and aip27l67 receptors. Suprisingly, the 
ability of GABA to potentiate the binding of [3H]flunitrazepam was significantly decreased 
in chimera-containing receptors (Fig. 2A). Chimeric receptors had a similar affinity for 
GABA as wild-type receptors. Thus, a decrease in GABA binding affinity was not 
responsible for the observed decrease in GABA potentiation. 

The chimeric subunits were also co-expressed with wild-type ai and p2 cRNA in 
Xenopus oocytes and the ability of the BZD, diazepam, to potentiate GABA-mediated 
chloride current was measured. While the chimera-containing receptors displayed some 
diazepam potentiation of the GABA response, maximal potentiation was decreased 
approximately 85% as compared to aiP272 receptors (Fig. 2B). The results demonstrate that 
although the N-terminal 161 amino acid residues of the y2 subunit is sufficient for high 
affinity BZD binding, it not sufficient for efficient allosteric coupling of the GABA and 
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BZD binding sites. Additional 72 amino acid residues, C-terminal to the first 167 residues, 

are required. 
Thus, by using these y/a chimeras, we have potentially separated two different 

functional regions of the 72 subunit, a BZD binding domain and an allosteric coupling 
domain. Additional chimeric subunits constructed from smaller areas of the 72 subunit will 
yield more information about the residues important for BZD binding, and further 
electrophysiological experiments may suggest a mechanism by which binding influences 
GABA-mediated ion flux. The chimeric subunits described in this report may be especially 
informative in this regard. 

B 

O 50. 

ccp-/ apy161 a|3y167 a^y a|3y161 a|3y167 

Fig. 2. The GABA and BZD binding sites are allosterically uncoupled in chimera-containing 
receptors. (A) GABA potentiation of [3H]flunitrazepam binding by ajP2Y2> a}pj2jl61 and 
aip>2jl67 receptors expressed in HEK 293 cells. The bars represent the mean potentiation of 3nM 

[3H]flunitrazepam binding by 3 pM GABA ± S.E.M. of at least three independent experiments. 
Potentiation was calculated as [(specific dpm +GABA)/(specific dpm - GABA)-1] xlOO. (B) 
Diazepam potentiation of the GABA-mediated chloride current by ajP2Y2< aip2jl67 and a][32Yl67 
receptor expressed in Xenopus oocytes. Standard two-electrode voltage clamp recording was used. 
Diazepam potentiation was recorded at approx. EC20 for GABA. Dose-response curves for 
diazepam potentiation of the GABA response were measured. The bars represent the maximal 
potentiation of the GABA-gated current by diazepam ± S.E.M. and were derived from a standard 
non-linear curve-fitting analysis of the dose-response data. Data are derived from experiments in 
> 4 oocytes from > 2 injected batches. 
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Glucagon receptor structure and function: Probing the putative 
hormone binding site with receptor chimeras 
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Glucagon is a 29-residue peptide hormone that is secreted by pancreatic A cells and plays a 
central role in the maintenance of normal blood glucose levels. Its primary target organ is 
the liver where high affinity binding to specific receptors on the surface of the hepatocytes 
sets in motion a series of biochemical events that ultimately result within minutes in 
increased glucose output. The mechanism by which the recognition signal is transmitted by 
the receptor across the membrane, where intracellular domains activate G protein-coupled 
effectors inside the cell to generate the glucagon effect, is unknown. 

The glucagon receptor belongs to a unique group within the superfamily of G protein-
coupled receptors, which includes receptors for related peptide hormones glucagon-like 
peptide-1 (GLP-1), secretin, and other moderate-sized peptides (Fig. 1). While extensive 
structural information is available for GPCRs that bind small ligands, much less is known 
about the ligand binding and signaling characteristics of the glucagon receptor family. 

Using site-directed mutagenesis we showed that a conserved Asp64 at the N terminus 
is absolutely required for binding [1]. We further demonstrated using truncation mutants 
that the intracellular C-terminal tail was not necessary for binding and activity, while the N 
terminus, the transmembrane helices, and the extracellular intrahelical loops were 
important not only for ligand recognition but also for proper cellular transport to the 
plasma membrane surface [2]. Tentative structural models based on these initial findings 
portray the hormone binding site of the glucagon receptor as a discontinuous domain 
consisting of contributions from the long N-terminal extension, the extracellular loops, and 
some residues at the membrane interface of the transmembrane helices. Unraveling the 
chemical nature of this cavity and the interactions between ligand and receptor that dictate 
binding affinity and selectivity are crucial for the design of pharmacologically relevant 
glucagon antagonists. 

Mutagenesis studies using glucagon/GLP-1 receptor chimeras have implicated the 
membrane proximal region residues 80-142 and the first extracellular loop as regions 
required for high affinity glucagon binding [3]. In recent studies we also demonstrated that 
peptide anti-glucagon receptor antibodies effectively competed for glucagon binding sites 
and inhibited subsequent hormone-dependent stimulation of adenylyl cyclase [4]. The DK-
12 antiserum was generated against a peptide consisting of residues 126-137 from the 
membrane proximal portion of the N-terminal tail and the KD-14 antiserum was directed 
against a peptide representing residues 206-219 from the first extracellular loop. The 
antibodies behaved like glucagon antagonists and suggested that these epitopes might 
comprise part of the receptor binding pocket. It is likely that these sites also contain 
determinants of binding specificity that enable the receptor to discriminate among 
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glucagon's closest relatives, GLP-1 and secretin. To investigate this possibility, receptor 
chimeras were constructed wherein residues 126-137 and residues 206-219 of the glucagon 
receptor were each replaced with the analogous segments from the rat GLP-1 and secretin 
receptors. In a double mutant chimera, both sequences 126-137 and 206-219 were 
substituted with the corresponding residues of the GLP-1 receptor. Each receptor mutant 
was assessed for proper transport to the cell surface, glucagon binding, and adenylyl 
cyclase activation (Table 1). 
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Fig. 1. Schematic representation of the rat glucagon receptor. Dl mutant contained a deletion from 
the N-terminal tail indicated by arrows. Mutants Tl, T3, T5, T7a, and T7b were truncated as 
shown. Antibodies generated against peptides in the boxed areas inhibited glucagon binding. In 
receptor chimeras, these regions were replaced with the analogous sequences from the GLP-1 and 
secretin receptors. 

Results and Discussion 

Mutant receptor chimeras were prepared by restriction fragment replacement "cassette 
mutagenesis" using a synthetic rat glucagon receptor gene, and expressed following 
transient transfection in COS-1 cells [1]. Endo H susceptibility analysis on immunoblots, 
of membranes from transfected cells showed that the mutant receptors were normally 
expressed on the plasma membrane surface [2]. The ICso for competitive binding (31.6 
nM) and the ECso for glucagon-stimulated adenylyl cyclase activity (3.2 nM) of the wild 
type receptor were consistent with reported values. In general, there was good correlation 
for all the mutant receptors between the relative affinity (%) of ligand binding and the 
relative potency (%) of adenylyl cyclase stimulation, suggesting that the effect of the 
mutation on binding is functionally linked to activation. A decrease in binding affinity 
resulted in a decrease in the relative ability to activate cyclase. 
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Table 1. Receptor binding and adenylyl cyclase activity of rat glucagon receptor chimeras. 

Glucagon receptor 
mutants 

GlucR (wt.) 
secDK (126-137) 
glpDK (126-137) 
secloop (206-219) 
glploop (206-219) 
dblglp (126-137)(206-219) 

Receptor binding 

IC50 Relative 
(nM) affinity 

% 

31.6 100.0 
316.2 10.0 
100.0 31.6 

>1000 <1.0 
447.0 7.0 

>1000 <1.0 

Fold 
decrease 

10.0 
3.1 

>100 
14.2 

>100 

Adenylyl cyclase 

EC50 
(nM) 

3.2 
20.4 
18.0 

>1000 
39.0 

251.0 

Relative 
potency 

% 

100.0 
15.5 
17.7 
<1 

8.1 
1.3 

activity 

Fold 
decrease 

6.4 
5.6 

>100 
12.3 
80.0 

Replacement of the DK (peptide 126-137) region of the glucagon receptor with the 
analogous residues of the GLP-1 receptor in the mutant chimera glpDK led to a 3-fold 
decrease in binding affinity and a 5-fold decrease in activation. The corresponding change 
with secretin receptor residues in the mutant chimera secDK resulted in a tenfold decrease 
in binding affinity and a sixfold decrease in adenylyl cyclase activity (Table 1). In contrast, 
the glploop chimera lost greater than 90% of affinity and potency and the secloop 
displayed a hundredfold loss of function. Substitution of both the 126-137 and 206-219 
segments with the residues from the GLP-1 receptor in the double mutant chimera, dblglp, 
resulted in greater than a hundredfold loss of binding and efficacy of activation. 

These results indicate that residues 126-137 of the N-terminal tail and residues 206-
219 of the first extracellular loop are indeed components of the glucagon binding pocket. 
The combined replacement of both regions led to a greater loss of function than either 
single modification, suggesting a cooperative effect. Mutation of the 206-219 segment in 
the first extracellular loop region (glploop and secloop) had a more profound effect on both 
binding and activity than the replacement of the 126-137 (glpDK and secDK) sequence in 
the membrane proximal part of the N-terminal tail. The first extracellular loop thus 
contains specific determinants of ligand binding. Close inspection of the loop sequence 
reveals unique charged residues that may interact directly with glucagon. The data further 
confirm a common structural motif in these regions recognized by glucagon and GLP-1 but 
these features are not contained in the analogous sequence of the secretin receptor. 
U. S. PHS Grant DK 24039. 
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A new class of dipeptide derivatives that are potent and 
selective 5 opioid agonists 
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Clinical Research Institute of Montreal, Montreal, Que., Canada H2W1R7 

The development of 8 opioid agonists looks promising because there is evidence to indicate 
that, in comparison with currently used opiates of the p type, they may produce less physical 
dependence, no respiratory depression, and almost no adverse gastrointestinal effects [1]. 
Recently, we discovered that the 8 antagonist versus 8 agonist behavior of a series of 
dipeptide derivatives of the formula H-Tyr-Tic-NH-(CH2)n-Ph (Ph = phenyl) depended on 
the number of methylene groups contained in the C-terminal phenylalkyl substituent [2]. 
Analogs with n = 1 or 3 were 8 antagonists, whereas the compound with n = 2 was a 
moderately potent and somewhat selective 8 agonist (Table 1). In an effort to increase the 8 
agonist potency and 8 receptor selectivity of H-Tyr-Tic-NH-(CH2)2-Ph, structural 
modifications of the C-terminal phenylethyl group were performed by introduction of an 
additional substituent in one of two different positions or by incorporation of conformational 
constraints. Furthermore, two different tyrosine derivatives were substituted for Tyr1 in two 
of the compounds. The dipeptide derivatives were synthesized in solution using the mixed 
anhydride method. In vitro opioid activities of the resulting compounds were determined in 
the p receptor-representative guinea pig ileum (GPI) assay and in the 8 receptor-
representative mouse vas deferens (MVD) assay, and their p and 8 receptor affinities were 
measured in binding assays based on displacement of p- and 8-selective radioligands from 
rat brain membane binding sites. 

Results and Discussion 

Replacement of the Tyr residue in the parent compound with 2',6'-dimethyltyrosine (Dmt) 
produced a compound, H-Dmt-Tic-NH-(CH2)2-Ph, showing 8 receptor affinity in the 
picomolar range and partial agonism (maximal inhibition of electrically evoked 
contractions = 70%) in the MVD assay (Table 1). Substitution of a chloro-, bromo- or 
methyl group in ort/io-position of the phenyl ring in the C-terminal phenylethyl moiety 
resulted in analogs with increased 8 agonist potency and improved 8 receptor selectivity. The 
best compound in this series was H-Tyr-Tic-NH-(CH2)2-Ph(o-Cl) which showed an IC50 
value of 8.77 nM in the MVD assay, weak partial agonism in the GPI assay, and good 8 
receptor selectivity (Kĵ /Kj = 68) in the rat brain membrane binding assays. 

A second series of analogs was obtained by introducing various substituents at the 
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Table 1. In vitro opioid activities of dipeptide 8 opioid agonists. 

Compound 
MVD assay 

H-Tyr-Tic-NH-(CH2)2 -Ph 
H-Dmt-Tic-NH-(CH2)2 -Ph 
H-Tyr-Tic-NH-(CH2)2 -Ph(o-Cl) 
H-Tyr-Tic-NH-(CH2)2 -Ph(o-Br) 
H-Tyr-Tic-NH-(CH2)2 -Ph(o-CH3) 
H-Tyr-Tic-NH-CH2-CH(Ph)2 

Tyr(NMe)-Tic-NH-CH2-CH(Ph)2 

H-Dmt-Tic-NH-CH2-CH(Ph)2 

H-Tyr-Tic-NH-CH2-CH(Ph)Me (S) 
H-Tyr-Tic-NH-CH2-CH(Ph)Me (R) 
H-Tyr-Tic-NH-CH2-CH(Ph)COOEt (I) 
H-Tyr-Tic-NH-CH2-CH(Ph)COOEt (II) 
H-Tyr-Tic-NH-CH2-CH(Ph)CONH2 (I) 
H-Tyr-Tic-NH-CH2-CH(Ph)CONH2 (II) 
H-Tyr-Tic-2-S-At 
H-Tyr-Tic-2-R-At 
H-Tyr-Tic-NH-Pcp (trans, I) 
H-Tyr-Tic-NH-Pcp (trans, JT) 

IC50[nM] 
82.0 
2.3 (IC35)' 
8.77 

13.9 
10.1 
3.77 
0.261 
0.726 

21.4 
26.0 

1.28 
8.64 

34.0 
P.A.* 

38.1 
36.3 

P.A.* 
7.31 

K/'fnM] 
69.1 

1.59 
96.9 
23.3 
38.7 
28.8 
12.7 
1.62 

82.3 
51.3 

886 
153 
73.7 

191 
55.8 
26.3 
38.0 
11.5 

K5 [nM] 
5.22 
0.0577 
1.43 
1.24 
1.75 
0.981 
0.581 
0.693 
6.31 
3.67 
0.569 
3.03 

21.5 
22.8 
4.55 
1.72 
4.13 
1.36 

K^/Ki8 

13.2 
27.6 
67.8 
18.8 
22.1 
29.4 
21.9 

2.34 
13.0 
14.0 

1560 
50.5 

3.43 
8.38 

12.3 
15.3 
9.20 
8.46 

"Displacement of [ HJDAMGO (p-selective) and [ H]DSLET (5-selective) from rat brain membrane 
binding sites. ^Partial agonist. 

p-carbon of the C-terminal phenylethylamine moiety. Introduction of a second phenyl group 
at this position led to a compound, H-Tyr-Tic-NH-CH2-CH(Ph)2, which comparied with the 
parent peptide was a 20 times more potent 8 agonist with 2-fold improved 8 selectivity. 
Methylation of the N-terminal amino group in the latter peptide produced a compound, 
Tyr(NMe)-Tic-NH-CH2-CH(Ph)2, with subnanomolar 8 agonist potency and still 
considerable 8 selectivity. The corresponding Dmt'-analog was a similarly potent, but non­
selective 8 agonist. Both isomers of an analog containing a methyl substituent at the p-
carbon of the phenylethyl group displayed only moderate 8 agonist potency and 8 selectivity. 
On the other hand, one of the isomers (I) of H-Tyr-Tic-NH-CH2-CH(Ph)COOEt turned out 
to be a superior 8 agonist, showing excellent 8 agonist potency (IC50 = 1.58 nM) in the 
MVD assay, subnanomolar 8 receptor affinity (K; = 0.569 nM) and extraordinary 8 
selectivity (Kj^/K;8 = 1560). One of the two isomers of a corresponding analog containing a -
CONH2 substituent at the p-carbon was a relatively weak 8 agonist and the other was a 
partial 8 agonist. 

Conformational constraints were introduced by replacing the phenylethyl moiety with a 
tetralinyl- or a tams-2-phenylcyclopropyl (Pep) group. Both isomers of the aminotetralin 
(At) analog showed higher 8 agonist potency and higher 8 receptor affinity than the parent 
compound (Table 1). One of the isomers (II) of the rran^-Pcp-containing dipeptide analog 
displayed high 8 agonist potency and high 8 receptor selectivity, whereas the other was a 
partial 8 agonist. 
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Fig. 1. Spatial overlap of the proposed bioactive conformation of JOM-13 with low energy 
conformers of H-Tyr-Tic-NH-(CH2)2 -Ph (left) and H-Tyr-Tic-R-At (right). 

Recently, a convincing model of the receptor-bound conformation of the selective 
8 opioid agonist H-Tyr-c[D-Cys-Phe-D-Pen]OH (JOM-13) has been proposed [3]. A 
molecular mechanics study performed with H-Tyr-Tic-NH-(CH2)2-Ph resulted in several low 
energy conformers. One of these, with an energy 0.75 kcal/mol higher than the lowest 
energy structure, showed excellent spatial overlap of its N-terminal amino group, phenol 
ring and C-terminal phenyl group with the corresponding pharmacophoric moieties in the 
proposed bioactive conformation of JOM-13 (Fig. 1, left panel). An excellent fit with this 
model was also observed with a low energy conformer of the conformationally constrained 8 
agonist H-Tyr-Tic-R-At (Fig. 1, right panel). It can therefore be concluded that the low 
energy conformers of the two dipeptides depicted in Fig. 1. represent a plausible candidate 
structure of the receptor-bound conformation of this class of 8 agonists. 

In conclusion, a new class of potent and selective 8 agonists was developed. Because of 
their low molecular weight and lipophilic character, these compounds may cross the blood-
brain barrier and have potential as centrally acting analgesics. 
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Discovery of small non-peptidic CD4 inhibitors 
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The interaction between CD4 and major histocompatibility complex (MHC) class II 
proteins is critical for the activation of CD4+ T cells which are involved in transplantation 
reactions and a number of autoimmune diseases. In this study, we have identified a CD4 
surface pocket as a functional epitope implicated in CD4-MHC class II interaction and T 
cell activation. A computer-based strategy has been utilized to screen -150,000 non­
peptidic organic compounds in a molecular database and identify a group of compounds as 
ligands of the proposed CD4 surface pocket. These small organic compounds have been 
shown to specifically block stable CD4-MHC class II binding, and exhibit significant 
inhibition of immune responses in animal models of autoimmune disease and allograft 
transplant rejection, suggesting their potential as novel immunosuppressants. This 
structure-based computer screening approach may have general implications for studying 
many immunoglobulin-like structures and interactions that share similar structural features. 
Furthermore, the results from this study have demonstrated that the rational design of small 
non-peptidic inhibitors of large protein-protein interfaces may indeed be an achievable 
goal. 

Results and Discussion 

We applied the computational screening approach to search -150,000 non-peptidic organic 
compounds in a chemical database for potential ligands of the CD4 Dl domain surface 
pocket implicated in MHC class II binding and T cell activation. This led to the discovery 
of several novel inhibitors of CD4 function, with the structure of the two most potent 
compounds and the binding of one of these organic inhibitors, TJU104 to the CD4 Dl 
surface pocket is shown in Fig. 1. These compounds were shown to be non-toxic to the 
cells of the lymphoid system in vivo and appeared to be specific for their target CD4 
protein. More importantly, they displayed significant in vivo immunosuppressive activity 
of CD4+ T cell-mediated responses in murine models of experimental allergic 
encephalomyelitis and skin allograft rejection. These results demonstrated that the 
computer screening of chemical databases may represent an effective approach to discover 
small molecular inhibitors with therapeutic potential. 
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Fig. 1. Two representative non-peptidic organic inhibitors of CD4 discovered by using the 
computer screening approach (left). The binding of an organic inhibitor TJU104 to the CD4 Dl 
surface pocket (right). 

The small non-peptidic organic inhibitors identified here may have important 
implications for the development of a new generation of non-toxic and orally available 
immunosuppressants for the treatment of autoimmune diseases and transplantation 
reactions. Current therapeutic strategies for these immunopathological conditions include 
the use of monoclonal antibodies (mAbs) such as anti-CD4 mAb to block inflammatory T 
cell activation. However, the inherent immunogenecity of xenogeneic mAbs have reduced 
their value as an effective treatment. In comparison with mAbs, small molecular inhibitors 
are likely to be less immunogenic. Also, unlike peptide-based therapeutics that are 
generally unstable and therefore not orally available, non-peptidic organic structures are 
normally more stable and also more amenable for modifications using standard medicinal 
chemistry techniques to improve potency and oral activity. For these reasons, the group of 
organic compounds with diverse and distinctive non-peptidic structures identified here 
may represent promising leads for the development of new immunosuppressive agents. 

This study may provide a paradigm for the inhibitor design of many Ig-related protein 
structures and interactions. As members of the immunoglobulin superfamily (IgSF) may 
have a conserved backbone folding pattern, it is likely that this generic structure provides 
some common scaffolds for efficient protein-protein interactions. It is interesting to note 
that similar structural themes may be involved in a diversity of molecular interactions and 
biological functions of IgSF proteins. Therefore, it is possible that the computer screening 
approach developed from this study of the CD4 protein may also be applicable to the 
design of small non-peptidic inhibitors of other IgSF molecular interactions. 
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Conclusion 

We have tested the hypothesis that non-peptidic organic inhibitors targeting a small 
functionally important surface epitope could be sufficient for the effective blockade of a 
protein-protein interaction with a large interface. Employing theoretical analysis of protein 
structure and subsequent synthetic peptide mapping approaches, we have identified a 
surface pocket on the CD4 Dl domain as a critical functional epitope, involved either 
directly or indirectly in stable CD4-MHC class II interaction and T cell activation. A 
computer-based database screening strategy has been employed to identify a diverse group 
of novel non-peptidic organic ligands of this CD4 surface pocket that specifically block 
CD4-MHC class II cell adhesion and exhibit significant immunosuppressive activity in 
animal models of autoimmune disease and transplant rejection. This computer screening 
approach should have general implications for studying many Ig-related molecules that 
utilize similar surface structural features for diverse intermolecular binding and biological 
functions. Finally, the results from this study have demonstrated that the structure-based, 
computer-assisted design of small non-peptidic inhibitors of large protein-protein 
interfaces may indeed be an achievable goal. 
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Biochemistry and biology of phospholipase C-yl 
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Growth factor polypeptides bind to specific cell surface receptors and thereby activate 
intracellular tyrosine kinases. This activation is the initial intracellular step in the complex 
process of signal transduction that ultimately stimulates cell proliferation. Among the known 
substrates of these tyrosine kinases is phospholipase C-7I (PLC-7I), an enzyme that, when 
activated, catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate (PIP2) to produce 
two second messenger molecules: diacylglycerol, which activates protein kinase C, and 
inositol 1,4,5-trisphosphate, which regulates the level of intracellular, free Ca + (1). 

A schematic representation of PLC-7I based on primary structure appears in Fig. 1. The 
regions denoted X and Y are associated in the folded enzyme so as to constitute the active site 
and are conserved in all members of the PLC-p, PLC-8 and PLC-y families (1). PLC-7I and -
72 are unique among PLC isoforms as they possess regulatory motifs, designated SH2 and 
SH3. SH2 domains are known to mediate association with other proteins that contain 
phosphotyrosine, while SH3 motifs facilitate association with proteins that contain proline-
rich sequences (2). Activation of PLC-yl is mediated by its tyrosine phosphorylation at three 
known sites (1). 

Fig. 1. Schematic representation of sequence motifs in the PLC-yl primary structure. PH, pleckstrin 
homology domain; SH, src homology domain; Cal B, calcium phospholipid binding domain; X and Y, 
catalytic subdomains; Y numbered, sites of tyrosine phosphorylation. 

Results and Discussion 

Recently, a crystallographic study of PLC-81 has illuminated how the X and Y subdomains 
cooperate in the folded enzyme to constitute an active site for PIP2 hydrolysis (3). Also, 
biochemical studies have demonstrated that X and Y domains remain tightly associated when 
the polypeptide chain between them is hydrolyzed by proteases (4,5). We have assessed the 
capacity of X and Y domains to self-associate by using baculovirus to express individual 
polypeptides in insect cells. Cells were infected with virus encoding PLC-yl holoenzyme or 
co-infected with separate viruses containing information for X or Y domains (6). Co-
precipitation studies showed that when expressed together in the same cell, X and Y 
polypeptides formed an association complex with a high degree of efficiency. However, 
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attempts to induce association of the two polypeptides in vitro has, so far, been unsuccessful. 
We next determined whether the X:Y complex constituted from individual X and Y 

polypeptides in insect cells was biochemically active, as measured by its capacity to 
hydrolyze PIP2 in vitro. The specific enzyme activity of the X: Y complex was, surprisingly, 
much higher than that of the recombinant PLC-yl holoenzyme. At high and low substrate 
concentrations, respectively, the X:Y complex was 20- to 100-fold more active than the 
recombinant holoenzyme. These data indicated that the X:Y complex, which represents a 
deletion of the -SH2-SH2-SH3- sequences present in the holoenzyme, is an activated form of 
PLC-yl. 

These results have allowed construction of a model of PLC-7I to account for regulation 
of the basal level of enzyme activity, as well as incorporating the tyrosine phosphorylation 
events known to produce the activated form of the enzyme (Fig. 2). Within the tertiary 
structure of PLC-7I, the central SH region of the holoenzyme is proposed to interact with 
and/or occlude the active site X: Y region. Whether the physical relationship of the SH region 
with the X:Y region within the protein is direct or indirect is unknown. Nevertheless, the 
model proposes that, in its non-tyrosine phosphorylated state, PLC-yl activity is repressed by 
an intramolecular mechanism. This model would allow activation of PLC-7I by derepression 
or modulation of the relationship between the SH region and the catalytic site. 

I ISHJPY I |SH3|^Y 
Basal " _ — • Y V Activated 

TO, 

Fig. 2. Model for the intramolecular regulation of PLC-yl activity by tyrosine phosphorylation. 

Known mechanisms for the activation of PLC-7I would support or at least be in 
agreement with the model described above. Phosphorylation of Tyr 783, located between the 
SH2 and SH3 domains (Fig. 1), is essential for PLC-yl activation by tyrosine phosphorylation 
in intact cells (7). V8 protease treatment of PLC-yl in vitro produces cleavage between the 
SH3 and Y domains and also activates the enzyme (5). Lastly, deletion of the SH region, as 
described above, activates the enzyme. Hence, modulations of the physical structure of the 
SH region are, in most known cases, activating events. Unknown, however, are the exact 
element(s) or sequence(s) in the SH region that have a function/physical relationship to the 
X:Y catalytic domain. 

The biologic significance of PLC-7I has remained ill-defined by studies performed with 
cultured cells, in the sense that there is evidence that PLC-yl is essential for mitogenic signal 
transduction and evidence that this protein is not essential for growth factor-induced 
responses (1). To resolve this issue we have used homologous recombination to target and 
disrupt the Plcgl gene in mice (8). The targeted mutation is actually a genomic deletion that 
removes exons encoding all of the X domain and both SH2 domains. Transmission of this 
mutation in mice in its heterozygous (Plcgl +) form has no influence on development, 
growth, or other observable functions of the animals. Hence, loss of one Plcgl allele is not 
deleterious. However, when both functional copies of this allele are disrupted (Plcgl'''), the 
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effect is severe as embryos do not survive beyond 9.0 days gestation. Therefore, the partial 
loss of PLC-yl can be tolerated, but he complete absence of this protein cannot. 

These results indicate that in the intact organism, PLC-7I is essential for growth and 
development, he loss of PLC-7I is not compensated for by other signaling pathways that 
emanate from growth factor receptor tyrosine kinases. Nor can the loss of this enzyme be 
compensated by other Pic genes, which encode nine additional PLC isozymes. Interestingly, 
viable cells can be cultured from Plcgl'' embryos and these cells are immortal under cell 
culture conditions. 
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Tumor cell interactions with type IV collagen: Synthetic peptide 
dissection of post-adhesion signal transduction mechanisms 

Janelle L. Lauer and Gregg B. Fields 
Department of Laboratory Medicine & Pathology and The Biomedical Engineering Center, 

University of Minnesota, Minneapolis, MN 55455 USA 

Tumor cell interactions with the extracellular matrix (ECM) are mediated by a great variety 
of cell surface molecules. The best characterized receptors are integrins, which are 
heterodimeric proteins composed of one a and one p subunit. During the invasion process, 
tumor cell integrins interact with basement membrane (type IY) collagen. The collagen-
binding integrins include a ip i , a2pi, and a3pi [1]. In addition to promoting adhesion, 
integrins provide a linkage between the ligand and intracellular proteins. The role of 
adhesion in signal transduction and subsequent cellular behaviors is of great interest. 
Integrin-mediated binding to collagen results in the Tyr phosphorylation of a -125 kDa 
kinase that is found at focal adhesions (focal adhesion kinase, or pl25FAK) [2]. Each of the 
collagen-binding integrins has been implicated in signal transduction events [3-7]. We can 
use isolated collagen sites for dissecting integrin mediated post-adhesion events. A peptide 
incorporating the rxl(IV)531-543 sequence promotes adhesion and migration of numerous 
cell types [8, 9]. It was also shown that human melanoma and ovarian carcinoma cells 
bound equally well to the single-stranded (SSP) and triple-helical forms (THP) of this 
peptide [9], indicating that its cellular recognition is conformation independent. Recently, 
we correlated cell adhesion to the od(IV)531-543 sequence to cell binding via the a3pi 
integrin of human melanoma cells [10]. In the present study, we have examined the 
induction of melanoma cell signal transduction by the od(IV)531-543 sequence. We have 
also studied the effects of secondary structure on signaling activities. 

Results and Discussion 

Signal transduction events, specifically pl25FAK Tyr phosphorylation, were examined for 
melanoma cell binding to type IV collagen. Following 30 min of adhesion to type IV 
collagen, immunoprecipitation and immunoblotting analysis identified ppl25 AK as one of 
the proteins phosphorylated on Tyr residues. Although three integrins can bind type IV 
collagen, our interest was whether or not the a3pi integrin induces pl25FA Tyr 
phosphorylation, because the al(IV)531-543 sequence used in this study is known to be 
bound specifically by this integrin. In response to a3 monoclonal antibody binding and 
subsequent cross-linking by a secondary antibody, pl25FAKTyr phosphorylation peaked at 
2 min, and declined back to baseline after 5 min. 

We examined the capability of the a3pi integrin binding sequence al(IV)531-543 to 
induce pl25FAK phosphorylation utilizing a solution-phase binding procedure. The 
al(IV)531-543 sequence was used in either the SSP or THP form to determine the 
importance of secondary structure on signaling events. At a concentration of 2 \iM, the 
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al(IV)531-543 SSP did not induce any detectable phosphorylation. When the 
concentration of the peptide was increased to 10 uM, phosphorylation of pl25FAK was 
induced at 10 min, and reached maximum levels at 30 min following binding. Induction at 
30 min was 2.3 times that of the control. The cd(IV)531-543 THP produced higher levels 
of pl25FAK phosphorylation compared with the SSP at both 2 |iM and 10 ^M (5.7 times that 
of the control). The phosphorylation peaked at 20 min rather than 30 min as seen with the 
SSP. Although cellular recognition of the cd(IV)531-543 sequence was independent of 
substrate conformation, it appears that the intensity of signaling induced by this peptide is 
enhanced by triple-helical conformation. The overall implications of this data are (i) 
interaction of the a3pi integrin with type IV collagen may play a role in post-adhesion 
tumor cell activities and (ii) ligand secondary, tertiary, and quarternary structure could 
modulate integrin-mediated signal transduction. 

The odpi and a2pi integrins serve as primary receptors for cell binding to type IV 
collagen [11, 12], while the a3pi integrin mediates only low affinity binding but has been 
implicated in cell migration of type IV collagen [13]. Although a3pi binding to a type IV 
collagen model sequence induces signal transduction events, the ultimate role of this 
integrin is not clear. We believe that binding to type IV collagen is initiated via the alp 1 
and ct2pi integrins and then cc3pl integrin is recruited to sites on the substrate including 
od(IV)531-543. This model is consistent with that of DiPersio et al. [14], who 
demonstrated that the a3pi integrin is localized to focal contacts following cell adhesion to 
type IV collagen, but does not initiate cell adhesion to this ligand. The primary role of the 
a3pi integrin could then be in initiating post-adhesion signal transduction events. 

Melanoma cells bind to a single-stranded and triple-helical peptide models of the 
al(IV)531-543 sequence via the a3pi integrin [9, 10]. Post-adhesion events induced by 
integrin binding to the al(IV)531-543 sequence were evaluated. Single-stranded and triple-
helical peptide models of od(IV)531-543 induced Tyr phosphorylation of intracellular 
proteins. Immunoprecipitation analysis identified one of these proteins as pl25FAK. The 
effects of triple-helicity on shortening the time of pl25FAK phosphorylation indicate that, 
although a3pi integrin binding to al(IV)531-543 appears to be independent of substrate 
conformation [9], signaling via this receptor is influenced by substrate conformation. It is 
possible that this sequence of events represents a regulatory mechanism whereby cell 
binding to a triple-helical substrate, such as the intact basement membrane, induces 
phosphoryaltion of pl25FAK and the corresponding signaling cascade (Fig. 1). This activity 
is then followed by cellular production of growth factors, protease activators, and/or 
proteases which bring about degradation of the basement membrane and loss of cellular 
contact with the triple-helical substrate. Contact with the newly unwound substrate caused 
a downregulation of the signaling cascade, decreased production of cellular factors causing 
basement membrane destruction, and increased cell motility. This model of collagen 
structural modulation of signal transduction is consistent with the data presented here, and 
from other laboratories. 
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Fig. 1. Collagen structural modulation of tumor cell behavior. 
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Somatostatin receptor antagonists based on a mixed 
neuromedin B antagonist/somatostatin agonist 

David H. Coy,a Rahul Jain,a William A. Murphy,3 Wojciech J. 
Rossowski,3 Joseph Fuselier" and John E. Taylorb 

aPeptide Research Laboratories, Department of Medicine, Tulane University Medical 
Center, New Orleans, LA 70112 and bBiomeasure, Inc., Milford, MA 01757, USA 

This laboratory has had a long-standing interest in the design of somatostatin (SRIF) 
receptor antagonists which we have felt would be very useful tools for elucidating the 
many physiological functions of SRIF. They may also have therapeutic implications, 
particularly for the stimulation of GH levels in elderly patients with high SRIF tone by 
blocking the inhibitory actions of endogenous SRIF on GH release. A number of years ago 
we reported [1] the discovery of several short peptide analogs with apparent inhibitory 
effects on SRIF in several in vivo assay systems. However, we have subsequently been 
unable to demonstrate that these previous analogs have significant binding affinity for any 
of the 5 individual SRIF receptor subtypes. Thus, we were intrigued by the recent report [2] 
by Bass et al. [2] on the discovery of SRIF octapeptide antagonists containing D-Cys rather 
than L-Cys in position 2 which displayed high affinity binding for cells transfected with 
human type 2 and type 5 receptors. 

We have reported [3] previously that D-Nal-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2 is a 
NMB antagonist with a Ki of 47 nM and a somatostatin (SRIF) agonist with a Ki of 10.6 
nM for the transfected human type 2 SRIF receptor and had its D-Cys2 analog on file. This 
analog was devoid of SRIF agonist activity and and turned out to be a SRIF receptor 
antagonist at both rat and human type 2 SRIF receptors. It was used as the basis for the 
design of a number of analogs with increased antagonist potencies. 

Results and Discussion 

The primary assay for the testing of new SRIF antagonists employed monolayer cultures of 
dispersed rat pituitary cells stimulated to secrete GH by addition of GRH(1-29)NH2, a 
process largely under the control of SRIF type 2 receptors in the rat [4]. The ability of new 
analogs to block the inhibitory effects of SRIF-14 in this system at various doses allowed 
IC50 values versus 1 nM SRIF-14 to be calculated. They are shown in Table 1. 
Additionally, key analogs were examined at various concentrations for their abilities to 
displace 125Habeled SRIF-14 from CHO cells stably transfected with SRIF type 2 and type 
5 receptors, thus allowing Kj values to be calculated. Several of the analogs shown to be 
antagonists were also tested for their abilities to block the inhibitory effects of SRIF-14 on 
pentagastrin-stimulated gastric acid release after infusions in conscious rats which is a 
process also mediated by type 2 receptors [5]. Analog 2 was able to weakly block SRIF 
GH-release inhibiting effects on rat pituitary cells with an IC50 of 1.36 mM and bind to 
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human 2 and 5 receptors with a Ki of 68 nM and 1.06 mM, respectively, compared to the 
reported analog 1 [2] which had a rat IC50 of 50 nM. It bound to type 2 and type 5 
receptors with a Ki of 23 and 101 nM, respectively. Thus, in our hands this type of analog 
has generally high specificity for the human type 2 receptor and analog 2 was not as potent 
as previously reported [2]. The effects of various combinations of L- and D-Nal at the N-
and C-termini were investigated next. It appeared that L-L combinations gave the highest 
potencies (see analog 4, Table 1). This is a major SAR difference from somatostatin 
agonists,which prefer 1 a D-amino acid in position 1. Also, acetylation of the amino 
terminus had little effect on potency but seriously decreased solubility (analog 7). To 
search for increased solubility, other amino acids were substituted in the 3 position and it 
was discovered that Pal actually increased both solubility and potency from 35 to 15 nM 
(analog 9). Combinations of other aromatic amino acids were then examined at both 
termini and the best combinations were found in analogs 13-15 which had further 
improved IC50S in the 2.5 nM region. 

Table 1. Antagonist inhibition ofSRIF-14(l nM) inhibition ofGH release from rat pituitary cells. 

IC50 (nM) 

1 Nfa-D-Cys-Tyr- D-Trp-Lys-Val-Cys-Tyr-NH2 50 
2 D-Nal-D-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2 1360 
3 D-Nal-D-Cys-Tyr-D-Trp-Lys-Thr-Cys-Nal-NH2 >10000 
4 Nal-D-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2 35 
5 D-Nal-D-Cys-Tyr-D-Trp-Lys-Val-Cys-D-Nal-NH2 380 
6 Nal-D-Cys-Tyr-D-Trp-Lys-Val-Cys-D-Nal-NH2 280 
7 Ac-Nal-D-Cys-Tyr-D-Trp-Lys-Val-Cys-Nal-NH2 57 

8 Nal-D-Cys-His-D-Trp-Lys-Val-Cys-Nal-NH2 53 
9 Nal-D-Cys-Pal-D-Trp-Lys-Val-Cys-Nal-NH2 15 
10 Nal-D-Cys-Bta-D-Trp-Lys-Val-Cys-Nal-NH2 230 

11 Pfa-D-Cys-Pal-D-Trp-Lys-Val-Cys-Pfa-NH2 820 
12 Fpa-D-Cys-Pal-D-Trp-Lys-Val-Cys-Fpa-NH2 56 
13 Cpa-D-Cys-Pal-D-Trp-Lys-Val-Cys-Cpa-NH2 2.4 
14 Bpa-D-Cys-Pal-D-Trp-Lys-Val-Cys-Bpa-NH2 2.6 
15 Cpa-D-Cys-Pal-D-Trp-Lys-Val-Cys-Nal-NH2 2.6 

16 Nal-D-Cys-Pal-D-Trp-Lys-Gly-Cys-Nal-NH2 1500 
17 Nal-D-Cys-Pal-D-Trp-Lys-Ala-Cys-Nal-NH2 420 
18 Nal-D-Cys-Pal-D-Trp-Lys-Leu-Cys-Nal-NH2 52 
19 Nal-D-Cys-Pal-D-Trp-Lys-De-Cys-Nal-NH2 120 

Nfa, 4-N02-Phe; Nal, P-(2-naphthyl)-Ala; Pal, 3-(2-pyridyl)-Ala; Bpa, 4-phenyl-Phe; Bta, P-(2-
benzothienyl)-Ala; Pfa, pentafluoro-Phe; Cpa, 4-Cl-Phe; Fpa, 4-F-Phe. 
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Fig 1. Inhibitory effects of Nal-D-Cys-Pal-D-Trp-Lys-Val-Cys-Nal-NH2 on SRIF inhibition of 
pentagastrin-stimulated gastric acid release in conscious rat. 

In another study, SARs in position 6 (Val) were investigated (analogs 16-19). Substitution 
of this position with Thr results in loss of potency (analog 3), another major departure from 
the somatostatin agonists, which often prefer Thr in this position. Hydrophobic, branched 
amino acids appeared essential for high affinity with Val being the best choice. 

Several of these antagonists have been tested for their ability to block in vivo actions 
of SRIF-14 in rats. One of these experiments is shown in Fig. 1 in which DC-38-48 (analog 
9) inhibited the inhibitory effects of SRIF-14 on gastrin stimulated gastric acid release 
using an infusion protocol to minimize pharmacokinetic differences between peptides. This 
analog completely blocked the effects of SRIF-14 infused at 10 nmoles/kg/h at a dose of 
500 nmoles/kg/h. Its IC50 calculated from these data was 87 nM against 1 nM SRIF-14 
which compares reasonably well with the in vitro IC50 of 15 nM. Other analogs examined 
in this bioassay generally displayed in vivo potencies commensurate with the in vitro data. 

Conclusion 

High potencies in this type of type 2 receptor specific SRIF antagonist reside in the use of 
optimized aromatic amino acid structures in position 1 and 8. We initially suspected that 
the ability of these side chains to form pi-pi complexes might offer an explanation for these 
results. However, molecular modeling studies in progress on these octapeptides, the agonist 
versions of which are quite well understood, suggests little possibility that this occurs. 
Indeed, the D-Cys2 residue appears to force rotation of the position 1 side chains so that 
they protrude in the opposite direction to agonist side-chains with the remainder of the 
molecule being little changed. This may be the reason for their antagonist properties. 
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Several of the reported structures have inhibitory potencies which should make them 
suitable tools for examining the endogenous functions of SRIF at its type 2 receptors. 
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The origin of specificity in the opioid receptor family 
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The 8, p, and K opioid receptors belong to the superfamily of seven-helical G-protein 
coupled receptors (GPCR). The common "average" model of the transmembrane domain 
of GPCRs has recently been calculated using the distance geometry algorithm with 
hydrogen bonds formed by intramembrane polar side chains in various proteins from the 
family collectively applied as distance constraints [1]. The models of 28 different GPCRs 
(bovine rhodopsin, lbok PDB file; human 8, p and K opioid receptors, etc.) were 
calculated in a similar manner using H-bonds of each specific receptor and the "average" 
model to restrain spatial positions of the helices. The receptor models are consistent with 
experimental data and are complementary to their natural and synthetic ligands [1]. 

Results and Discussion 

The structures of 8, p, and K opioid receptors, calculated solely from the H-bonding 
constraints, have binding cavities complementary to different opioid ligands, such as the 8 
agonist Tyr-c[D-Cys-Phe-D-Pen]OH (JOM-13) and 8 antagonists Tyr-Tic-Phe-Phe-OH 
(TIPP) and naltrindole (NTI), p-agonists (-)-morphine, Tyr-c[D-Cys-AEPhe-D-Pen]NH2 

(JH-42), p-antagonist D-Phe-c[Cys-Tyr-D-Trp-Orn-Thr-Pen]Thr-NH2 (CTOP), K-
antagonist norbinaltorphimine (norBNI), and many others. The rigid nonpeptide and 
constrained peptide ligands demonstrate precise geometrical fits to the receptor binding 
sites and form characteristic H-bonds and hydrophobic contacts with receptor sidechains. 
The binding pocket consists of a deeper "conserved region", identical in 8, p and K opioid 
receptors (Gln105, Tyr109, Cys121, Val124, Asp128, Tyr129, Met'32, Cys198, Lys214, He215, 
Phe218, Tip274, De277, His278, Cys303, De304 and Tyr308 residues using the 8-receptor 
numbering) and a "variable region", composed of 19 residues near the extracellular 
surface, which differs in 8, p ,and K subtypes and which is responsible for subtype 
specificity of various ligands (Fig. 1). The conserved residues in the bottom of the pocket 
interact with the tyramine part of alkaloids or Tyr1 of opioid peptides (with ligand N+ and 
OH groups forming H-bonds with Asp128 and His278, respectively), while the center of the 
pocket is occupied by the tripeptide cycle of JOM-13, Tic2 of TIPP, or ring systems of 
alkaloids, oriented perpendicularly to the tyramine part. Side-chains of Phe3 residues and 
COO" termini of JOM-13 and TIPP occupy spatially identical sites formed by a number of 
conserved and variable residues, that correlate with their similar structure-activity 
relationships. The spatial positions of functionally equivalent N+ and OH groups vary by 
0.5-2.5 A depending on the ligand. Incorporation of a bulky group near the N-terminus of 
the ligand, between helices III and VI or VII (cyclopropylmethyl of NTI and norBNI, or 
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the more deeply embedded Tyr1 of TIPP and D-Phe1 of CTOP) probably leads to the 
functional antagonism displayed by these ligands. 

V -_•' «AlQfi.J?293r 

yio9 

, G194D193 
\ J289 

C198 

li.C12V 

f>l30\-O105 

V124 

'308 

Fig. 1. JOM-13 (thick line) inside the binding pocket of 8-opioid receptor (stereoview). The solid 
line denotes conserved residues within the opioid receptor family while the dashed line indicates 
variable residues. 

The origin of receptor selectivity of many different opioid ligands can be deduced by 
docking these ligands with the models of the 8, p and K receptors. For example, JOM-13 
(Ki8=0.74 nM, ^ = 5 1 . 5 nM), and its Az-Phe3 analog fit well to the binding pocket of 8 
receptor (Fig. 2), providing, in addition to the tyramine binding site, packing of the ligand 
Phe3 side-chain in gauche conformation and a favorable electrostatic interaction between 
the terminal COO" group of JOM-13 with Lys214. However, the replacement of Leu300 in 
helix VII of the 8 receptor by Trp in the p receptor causes a shift of the tripeptide cycle of 
JOM-13 or its analogue JH-42 (Fig. 2). This slightly changes the spatial positions of Tyr1 

(allowed by the replacement of Thr211 in the 8 receptor by Asn in the p) and leads to the 
repositioning of the Phe3 ring and shifts the peptide terminal COO- group toward the Glu 
sidechain in helix V (Asp210 in the 8 receptor). The necessary reorientation of the Phe3 side 
chain from jr}=-60° to x^lSO0 is facilitated by the replacement of Leu119 and Asp293 in the 
8 receptor by Ue and Thr, respectively, in the p-receptor. This explains the observation that 
a trans orientation of the Phe3 sidechain (as in AE-Phe3 of JH-42,) and an amidated C-
terminus are preferred for binding to p receptors [2], as seen for JH-42 (Ki =195 nM, 
Ki^7.92 nM). 

Small morphine-like compounds have only a few "selective interactions". An 
interaction of the aromatic rings of morphine and Trp318 in helix VE (Leu300 in 8 and 
Tyr312 in K receptor) and formation of an H-bond between the 6a-OH of (-)-morphine with 
Asn230 in helix V of the p receptor (Thr211 in 8-receptor and Leu224 in K-receptor) modestly 
increase p binding relative to 8 and K binding. Larger ligands have many "selective 
interactions" with the receptors. For example, D-Phe1 and Tyr3 of CTOP interact with the 
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Trp sidechain in helix VI of the p-receptor, Orn forms an ionic pair with Glu (Arg 
in the 8 and His304 in the K receptor), and the C-terminal group of Thr8 in CTOP can H-
bond with the polar sidechains of Ser214, Gln314 and Thr315 (Ala195, Val296 and Val297 in the 
8 receptor and Val207, Val308, Leu309 in the K receptor). 

J3210 CONH2-H19 

JU-f*0067"-1 
i>210 CONH2-t£!9 

tJ ! jDOCrTl 

Fig. 2. Superposition of the binding pockets of the 5 (solid line) and p. (dashed line) opioid 
receptors with their selective ligands JOM-13 and JH-42, respectively. Only variable side chains 
of the receptors, responsible for ligand selectivity are shown (thin line). 

The set of residues participating in the binding pocket includes several residues which 
have been identified as functionally important by mutagenesis of opioid receptors (Asp128, 

J 29 ,218 .274 278 308 Tyr , Phe , Trp , His , Tyr ) [3]. However, some structurally important residues 
that are remote from the binding pocket, such as Asp95, Trp173 and Ser177 but participate in 
the formation of interhelical H-bonds in the model (Asp95-Asn314, Asn90-Trp173 and Thr134-
Ser177), have also been shown to affect ligand binding [3]. 
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The interaction of interleukin-10 (IL-10) with the specific interleukin-10 receptor (IL-1 OR) 
is similar to many other biological recognition processes mediated via discontinuous 
protein-protein combining sites. Many approaches for the investigation of the molecular 
basis of such binding events have been described. Recently, the mapping of non-linear 
antibody epitopes [1, 2] as well as the IL-6/IL-6R-interaction [3] using ligand sequence-
derived scans of overlapping peptides synthesized by spot synthesis [4] was developed. 
This approach was restricted to the mapping of linear epitopes due to the fact that the 
affinity of separated parts of discontinuous epitopes to their respective binding partners is 
too low. Only the complete and correctly folded discontinuous binding site enables high 
affinity binding. Here we describe strategies for the mapping of the putative IL-10/IL-lOR 
combining site: (1) The detection of low affinity protein-peptide interactions and (2) the 
use of overlapping peptide scans with peptides of different length. 

Results and Discussion 

We probed two IL-10-derived scans of overlapping peptides (15mers, 14 amino acids 
overlapping and 6mers, 5 amino acids overlapping) synthesized by spot synthesis on 
continuous cellulose membrane supports with the soluble part of the IL-1 OR. For analysis, 
peptide-bound IL-1 OR was electrotransferred onto polyvinylene difluoride membranes in 
three subsequent steps (Fig. 1) and detected using anti-IL-lOR sera and a peroxidase-
labelled secondary antibody in combination with a chemiluminescence detection system. 
The blotting technique was applied to prevent the washing away of IL-1 OR, which is 
peptide-complexed with very low affinities during incubation with the detection antibodies. 
Taking all blot membranes into consideration, peptides covering three binding regions 
were identified (Fig. 2). Peptides of region A could only be detected using the 6mer peptide 
scan whereas peptides derived from region B only bound IL-10R as 15mers. Spots from 
both regions were visible only in the first blot. On the other hand region C was detected 
utilizing both the first blot of the IL-1 OR incubated membrane of 6meric and the third blot 
of the 15meric peptides. The finding that the spot pattern varied in the three subsequent 
blots could be due to different peptide-IL-lOR affinities. The rational for using peptides of 
different length was that only a few amino acids of a binding region are in contact with the 
binding partner, whereas the other amino acids are usually buried in the protein. These 
residues can be accessible for the binding partner when synthesized in the form of 
overlapping linear peptides and influence especially low affinity interactions in an 
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unpredictable manner. The portion of residues in contact with the binding partner in a 
mode similar to the protein-protein complex can vary using peptides of different length. 

The data obtained by the peptide scanning approach are essentially consistent with a 
computer-derived model of the IL-10/IL-10R complex [5] which is based on the crystal 
structure of the tFNy/INFYR complex. Furthermore, the prediction of the EL-10R 
combining site was supported by the epitope mapping of the two IL-10-neutralizing 
monoclonal antibodies CB/RS/3 and CB/RS/10 (Fig. 2). In conclusion, this approach 
should be generally applicable for the mapping of discontinuous protein-protein contact 
sites. 

peptide scan on cellulose membrane Fig. 1. (left) Schematic illustration of 
high sensitivity mapping of protein-
protein contact sites. 

Nl 
ligand binding 

I - electrotransfer of bound ligand toPVDF membranes 
- detection of ligands 

Fig. 2. (below) Sequence of interleukin-
10. Peptides which bound the 
interleukin-10 receptor are underlined. 
Residues which are in contact with the 
interleukin-10 receptor in the complex 
model are bold marked. Epitopes of 
monoclonal antibodies CB/RS/3 and 
CB/RS/10 are displayed. 

PVDF membrane 

B 
SPGQGTQSENSCTHFPGNLP^MLIU^IJ^^AFSRVKTFFPJ>lKDQ^3l^LLKESLLEDFKGYLGCQALSEMIQFYLEEVMPQA 

CB/RS/3 

ENQDPDIKAHVNSLGENLKTLRLRLRRCHRFLPCENKSKAVEQVKNAFNKLQEKGIYKAMSEFDIFINYIEAYMTMKIRN 

CB/RS/10 
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Design and synthesis of specific proline-rich peptides with high 
affinity for Grb2 
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Grb2 is a small adaptor protein involved in the ras signalling pathway and is composed of 
one SH2 domain surrounded by two SH3 domains [1]. Grb2 couples receptor tyrosine 
kinase activation to the ras signalling pathway, by an interaction of its SH2 domain with 
phospho-tyrosine motifs of receptors and by interaction of its SH3 domains to proline-rich 
motifs of Sos, the exchange factor of ras. In order to block ras activation in tumor cells and 
provide potential antiproliferative drugs, we have designed dimeric proline-rich peptides. 

Results and discussion 

"Peptidimers" made of two proline-rich sequences connected by different sized spacers 
have been designed using molecular modeling based on the crystal structure [2] of Grb2 
and the results of NMR studies on its N-SH3 domain complexed with the proline-rich 
peptide VPPPVPPRRR (VI OR) derived from Sos [3]. The complex was built using one 
monomer of the dimeric crystal structure of Grb2. The two proline-rich motifs were docked 
on the hydrophobic recognition platform of each SH3 domain as determined by NMR data. 
In order to adopt the orientation required for interacting with their recognition sites, 
VPPPVPPRRR peptides needed to be connected by their C-terminal part. This was 
achieved by solid phase peptide synthesis, using the two amino groups of a lysine already 
coupled to the resin, to bind subsequently step by step each amino acid of the two proline-
rich sequences through Fmoc chemistry. After deprotection and cleavage from the resin, 
peptides dimers were obtained (i.e: 4->H2N-VPPPVPPRRR-(Na)K(NE)-RRRPPVPPPV-
NH2 refered as VIOR-K-(VIOR)). 

Using a fluorescence assay [4], we found that the affinity of the peptidimers for Grb2 
is IO2 and IO3 higher than their affinity for the N and C-terminal SH3 domains, respectively 
(Table 1). These results show that both proline-rich regions of the peptidimers interact with 
Grb2 leading to derivatives which exhibit the highest affinity so far described for Grb2 
SH3 domains. The specificity of the interaction was checked using control peptides where 
the second proline-rich motif was deleted or replaced by a peptide devoid of the consensus 
PXXPXR motif recognized by SH3 domains (data not shown). These compounds 
displayed affinities for Grb2 lying in the same range as that of VI OR 1. Reduction of the 
connecting chain length of the peptidimers (compounds 3 and 4) did not change their 
affinity for Grb2 (Table 1). Only a lysine between the two proline-rich peptides is sufficient 
to generate good affinity, in agreement with molecular modeling. Moreover, this result 
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supports the fact that both SH3 domains of Grb2 are close together in the solution 
structure. 

Table 1: Affinities of peptidimers for Grb2 and its N- and C-terminal SH3 domains. 

Complete Grb2 N-terminal SH3 C-terminal SH3 

Peptides 
V10R : 1 
VlOR-Aha-K-(Aha-VlOR): 2 
VIOR-Aha-K-(VIOR): 3 
VIOR-K-(VIOR): 4 

Kd(pM) 
18±2 

0.05 ± 0.005 
0.04 ± 0.005 
0.04 ± 0.005 

Kd(pM) 
2.6± 0.2 
2.2 ±0.2 
2.2 ±0.2 
2.2 ± 0.2 

Kd(pM) 
40 ± 5 
40 ± 5 

ND 
ND 

V10R = VPPPVPPRRR ; Aha = H2N-(CH2)5-COOH; ND = not determined 

In order to evaluate directly the effect of the peptidimers on Grb2-Sos interaction, 
increasing concentrations of 4 were added to an ER22 cell extract and the Grb2-Sos 
complex, which was trapped on a phosphotyrosine peptide previously coupled to 
Sepharose beads, was subsequently analyzed with anti-Grt>2 and anti-Sos antibodies. A 
concentration of only 50 nM of 4 is able to totally inhibit the Grb2-Sos complex formation, 
while 5 pM of the monomer 1 is necessary to observe the same effect (not shown). 

These results suggest that peptidimers may provide potential inhibitors of cell 
proliferation mediated by the constitutively activated ras pathway involving Grb2 -Sos 
complex formation. 
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N-terminal myristoylation of HBV Pre-Sl domain affects 
folding and receptor recognition 
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PreS 1(1-119) is the proline rich N-terminus portion of the large (L) protein, one of the 
three proteins that compose the envelope of Hepatitis B Virus (HBV) [1]. PreSl seems to 
be directly involved in receptor recognition and consequently to be responsible for viral 
infectivity. Several studies have suggested a prominent role for residues 21-47 in receptor 
binding [2,3]. Further investigations have also shown that myristoylation on the Gly2 

residue of this protein is essential for virion assembly and for viral infectivity [4,5,6]. A 
complete and detailed characterization of PreS 1 structural requirements needed for HBV 
interaction with cellular receptors has been hampered by the lack of an adequate source of 
isolated viral protein domains. In this study, we have produced by stepwise solid phase 
chemical synthesis the PreSl region of the HBV surface antigen, adw2 subtype, PreS Ki­
l l 9) and its myristoylated form, Myr-PreSl(2-119), in order to establish the influence of 
the myristoyl group on folding and its importance in receptor binding. 

Results and Discussion 

Pre-Sl(1-119) and Myr-Pre-Sl(2-119) were prepared by single step solid phase synthesis. 
During chain assembly (Fmoc/DCC/HOBtO, resin aliquots were removed to progressively 
increase the amino-acid:resin ratio and to prevent clogging of the reaction vessel caused by 
the increase in resin volume. Synthesis progression was checked monitoring Fmoc 
deprotection and by cleaving small aliquots of resin after each set of ten couplings in order 
to evaluate the quality of the corresponding peptide fragments. All intermediates were 
highly homogeneous and data obtained by amino acid analysis and molecular weight 
determination were in good agreement with the expected values. After coupling of the Gly 
residue, the resin was acetylated and then treated with piperdine. PreS(l-l 19) was obtained 
by coupling Fmoc-Met-OH to the resin, while the myristylated protein was obtained by 
attaching the myristic acid via HBTU/HOBt/DIEA-mediated coupling. Given the high 
homogenity of the crude products, as shown in Fig. 1, a single chromatographic step (semi-
preparativ RP-HPLC) was sufficient to purify both proteins. Protein purity and identity 
were confirmed by HPLC analysis, TOF-MALDI mass spectrometry, and trysin digestion. 
CD measurements performed in aqueous buffers and in the presence of 50% TFE (v/v) 
showed the presence of a significant content of ordered structure in the myristylated 
derivative. In a receptor binding assay performed using plasma membranes (PM) prepared 
from the hepatocyte carcinoma cell line HepG2 [7], Pre-Sl(1-119) showed reduced 
receptor recognition compared to its homologue bearing the fatty acid on the N-terminus, 
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suggesting that the main role of N-terminal myristoylation is to induce conformational 
transitions important for receptor binding. 
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Fig. 1. HPLC analysis of crude PreSl(2-119), PreSl(l-119) and Myr-PreSl(2-119). Column: RP-
18 Jupiter 250X4.6mm ID. Flow: 1.0 mL.min, A=225 nm; gradient: from 5% 50 60% of 
CH3CN,0,1% TFA in 40 minutes. 
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High affinity IgE-receptor-a-subunit-derived peptides as 
antagonists of human IgE binding 
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Immediate hypersensitivity is mediated by IgE binding and cross-linking of high affinity 
receptors for IgE (FceRI) on basophils and mast cells. In vitro and in vivo studies 
demonstrate that preventing either IgE binding or receptor crosslinking by addition of 
neutralizing Abs inhibits antigen-specific allergic responses. The goal of our project is to 
identify a novel agent that competes for or displaces the binding of IgE to its high affinity 
receptor, and is therapeutically effective in the management of IgE-mediated diseases. The 
high affinity receptor for IgE is a tetrameric structure consisting of a, (3, and y subunits. 
The extracellular portion of the a subunit is capable of binding IgE with high affinity in the 
absence of the other two subunits. 

Results and Discussion 

Site-directed mutagenesis of the IgE FceRIa subunit (FceRIa) was used to characterize the 
amino acid residues which are important for human IgE binding. From single-site 
mutations to alanine, nine amino acid residues were identified in domain 2 [Val140, Val143, 
Tyr145, Tyr146, Lys147, Asp148, Tyr174, Gly178, Val180] as essential for IgE binding. In domain 1, 
twelve additional residues were identified as being important for binding. A structural 
model of the two Ig-like domains of FceRIa indicates that the binding epitopes in domain 
2 would form a contiguous three-dimensional patch on the receptor surface. 

A series of overlapping linear peptides and cyclic peptides were designed to present 
the binding residues in a manner similar to that in the structural model of the receptor. The 
most potent cyclic peptide (Ro 25-7162) with an IC50 of 40pM was shown to completely 
inhibit IgE binding in a competitive manner and showed selectivity since it demonstrated 
no activity in the IL-1 or IL-2 binding assay at concentration up to 1 mM. 

H-Cys-Thr-Tyr-Ser-Thr-Gly-Lys-Val-Trp-(D)Alae-

I 
N Bp-Cys-Asp-Lys-Ty r-Ty r-1 le-Val-Lys-Tyr-Val-Ala 

Ro 25-7162 

Ro 25-7162 connects strand F (173-181) and C (140-148) of the second domain of the 
receptor. In order to verify Ro 25-7162 as a lead, the synthesis and biological evaluation of 
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the Ala, and Lys analogs were carried out (Table 1). The residues, Gly178' 
Val180,Val140,Val143, and Asp148 were identified as a subset of the critical residues involved in 
the binding between IgE-Fc and FceRIa. Substitution of Asp148, by Lys in Ro 25-7162 
resulted in an inactive peptide confirming the critical role of this residue. Val140 and Val143 

were also shown to play critical roles since substitution by Ala also gave inactive peptides. 
Substitution of Gly178 and Val180 by Ala yielded active peptides. These changes are not 
sufficient to inactivate the peptide even though they do inactivate the FceRIa. Gly'78 may 
play a critical role in packing the protein chains. 

The loss of activity upon substitution of Ala for Val140 and Val143 is evidence that Ro 
25-7162 mimics receptor protein binding. 

Table 1. SAR Studies ofRo 25-7162 

Ro Number 

25-7162 
25-8688 
25-8689 
25-8690 
25-8694 
25-9735 
25-9165 
25-9166 
25-8619 
25-8617 
25-8754 

Substitution 

Lys'48 

Ala140, Ala143 

Ala178, Ala'80 

Val'7! 

Tyr(2,6-DichloroBzl)'75,Tyr(2,6-DichloroBzl)146 

Des 177-181, 140-144 
Des 173-177, 144-148 

Des Thr173 

Des Thr173, Tyr'74 

T-* T"* rrn. 173 rri 174 rri 175 

Fmoc-Des-Thr , Tyr , Tyr 

IC50uM 

40 
inactive 
inactive 

40 
40 
100 

inactive 
inactive 
inactive 
inactive 
inactive 

The solution conformation of Ro 25-7162 in DMSO was studied by 'H-NMR and 
NOE constrained molecular dynamics. This large cyclic peptide has local segments which 
were well ordered, but overall the peptide is very flexible. Therefore, three different 
strategies were pursued for stabilizing the P-strand conformation for compounds related to 
Ro 25-7162. The first is the synthesis of bicyclic analogs, the second is the synthesis of 
cyclic analogs of one central disulfide and one lactam link, and the third is the synthesis of 
homo- and heterodimers of (140-148) and (173-181). Based on these strategies a new 
series of peptides were synthesized and assayed. Ro 25-9612, a homodimer consisting of 
residues (140-148), was able to inhibit IgE binding with an IC50 of 30pM in a competitive 
manner. Its mode of action appears to involve binding to the IgE-Fc and blocking the 
binding site for FceRIa. Shortened analogs of Ro 25-9612 were prepared and analyzed. 
Ro 25-9960, which was shorter by one amino acid in each chain (sequence 141-148), 
exhibited an IC50 of 2 pM, In conclusion, we succeeded in minimizing the protein/protein 
interaction to a small peptide/protein interaction. The next challenge will be to develop a 
peptide-mimetic based on the peptide information obtained. 
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There is growing evidence showing that intermittent administration of human parathyroid 
hormone, hPTH(l-84), or its N-terminal fragment hPTH(l-34) can effectively build bone 
in animals and humans [1]. In an effort to develop a novel bone anabolic agent for the 
treatment of osteoporosis, we are involved in a search for more potent hPTH(l-34) 
analogs. 

NMR studies have indicated that in aqueous solution the major conformational 
features of hPTH(l-34) include two amphiphilic a-helices located at the N- and C-termini 
connected by a defined reverse turn region [2,3]. Our research was mainly focused on 
modification of residues in the hydrophobic face of the N-terminal amphiphilic a-helix, in 
the reverse turn and at the beginning of the C-terminal a-helix. 

Results and Discussion 

PTH(l-34) analogs were synthesized using the rapid Boc-chemistry SPPS strategy 
developed by Schnolzer et al. [4] and assayed for the stimulation of cAMP production in 
human osteosarcoma cells [5]. 

It is known that the amphiphilic a-helix has membrane searching and binding 
properties [6], and the concept that membranes catalyze agonist-receptor interactions has 
been suggested [7]. In addition, there is evidence implicating a possible interaction of the 
N-terminus of PTH with the transmembrane region of the PTH receptor [8]. From these 
considerations, we hypothesized that the two amphiphilic a-helices of PTH, especially the 
one at the N-terminal, could have a membrane associating function which promotes 
efficient hormone-receptor interactions, and could also prevent PTH from fast proteolysis 
and excretion. Based on this hypothesis, hPTH(l-34) analogs bearing cyclohexylalanine 
(Cha) in the hydrophobic face (positions 7 and 11) of the N-terminal amphiphilic a-helix 
were designed. The bulky side-chain of Cha increases the size and the hydrophobicity of 
the hydrophobic face, improving membrane affinity of the peptide. These analogs (peptides 
1-3) were 1.7 to 6.7-fold more active than the parent peptide, hPTH(l-34), in stimulating 
cAMP production (Table 1). 

Because the C-terminal a-helix could be a critical conformational requirement for 
PTH-receptor interactions, and a more stable a-helix could have a higher lipid membrane 
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Table 1: Biological activity in production ofcAMP in human osteosarcoma cells. 

Peptide cAMP(EC50)(nM) Relative Activity to hPTH( 1-34) Sequences 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 

2.3 
2.0 
0.6 
0.7 
0.6 
0.6 
3.0 
1.1 
0.5 
1.3 
1.4 

1.7 
2.0 
6.7 
5.7 
6.7 
6.7 
1.3 
3.6 
8.5 
3.1 
2.9 

[Cha7]hPTH(l-34)NH2 

[Cha"]hPTH(l-34)NH2 

[Cha7'"]hPTH(l-34)NH2 
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[Cha711,Aib19]hPTH(l-34)NH2 

[Cha15]hPTH(l-34)NH2 

[Cha71115]hPTH(l-34)NH2 

affinity, we designed another series of analogs in which a-aminoisobutyric acid (Aib) was 
substituted for the residues at positions 16, 17 or 19 near the end of C-terminal a-helix 
with the goal of stabilizing this helix[9]. The resulting analogs (peptides #4-#7) were 1.3 
to 6.7-fold more potent than hPTH(l-34). 

Combining modifications of Cha7 , u and Aib19 yielded the most potent of our analogs 
(peptide 9, EC50= 0.5nM). However, [Cha711,Aib16]hPTH(l-34)NH2 hybrid did not 
improve the activity, indicating that these modifications are not necessarily additive. 

In another class of analogs, the leucine 15 residue in the putative reverse turn region of 
the molecule was replaced with Cha with the intention of creating favorable hydrophobic 
interaction with the tryptophan 23 residue, and thereby stabilizing this reverse turn. These 
analogs (peptides 10 and 11) were also more active than hPTH(l-34) in stimulating cAMP 
production. 

In conclusion, several novel hPTH(l-34) analogs have been designed and synthesized. 
The structure-activity relationship data reported here are consistent with our hypothesis that 
membrane binding of PTH plays a role in the process of PTH-receptor interactions. 
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In protein-ligand complexes, aromatic aa residues, which are commonly found at the interface 
between the protein (receptor, catalytic site) and the ligand (peptide, substrate, cofactor, 
inhibitor, metal ion, drug), provide excellent in situ molecular probes. CD associated with 
aromatic residues can be successfully used to monitor in vitro ligand binding and enzymatic 
reactions. The binding constant can be determined analyzing the CD data at a single wavelength 
by non-linear regression to the general equilibrium reaction in which the CD intensity is 
proportional to the concentration of each species. The negative solutions of the quadratic 
equation derived from the binding of the ligand to a single site can be used to fit the CD data. 
Here we present several binding interactions studied in solution by NILIA-CD spectroscopy. 

Results and Discussion 

The titration of CDR-derived tumor imaging EPPT1 (YCAREPPTRTFAYWG) with 
deglycosylated mucin-derived PDTRP (YVTSAPDTRPAPGST) did not induce significant 
backbone conformational changes. Binding, however, was revealed by the CD changes in the 
aromatic side-chain region between the observed and calculated EPPT1-PDTRP [1:5] spectra 
[1]. 

Binding of PR proline rich peptide (PPRPLPVAPGSSKT) to fyn-SH3 domain was 
clearly determined by the CD changes in the Trp aromatic side-chain of the SH3 domain 
upon addition of proline rich but aromatic free PR peptide. The CD intensities at 293nm 
were used to calculate Kd=28pM. This was in agreement with the Kd=50pM calculated 
from NMR data but was achieved much more rapidly [2]. 

Drug screening of non-chiral ligands to proteins is readily achieved in solution by CD 
spectroscopy. Only the bound species show induced CD that is unambiguously indicative of 
drug-binding. Subtraction of HSA contribution from the CD spectrum of HSA-diclofenac (DC) 
complex revealed a positive-negative-positive CD profile that was assigned to three diclofenac 
bound species. The addition of caprylic acid (CA) to the HSA-DC complex showed CD 
changes that were indicative of competitive binding. In the 330-250nm region, CA is 
transparent and therefore the observed CD profile derives only from the bound species of DC to 
HSA. The bound species of DC were reduced from three to two and to one by a molar excess of 
caprylic acid. 
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The reconstitution of Cytochrome b5 from apo-Cyt b5 and heme was monitored by 
CD. The heme has no intrinsic CD per se but upon binding to the apo-Cyt b5 an induced 
CD is observed for the heme Soret band at 420nm. CD intensities at 420nm were used to 
calculate a Kd=16nM for the reconstituted Cyt b5 (Siligardi, Hussain, Whitford, Newbold, 
personal communication). 

The binding of a monoclonal antibody MAb (150KDa) to an antigenic protein Ag 
(120KDa) was detected in both backbone and aromatic side-chain regions. The backbone 
secondary structure and the local tertiary structure of the aromatic side-chains of MAb 
and/or Ag were affected on binding. An apparent dissociation constant Kd=50nM was 
obtained in both regions with the CD data analyzed at 216nm and 275nm, respectively (R. 
Hussain, R. Verma and G. Siligardi, personal communication). 

Reconstitution of porphobilinogen (PBG) deaminase from apo-enzyme with PBG and 
preuro-porphyrinogen substrates was monitored in both backbone and aromatic regions [3]. 
The holo-enzyme contains a covalently linked dipyrromethane cofactor that derives from of 
PBG as two rings. In the enzyme, reconstitution from apo-enzyme and PBG was only 
partial compared to the full activity of the holo-enzyme. The correct folding with 70% of 
enzyme activity was achieved using the product of the enzyme reaction, the linear 
tetrapyrrole preuroporphyrinogen, rather than the PBG substrate. 

Conclusion 

NILIA-CD is the technique of choice to monitor qualitatively and quantitatively 
enzymatic reactions, enzyme reconstitution, ligand competitions and binding 
interactions. NILIA-CD defines and provides the means of investigating these systems 
very quickly. Information on conformational changes can be rapidly elucidated for 
further studies using high resolution techniques. 

Unlike ELISA, BIAcore and IAsys biosensor techniques, neither the protein nor the 
ligand needs to be immobilized. In NILIA-CD the risk of masking the binding site due to 
immobilization is therefore avoided, resulting in direct detection of binding in solution. 

References 

1. Hussain, R., Courtenay-Luck, N.S. and Siligardi, G, Biomed. Peptides, Proteins and Nucleic 
Acids, in press. 

2. Renzoni, D.A., Pugh, D.J.R., Siligardi, G, Das, P., Morton, C.J., Rossi., C, Waterfield, 
M.D., Campbell, I.D. and Ladbury, J.E., Biochemistry, 35(1996)15646. 

3. Awans, S., Siligardi, G, Shoolingin-Jordan, P.M. and Warren, M.J., Biochemistry, in press. 



Peptide libraries with free carboxy-terminus used to 
characterize epitopes recognized by PDZ domains 

Ulrich Hoffmiiller,3 Rudolf Volkmer-Engert,3 Mark Kelly,b 

Hartmut Oschkinat,0 and Jens Schneider-Mergener3 

"Institutfur Medizinische Immunologic, Universitatsklinikum Charite, Humboldt-Universitdt zu 
Berlin, Schumannstr. 20-21, 10098 Berlin, Germany, bEuropean Molecular Biology Laboratory, 

Meyerhofstr. 1, 69117 Heidelberg, Germany; cForschungsinstitut Fur Molekulare Pharmakologie, 
Alfred-Kowalke-Str. 4, 10315 Berlin, Germany 

PDZ domains are protein modules found in various cell junction associated proteins [1]. 
They mediate protein-protein interactions by recognizing linear epitopes at the C-terminus 
of their ligands. Determination of the specificity of the interaction and subsequent 
identification of new binding partners would provide detailed insights into their biological 
functions. Conventional solid phase-bound peptide libraries, usually powerful tools to 
study protein-peptide interactions, are not applicable in this case since a free C-terminus is 
essential for the interaction. 

Therefore, we synthesized peptides on continuous cellulose membrane bearing a free 
C-terminus to study the binding specificity of PDZ domains. This was achieved by 
cyclizing the peptide and subsequent linearization next to the C-terminal residue (Fig. IA) 
[2]. This demands (i) stable anchoring, (ii) cyclization of the peptide, (iii) and an 
orthogonally cleavable linker. To allow screening of large amounts of different peptides, 
this approach was combined with peptide spot synthesis on continuous cellulose membrane 
[3]. To demonstrate the applicability of this method, the binding of a PDZ domain to 
different peptide analogs was tested. 

Results and Discussion 

The preparation of peptides with free C-termini schematically shown in Fig. IA. The 
synthesis is performed on cellulose membranes carrying a stable anchor (amino-2-hydroxy-
propyl-ether [4]). (i) Coupling of Fmoc-Glu(TMSE)-OH (TMSE: trimethylsilylethyl) 
activated with TBTU / DIEA. (ii) The HMB linker is coupled after Fmoc-deprotection. (iii) 
The first Fmoc-amino acid is attached via an ester bond by activating with DIC / NMI (1-
methyl imidazole), (iv) Subsequent couplings as described for conventional spot synthesis 
[3, 5]. (v) The TMSE protecting group is selectively cleaved with tetrabutyl ammonium 
fluoride. Subsequently, the construct is head-to-side-chain cyclized using PyBOP / NMM 
activation [6]. (vi) After side chain deprotection, the ester bond between the peptide and 
HMB is hydrolyzed by treating the membrane with a saturated Li2C03 solution. 

Using this protocol, a substitutional analysis of the epitope peptide N.6Y_5KUQ-3T-2S.i 
Vo of the PSD95 PDZ2 domain was synthesized. Binding of a peroxidase-conjugated 
PDZ2-GST fusion protein was visualized using a chemiluminescence detection system 

545 



546 

(Fig. IB). This experiment identifies Vo and T.2 as key residues, which can not be 
substituted without loss of binding. K_4 can only be replaced by R, showing that a basic 
residue is required at the -4 position. Interestingly, some substitutions show a significant 
increase in binding, e.g. the substitution of Q_3 by E which also reportedly occurs in natural 
binding partners of the PDZ2 domain. 

£ 
NH,—Tanchorr-/ 

I I; II; III; l v 

, - N H , - SA- NYKQTSV—iHMBl—E—I anchorl- / 

I / 

HOOC- VSTQKYN BA 

B 

wtA C D E F G H I K L M N P Q R S T V W Y 

* • ; • 

• ' • ' • • • " ' • • * • # • 

Fig. 1. (A) Synthesis of cellulose bound peptides with a free C-terminus (dashed line: cyclization, 
fiA: fi-alanine). (B) Substitutional analysis of the PDZ domain epitope NYKQTSV prepared by spot 
synthesis. All spots in the left column (wt) are identical wild type epitope peptides. Each position 
of the epitope is substituted by all 20 amino acids (rows). 
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A number of intracellular proteins contribute to checkpoints for replication of the genetic 
material of the cell. One such family of proteins includes p21c'P1/Wafl and p27Kipl that 
function through the inhibition of cyclin-dependent kinases (Cdk's) [1]. Cdk/Cyclin 
complexes drive the cell cycle through Gl/S and G2/M checkpoints, and these kinases 
phosphorylate Rb/transcription factor complexes in the gene activation step. P21, a 164 
amino acid long protein, has broad specificity, inhibiting various Cdk/Cyclin complexes. In 
our previous study we synthesized p21 with overlapping peptide segments, and used these 
peptides to determine their Cdk binding and/or inhibitory function, their association with 
other proteins, and for determine local conformations [2]. These studies revealed that 
specific p21 N-terminal segments (17-26 and 58-77) bound, but did not inhibit 
Cdk2/Cyclin E complexes with histone HI as substrate. Also, the C-terminal segment 
peptide (139-164) bound PCNA, a protein required for DNA polymerase function and thus 
for DNA replication. This report aims at identifying the Cdk/Cyclin kinase-inhibitory 
regions of p21 using the natural (in vivo) substrate, the retinoblastoma (Rb) protein, which 
is a negative regulator of the E2F transcription factors that facilitate cell cycle entry. 

Results and Discussion 

A set of 10 overlapping synthetic peptides were synthesized with 4 amino acid overlaps 
spanning the p21 protein, using Fmoc chemistry based SPPS methodology. Peptides were 
evaluated using Cdk4/Cyclin Dl and Cdk2/Cyclin E kinase complexes in inhibitory assays, 
with recombinant Rb protein as substrate. Impressive kinase inhibitory activity was found 
for the C-terminal Peptide 10 (139-164) that inhibited the Cdk2/Cyclin E and Cdk4/Cyclin 
Dl complexes, with IC50's of 7 and 16 pM, respectively. An N-terminal peptide, p21(15-
40), inhibited these complexes with IC50's in the range of 540-570 pM. Indeed, much of the 
earlier work has focussed on the well demonstrated Cdk inhibitory N-terminal 70 amino 
acid, region of p21 [3]. Our current findings and those of others [4,5] concerning the 
existence of two inhibitory domains p21 open up new avenues for investigation. 

The X-ray structure of the N-terminal region of p27Kipl complexed with Cdk2/Cyclin 
A was disclosed recently [6]. This region is highly homologous to the N-terminal domain 
of p21. By analogy, the X-ray structure suggests that the principal interaction site 
containing the RRLF motif in p21 (amino acids 18-26) binds to the cyclin subunit, and an 
a-helical segment spans the Cdk2/Cyclin interphase. The inhibitor interacts extensively 
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with the p-sheet array of Cdk2, and a conserved 3io-helical segment (PKLYLP79) is bound 
in the ATP binding site (Fig. 1). As distinct from p27, the p21 C-terminal inhibitory 
domain also has a peptide motif that is predicted to be a cyclin binding motif (p21(155-
160)) a segment (p21(147-151)) that may bind to the Cdk2 ATP binding region. 

29 .17 85 90 
p27 CRNLFGPVD LPEFYYRP 

cyclin A binding (X-ray) 3IQ helix binds to ATP binding site (X-ray) 

18 26 74 79 

p21 CRRLFGPVD LPKLYLPT 

1.19 144 147 15.1 164 

p21 C-terminal GRKRJBQTSMIDEXHSKEKLIFSKRKP 
Peptide 10 functional 310 helix? cyclin binding ? 

" importance ? 

Fig. 1. The enigma of two homologous Cdk/Cyclin inhibitory sites in p21 ,pl "f. Comparison of 
conserved regions ofp27, and the N- and C-terminal regions ofp21. 

In initial structure activity studies we evaluated a number of synthetic variants of 
Peptide 10. Among these were the alanine mutants, Peptide 10 (RRL1 7>AAA157) and 
Peptide 10 (RRQ144>AAA144), and a mutant in which the MTDFY151 segment was replaced 
by GSGSG151. Kinase inhibitory assays revealed that, while all mutations decreased the 
inhibitory effect by 4 to 18 fold, Cdk2/Cyclin E inhibitory activity was affected most in the 
RRL and the RRQ mutants. Cdk4/Cyclin D l inhibition was decreased most significantly in 
the MTDFY mutated peptide, but the other mutants were also affected. These latter results 
also highlight significant differences in the binding and inhibitory mode of the Cdk2 versus 
Cdk4 kinase complexes. Recent work by others [5], for example, indicate that a C-terminal 
peptide, p21( 141-160), binds to both Cdk4 and also to Cyclin D l , whose X-ray structure 
[6] does not provide a model. Mechanistic interpretation of the dual inhibitory regions of 
p21 is not yet possible. However, the impressive kinase inhibitory activity of the p21 C-
terminal region highlights a potentially important contributor to its biological function. 
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The immunoinflammatory properties of human C5a anaphylatoxin are initiated upon its 
binding to the specific, high affinity C5a receptor (C5aR) expressed on the surface of the 
corresponding target cell. Traditionally, C5aR expression has been viewed as being limited 
to cells of myeloid origin [1]. However, cells of nonmyeloid origin have now been shown 
also to express C5aRs [1,2], raising interesting questions about the nature and role of the 
C5a-mediated response in these cells under normal and aberrant physiologic conditions. 

In this study, we report that human bronchial epithelial cells (HBEC) constitutively 
express C5aRs and respond to C5a by releasing small but significant levels of interleukin-
8 (IL-8). However, exposure of HBECs to cigarette smoke markedly enhances the C5a-
mediated release of IL-8, a response effect that is abolished in the presence of an anti-
human C5aR antibody (Ab). 

Results and Discussion 

We have shown at the protein and mRNA levels that untreated (control) HBECs and 
HBECs treated with 5% cigarette smoke extract (CSE) for 1 hour express C5aRs [3]. For 
example, Western blot analysis of HBEC lysates with an anti-C5aR Ab revealed a 46 kDa 
band characteristic of the C5aR (Fig. 1). Also, C5aR-specific mRNA was detected by 
reverse transcriptase-polymerase chain reaction (RT-PCR) of RNA isolated from untreated 
and CSE-treated HBECs using primers designed to yield a 550 bp fragment of the human 
C5aR (Fig. 2). 

Control HBEC 

CSE-treated HBEC 

1 Kb ladder 

Control HBEC 

CSE-truted HBEC 

(-) reverws transcriptase 

Fig.l (left). Western blot analysis showing the binding of anti-C5aR Ab to lysates of control 
(untreated) HBECs and HBECs treated with 5% CSE for 1 hour. 
Fig. 2 (right). RT-PCR/Southern analysis of RNA from control (untreated) HBECs and HBECs 
treated with 5% CSE for 1 hour. 
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Interestingly, despite the presence of C5aRs, untreated HBECs released only small, but 
statistically significant, amounts of IL-8 when challenged with 50 nM C5a (Fig.3). In 
contrast, HBECs treated with 5% CSE for 1 hour responded in a dose-dependent manner 
by releasing significantly higher levels of IL-8 than their untreated counterparts (Fig.3). 
Moreover, this C5a-mediated release of IL-8 from CSE-treated HBECs was abolished in 
the presence of the anti-human C5aR Ab (Fig. 4). 
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Fig. 3. Accumulation (18 hrs) of IL-8 
released by HBECs under the 
following conditions: (A) HBECs in 
medium only, (B) HBECs + 50 nM 
C5a, (C) HBECs exposed to 5% CSE 
for 1 hour, and (D) HBECs exposed 
to 5% CSE for 1 hour + 50 nM C5a. 

Fig. 4. HBECs treated with 5% CSE for 1 hour 
were incubated for 2 hours with varying 
dilutions of the anti-C5aR Ab (500 pg/ml). 
Ab-treated cells were then incubated for 18 
hours in the presence of 50 nM C5a and IL-8 
released into the medium measured with an 
IL-8-specific ELISA. 

In conclusion, these (and other) results indicate that HBECs constitutively express the 
C5aR. Moreover, a priming step (HBEC exposure to an inflammatory stimulus) is required 
for the C5aR to respond maximally to C5a-mediated release of IL-8. These in vitro 
observations may be important in the lung in vivo, where the bronchial epithelium is one of 
the first tissue beds to encounter cigarette smoke. The ability of these epithelial cells to 
engage complement-derived C5a to release at least IL-8 may be one mechanism by which 
this tissue responds to the damage incurred by its exposure to cigarette smoke and other 
environmental irritants. 
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WW domains are protein modules found in various proteins having structural, regulatory, 
and signalling functions [1]. They play a role in protein-protein-interactions similar to SH2 
and SH3 domains and recognize proline-rich, linear peptide motifs. We prepared peptide 
libraries bound to continuous cellulose supports [2] to map and characterize linear binding 
determinants of the WW domain of YAP (Yes-associated protein) [1]. 

Results and Discussion 

Until now the epitopes of the YAP WW domain were estimated by sequence comparison 
of the two known putative ligands WBP-1 and WBP-2 [3]. To map the epitopes 
experimentally, peptide scans of WBP-1 and WBP-2, i.e. sets of overlapping peptides 
scanning the entire protein sequence, were synthesized using peptide spot synthesis on 
cellulose membranes [2, 4]. Binding of a peroxidase-conjugated WW-GST fusion protein 
was visualized using a chemiluminescence detection system (Fig. 1). 
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Fig. 1. Left: Peptide scans of WBP-1 and WBP-2. (lOmer peptides, 8 overlapping residues) Right: 
Sequences of the binding peptides and their common motifs. 

Five binding regions were identified, all containing the common motif PPXY. Regions 
2, 4, and 5 were already presumed to be putative epitopes called PY motifs [3], whereas 
region 1 and 3 were so far unknown epitopes. Inverse PY motifs like YPPPP are not 
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bound. The region 2-derived peptide ligand GTPPPPYTVG was chosen for further 
characterization since the NMR structure of this peptide in complex with the WW domain 
has been determined [5]. A substitutional analysis and an epitope minimization of this 
sequence indicated that the proline residues at positions 4 and 5 and tyrosine 7 are key 
residues, i.e. substitutions at these positions lead to significant loss of binding (Fig. 2). 
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Fig. 2. Substitutional analysis (left) and epitope minimization (right) of the peptide 
GTPPPPYTVG. In the substitutional analysis all spots in the left column (wt) are identical wild 
type epitope peptides. Each position of the epitope is substituted by all 20 amino acids (rows). 

The epitope minimization revealed that all peptides containing the PPPY motif are 
recognized. Even though the tetrapeptide PPPY is responsible for specificity, the flanking 
residues are required for high affinity binding. 
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This paper describes the synthesis of 40 amino acid neuropeptide urocortin (Ucn), 
belonging to the peptide family of corticotropin-releasing factor (CRF) and investigates 
their binding affinity and biopotency in HEK 293 cells, permanently transfected with rat 
CRFR1 (rCRFRl). 

Results and Discussion 

In competitive binding assays with [125I-Tyr°]oCRF and membranes of HEK 293 cells, 
permanently transfected with rCRFRl [1], only oCRF showed binding to a high (Kd = 2.2 
± 0.4 nM) and a low affinity site (Kj = 82 ± 14 nM) of the receptor (Table 1.). As 
expected, high affinity binding of oCRF to the receptor could be efficiently inhibited in the 
presence of 50 uM GTPyS (Kd = 62 ± 12 nM). It is well known that guanine nucleotides do 
not significantly effect antagonist binding to their receptors. In agreement with these 
findings, binding of [D-Phe,Nle2U8]h/rCRF-( 12-41) and [D-Phen]rUcn-(ll-40) to its 
receptor gave similar Kj values in the absence (Kd ~ 24 nM) or presence (Kd - 1 5 nM) of 
GTPyS. Surprisingly, rUcn did not exhibit typical binding characteristics expected for 
agonist binding to rCRFRl. Cells treated with GTPyS bound rUcn with a similar high 
affinity (Kd = 7.3 ± 1.9 nM) as non-treated cells (Kd = 1.3 ± 0.2 nM). Scatchard analysis 
indicated a significant shift from typical oCRF like two-site binding via UcnCRF and 
CRFUcn to rUcn, showing only one-site binding. GTPyS treatment of cells suppressed 
high affinity binding of oCRF, UcnCRF, CRFUcn and rUcn with Kd values of 62 ± 12 nM, 
46 ± 19 nM, 17 ± 8.3 nM and 7.3 ± 1.9 nM, respectively. The peptide ligands were tested 
for their ability to stimulate cAMP production in HEK 293 cells, permanently transfected 
with rCRFRl. The agonists oCRF, CRFUcn and UcnCRF exhibited similar biopotency to 
cause cAMP accumulation in HEK 293 cells with EC50 values of 0.45 ± 0.17, 0.25 ± 0.08 
and 0.34 ± 0.11 nM, respectively. However, rUcn showed lower biopotency with an EC50 
value of 0.93 ± 0.54 nM (Table 1.). Furthermore, rUcn exhibited significantly higher a-
helicity in physiological buffer solutions than oCRF and showed longer retention times on 
uC 18 columns, due to an increase of lipophilicity, a-helicity or amphiphilicity of this 
peptide when compared to oCRF (Table 2.). Two chimera (CRFUcn, UcnCRF) based on 
the amino acid sequence of oCRF and rUcn were used to investigate the different binding 
behavior of oCRF and rUcn in transfected HEK 293 cells. Interestingly, all four peptides 
(oCRF, rUcn, UcnCRF and CRFUcn) showed similar high affinity binding (Kd = 1.2 - 2.2 
nM) to the receptor. 
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Table 1. Binding constants (Kd, [nM]) found for different CRF analogs when bound in the absence 
or presence of GTPyS to recombinant rCRFRl. Biopotency (EC50 [nM]) of CRF analogs to 
stimulate intracellular cAMP in transfected HEK cells. Data are the mean (± SEM) from 4-7 exp. 

peptides 

oCRF 
rUcn 

UcnCRF 
CRFUcn 

[D_P h e12N l e21,38]_ 

h/rCRF-(12-41) 

[D-Phe1 l]rUcn-(l 1-40) 

Kdl, 
[nM] 

2.2 ± 0.4 
1.3 ±0.2 
1.2 ±0.4 
2.1 ±0.5 
22 ±4.2 

25 ±1.7 

Kd2, 
[nM] 

82 ±14 
7.3 ± 1.9 
64 ±15 
17 ± 8.3 
14 ± 0.6 

15 ±1.0 

KdGTPyS, 
[nM] 

62 ±12 
0.93 ± 0.54 

46 ±19 
0.25 ± 0.08 

EC50 
[nM] 

0.45 ±0.17 

0.34 ±0.11 

Table 2. Physicochemical characterization of CRF analogs. 

peptides 

oCRF 
rUcn 

UcnCRF 
CRFUcn 

[D-Phe12,Nle21>38]-
h/rCRF-(12-41) 

[D-Phe11]rUcn-(l 1-40) 

RPHPLC CD cpep=20pmM in 20 mM SPB, 
Rt [min] 

25.9 
27.2 
26.8 
26.6 
24.4 

24.5 

a-helix [%] 
24 
33 
25 
24 
26 

21 

P-sheet [%] 
29 
25 
31 
32 
31 

37 

pH 6.5 
remain [%] 

47 
42 
44 
44 
43 

42 

oCRF SQEPPISLDLTFHLLREVLEMTKADQLAQQAHSNRKLLDIA 
rUcn DDPPLSIDLTFHLLRTLLELARTQSQRERAEQNRIIFDSV 
UcnCRF DDPPUIDLTFHLLRTLLELTIV&QLAQQAHSI^KLLDIA 
CRFUcn SQEPFISLDLTFl^UsEVLELARTQSQRERAEQNRIIFDSV 
h/rCRF SEEPPISLDLTFHLLREVLEMARAEQLAQQAHSNRKLMEn 

rUcn is an atypical agonist (partially inverse agonist). It shows high affinity binding to 
G-protein coupled and uncoupled receptors. As a result rUcn exhibits decreased 
biopotency to stimulate cAMP production at low concentrations that can be expected in 
vivo. rUcn and CRFUcn show much higher binding affinity to rCRFRl than [D-
Phe11]rUcn-(ll-40) indicating that the N-terminal half of the peptide induces a 
conformation in the C-terminal part of the peptide, necessary for high affinity binding to 
rCRFRl and receptor activation. The differences in the amino acid sequence of oCRF 1-19 
and rUcn 1-18 do not seem to play a major role for the rUcn C-terminal binding affinity. 
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Intracellular signalling pathways that couple growth factor activation with cell control offer 
new target sites for pharmacological intervention in tumor therapy. This is the case for the 
growth factor receptor-bound protein 2 (Grb2), which links growth factor activated 
receptor tyrosine kinases to Sos, a guanine nucleotide exchange factor that upon receptor 
binding and translocation of the Grb2-Sos complex to the plasma membrane converts the 
inactive RasGDP to active RasGTP. Activated Ras triggers the MAP kinase cascade that 
is essential for cell growth and differentiation. The interaction between the activated 
tyrosine kinase receptor and Grb2 is mediated by the Src homology 2 (SH2) domain of the 
signaling protein. Agents that specifically disrupt this protein-protein interaction could 
potentially shut down the Ras pathway and present an intervention point for blocking 
human malignancy. Starting with the recognition motif of the SH2 domain of Grb2, we 
have initiated a medicinal chemistry program to identify agents that specifically disrupt the 
interaction between the activated EGF receptor and the SH2 domain of Grb2. In this 
communication, we report our initial efforts. 

Results and Discussion 

Degenerate phosphotyrosyl peptide libraries have shown that the sequence specificities of 
SH2 domains for phosphotyrosyl peptides lie in the portion of the peptide immediately 
adjacent to the carboxy terminal of the phosphotyrosine residue [1]. For the SH2 domain of 
Grb2, the consensus sequence is Tyr(P03H2)-Xxx-Asn-Yyy (Xxx= Val, Gln, Tyr, lie and 
Yyy= Gln, Tyr, Phe) and the specificity determining residue is asparagine. Synthetic 
peptides derived from the Grb2-SH2 binding motif have inhibitory activities in the low pM 
range (e.g., H-Glu-Tyr(P03H2)-Ile-Asn-NH2, IC50= 7.9 ± 0.5 pM; H-Tyr(P03H2)-Ile-Asn-
NH2, IC5o= 56.9 ± 6.8 pM). Incorporation of the 2-amino-benzoic acid (Abz) to the N-
terminus of the Xxx-Tyr(P03H2)-ne-Asn-NH2 phosphopeptide produced a dramatic, 
unexpected boost in its binding affinity for Grb2-SH2 (e.g., Abz-Glu-Tyr(P03H2)-Ile-Asn-
NH2, IC5o= 22 ± 5 nM). In the absence of an X-ray structure of the Grb2-SH2 domain in 
complex with a phosphotyrosyl peptide, we used the 3D-structure of the ligated Lck SH2 
domain [2] to derive a working hypothesis for the "anthranilic acid effect". An 
examination of the crystal structure of the Lck-SH2 domain in complex with a high affinity 
phosphotyrosine containing peptide indicates that the amino acids of the protein which 
interact with phosphotyrosine and the residues at positions -1 and +1 relative to this amino 
acid are highly conserved in the Grb2-SH2 domain. The high degree of homology between 
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the SH2 domains of Lck and Grb2 strongly argues in favor of a similar bound 
conformation for phosphotyrosine and the residue at position -1 . Constructing the 
anthranilic acid moiety on the X-ray structure of the ligated Lck-SH2, followed by energy 
minimization, places the aromatic ring in an optimal position to make a favorable planar Jt-
K stacking interaction with the guanidinium moiety of Arg aA2. In addition, the 2-amino 
functionality is within hydrogen bonding distance of one of the phosphotyrosine phosphate 
oxygen atoms. This model, which is in full agreement with the SAR data obtained from 
phosphopeptides appended at the Af-terminus with a set of groups based on the anthranilic 
acid moiety (data not shown), was subsequently used to design the 3-amino-
benzyloxycarbony group to replace the Abz-Xxx moiety. This new Af-terminal group 
mimics the interaction of the 2-aminobenzoyl group with the guanidinium moiety of Arg 
aA2 but does not compromise the other interactions and the potency of the peptide 
inhibitors (e.g., 3-amino-Z-Tyr(P03H2)-Ile-Asn-NH2, IC50= 65 ± 45 nM). With the X-ray 
structure of the ligated Grb2-SH2 in hand [3] and a strong CAMM support, we were able 
to improve the binding affinity of the 3-amino-Z containing peptides optimizing the 
interaction at the X+1 position. In the X-ray structure of the ligated Grb-SH2, the residue at 
the X+1 position adopts a helical left-handle conformation with its side chain interacting 
with PhepD5 and Gln|3D3; in addition, its CP atom forms van der Waals interactions with 
TrpEFl, which closes the active site cleft with its side chain and forces the ligand to adopt 
a folded conformation. Based on this information, a series of a,a-disubstituted amino acids 
were selected and incorporated into the model sequence 3-amino-Z-Tyr(P03H2)-Xxx-Asn-
NH2 (data not shown). Replacement of isoleucine by 1-amino-cyclohexyl-l-carboxylic 
acid (AC6C) increased the activity of the original 3-mer peptide (3-amino-Z-Tyr(P03H2)-
Ac6C-Asn-NH2, ICso= 1.05 ± 0.21 nM) 65-fold. The increase in binding activity observed 
for the Ac6C containing peptide is presumably due to a local conformational effect; Ac6c 
should promote a conformation that favors the adoption of P-turn. In the isoleucine residue, 
the side chain of Acgc can also establish hydrophobic contacts with PheP5 and Gln pD3. 
Further details on the optimization of the above peptide will be reported in due course. 
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Microbial adherence is the first important step in the initiation stage of infectious diseases. 
Candida albicans is an opportunistic fungal pathogen and employs surface adhesins to 
facilitate its adherence to host cells [1,2,3]. Previous studies showed that selectin-like fimbrial 
adhesins on C. albicans interacted with the glycosphingolipid receptor (asialo-GMi) via the 
carbohydrate PGalNAc(l-4)pGal sequence of the receptor, and this minimal carbohydrate 
receptor sequence was suggested to play a crucial role in fimbriae-mediated adhesion of C. 
albicans [4,6,7] .To elucidate the mechanism of cell adhesion mediated by multiple protein-
carbohydrate interaction through selectin adhesins [5], we utilize multivalent template 
presentation systems to examine the interaction of the putative carbohydrate receptor sequence, 
pGalNAc(l-4)PGal, with C albicans adhesins. The delineation of the multivalent nature of 
C. albicans adhesins is investigated using multivalent carbohydrate ligand systems to affect 
the binding of biotinylated C. albicans whole cells to immobilized asialo-GM i receptor. 

Results and Discussion 

Multivalent carbohydrate-linked peptides (Fig. IA) were prepared via conjugation of 
pGalNAc(l-4)pGal-linker to the cysteinyl thiol groups on synthetic peptides. The structures 
of the carbohydrate-linked peptides are: RCGnKKGnCR (R = PGalNAc(l-4)PGal-linker; 
DS1, n =1; DS4, n =4) and RCGnK(-KGnCR)-K(-KGnCR)GnCR (TS1, n =1; TS4, n =4). 

ELISA showed that both two di-valent (DS1 and DS4) and two tetra-valent carbohydrate-
linked peptides (TS 1 and TS4) inhibited biotinylated C. albicans whole-cell binding to asialo-
GMi. Maximum inhibition of 30-50% was reached at concentrations of 100-200 pM. The 
maximum inhibition ability was in the order of TS1>DS1>TS4>DS4 (Fig. IB), with I50 = 200 
pM for TS1,145 = 100 pM for DS1,140 = 100 pM for TS4 and L,o = 200 pM for DS4. The 
carbohydrate-linked peptide TS1, with a shorter linker and four equivalents of disaccharide 
pGalNAc(l-4)PGal units, was shown to be the most effective inhibitor (Fig. IB), indicating 
that the binding-site density on the C. albicans cell-surface adhesins is high. However, at low 
carbohydrate-linked peptide concentrations (< 50 pM), all of them enhanced the whole-cell 
binding to asialo-GMi and the maximum enhancement was reached (-25% for TS4) at 10 
pM. This enhancement was in the order of TS4>DS4>TS1>DS1 and implicated that the long 
templates in DS4 and TS4 offered much more flexibility to the multivalent receptor analogues 
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so that each disaccharide unit was able to interact with adhesins on different cells. At low 
concentration range, non-covalently cross-linked cells through carbohydrate-adhesins binding, 
resulted in an increased effective adhesin concentration, which presumably account for the 
enhanced whole-cell binding to asialo-GM i. 

All the results above demonstrated that multivalent pGalNAc(l-4)PGal-linked peptides 
and asialo-GMi competed with each other for binding to C. albicans adhesins. Using 
multivalent carbohydrate receptor analogues to block the attachment of microbial surface 
adhesins raises a potential for the development of anti-adhesin therapeutics. However, 
carbohydrate-carbohydrate and carbohydrate-protein interactions are only one part of the 
mechanisms by which C. albicans adhere to host cells, inhibitor design using the multivalency 
template is still a possible approach in the development of effective anti-adhesin therapeutics. 
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Fig. 1. (A) Structures of the carbohydrate-linked peptides and (B) their abilities to inhibit C. albicans 
whole-cell binding to asialo-GM). Cells were pre-incubated with the carbohydrate-linked peptides. 
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There are currently 5 known human SRIF receptors. By employing cell systems transfected 
with these SRIF receptors the widely investigated cyclic SRIF octapeptide analogs were 
shown to have subnanomolar affinity for type 2 SRIF receptors, low affinity for type 3 
receptors, and virtually no affinity for type 1 and 4 receptor subtypes. Other analogs have 
now been found with selectivity for some of the other receptors, particularly 3 and 5 [1,2]. 
In the present study, the additional complication of receptor affinity differences between 
species is examined. 

Results and Discussion 

Cell membranes of the 5 transfected cell types (rat 2,3,5 and human 1,2,3,4,5) were 
obtained from homogenates of the corresponding CHO-K1 cells and analog Kis were 
calculated from displacement studies using 125I-Tyrn-SRIF (types 1,3,4,5) or lSI-MK-678 
(type 2). The structures of the analogs tested are given in Table 1 and their Ki values in 
Table 2. 

Octapeptide analogs of the octreotide/lanreotide variety, including SMS-201-995 
(octreotide), RC-160, and BDVI-23014 (lanreotide) had little affinity for the type 1 and 4 
subtypes in either species but bound very well and with good correlation to the type 2 
receptors of both. The linear analog BEVI-23052 (Table 1) had high affinity for type 5 and 
type 3 receptors in both species (Table 2). Therefore, although of value, this analog is of 
limited use in physiological experiments in rats since it cannot distinguish between 
receptor 5 and 3-mediated events in either species. The linear analog BIM-23056, 
previously reported [1] to be very type 3-specific and used in many investigations on the 
various physiological roles of SRIF receptors, unfortunately was found in this study to 
have low affinity for all rat and human receptors and thus does not appear to be useful for 
SRIF receptor selectivity investigations. 

Extended ring, cyclic analogs [2] BIM-23268 and BDVI-23313 had much higher 
specificity and very high affinity for the human type 5 over the other receptors and should 
be of potential clinical value. However, they had no specificity between rat 3 and 5 
receptors and thus are not of value for distinguishing between rat type 3 and 5 receptor 
function. Conversely, BIM-23295 had good selectivity and high affinity for rat type 5 
receptors and should be useful tool for basic animal studies. Unique among octapeptide 
analogs, BIM-23268 also exhibited good affinity for the human type 1 receptor (Kd 12 
nM) and may be a useful lead compound for type 1 receptor-specific ligand discovery. 

In conclusion, the subtle effects of minor structural changes to analogs provide promising 
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leads for the development of compounds selective for each somatostatin receptor. Care 
must be taken, however, to evaluate analogs at the actual receptors of the species in which 
biological studies are to be conducted if meaningful attributions of receptor function are to 
be made. 

Table 1. Amino acid sequences of SRIF analogs. 

Peptide Sequence 

BIM-23014 D-Nal-c[Cys-Tyr-D-Trp-Lys-Val-Cys]-Thr-NH2 

BIM-23052 D-Phe-Phe-Phe-D-Trp-Lys-Thr-Phe-Thr-NH2 
BIM-23056 D-Phe-Phe-Tyr-D-Trp-Lys-Val-Phe-D-Nal-NH2 
BIM-23268 c[Cys-Phe-Phe-D-Trp-Lys-Thr-Phe-Cys]-NH2 
BIM-23295 c[Cys-Phe-Tyr-D-Trp-Lys-Thr-Phe-Cys]-NH2 
BIM-23296 c[Cys-Phe-Nal-D-Trp-Lys-Thr-Phe-Cys]-NH2 
BIM-23313 c[Cys-Phe-I-Tyr-D-Trp-Lys-Thr-Phe-Cys]-NH2 
MK-678 c[D-Trp-Lys-Val-Phe-N-MeAla-Tyr] 
SMS-201-995 D-Phe-c[Cys-Phe-D-Trp-Lys-Thr-Cys]-Thr-ol 
RC-160 D-Phe-c[Cys-Tyr-D-Trp-Lys-Val-Cys]-Trp-NH2 
L-362,855 c[Ahep-Phe-Trp-D-Trp-Lys-Thr-Phe] 

Abreviations: Abu, a-aminobutyric acid; Nal, P-(2-naphthyl)-alanine; Ahep, 7-aminoheptanoic 
acid. 

Table 2. Comparison of binding affinities of key cyclic octapeptides for 5 human and 3 rat SRIF 
receptors present on transfected CHO-1 cella. 

Peptide 

BIM-23014 
BIM-23023 
BIM-23052 
BIM-23056 
BIM-23268 
BIM-23295 
BIM-23313 
MK-678 
SMS-201-995 
RC-160 
L-362,855 
SRIF 
SRIF-28 

hSSTRl 

2414 
6610 
97 

692 
12.2 
86.8 
151 
>1000 
875 
481 
993 
2.25 
2.38 

hSSTR2 (r) 

0.75 (1.47) 
0.42 (0.57) 
11.9(69.0) 
132 (3400) 
15.1(101) 
6.19(57.0) 
4.78 (45.0) 
0.13 (0.48) 
0.57 (2.0) 
0.57 (0.85) 
2.96 (12.0) 
0.23(1.43) 
0.29(1.78) 

hSSTR3 (r) 

12(115) 
89 (92) 

5.58 (3.5) 
177 (272) 
61.5(4.1) 
318(5.7) 
115(11.2) 
88 (45.0) 
35 (14.0) 

795 (87.0) 
98 (33.0) 

1.43(1.33) 
1.02(0.81) 

Ki(nM) 

hSSTR4 

1826 
2700 
126 
174 
19.9 
3.36 
55.3 

>1000 
>1000 

351 
467 
1.76 
7.93 

hSSTR5 (r) 

5.21 (23) 
4.18(14.0) 
1.22(2.4) 
12 (536) 
0.37 (3.4) 

0.34 (0.65) 
0.27 (9.9) 
15.5(72.0) 
6.78(17.0) 
7.53 (6.8) 
0.76(51.0) 
1.41 (4.46) 
0.38(1.02) 

aStructures shown in Table 1; rat data shown in parentheses; nd, not done. 
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The direct antitumor activity of GnRH-HI in vivo is increased by conjugation to poly(N-
vinylpyrrolidone-co-maleic acid) (P) (molecular weight c.a. 10,000) through a GFLG 
tetrapeptide spacer (X) [1]. To examine the biodistribution and clearance of the conjugates 
and components thereof, the following radiolabeled derivatives were prepared: carboxyl 
groups (2%) of P were coupled with 125I-tyrosylamide before conjugation through (X) with 
GnRH-m [2] to form 125I-tyrosylamide-P-X-GnRH-m, and [3H]GnRH-HI [3] was 
conjugated with P-X to form P-X-[3H]GnRH-HI. Compounds were injected s.c. into 
CBA/CA mice with MCF-7 human breast cancer xenografts. 

Results and Discussion 

Radioactivity in blood peaked immediately after injection of [3H]GnRH-III and then 
cleared rapidly. Following injection of P-X-[3H]GnRH-HI, however, blood radioactivity 
was only slightly elevated by the sixth hour and then decreased continuously. Radioactivity 
in liver and kidney similarly increased and decreased immediately after injection of 
[3H]GnRH-III but accumulated in the spleen after 6 hours. Following the injection of P-X-
[3H]GnRH-m, radioactivity in the liver and spleen peaked at 6 hours and in the kidney at 
three hours and then decreased gradually. Accumulation of radioactivity in the kidney was 
6 times higher following injection of the conjugate than of the free peptide. 

Proportionately higher accumulation of radioactivity in xenografts was observed 24 
hours after injection of 125I-tyrosylamide-P-X-GnRH than of either [3H]GnRH-HI or 125I-
tyrosylamide-P. The 125I-tyrosylamide-P-X-GnRH-HI conjugate may have had greater 
retention than the P-X-[3H]GnRH-III conjugate because of greater lipophilicity. 

FPLC analysis (Fig.l.) of blood serum on Sephadex G25, 0.5, 3 and 24 hours after 
injection of P-X-[3H]GnRH-III, showed that no radioactivity was detected in fractions with 
molecular weight < 1,000, suggesting that catabolism does not release peptide from 
conjugates. Over 90 percent of the 3H radioactivity was found in fractions with molecular 
weight >5,000. Analysis of urine, however, showed that significant 3H radioactivity was 
present after 3 hours in material with molecular weight <1,000, presumably catabolite(s); 
little radioactivity was detected after 24 hours. 
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In general, the results show that, conjugation of GnRH-III with the copolymer favors tissue 
retention of intact bound peptide. Conjungation apparently affords protection from 
proteolytic degradation in blood circulation whereas the free peptide resembles polypeptide 
hormones of comparable size in that it is readily cleared. This may contribute to the 
superior antitumor effects of conjugates in vivo. 
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Fig. 1. FPLC analysis of P-X-[3H]GnRH-III metabolites in CBA/Ca mice. 
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Phospholipid vesicle binding by an amphiphilic (3-sheet 
structure from serum apolipoprotein B-100 
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The serum apolipoproteins all contain within their structures amino-acid sequences with 
the potential to form amphiphilic a-helices, often with cationic hydrophilic faces. The 
function of these structural domains in binding to the phospholipid surfaces of the serum 
lipoprotein particles has been thoroughly characterized. However, apolipoprotein B (apoB), 
the protein constituent of low-density lipoproteins (LDL), is unique amongst the serum 
apolipoproteins in that it contains proline-rich sequences that have the potential to form 
anionic amphiphilic P-sheets. These structures have also been proposed as lipid-binding 
domains [1]. We now report the first characterization of the phospholipid vesicle-binding 
properties of this anionic structural motif, and compare its apparent and intrinsic affinities 
for small, unilamellar vesicles with those of a model cationic amphiphilic a-helical 
peptide, and a model cationic amphiphilic P-sheet peptide. 

Results and Discussion 

We have used the weak Phe fluorescence of Na-acetylated native apoB peptide amides, 20 
and 40 residues in length that corresponds to one of the proline-rich apoB segments 
(apoB[2698-2717], and apoB[2678-2717], respectively) to investigate peptide binding to 
single-bilayer phospholipid vesicles. Different vesicle preparations consisted of egg 
lecithin phosphatidyl choline (PC) doped with varying molar percentages of the cationic 
lipid l,2-dioleoyl-3-trimethylammonium-propane (TAP) or the anionic lipid l-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoglycerol (PG), creating different net positive or negative 
surface charge densities. The binding isotherms obtained by titrating the anionic apoB 
peptides with increasing vesicle concentrations indicated a length requirement of 40 
residues for saturable binding to neutral vesicles, and only a weak additional electrostatic 
attraction to the cationic vesicles. These binding curves were analyzed directly to obtain the 
apparent partition constants, Kp*, shown in Table 1. Analysis of the binding to cationic 
vesicles according to Gouy-Chapman theory [2] gave an intrinsic partition constant, Kp, for 
the 40-mer of 0.97 x 103 M_1, which corresponded closely to the Kp* value of 1.1 x 103 M" 
1 obtained for neutral vesicles. 

For comparison with the phospholipid binding properties of the apoB peptides, two 
cationic model peptides were also studied. The first was a Tyr22-substituted analogue of a 
previously described model amphiphilic a-helical peptide designed to have its cationic 
side-chains segregated near the hydrophobic surface of the helical structure. Studies of the 
Tyr fluorescence upon addition of vesicles indicated that there was saturable binding of the 
22-residue peptide to all types of vesicles. Analysis of the binding isotherms for this 
amphiphilic a-helical peptide gave intrinsic partition constants (Kp = 2.8 x 10 - 3.9 x 10 
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M"1) that were similar to those obtained for the apoB-derived 40-mer. However, the a-
helical model peptide showed much stronger additional electrostatic attraction to the net 
negatively charged vesicle surfaces than the anionic apoB peptide showed for the net 
positively charged vesicle surfaces (Kp* values in Table 1). 

Table 1. Analysis of peptide lipid binding curves. 

Peptide 

Helical Model 

P-Sheet 
Model 

Apo B 40-mer 

Apo B 20-mer 

Net 
Charge 

+1 

+3 

-4 

-3 

Lipid 
Composition 

25% PG (-) 

10% PG (-) 

Neutral (PC) 

25% PG (-) 

10% PG (-) 

25%TAP(+) 

10% TAP (+) 

Neutral (PC) 

25% TAP(+) 

10% TAP (+) 

Apparent Partition 
Constant, 

Kp*, x IO"3 (M J ) 

13.0 

5.1 

2.3 

3.7 

1.0 

2.2 

3.7 

1.1 

1.6 

2.1 

Intrinsic Partition 
Constant, 

Kp, x IO"3 (M-1) 

3.9 

2.8 

-

0.09 

0.18 

-

0.97 

-

-

-

The second model peptide studied for comparison was a cationic 20-residue model of 
the proposed amphiphilic P-sheet motif in apoB: Ac-Tyr-Leu-Lys-Val-Pro5 -Lys-Leu-Asp-
Val-Pro10-Lys-Leu-Lys-Val-Pro15-Lys-Leu-Asp-Val-Pro20-NH2. Tyr fluorescence of this 
peptide indicated a strong electrostatic attraction to anionic vesicles. However, an analysis 
of the binding isotherms according to Gouy-Chapman theory suggested that it had only a 
very weak intrinsic affinity for these vesicles (Kp = 0.1 x 103 - 0.2 x 103 M J ) . Consistent 
with this analysis and the prior results for the apoB peptide of the same length, this cationic 
amphiphilic P-sheet model peptide did not bind to neutral vesicles. 

Overall, these studies demonstrate for the first time that a proline-rich region of apoB 
can bind to electrically neutral phospholipid vesicles. This supports the phospholipid 
binding function in LDL that was originally proposed for these P-sheet structures [1]. 
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Stability and binding of SH3 domain of Bruton's 
tyrosine kinase 
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The gene involved in X-linked agammaglobulinemia (XLA), an inherited 
immunodeficiency disease, has been found to code for a cytoplasmic protein tyrosine 
kinase (Bruton's tyrosine kinase, BTK) [1]. Patients suffering from XLA fail to mount 
an antibody response and consequently suffer from recurrent, sometimes lethal, 
bacterial infections. Like many other cytoplasmic tyrosine kinases, BTK contains an 
SH3 domain, a PH domain, an SH2 domain, and a catalytic tyrosine kinase domain [2-
5]. The signal transduction pathways that regulate cell growth and differentiation are 
characterized by a cascade of specific protein-protein recognition events that occur 
intracellularly upon extracellular stimulation [2-5]. SH3 and SH2 domains are small 
protein modules that mediate protein-protein interactions in signaling pathways. It has 
been found that mutations or deletions within these domains result in X-linked 
agammaglobulinemia [6, 7]. SH3 domains form a compact P barrel structure composed 
of five to eight P strands [2-5, 8]. Structural and peptide-binding analyses of various 
SH3 domains show that proline-rich peptides containing the PXXP motif can bind to 
SH3 domains [2, 5]. The reductionistic approach of studying individual domains has 
been successful as well as informative [2, 5, 8]. Nonetheless, details of the interaction 
between the domains still remain unclear. Study of the interaction of inter- and 
intramolecular organization of the domains is thus a significant objective. 

Results and Discussion 

A point mutation resulting in the deletion of 14 amino acids constituting the C-
terminal of the BTK SH3 domain has been identified as a cause of XLA in a patient 
family [7]. We therefore studied the stability and ligand binding of a 58-residue 
peptide (aa 216-273) corresponding to the SH3 domain of BTK and a 44 residue 
peptide (216-259) lacking the C-terminal 14 aa residues of BTK SH3 domain 
(truncated SH3 domain). Studies on the latter peptide can shed light on the factor that 
causes XLA. We found that proline rich peptides (PI, P3) of the BTK TH domain bind 
to the BTK SH3 domain (Table 1). We also found that the truncated SH3 domain binds 
weakly to the BTK TH domain peptide (P3). Attachment of nonpeptidic molecules like 
fluorescein to the proline peptide (P4) enhances binding to the SH3 domain. 
Furthermore, the association of the truncated SH3 domain with proline rich peptide 
(P6) of pl20cbl was weaker than with the intact SH3 domain. We have demonstrated 
earlier that the mutation (loss of the C-terminal 14 aa residues) results in 
transformation of the P-barrel structure of the SH3 domain to a random coil 
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SH3-58 Kd (pM) 

49.9 
38.4 
14.9 
3.1 
239 
34.5 

SH3-44 K, (pM) 

76.5 

112.2 

566 

conformation [9]. Herein we show that the mutation-truncation that causes XLA saps 
the SH3 domain of its ability to bind to its target, probably due to aberrant folding. 
This likely renders the kinase abnormal. The transformation of the P-barrel type 
structure to a random coil conformation in the truncated SH3 domain delineates 
unequivocally the importance of the C-terminal in maintaining the structural integrity 
of SH3 domains in general, and of BTK in particular. Furthermore, since deletion of 
the C-terminal 14 amino acid residues causes XLA, our result also indicate that 
improper folding and/or instability of the SH3 domain of BTK likely renders the kinase 
non-functional or diseased. 

Table I. Interaction of SH3 domain (SH3-58) and truncated SH3 domain (SH3-44) of BTK 
with proline-rich peptides. 

No peptide sequence 

PI TKKPLPPTPE 
P2 TKRALPPLPE 
P3 HRKTKKPLPPTPYQ 
P4 FrrC-HRKTKKPLPPTPYQ 
P5 AAPPLPPRKT 
P6 SLHKDKPLPVPPYQ 

In conclusion, we have shown that the BTK SH3 domain can bind to proline rich 
peptides of the BTK TH domain. Our results delineate the importance of the C-terminal 
in ligand binding of SH3 domains and also indicate that improper folding and altered 
binding behavior of the mutant BTK SH3 domain likely causes XLA. 
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The interaction between monoclonal antibody 4A5 and 
fibrinogen gamma chain peptides studied 

by nuclear magnetic resonance 

Michael Blumenstein3 and Gary R. Matsuedab 
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Fibrinogen 7392-411, LTIGEGQQHHLGGAKQAGDV, is involved in the formation of 
fibrin clots [1] and interaction with the platelet integrin receptor [2]. Due to the 
physiological significance of this region, efforts have been made to determine its 
conformational properties [3-5]. We have previously observed [3] that the peptide 
corresponding to this sequence possesses a type II P-turn from Gln407 to Asp410. The turn 
is retained when Gly409 is replaced by D-Ala, but the population of the turn is greatly 
reduced when L-Ala is substituted into this position. 

Monoclonal antibody 4A5 has a high affinity for both fibrinogen and the y392-411 
segment [6]. The L-Ala substitution in residue 409 leads to decreased antibody affinity, 
while the D-Ala substitution leads to slightly increased affinity for 4A5, suggesting that 
the P-turn may serve as part of the antibody recognition motif [4]. We report here our 
initial studies in which NMR is used to directly monitor the interaction between y392-411 
(and analogues) and monoclonal antibody 4A5, with the ultimate goal of elucidating the 
antibody-bound conformation of the peptides. 

Results and Discussion 

The peptide LTIGEGQQHHL*G*G*A*KQ*A*G*D*V was enriched with 15N in the 
backbone amide nitrogens of the designated (*) residues. The peptide was complexed with 
the Fab fragment of 4A5 in a 1:1 ratio and the interaction was studied via two-dimensional 
NMR employing the !H-15N heteronuclear single quantum filtered (HSQC) experiment. 
Assignments were made by using several singly labeled peptides. While amide 'H 
resonances of Leu402 and Gly403 shift downfield on complexation with antibody, all other 
amide 'H resonances shift upfield in the presence of 4A5. All 15N resonances other than 
that of Leu402 display significant upfield shifts in the antibody-bound peptide, HSQC 
experiments were also performed with the 15N enriched D-Ala409 analog, which has a 
higher affinity for 4A5 than does native 392-411. The bound *H and 15N shifts of the D-
Ala analog were very similar to those observed for native 392-411, with differences being 
observed only in residue 409 and directly adjacent residues. 

The observation of substantial 'H and 15N shifts throughout the 402-411 region of 
392-411 upon antibody binding is an indication of a peptide-antibody interaction involving 
as many as ten peptide residues. Since there were only minor differences in bound shifts 
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between native 392-411 and the D-Ala409 analog, these two peptides must bind in the same 
manner, and with identical conformations, to the antibody. The increased affinity for the 
D-Ala analog is likely due to favorable hydrophobic interactions of the D-Ala methyl group 
with antibody side chains. 

The nature of the observed chemical shifts may have conformational significance. 
There is a correlation [7], albeit weak, of the shifts of amide protons with secondary 
structure, a series of upfield shifts being indicative of helical conformation. Thus, residues 
404-411 may be in a helical conformation in the antibody-bound peptide. In previous work 
involving peptide-antibody interaction [8], a helical conformation was determined based 
on nuclear Overhauser (NOE) measurements, and this peptide also displayed a series of 
upfield amide *H shifts upon antibody binding. NMR studies [5] have indicated that a 
substantial portion of the 392-411 region is in a helical conformation when bound to the 
integrin receptor. 

We intend to undertake NOE measurements of the peptide-4A5 complex in order to 
get a more rigorous determination of the conformation of the bound peptide. We will also 
employ the labeled L-Ala409 analog to monitor the binding of this peptide, and will utilize 
peptides enriched with 13C in the Ala and D-Ala side chains to elucidate the role of these 
moieties in peptide-antibody interaction. 

References 

1. Budzynski, A.Z., CRC Crit. Rev. Oncol./Hematol, 6 (1986) 97. 
2. Kloczewiak, M., Timmons, S., Lukas, T.J. and Hawiger, J., Biochemistry, 23 (1984) 1767. 
3. Blumenstein, M., Matsueda, G.R., Timmons, S. and Hawiger, J., Biochemistry, 31 (1992) 

10692. 
4. Donahue, J.P., Patel, H., Anderson, W,F. and Hawiger, J., Proc. Natl. Acad. Sci. USA, 91 

(1994) 12178. 
5. Mayo, K.H., Fan, F., Beavers, M.P., Eckhardt, A., Keane, P., Hoekstra, W.J. and Andrade-

Gordon, P., Biochemistry, 35 (1996) 4434. 
6. Bernatowicz, M.S., Costello, CE. and Matsueda, G.R., in Marshall, G.R. (Ed.) Peptides, 

Chemistry and Biology; Proceedings of the 10th American Peptide Symposium, ESCOM, 
Leiden, 1988, p. 187. 

7. Wishart, D.S., Sykes, B.D. and Richards, F.M., J. Mol. Biol., 222 (1991) 311. 
8. Tsang, P., Ranee, M., Fieser, T.M., Ostresh, J.M., Houghten, R.A., Lemer, R.A. and Wright, 

P.E., Biochemistry, 31 (1992) 3862. 



A potent synthetic dimeric peptide agonist of the erythropoietin 
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Erythropoietin (EPO) is a glycoprotein of molecular mass 34 kDa that stimulates the 
proliferation and differentiation of erythroid progenitor cells in the bone marrow [1]. Under 
normal circumstances it is produced at low levels in the adult kidney for maintenance of 
the red blood cell mass, but expression is increased in response to tissue hypoxia. It is used 
clinically to treat the anemia associated by anti-cancer and anti-HIV chemotherapy in 
addition to replacement therapy for EPO insufficiency resulting from renal disease. Using 
peptide phage display technology, we identified and developed a family of peptides that 
bind to and activate the EPO receptor [2]. The peptides were synthesized in the monomeric 
form, but were capable as acting as full EPO mimetics. Since the receptor is believed to be 
activated by homodimerization, we reasoned that the peptides might themselves undergo 
non-covalent dimerization in order to function as agonists. We therefore synthesized a 
covalent dimer of an EPO mimetic to test this hypothesis, with the assumption that 
covalent dimerization would lead to increased affinity for the EPOR and elevated 
biological activity. The details of the bioassay of the monomer (1) and dimer (2) will be 
published elsewhere [3]. In the current paper the synthetic procedure is discussed in detail. 

G G T Y S C H F G P L T W V W G GGTYSCHFGPLTWVCKPQGG 

(1) GGTYSCHFGPLTWVCKPQGG-pA-K-(NH2) 

(2) 

Fig. 1. Synthesis of a dimeric peptide agonist of the EPOR. 

Results and Discussion 

The general scheme for the dimer synthesis is shown in Fig. 1. Peptide synthesis was 
carried out using Fmoc chemistry on acid-labile linker coupled to PEG-PS support. We 
used Lys at the C-terminal as a branch point. After coupling Fmoc-Lys(Alloc)-OH to the 
resin the Fmoc-P-Ala-OH was coupled to the a-NH2 of the Lys. The P-alanine residue at 
this position produces a psuedo symmetrical branch for two chains. The Cys(Acm) was 
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coupled in the first chain. The Boc group at the N-terminus helped to prevent chain 
elongation during the second chain synthesis. After completion of the first chain, a small 
amount of the resin was cleaved, purified and confirmed by ESMS. The e-Alloc group was 
removed using Pd[P(CeH5)3]4, 4-methyl morpholine and chloroform[4]. A small amount of 
the resin was cleaved and purified and the structure was confirmed by ESMS. The second 
parallel chain was synthesized on the Lys E-NH2 group. Fmoc-Cys(Trt)-OH was coupled in 
the second chain as orthogonal protection to the Cys(Acm) in the first chain. After 
synthesis was completed, the peptide was cleaved using TFA/scavenger. The crude peptide 
was purified by RHPLC and confirmed by ESMS. The first disulfide bond was formed by 
stirring with 20%DMSO/water overnight [5]. The peptide was further purified and 
confirmed by ESMS. The removal of Acm group and cyclization was accomplished by 
stirring with iodine/methanol for 24 hours [6]. The crude peptidewas further purified and 
all fractions were checked by ESMS (Calculated 4367.0, Observed: 4366.6). The fractions 
with the correct mass value were pooled and lyophilized. The final yield was 5% based on 
the initial loading of the resin. This material was further used for the bioassay. 

The dimer peptide was then subjected to assays to determine EPOR binding affinity 
and in vitro EPO biological potency [3]. Compared to the single chain disulfide molecule 
(1), which has an IC50 of 200 nM in the immobilized PIG-tailed EPOR binding assay, the 
dimer analogue (3) exhibits a two log increase in affinity with an IC50 of approximately 2 
nM. In the FDCP-1/hEPOR cell proliferation assay, the dimer (2) showed an agonist 
potency that was one log higher than the monomer (1). 
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Granulocyte-macrophage colony stimulating factor (GM-CSF) cytokine is essential for the 
proliferation and differentiation of blood myeloid progenitor cells and activation of several 
functions of macrophages, neutrophils, eosinophils and megakaryocytes [1-3]. Peptide 
PI 15 (Ac-KQPRTYQKLSYLDFQYQ-NHz) of hGM-CSF receptor a-chain was found to 
interact with cytokine rhGM-CSF (14.6KDa) by ELISA and affinity chromatography [4]. 
Binding specificity of PI 15 to rhGM-CSF, related cytokine rhIL-3 and unrelated protein 
BSA were examined by NILIA-CD spectroscopy. 

Results and Discussion 

Unambiguous evidence of binding hGM-CSF receptor a-chain peptide PI 15 to cytokine 
rhGM-CSF was observed mainly in the spectral region characteristic of tryptophan 
aromatic side-chain and disulphide bond chromophores (290-320nm) (Kdapp=35pM) by 
NILIA-CD spectroscopy. Only rhGM-CSF possesses two tryptophan residues and two 
disulphide bond chromophores (Fig. 1). Phe and Tyr residues are present in both rhGM-
CSF and PI 15. The CD data at single wavelength (290nm and 310nm) were analysed by 
non-linear regression to the general equilibrium reaction in which the CD intensity is 
proportional to the concentration of each species. The negative solutions of the quadratic 
equation derived from the binding of the peptide ligand to a single cytokine site were used 
to fit the CD data. 

P220 (Ac-YQDYKQQLYRTQKPFLS-NH2) a scrambled PI 15 sequence showed no 
CD changes in the 290-330nm region indicating no GM-CSF-P220 interaction occurring. 
IL-3 belongs to the same cytokine family as GM-CSF and shares the same receptor P~ 
subunit as GM-CSF and IL-5. rhIL-3 (15KDa) showed no evidence of binding to PI 15 by 
NILIA-CD. No BSA-P115 interactions were present since no significant CD changes in 
the backbone and aromatic regions were observed. It is thus evident that non-specific 
binding of PI 15 to BSA was absent. 
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Fig. 1. CD spectra ofrhGM-CSF:P115 mixture at various ratios. The AA values at 290nm were 
used to calculate the apparent binding constant, Kdapp=35uM.. 

Conclusion 

NILIA-CD was successfully employed in monitoring, quantifying and discriminating the 
binding interaction of GM-CSFRa peptide PI 15 to cytokines rhGM-CSF, rhIL-3 and 
unrelated protein BSA. P220 as a negative control was also successfully monitored as a 
non-rhGM-CSF binding peptide by NILIA-CD. Trp/S-S regions of rhGM-CSF were 
identified as the residues involved in the binding interaction with PI 15. Since no 
significant CD changes were observed in the backbone region between the bound and free 
hGM-CSF, the binding area of hGM-CSF for PI 15 can thus be mapped using the crystal 
structure of hGM-CSF (lcsg.pdb). 

In NILIA-CD, no labelling of ligand/receptor, sandwich assay or immobilisation are 
required unlike ELISA, BIAcore and IAsys biosensor techniques. Added information on 
conformational changes due to binding interaction can also be elucidated by NJJJA-CD. 
This is vital for further improvement in drug design/targeting. NILIA-CD, thus, provides 
an ideal technique for monitoring ligand receptors interactions in solution. 
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Angiotensin II (Angll) is an important constituent of the renin-angiotension system 
(RAS)[1]. The amino acid sequence of Angll is DRVY1HPF. Angll plays an important 
role both in maintenance of normal blood pressure and in the occurrence of hypertension. 
Angll binding receptor can induce many kinds of physiological effects. Spin labeling is an 
effective method that has greatly enhanced our knowledge of the structure, movement and 
interactions of biological molecules. For example, it has been used successfully in studying 
the interaction of antigen and antibody. Some stable free radical compounds are not only 
useful for obtaining information but are also functional [2]. 

we designed and synthesized AngRR and studied AngUR's ESR spectra before and 
after its binding to the Angll receptor. Interaction information of Angll and its receptor 
may produce different spectra as determined by ESR when AngH-R is not in a constrained 
state. Our purpose was to find an effective, simple method for studying the molecular 
environment of peptide and receptor interaction. The secondary structure of Angll in 
solution was indicated by 2DNMR study. 

Results and Discussion 

The purity of Angll was 95% and that of AngRR was 92%, which was determined by 
reverse phase HPLC, the date from amino acid analysis were in agreement with the 
theoretical values: FABMS :AngII= 1046, AgRR 1211. ESR spectrum of AngRR showed 
three peaks of stable nitroxide free radicals and suggested successful labeling of Angll. 

Our results show receptor biding assay, IC50(mol L"1): Angll 1.4xl0~8, AngRR 
1.5xl0~8. Action on blood vessel, EC50 (mol L-l): Angll 2xl0~8, AngRR6.7x0L8, P<0.05. 
Action on cholescyst, EC50 (mol L-l): Angll 2.7x10-8, AngRR 4.3 x 10-7, P<0.05. 
Action on blood pressure, ED50(p g/kg): Angll 1.84, AngRR 7.26, P<0.01. 

After binding reaction of AnglTR (10"2M) with the Angll receptor preparation 
(concentration of membrane protein: 20mg/mL), the Angll-R-receptor complex was 
obtained by centrifugation or by fast filtration and gave signals via ESR measurements. 
The existence of anisotropy in the spectrum suggested the constraint of AngllR, and 
immobilization peaks revealed Angll R's tight binding to the receptor. The calculated X c 
value of AngRR is 5.6 x 10"US. The X c value is estimated to be 10"8S, the intensively 
prolonged X c value also reflects immobilization of R- group [3]. We also note that 
immobilization peaks come from bound AngllR and the nonimmobilization peaks from 
unbound or absorbed Angll-R. 
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The secondary structure of Angll in solution was proposed by 2DNMR study. The N-
terminal from Asp to Tyr should be in reversed P-sheet form and the C-terminal from Phe 
to His might form a ring with a hydrogen bond. The diagrammatic sketch is as follows: 

Asp 

M- -Ile 

H H H ^ N 

J1 . N v ^ N T O ' . " " H 

II I 

P He 
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Conclusion 

The bioassays studied in vitro and in vivo indicated that: 1) The affinity of AngH-R to 
Angll receptor was near to that of Angll. 2) In blood vessel contraction and blood 
pressure models, the decrease in activity of AngH-R is due to modification of the N-
terminal of Angll. We suggest that the contribution of N-terminal activity is larger than 
that to binding ability. Immobilization signals suggest that R- to receptor indicates that 
since the labeling to Angll does not interfere with the Angll molecular system, it is a 
suitable paramagnetic label. 
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Structure-function studies on synthetic tetrapeptide 
analogs of AVP(4-8) 

Ke-Yin Ma and Yu-Cang Du 
Shanghai Institute of Biochemistry, Chinese Academy of Sciences, Shanghai 200031, CHINA 

Tetrapeptide Asn-Leu-Pro-Arg (NLPR) has been reported as the shortest but most potent 
analog of arginine-vasopressin in learning and memory behavioral responses [1]. Similar to 
AVP4.8, NLPR markedly induced in vivo NGF gene expression in normal and memory-
impaired rat brains following corresponding improvement in the acquisition and maintenance 
of behavioral (BD) [2]. Currently, more structure-function studies are being performed using 
tritium-labeled NLPR binding assay and 2D NMR assay in comparison with several synthetic 
analogs, such as NWPR, Ac-NLPR, Ac-NLPR(Tos)-NH2, ZNC(C-OMe)PR, and ZDC(C)PR. 

Results and Discussion 

Characterization of NLPR binding site in brain membranes. At the optimum condition (pH 
7.4 in the presence 5 mM NiCh), NLPR binding on the hippocampal synaptosomal 
membranes was characterized as saturable, reversible and displaceable, and with high affinity. 
As shown in Fig. IA, NLPR had two specific binding sites on hippocampal membranes with 
lower or higher affinities. Their dissociation constants and maxium bindings were found to be 
(KD) 2.62 and 0.19 nM, and (Bmax) 6,96 and 2.04 fmol/mg protein, respectively.. This 
obviously differs from the binding character of AVP4_8, which showed only one binding site 
on the hippocampus with a KD of 3.12 nM and Mmax, 31fmol/mg protein [3]. 

In the preparations of rat amygdala and anterior cortex, only one kind of [3H]NLPR 
binding site could be found. Scatchard plots presented in Fig. IB and IC illustrate the 
characteristic parameter: KD, 0.75 nM and BmaX] 10.2 fmol/mg protein for the amygdala and 
KD, 1.6 nM and Bmax, 11.2 fmol/mg protein for the anterior cortex, respectively. 

Competition of NLPR binding site on amygdala membranes. As shown in Fig. 2, NLPR 
binding to amygdala membranes was potently competed by ZDC(C)PR, the most effective 
antagonist of AVP4.8 ,and NWPR, an aromatic analog of NLPR that is significantly displaced 
by an N-terminal blocked analog, Ac-NLPR but not by AVP. In view of the high structural 
similarity between AVP4.8 and ZDC(C)PR, it seems likely that the NLPR receptor in rat 
amygdala may be the same as that of AVP4.8 [3]. Unexpectedly, our preliminary data showed 
that the NLPR binding site could not be displaced by AVP4.8. Whether there is another 
receptor that differs from AVP-R or the AVP4.8 receptor we have described as in rat brain 
remains to be explored. 
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Fig. 1. Saturation plots of NLPR binding to hippocampal(a), amygdala(b) and anterior cortical(c) 
synaptosomal membranes. 
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Fig. 2. Displacement of NLPR binding to amygdala 
membranes by its analogs. 

NMR studies. In order to obtain more structural information, the NMR spectrum of four 
NLPR analogs has been studied. Data (Fig. 3) from NOESY experiments provided evidence 
for highly compact conformations of Ac-NLPR(3b), Ac-NLPR(Tos)-NH2(3c), ZDC(C)PR(3e) 
and Ome)PR(3d) and a relative loose structure of NLPR. The compactibility among them 
arose from the increasing hydrophobicity of their side chain [roughly, structure (e) > (c) ~ 
(b)~ (d) » (a)]. In view of the behaviorally active conformation of AVP4.8, which is a 
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compact structure with relative plasticity, it is suggested that NLPR may have its own specific 
receptor. It may prefer a a molecule with a looser conformation, and AVP4.8(ZNC(C)PR) 
receptor may prefer a more or less rigid structure. Nevertheless, both of them differ greatly 
from AVP-R. 

Fig. 3. Structure model of NLPR (a), Ac-NLPR (b), Ac-NLPR(Tos)-NH2 (c), ZNC(C-OMe)PR (d) and 
ZDC(C)PR (e) deduced from NOE contraints. Protons with observed NOEs(<5A). 
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Development of feeding and Y-l NPY receptor antagonists 
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The potent orexigenic effect of neuropeptide Y (NPY) has inspired numerous investigators to 
develop appetite controlling drugs based on this peptide. NPY also exhibits a variety of other 
central and peripheral effects. These actions are mediated by a number of receptor subtypes 
including Y-l, Y-2, Y-3, Y-4 & Y-5 [1]. This observation suggests that NPY effects can be 
dissociated, and receptor selective analogs can be developed. Our efforts directed toward this 
goal have previously resulted in the development of Bis (31/31') {[Cys31, Tip32, Nva34] 
NPY(31-36)} (T-190) (IC50 for Y-l = 46± 14 nM; Y-2 > 3000 nM) and [D-Trp32]NPY, which 
antagonized the effects of NPY on Y-l cells [2] and rat hypothalamus [3], respectively. [D-
Trp32]NPY also antagonized NPY-induced feeding in both rats [3] and mice [4]. However, 
other reports suggest that [D-Trp32]NPY is an inactive or a weak agonist. This disparity may 
be due to differences in the site of administration, concentration or both. Nevertheless, [D-
Trp32]NPY has been shown to be a selective ligand to the recently cloned Y-5 receptors 
speculated to mediate NPY-induced feeding [5]. In a continuation of this work, we have now 
developed more potent and low molecular weight compounds that attenuated effects of NPY 
on Y-l cells and feeding, respectively. 

Results and Discussion 

Preliminary NMR investigations with T-190 and the corresponding monomer suggested that 
these peptides may have predominantly a-helical structures. These observations, and the 
finding that tandem peptides may exhibit increased a-helicity, led us to synthesize T-241, [Trp-
Arg-Nva-Arg-Tyr]2-NH2. T-241 exhibited increased affinity to SK-N-MC cells (Y-l receptors) 
(IC50 = 9.68±0.95 nM), and hardly bound to Y-2 cells (IC50 > 1000 nM). This peptide did not 
exhibit agonist activity in Y-l cells, but potently (IC50 = 1.74±1.06 nM) antagonized 
intracellular mobilization of calcium in HEL cells (Yl receptor) induced by NPY (5 nM). 
Moreover, T-241 had no effect on feeding. We also synthesized Cyclo(32/36)[Trp32, Nva34] 
NPY(32-36), T-249, containing i -> i+4 cyclization believed to stabilize the helical structure. 
However, T-249 exhibited poor affinity to both Y-l and Y-2 receptors. This may be due to the 
absence of a C-terminal amide group which has been shown to be crucial for activity. 

SAR studies with [D-Trp32]NPY led to the development of three lower molecular weight 
(<800) compounds. These compounds exhibited low affinity (IC50 > 300 pM) to Y-l and Y-2 
receptors. One of these compounds, T-54, when administered by the intrahypothalamic route, 
inhibited iht-NPY (1 pg)-induced feeding in rats, in a dose-dependent manner. Experiments 
were also conducted in Schedule-Fed rats which exhibit increased hypothalamic NPY levels. 
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Again, iht-T-54 (20 pg) significantly inhibited food intake compared to iht-artificial 
cerebrospinal fluid treated Schedule-fed rats. Moreover, the effect of T-54 lasted for more than 
24 hours. 

Recently, we have also shown that hypothalamic nuclear extracts obtained from iht-NPY 
treated and fasted rats exhibited increased 32P-cAMP responsive element (CRE) binding [6]. 
However, iht T-54 (20 pg) significantly inhibited NPY and fasting induced elevation of 32P-
CRE binding. It therefore appears that T-54 blocks NPY-induced feeding by inhibiting the 
signal transduction pathway of the intact hormone. However, at present, it is not clear whether 
this antagonism is physiological or competitive in nature because the effects of T-54 on NPY 
receptors (Y-5 or those remaining to be cloned) mediating feeding have not been investigated. 

In summary, we have developed a potent Y-l receptor antagonist as well as a lower 
molecular weight compound which attenuated the food intake by Schedule-Fed and NPY-
treated rats. The effects of these peptides on other NPY receptors, Y-3, Y4 and Y-5, remain to 
be determined. 
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Receptor 3D homology molecular modeling and in vitro 
mutagenesis identify putative melanocortin (hMClR) agonist 

ligand-receptor interactions and a proposed mechanism 
for receptor activation 

Carrie Haskell-Luevano, Ying-kui Yang, Chris Dickinson, 
and Ira Gantz 

University of Michigan Medical Center, Ann Arbor, MI 48109, USA 

The melanocortin receptor, MC1R [1,2], regulates mammalian pigmentation and coat 
color. We have developed a working 3D homology molecular model of the human MC1R 
[3] and tested specific proposed agonist ligand-receptor interactions (Fig. 1) by site 
directed mutagenesis. This study included single, double, triple, and quadruple mutations 
of the hydrophilic and hydrophobic binding pockets. Mutational analysis included both 
competitive binding and functional (cAMP) bioassays. The ligands analyzed on each of 
these mutations included the native hormones a-MSH (Ac-SYSMEHFRWGKPV-NH2), 
y-MSH (YVMGHFRWDRPG) and the superpotent synthetic ligands NDP-MSH ([Nle4, 
DPhe7] a-MSH) and MTO (c[Asp5, DPhe7, Lys10] a-MSH(4-10). 

- 1 9 6 ^ ~ Ptie-175 fi^Wphe_179 

Ligand 

His6-DPhe7-Arge-Trp9 

H / " O / " O 
Tyr-182 
and/or 
Tyr-183 

n2iN • -• -c i 

Cys-125 O -V 
Glu-94^^"0 - _! o 

Asp-121^0 O^Asp-117 

Fig. 1 Putative melanocortin core sequence (His-DPhe-Arg-Trp)-hMCIR interaction. 
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Results and Discussion 

Table 1 summarizes mutational results of the putative hydrophilic region of the hMClR 
binding pocket. Interestingly, all these mutations result in a shift in potency order from 
MTII>NDP>a-MSH>y-MSH to NDP>MTn>a-MSH>y-MSH. Additionally, y-MSH lost its 
ability to competitively displace [125I] NDP-MSH in all these mutant receptors. 

Table 1. Binding IC50 (nM) values of the melanocortin ligands on the mutant receptors. 
Mutant a-MSH NDP-MSH MTB y-MSH 
hMClR 
E94A 
D117A 
D121A 

D117A/D121A 
E94A/ 

D117A/D121A 
D121K 
D121N 

2.58±0.33 
268±13 
125+9 
235±9 
176±11 
293+15 

>1000 
>1000 

0.67+0.09 
2.15±0.46 
5.20±0.35 
7.10±0.80 
9.20±2.50 
10.6±1.2 

31.2+1.8 
27.5±3.8 

0.24±0.02 
15.5+3.3 
42±3 
86+15 
97±32 
123±10 

>1000 
>1000 

11.5+0.76 
>1000 
>1000 
>1000 
>1000 
>1000 

>1000 
>1000 

Table 2. Binding (B) and cAMP (C)fold difference from wild type values. 
a-MSH NDP-MSH MTU y-MSH 

Mutant B C B C B C B C_ 
D117A 48 291 7.8 13 176 753 none non( 
D121K 
D121N 

D117A/D121A 
E94A/ 

D117A/D121A 

none 
none 
68 
113 

none 
none 
621 
none 

47 
41 
14 
16 

none 
513 
825 
3258 

none 
none 
404 
512 

none 
none 
7215 
none 

none 
none 
none 
none 

none 
none 
none 
none 

Comparison of the intracellular cAMP accumulation for the mutants correlated well 
with the binding IC50 values with the exception of D117A, D121K, D121N, 
D117A/D121A, and E94A/D117A/D121A mutant receptors (Table 2). The difference is 
determined by comparing the mutant ligand values with the corresponding hMClR wild 
type values. Mutations of the aromatic residues resulted in up to ca. 10-fold differences 
(data not shown). These data strongly implicate the importance of these residues for signal 
transduction. 
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Novel non-phosphorylated peptides binding 
to the Grb2-SH2 domain 
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Grb2 is an intracellular adaptor protein that functions in transmitting growth factor (GF) 
signaling through its SH2 domain and two SH3 domains. The involvement of mutated erbB 
family of GF receptors is well documented in a number of cancers, and phosphorylated regions 
of such receptors interact with the Grb2-SH2 domain [1,2]. With the aim of developing 
antagonists to such interactions, a non-phosphorylated cyclic peptide with high affinity for the 
Grb2-SH2 domain was identified (1, Table 1), using phage library methods (IC50 = 10-25 pM) 
[3]. This lead peptide has 9 amino acid residues flanked by 2 terminal disulfide linked 
cysteines. 1 has been shown to competitively inhibit the binding of the open-chain pTyr 
peptide, 2. These initial studies also showed that reduction of the disulfide link in 1 or 
replacement of the terminal cysteines with serines, producing open chain analogs 3 and 4, 
abrogated Grb2 binding affinities. We report here our structure activity studies on this 
novel cyclic non-phosphorylated Grb2-SH2 domain binding peptide, 1, with the aim of 
identifying the a.a.'s required for high binding affinity, and the development of redox stable 
thioether cyclized analogs that should be useful in in cell studies 

Results and Discussion 

Alanine was substituted at positions 2 to 10 in the phage library based lead peptide, 1, using 
Fmoc chemistry based SPPS on PAL amide resin, and using K3Fe(CN)6 catalyzed disulfide 
bridge formation. Binding affinity studies, using surface plasmon resonance, demonstrated that 
all a.a. substituents, except Leu3 and Gly8, are functionally important for high affinity binding 
to Grb2-SH2. The evidence for extensive interactions of a.a. residues with the SH2 domain 
binding site supports the initial results showing selectivity to Grb2-SH2, compared to Src-SH2 
(unpublished results). 

Several redox stable cyclic peptide analogs were prepared. Our design of a thioether 
analog, 5, essentially similar in ring size to 1 (35 bonds in 1, and 33 bonds in 5), retained full 
binding affinity (ICso=10-15 pM). Peptide 5 was prepared starting with the PAL resin-bound 
protected peptide, ELYENVGMYC, which was then N-terminally chloroacetylated [4]. After 
resin cleavage and deprotection, the peptide was cyclized to the thioether at pH 8 through 
intramolecular nucleophilic displacement of the chloro group by the cysteine SH. An N-
terminally Gly extended analog 6, was inactive in binding assays. Also, the amide backbone 
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cyclized peptide 7, containing the 9 a.a.'s of l.was found to be inactive (27 membered ring). 

Table 1. Binding affinity of various synthetic peptides to Grb2-SH2. 

P e P t i d e Chemical structure IC50 (|xM) Peptide Chemical structure IC^ (LIM) 

O 
1 C'-E-L-Y^-E-N^V-G-.M-Y-C11 10-25 5 C-NH-E'-L-Y-E-N-V-G-M-Y-C10 10-15 

CH2 S S CH, CH2 S CH, 

2 D'-D-P-S-pY-V-N-V-Q9 2 6 C ' - N H - G ' - E - L - Y - E - N - V - G - M - Y - C 1 1 

y , , • • » ™ 2 S CH2 

3 C'-E-L-Y-E-N-V-G-M-Y-C11 inactive3 

inactive 

O 

4 S'-E-L-Y-E-N-V-G-M-Y-S11 inactive" 7 HN-E'-L-Y-E-N-V-G-M-Y^-C inactive' 

acarried out in presence of DTT, IC5 0 > 200 [xM. bat 200 (xM peptide concentration < 20 cc activity found. 
c n o activity observed at 200 [xM. 

Our results indicate that the cyclic structure and specific ring size are determining factors 
for retaining binding affinity. Initial NMR studies were confirmatory, showing that peptide 5 
has a defined conformation in DMSO, with a P-type turn in the Y3-E-N-V6 region, as shown 
by strong NH - - HN NOE between Asn5 and Val6; and a low temperature-coefficient for the 
Val-NH proton exchange, indicating hydrogen bonding. Modeling studies, using Grb2-SH2 
3D coordinates [2], predict that a cyclic peptide with such a turn can be accommodated in 

binding to the Grb2-SH2 domain. 
The redox stable 5, but not 1, was effective in blocking Grb2 binding to activated 

phosphoprotein pl85erbB2 in cell homogenates, thus inhibiting downstream cellular signaling. 
1 and 5 are the first peptides which clearly demonstrate significant SH2 domain binding 
properties in the absence of phosphate or phosphate-mimicking functionality. 
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An endothelin-A / lutropin chimeric receptor exhibits ligand-
mediated internalization in the absence of signaling 
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Endothelin-1 (ET-1) is a 21 amino acid residue peptide that elicits potent contractile actions 
in vascular smooth muscle cells, and also has proliferative and cytokine activity [1,2]. These 
actions are initiated by its binding to the extracellular domain and within the pocket of the 
seven transmembrane helices of the endothelin-A receptor (ETAR), a member of the G protein-
coupled receptor family (GPCR). Ligand binding results in the primary activation of Gq, to 
give rise to an increase in intracellular concentrations of inositol 1,4,5-trisphosphate (IP3), 1,2-
diacylglycerol, and calcium [3,4]. Another GPCR member, the lutropin receptor (LHR), was 
studied. It is involved in gonadal steroidogenesis and signals primarily by activating Gs, thus 
stimulating the cAMP pathway, upon binding the glycoprotein hormone, human 
choriogonadotropin (hCG) [5]. The events regulating the subsequent internalization and 
possible recycling of the receptor-ligand complex are, however, poorly understood. In 
addressing the relationship of GPCR signal transduction and receptor internalization, we 
engineered a chimeric constmct replacing the cytoplasmic tail of ETAR with that of LHR (E/L-
R) that retained ET-1 binding similar to that of wild type ETAR, but exhibited no signaling by 
either IP3 or cAMP pathways. Interestingly, ligand-mediated E/L-R internalization still 
occurred, although at a slower rate than with ETAR. 

Results and Discussion 

We set out to elucidate the molecular determinants for ligand-mediated endocytosis of ETAR. 
Receptor cDNAs of wild type and chimeric E/L-R and L/E-R (LHR with a ETAR cytoplasmic 
tail) were expressed in HEK 293 cells for saturation binding studies with the respective 
radioiodinated ligands, [125I]hCG and [125I]ET-1, and exhibited similar binding affinities 
(Table 1). The lack of cell surface binding by L/E-R precluded further studies with this 
chimera. Equal numbers of cell surface ETAR and chimeric receptors (66,000 receptors/cell), 
expressed in clonal HEK 293 cells, yielded very different signaling characteristics. At a 
maximal concentration of 0.1 mM ET-1, HEK 293 cells expressing ETAR activated an 8-fold 
stimulation of IP3 and a 2-fold increase of cAMP, whereas the E/L-R yielded no significant 
stimulation of IP3 or cAMP above basal levels. The wild type LHR activated over a 100-fold 
stimulation of cAMP and negligible levels of IP3 with a maximal dose of 1.3 mM hCG. 

Next, the consequence of diminished signaling by the chimera on receptor endocytosis 
was studied using an adapted concanavalin A-mediated plasma membrane separation method 
[7]. Cells expressing the receptor constructs were pre-incubated with their respective 
radiolabled ligand (0.1 nM [125I]ET-1 and 1.3 nM [125I]hCG) at 0°C. Subsequently, the cells 
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were washed and incubated at 37°C for 0-2 h in the absence of ligand such that the same 
amount of initial ligand was bound at all time points. Concanavalin A binding to intact cells 
enabled enhanced separation of plasma membrane (fractions 10-12) from intracellular 
membranes (fractions 2-4) by sucrose gradient centrifugation. Due to the tight receptor binding 
of peptide ligands such as ET-1, this method was employed rather than the common acid-wash 
procedure [8] in determining the rate of endocytosis. Rapid [125I]ET-1 internalization (U/2 = 
5 min, ke = 0.1 min"1) was observed upon incubation with the ETAR clonal HEK 293 line at 
37°C, while LHR and the chimera both exhibited similar kes (0.03 min"1) and a tm = 15 min 
(Table 1). 

Table 1. The binding, signaling, and endocytic properties of receptor constructs. KD was determined 
by saturation binding of [mI]ET-1 to ETAR and E/L-R, and [ml]hCG to LHR. IP3 production in 5 s 
at 37°C and cAMP accumulation for 30 min at 37°C was measured in the presence of their respective 
ligands. ND denotes non-detectable or negligible signaling above basal level. 

Recept Binding Signaling Endocytic Rate 
(KD) g3(EC5o) cAMP(Ec50) (Ke) [6] 

EAAR OlnM 1.3nM 9.4 nM 0.10 min"1 

E/L-R O.lnM ND ND 0.03 min"1 

LHR 0.3nM ND O.lnM 0.03 min' 

These results indicate that ET-1 is rapidly internalized by ETAR in the presence or 
absence of second messenger signaling. The ETAR cytoplasmic tail is important in IP3 and 
cAMP induction but is not required for internalization. Since the ability of the LHR-
cytoplasmic tail only retards ETAR endocytosis, it appears to have more of a modulatory role 
in ligand-mediated receptor endocytosis. 
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The human muscarinic (hm) receptors, which are members of the G protein-coupled 
receptor superfamily, consist of seven transmembrane helices (TMH I-VII) interconnected 
by intracellular and extracellular loops (Fig. la). Although ligand binding in the 
superfamily requires the presence of all seven transmembrane helices, it does not require 
their covalent interconnection. Proteolysis of the P-adrenergic receptor showed that the 
receptor fragments were able to catalyze agonist-stimulated binding of GTPyS [1]. In 
another study, biochemically truncated bacteriorhodopsin (TMH Hl-Vn) was reconstituted 
in liposomes with two synthetic peptides to regenerate function [2]. The purpose of this 
research was to generate a semi-synthetic muscarinic receptor capable of binding ligand 
and to explore the role of TMH VII in subtype selective ligand binding [3] by combining a 
cloned truncated receptor of subtype 1 (hml trunc) with a synthetic peptide corresponding 
to either the TMH VII of hml or hm2 (Fig. lb). 

mm 
Fig. 1 Structure of the wildtype muscarinic receptor (a) and reconstituted receptor (b), which 
consists of a cloned and expressed receptor fragment(u) and synthetic transmembane helix 

vil (a). 

Results and Discussion 

hml VE PETLWELGYWLCYVNSTINPMCYALCNKAFRDTFR 
hm2 VE PNTVWTIGYWLCYINSTINPACYALCNATFKKTFK 

Peptides corresponding to TMH VII of hml and hm2 were synthesized using Fmoc 
chemistry. After incorporation into liposomes from mixed soybean phospholipids [4], the 
membrane localization and conformation of the hml VE peptide were evaluated by 
fluorescence quenching and circular dichroism (CD). Quenching of the tryptophan 
fluorescence by 30 mole% (6-7 dibromo) phosphatidylcholine (PC) (Fig. 2a) suggested that 
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the peptide was incorporated into the bilayer. Negative CD bands at 220 and 210 nm 
indicated that the lipid-bound peptide had considerable alpha-helical content (Fig. 2b). 

The gene fragments for the truncated ml and wild type ml receptors (Fig. 1) were 
generated by PCR and cloned into the pCDNA 3.1 His expression vector. Following 
transfection of the plasmids into human 293-T cells, stable transformants were selected 
with 3 mg/ml neomycin. The resulting clones were then grown in cell culture and the 
membranes isolated. Neither hml trunc alone nor hml trunc fused with blank liposomes 
showed ligand binding displaceable with atropine. Fusion of the truncated muscarinic 
receptor in membranes by two cycles of freeze-thawing with soybean lipid liposomes 
containing a 1000-fold molar excess of TMH VE peptide resulted in a receptor capable of 
displaceable ^igand binding. Saturation ligand binding studies with 3H-N-methyl 
scopalamine ( H-NMS) indicated that hml trunc. reconstituted with hml VE had an 
apparent KD approximately 10-fold greater than the ml wild type (11 and 1 nM, 
respectively). Competition ligand binding assays with the ml-selective antagonist, 
pirenzepine, showed that the hml trunc + hm2 VE and the hml trunc + hml VE receptors 
had reduced affinity for pirenzepine (K = 5.5 vs. 0.83 pM, respectively), compared to ml 
wild type (23 nM). 

300 350 400 450 
Wavelength (nm) 

500 200 210 220 230 240 250 

Wavelength (nm) 

Fig. 2. Fluorescence quenching of hml VII in 30 % Br-PC vesicles (a) and CD spectra of hml VII 
in PC vesicles (b) 

Preliminary results suggest that a truncated muscarinic receptor (TMH I-VI) can be 
reconstituted with a synthetic peptide corresponding to the TMH VE of either hml or hm2 
to regenerate saturable specific muscarinic ligand binding. While the reconstituted 
receptors have lower affinity for both H-NMS and pirenzepine than wild type, the hml 
trunc + hml VE receptor appears to have a 6-fold-selectivity for pirenzepine over the hml 
trunc + hm2 VE reconstituted receptor. 

References 

1. Rubenstein, R.C, Wong, S.K. and Ross, E.M., J. Biol. Chem., 262 (1987) 16655. 
2. Kahn, T. and Engelman, D., Biochemistry, 31 (1992) 6144. 
3. Wess, J., Bonner, T.I. and Brann, M., Mol. Pharmacol., 38 (1990) 872. 
4. Tamm, L.K. and Tatulian, S.A., Biochemistry, 32 (1993) 7720. 



Modeling somatostatin receptor-ligand complexes 
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Somatostatin is a cyclic tetradecapeptide which was originally characterized as a 
physiological inhibitor of growth hormone [1]. In addition, somatostatin has effects on 
many other biological processes. The actions of somatostatin are mediated by specific 
receptors. To date, five somatostatin receptor subtypes (SSTR1-5) have been cloned [2]. 
Since somatostatin receptors are membrane-bound proteins, it is difficult to determine their 
structures by either x-ray or NMR. Meanwhile, empirical approaches and mutagensis 
studies have been carried out to probe interactions between the somatostatin receptor and 
its ligands[3,4]. In the current study, we modeled somatostatin receptors (SSTR2 and 
SSTR5) by using rhodopsin as the template and docked somatostatin analogs into the 
binding site. Based on the interactions in the somatostatin receptor-ligand complexes, we 
designed and synthesized novel somatostatin analogs. 

Somatostatin H-Ala-Gly-c[Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Ser-Cys]-OH 
L-363,301 c[Pro6-Phe7-D-Trp8-Lys9-Thr10-Phen] 

Results and Discussion 

As shown in the structure of SSTR2/L-363,301 complex (Fig. 1), the binding pocket of the 
receptor is located in the center pole surrounded by TM 3-7. L-363,301 was docked into 
the binding pocket in which D-Trp -Lys9 sits at the botton. The bridge region of L-363,301 
(Phe11- Pro6) interacts with extracellular loop 3 (ECL3) which is at the top of the binding 
pocket. 

By examining our model of the somatostatin receptor-ligand complexes, we can 
identify the specific interactions between the residues in the receptor and the critical 
components in the ligands, such as the sidechains of Phe7, D-Trp8, Lys9and Phe11. In 
addition, we found that the electrostatic properties of ECL3 are very different in SSTR2 
and SSTR5. In SSTR2, this loop is relatively neutral while in SSTR5 the loops is highly 
acidic. We envision that subtype selective somatostatin analogs can be obtained by 
modifying the corresponding residues in the ligands that interact with the binding pocket 
and ECL3. Based our model, we designed and synthesized analogs of L-363,301 (I) in 
which Pro6 was replaced by peptoid residues such as N-benzyl glycine (E), N-(R)-a-
methylbenzyl glycine (IE) and N-(S)-a-methylbenzyl glycine (IV). 

The parent compound (I) can bind to SSTR2 and SSTR5 with equal affinity at the 
nanomolar level. Compound (E) has 3-fold selectivity towards SSTR2. When chiral 
sidechains are introduced into the peptoid structure, compound (IE) shows increased 
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Fig. 1. The structure ofSSTR2/L-363,301 complex. 

binding affinity to SSTR2 one order of magnitude greater than compound (I) while 
compound (IV) shows reduced binding potencies to both SSTR2 and SSTR5. 

Conclusion 

We modeled somatostatin receptor SSTR2 and SSTR5 by using rhodopsin as a template 
and docked somatostatin analog L-363,301 into the binding pocket. Based on our model of 
the receptor-ligand complex, we designed and synthesized peptoid-containing analogs that 
show SSTR2 selectivity compared to the parent compound. The approach which we 
presented is now being explored in our laboratories to develop more selective somatostatin 
analogs. 
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Solution synthesis and structure revision of dendrotoxin I 
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Dendrotoxin I (DTX-I) is a specific blocker of neuronal voltage-sensitive potassium 
channels consisting of 60 amino acid residues that was isolated from the venom of the 
black mamba Dendroaspis polylepis polylepis [1, 2]. Calcicludine (CaC), a peptide highly 
homologous to DTX-I, isolated from the venom of Dendroaspis augusticeps (the green 
mamba), has been shown to be a potent blocker of high-threshold calcium channels with a 
high affinity for L-type channels in cerebellar granule neurons [3]. Our recent study of CaC 
synthesis by the solution procedure demonstrated that the synthetic peptide is identical to 
natural CaC [4]. To elucidate the structure-activity relationships of these homologous 
peptides with different biological activities, we synthesized DTX-I according to the 
reported structure (PyrPLRKLCILHRNPGRCYQKIPAFYYNQKKKQCEGFTWSGCGG-
NSNRFKTIEECRRTCIRK) by the same procedure used for CaC synthesis and compared 
it with the natural product by HPLC as well as by measuring receptor binding. 

Results and Discussion 

The protected peptide was assembled in solution from six segments as reported for the 
synthesis of CaC using our newly developed A^-cyclohexyloxycarbonyltryptophan 
compound Trp(Hoc) which is suitable for Boc strategy [4, 5]. The protected peptide was 
treated with HF/anisole (9/1) at -5°C for 1 h without addition of thiol to remove all but 
Acm protecting groups. After purification by RP-HPLC, the resulting (6Acm)-peptide was 
treated with Hg(Oac)2/2-mercaptoethanol to remove the remaining Acm groups. The 
reduced peptide thus obtained was subjected to the oxidative folding reaction in the 
presence of reduced and oxidized glutathione (GSH/GSSG) and then purified by HPLC. 
Amino acid analysis and the molecular weight of the final product agreed well with 
theoretical values. The disulfide structure of the final product was confirmed to be the 
same as that of the reported structure [6]. When compared by HPLC with natural DTX-I, 
the synthetic product had different profiles on HPLC and CZE (Fig. 1). After DTT 
reduction followed by pyridylethylation and enzymatic digestion, the products were 
mapped on HPLC, and one fragment of our synthetic peptide was found to have a different 
retention time from the corresponding natural fragment. Determination of their structures 
showed that the Asn residue at position 12 in the synthetic product should be replaced by 
Asp, although the reported structure of DTX-I had been confirmed by NMR [7]. We thus 
resynthesized DTX-I with Asp instead of Asn at position 12 and found it to be identical 
with the natural product in all respects. 
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Fig. 1. Coinjection of the synthetic peptide and natural DTX-1 on RP-HPLC. 

Next, we measured the binding activity of both [Asn12]- and [Asp12]-DTX-I as well as 
natural DTX-I on the dendrotoxin receptor of rat brain synaptosomal membrane. The 
results demonstrated that [Asp12]-DTX-I has almost the same binding activity as that of 
natural DTX-I, while [Asn'2]-DTX-I has slightly higher binding activity. In order to 
confirm the possibility of conversion of [Asn12]-DTX-I into [Asp12]-DTX-I, we examined 
the stability of both synthetic peptides on HPLC under the various conditions used for 
isolation and purification of natural DTX-I [1,8]. The data demonstrated that both peptides 
were stable and no specific conversion had occurred. From these results, we 
concluded that the Asn residue at position 12 in the DTX-I molecule should be revised to 
Asp, although this amino acid substitution does not affect binding activity. We have also 
synthesized two chimeric peptides of DTX-I and CaC, DTX-I(l-29)/CaC(30-60) and 
CaC(l-29)/DTX-I(30-60), to help elucidate which part of the molecule is responsible for 
distinguishing between calcium and potassium channel blockers. The binding activity 
measurements of both chimeric peptides on the dendrotoxin receptor showed that the N-
terminal half region of the DTX-I molecule is important for binding to its receptor. 
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Amphipathic a- and 3io-helical peptides with in vitro 
and in vivo bioactivity 
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Melittin, cecropins, and magainins are representatives of scores of natural peptide toxins 
and antimicrobial peptides that contain putative amphipathic a-helical domains [1]. De 
novo peptides designed to form perfectly amphipathic a-helices have the same or higher 
bioactivities as these natural peptides [2]. We discovered de novo peptide helicity 
correlates with cytotoxicity and that shorter peptides retained antimicrobial activity but 
have reduced cytotoxicity [3]. To retain helicity as peptide length was further reduced, we 
have replaced natural amino acids with a,a-disubstituted amino acids (aaAAs) to give 
peptides that contain 50-80% aaAAs [4]. We have tested these peptides in vitro against 
representative Gram negative and Gram positive bacteria and in vitro and in vivo against an 
intracellular pathogen, Brucella abortus. Interestingly, B. abortus is one a few Gram 
negative bacteria that are relatively resistant to the direct antimicrobial effects of this class 
of peptides [5]. Pi-10 and Ipi-10 show no MIC activity at 100 pM peptide concentrations 
against B. abortus, yet show in vivo Brucella reductions in chronically infected Balb/C 
mice at lower whole animal peptide concentrations. B. abortus infects and replicates in 
host macrophages causing chronic infection in livestock and humans [6]. In animals, 
Brucella sp. causes abortion and infertility. In humans, Brucella sp. causes brucellosis or 
undulant fever with flu-like symptoms for up six months and is sometimes fatal. A 30-45 
day antibiotic regimen reduces complications, but relapses can occur, symptoms of the 
disease persist, and there is no safe human vaccine. Brucella infection is slow to respond to 
treatment because intracellular Brucella are protected from effective antibiotic 
concentrations, the complement cascade, neutrophils, and brucella specific antibodies. 
There is clearly a need for more effective treatments to combat brucellosis and other 
diseases caused by intracellular pathogens. For instance, tuberculosis has a similar etiology 
and is the single most lethal infectious disease in man [7]. 

Results and Discussion 

These aaAA rich peptides have higher in vitro antimicrobial activity than de novo peptides 
composed of all natural amino acids of the same length, similar sequence, and 
hydrophobicity [4]. In order to prepare amphipathic peptides with 80% aaAA content, we 
have synthesized novel aaAAs that are lysine analogs [8]. 4-Aminopiperidine-4-carboxylic 
acid, Api, is one example used to prepare two sequence permutation isomers, Pi-10, H-
Aib-Aib-Api-Lys-Aib-Aib-Api-Lys-Aib-Aib-NH2, and Ipi-10, H-Api-Aib-Aib-Lys-Aib-
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Aib-Lys-Aib-Aib-Api-NH2, which form amphipathic a- and 3io-helices in membrane 
mimetic media [9] but have significantly different bioactivities in vitro and in vivo. Pi-10 
has MIC values of 7.7 and 123 pM against E. coli and S. aureus, respectively. Of the score 
of peptides tested, Pi-10 has the best in vivo activity against B. abortus in Balb/C mice and 
the best in vitro selectivity for killing brucella infected murine macrophages (T.S. Yokum, 
R.P. Hammer, M.L. McLaughlin and P.H. Elzer, unpublished). Pi-10 reduces splenic 
brucellae loads by 90% in a single i.v. dose of 500 pg/mouse and selectively kills B. 
abortus infected murine macrophages at higher rates than normal, non-infected murine 
macrophages. 

In spite of reports in the literature suggesting that de novo amphipathic 3]0-helical 
peptides are devoid of antimicrobial activity against representative Gram negative and 
Gram positive bacteria [10], we find that Ipi-10 has high antimicrobial activity against E. 
coli but no activity against S. aureus with MIC values of 4.0 and >256 pM, respectively. 
Ipi-10 is also more toxic in mice than its a-helical isomer, Pi-10, but retains modest 
antibrucella activity in mice reducing splenic brucella loads 55% in a single 500 pg i.v. 
dose/mouse. Unfortunately, the mice were stressed at this dose. 

Pi-10 is the most active example of several aaAA rich peptides that selectively lyse 
infected macrophages thus releasing the intracellular brucella that are killed in vivo by the 
immune response. Ipi-10 is the first example of a basic amphipathic 3io-helical peptide 
with MIC activity against E. coli. The 3io-helix is about 20-25% longer with a tighter helix 
than an a-helical peptide of the same length. As a result, 3io-helical peptides may retain 
higher activity at shorter lengths than analogous a-helical sequences. 
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Hwman-a-Calcitonin gene-related peptide (h-oc-CGRP), the product of alternative splicing 
of the calcitonin gene, is a potent vasodilator of numerous blood vessels [1]. This peptide 
(Fig. 1) possesses a well-defined loop bridged by a disulfide bond between positions 2 and 
7, and an a-helix spanning positions 8 to 18 [2]. Previous structure-activity studies have 
shown that the disulfide bond is essential for binding to and activates of CGRP receptors in 
cardiac tissues [3]. To examine the effect of conformationally constraining the disulfide 
bridge we report the synthesis, binding and functional properties of CGRP analogues 
containing L/D-Pen residues in positions 2 and/or 7. 

Results and Discussion 

All analogues listed in Table 1 were synthesized by Merrifield's solid phase peptide 
synthesis methodology on an Applied Biosystems 430A peptide synthesizer. Boc-amino 
acid derivatives were coupled to MBHA resin using DIC and HOBt in NMP. Asn31 and 
Gly21 to Ala1 were double coupled to maintain coupling yields >99%. Double coupling of 
Boc-D-Pen(MeOBzl)-OH to Val8 of the growing peptide resin resulted in a poor yield of 
78%. Attempts to optimizate the coupling conditions led to the use of the BOP reagent, 
which improved the yield to 93% after a double coupling. Cleaved products were purified 
by RP-HPLC and had satisfactory amino acid compositions and mass determinations. 
The binding affinity of each analogue was determined as its ability to inhibit 125I-h-a-
CGRP binding to membranes prepared from pig coronary arteries and functional 
experiments determined each analogue's ability to relax pig coronary arteries. h-a-CGRP 
caused relaxation of coronary arteries and bound to G-protein coupled and uncoupled 
states of the receptor. [Pen2]-h-a-CGRP was an equipotent full agonist with the same 
affinity as h-a-CGRP for the CGRP receptor. Changing the configuration of Pen2 only 
caused minor reductions in potency and affinity. However, a Pen residue in position 7 
resulted in significant reductions in potency and binding affinity. Furthermore, [D-Pen7]-h-
a-CGRP, rather than showing any agonist effects but was a weak antagonist. Binding and 
functional properties of the disubstituted Pen analogues were consistent with those of the 
monosubstituted Pen analogues. All [D-Pen7]-containing analogues were antagonists of 
which [D-Pen2,7]-h-a-CGRP had the highest affinity. 
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Ala1-Cys2-Asp3-Thr4-Ala5-Thr6-Cys7-Val8-Thr9-His10-Arg11-Leu12-Ala13-Gly14-Leu15-
Leu16-Ser17-Arg18-Ser19-Gly20-Gly21-Val22-Val23-Lys24-Asn25-Asn26-Phe27-Val28-Pro29-

Thr30-Asn31-Val32-Gly33-Ser34-Lys35-Ala36-Phe37-NH2 

Fig. 1. Primary structure of human-a-calcitonin gene-related peptide. 

Table 1. Potencies and binding affinities of Pen substituted h-a-CGRP analogues. 

Analogue Potency Binding Affinity 
EC50 (nM) KD(nM) 

h-a-CGRP 

h-a-CGRP (8-37) 

[Pen2]-h-a-CGRP 
[Pen7]-h-a-CGRP 

[D-Pen2]-h-a-CGRP 
[D-Pen7]-h-a-CGRP 

[Pen2,7]-h-a-CGRP 
[D-Pen27]-h-a-CGRP 

[Pen2, D-Pen7]-h-a-CGRP 
[D-Pen2, Pen7]-h-a-CGRP 

3.58±0.49 

212.05151.48a 

7.6411.27 
296.15156.4 
30.9117.6 
283011932a 

>10,000 
629.5194.3" 

1224.6178.3a 

165.4156.2 

0.1810.12 5.1911.6 

18.8816.6 

0.1110.08 4.8911.34 
83.03 110.88 

6.1211.28 
136.42110.86 

115.75115.7 
92.3212.1 
75.62119.8 
50.05 ± 9.8 

"Antagonist KB values. 

Substitution of Cys7 for D-Pen abolishes agonist the effects of h-a-CGRP and 
produces an antagonist. The most potent antagonist, [D-Pen2,7]-h-a-CGRP, has an affinity 
for CGRP receptors similar to that of h-a-CGRP (8-37). NMR and CD studies of this 
conformationally constrained peptide should provide useful insights into the topographical 
and conformational properties of CGRP receptor antagonists. 
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Parathyroid hormone (PTH) and various analogues have been shown to be effective 
stimulators of bone synthesis [1]. The hormone stimulates both adenylyl cyclase (AC) and 
phosphatidylinositol-specific phospholipase-CP (PI-PLC). PI-PLC activity requires only the 
29-32 sequence. AC and full bone anabolic activities require only the 1-31 sequence, which 
also lacks PLC activity [2]. We have shown that residues 21-31 contain an amphiphilic 
a-helix [3], and that this helix can be stabilized by forming lactams between the naturally 
occurring sequences Glu22..Lys26 or Lys26..Asp30 [4]. In this work, we have examined the 
secondary structure and bioactivities of lactams of hPTH(l-31)-NH2 formed between 
Glu22..Lys26, Lys26..Asp30, and Lys27..Asp30. 

Results and Discussion 

The absolute value of 6222 is related to the amount of a-helix in a peptide. Formation of 
both of the i, i+4 lactams led to an increase in a-helix, compared to either linear form, whereas 
the i, i+3 lactam had diminished a-helix (Table 1). The Glu22..Lys2 lactam (3) had about 3x 
the AC activity of its linear parent sequence (2). However, both of the other lactams resulted 
in some diminishing of AC activity compared to the linear parent (Table 1). 

Table 1 Circular dichroism and adenylyl cyclase activities ofhPTH analogues. 

Peptide -0222 x IO"3 (deg.cm2.dmol"1)a AC (EC50) (nM)6 

(l)hPTH(l-31)NH2 

(2) [Leu27]hPTH(l-31)NH2 

(3)[Leu27]c(Glu22-Lys26)hPTH(l-31)NH2 

(4)[Leu27]c(Lys26-Asp30)hPTH(l-31)NH2 

(5) c(Lys27-Asp30)hPTH(l-31)NH2 

" CD in 25 mM sodium phosphate, pH 7.2, measured with JASCO J600 spectropolarimeter. 
* Peptide concentration (EC50) inducing 50% of maximum observed production of [3H]-cAMP. 
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7.55 

7.35 

10.88 

10.56 

6.32 

19.9 (±3.9) 

11.5 (±5.2) 

3.3 (±0.3) 

16.9 (±3.3) 

40.3 (±2.3) 
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F/g. /. Trabecular volumes and mean trabecular thicknesses of rat femurs treated with analogue 3. 

Normal OVX C(Glu22-Lys26) 

Fig. 2. Demineralized specimens of normal, OVX, lactam 3 treated distal femurs. 

To test the anabolic activity of the analogues, rats were depleted of bone for 9 weeks 
after ovariectomy (OVX). Rats were injected subcutaneously daily (6 days/week) with 
0.6nmol/100 g of peptide or vehicle (0.15 M NaCl, 0.001 N HCl, H20). By 8 weeks after 
ovariectomization, there was severe depletion of femoral trabecular bone, as seen in 
metaphyseal mean trabecular volumes and thicknesses (Fig. 1) and decalcified sections (Fig. 
2). HPTH(l-31)NH2 (1) and its lactam analogues 3 and 4 were able to restore bone. Lactam 
3 was the most effective of the 3 analogues and bone loss was restored fully by treatment with 
this analogue (see data in Fig 1 and 2). 
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Multifunctional chimeric analogs of small peptide hormones: 
Agonists and receptor-selective antagonists 

John Howl and Mark Wheatley 
School of Biochemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT, UK 

G-protein-coupled receptors (GPCRs) for the structurally diverse nonapeptide hormones 
vasopressin (AVP) and bradykinin (BK) regulate all major physiological systems and are 
important therapeutic targets. The strategy of synthesizing tandem-linked chimeric peptides 
to target GPCRs was largely pioneered by Ulo Langel and coworkers who derivatized N-
terminal fragments of the neuropeptide galanin to produce galanin receptor antagonists and 
novel probes of signal transduction events [1,2]. This intriguing approach was further 
developed by studies in our laboratory in which we synthesized chimeric peptides to 
combine structural and functional motifs of AVP and BK in a single molecule [3]. The 
rationale behind these studies was to develop chimeric peptides (agonists and antagonists) 
capable of interacting with multiple pharmacologically distinct GPCRs and to investigate 
the potential of exploiting specific ligand: GPCR interactions for the selective delivery of 
bioactive moieties to appropriate cells and/or tissues. 

Results and Discussion 

The well characterized structure:activity relationships of AVP and BK [4,5] can be utilized 
in the design of tandem-linked chimeric peptides which are pharmacologically selective. 
Single chain chimeric peptides including AVP(l-9)-BK(l-9) (H17) and AVP(l-9)-eAhx-
BK(l-9) (eAhx = aminohexanoic acid, HI8) bind with high affinity to the bovine B2a 

bradykinin receptor (BKR [6]) and stimulate inositol phosphate production via B2 BKRs 
expressed by NG115 401L cells [3]. These findings illustrate that chimeric peptides can 
activate GPCRs in a similar manner to monomeric agonists. Further studies revealed that 
peptides including [PhaaDTyr(Et)2Arg6]AVP( 1 -8)-eAhx-DArg°[Hyp3DPhe7Leu8]BK( 1 -9) 
(Phaa = phenylacetyl, H22), combining well characterized Via-selective and B2a-selective 
sequences (Table 1), are mixed high affinity antagonists at both the rat Via vasopressin 
receptor (VPR) and bovine B2a BKR [3]. Similar strategies are compatible with the 
synthesis of bioactive analogs of both AVP and BK derivatized with mastoparan, an active 
component of wasp venom, or the integrin-targeting function of fibronectin-related 'RGD' 
peptides. Significantly, chimeric hormone-mastoparan peptides are known to modulate the 
activity of several membrane-bound enzymes and exhibit biological actions different from 
those of their components and which may be independent of ligand: GPCR interaction 
[2,7]. These findings fuel additional interest in the application of chimeric peptides to 
address the molecular details of enzyme catalysis and signal transduction. 
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Table 1. Examples of tandem-linked chimeric peptides. 

Peptide sequence Binding affinity (kd, mean ± SEM, nM) 
V,,VPR B2aBKR 

AVP(l-9)-BK(l-9) 1,900 ±400 52.1+2.9 

[PhaaDTyr(Et)2Arg6]AVP(l-8)-eAhx- 0.31 ±0.14 4.81 ±2.13 

DArg°[Hyp3DPhe7Leu8]BK( 1-9) 

[PhaaDTyr(Me)2Arg6Tyr9]AVP(l-9)-mastoparan 3.76 ±0.41 n.a 

RGDF-eAhx-DArg°[Hyp3DPhe7Leu8]BK(l-9) rua 12.8 ± 2.3 

Homo-dimeric peptides, synthesized by crosslinking an amino-terminal extended BK 
analog and a Vi.a-selective antagonist, represent new classes of B2 BKR agonist and Via-
selective VPR antagonist, respectively [3]. These findings are significant considering 
current models of peptide hormone:GPCR interaction which have specifically located 
GPCR-bound AVP and BK to a spatially confined hydrophobic domain of both the Via 

VPR and B2 BKR [8, 9]. We interpret our findings with chimeric and homo-dimeric 
peptides as evidence that analogs of AVP and BK interact with a peptide hormone binding 
site located at the molecular interface between the extracellular domains and more 
hydrophobic transmembrane helices of their respective GPCR [10]. 

We conclude that chimeric and homo-dimeric peptides, combining functional epitopes 
of AVP and BK, are novel tools for studying the biological activity of small peptide 
hormones and for probing the ligand binding site of GPCRs. 
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Generation of New Dmt-Tic 5 Opioid 
Antagonists: N-Alkylation 

Lawrence H. Lazarus,3 Severo Salvadori,b Gianfranco Balboni,b Remo 
Guerrini,b Clementina Bianchi,b Peter S. Cooper3 and Sharon D. Bryant3 

"NIEHS, Research Triangle Park, NC, 27707, U. S. A., bUniversity of Ferrara, Ferrara 44100, Italy 

To enhance 8 antagonist interaction at opioid receptors, new opioid antagonists were 
developed by substitution of 2',6'-dimethyl-L-tyrosine (Dmt) for Tyr1 in Tyr-Tic peptides 
(DTOH), in these peptides, Kj8 and selectivity (Kip/Ki8) increased ca. 5 orders of magnitude 
and >l,000-fold, respectively [1]. The peptides were antagonists in vitro [1] and in vivo [2,3]. 
A limiting factor is the formation of a diketopiperazine during synthesis [4,5], nonetheless, 
cycfo(Dmt-Tic) exhibited activity with K8 ca. 10 nM, weak selectivity and bioactivity [6] 
which implied the dimethyl groups enhanced activity compared to the inactive cyc/o(Tyr-Tic) 
[7]. To prevent cyclization and augment hydrophobicity, DTOH antagonists were N-alkylated 
to form secondary or tertiary amines, and the C-terminal free acid function was modified. 

Results and Discussion 

N-Alkylation of DTOH yielded high affinity 8 antagonists (Table 1). NMe- or N,N(M.e)2-Tyr-
Tic cognates elevated KjS and Kp, but were orders of magnitude less selective than DTOH. 
AMe-DTOH 1 and the amidated analogue 3 decreased K,8 ca. 10- and 17-fold, respectively, 
and lost selectivity through increased Kp while 8 antagonism doubled relative to the title 
peptides. Aflvle-Dmt-Tic-Ala-OH (AMe-DTAOH) 4 had comparable activities. D-Dmt1 

analogues were generally detrimental; however, while 2 and 5 decreased KjS by 100-200-fold 
to low nM values, 5 yielded 8 antagonism equal to 1. A des-amino-aMe-Dmt1 analogue was 
inactive. Dimethylated peptides 6-8 exhibited high K8 and 10-fold increased antagonism, 
although KipTKiS of 7 fell relative to 6. These peptides (6-8) also exhibited weak 
p antagonism. Other N-alkylated derivatives of DTOH (diethyl, piperidine, pyrrolidine, 
pyrrole) decreased K8 to the 1-2 nM range and decreased selectivity accordingly. Increased 
K p of 3 and 7 reflected changes observed in amidated analogues [1]. Similarly, C-terminal 
modification (OMe, NH-NH2, NH-Me, NH-adamantane) greatly increased K,p, such that 
adamantanyl amide with or without A^AT-methylation exhibited both high K;8 and K;p and was 
an agonist. 
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Conclusion 

jV-Alkylation of DTOH and DTAOH forms secondary and teriary N-terminal amines that 
maintained high Kj8, 8 selectivity, and enhanced 8 antagonism. With increased hydrophobicity, 
they might act as probes to define the ligand-binding domain of 8 receptors and to expedite 
passage through the blood-brain barrier. As 8 antagonists they might have therapeutic 
applications to counter narcotic addiction, alcohol dependency, and to impair immune 
response. 

Table 1. Activity of N-alkylated Dmt-Tic 8 antagonists. K, and Ke values are nM for rat brain 
membranes and mouse vas deferens (MVD), while guinea-pig ileum (GPI) Ke and IC$0 values are pM. 

Cmpd 

DTOH 
DTAOH 

1 /VMe-DTOH 
2 MVIe-D-DTOH 
3 /VMe-DT-NH2 

4 /VMe-DTAOH 
5 jV,jV(Me)2-D-DTOH 
6 N, AT(Me)2-DTOH 
7 /V,jV(Me)2-DT-NH2 

8 N,jV(Me)2-DTAOH 

Ki5 

0.022 
0.285 
0.20 
3.19 
0.38 
0.14 
5.74 
0.12 
0.31 
0.076 

Kip 

3,320 
5,810 

380 
2,000 

955 
5,850 

13,100 
2,440 

511 
1,520 

K,p/Ki5 

150,800 
20,400 

1,870 
628 

2,500 
43,000 

2,280 
20,640 

1,655 
20,000 

MVD (nM) 

pA2 

8.20 
8.40 
8.55 
6.85 
8.66 
8.85 
8.62 
9.54 
9.91 
9.64 

K 

5.7 
4.0 
2.8 

141 
2.2 
1.4 
2.38 
0.28 
0.12 
0.22 

GPI 

pA2 

-
-
-
-
-
-
4.85 
6.27 
4.86 

(pM) 

K 

-
-
-
-
-
-
14.1 
0.54 
13.8 

IC5o 

>10 
>10 
>10 
>10 
>10 
>10 
>10 

-
-
-
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Novel D-amino acid hexapeptide calmodulin antagonists 
identified from synthetic combinatorial libraries 
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Calmodulin (CaM), the major intracellular calcium receptor, is involved in many processes 
that are crucial to cellular viability. In particular, CaM is implicated in calcium-stimulated cell 
proliferation. CaM antagonists have been shown to have potential as antitumor agents, and 
as tools to help define the role of CaM in various biological processes. Using the synthetic 
combinatorial library approach [1,2], we have identified novel D-amino acid hexapeptides that 
exhibited 2- to 3-fold higher CaM inhibitory activity than known antagonists such as 
trifluoperazine andN-(4-aminobutyl)-5-chloro-2-naphthalenesulfonamide (W13) [3]. 

Results and Discussion 

The formation of a calcium-dependent complex between CaM and the antagonists was 
examined by gel electrophoresis. Binding of the antagonists to CaM was expected and found 
to result in a change in mobility as determined by an electrophoretic band shift assay. Thus, 
a small band shift for both Ac-lwrilw-NH2 occurred only in the presence of calcium (Fig. 1). 

In support of the above data, a slight conformational change was observed for CaM in the 
presence of Ac-lwrilw-NH2- In particular, a shift to lower wavelengths and variations in 
intensity were observed for the spectra in the far UV region of CaM in the presence of Ac-
lwrilw-NH2 (Fig. 2). Significant changes in the CD signal in the near UV region for both 
CaM and Ac-lwrilw-NH2 were also observed. Due to its hydrophobic nature, Ac-lwrilw-NH2 
can be envisioned to adsorb the hydrophobic site of CaM that forms upon interactions with 
calcium, which would affect the orientation of the hydrophobic chromophores in CaM. 

The formation of complexes between the antagonists and CaM was also supported by 
marked changes in fluorescence emission spectra, quantum yields, and anisotropy. Similar 
variations were seen for Ac-lwrilw-NH2 and AC-LWRILW-NH2, which confirms a lack of 
stereospecificity in the binding site of these peptides to CaM. Interestingly, the linear dimers 
formed through the tryptophan residues appeared to exhibit increased inhibitory activities (2-
to 5-fold) relative to the monomer, while further polymerization led to a loss in activity. 

The formation of antagonists/CaM complexes, as well as their in vivo activities, were 
evaluated. The ability of the newly identified CaM antagonists to inhibit CaM activity in cell 
proliferation in vivo was initially investigated using normal rat kidney cells (NRK cells). The 
effects of the identified D-amino acid hexapeptide antagonists, as well as of the corresponding 
L-amino acid hexapeptide counterparts, were analyzed from the DNA synthesis in NRK cells 
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CaM + Ac-lwrilw-NH, + Ca" CaM + Ca1* M 

CaM 

Fig. 1. Densitometric measurement of gel bands. 

-22000 
200 250 

Wavelength [nm] 

Fig. 2. CD spectra of CaM (— ) in the presence or 
(—) absence of Ac-lwrilw-NH2. 

activated to proliferate from quiescence [4]. The CaM hexapeptide antagonists showed potent 
in vivo activity, with the most active peptide, Ac-lwrilw-NH2, exhibiting 41% inhibition of 
DNA synthesis at 7.5pM, while 30pM of the known CaM antagonist W13 was necessary for 
the same level of inhibition. Similar activities were found for the D-amino acid hexpeptides 
and their L-counterparts. In contrast, the peptides did not exhibit any inhibitory effect on cell 
growth, as demonstrated by the lack of inhibition of (35S)-methionine incorporation. This 
indicates that the inhibition of CaM occurs rapidly following the addition of the inhibitory 
peptides. Furthermore, the inhibition of DNA synthesis was permanent in the case of Ac-
lwrilw-NH2 and W13, that the L-amino acid peptide AC-LRWRILW-NH2, as expected, was 
not stable in the long run. Finally, similar efficacy was observed on the DNA synthesis in rat 
liver cells that were in the stage of partial hepatectomy. Thus, the intravenal injection of lmg 
of Ac-lwrilw-NH2 in male Sprague-Dawley rats resulted in 50% inhibition of DNA synthesis. 
These in vivo results are encouraging for potential pharmacological use of compounds that are 
identified from synthetic combinatorial libraries using in vitro assays. 

References 

2. 
3. 

4. 

Houghten RA, Pinilla C, Blondelle SE, Appel JR, Dooley CT, and Cuervo JH. Nature, 354 (1991) 
84. 
Pinilla, C, Appel, J.R., Blanc, P., and Houghten, R.A. Biotechniques, 13 (1992) 901. 
Perez-Paya, E., Takahashi, E., Mingarro, I., Houghten, R.A., and Blondelle, S.E. In Kaumaya, 
P.T.P. and Hodges, R.S. (Eds) Peptides: Chemistry, Structure and Biology. Proceedings of the 
14th American Peptide Symposium, Mayflower Scientific Ltd, UK, 1996, p. 303. 
L6pez-Girona, A., Bosch, M., Bachs, O., and Agell, N. Cell Calcium, 18 (1995) 30. 



Pseudopeptides and cyclic peptides analogues of osteogenic 
growth peptide (OGP): Synthesis and biological evaluation 
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Osteogenic growth peptide (OGP), ALKRQGRTLYGFGG, is a 14-amino acid endogenous 
peptide corresponding to the C-terminal structure of histone H4 (89-102) [1]. OGP 
stimulates the proliferation and alkaline phosphatase activity of osteoblastic MC3T3 El and 
fibroblastic NIH 3T3 cells in vitro. In vivo OGP increases bone formation and trabecular 
bone density. Furthermore, OGP is a key factor in the mechanism of the systemic osteogenic 
reaction to bone marrow injury, and is thus considered a potential therapeutic agent for 
treating systemic skeletal defects including nonunion fracture, periodontal disease and 
osteoporosis [2]. OGP could be truncated considerably from the amino terminal without loss 
of activity. Full activity was obtained with only the C-terminal pentapeptide YGFGG [3]. In 
an effort to further our understanding of the structure-anabolic activity relationship we 
performed a study in which systematic structural modifications were introduced. In this 
report, we describe the synthesis and biological evaluation of cyclic and partially nonpeptidic 
analogues of OGP. In the latter, individual amide bonds were replaced by isosteric peptide 
bond surrogates. 

Results and Discussion 

The linear peptides described in this study were prepared by solid phase peptide synthesis 
methodology using Boc chemistry and a standard side chain protecting-group strategy. The 
cyclization of linear peptides was carried out (high dilution, 0 °C) with diphenyl phosphoryl 
azide as coupling agent. For the synthesis of the Asp and Aib containing cyclic peptides the 
Kaiser's oxime resin method was employed [4]. A linear peptide was assembled by solid 
phase synthesis (SPS). Cyclization was accompanied by concomitant removal of the peptide 
from resin. In general, the cyclic OGP analogues prepared on the oxime resin yielded crude 
products that were easily purified by RP-HPLC. The introduction of the VP(CH2NH) peptide 
bond isostere was accomplished by solid phase reductive alkylation of the N-terminal amino 
group of the resin-bound peptide with the corresponding Boc-protected a-amino aldehyde in 
the presence of sodium cyanoborohydride (NaBH3CN) in DMF containing 1% AcOH [5]. 

In vitro proliferative activity of synthetic OGP analogues was measured in osteoblastic 
MC3T3 El and fibroblastic NIH 3T3 cells.The relative potencies of the proliferative activity 
of individual analogues were expressed as the mean of results (with respect to native OGP). 
95% confidence limits are given in parentheses in Table 1, obtained in at least three 
independent experiments. 
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Table 1. Proliferative activity of selected synthetic OGP analogues. 

Analogue Relative in vitro potency 
MC3T3 El cells NIH3T3 cells 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

OGP(l-14) 

[desaminoTyr10,Saru]OGP(10-14) 

[desaminoTyr10,Sar13]OGP(10-14) 

[desaminoTyr1V(CH2NH)Gly11]OGP(10-14) 

[desaminoTyr10,Phe12\|/(CH2NH)Gly13]OGP(10-14) 

[desaminoTyr10,Gly13xF(CH2CH2)Gly14]OGP(10-14) 

c(Tyr-Gly-Phe-Gly-Gly) 

c(Tyr-Gly-Phe-Gly) 

c(Gly-Gly-D-Phe-Gly-D-Tyr) 

c(Gly-Tyr-Gly-Phe-Gly-Gly) 

c(yAbu-Tyr-Gly-Phe-Gly-Asp)-OH 

1.00 (standard) 

0.31(0.25-0.37) 

0.15(0.07-0.23) 

0.81(0.71-0.91) 

0.70(0.65-0.75) 

0.78(0.73-0.83) 

0.79(0.72-0.86) 

0.35(0.30-0.40) 

1.03(0.95-1.11) 

0.26(0.19-0.33) 

0.13(0.10-0.16) 

1.00 (standard) 

0.39(0.26-0.52) 

0.11(0.05-0.17) 

0.79(0.67-0.91) 

0.88(0.76-1.00) 

0.88(0.79-0.97) 

1.12(1.06-1.17) 

0.43(0.40-0.46) 

1.16(1.10-1.22) 

0.20(0.17-0.23) 

0.07(0.03-0.11) 

While the reduced backbone amide modification *P(CH2NH) was well tolerated, the N-
methylation of amide bonds *P(CONMe) led to a significant loss of potency. Conformational 
constraint in the form of end-to-end cyclization generated cyclic pentapeptide c(YGFGG) 
and its retro-inverso isomer c(GGfGy) possessing enhanced activity. However, expansion or 
contraction of ring size led to a great loss of potency. Truncation, amide bond replacement by 
surrogate bonds and conformational constraint led to active OGP analogues which will be 
very instrumental in the future design of non-peptidic OGP-mimetic therapeutics. 
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A cyclic heptapeptide mimics CD4 domain 1 C C loop 
and inhibits CD4 biological function 
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The interaction between CD4 and major histocompatibility complex (MHC) class II 
proteins provide a critical co-receptor function for the activation of CD4+ T cells 
implicated in the pathogenesis of a number of autoimmune diseases and transplantation 
responses. A small synthetic cyclic heptapeptide was designed and shown by high 
resolution NMR spectroscopy to closely mimic the CD4 domain 1 CC surface loop [1-4]. 
This peptide effectively blocked stable CD4-MHC class II interaction, possessed 
significant immunosuppressive activity in vitro and in vivo, and strongly resisted 
proteolytic degradation. These results demonstrate the therapeutic potential of this peptide 
as a novel immunosuppressive agent, and suggest a general strategy of drug design by 
using small conformationally constrained peptide mimics of protein surface epitopes to 
inhibit protein interactions and biological functions. 

Results and Discussion 

To search for potential CD4 functional epitopes that could be targeted for the design of 
new inhibitors, a computer analysis was conducted for the CD4 Dl domain in conjunction 
with synthetic peptide mapping. This led to the identification of a surface pocket 
potentially involved in the CD4-MHC class II interaction. This CD4 surface pocket is 
formed by the FG loop (also known as the third complementarity determining region or 
CDR3) and the C C loop. While the CDR3 has long been proposed to be involved in 
MHC class II interaction and recent studies with peptide mimics have confirmed their 
involvement, our analysis suggested that the highly protruded C C loop may also serve as a 
surface epitope critical for CD4 function. 

Based on this finding, a cyclic peptide, cyclo (CNSNQIC), was designed as a CD4 Dl 
domain C C loop mimic, incorporating a disulfide bridge to enhance the structural stability 
of the p-turn around NSNQ of the native CC region. The high resolution NMR 
spectroscopic experiments confirmed that this peptide adopts conformations highly 
resembling a type I p-turn of the native C C loop, as observed in the crystal structure of 
CD4 D1D2 domains. This synthetic peptide mimic of the CD4 C C loop was shown to 
effectively inhibit CD4-MHC class II interaction, block CD4-dependent T cell response in 
vitro, and possess significant immunosuppressive activity in vivo in murine models of 
experimental allergic encephalomyelitis (EAE) for MS and of skin allograft 
transplantation. These findings suggested the therapeutic potential of this CD4 peptide 
inhibitor and demonstrated a general approach of bioactive peptide design by the 
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functional mimicry of protein surface epitopes to generate potential novel therapeutic 
agents. 

Conclusion 

We have proposed the C C loop as an important functional epitope on the CD4 surface for 
intermolecular binding, and found that small peptide mimics of this epitope are sufficient 
to interrupt a larger protein-protein interface. In particular, a synthetic cyclic heptapeptide 
(CNSNQIC) has been shown to closely mimic the CC surface epitope, effectively block 
CD4-MHC class H-dependent cell resetting, possess significant immunosuppressive 
activity in vitro and in vivo, and strongly resists proteolytic degradation. These findings 
have demonstrated a general approach of bioactive peptide design by the functional 
mimicry of protein surface epitopes to generate potential novel therapeutic agents. 
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Protein tyrosine kinases (PTKs) catalyze the phosphorylation of proteins on specific 
tyrosine residues. This reaction enables the PTKs to control various cell functions such as 
signal transduction, differentiation and proliferation. An overactivation or mutation of 
protooncogenes encoding tyrosine protein kinases can result in cell transformation. To 
investigate the conformational requirements of Syk- and Src-substrates we synthesized 
different conformational constrained analogs of EDNEYTA, a heptapeptide sequence that 
represents the common major autophosphorylation the site of Src-PTK family. As 
previously reported, end to end cyclization of EDNEYTA induces a rigid conformation 
with a decrease of biological activity compared to linear [1]. Another type of cyclization is 
the side-chain lactam-bridge, characterized by a covalent bond between the side-chain of 
Asp or Glu and the side-chain of Lys or Orn. To synthesize this kind of cyclic analogs, The 
Asn residue of EDNEYTA was replaced by Asp or Glu, whereas Orn or Lys were 
alternatively substituted for Thr or Ala. The obtained side-chain cyclic peptides (Table 1) 
displayed different sized rings. They were tested as substrates for different splenic tyrosine 
kinases, and the biological data were correlated with conformational analysis. 

Results and Discussion 

The peptides were synthesized by classical solution synthetic methodologies using Z/tBu 
combined to Boc/OChx strategies with BOP mediated coupling in THF. Side-chain 
cyclizations were performed using the BOP method in diluted solutions. The peptides were 
purified and characterized as usual. 

The conformational properties of the peptides were investigated by CD spectroscopy 

Table 1. Sequences of synthetic peptides (bold characters indicate the position of lactam-bridges). 

Peptide Amino acid sequence 
A H-Glu-Asp-Asn-Glu-Tyr-Thr-Ala-OH 
B H-Glu-Asp-c(Glu-Glu-Tyr-Thr-Lys)-OH 
C H-Glu-Asp-c(Asp-GIu-Tyr-Thr-Orn)-OH 
D H-Glu-Asp-c(Glu-Glu-Tyr-Lys)-Ala-OH 
E H-Glu-Asp-c(Asp-Glu-Tyr-Orn)-Ala-OH 
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Table 2. Kinetic constants for Syk and Fgr with synthetic peptide substrates. 

PEPTIDE 

A 

B 

C 

D 

E 

V 
v max 

(pmohmin1) 

54.9 

74.6 

45.0 

40.0 

52.6 

p38syk 

Kra 

(pM) 

67 

96 

204 

641 

208 

Efficiency 

0.82 

0.78 

0.22 

0.06 

0.25 

Vmax 

(pmol.min1) 

31.7 

5.9 

16.9 

19.0 

41.7 

c-Fgr 

Km 

(MM) 

150 

232 

333 

769 

204 

Efficiency 

0.21 

0.02 

0.05 

0.02 

0.20 

in the far-UV region. In 5 mM Tris-HCl, pH 6.8, all peptides gave CD spectra typical of a 
predominantly random conformation (strong negative band below 200 nm). In 50% TFE, 
peptides existed as a mixture of conformers and their CD spectra reflect more than one 
prevailing secondary structure. Tyr fluorescence quantum yield experiments show similar 
value for all peptides, with the exception of peptide C which exhibited a half value of 
quantum yield. Tyr fluorescence anisotropy experiments showed very similar values for i, 
i+3 bridge peptides (D and E), with intermediate intensity between the value exhibited by 
the i, i+4 bridge peptide C and the very low value found for the i, i+4 bridge peptide B. 
These fluorescence results could be due to a different tyrosine topography in the two larger 
i, i+4 rings. The synthetic peptides have been assayed for their ability to serve as 
phosphoacceptor substrates for the non-receptor tyrosine kinase p38syk, a proteolytic 
hyperactive derivative of p72syk, and for the Src-like kinase Fgr. The data (Table 2) show 
that the introduction of different side-chain lactam-bridges to the peptide substrates affes 
differently the phosphorylation ability of the two kinases tested. In particular, Fgr 
perceived the different constraints as negative specificity determinants of the peptide 
substrates, which are phosphorylated by the enzyme with 4/10-fold lower efficiency than 
that shown with the linear sequence. The only exception is peptide E which can be good as 
a substrate for Fgr as the parent sequence in terms of both Km and Vmax. On the contrary 
the tyosine kinase Syk, which also recognizes the side-chain lactam-bridges as negative 
specificity determinants, can phosphorylate the analog B with kinetic parameters similar to 
that shown by the native peptide. The phosphorylability of derivative B by Syk correlate 
with the conformational studies which suggesting a higher structural flexibility displayed 
by this analog. 
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Secreted by pancreatic A cells, the 29-residue peptide hormone glucagon is responsible 
together with insulin for maintaining normal levels of glucose critical to the survival of an 
organism. Glucagon activity is mediated by its receptor, which is a member of a unique 
class within the superfamily of G protein-coupled receptors. It includes receptors for the 
glucagon family of hormones, glucagon-like peptide 1 (GLP-1), secretin, and vasoactive 
intestinal peptide (VIP). Specific binding to its cell surface receptors constitutes the signal 
that is transmitted across the membrane to G protein-linked intracellular effectors that are 
ultimately responsible for glucose production. The glucagon binding cavity on the receptor 
is believed to involve contributions from the long amino terminal extension as well as the 
extracellular loops that connect the seven transmembrane helices. Information about the 
peptide ligand and receptor protein interactions that dictate the binding phenomenon is 
central to the design of glucagon antagonists that might be clinically relevant. 

Extensive structure function studies of glucagon have afforded some insight into the 
understanding of its mechanism of action. The general picture that has emerged is that the 
active pharmacophore is dispersed throughout the glucagon molecule and that the intact 
hormone is necessary for the expression of full hormonal activity. Nevertheless, specific 
active site residues responsible for either high affinity binding or activation have been 
singled out. We have demonstrated that the negatively charged side chain of aspartic acid 
residues at positions 9, 15, and 21 play important roles in either the binding or activity 
function of the hormone [1,2]. The N-terminal histidine, which is strictly conserved within 
the family, furnishes determinants of both hormone binding and activity [3]. One of the 
earliest pieces of information to come from site-directed mutagenesis of the glucagon 
receptor protein identified Asp64 in the extracellular N-terminal tail to be absolutely 
required for the recognition function of the receptor, which suggests it may interact with a 
complementary positive charge on the hormone [4]. Based on these initial findings, we 
assessed the contribution of the positively charged groups at positions 12, 17, and 18 to 
receptor recognition and activation, which had not been clearly established. 

Results and Discussion 

We performed alanine substitutions replacing Lys12, Arg17, and Arg18 of glucagon to 
examine the effect of eliminating the positive charge at those sites on binding and adenylyl 
cyclase activity (Table 1). Ala12 and Ala18 glucagon amides lost 80% binding affinity for 
the glucagon receptor in rat liver membranes, and Ala17 lost 60%. Ala12 and Ala18 were 
capable of a full agonist response with a slight decrease in potency. In contrast, Ala17 was a 
weak partial agonist that stimulated adenylyl cyclase with a potency of less than 1%. Intere-
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Table 1. Position 12, 17, and 18 replacement analogs of glucagon. 

Analog of 
glucagon amide 

Glucagon amide 
1. Ala12 

2. Ala17 

3. Ala18 

4. Ala17Ala18 

5. Ala12Ala17Ala18 

6. Asp12 

7. Asp17 

8. Asp18 

9. Asp17Asp18 

Binding 
affinity, % 

100 
17.3 
38 
13 
8 
0.08 
0.6 
1.4 
0.22 

na 

Adenylyl cycl 

Maximu 
Activity, % 

100 
60 
20 
94.4 
97 
62 
78.4 
82.4 
69.2 

ase activity 

Relatived 
potency, % 

15 
15.8 
0.013 

70.8 
27.5 

1.3 
10 
4.4 
0.24 

stingly, despite a 90% loss in affinity Ala17Ala18 exhibited only a moderate attenuation of 
activity. Substitution of all three positions with alanines in Ala12'17-18 glucagon amide 
induced an almost complete loss of binding and reduced the potency of activation to 1%. 
Aside from an alanine scan, the positive residues were each replaced with an aspartic acid. 
Asp12, Asp17, and Asp18 glucagon amides displayed poor binding affinities and stimulated 
adenylyl cyclase activation with reduced potencies. Unlike Ala17Ala18, however, 
Asp17Asp18 was rendered incapable of receptor recognition. In general, for all the peptide 
analogs, the effect of the substitution on binding was functionally linked to activation. 
These results indicate that except for His1, the other positively charged amino acids of 
glucagon are not crucial for the activation function. In addition, unlike positions 9 and 15 
where the precise location of an aspartic acid residue is critical to hormone/receptor 
interaction, it appears that glucagon binding affinity is not regulated by the topographic 
location of a specific positive charge but by a net positive charge. A neutral molecule was 
well tolerated but a negatively charged molecule was not. An overall positively charged 
glucagon molecule most likely contributes to the stabilization of the binding interaction 
with the glucagon receptor. 
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Glucagon-Like Peptide-1 (GLP-1) is produced by intestinal L cells in response to a meal 
and has two active forms that result from post-translational processing of the pre-
proglucagon gene productfl]. GLP-l(7-37)OH and GLP-1(7-36)NH2 interact with a specific 
receptor on pancreatic islets to stimulate insulin secretion during periods of 
hyperglycemia^]. Both native forms have been administered to human patients by 
intravenous or subcutaneous routes and are equally efficacious[3]. The biological half-life 
of these native forms is rendered extremely short due to proteolysis by a widely distributed 
mammalian enzyme, dipeptidyl peptidase-IV (DPP-IV)[4]. DPP-rV cleaves the N-terminal 
dipeptide to yield des(7-8) products that have reduced affinity for the GLP-1 receptor. 
Removal of the amino group from the N-terminal residue of peptide hormones is known to 
impede DPP-IV cleavage and provides a longer acting molecule [5]. In this study, des­
amino His7 GLP-1 (designated IP) was prepared by SPPS and evaluated for its ability to 
release insulin in an hyperglycemic clamped rat model. Additional analogs with histidine-
like character at the N-terminus were prepared and their resistance to DPP-IV cleavage in 
serum was measured as well as their ability stimulate cAMP in a functional GLP-1 receptor 
assay. 

Results and Discussion 

The IP analog demonstrated an enhanced ability to stimulate insulin secretion relative to 
native GLP-1 (7-37)-OH in a normal Sprague Dawley rat (Table 1). Removal of the N-

Table 1. Hyperglycemic clamped rat study: AUC response to peptide. 

Peptide Plasma Insulin Response Glucose Infusion Rate Change 
(1.0ng/kg,IV) (ng/ml*min) (mg/kg) 

Vehicle -0.265±1.8 39.41+10.16 
GLP-l(7-37)OH 16.67+3.97 130.74+28.64 
IP 25.57+3.61 324.43±45.35 

terminal amino group resulted, however, in a reduced potency in stimulating cAMP in CHO 
cells transfected with the GLP-1 receptor (Table 2). Thus it appears that the increase in 
insulin secretion and infused glucose is a result of increased serum half-life. When Arg was 
substituted for Lys26 in the IP analog cAMP potency was unexpectedly restored. Similarly, a 
di-methyl substitution on the a-carbon of the 4-imidazole acetyl derivative (DMIA analog) 
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surprisingly also restored full cAMP potency to the unmethylated (IA analog) and 
monomethylated (MIA analog) imidazole acetyl derivatives. The disappearance of the 
native GLP-1 or an analog with simultaneous appearance of any des(7-8) cleavage product 
was measured by HPLC. A qualitative + was assigned if the starting peak disappeared very 
slowly and no des(7-8) appeared (Table 2). 

Table 2. cAMP stimulation and serum stability of N-terminally modified GLP-1 analogs. 

Analog 

DMIA 
native 
IP 
native 
IA 
MIA 
IP 

GLP-1 backbone 

(7-37)OH 
(7-37)OH 

Arg26(7-37)OH 
(7-36)NH2 

(7-36)NH2 

(7-37)OH 
(7-37)OH 

cAMP %Rel.Potency 

108.0±22.4 
100.0* 

89.0±12.6 
88.4+29.4 
24.2±9.8 
23.4+3.9 
21.9+7.8 

Serum Stability 

+ 
-
+ 
-
+ 

not determined 
+ 

DMIA= a,a-dimethyl-4- imidazole acetyl, IP= 4-imidazolepropionyl, MIA= a-methyl-4-
imidazole acetyl, IA= 4-imidazole acetyl, *EC50=0.20±0.02 (n=26) 

Conclusion 

This SAR indicates that DPP-W is the major proteolytic enzyme in sera and that an N-
terminal amino group is required for GLP-1 cleavage. Novel histidine GLP-1 mimetics have 
been identified that inhibit DPP-IV proteolysis and retain significant potency relative to the 
native hormone. One or more of the His7 derivatives may provide a GLP-1 analog more 
ideally suited for pharmaceutical use. 
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Synthesis of peptides on a lysine or oligolysine core was introduced by Tam as a novel method 
for antigen amplification [1]. We have previously shown, this technique can be useful for 
probing dimer or higher homologs of peptides with single or multiple bioactive sequences 
(homo-oligomeric or hetero-oligomeric peptides) [2]. In this report we explore the effects of 
various spacer elements between a dermorphin/deltorphin N-terminal sequence (Tyr-D-Ala-
Phe) and the lysine amine functions. The novel amino acid, 4-fran.y-aminomethyl-
cyclohexanecarboxylic acid (Amcca), and Aib were introduced as constrained linkages. 

Results and Discussion 

Peptides were synthesized by solid phase techniques on Merrifield resin using orthogonal (Boc 
and Fmoc) amine-protecting groups. The peptides were purified using reversed phase high 
performance liquid chromatography and were characterized by amino acid analysis and 
electrospray-mass spectrometry. The 10 sequences and their in vitro opioid potencies are 
reported in Table 1. 

Table 1. In vitro opioid bioassay results. 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Structure 

[YaFG]2K-Aca-A 
[YaFG-Aib]2K-Aca-A 
[YaFG-Aca]2K-Aca-A 
[YaF-Amcca-G]2K-Aca-A 
[YaF-Aib]2K-Aca-A 
[YaFE-Amcca]2K-Aca-A 
[YaFG-Amcca]2K-Aca-A 
[YaF-Aib-Amcca]2K-Aca-A 
[YaF-Aib-Amcca-Amcca]2K-Aca-A 
[YaF-Aib-Amcca-Amcca-Amcca]2K-Aca-A 

GPI 

804 ±159 
1183 ±82 
683.3 ±81.4 
1544 ±234 
1418 ±92 
10,000 
1720 ±170 
1280 ± 80 
377 ±77 
445 ± 35 

ICso (nM) 

MVD 

1502 ±411 
350.1 ±69.1 
2586 ± 674 
1896 ±438 
1196 + 830 
1070 ± 140 
348 ± 87 
277 ± 62 
380 ± 9 
479 ±44 

Aca = aminocaprioc acid; Amcca = 4-trans-aminomethylcyclohexanecarboxylic acid; 
Assays: GPI = guinea pig ileum; MVD = mouse vas deferens. 
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The dimeric opioid analogs shared a common C-terminus composed of -Lys-Aca-Ala-OH. The 
amino caproic acid spacer was chosen to minimize possible interference between the 
polystyrene backbone of the resin and the branched lysine during synthesis. The N-terminal 
opioid sequence Tyr-D-Ala-Phe was connected to the lysine amines using a variety of spacers 
ranging from the flexible glycine residue in structure 1 to the rigid Aib link with compound 4; 
however there was little difference in biological potency between these two extremes. An even 
more flexible choice, combining Gly with Aca (compound 3), likewise failed to improve 
potency. Since hydrophobic collapse might be a factor explaining the unexpected potency drop 
with these dimeric opioids, additional analogs were prepared incorporating varying lengths of 
the relatively rigid spacer moiety, Amcca. Somewhat surprisingly the in vitro results again 
showed little potency differences among the members of this series. NMR evidence (NOESY 
studies) did not reveal any evidence of intramolecular interaction between the dimer arms. 
In summary, a series of dimeric opioid analogs with flexible and rigid spacer arms showed a 
relatively constant level of potency and selectivity using standard functional assays. 
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The x-ray structure of the crystalline form of glucagon formed under basic conditions [1] 
shows that the C-terminal region of the molecule has an a-helical structure. Earlier [2], it 
was reported that [Lys17'18,Glu21]glucagon exhibits increased receptor binding and adenylate 
cyclase potency with correlates with enhanced a -helical content for the glucagon molecule. 
We have obtained the x-ray crystal structure of this superagonist analogue and explored the 
possibility that a salt bridge formation between charged side chains in position 18 and 21 
may explain its seven fold increase in binding affinity. Five glucagon analogues were 
synthesized by substituting the Arg17 and Arg18 residues in a step-wise manner to further 
examine the features necessary for the formation of a salt bridge and its influence on 
biological activity. 

Results and Discussion 

In the x-ray crystal structures (Fig. 1), the difference between glucagon and the superagonist 
was the formation of a salt bridge between the a-amino group of Lys18 and the carboxyl of 

f^r11 

siu2i Trt \ 

Fig. 1. Stereoview of superimposed fragments 16-23 of the crystal structures of glucagon(dark) and 
[Lys'zls,Glu21]glucagon(light). 
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Table 1. Biological activities of glucagon analogues. 

Compound 

1) Glucagon 
2) [Lys17,8,Glu21]Glucagon 
3) [Lys17]Glucagon-A7/2 

4) [Lys18]Glucagon-AW2 

5)[Me17,Lys18,Glu21]Glucagon-M/2 

6) [Orn17,,8,Glu21]Glucagon-AW2 

7) [D-Arg18]Glucagon 

IC50 
(nM) 

1.5 
0.2 
0.7 
4.1 
1.0 
2.0 
25.0 

Binding 

Relative 
Binding(%) 

100 
700 
220 
36 
150 
74 
6 

Adenylate Cyclase 

EC50 
(nM) 

5.6 
0.8 
2.2 

40.8 
1.7 
8.7 
158 

Maximum 
Stimulation(%) 

100 
100 
100 
100 
100 
100 
78 

(distance=2.4A). We believe that this new salt bridge may stabilize the turn of an a-helix at 
residues 18-21, which can explain the observed increase in a a-helical content in the C-
terminal region of the superagonist. 

The binding affinities and adenylate cyclase activity of the glucagon analogues are 
summarized in Table 1. The ability to form a salt bridge between position 18 and 21 
depends on the length and flexibility of the charged side chains in these positions and is 
evident from the binding affinity of analogues 2, 4, 5, and 6. The substitution for Arg17 in 
analogues 3, 5, and 6 further decreases binding potency, which may suggest an independent 
role of the side chain in the position 17 for glucagon receptor interactions. For example, in 
analogues 3 and 5 where hydrophobic residues(Lys and Nle) are substituted for Arg17, it is 
observed that the binding affinity remains relatively high. This may imply that the presence 
of a hydrophobic pocket facilitates a better receptor fit. In analogue 7, where a D-amino acid 
is substituted, a big drop in binding potency is seen and this further supports the suggested 
requirement of a positive charge at position 18 for ligand binding to the receptor. All of the 
substitutions introduced do not seriously alter the amphipathic character of the C-terminus 
and allows these analogues to reach 78-100% stimulation of adenylate cyclase(Table 1). 

The x-ray crystal structure of [Lys17'18,Glu21]glucagon suggests that the Lys18-Glu21 pair 
is probably optimal for salt bridge formation, in contrast to the Arg18-Asp21 pair in the native 
glucagon. The salt bridge is most likely the key feature responsible for the large increase in 
binding potency of the superagonist analogue. 
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Gonadotropin releasing hormone (GnRH, pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH2) is 
a decapeptide that regulates the reproductive system. Synthetic GnRH analogs may be used for 
contraception and for the treatment of various hormone-dependent diseases including prostate 
and breast cancers. In view of the significant clinical potential of GnRH analogs, the aim of 
our study was to design and synthesize GnRH-based chimeric peptides with augmented 
biopotency. Chimeric peptides which are composed of two different ligands for two distinct 
receptors may have the ability to bind these two receptors simultaneously. Cross-linking may 
enhance the binding affinity of each of the ligands in the chimera for its respective receptor. 
This model was previously suggested to account for the high affinity of chimeric peptides for 
both galanin and substance P receptors [1]. A VIP-neurotensin chimera was shown to be a 
potent VIP antagonist [2]. 

Results and Discussion 

We have used an antagonist of endothelin (ET) for these studies because pituitary 
gonadotropes express the ETA receptor [3]. The sequence of this antagonist {Ac-(D-Trp)-Leu-
Asp-Ile-Ile-Trp, Ac-ET Ant) is derived from the C-terminus sequence of ET. Its IC50 for E T A 
receptors is 130nM [4]. Since the free carboxylic moiety in the C-terminus of Ac-ET Ant is 
crucial for its binding to ET receptors, we have used its N-terminus for conjugation by 
utilizing the unacetylated peptide (ETAnt). 

Two alternative approaches to combine ETAnt with a GnRH analog were tested. The 
easiest synthetic procedure was to link ETAnt via a spacer (ACA; aminocaproic acid) to the 
C-terminal residue of GnRH, resulting in a linear chimera (GnRH-Aca-ETAnt). The second 
approach was based on various studies showing that position 6 of GnRH is tolerant to 
substitution by various D-amino acids and their bulky derivatives. We employed [D-
Glu]6GnRH to construct [D-Glu-ETAnt]6GnRH and two derivatives thereof containing a 
spacer between the two moieties: [D-Glu-ACA-ETAnt]6GnRH and [D-Glu-Gly-Gly-Gly-
ETAnt]6GnRH. The conjugation of these chimeras was achieved using DCC/HOBT in 
solution. [D-Lys]6GnRH was conjugated to ETAnt via a succinyl (Sue) spacer by a solid-
phase condensation of soluble [D-Lys]6GnRH and Suc-ETAnt-Wang-Resin. Cleavage from 
the resin resulted in the formation of [D-Lys-NE-Suc-ETAnt]6GnRH. The attempt to 
synthesize this chimera by condensation in solution has failed, probably due to unique steric 
hindrance of the free carboxyl moiety of the intermediate ([D-Lys-NE-Suc]6GnRH). An 
alternative conjugation of ETAnt to [D-Lys]6GnRH was achieved by reacting bromoacetyl 
AcBr]6GnRH) with Cys-ETAnt to obtain [D-Lys-NE-Ac-S-Cys-ETAnt]6 GnRH succinimide 
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Table 1. Binding affinities and in vitro activities ofGnRh analogs. 

Peptide IC5o(nM)" ED50(nM) 
(D-GlufGnRH 
(D-Glu-ETAnt)6GnRH 
(D-Glu-Gly-Gly-Gly-ETAnt)6GnRH 
(D-Glu-ACA-ETAnt)6GnRH 
GnRH-Aca-ETAnt 
(D-Lys)6GnRH 
(D-Lys-NE-Suc-ETAnt)6GnRH 

(D-Lys-NE-Ac-S-Cys-ETAnt)6GnRH 

2.5 
25 
40 
75 

0.1 
400 

40 

0.5 
0.5 
0.5 
0.5 

0.02 
0.5 

1.0 
AICS0 = the concentration required to displace 50% of n5I-(D-Trp) GnRH specific binding to rat 
pituitary homogenates. BED;o = the effective dose that gives 50% of maximal LH release from 
pituitaries of 12-day female rats in vitro. 

ester with [D-Lys]6GnRH, and then condensing the resulting ([D-Lys-Ne-Position 6 of (D-
Glu)6GnRH is suitable for anchoring the hexapeptide ETAnt, without loss of binding affinity 
for the GnRH receptor or in vitro LH releasing activity (Table 1). Attachment of the same 
peptide (ETAnt) to the C-terminus of GnRH resulted in a linear chimera (GnRH-Aca-ETAnt) 
which does not bind the GnRH receptor and is devoid of any LH releasing activity (Table 1). 
This result is in agreement with previous reports demonstrating the importance of the GnRH 
C-terminus for receptor recognition. The introduction of small spacers between [D-
Glu]6GnRH and ETAnt did not improve GnRH receptor affinity of the resulting chimeras. 
Chimeras based on [D-Lys]6GnRH, unlike those based on [D-Glu]6GnRH, exhibited 
extremely reduced binding affinity for the GnRH receptor in comparison with their congener 
GnRH analog (table 1). This low affinity may be explained by the masking of the D-Lys6 side-
chain or by conformational changes. All the chimeras as well as [D-Glu]6GnRH, but not [D-
Lys]6GnRH, have demonstrated a discrepancy between their low GnRH binding affinity and 
their capacity to induce LH release (table 1). An explanation for our observations is yet to be 
found. Among all the above chimeras, only [D-Glu-ETAnt]6GnRH recognizes the ETA 
receptor (28% displacement of 125ET-1 at l(iM, in comparison with 73% for Ac-ETAnt at the 
same concentration). Further studies are therefore required to test the potential application of 
the model of bireceptor cross-linkers for the development of novel and potent GnRH analogs. 
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Conformationally constrained 2,3-cyclopropane amino acids of bioactive peptides have 
been used to design receptor-specific and -selective compounds and to further clarify their 
structure-activity relationships [1]. We have synthesized chemotactic peptides, fMLP 
analogs containing optically active 2,3-cyclopropylphenylalanine, VPhe3-fMLP (Fig. 1) 
[2]. These results suggest that the VEPhe3-fMLP analogs can discriminate between 
receptors of chemotaxis and superoxide production for human neutrophils. In the present 
study, to elucidate the role of fMLP analogs of cyclopropane amino acid in interactions 
with fMLP receptors, novel fMLP analogs containing 1-aminocyclopropane-l-carboxylic 
acid (Ace) (Fig. 1), Aib, D-Phe and L-Ala at the 3rd position were synthesized and 
examined for superoxide generation by human neutrophils. 

HCO-Met-Leu-HN COOCH3 HCO-Met-Leu-HN COOCH3 

Fig. 1. Chemical structures of VPhe3-fMLP and Ace3-fMLP. 

Results and Discussion 

Peptide synthesis was carried out by solution method. Amino acid methyl ester was 
coupled with HCO-Met-Leu-OH by MA method. The structures of synthetic peptides were 
confirmed by 'H-NMR. Biological activities of synthetic analogs were evaluated as the 
superoxide production by human neutrophils as previously described [3]. 

With the 1 pM dose of Z-form analogs, (2S,3S)- and (2R,3R)-VPhe3-fMLP-OMe 
showed the same activity levels as fMLP and fMLP-OMe. However, both VEPhe analogs, 
(2S,3R)- and (2R,3S)-VPhe3-fMLP-OMe were almost inactive for superoxide production. 
It was suggested that the receptors or receptor subtypes for superoxide production prefer 
the Z-configuration of the side-chain of Phe3 residue with strict chiral selectivity. At the 
same concentration, VEPhe3-fMLP-OMe showed rapid cytoplasmic calcium mobilization 
(data not shown). From the results, two E-form analogs of Phe3-fMLP-OMe could bind to 
some of the fMLP receptors but are not able to activate membrane-bound NADPH-oxidase 
complex. All the analogs containing Ace, Aib, D-Phe and L-Ala in position 3 were almost 
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inactive at 100 nM concentration and had significant activities at 1 pM (56%, 24%, 69% 
and 31% activity against for optimal dose of fMLP (1 pM), respectively). To investigate 
the effect of cytoplasmic calcium ion mobilized by VEPhe3-fMLP-OMe, synergistic effects 
of superoxide production were investigated. Five minutes after addition of fMLP analog 
(100 nM), which does not induce significant activity, the cells were activated by the 
stimulant fMLP (1 pM). he response of superoxide production to an optimal dose of 
fMLP was enhanced more than 1.6 and 2.5 times after pretreatment with the VEPhe and 
Ace analogs, respectively (Fig. 2). This synergistic effect was also observed for the analog 
containing D-Phe residues. This phenomenon is known as priming of neutrophils; that is, 
after interaction with enhancing or priming agents, IFN-Y, calcium ionophore and platelet-
activating factor, the biological response in human neutrophils is not activated, but is 
enhanced upon subsequent stimulation with fMLP [4-6]. The molecular mechanism of this 
priming reaction is still unknown. Koenderman et al. [6] reported that multiple pathways, 
such as calcium-dependent and -independent routes, are involved in neutrophil priming. In 
our experiments, the priming caused by cyclopropane-fMLP analogs was maximal within 
5 min. From the results, it can be concluded that these priming reactions, induced by 
VEPhe and Ace analogs, have calcium-dependent mechanisms. 

y ^ »f#S »tf** ^ ^ jaP 

Fig. 2. Priming reaction of fMLP analogs for superoxide production. 
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Neuropeptide Y (NPY) is a 36-amino acid peptide that exerts many biological effects [1]. Y2 
receptors mediate the inhibition of catecholamine release [2]. Specific antagonists for the Y2 
receptors have not yet been described. Based on the concept of template-assembled synthetic 
proteins (TASP), we have used a cyclic template molecule containing two p-turn mimetics [3] 
for covalent attachment of two, three or four copies of the C-terminal fragment RQRYNH2 
(NPY 33-36) resulting in TASP molecules of the type T4- n[NPY(33-36)] with n= 2, 3,4 . 

Results and Discussion 

Using the TASP concept, the C-terminal tetrapeptide of NPY (RQRY) was attached to the 
topological template c[Amn-K-G-K] via its N-terminal end applying oxime bond formation and 
orthogonal protection. TASP molecules exhibiting two, three or four copies of NPY(33-36) 
were prepared. Their chemical integrity was confirmed by HPLC and ES-MS. Receptor binding 
studies using SKN-MC and LN 319 cell lines reveal selective binding of the TASP molecules to 
the Y2 receptor, e.g. T4- 4[NPY(33-36)] binds to LN 319 cells with an IC50 of 67.2 nM but only 
with low affinity to the Yl receptor (ICso^ 6.6pM) (Table 1). In contrast, the two constituent 
elements, i.e. the template molecule and the individual NPY(33-36) tetrapeptide, bound neither 
to Yl nor to Y2 [4]. 

Table 1. Receptor binding of NPY and analogs to Yl and Y2 receptors. 

Peptide 

1-36 NPY 
13-36 NPY 
33-36 NPY 

T4-[NPY(33-36)]2 
T4-[NPY(33-36)]s 
T4-[NPY(33-36)]4 

Template, T4 

IC50 (nM) Yl receptor 

0.5 
1000 

>10000 
>10000 
>10000 

6600 
>10000 

IC50 (nM) Y2 receptor 

0.085 
0.126 

>10000 
680 

137.5 
67.2 

>10000 

To assess whether these peptidomimetics have intrinsic agonist/antagonist activity we 
tested their ability to inhibit cAMP accumulation in a Y2 expressing cell line. All these TASP 
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molecules had no effect on forskolin-stimulated cAMP levels at concentrations up to lOpM. 
Confocal microscopy also was used to examine the NPY-induced increase in intracellular 
calcium in single LN 319 cells. Preincubation of the cells with T4-4[NPY(33-36)] at 
concentrations ranging from 0.1 nM to 10 pM shifted the dose-response curve for free 
calcium mobilization induced by NPY to the right (Figure la). No intrinsic agonistic 
properties either of calcium or cAMP transduction systems were observed. Finally, we 
assessed the competitive antagonist properties of T»-4[NPY(33-36)] at presynaptic 
peptidergic Y2 receptors by measuring the blockade of the inhibitory action of a Y2 agonist 
on K+-induced 3H-norepinephrine release from perfused rat hyperthalamic synaptosomes. 
The compound caused a right shift of the concentration-response curve of NPY13-36, a Y2 
agonist fragment, yielding a pA2 of 8.48 (Figure lb) and therefore, demonstrating that T4-
4[NPY(33-36)] acts as a fully competitive antagonist. 

Means±SEM Figure 2 
, 100 

i 

yy SO ' 

0 10 10 10 

O Vehicle * l | j M • 5 uM 
Fitted Model: 

—Vehicle —1 |iM —5 uM 

10 10 10 
• 10 uM Antagonist 

—10 jiM Antagonist 

10"" 10"' 10^ 10"' 1 
NPY13-36 Concentration (M) 

O Control A InM • lOnM • lOOnM Antagonist 

Fig. 1. (a) Geometric means of the calcium response to NPY in cells treated with T*t-4 [NPY(33-36)]; (b) 
dose-response curve of the inhibitory effect of the NPY13-36 fragment on H-norepinephrine release in 
rat hypothalamus in the presence ofT4-4[NPY(33-36)]. 

In conclusion, by the covalent attachment of multiple copies of NPY(33-36) to a 
topological template, we obtained TASP molecules that specifically bind to the Y2 receptor; 
consequently, the TASP concept should provide a valuable tool for studying receptor 
specificities and result in novel selective antagonists for NPY. 
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The peptide sequence of PH-30a, a protein active in sperm-egg fusion, was deduced from 
its nucleotide sequence. Based on characteristics of virus fusion proteins a potential 
fusogenic region in PH-30oc was estimated to be residues 90-111 [1]. The presence of a 
Lys residue and two Pro"-Pro100 residues before and within the fusogenic peptide region 
attracts one's attention because fusogenic peptides have often been found to be cationic and 
Pro-Pro sequence may play varied roles in structure and/or activity. In order to investigate 
the property of the putative fusogenic region, we synthesized three related peptides: sperm 
fusion peptide (SFP)22 (residues 90-111), SFP23 (residues 89-111; Ac-
KLIATGISSIPPIRALFAAIQIP-NH2) and SFP23AA in which the Pro-Pro sequence of 
SFP23 was replaced with Ala-Ala, their secondary structures and activities were examined 
against lipid membranes and blood cells [2]. 

Results and Discussion 

The peptide amides were prepared by stepwise elongation of Fmoc-amino acids on SAL-
resin. CD measurement indicated that the structures of SFP22 and SFP23 were random in 
buffer solution (pH 7.4), while SFP23AA showed a P-structural spectrum. In TFE, all 
peptides showed some a-helical content. In the presence of DPPC or DPPC/DPPG (3/1) 
SUV, SFP22 and SFP23 were predominant in P-structure, while SFP23AA gave an oc-
helix-like CD curve. Similar CD curves were obtained for these peptides in the presence of 
DOPC or DOPC/DOPG (3/1) LUV. The FT-IR study showed that these peptides were rich 
in P-structure. <Pa> and <Pp> values were calculated to be 1.02 and 1.08 for SFP22, 1.03 
and 1.08 for SFP23, and 1.10 and 1.10 for SFP23AA, respectively. Therefore, it is 
essentially difficult for SFP22 and SFP23 to take on an a-helical structure, while 
SFP23AA can adopt either an a-helix or a p-structure according to its environment. In this 
connection, Muga et al. reported that a synthetic peptide which corresponds to 89-112 of 
PH-30a took a P-structure upon interaction with lipid membranes [3]. 

The CF-leakage activities of the peptides were different in the presence of DOPC or 
DOPC/DOPG (3/1) vesicles. The membrane-perturbing activity of SFP23AA was 3-5 
times higher than that of SFP23 at the peptide concentration of 1 pM. SFP23 showed lower 
activity than SFP22, but the effect of Lys89 was small. Comparison of the three peptides in 
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lysing human erythrocytes showed that none of the peptides had any appreciable activity, 
meaning that the membrane-perturbing action of the peptides was not strong enough to 
disturb biomembranes. 

Fusogenic activities of the peptides were evaluated by intermixing measurement. FP23 
was much more potent in fusogenic activity than SFP23AA in DOPC/DOPG (3/1) vesicles 
(Fig. 1). The fusogenic activity of SFP23AA was very weak, indicating that the presence 

5 10 15 
Peptide ftiM) 

Fig. 1. Profiles of membrane-mixing of DOPC/DOPG (3/1) liposomes by peptides. 

of the Pro-Pro sequence is very important for activity. The fact that SFP23 showed high 
fusogenic activity supports the speculation reported by Blobel et al. [1]. Removal of the 
Lys residue from SFP23 reduced the activity, indicating that the presence of Lys is 
favorable but not essential. Proline residues are often involved in biological activity in 
various kinds of peptides and proteins. For example, a pardaxin analog with Ala instead of 
Pro13 had much less cytolytic activity than pardaxin despite the analog's higher indicating 
that the hinge structure formed by the Pro residue was essential for activity [4]. Together 
with this and other findings, it may be concluded that the Pro-Pro sequence plays a role in 
stabilizing the active secondary structure of the fusogenic region of PH-30a in membranes. 
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We have previously described the cyclic p opioid receptor selective tetrapeptide Tyr-c[D-
Cys-Phe-D-Pen]NH2 (S-Et-S) (JOM-6) [1]. In the present study we report the development 
of a p receptor pharmacophore model using residue 1 and 3 JOM-6 analogs. The p opioid 
pharmacophore groups of JOM-6 (i.e., the phenol and Na group of Tyr1 and the phenyl 
group of Phe3) lie outside the cyclic portion of the tetrapeptide and are conformationally 
labile. In contrast to the pharmacophore groups, the tripeptide cycle (a 13-membered ring) 
experiences only moderate flexibility by virtue of the ethylene dithioether cyclization. To 
reduce peptide flexibility several residue 1 and 3, and peptide cycle analogs of JOM-6 were 
prepared. The residue 1 and 3 analogs include: rra«j-3-(4'-hydroxyphenyl)proline (f-Hpp) 
and 2-amino-6-hydroxytetralin-2-carboxylic acid (Hat) in the place of Tyr*, and AEPhe in 
the place of Phe3. The peptide cycle analogs incorporate disulfide (S-S) or ethyne 
dithioether (S-cw-HC=CH-S) bridges instead of an ethylene dithioether (S-Et-S) bridge. 
The low energy conformations of each of these analogs were generated using molecular 
mechanics and then compared to deduce the probable p receptor bound conformation of 
JOM-6 and its analogs. 

Results and Discussion 

In comparison with the f-Hpp1, Hat1, and ethyne dithioether derivatives of JOM-6, all of 
which displayed high affinity (Kjp < 4 nM) to p receptor sites, the fourth analog employed 
for this study, Tyr-c[D-Cys-A£Phe-D-Pen]NH2(S-S) (JH-42), displayed slightly reduced p 
affinity (Kjp. = 8.74 nM). After identifying all possible low energy conformations for each 
analog (with AE < 4 kcal/mol), the sets of conformations were overlaid to determine the 
probable p receptor bound geometry of these tetrapeptides. The receptor bound 
conformation of JOM-6 requires a %' orientation of trans (- 180°) for the sidechains of 
both Tyr1 and Phe3. 

The p receptor bound conformation of JOM-6 was compared with the previously 
reported 8 receptor bound conformation of Tyr-c[D-Cys-Phe-D-Pen]OH(S-S) (JOM-13) 
[2,3] to delineate the conformational features which determine p versus 8 receptor selective 
binding (Fig. 1). Overlap is observed between the conformations of the Tyr 
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Fig. 1. Superposition (stereoview) of the p receptor bound conformations of JOM-6 (solid line) 
and the disulfide-containing tetrapeptide analog JH-42 (dashed line) and the 8 receptor bound 
conformation of JOM-13 (bold solid line). The Ca atom of residue 3 and the functionally 
important Na, Ot], Ct], Cel, and Ce2 atoms of Tyr were used for the superposition. 

residue as well as the mainchain atoms within the peptide cycles, including the C-terminal 
functional groups. The most apparent difference lies in the orientation of the aromatic ring 
of residue 3. Unlike the trans (%'~ 180°) orientation required for residue 3 of the p bound 
geometry, the 8 bound geometry requires a gauche+ (%x—60°) orientation. By comparing 
the p and 8 pharmacophore models developed from the structurally similar JOM-6 and 
JOM-13 tetrapeptides, the conformational feature underlying p versus 8 receptor selectivity 
in this series appears to be the orientation of the aromatic ring of Phe3. 
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NDF (neu differentiation factor), also known as heregulin, was first isolated from rat 
fibroblasts and subsequently shown to stimulate the growth and development of mammary 
epithelial cells in vitro [1,2]. Structurally, the proteins share a heparin binding domain, an 
IgG domain and an EGF-like domain encompassing residues 177-228. Splicing within the 
C-terminal region of this domain gives rise to a and P isoforms. To define the structure-
activity relationships between the a and p isoforms, we synthesized their respective EGF 
domains, named NDFea and NDFep. The EGF domains of the a and P isoforms are 
homologous in the 177-212 region but differ in the 213-228 region. To define the 
functional significance of this heterogeneity, two chimeric sequences, NDFea/P and 
NDFeP/a were synthesized, in which the 222-228 tail regions were "swapped" between the 
native sequences. The four NDFe domain structures were evaluated in cellular and cell-free 
assays along with the full length NDF a and p proteins. 

Results and Discussion 

The EGF domains of the NDF a and P isoforms (NDFea and NDFeP) as well as the two 
hybrid sequences (NDFea/P and NDFep/a) were synthesized by solid phase synthetic 
methodology using the Fmoc/t-Bu protocol [3,4]. The final materials were shown to be 
homogeneous by a number of analytical criteria including amino acid analysis, sequence 
analysis, mass determination and enzymatic fragmentation. 

The NDFeoc/P chimera induced morphological changes in the LIM 1215 (colonic 
epithelial) cell line and stimulated phosphorylation activity in contrast to the NDFeP/a 
chimera, which showed no activity. A quantitative profile of the proliferative activity 
effects for all NDFe minimal domains is summarized in Fig 1. It shows that the NDFea/p 
chimeric structure is equipotent to the NDFeP native sequence. These strongly suggest that 
the key structural determinant for NDFP activity in the stimulation of colonic epithelium 
resides in the 7 C-terminal residues of the EGF domain. 
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Fig. 1. Proliferative activity effects for all NDFe minimal domains. (Solid squares - NDFea, 
circles - NDFep, open squares - NDFea/fi, triangles - NDFepVa). 
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Somatostatin (H-Ala-Gly-Cys-Lys-Asn-Phe-Phe-Trp-Lys-Thr-Phe-Thr-Ser-Cys-OH), an 
important regulatory hormone, is distributed throughout the central and peripheral nervous 
system. Residues 7-10 are essential for its activity and its potency can be increased by 
substitution of D-Trp for L-Trp in the 8th position. Somatostatin has also been shown to 
have some neurotransmitter-like properties. It binds weakly at opioid receptors and at high 
doses can cause an in vivo analgesic response in mice. These activities have led to research 
aimed at developing somatostatin-like analogs with potent and receptor-specific opioid 
activity and little or no somatostatin-like activity. This work has centered on the design and 
synthesis of a series of conformationally restricted cyclic octapeptides containing residues 
7 - 10 of somatostatin. D-Trp was substituted for the L-Trp of the native hormone. The 
parent peptide of this series is CTP (D-Phe-Cys-Tyr-D-Trp-Lys-Thr-Pen-Thr-NH2), which 
was found to be a highly selective and potent antagonist for the p opioid receptor that is 
much longer acting than naloxone. Modifications of CTP have involved substitutions at 
positions 1 and/or 5. Substituting Arg or Orn for Lys gives CTAP and CTOP. Replacing 
residue 1 with D-Tic produces TCTAP and TCTOP respectively. CTAP and CTOP are the 
most potent p antagonists of the series, having an activity more that 10 times that of 
naloxone. 

Results and Discussion 

NMR studies indicated that these compounds would form a type IT P-bend around D-Trp-R 
(R=Lys, Arg or Orn) and that both the peptide backbone and side chains would be 
conformationally flexible [1,2]. These conclusions are reinforced by solid state studies on 
Somatostatin analogs. An X-ray study has been done on the synthetic somatostatin analog 
octreotide [3], which differs from CTAP at residues 3,5 and 6 (Phe, Lys and Cys in 
octreotide and Tyr, Arg and Pen in CTAP). It crystallizes with three molecules in the 
asymmetric unit all of which show a type II' P-bend around residues 4 and 5 (D-Trp - Lys) 
but with two different conformations around the S-S bridge. Lys is gauche" and D-Trp is 
trans in all three molecules, yet they exhibit three distinct orientations which differ from 
one another. Crystallization conditions have been determined for both CTAP and TCTAP. 
The crystals are too small for analysis by traditional serial X-Ray diffractometers but 
TCAP has been collected using a CCD solid state optical detector coupled to a high energy 
rotating anode X-Ray source. TCTAP crystals surveyed to date have not scattered beyond 
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2A resolution. A very thin CTAP crystal (0.3 x 0.2 0.015 mm) yielded data to -1.5A 
resolution. At this resolution the backbone flat p-bend of the peptide is clearly defined as is 
the orientation of the Tyr and Phe side chains (Fig 1). Both the Arg and Trp residues appear 
to have multiple orientations and approximately 20% of the total scattering is due to 
disordered solvent molecules. This helps explain why these crystals diffract more like 
proteins than small amino acids. CTAP has a type II' P-bend around residues 4 and 5 (D-
Trp - Arg) making it possible to derive three possible orientations for the D-Trp residue by 
doing backbone fits for residues 4 and 5 of CTAP with residues 4 and 5 of the three 
octreotide molecules. Initial least-squares refinement indicates that all three orientations 
would be allowable in the CTAP unit cell. Attempts continue to get better crystals of both 
compounds. 

Fig. 1. Solid state conformation of CTAP indicating the four intramolecular hydrogen bonds. For 
clarity only 1 of the possible conformations for the D-Trp and Arg side-chains is shown. 
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Growth Hormone (GH) secretion is normally stimulated by GHRH. In 1984 CY. Bowers 
and F.A. Momany synthesized the hexa-peptide Growth Hormone Releasing Peptide 
(GHRP-6) and discovered its ability to stimulate GH release in various species [1]. With 
the aim to identify the bioactive conformation of GHRP-6, a series of constrained mono­
cyclic analogs were prepared. The cyclizations involved the termini and/or the side chains 
and, in some of the analogs, a reduced peptide bond was also introduced. 

Results and Discussion 

As a part of a SAR study the four analogs 2, 3, 4, 5 were synthesized and tested to evaluate 
the importance of the positively charged functionalities in GHRP-6 for their ability to 
induce GH release in vitro from rat pituitary cells in primary culture [2] (Table 1). 

Table 1. GH releasing potency and antagonism of peptides a rat pituitary cell assay. 

No. Sequence EC50 nM IC50 nM 

1 H-His-D-Trp-Ala-Trp-D-Phe-Lys-NH2 

2 H-His-D-Trp-Ala-Trp-D-Phe-NH2 

3 H-D-Trp-Ala-Trp-D-Phe-Lys-NH2 

4 Acetyl-His-D-Trp-Ala-Trp-D-Phe-Lys-NH2 

5 Propionyl-D-Trp-Ala-Trp-D-Phe-NH-hexyl 

6 ' -His-D-Trp-Ala-Trp-D-Phe-Lysl 
7 H-Glu-D-Trp-Ala-Trp-D-Phe-Lys-NHj 

8 LHis-D-Trp-Ala-Trp-D-Phe-l 

9 LHis-D-Trp-Ala-Trp-D-Phe-»P(CH2NH)-l 

10 LHis-D-Tip-Ala-Tip-D-Phe-Lys-^CHjNH)-! 

11 H-His-D-Trp-D-Orn-Trp-D-Phe-Lys-

12 LD-Trp-Ala-Trp-D-Phe-»F(CH2NH)-I 
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The EC50 values obtained indicate that the removal of one or two of the charges causes 
onlya moderate decrease in potency whereas complete removal of the positive charges lead to 
complete loss of GH releasing activity. It seems that a positive charge in one terminal can 
compensate for the loss of positive charge in the opposite terminal. This indicates that the N-
and C- termini are very close to each other in the bioactive conformation of GHRP-6 and 
suggests a possible p-turn in its central part. 

This hypothesis prompted us to synthesize a series of cyclic analogs of GHRP-6 where at 
least one positive charge was retained (6, 7, 9, 10, 11, 12) (Table 2). In 9 and 10, one positive 
charge was introduced as an aminomethylene peptide bond replacement. 

The only - 10 fold reduction in potency of 9 as compared to the linear analogue 2 clearly 
demonstrates that the N- and C- termini are close to each other in the bioactive conformation of 
GHRP-6. Furthermore, because the corresponding analogue 8 without an aminomethylene 
substitution is a very potent antagonist, we suggest that the positive charge is essential for 
agonist activity. 

Table 2. Peptide synthesis. 

No. Resin bound intermediate used Procedures 
1 H-His(Trt)-D-Trp-Ala-Trp-D-Phe-Lys(Boc)-[Rink resin] a,c 
2 H-His(Trt)-D-Trp-Ala-Trp-D-Phe-[Rink resin] a,c 
3 H-D-Trp-Ala-Trp-D-Phe-Lys(Boc)-[Rink resin] a,c 
4 Acetyl-His(Trt)-D-Trp-Ala-Trp-D-Phe-Lys(Boc)-[Rink resin] a,c 
5 Propionyl-D-Trp-Ala-Trp-D-Phe-[Sasrin® resin] a,j 
6 Boc-Lys(Cl-Z)-His(Trt)-D-Trp-Ala-Trp-D-Phe-[Wang resin] a,c,f,h 
7 Boc-Glu(OFm)-D-Trp-Ala-Trp-D-Phe-Lys(Fmoc)-[MBHA resin] b,h,g,d 
8 H-Trp-D-Phe-His(Trt)-D-Trp-Ala-[Wang resin] a,c,f, 
9 Boc-D-Phe-xP(CH2NH)-His(Bom)-D-Trp(For)-Ala-Trp(For)-[PAM resin] b,e,d,f,h 
10 Boc-Lys(Cl-Z)-^(CH2NH)-His(Trt)-D-Trp-Ala-Trp-D-Phe-[Wang resin] a,e,c,f,d 
11 Fmoc-His(Trt)-D-Trp-D-Om(Boc)-Trp-D-Phe-Lys(Dde)-[Wang resin] a,c,f,i 
12 Boc-D-Phe-Y(CH2NH)-D-Trp-Ala-Trp-[Wang resin] a,e,h,c,f 

Procedures: 
a. Fmoc SPPS. 
b. Boc SPPS. 
c. TFA cleavage. 
d. HF cleavage. 
e. On resin reductive alkylation. 

Cycl. in dil. DMF solution using EDAC/HOBt. 
Cycl. on resin using HBTU. 
20% piperidine in DMF. 
2% hydrazine hydrate in DMF. 
Aminolysis with neat hexylamine 
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A recent development in SAR studies complementary to the classic alanine and D-amino 
acid scans is the systematic lactam scan of a peptide. Such a scan is based on pioneering 
studies [1] where putative salt bridges were fused into conformationally constrained 
lactams by side-chain to side-chain amide formation. Typically, this approach has yielded 
potent analogs of peptides that assume a helical conformation in their bioactive state (GRF, 
CRF, PTH) [2-4]. In an earlier study, we found Glu and Lys to be the optimal bridgehead 
residues in an i - (i +3) ring scaffold, since smaller lactam ring sizes (<18 atoms) led to 
molecules with diminished potency [5]. We hereby present a complete i - (i + 3) lactam 
scan of [MeTyr1, Ala15, Glu\Lysi+3, Nle27]-hGRF(l-29)-NH2. 

Results and Discussion 

Potencies for the 26 analogs in this series were compared to that of the agonist standard 
hGRF(l-40)-OH. Fourteen analogs had potencies < 25%; five were equipotent and seven 
had potencies 3-14 times greater than that of the standard (Fig. 1). Interestingly, the 
outcome was not entirely predictable from the results derived from the Ala- and D-series. 

The most potent analogs were those with i - (i + 3) cycles between residues 4-7, 5-8, 
9-12, 16-19, 21-24, 22-25 and 25-28. A circular dichroism experiment (CD) of the five C-

19-22 | 21-24 | 23-26 | 2 5 - 2 8 

S-ll 10-13 12-15 14-17 16-19 18-21 20-23 22-25 24-27 26-29 

Cycle 

Fig. 1. Relative potencies of cyclic analogs of cyclo[i-(i+3)}[MeTyr , Ala , Glu',Lys'+ , Nle , 
Nle27]-hGRF(l-29)-NH2. 
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Table 1. Cyclic antagonists of hGRFi.2gNH2- Potencies include 95% confidence limits. 

[Substituted]-hGRFi .2QNH2 Potency LA. (luM) 
1 [MeTyr1 ,DArg2,Cpa6,Nle27]-rGRFi.29NH2 standard 
2 c(22-25)[MeTyr1 ,DArg2,Cpa6,Ala15,Glu22,Lys25,Nle27] 
3 c(25-28)[MeTyr1 ,DArg2,Cpa6,Ala15'22,Glu25,Nle27,Lys28] 
4 c(25-29)[MeTyr1 ,DArg2,Cpa6,Ala15'22,DAsp25,Nle27,Orn29] 

aqueous conditions although the possibility of facilitated helix formation in a membrane 
environment cannot be ruled out. 

Three antagonists were designed by including point substitutions (Darg2 and Cpa6) [6, 
7] in representative, potent cyclic analogs of the lactam scan (Table 1). The i - (i + 4) 
analog 4 is half as potent as analogs 2 and 3 with smaller cycles, and all three bridging 
scaffolds yielded relatively more potent agonists than antagonists. 

In conclusion, modifications that produce increased agonist potencies may also 
produce potent antagonists, albeit to a slightly lesser degree. These antagonists exemplify 
the application of SAR scan data to rationally design potent analogs and provide a useful 
tool for probing the structural requirements necessary for GRF receptor binding. 
Conformational restriction yields subtle effects in the peptide-receptor interaction, but 
bridging elements in a peptide. 
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The cyclic decapeptide gramicidin S (GS) is known to inhibit the growth of many bacteria 
and fungi. Currently available data suggest that GS is targeted against the structural 
integrity of cell membranes in general, without any requirements for specific interaction 
with membrane proteins. GS also exhibits significant hemolytic activity. This property is a 
major barrier against the therapeutic development of GS and its analogues as broad-
spectrum antibiotics. Although GS seems generally to be targeted against cell membranes, 
there is also evidence that its effects vary markedly with membrane lipid composition. This 
observation, and the fact that mammalian and bacterial membranes differ markedly in their 
lipid composition and cholesterol content, suggest that the known differences between the 
hemolytic and antibiotic activities of GS may well be a function of the lipid composition of 
the cell membrane. We have, therefore, begun a study of the ways in which the interaction 
of GS with lipid bilayers is influenced by the lipid composition of the membrane target [1]. 
In this communication we present evidence that membrane cholesterol does affect GS-
membrane interactions and that it can diminish the potentially membrane-disruptive effects 
of the peptide. 

Results and Discussion 

The effects of GS on a range of cholesterol-free and cholesterol-containing model 
membranes were examined by a combination of calorimetric and spectroscopic techniques. 
Our calorimetric data indicate that GS does not significantly alter the gel/fluid phase 
transition temperature of dimyristoyl phosphatidylcholine (DMPC). In the presence of GS 
this lipid exhibits a broader transition centered near 24°C with a pronounced high 
temperature shoulder. The latter is correlated with a deeper penetration of the peptide into 
the fluid phases of the lipid. DMPC bilayers containing =25 mol% cholesterol exhibit very 
broad gel/fluid phase transitions centered near 29°C. Upon interaction with GS these shift 
to lower temperatures (=24°C) and a relatively sharp low-temperature shoulder appears on 
the DSC thermograms. These results can be explained in terms of a greater penetration of 
the peptide into the more disordered gel phases of the cholesterol-containing membranes. 

FTIR spectroscopic studies indicate that the gel/fluid phase transitions of all lipid 
membranes are accompanied by an increase in the frequencies of the amide I absorption 
bands of GS. Since this is not correlated with a change in peptide conformation, we 
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conclude that it is the result of a decrease in the polarity of the local environment of the 
peptide upon melting of the lipid hydrocarbon chains. When dispersed in cholesterol-free 
DMPC bilayers, GS exhibits amide I frequencies near 1638 and 1646 cm"1 in the gel and 
fluid phases, respectively. Under comparable conditions GS dispersed in cholesterol-
containing DMPC exhibits amide I frequencies near 1629 and 1642 cm"1, respectively. 
These results indicate that GS exists in a lower polarity environment when dispersed in 
cholesterol-containing DMPC bilayers and are consistent with GS penetrating less deeply 
into the cholesterol-containing lipid bilayers. 

The effects of GS on cholesterol-free and cholesterol-containing dipalmiteladoyl 
phosphatidylethanolamine membranes were examined by 31P-NMR spectroscopy. When 
GS is dispersed in the cholesterol-free membranes (lipid:peptide = 25:1), spectroscopic 
evidence for nonlamellar phase formation is observed near 55°C, some 30-35°C below the 
temperature at which it is normally observed in the absence of the peptide. In the presence 
of cholesterol, spectroscopic evidence for significant GS-induced nonlamellar phase 
formation is first observed at temperatures near 70°C, a temperature which is very close to 
the range at which these cholesterol-containing membranes spontaneously form 
nonlamellar phases. This result clearly shows that cholesterol significantly attenuates the 
capacity of GS to induce nonlamellar phase formation in these membranes. 

Finally, the differential sensitivities of cholesterol-free and cholesterol-containing 
membranes to the membrane-disrupting activities of GS were evaluated by the release of 
entrapped calcein from 1-palmitoyl, 2-oleoyl phosphatidylcholine vesicles. We find that the 
sterol dramatically reduces the sensitivity to GS-induced calcein leakage. For example, at 
low vesicular lipid concentrations and lipid:GS ratios near 25:1, some 50% of the dye was 
released from cholesterol-free vesicles compared to 25% from the cholesterol-containing 
(25 mol%) vesicles. This result provides direct evidence that the potential membrane-
disrupting activity of GS is markedly attenuated by the presence of membrane cholesterol. 
Unlike mammalian membranes, bacterial membranes are normally devoid of cholesterol. It 
may thus be possible to exploit this fact in the design of more therapeutically useful GS 
analogues. 
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Expression of FGFs by several mammalian tissues is associated with many important 
physiopathological processes such as cell growth and division, angiogenesis, neuronal 
survival, wound repair and tumor development [1]. 

In our search for small agonists or inhibitors of human FGF-1, we studied the segment 
97YISKKHAEKNWFVGLKKNGSCKRGPRTHYGQKAILF132 located in its C-terminal 
portion [2] which contains Site 2. This site has been implicated as determinant not only for 
receptor binding and dimerization, but also for the receptor subtype specificity [3]. The 
peptide Ac-WFVGLKKNGSSKRGPRT-NH2 (I) was the best agonist obtained so far, 
although it was IO4 fold less active than the native protein [4]. In this paper we describe its 
preferred conformation in solution as determined by JH-NMR analysis and the design, 
synthesis and mitogenic activity of the following new peptides: Ac-
WFVGLKNGSSKRGPRT-NH2 (II) Ac-WFVGLPSKR-NH2 (III) Ac-WFVGLPSKRGPRT-
NH2 (IV), Ac-SKKHAEKNWF-NH2 (V) and c(l-5)[Ac-CKKHCEKNWF-NH2] (VI). 

These peptides were designed based on the tridimensional structure of the native 
hFGF-1 [5] and on other data data available in the literature. They were manually 
synthesized by the solid phase method using t-Boc strategy [6], purified by semi-
preparative RP-HPLC and characterized by amino acid analysis and mass spectrometry. 
Cyclization of peptide VI was achieved by oxidation of the thiol groups of the cysteines 
with KaFe(CN)6 [7]. Mitogenic activity was determined by measuring tritiated thymidine 
incorporated into the DNA of Balb/c 3T3 fibroblasts. Cellular binding assays were 
determined by competition with 125I-hFGF-l as described [4]. 

Results and Conclusion 

^ -NMR analysis of peptide I implicated that this is largely in a random coil configuration 
which is in agreement with the theoretical analysis. Only minor conformations 
corresponding to P-structure were observed. From these data, we concluded that the low 
mitogenic activity of I is due to its great conformational flexibility in solution. It is 
conceivable that the stabilization of the B-structure, which we believe is the active 
conformation, may be induced by the receptor-ligand binding. 

II - IV were designed to investigate the contribution of the two adjacent lysines (K6 

K7) and the segment KKNGS to the mitogenic activity of I as well as to test whether the 
function of the cluster K6 K7 could be mimicked by the cluster K12 R13. As these peptides 
were essentially inactive, we concluded that: 1) the two adjacent lysines are critical for the 
mitogenic activity of peptide I; 2) the replacement of KKNGS by proline, as in III and IV, 
was inefficient probably because these peptides do not contain the pair of lysines. Besides, 
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it is possible that this segment has a structural function not mimicked by the Pro residue; 3) 
the deletion of KKNGS placed the cluster K12 R13 closer to the hydrophobic core WF(V). As 
it did not lead to active peptides, it is possible that not only the orientation of the positive 
side-chain but also the structural features of lysine are required. 

V and VI were synthesized to determine whether peptides containing a hydrophobic 
core and a cluster of positive charges, but not the same sequence as peptide I, would be 
mitogenically active. Peptide VI presented an ED50 of about 60 pM, which is similar to 
that found for peptide I. In contrast, peptide V was inactive. The theoretical conformation 
analyses of these peptides showed that V is much more flexible than VI. Moreover, it 
became clear that the preferred theoretical conformation of peptide VI is similar to that 
assumed by the corresponding fragment in the native protein. These results led us to 
suggest that the structural constraint imposed was sufficient to place some specific amino 
acid side-chains, perhaps the two adjacent lysines, into the right position for an effective 
receptor binding. In this regard, VI could be seen as an analog of I, although equally 
potent. * H-NMR analyses of peptide V and VI are now in progress. 

Peptides I and VI competed with hFGF-1 for the cellular receptor (ID50 -20-30 pM). 
However, we can not rule out the possibility that their mitogenic signal is being generated 
through their binding to other receptors besides FGFR. 
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Chemokines are a potent class of small protein molecules that act as important biological 
effectors in inflammatory responses, AIDS and hematopoeisis [1]. Because of the size of 
the polypeptide chain (-70 amino acid residues) and the distinctive pattern of conserved 
Cys residues, more than 60 chemokine-related open reading frames have been identified in 
nucleic acid sequence data arising from the genome initiatives. Rapid production of 
chemokines is desired for efficient elucidation of the function of these new chemokine 
genes. Gryphon Sciences' chemical synthesis and ligation technologies provide rapid 
access to known and novel chemokines [2]. Synthesis, ligation and folding under normal 
circumstances for chemokine-sized proteins takes approximately three weeks and yields 
50-100 milligrams of high purity proteins with full biological activity. Exodus [3], a novel 
chemokine whose sequence was discovered from genome data, has been synthesized via 
this method and is described herein. 

Results and Discussion 

Exodus was synthesized in two segments using in situ neutralization/HBTU activation 
protocols for Boc chemistry [4]. The N-terminal segment was prepared on Glycine a-
thiocarboxylate resin [5]. The crude product from HF cleavage was first treated with 20% 
BME, 6M GuHCl, 0.1M phosphate, pH 7.5 for one hour to remove the DNP protecting 
groups from Histidine. After solvent exchange into 0.1M NaOAc, pH 4.0, the peptide was 
reacted with 50mM bromoacetic acid for 10 minutes to alkylate the C-terminal a-
thiocarboxylate. Subsequent C4-HPLC purification gave pure Exodus(l-35)-SCH2C02H 
ready for ligation. The C-terminal segment was synthesized using the same Boc protocols 
on Methionine-PAM resin. Following HF cleavage and C4-HPLC purification, the segment 
was ready for ligation. 

The peptide segments were dissolved in 6M GuHCl, 0.1M phosphate, pH 7.0 to a final 
concentration of approximately 4mM in each peptide. After mixing, 0.5% thiophenol was 
added to maintain a reducing environment and facilitate thioester exchange for a faster 
reaction. The progress of the reaction was monitored by C4-HPLC (Fig. 1) and the desired 
product was purified when the reactrion was completed. Folding was accomplished by 
dissolving lyophilized peptide into 2M GuHCl, 0.1M Tris, pH 8.5 to a final concentration 
of lmg/mL peptide with stirring. C4-HPLC and MS were used to identify the folded 
product by a decrease in HPLC retention time and a loss of 4 Da due to formation of two 
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disulfide bonds. Biological activity was determined by chemotaxis on normal human 
PBMCs [3]. 

Over 30 milligrams of folded active Exodus have been shipped to our collaborators. 
Chemical ligation of fully unprotected peptide segments has also been successful in the 
preparation of more than 30 chemokines representing 15 different native molecules and 
their analogues and has been useful for the synthesis of other protein systems [6]. 

Ligation T=0 

• • • • • • 1 1 1 1 

20.0 
I I I I I I I I I I I I I I I I I I I I I I I I I I I I I 

63.0 

Ligation T=4h 

C 

remaining 
starting 
materials 

}• 
^ 

8445.45 Da 

W,„-

"thiophenol 
dimer 

20.0 63.0 

Fig. 1. The left panel shows the time = 0 HPLC trace for the Exodus ligation. Peaks A and B are 
the two starting materials, Exodus (l-35)-SCH2C02H and Exodus(35-74), respectfully. The right 
panel shows the progress of the ligation after 4 hours. C is the product. The inset gives the 
hypermass reconstruction of the raw MS data to a single charge state for C. Exodus(l-74) had an 
observed mass of 8445.45 Da (calculated mass 8446.99 Da). 
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Two antimicrobial peptides, cecropin A [1] and melittin [2], possess high activity against both 
Gram-positive and Gram-negative bacteria. Melittin, however, has the very detrimental 
property of killing eukaryotic cells. To understand the structural requirements for the 
antimicrobial activity of chimeric analogs of cecropin A and melittin, we have synthesized 
normal, enantio, retro, and retroenantio hybrid analogs, and have related activity to their 
sequence, helix dipole (amide bond direction), chirality and end group charges. To compare 
the effect of the end groups, each of these analogs was synthesized both with an acid and an 
amide C-terminus and also with and without an N-acetyl N-terminus and tested against 5 
strains of bacteria. The results are presented here. 

Results and Discussion 

The observed activities of amide analogs of CA(1-13)M(1-13) against four of the test bacteria 
show that the essential structural features may be either sequence or helix dipole, but not both 
of these together nor chirality. Bacillus subtilis is more demanding and the required structural 
features for this organism were both sequence and helix dipole. The antibacterial activities for 
the eight analogs of CA(l-13)M(l-13)-OH showed that two bacterial strains, one Gram-
negative, Escherichia coli, and one Gram-positive, Streptococcus pyogenes, responded in a 
way similar to that of their corresponding amide analogs. For B. subtilis the pattern for C-
terminal acid analogs corresponds to the requirement of either sequence, or helix dipole. All-L 
CA(l-13)M(l-13)-OH and CA(l-7)M(2-9)-OH are less active than their D enantiomers 
against some of our test bacteria. This may be attributed to the role of proteolytic enzymes 
produced during the growth of the assay culture. Our earlier results with several cecropin-
melittin hybrids showed that L and D isomers were equally active [3]. 

All-L CA(1-13)M(1-13) acid was 5 times and its retro isomer was 2 times less active 
than their corresponding all-D isomers against Staphylococcus aureus. The corresponding 
acetylated analogs behaved similarly, indicating that the charge on the N-terminal amine has 
little effect on the antibacterial activity of any of these derivatives. All-L CA(1-13)M(1-13)-
OH was 9 times less active against P. aeruginosa and all-L retro acid was 2 times less active 
than their corresponding all-D enantiomers (Table 1). These results suggest that the L acid 
isomers are degraded during the antibacterial assay, while the all-L amides are resistant. 

The retro and retroenantio analogs of CA(1-13)M(1-13) acid were as active as their 
normal and enantio analogs against all five test bacteria. The C-terminal amides showed 
similar activities. It is interesting to note that the negative end of the helix dipole of a normal 
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peptide points toward the carboxy terminus, whereas it points away in the case of the retro 
derivatives when they are inverted to give the same sequence as normal peptide. 

The observed activities of CA(l-7)M(2-9) show that L and D enantiomers with C-
terminal acids and amides were equally active against E. col,. B. subtilis and S. pyogenes. 
These data match the prediction for a requirement of either sequence or helix dipole but not 
both of these features at the same time. Different results were obtained against P. aeruginosa 
and Staph, aureus. All-L CA(l-7)M(2-9)-OH was, respectively fourteen times and five times 
less active than the all-D enantiomer against Pseudomonas and Staphylococcus. Na-acetyl 
derivatives showed similar differences. However, the corresponding L and D retro analogs 
differed only marginally. The L and D enantiomers of 15-residue hybrid analogs with C-
terminal amides were equally active. Both sequence and helix dipole were found to be 
necessary structural features for their activity against P. aeruginosa and Staph, aureus. All 29 
hybrid analogs reported here were found to be good antibacterial peptides. It should be 
mentioned that these analogs did not show any significant lysis of eukaryotic cells, such as 
sheep erythrocytes. 

To demonstrate the probable effect of enzymes on the differences in the activities of L 
and D analogs, both the L and D peptides of CA(l-13)M(l-13)-OH and CA(l-7)M(2-9)-OH 
were treated with an extract of Staph, aureus. All-L peptides became 7 to 8 fold less active 
against Staph, aureus, while the all-D isomers were as active as the peptide without the 
enzyme treatment. Heat eliminated the effect of the extract. 

These results clearly show that peptide chirality can a effect antibacterial activity against 
some organisms. An active proteolytic enzyme produced by the organism during the assay 
would preferentially hydrolyse the all-L isomer and result in lowered antibacterial activity. 
The D enantiomers, however, are known to be resistant to enzyme degradation and were 
expected to retain their activity. We have earlier reported variable chiral effects for pig 
cecropin analogs and for proline-arginine rich PR-39 [4]. 

Table 1. Lethal and lysis concentrations (pM)for CA(l-13)M(l-13)-NH2/OH analogs. 

Organism 

E. coli 
P. aeruginosa 
Staph, aureus 
Strep, pyogenes 
B. subtilis 
Sheep red cells 

Normal 
amide acid 
0.7 0.7 
4.1 15 
2.0 11 
0.7 1.4 
0.9 1.7 
320 139 

Enantio 
amide 
0.8 
1.6 
0.8 
0.8 
1.1 
430 

acid 
0.8 
1.6 
2.1 
0.9 
0.9 
246 

Retrc 
amide 
3.8 
6.0 
2.0 
2.5 
37 
100 

i 

acid 
3.0 
18 
16 
2.3 
1.7 
170 

Retroenantio 
amide acid 
2.4 2.3 
7.0 8.2 
5.7 7.8 
1.0 0.4 
27 1.2 
100 65 

The CD spectra of all-L and all-D normal and retro analogs of CA(l-13)M(l-13)-OH and 
CA(l-7)M(2-9)-OH revealed a random conformation in phosphate buffer at pH 7.2 and their 
a-helical conformation increased as the concentration of HFIP was increased. Acetylated 

peptides showed higher helical contents than their unmodified hybrids. 
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Characterization of neurokinin receptor types and their 
intracellular signal transduction in C1300 cells 
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Neurokinin A and B (NKA, NKB) are a family of neuropeptides which interact with distinct 
cell surface receptors classified as NKi, NK2 and NK3 [1]. Recently, we found that murine 
neuroblastoma C1300 cells express endogenous neurokinin receptors [2,3]. Herein we 
characterized the neurokinin receptor types present in this cell line and investigated their 
intracellular signal transduction. 

Results and Discussion 

Previously, we demonstrated that NKA and NKB induce an increase in the concentration of 
intracellular free Ca2+ ([Ca2+]i), while Has a slight effect on Ca2+ mobilization even at 10 pM 
[2], suggesting the existence of neurokinin receptors in C1300 cells. Therefore, RNA blot 
analysis was carried out to identify the types of neurokinin receptors in this line. NK2 and 
NK3 receptor mRNAs, but not NK] receptor mRNA, were expressed. To confirm the 
functional expression of NK2 and NK3 receptors, we examined whether [pAla8]NKA(4-10) 
and senktide, which are NK2 and NK3 receptor agonists, respectively, could induce the [Ca +]j 
increases. [f$Ala8]NKA (4-10) at 10 pM slightly evoked a [Ca2+]j, increase, and senktide 
concentration-dependently induced the Ca2+ response, although its maximal response was 
about 10-fold less than that of NKA and NKB. In addition, we also examined the inhibitory 
effects of selective antagonists for NK2 and NK3 receptors on the [Ca2+]i increases in response 
to NKA and NKB. The [Ca2+]i increase induced by 0.33 pM NKA was completely inhibited 
by SR 48968, an NK2 receptor antagonist, whereas the partial response to 0.33 pM NKB 
(about 8% of total response) was unaffected. The response to NKB resistant to SR 48968 was 
completely inhibited by SR 142801, an NK3 receptor antagonist. In addition, Ca2+ response to 
0.33 pM senktide was inhibited by SR 142801 but not by SR 48968. These findings suggested 
that C1300 cells expressed functional NK2 and NK3 receptors (Fig. 1). However, because of 
the low potency of [|5Ala8]NKA (4-10) to increase [Ca2+]s NK2 receptors present in C1300 
cells might be different type from those characterized in other systems. It was also 
demonstrated that NK2 and NK3 receptors can be activated independently by 3.3 pM NKA in 
the presence of 1.0 pM SR 142801 or 1.0 pM senktide, respectively. 

The signal transduction evoked by endogenous NK2 and NK3 receptors was investigated 
using this cell system. The independent activation of NK2 and NK3 receptors induced not only 
a [Ca2+]i increase, but also stimulated the formation of inositol trisphosphates (IP3), and of 
which were inhibited by U73122, a phospholipase C (PLC) inhibitor. In addition, NK2 and 
NK3 receptor-mediated [Ca2+]i increase was partially attenuated in the absence of extracellular 
Ca2+ or in the presence of nickel, an inorganic Ca2+ influx blocker. It was unaffected by 
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nifedipine and co-conotoxin, which are L- and N-type voltage dependent Ca + channel 
blockers, respectively. Furthermore, depolarization by 60 mM K+ did not affect the [Ca2+]i In 
addition, the activation of NK2 and NK3 receptors did not induce the cyclic AMP 

[pAla«]NKA(4-10) 

NKB 
senktide 

DG; diacylglycerol 
IP3; inositol tris-phosphate 
PIP2; phosphatidylinositol 

4,5-blsphosphate 
PLC; phospholipase C 
SR 48968; NK2 antagonist 
SR 142801; NK3 antagonist 
[pAlaa]NKA(4-10); NK2 agonist 
senktide; NK3 agonist 

•- Inhibition 

Fig. 1. Functional expression of NK2 and NK3 receptors in the C1300 cell line and their signaling 
pathways. 

accumulation. These results suggested that NK2 and NK3 receptors activate PLC to induce IP3 
formation and [Ca2+]i increase, which depend on the release of internal Ca2+ and the entry of 
extracellular Ca2+ through voltage-independent channels (Fig. 1). In addition, it was shown 
that these receptors did not have the ability to activate adenylate cyclase. 
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Influence of different types of cyclization on certain biological 
activities of three structural types of bradykinin antagonists 
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In order to study conformational requirements for different types of bradykinin antagonists 
and different receptor types we systematically cyclized bradykinin analogs by formation of 
lactam bridges between side chains and modified peptide groups from the backbone. To 
gain a more detailed insight into conformational bioactivity we studied the influence of 
sequence position, type, direction and size of the lactam bridges. 

Results and Discussion 

Cyclization between side chains in position 0 and 6 (2) and between the modified backbone 
residue at position 2 and the side chain at position 6 provides antagonists with the same or 
enhanced activity on the smooth muscle contraction (B2 receptor) compared to lead 
structure or linear precursors. In these cases the cyclization seems to stabilize the bioactive 
conformation. In contrast to the lead structure 1 antagonistic potency is shifted by 
cyclization from GPI in favour of RUT (Table 1). The direction of the lactam bridge has a 
crucial effect on biological activity. While antagonistic compound 2 with the direction HN-
COis 

Table 1. Biological activities of linear and cyclic bradykinin analogs. 

No. 
1 
2 
3 
4 
5 
6 
7 

Structure* 
[DPhe7]-BK 
cyclo(0-6)[Lys°,Glu6, DPhe7]-BK 
cyclo(0-6)[Glu°,Lys6,DPhe7]-BK 
[APhe5]-BK 
cyclo(0-6)[Glu°,APhe5,Lys6]-BK 
[NMePhe2]-BK 
cyclo(0-6)[Lys°, NMePhe2,Glu6]-BK 

RUT 
1.5% 
pA2=5.78 
n.a 
170% 
n.a. 
34.6% 
n.a. 

GPI 
pA2=4.9 
n.a 
n.a 
150% 
n.a. 
4.2% 
n.a. 

LS 
pA2=4.46 
n.a 
-
95% 
-
pA2=5.59 
n.a. 

• APhe= dehydrophenylalanine, NMePhe= N-methylphenylalanine n.a.=inactive 

more active than the linear precursor, the comparable compound 3 with the lactam bridge 
direction CO-NH is completely inactive. Comparison with other cyclic type-7-antagonists 
shows no dependence of the activity on side chain or backbone cyclization. Furthermore, 
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the results of the active antagonists give no evidence for an important role of ring size. 
Lactam rings with 20 or 27 and with 20 member gave nearly the same pA2 values. From 
our systematic studies on linear antagonists of B2-receptor antagonists we assume the 
existence of different structure types. Apart from antagonists with an D-amino acids at 
position 7 [1] we found antagonists with APhe and its related analogs at position 5 [2] and 
with N-alkyl amino acids at position 2 [3]. Until now systematic lactamization was only 
performed at position 7 antagonists. First results of type-5- and type-2-antagonists show 
changed conformational requirements for both these structural types . Thus, in contrast to 
type-7-antagonists, in both cases agonistic and antagonistic activity is strongly reduced by 
lactam bridges in the N-terminus. Cytokine release from mononuclear cells induced by 
bradykinin antagonists prevents their use as a drug because of their own inflammatory 
action. In contrast, the inhibition of cytokine release favours their use as antiinflammatory 
agents. Systematic structure activity studies with linear antagonists have shown that the 
receptor on mononuclear cells has structural requirements quite different from the B2-
receptor [4]. Cyclization in the N-terminal part of type-7-antagonists shows a favourable 
effect. Agonistic activity is reduced whereas the inhibition of cytokine release is enhanced 
by 3 orders of magnitude. Structural requirements for histamine release from rat mast cells 
are also quite different from those for smooth muscle contraction and cytokine release [5]. 
Cyclization of bradykinin agonists and antagonists has no general effect on histamine 
release. Compared to bradykinin itself or to the linear precursors cyclization by lactam or 
disulfide bridges in the N-terminal sequence often enhances histamine releasing potency, 
whereas backbone modification strongly reduces that potency. 

Thus, cyclizations in different sequence positions destroy activity in agonist whereas 
lactam bridges in the N-terminus of type-7-antagonists enhance antagonistic potency. 
While no difference could be observed between side chain or backbone cyclization, the 
direction of the lactam bridges is crucial for high potency or inactivity. The results indicate 
a turn structure in the N-terminal sequence of type-7-antagonists but give no evidence for a 
turn structure in the C-terminus. 
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Antimicrobial peptides with activity against an 
intracellular pathogen 
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Bacterial resistance to antibiotic therapy is increasing at an alarming rate [1]. The reduced 
effectiveness of current antibiotics arises from the reliance on only a few distinct 
mechanisms of action [1]. As a result, there is a need to develop new antibiotics with 
unique mechanisms. In addition to acquiring multi-drug resistance, intracellular pathogens 
pose an additional problem in that they are sequestered in a cell. The ability of Brucella 
abortus, an intracellular pathogen, to survive in macrophages allows it to quickly establish 
chronic infection [1]. The sequestered bacteria are not exposed to the compliment cascade, 
neutrophils, antibodies, or antibiotics. We report the in vivo and in vitro activities of a 
series of peptides against Brucella abortus and the proteolytic stability of these peptides 
using trypsin. 

Results and Discussion 

The peptides presented can be grouped into four categories: naturally occurring 
antimicrobial peptides (1-3), simplified analogs of naturally occurring antimicrobial 
peptides (4-6), de novo amphipathic peptides (7-12), and de novo amphipathic peptides 
composed of 50-80% a,a-disubstituted amino acids (13-19) [1,2]. The sequences in Table 1 
are listed using their one-letter codes for the proteinogenic amino acids and the a,'a-
disubstituted amino acids: B, a-aminoisobutyric acid; X, 1-aminocyclohexane carboxylic 
acid; and J, 4-aminopiperidine-4-carboxylic acid. 

All of the peptides, except peptides 15 and 18, show significant antimicrobial activity 
against S. aureus and E. coli bacteria with MIC activity ranging from 1-17 pM [1,2]. In 
contrast, none of the peptides showed any significant direct antimicrobial activity against 
Brucella abortus at peptide concentrations up to 100 pM. Even though these peptides show 
no direct activity against Brucella abortus in vitro, many of the peptides significantly 
reduce Brucella abortus levels in chronically infected BALB/c mice (Table 1). The doses 
were titrated down to the highest non-lethal dose. Toxicity observations at these doses were 
classified into 3 categories: none (no difference between peptide treated and saline treated 
mice), stress (mice show signs of distress), and toxic (some of the mice in the group died). 
In vitro testing of peptide toxicity against normal and infected macrophages reveals that 
only peptides 13, 14, 15 and 18 show significant selectivity of infected macrophage killing 
over normal macrophages. Because some of the peptides are expected to undergo 
proteolysis in vitro. 

We treated the peptides in vitro with trypsin to test the proteolytic stability of these 
peptides [3]. All of the peptides composed soley of proteinogenic amino acids except for 1 
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and 5 showed no stability while all of the peptides containing a,cc-disubstituted amino acids 
were completely stable (Table 1). 

Table 1. In vivo peptide activity against B. abortus in BALB/c mice and proteolytic stabilty. * 

Peptide 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 

Sequence 

Melittin 
Cecropin B amide 
Maganin 2 amide 
Melittin analog 
D-Melittin analog 
Cecropin analog 
(KFAKFAK)3-NH2 

(KLAKLAK)3-NH2 

(KLAKKLA)3-NH2 

(KALKALK)3-NH2 

(KLGKKLG)3-NH2 

(KAAKKAA)3-NH2 

KBBKKBBKBBKKBB-NH2 

KKBBKBBKKBB-NH2 

Ac- KKBBKBBKKBB-NH2 

KXXKKXXKXXKKX-NH2 

KKXXKXXKKX-NH2 

BBJKBBJKBB-NH2 

Ac- BBJKBBJKBB-NH2 

Dose 

(WO 
25 

500 
500 
500 
500 
1000 
100 
100 
100 
100 
500 
1000 
500 
500 
500 
100 
100 
500 
500 

% Brucella 
Reduction 

50 
53" 
54" 
90 
65 
44" 
91 
51 
0" 

63" 
18" 
0" 
80 
63 
30 
33" 
0" 
90 
0" 

Toxicity 

none 
none 
none 
toxic 
stress 
stress 
none 
none 
none 
none 
stress 
stress 
none 
none 
none 
none 
toxic 
none 
toxic 

Stability 

partial 
none 
none 
none 

partial 
none 
none 
none 
none 
ND 

none 
ND 

complete 
complete 
complete 
complete 
complete 
complete 

ND 

*Melittin analog=FALALKALKKALKKLKKALKKAL-NH2, D-Melittin analogs D-( FALALKA-
LKKALKKLKKALKKAL)-NH2; Cecropin analog= RWRLFRRIDRVGKQIKQGILRAGPAIALVG-
DARAV-NH2. "not statistically sinificant 

Brucella abortus has been reduced in vivo in BALB/c mice by selective killing of 
infected macrophages. This selective killing of infected macrophages may be applied to 
other intracellular pathogens. 
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Streptomyces tendae 4158 produces an extracellular protein, tendamistat, showing a strong 
inhibitory activity (Ki = ca. 0.2nM) against porcine pancreatic a-amylase [1]. Tendamistat 
is 74 amino acids long and consists of a small and a large loop (Cysn-Cys17 and Cys45-
Cys73, respectively) bridged by disulfide bonds. The three-dimensional structures of 
tendamistat and its complex with pancreatic alpha-amylase were determined by X-ray 
crystallographic and NMR spectroscopic techniques [2-5]. The small loop forms a P-turn 
connecting two strands of a [3-sheet which contains an inhibitory site (Trp18-Arg19-Tyr20). 
So far, several p-turn model peptides have been designed and synthesized, and their 
conformation and inhibitory activities were investigated [6-10]. In this work, five short 
cyclic peptides having the inhibitory site, Ten(16-22), Ten(15-23), Ten(14-24), Ten(13-
25), and Ten(12-26), were synthesized (Fig. 1). Their structures in an aqueous solution and 
TFE (trifluoroethanol) were examined by circular dichroism (CD) spectroscopy and their 
inhibitory activities for porcine pancreatic alpha-amylase were measured. 

Results and Discussion 

All five peptides were synthesized manually by the solid phase method on Fmoc 
chemistry. We reported on the structures of four, Ten(15-23), Ten(14-24), Ten(13-25), 
Ten( 12-26) which gave good agreement with their desired structure on MALDI-TOF-MS. 
Ten( 16-22), however, gave a mass corresponding to the dimerized product. CD spectra of 
Ten( 12-26), Ten( 13-25), and Ten( 14-24) in 20mM Tris-HCl buffer (pH 7.0) were 
relatively similar to each other (Fig. 2A), although their differences appeared random. The 
CD spectrum of Ten( 15-23) with minimum at 218 nm differed from that of the other 
peptides. Ten (15-23) may take a partial p-sheet structure. The effect of TFE on the 

-Cys-Val12-Thr-Leu-Tyr-Gln-Ser-Trp-Arg-Tyr-Ser-Gln-Ala-Asp-Asn-Gly26-Cys-

Fig. 1. Amino acid sequence of the small loop of tendamistat. 

structure of the cyclic peptides was investigated (Fig. 2B). The CD spectra of Ten(12-26), 
Ten(13-25), and Ten(14-24) showed double minima at around 208 and 222 nm. This 
indicates that these three peptides predominantly form a-helical structures in TFE. 
However, Ten( 15-23) showed a CD spectrum with a minimum at 227nm in TFE. 
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Fig. 2 CD spectra of the four cyclic peptides in 20 mM Tris-HCl buffer (pH7.0) (A) and TFE (B). 
The peptide concentrations were 10 pM. 

In conclusion, the CD spectral data in buffer and TFE suggested that the structural 
propertis of Ten( 15-23) differed from those of other peptides. In a preliminary work, 
Ten( 15-23) showed the strongest inhibitory activity (Ki= 121 pM) among the four 
peptides, although its inhibition was weak. Therefore, the present results may imply a 
relationship between the structure and the inhibitory activity of short cyclic peptides. 
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Solid-phase synthesis of caged peptides containing 
photolabile derivatives of aspartic acid 
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Osaka National Research Institute, AIST, Midorigaoka, Ikeda, Osaka 563, Japan 

Rapid release of biologically active substances from photolabile (caged) precursors is 
an important technique in the study of fast and local biological processes, such as in 
muscle fiber and in neuron. Recently we have developed a simple method for the 
synthesis of caged peptides using derivatives of tyrosine [1] and lysine of which side 
chains were protected with a photocleavable group. Here we report the development of 
a method to synthesize derivatives of aspartic acid residues. 

Results and Discussion 

The side chain of aspartic acid was selectively protected by the complexation of a-
amino and carboxy groups with copper ion, in a manner similar to those of tyrosine 
and lysine. P-Carboxyl group of aspartic acid was protected with 2-nitrobenzyl or 2-
nitro, 3, 4-dimethoxybenzyl group and the a-amino group was then protected with 
Fmoc group (Fig.l). The derivatives of aspartic acid were used for solid phase 
synthesis of angiotensin II (DRVYIHPF) using an automated peptide synthesizer 
under the usual Fmoc chemistry. 

X COOH a) b) 

H2N COOH C) H2N COOH FMOC-NH^COOH 

Fig. 1. Preparation of the photolabile derivatives of aspartic acid, a) Copper acetate, b) 
nitrobenzylbromide for X = H and nitrovertrylbromide for X = OCH3, c) EDTA, d) Fmoc-
OSu. 

In the crude products of the peptide synthesis, two major peaks were found in Cig-
RP-HPLC (Fig. 2A). The later peak was assigned to the nitrobenzyl angiotensin II by 
mass spectrometry: obs. 1184 and calcd. 1181. The earlier peak was assigned to the 
intact angiotensin II. The nitrobenzyl group of the peptide was also found to be stable 
for trifluoroacetic acid but not for piperidine, indicating that the nitrobenzyl group was 
partially cleaved during the removal of the Fmoc group. 
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When nitrobenzyl angiotensin II was irradiated with UV light by a hand lamp for 
TLC viewer for 30 min, production of the intact peptide was observed (Fig.2B). 
Similar results were observed for the peptide containing the nitroveratryl derivative of 
aspartic acid. 
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Fig.2. HPLC analysis of the photolabile precursor of angiotensin II. The crude product of the 
peptide synthesis of the nitrobenzyl angiotensin II (A) and the photolytic products of the 
nitrobenzyl angiotensin II (B). 

In conclusion, photolabile peptides protected at aspartic acid residue were 
substantially obtained and can be used as caged peptides, although the photolabile 
group was partially removed during the peptide synthesis. 
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Induction of erectogenic activity in the human male by systemic 
delivery of a melanotropic peptide 

M. Hadley3 and V. J. Hruby" 
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Tucson, AZ 85724, USA 

a-Melanocyte stimulating hormone (a-MSH, Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-
Gly-Lys-Pro-Val-NH2), regulates melanin pigmentation of the skin in many animals, 
including humans. Ac-Nle-c[Asp-His-DPhe-Arg-Trp-Lys]-NH2 (MT-II) is a superpotent, 
prolonged acting, enzyme resistant, melanotropic peptide analog of a-MSH. This cyclic 
lactam-bridged peptide is a superagonist of peripheral (melanocyte) MCIRs. Ac-Nle4-
c[Asp5,DPhe7,Lys10] a-MSH4_i0-NH2 is also a potent agonist of melanocortin 3,4 and 5 brain 
receptors. When injected intracerebro-ventricularly in the mouse, the peptide inhibited 
feeding and the mice lose weight [1]. Most interestingly, MT-II also induced erections in 
human males, as discussed below. 

Results and Discussion 

The cyclic peptide (MT-II) was chemically synthesized using solid phase synthesis based on 
previously published methods. The linear molecule was cyclized by coupling the side chain 
groups of Asp5 and Lys10 with BOP reagents, and the resultant cyclic lactam-bridged peptide, 
Ac-Nle4-c[Asp5-His6-DPhe7-Arg8-Trp9-Lys10]-NH2, was then purified by reverse-phase high-
performance liquid chromatography as previously described [2]. 

Several normal white males were enrolled in this study after informed consent was 
obtained through a protocol approved by the Human Subjects Committee, Arizona Health 
Sciences Center, University of Arizona. The starting dose of MT-II was 0.01 mg/kg, which 
was less than one-tenth the dose safely administered to rodents in unpublished preclinical 
toxicity tests. The trial was single-blinded; the placebo, 0.9% NaCl, was given on alternate 
days so that MT-II was never administered on successive days. Each subject received a single 
daily subcutaneous injection for 5 days per week for two consecutive weeks. Thus, each 
subject received 5 injections of MT-II and 5 injections of saline over a 2-week period. The 
MT-II dose for each subject was escalated by 0.005 mg/kg increments All three subjects 
developed an erection in response to MT-II to at least one of the concentrations administered. 
At a dose level of 0.025 mg/kg (3 escalations from baseline), spontaneous, non-painful penile 
erections were reported in all subjects. Satiety, flushing, yawning/stretching, gastrointestinal 
discomfort, and fatigue were transient side effects noted in some of the volunteers. None of 
the three subjects reported stretching and yawning or penile erections on any of the five days 
of saline injection [3]. Ten men with claimed erectile dysfunction of a psychogenic (non-
organic/physiological) nature were then enrolled in a double-blind crossover vehicle-
controlled study. Eight of the ten subjects developed erections to subcutaneous (non-penile) 
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injections of MT-II (0.025-0.157 mg) as monitored objectively by Rigiscan (penile 
tumescence meter). This device measures rigidity of both the tip and the base of the penis. 
The erections were deemed satisfactory for intercourse. Transient side effects (stretching and 
yawning, facial flushing, and nausea) were reported in 9/10 men administered MT II versus 
4/10 on placebo. The side effects in the individuals so far studied were mild and no 
participants terminated participation because of the toxicity associated with the test 
compound. Nevertheless, at high doses the peptide can cause gastrointestinal discomfort such 
as cramping and/or vomiting. The peptide does not appear to enhance libido, but rather, 
causes a transient erectile response (an erection on demand). The peptide appears to be 
effective for the differential diagnosis of erectile dysfunction and for the treatment of 
psychological (idiopathic) erectile dysfunction. 

To our knowledge, this is the first study to demonstrate that a melanotropic peptide 
administered by injection induces an erectile response in humans. Both a-MSH and p-MSH, 
as well as ACTH have been injected into humans. Although other side effects were carefully 
documented, in no instance was induction of an erection reported. In fact, in the rat, it was 
reported that sexual responses such as penile erections can only be induced by direct 
intracerebro-ventricular injection of a melanotropic peptide [4]. Most interesting in the 
present study was the observation that, as in rodent studies, administration of a melanotropic 
peptide not only produced an erection, but also induced a form of stretching/yawning 
response ("syndrome", SYS). Since these responses originate in the brain, it suggests that 
most likely subcutaneous injection of the peptide with delivery to the systemic circulation 
results most likely in the passage of the peptide across the blood-brain barrier into the central 
nervous system. MT-II therefore represents a model for the development of peptide delivery 
to the brain. The peptide and related analogs are patented for use in the diagnosis and 
treatment of impotency of psychogenic origin. 

References 
1. Fan, W., Boston, B.A., Kesterson, R.A., Hruby, V.J. and Cone, R.D. Nature, 385 (1997) 165. 
2. Al-Obeidi, F., Hruby, V.J., Castrucci, A.M.L. and Hadley, M.E. J. Med. Chem., 32 (1989) 2555. 
3. Dorr, R.T., Lines, R., Levine, N., Xiang, L., Hruby, VJ. and Hadley, M.E. Life Sci., 58 (1996) 

1777. 
4. Vergoni, A.V., Poggioli, R., Facchinetti, F., Bazzani, C, Marrama, D. and Bertolini, A. 

Neuropeptides, 14 (1989) 93. 



Design and synthesis of opioid mimetics containing pyrazinone 
ring and examination of their opioid receptor binding activity 
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Previously, a facile and convenient synthetic procedure for obtaining 2(l//)-pyrazinone 
derivatives from dipeptidyl chloromethyl ketones was developed [1]. This novel synthetic 
method can afford 2(l/f)-pyrazinone derivatives substituted at positions 3 and 6 with the 
desired groups in high yield. Therefore, an amino group and/or a carboxyl group can be 
introduced at position 3 or 6 of the pyrazinone ring by using the approprate amino acid 
residues. Our idea is to employ the above pyrazinone derivatives to prepare 
peptidmimetics. This paper deals with the synthesis of pyrazinone ring-containing tyrosine 
derivatives (Fig. 1), examination of their binding activity with opioid receptors and studies 
on structure-activity relationships. 

OH t D 1 
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[\ A ^ _ _ l l T rli o 0 H)CiY 
u r M ru B C H2C N ^ O V 2 

C H HgC^N^CH;, _, \_ ^| H 

H2N-CH-CO-NH-CH2-CH2-CH2-CH2 d L | H 

1 2 

Fig. 1. Structures of Two Types of Tyrosine Derivatives. 

Results and Discussion 

All pyrazinone ring-containing tyrosine derivatives were synthesized by our novel method. 
As shown in Fig. 1, two types of tyrosine derivatives containing pyrazinone rings were 
prepared. In order to study the structure-activity relationship of the tyrosine derivatives, 
parts A or D and B or C in 1 and 2 were modified. For the introduction of amino groups 
with different chain lengths at position 3 or 6 of a pyrazinone ring, lysine, ornithine, 2,4-
diaminobutyric acid or 2,3-diaminopropionic acid was employed as a constituent amino 
acid of dipeptidyl chloromethyl ketone. For the introduction of phenyl groups with 
different chain lengths at position 3 or 6 of pyrazinone ring, phenylglycine, phenylalanine 
or homophenylalanine was employed as a constituent amino acid of dipeptidyl 
chloromethyl ketone. All tyrosine derivatives were purified with preparative HPLC and the 
purity of each compound was confirmed by analytical HPLC and FAB mass spectrometry. 
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The opioid activity profile of each compound was determined using a receptor binding 
assay based on displacement of 3H-DAGO [(D-Ala3,Gly-ol5)-enkephalin] (p-selective) and 
H-DPDPE [c(D-Pen2, D-Pen5)-enkephalin] (8-selective) from rat brain membrane binding 

sites [2]. Compound 1 exhibited binding activity with 8 receptor with a Ki value of 333 nM 
and with p receptor with a Ki value of 3909 nM. It was revealed that a benzyl moiety at 
position 3 of compound 1 was required to manifest binding activity with 8 receptor. 
Compound 2 exhibited binding activity with 8 receptor with a Ki value of 462 nM and with 
p receptor with a Ki value of 438 nM. These results show that the introduction of a Tyr 
residue at position 3 or 6 of the pyrazinone ring gives different opioid activity profiles. 

In order to obtain more potent opioid mimetics, structure-activity relationships were 
studied. First the chain length of part A and/or B of compound 1 (Fig. 1) was changed to 
give various compounds. However, all compounds obtained exhibited much less binding 
activity with both 8 and p receptors compared with the parent molecule 1. Next, the chain 
length of part C and/or D of compound 2 (Fig. 1) was changed. Of the various compouds 
prepared, only 5-methyl-6-phenethyl-3-tyrosylaminobutyl-2(lfl)-pyrizinone (Fig. 2) 
exhibited binding activity at the p opioid receptor with a Ki value of 55.8 nM and 8 opioid 
receptor with a Ki value of 2165 nM. 

OH 

Fig. 2. Structure of p Selective Opioid Mimetic. 
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Intracellular third loop of galanin receptor as G-protein 
interaction site 

Ursel Soomets and t)lo Langel 
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University, S-10691 Stockholm Sweden 

Galanin is a 29/30 amino acid long neuroendocrine peptide with widespread distribution in 
the endocrine, peripheral and central nervous systems [1]. It has a regulatory role in a 
variety of physiological processes including release of neurotransmitters and hormones, 
smooth muscle contractility, nociception, feeding, and memory-related and sexual 
behaviors [2]. Galanin triggers cellular responses by acting at seven transmembrane 
domain type galanin receptor(s). The first galanin receptor subtype, GalRl, was cloned 
from human melanoma cell line Bowes' in 1994[3]. Another galanin receptor subtype, 
GalR2, was cloned in 1997[4]. The effects of activated galanin receptors are mediated by 
Giij/Go subtypes of pertussis toxin ADP-ribosylable G-proteins[5]. Galaninergic effects 
mediated by different effector systems play a role in pathophysiological conditions 
involving pain signalling, cognitive and feeding disorders, and diabetes, which makes this 
system interesting as a potential drug target. Mutagenesis studies of different receptors 
have shown that the third intracellular loop is a major determinant for G-protein binding 
and activation. Synthetic peptides derived from the third intracellular loop of many 
receptors have been demonstrated to mimic the receptor G-protein interaction [6]. In this 
study, we have examined the effect of synthetic peptides corresponding to the sequences of 
the whole [GalRl(222-245)amide, KVLNHLHKKLKNMSKKSEAS KKKTamide] (whole 
ic3), N-terminus [GalRl(222-233)amide, KVLNHLHKKLKNamide] (N-ic3) and C-
terminus [GalRl(235-245)amide, SKKSEASKKKTamide] (C-ic3) of the third intracellular 
loop of rat/human galanin receptor (GalRl) on galaninergic signal transduction in rat 
ventral hippocampal and Bowes' human melanoma cell membrane preparations. 

Results and Discussion 

To study the involvement of the third intracellular loop of the human Bowes' galanin 
receptor in signal transduction, peptides with sequences from the third intracellular loop of 
rat/human galanin receptors were synthesized. Their influence on 125I-galanin binding, 
basal activity of G-protein coupled adenylate cyclase and GTPase activity in membrane 
preparations from rat ventral hippocampal and Bowes' human melanoma cells were 
measured. 

The IC50 for the inhibition of basal adenylate cyclase activity in ventral hippocampus 
by the N-terminus and whole third intracellular loop were 115 nM and 393 nM, 
respectively. In the case of Bowes cell membrane preparations, all three synthetic peptides 
were able to inhibit adenylate cyclase activity. All synthetic peptides were found to be 
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nearly equipotent and the inhibitory effects of N-ic3, C-ic3 and whole ic3 at 10 pM 
concentration were 24, 26 and 28%, respectively. 

N-ic3 and whole ic3 had the ability to increase GTPase activity in ventral hippocampal 
membrane preparations. The maximal activity induced by the peptides were 32% and 28% 
higher than basal GTPase activity, with EC50 of 2.8 ± 0.7 nM and 4.8 ± 1.4 nM, 
respectively. The effects of N-ic3 on GTPase activity is characterized by relatively high 
affinity compared with that of whole ic3. 

All three synthetic peptides inhibited l25I-galanin binding in rat ventral hippocampal 
and Bowes human melanoma cell membrane preparations. N-ic3 displaces I -galanin 
from Bowes cell membranes with a KD = 16 ± 3 pM,while whole ic3 had KD = 72 ± 18 
pM, and C-ic3 had KD = 187 ± 35 pM. In the rat ventral hippocampal membranes, the KD 

for whole ic3 = 35 ± 8 pM and for C-ic3 the KD = 185 ± 32 pM. All these inhibitory 
effects may be explained by the conformational changes in the receptor protein caused by 
the competition of the synthetic peptides and the receptor for the G-protein. This 
interaction could alter ligand recognition by the extracellular loops of the receptor. 

In conclusion, the N-terminus [KD GALR(222-233)amide] of the third intracellular 
loop of galanin receptor is responsible for receptor - G-protein interaction, causing changes 
in receptor coupled effector systems and also in ligand binding properties. Such mimicry of 
protein-protein interaction by short peptides could be used as a lead for drug design for 
disorders of signal transduction by galanin receptors. The role of the other intracellular 
loops of the galanin receptor in signal transduction remain to be clarified. 
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Potent dipeptide HIV protease inhibitors containing the 
hydroxymethylcarbonyl isostere as an ideal 

transition-state mimetic 

Yoshiaki Kiso,3 Satoshi Yamaguchi,3 Hikaru Matsumoto,3 Tsutomu 
Mimoto,b Ryohei Kato,b Satoshi Nojima,b Haruo Takaku,b Tominaga 

Fukazawa,b Tooru Kimura3 and Kenichi Akaji3 

"Department of Medicinal Chemistry, Kyoto Pharmaceutical University, Yamashina-ku, Kyoto 
607, Japan and Bioscience Research Laboratories, Japan Energy Co., Toda 335, Japan 

Based on the substrate transition state, we designed and synthesized a novel class of HIV 
protease inhibitors containing allophenylnorstatine [Apns; (25, 55)-3-amino-2-hydroxy-4-
phenylbutyric acid] with a hydroxymethylcarbonyl (HMC) isostere. Among them, the 
tripeptide KNI-272 was a highly selective and superpotent HIV protease inhibitor (Ki = 5.5 
pM) [1]. KNI-272 exhibited potent in vitro and in vivo antiviral activities with low 
cytotoxicity [2]. The NMR, X-ray crystallography and molecular modeling studies showed 
that the HMC group in KNI-272 interacted excellently with the aspartic acid carboxyl 
groups of HIV protease active site [3]. 

The hydroxyl group makes one hydrogen bond to Asp125 oxygen and the carbonyl 
oxygen makes a hydrogen bond to the protonated oxygen of Asp25 in the essentially the 
same manner as the transition state (Fig. 1). The trans conformation of the HMC-peptide 
bond at the PI-PI ' site of KNI-272 was predominant due to the rigidity of the PI-PI ' 
amide linkage. The trans conformer of KNI-272 fitted favorably to HTV-1 protease and 
was the bioactive conformation. Thus, KNI-272 was preorganized to bioactive 
conformation and constrained conformation of KNI-272 might be responsible for the high 
activity. These results imply that the HMC isostere is an ideal transition-state mimetic. 
Here, we report potent small-sized dipeptide inhibitors containing the HMC isostere. 

Asp125 
Asp25 Asp125 

Asp25 

transition state 

Fig. 1. Interaction of active site aspartic acids. 

hydroxymethylcarbonyl isostere 
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Results and Discussion 

HIV-1 develops in vitro a high level of resistance to KNI-272 by acquiring mutations 
in the protease-encoding gene, although it takes relatively a long time. The sensitivity of 
KNI-272 reduced 130-fold against mutant HIV-1 V32I/L33F/K451/F53L/A71V/I84V. In order 
to overcome the resistance, the Apns-containing peptides were screened and KNI-241 (Fig. 
2) was found to be active against both wild-type and resistant variants. The P3 moiety of 
KNI-241 is interacting with 53-Leu of the mutant protease [4]. 

Furthermore, we studied small-sized dipeptide inhibitors (Fig. 2). The solution, 
crystalline and complex structures of KNI-272 were similar except for P3 moiety [5]. 
Therefore, P3 was removed and P2 was replaced by several alkyl and hydrophilic groups. 
Among them, KNI-413 and -549 containing a dimethyl and a carboxyl groups exhibited 
HIV protease inhibitory activities [6]. 
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Fig. 2. Design of dipeptide HIV protease inhibitors. 

In order to enhance the inhibitory activity, we carried out the optimization study of P2 
moiety. At first, we introduced the dimethylphenoxyacetyl group in P2 position to give a 
potent HIV protease inhibitor KNI-727 (HIV protease inhibition = 95.9% at 50 nM; anti-
HIV activity EC50 = 1.73 pM in MT4 cells) [7]. Next, we cyclized P2 moiety in KNI-549 to 
give a potent HIV protease inhibitor KNI-577 (87.6% inhibition at 50 nM) which showed 
remarkable anti-HIV activity (EC50 = 0.02 pM in CEM-SS cells). This antiviral activity of 
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KNI-577 was higher than that of the tripeptide KNI-272. KNI-577 had very low 
cytotoxicity and the bioavailability after intraduodenal administration in rats was 48%. The 
excellent antiviral activity and good pharmacokinetic properties of KNI-577 may be due to 
the constrained conformation and the good balance between hydrophilicity and 
lipophilicity caused by the cyclized P2 moiety. 

The synthetic scheme of KNI-577 is simple and short as shown in Fig. 3. All 
couplings were performed by DCC/HOBt, and all deprotections by HCl. 
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1)4N HCl/dioxane 
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0 

II OH 

3-hydroxy-2-methylbenzoyl-Apns-Dmt-NHBul 

Fig. 3. Synthesis of KNI-577, a potent dipeptide HIV protease inhibitor. 

In conclusion, the hydroxymethylcarbonyl isostere was an ideal transition-state 
mimetic in HIV protease inhibitor design. Small-sized dipeptides containing the 
hydroxymethylcarbonyl isostere exhibited potent HIV protease inhibitory activities. 
Among them, a dipeptide HIV protease inhibitor, KNI-577 exhibited potent antiviral 
activities, low toxicity and good pharmacokinetic properties. This study suggests that the 
small-sized dipeptide HIV protease inhibitors are good candidates for anti-HIV drugs. 
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Cathepsin D, a ubiquitous lysosomal catabolic protease, has attracted increasing attention 
in the last few years. The enzyme plays an important yet not fully understood role in the 
pathophysiology of cancer, especially breast cancer [1]. It is involved in processes 
leading to the breakdown of basement membranes and eventually to metastatic spread of 
the disease [2]. Cathepsin D is also thought to be responsible for proteolysis of the 
soluble |3-amyloid precursor and subsequent senile plaque formation in the brain of 
Alzheimer's patients [3]. The inhibition of overproduced cathepsin D may therefore be a 
promising approach to treatment of these diseases. 

Results and Discussion 

Our lab recently solved the crystal structure of the tight binding (Kj in IO"11 M range) 
complex of human cathepsin D with pepstatin A (IvaValValStaAlaSta-OH; a general 
inhibitor of aspartic proteases) [4] and a complex with a cyclic inhibitor 2. In the present 
study we have used crystal structures of cathepsin D-inhibitor complexes as guides for 
the rational design of small molecule peptidomimetic inhibitors with the aim of avoiding 
inherent difficulties connected with the use of linear peptides as leads for drug 
development. 

Table 1. Cyclic inhibitors with cycles connecting P2-P3' positions. 

# 

1 
2 
3 

n 

2 
3 
4 

Ki 
[nM] 
2.0 
1.5 
0.1 

t Y r' o. \ 
CONtr^CONtr^CONK J^ (30NH -CO N t r " NHv__/AvN^CONKN^.CO N t r " CONH^^" CONH2 

^0 
We have prepared a series of cyclic inhibitors with bridges connecting P2 and P3' 

positions. Introduction of these cycles into full size (ie. P4 - P4' spanning) pepstatin A 
analogues led to a slight decrease of potency which was still in the 10"10 M range (Table 
1). Since a series of truncated linear inhibitors revealed a high sensitivity of pepstatin A 
to any size reduction we have chosen the cyclic series for further modifications. 
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Table 2. Truncated cyclic inhibitors. 

# 
4 
5 
6 
7 
8 
9 
10 

Ri 
CH2Ph 
CH2Ph 
CH2Ph 
CH2Ph 

iBu 
iBu 

CH2Ph 

R2 
iPr 
iPr 
iPr 
Me 
iPr 
Me 
iPr 

A B 

-(CH2)10-
-(CH2)n-
-(CH2)i2-
-(CH2)„-
-(CH2)„-
-(CH2)n-

-(CH2)3CH3 CH3(CH2)4 

Ki 
[nM] 

20 
4 
6 

46 
125 
205 
400 

-AB" 

CO NH 
NH CO 

R f Y ^ C O N H R2 
OH 

We assumed that the constraining influence of the ring would preorganize inhibitors 
and decrease the entropic penalty of binding. The extensive hydrophobic contact of the 
aliphatic bridge with the enzyme S2-S3' pocket might compensate for the binding energy 
losses caused by truncation. Removal of both exocyclic parts of 3 accompanied by an S 
=> CH2 replacement led to inhibitor 4 with a potency of 20 nM (Table 2). Extension of 
its cycle by one methylene increased potency to 4 nM (5), whereas further extension had 
a slightly negative efect (6). The importance of proper PI and P2' side chains (Ri and R2) 
is demonstrated by compounds 7, 8 and 9 possessing the original pepstatin substituents. 
The superiority of our cyclization/truncation design over simple truncation is well 
illustrated by inhibitor 10. This compound is approx. two orders of magnitude less active 
than cyclic inhibitors of comparable size. 

Conclusion 

Using a cyclization/truncation design strategy based on the crystal structures of human 
cathepsin D-inhibitor complexes we prepared a novel series of peptidomimetic inhibitors 
with potencies as low as 4 nM. The inhibitors have molecular weights less than 500 and 
contain only three amide endocyclic bonds. These features make them promising lead 
compounds for development of potential drugs against cathepsin D associated disorders. 
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Recently, a new class of thrombin inhibitor was reported that has nanomolar potency. It 
contains a trans-4-aminocyclohexyl methyl moiety at the Pi position (L-371,912), and is 
selective, but exhibits low oral bioavailability (1-10%) in rat and dog. Herein, we report 
novel amino aryl PI substituents varying in size and basicity, and identify aminopyridyl 
moieties as important replacements for the trans-aminocyclohexyl group at PI in the L-
371,912 template. The lipophilic amino acids (D)-3,3- (Ph)2-Ala, (D)-3,3-(Chx)2-Ala or D-
3,4-Cl2-Phe and a benzylsulfonyl group on the N-terminus were used as P3 ligands. 

Results and Discussion 

As illustrated in the table, L-371,912 has a Ki for thrombin of 4.9nM (Pka 10.2, logP -
1.68), but exhibits low oral bioavailability (1-10%) in rat and dog. Aniline analog (1) was a 
low potency thrombin inhibitor with Ki of 3.7pM (logP 2.34). The analog (2), which has 
the benzylsulfonyl on the N-terminus and D-3,4-Cl2Phe in the P3 position, displayed a Ki 
of 9 nM for thrombin (Pka 4.8, logP >3.68), a 400-fold increase in potency over 
corresponding analog (1). Analog (2) also showed 35% oral bioavailability in rats (Table). 
The greatly reduced pKa of PI in analog (2) might facilitate penetration of biological 
membranes by the uncharged form. The corresponding aminopyridine analog (3) was even 
more potent, displaying a Ki for thrombin of 3.0 nM (Pka 6.3, logP 2.57). A SAR study 
therefore has been initiated to incorporate less basic 5 and 6-membered amino-heteroaryl 
moieties such as aminopyridyl, aminodimethylpyridyl, aminothiazolyl, or aminothiophene 
at PI and append lipophilic groups at P3 in order to improve inhibitory activity and 
structural diversity and achieve better oral bioavailability. In the aminopyridine series, the 
most potent analog (4), which featured D-3,3-(Chx)2-Ala at P3, displayed a Ki for 
thrombin of 0.82 nM (Pka 6.2, logP 2.21), 1500-fold selectivity against trypsin, and 76% 
oral bioavailability in rats. The corresponding N-Boc- analog (5) with a Ki for thrombin of 
3.0 nM (Pka 6.5, logP >3.35), had 60% oral bioavailability in rats. Aminopyridine analog 
(6), featuring D-3,3-(Ph)2-Ala at P3 displayed a Ki for thrombin of 12 nM. Analog (6) 
showed good absorption kinetics in beagle dogs. Following oral administration (5 mg/kg), 
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the drug reached a peak concentration(Cmax) in plasma of 7000nM in 20 minutes. Oral 
bioavailability was estimated to be 52%. When the compound was given intravenously 
(lmg/kg), the plasma concentration of 6 declined in a polyphasic manner. Plasma 
clearance, terminal ti/2 and volume of distribution were 7.3 ml/min/kg, 151 min and 1.20 
1/kg, respectively. 

Table 1. Oral Active Thrombin Inhibitors with Aminopyridyl Moieties. 

u o 

Ki» (nM) pi 
NO. R 2 Rj- R 3 Thrombin" Trypsin' P K a L ° s P (*) 

in rats 
L-371,912 Ph ^ V v ^ ^ ' " N H 2 CH3 4.9 11000 10.2 -168 1.0 

1 Ph V S @ ~ N H * Boc 3 7 0° 2 3 3 0 0° ND 2'34 N ° 

2 3,4-Cl2-Ph V ^ ^ - N H j S02CH2Ph 9.0 12000 4.8 >3.68 35 

3 3,4-Cl2-Ph V ^ ^ - N H i S02CH2Ph 3.0 430 6.3 2.57 12 

4 (Chx)2 \ ^ < ^ > - N H 2 H 0.82 1200 6.2 2.21 76 

5 (Chx)2 V S ^ - N H 2 Boc 3.0 657 6.5 >3.35 60 

6 (Ph)2 X '^C5" N H 2 H 120 5 4 0° ND ND 52° 

7 (Ph)2 W [ 5 - N H 2
 Boc 3-6 2 5 0° ND 165 40 

a ' d The detenninations of Ki and F(%) are described in reference 11. bHuman thrombin. c Bovine trypsin. e Beagle dogs. 

In the aminodimethylpyridine series, the bioassay results showed that analog (7) (Ki 3.6 
nM, logP 1.65) featuring Boc-D-3,3-(Ph)2-Ala in the P3 position was 40% orally 
bioavailable in the rats. Analogs featuring Boc- D-3,3-(Chx)2-Ala or its corresponding free 
amino group in the P3 position have similar inhibitory activity (Ki's 2.2-3.9 nM). 

Derivatives with dimethyl- substituted aminopyridyl groups appear to be more 
selective for thrombin versus trypsin than corresponding non-substituted analogs, and 
nanomolar potency was maintained. However, analogs with 5-membered-heteroaryl 
moieties such as aminothiazole and aminothiophene are much less potent. Presumably, a 
6-membered aryl ring is preferred for hydrophobic binding in the SI specificity pocket of 
thrombin. X-ray crystal structure data is consistent with this interpretation. 
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Aminopeptidase A is a zinc metallopeptidase which is involved in the metabolism of 
peptides containing a N-terminal aspartate or glutamate. This specificity accounts for the in 
vivo degradation of cholecystokinin CCK8 [1] and angiotensin II into angiotensin HI [2], 

Preliminary studies [3] of both Si subsite and catalytic site of APA have led to |3-
aminothiols H2N-CH(R)-CH2SH as selective inhibitors, but their affinities still remained 
too low. We anticipated that further interaction with Si' and S2' subsites would increase the 
affinities of the inhibitors. Thus, we wished to develop pseudotripeptides H2N-CH(R)-
CH(SH)-CO-AAi-AA2, in which additional interaction with Si' and S2' subsites is brought 
about by the dipeptidic unit AAi-AA2. 

Results and Discussion 

First, using combinatorial chemistry [Martin, L. et al, in preparation], we determined which 
were the best AAj and AA2 for good recognition of APA. This work indicated that APA 
exhibited a marked preference for Ee (or Tyr) and Asp at Si' and S2' positions, respectively. 
We then focused on the synthesis of enantiomerically pure a-mercapto-p-amino acids. 
Thus, using a newly developed reagent [4] for the asymmetric electrophilic sulfenylation of 
chiral enolates, we prepared optically pure and suitably protected a-mercapto-P-amino 
acids containing functionalized side-chains. These compounds were subsequently coupled 
with peptide units and various inhibitors were obtained after deprotection of the functional 
groups. Kj values measured on APA and APN for these compounds showed that both 
sulfonamide and carboxylate moieties could lead to potent and selective inhibitors. In each 
case, the (R,S) diastereomers were the most selective molecules. 

Using the (2R.3S) sulfonamide CD 124A (entry 2), in vivo experiments were carried 
out. In this study [Khaznadar et al, British Association of Psychopharmacology Summer 
Meeting 13th-17th luly 1997 - Cambridge, U.K.], administration of the compound was 
performed by microdialysis into the medial prefrontal cortex of freely moving rats. CCKg 
was titrated by a radioimmunoassay. Our first results were very promising, since the 
inhibitor increased the extracellular level of CCK-like immunoreactivity by 220% (Table 
1). This confirmed that the inhibitor in vivo protected endogenous CCKg from degradation 
by APA. Until now, the implication of APA in CCKg degradation had only been observed 
ex vivo on brain slices or during in vivo binding experiments [1]. This is the first 
demonstration of the physiological role of APA in vivo. 
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Table 1. Inhibitory potencies of some inhibitors of aminopeptidase A. 

entry 

1 

2 

3 

4 

C2,C3 

s,s 

R,S 

s,s 

R,S 

structure 

H 3 ^ ^ \ / I l e - A s p 

3 S o 
S02NH2 

H3K^C/Ile-Asp 

1 o 
COO' 

K; (nM) 

APA 

40 ± 5 

17+4 

13 ± 3 

16±4 

Kj(nM) 

APN 

2,900 ± 600 

4,900 ± 900 

120 ± 10 

5,000 ± 1000 

selectivity 

70 

300 

9 

320 

Conclusion 

We have developed potent and selective inhibitors of aminopeptidase A. These inhibitors 
allowed a study of the in vivo degradation of CCKg in the brain, which is a major effect of 
this enzyme. 
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Proprotein convertases are Ca2+-dependent serine proteases related to yeast kexin and 
bacterial subtilases [1,2]. Members of this family, comprising PCI/3, PC2, furin, PC4, 
PACE4, PC5/6, PC7/8/LPC, specifically cleave the COOH-terminal to single or pairs of 
basic residues present in protein and peptide precursors of various hormones, growth and 
neurotrophic factors and viral envelope proteins. In order to better understand their mode 
of action and to develop specific inhibitors, we previously designed peptidyl inhibitors 
containing a COOH-terminal reactive moiety [3], a non-hydrolysable isostere bond [4], a 
chloromethylketone moiety [5] and non-natural amino acids [6]. However, these proteases 
were first synthesized as enzymatically inactive proforms. We, therefore, envisioned that 
peptides derived from the proregion could represent potent inhibitors as previously shown 
in the case of prosubtilisin [7] and procathepsin [8]. This hypothesis was further 
investigated to identify the optimum size and sequence of peptides for the highest 
inhibitory property towards furin and PCI. Here, we report the synthesis of 7 proPCl and 3 
profurin-related peptides plus 2 mutated forms along with their comparative inhibitory 
properties towards m(mouse)PCl and h(human)furin. 

Results and Discussion 

Based on sequence alignment and secondary structural analysis, a number of segments 
were selected. These peptides, listed in Table I, were all synthesized using the fastFMOC-
solid phase synthesis protocol on a fully automated peptide synthesizer (ABI model 431 A), 
purified by RP-HPLC and fully characterized through amino acid analysis and FAB-MS. 
Their inhibition properties were assayed using enzymatically active PCI and furin obtained 
from the media of insect and mammalian cells infected with a recombinant baculovirus 
(bv) and vaccinia virus (vv), respectively. 

Initial analysis of these peptides indicated that they behave as competitive inhibitors 
allowing the comparison of the apparent Kj listed in Table I. Clearly, peptides 
corresponding to the proPCl regions 77-110 and 66-89 as well as profurin 63-86 appear 
the most potent towards mPCl and hfurin. However, prior incubation of the active mPCl 
with some peptides in the absence of substrate leads to time-dependent inhibition of the 
enzyme indicating that some of these could act as slow-binding tight inhibitors. 
Interestingly, we showed recently that the proregion 1-98 is a potent (KJ: 6nM) slow-
binding tight inhibitor (Boudreault et al., submitted) of mPCl. These findings support the 

676 



677 

inhibitory role of particular segments within the proregion of either proPCl or profurin and 
may lead to a better understanding of the interaction of the proregion with the rest of the 
molecule. 

Table 1. Inhibition constant (Ki) of Various proPCl and profurin-related synthetic peptides. 

Sequence 
positions 

82-89 
82-89A 
77-89 
66-89 
66-89A 
77-110 
82-110 
91-110 
101-110 

78-86 
72-86 
63-86 

Amino acid sequence 

ProPCl-related peptides 
SALHITKR 
SALATTKR 

RRSRRSALHITKR 
NHYLFKHKSHPRRSRRSALHTTKR 
NAYLFKHKSHPRRSRRSALHITKR 

RRSRRSALHITKRLSDDDRVTWAEQQYEKERSKR 
SALHITKRLSDDDRVTWAEQQYEKERSKR 

SDDDRVTWAEQQYEKERSKR 

Profurin-related peptides 
SPHRPRHSR 

VTKRSLSPHRPRHSR 
DYYHFWHRGVTKRSLSPHRPRHSR 

Ki (pM) 
MPCl 
18.6* 
22.1 
18.2 
15 4 
43.2 

0.7 
1.7 
1.0 
1.7 
2.3 

37.5* 
36.0* 
10.2* 

hfurin 
31.6* 
13.0 
2.3 
0.7 
1.2 
4.8 
ND 
ND 
ND 

47.5 

23.0* 
2.8* 
0.9* 

Note: ND, not determined. * There values were computed from the IC50 values determined with 
[S]=3xKm being 50 pM and 15 pMpERTKR-MCA for bv.mPCl and vv:hfurin respectively 
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O, N-acyl migration is a well known side reaction of Ser- or Thr- containing peptides. The 
P-hydroxyl groups are acylated by an N->0 shift under acidic conditions and the resulting 
O-acyl products can be readily converted to N-acyl compounds in aqueous buffer. The 
liberated ammonium ion enhances the solubility of O-acyl products in water. This feature 
is useful in prodrug design of less soluble compounds [1]. We have designed and 
synthesized an "O^-N-acyl migration" type prodrug of KNI-272, which is a potent inhibitor 
containing hydroxymethylcarbonyl isostere as a transition state mimic [2-4]. Starting from 
KNI-272, dipeptide inhibitors having lower molecular weights were developed that were as 
potent as tripeptide inhibitors. These new compounds were hydrophobic and less soluble 
in water than KNI-272. In the present study, we applied the "0->-N-acyl migration" type 
prodrug system to the dipeptide inhibitors. 

Results and Discussion 

The dipeptide inhibitor, KNI-727 (Fig. 1) showed potent enzyme inhibition activity (95.9 
% inhibition at 50 nM), but solubility in water was only 1.5 pg/ml. In order to improve 
solubility, we synthesized prodrugs of the inhibitor. The esterification of Boc-Apns-Dmt-
NHBu' (Apns=allophenylnorstatine, Dmt=5,5-dimethylthiazolidine-4-carboxylic acid) with 
2,6-dimethylphenoxylacetic acid prepared from the corresponding phenol by DCC-
dimethylaminopyridine gave N-Boc form of the prodrug. Deprotection of the Boc group 
by 4N HCl/dioxane afforded the desired prodrug without difficulty. A series of prodrugs 
contaning a phenoxylacetyl moiety were prepared in the same manner. The aqueous 
solubilities of the prodrugs were determined by HPLC analysis of saturated solutions of the 
compounds (Fig. 1). The derivatization into prodrugs increased the solubilities more than 
1000-fold. 

The O-^N-acyl migrations in phosphate buffered saline (pH 7.4) proceeded smoothly 
and no by-products were detected on HPLC. The conversion rate of this series of 
inhibitors (ti/2=ca. 0.5 min) was higher than that of KNI-272 (ti/2=1.2 min) (Fig. 1). This 
result was due to less steric hindrance of the acyl-components. At the different pH values, 
the conversion rates were also determined. The rate was lower at the lower pH (Fig. 2). 

We further applied the prodrug concept to KNI-565 (benzoyl-Apns-Thz-NHBu') 
(Thz=thazolidine-4-carboxylic acid). In this case, water solubility increased about 10-fold. 
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The 0->-N-acyl migration proceeded through a stable intermediate, and the rate was very 
slow (ti/2=ca. 6 h at pH 7.4) (Fig. 2). 

HCl «H2N 

Rvc=\ r~Cf 

prodrug 

0*%H-( -

HN'V0 

^ > o o 
OH 

parent compound 

'c -r 
-N 

O' NH-

parent 
compound 

KNI-705 
KN1-706 
KNI-707 
KNI-727 

R 
none 

2-methyl 
2,6-dimethyl 
2,6-dimethyl 

R' 
H 
H 
H 

Me 

solubility in water 

3.6 mg/ml (2.0(ig/ml)* 
3.5 mg/ml (1.8 ng/ml)* 
3.5 mg/ml (1.7 pg/ml)* 
3.4 mg/ml (1.5 Ug/ml)* 

conversion ratest^ (min) 
pH 4.9 pH 5.5 pH 7.4 

5.8 1.0 0.5 
4.8 1.1 0.5 
8.4 2.4 0.5 
8.8 2.0 0.5 

Fig. 1. Prodrugs of dipeptide HIV protease inhibitors. 

Prodrug of KNI-727 

' the water solubility of parent compound 

Prodrug of KNI-565 

5 10 15 
Time(min) 

Fig. 2. Comparison of migration rate under different pH value. 

In conclusion, we applied the "0->-N-acyl migration" type prodrug system to dipeptide 
inhibitors. The prodrugs were prepared easily without racemization. Solubility was 
increased more than 1000-fold, and the acyl-migration of prodrug to the parent compound 
was smooth without forming by-products. 
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The crystal structure of a-thrombin with retro-binding 
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Thrombin, a multifunctional serine protease, plays a central role in the blood coagulation 
cascade by performing both procoagulant and anticoagulant activities [1]. Most of the 
peptidic thrombin active site inhibitors bind to thrombin forming a short anti-parallel p-
strand with residues Ser214-Glu217. However, the crystallographic structure of ternary 
SEL2711-hirugen-thrombin complex shows that SEL2711 (Fig.l), a member of a new 
class of combinatorially designed active site inhibitors of Factor Xa (Ki=3nM), binds to 
thrombin (Ki=45pM) in a retro-fashion forming a parallel P-strand with Ser214-Glu217 

similar to the N-terminal residues of the natural inhibitor hirudin [2], the synthetic Bristol-
Myers Squibb inhibitor BMS-183507 [3], and the natural product Nazumamide A [4]. 

NH 

Fig.l. Molecular structure ofSEL2711. 

Results and Disscussion 

The crystallographic structure of the ternary SEL2711-hirugen-thrombin complex, 
containing 137 water molecules, has been determined in a resolution range from 7.0 to 2.1 
A to the final R-value 15.5%. Its structure is isomorphous with that of hirugen-thrombin. 
The p-amidinophenylalanyl residue of SEL2711 has been fixed at the SI site utilizing 
favorable ionic interactions between the nitrogen atoms of amidino group and the 
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carboxylate oxygen atoms of Asp . The Glu residue adopts an open conformation that 
allows the "P3" cyclohexylglycyl residue to occupy the same site as the P3 aspartate of the 
thrombin platelet receptor peptide. The N-terminal acetyl and 3-(methyl pyridinium)alanyl 
of SEL2711 are located at the S2 and the S3 D-Phe sites of D-PheProArg chloromethyl 
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ketone bound to thrombin, respectively. The two C-terminal residues of SEL2711 (Leu 
and Pro) extend from the S3 site into the solvent space and are disordered (Fig.2). 

F174 

R143 

Fig.2. Stereoview of(2Fo-Fc) electron density 
of SEL2711 in its bound state (map is 
contoured at 1 sigma). 

Fig.3. Modeling of SEL2711 bound to 
Factor Xa. 

Modeling of SEL2711 bound to Factor Xa also suggests a retro binding mode where the 3-
(methyl pyridinium)alanyl adopts an orthogonal orientation to the aromatic rings of Tyr" 
and Phe174 of Factor Xa in the D-Phe quantiomorphic S3 subsite (Fig.3). This most likely 
is a major contribution to the high specificity of SEL2711 for Factor Xa. 

Conclusion 

SEL2711 is a new retro-binding inhibitor for thrombin. Modeling of SEL2711 bound to 
Factor Xa also suggests a retro-binding mode and explains the high specificity of SEL2711 
for Factor Xa. 
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Interleukin-ip (IL-1P), an inflammatory mediator released by human monocytes, is 
synthesized as a 269-mer precursor. It is cleaved by a cytoplasmic cysteine protease termed 
IL-ip converting enzyme (ICE) at Asp116-Ala117 to produce the active cytokine. ICE and its 
homologues, which are responsible for apoptosis, appear to belong to a new cysteine 
protease family. Effective ICE inhibitors are peptidyl aspartals (Asp-H) and (acyloxy)-
methanes (Asp-CH2OAc) [1]. A recent study reported [2] that (i) the analog of the latter 

having the P-homo-aspartyl (hAsp) residue, NH-CH(CH2COOH)-CH2-CO, is inactive 
which indicatesthe key role of Asp a-CO in Pi recognition; (ii) ICE accepts both D- and L-
Asp at the P, of both kinds of inhibitors. It is noted that epimerization occurs slowly at the 
P,-Asp and it is not known whether or not ICE catalyzes this process. 

The mechanism of the inhibition of cysteine proteases by peptidyl halomethanes and 
(acyloxy)methanes assumes the thiolate can react directly with the C=0 (a) as well as the 
adjacent halomethyl or (acyloxy)methyl group (b) [1]. In path b, one may expect that the 
thiolate (i) can contact the a-proton of the temporarily bound P rD-Asp and produce the L-
Asp-thiomethane product via proton abstraction and asymmetric induction, and (ii) can 
also attack the P-CO of hAsp that results in reversible inhibition; lack of such interaction 
with the p-hAsp analog studied may be due to steric hindrance. Starting from these 
findings and speculations we compared the inhibiting activity of some peptide p-homo-
aldehydes to their parent a-aldehydes against ICE, papain, trypsin and thrombin. 

Results and Discussion 

The peptide aldehydes and their homo-p-aldehyde analogues that we studied were prepared 
by conventional procedures. ICE inhibiting activity was assessed in human whole blood 
stimulated by LPS; the release of IL-lp from the monocytes was measured by ELISA. 
Inhibition of the other proteases was determined by the amidolytic method assays using Z-
Arg-Ile-Phe-AMC for papain and Tos-Gly-Pro-Arg-pNA for trypsin and thrombin. 

Data presented in Table 1 indicate that tetrapeptide aldehydes A having L-a-aspartal 
and L-P-homo-aspartal in the Pi display similar ICE inhibiting activity with an LP:La IC50 
ratio of 1.55. The other L-p-homo-aldehyde analogues, by contrast, are much less 
inhibitory than the parent a-aldehydes, particularly against papain and trypsin with ratios of 
587-929. Neither the thiolate of papain nor the serine-OH of trypsin and thrombin can react 
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Table 1. Protease inhibiting activity (IC5(ypM) of peptidyl L- and D-a-amino aldehydes compared 
with their L-$-homo-aldehyde analogues." 

Protease 

ICE 
Papain 
Papain 
Trypsin 

Thrombin 

Peptide aldehvde 

P P 
rn r 2 A,Ac 

c, 
B, 
D, 
Pro 
D, 
Pro 

-Tyr-Val-Ala 
iBoc-Phe 
Z-Arg-Ile 

Boc-D-Phe-

Boc-D-Phe-

P, = a, 

La 

1.170 ±0.36 
0.13010.02 
0.070 ±0.01 
0.003 ±0.0001 

0.009 ±0.001 

-NH-CHfl-CHO; 

LP 
1.82±0.79c 

150.00 ±5.00 
65.00 ±0.08 

1.76+0.08 

0.1 9±0.02 

P, -NH-CHfl-CH2-CHOb 

Da 

NDd 

12.50 ±1.50 
8.50 ±1.00 
1.79 ±0.09 

5.44 ±1.50 

Lp:La 
1.55 

929 
808 
587 

21 

Da:La 

~ld 

96 
121 
597 

604 

"For determination ofICS0 values see text. ND, not determined. bR = -CH2COOH, C6H5CH2- and 
-(CH2)3-NH-C(NH2)=NH for A, B and C-D, respectively. cThe D[3 isomer was inactive at 100 pM. 
dSuch diastereomeric inhibitor pairs have been found equipotent against ICE (cf. ref. 1). 

with the P-CO of the inhibitors. The somewhat high antithrombin activity of Boc-D-Phe-
Pro-hArg-H is due to the very high affinity of D-Phe-Pro for thrombin. While the peptidyl 
L- and D-a-aspartals have been found equipotent against ICE [1], A with Pi-D-p-homo-
aspartal shows virtually no ICE inhibiting activity. Substitution of D-a-amino aldehydes 
for the L isomers in the Pi of the peptides lowers the trypsin and thrombin inhibiting 
activities of D much better than the antipapain activity of B and C (Da:La IC50 ratios are 
-600 vs. 96-121). 

In conclusion, substrate related peptidyl P-homo-aspartals are approximately as 
inhibitory as the parent a-aspartals against ICE and appear to be specific for the 
ICE/CED3 (caspase) family. Alkylation of ICE with peptidyl halomethanes and 
(acyloxy)methanes can occur either through the hemithioketal-episulfonium ion pathway 
(a) or via direct reaction with the halomethyl or (acyloxy)methyl (b), while papain can only 
be alkylated by mechanism b, i.e. via interaction between the catalytic thiolate and the a-
CO of the inhibitor, (iii) Trypsin and thrombin accept only L-residues at the Pi, while 
papain shows tolerance for the Pi-D-a-amino aldehyde residues apparently depending on 
their optical stability, (iv) It is the side chain rather than the a-CO group of Asp that plays a 
key role in Pi recognition for ICE. 
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Peptidyl argininals which inhibit Factor Vila, Factor Xa and thrombin, trypsin-like serine 
proteases involved in the coagulation cascade, are of current high interest as therapeutic 
targets for the treatment of thrombotic vascular disease [1,2]. A currently favored method 
for the synthesis of peptidyl argininals utilizes the late stage hydride reduction of a N6-
Cbz-arginine lactam intermediate [3]. However, this strategy is limited to substrates which 
are stable to lithium aluminum hydride and thus can not be applied to our targets 
containing incompatible functionalities. Argininal syntheses via semicarbazone 
intermediates have been reported using both solution [4,5] and solid phase methods [6]. 

A general synthetic route to targets possessing the Pi-argininal moiety, whose 
methodology could be readily modified to a radiolabeled synthesis, was developed for the 
preparation of CVS 1123 and CVS 1778, and used in the preparation of 14C-labeled CVS 
1778. Our criteria for the radiolabeled synthesis of peptidyl argininals were the following: 
1) a convergent route; 2) racemization is supressed during all steps of the synthesis; 3) 
the final step to release the aldehyde moiety involves a simple reaction which can be easily 
monitored and rapidly quenched, and is highly selective in the presence of other sensitive 
moieties; 4) a common labeled intermediate would contain the arginine moiety, so that a 
variety of P4-P2 segments could be coupled to it; 5) the guanidino moiety would be 
introduced with a guanylating reagent which can be easily prepared with a 14C label. 

Results and Discussion 

The Ng-nitro-argininal ethyl aminal method [7] that was developed in our laboratories is 
well suited for large scale preparation of peptidyl Pi-argininals. However, employment of 
argininol as synthon is our preferred method for the radiolabeled synthesis of peptidyl 
argininals (Fig. 1). The guanylation of N-a-Boc-ornithinol to give N-a-Boc-argininol is 
the cornerstone of our synthetic route. A modified procedure originally described by 
Bernatowicz et al. [8] produced the labeled reagent, lff-pyrazole-1-carboxamidine, by 
introducing the radiolabel with 14C-cyanamide. 

Boc-L-Orn(Cbz)-ol, which contained 5% of the D-isomer, was purified by preparative 
HPLC (Chiralpak AD™). Coupling of the unprotected argininol proceeded smoothly after 
activation of the peptide with DCC/HOBt. The crude peptidyl argininol was purified using 
CBA cation exchange solid phase extraction, eluting with 0-0.1% aqueous acetic acid to 
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afford the acetate salt. Oxidation with pyridine«S03 [9], using the conditions described in 
Fig. 1 produced our final targets. 

a'D c,d ,. 
Orn(Cbz)OMe, HCl salt • Boc-Om(Cbz)-ol *• Boc-14Cg-Arg-ol, acetate salt 

14CE-Arg-ol, diHCl salt — ^ peptide-14C£-Arg-al 

*CVS 1123 peptide = 2-propylpentanoylAsp(OMe)Pro 

*CVS 1778 peptide = BnS02NH' 

e 

nvmoyu 

I \ N . 
fi CH2CO 

Fig 1. A general scheme for the preparation of radiolabeled P]-argininals. Reagents and 
conditions: a) Boc20, NaHC03, aq dioxane, 100%; b) LiBH4, EtOH, THF, 89%; c) H2, Pd/C, 
88-94%: d) 1.0-1.1 eq '4C-pyrazole carboxamidine, 84%; e) HCl, EtOH, 85%; f) peptide-OH, 
DCC, HOBt, NMM, 48-62%; g) 6 eq pyridine/SO3, 6-8 eq Et3N, DMSO, 10 min, rt; peptidyl 
argininol, pH 4-6, 20 min; H20; prep RP-HPLC. 

Conclusion 

We have developed a novel, efficient and general synthetic route to several peptidyl 14C-
argininal targets. Studies of these inhibitors have advanced from the laboratory to 
preclinical and clinical stages. The sequence in Fig. 1 was utilized in the successful 
preparation of radiolabeled CVS 1778. 
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The proteasome is a large, barrel shaped multi-subunit protein complex which is 
responsible for controlling the majority of catabolic events taking place within the cell 
(for reviews see [1, 2]). Crucial to understanding the diverse functions of the 
proteasome is the ability to inhibit its activity through the use of pharmacological 
agents. Recently, we have synthesized and characterized a new class of peptide based 
inhibitors of the proteasome [3]. These C-terminal peptide vinyl sulfones inhibit the 
catalytically active p-subunits of the proteasome by covalent modification of the active 
site threonine hydroxyl sidechain (Fig. 1). This type of irreversible inhibition allows 
for the use of this class of cell-permeable inhibitors as active site probes in living 
cells. Further, these reagents can be used to examine the results of pharmacological 
"knock-outs" generated by prolonged treatment of cells with these inhibitors. 

0 A N - V ^ N ^ ^ f - C H 3 H II i H \ II 
O \ ) 0 

Z-L..VS / ^ Q H E N Z - ^ N H , 

X 
x 

NH2 Covalent Enzyme-Inhibitor adduct 

Fig. 1. Covalent modification of the catalytic threonine of the proteasome by a tri-peptide 
vinyl sulfone. 

Results and Discussion 

Based on the finding that the peptide sequence Leu-Leu-Leu is a good substrate for 
the proteasome [4], we synthesized several tri-leucine peptide vinyl sulfones equipped 
with either a Cbz (Z-L3VS), biotin (Biotin-L3VS; for use in affinity purification), or 
nitro-phenol (NP-L3VS) moiety at the N-terminus. All three compounds were potent 
inhibitors of the three catalytic activities of the proteasome of which the greatest 
inhibition was of chymotrypsin-like activity. Treatment of several tissue culture cell 
lines with 125I-NIP-L3VS (generated by iodination of NP-L3VS with Na125I) resulted in 
the labeling of multiple proteasomal p-subunits which could be resolved by 2D SDS-
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PAGE (Fig. 2). These subunits could be identified using proteasome mutant cell lines 
lacking distinct subunits and based on the known 2D maps of the proteasome [3]. 

Prolonged treatment of cells with the tri-peptide vinyl sulfones resulted in cell 
death due to loss of proteasome function. However, this toxicity could be overcome at 
low concentrations of the inhibitor in distinct populations of cells. These cells were 
termed resistant and could sustain growth in the presence of doses of inhibitor which 
caused rapid death in normal cells. Although initially thought to be the result of 
genetic mutation or a drug-resistance phenomenon, we have ruled out these possible 
explanations and we have found that proteasome function in these cells is in fact 
blocked. In addition, it appears that at least one new proteolytic activity, distinct from 
the proteasome, is increased in adapted cells. Blocking of this activity with a tri­
peptide chloromethyl ketone results in impaired cell growth of adapted but not normal 
cells, suggesting that this activity is, at least in part, responsible for compensation for 
the loss of proteasome function. 
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Fig 2. Labeling of intact cells with l25I-NIP-L3VS. A) ID SDS-PAGE of total cell lysates 
(US11, HOM-2, T2), immunoprecipitation with a proteasome specific antibody (aprot.) and 
an irrelivant control antibody (W6-32) and B) 2D SDS-PAGE of total cell lysates. 
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Serine proteases are involved in many biological processes such as blood coagulation, 
digestion, and inflammation and are important therapeutic targets for a variety of diseases. 
Selectivity among the various serine proteases is an important consideration in the design 
of thrombin inhibitors. Thrombin is a trypsin-like serine protease consisting of a Ser19 , 
His57, and Asp102 catalytic triad that cleaves a polypeptide chain on the C-terminal side of a 
lysine or arginine residue. The basic side chains of these amino acids fit deep into a pocket 
in the protein surface (S,) and interact via hydrogen bonding interactions with an aspartic 
acid residue. Consequently, arginine and lysine residues are common groups that have been 
incorporated into many serine protease inhibitors. To confer activity, selectivity and 
proteolytic stability, many arginine peptidomimetics have been substituted into the Pi 
position of serine protease inhibitors. This article describes the synthesis of 3-(3-
pyrrolidinyl)alanine and its corresponding guanylated derivatives as pseudoisosteric 
replacements for arginine residues in serine protease inhibitors to potentially maintain 
potency while conferring selectivity. 

Results and Discussion 

The 3-substituted pyrrolidine side chain was prepared according to the method described 
by Joucla et al. [1] via a 1,3-dipolar cycloaddition of the azomethine ylide, formed by 
condensing N-benzyl glycine and formaldehyde and subsequent decarboxylation of the 
imine with methyl acrylate to yield N-benzyl-3-carbomethoxy pyrrolidine (34%). 

The methyl ester was reduced with lithium aluminum hydride providing the 
corresponding primary alcohol. The N-benzyl group was then removed by hydrogenolysis 
and the resulting secondary amine was converted to the urethane. The alcohol was then 
converted to the bromide according to the method of Corey et al. [2] and treated with 
sodium iodide to provide the iodide in 85% yield for the five step process. 

The classical chiral auxiliary of Schollkopf et al. [3] was used for alkylation with the 
iodide. The alkylation reaction was optimized using HMPA as a cosolvent to provide the 
desired product (66%). The alkylated dihydropyrazine was cleaved to form a mixture of D-
valine methyl ester and the 3-substituted pyrrolidine amino acid methyl ester, which was 
Boc protected as a mixture and separated by flash chromatography to provide the 3-
substituted pyrrolidine amino acid methyl ester (84%). The methyl ester was hydrolyzed 
(96%) and the resulting free acid was coupled to N,0-dimethylhydroxylamine 
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hydrochloride yielding the N,0-dimethylamides (quant.) to facilitate conversion into 
electrophilic ketones or aldehydes. The side chain Cbz protecting group was then 
quantitatively removed to complete the synthesis of the amino acid Na-Boc-3-(3-
pyrrolidinyl)alanine-N,0-dimethylamide. 

Na-Boc-3-(3-pyrrolidinyl)alanine-N,0-dimethylamide was guanylated using a 
methodology previously worked out in our laboratories [4]. Both the Mtr and the Pmc 
groups were incorporated as protecting groups for the guanidines. The Mtr or Pmc 
protected S-methylisothioureas were reacted with Na-Boc-3-(3-pyrrolidinyl)alanine-N,0-
dimethylamide to provide the mono-protected guanylated amino acid derivatives in 67 % 
yield in both cases (Fig. 1). 

1. LAH, THF, reflux 1 M n r n 
° 2. H2,Pd/C,MeOH I / * y t V , O C H 3 

H 3. Cbz-Cl, DIEA, THF , ^ t _ / V , \ , 0 C H 3 ln-BuLi, L I 
u „ A j 4. CBr„,PPh3,DCM ' ^ 7 — V T T THF. HMPA H , C O ^ N ^ » . 
H3CO M _ 5. Nal.ace.on. <_ ^ ) H 3 C O ^ N ^ ^ ~ A 

I Cbz V Cbz 
PH cbz 

10.25NHC1 B o c - H N _ . C O O C H 3 \ " ° H : M e ° ™ 3 ° * ' • Boc-HN^ J - | / 
, ^ < J 2. N.O-dimethylhydroxylamine L ™ . , , . - . ^ ^ ^ . ^ ^ ^ ^ 2. (Boc) 20, THF/sat. Na 2CO3 * V 2. N.O-dimethylhydroxylamine 

3. Chromatography to remove = hydrochloride, BOP, DIEA 
Boc-D-Val-OMe " S . 3. H 2, Pd/C 

H N ' NH-Pmc HN 

Hg(C10 4)2. TEA, THF, reflux 

t> 
Boc-HN 

0 o 

V 
H N ' NH-Pmc H N ' NH-Mtr 

Fig. 1. Synthesis of Na-Boc-3-(3-pyrrolidinyl)alanine-N,0-dimethylamide and its guanylated 
derivatives. 

The amino acid Na-Boc-3-(3-pyrrolidinyl)alanine-N,0-dimethylamide and its 
guanylated derivatives were synthesized. These amino acids are being coupled to a variety 
of template structures (e.g. Ac-D-Phe-Pro-OH) to yield inhibitors of a variety of serine 
protease's such as thrombin. The key step in the synthesis of the 3-substituted pyrrolidine 
side chain is a 1,3-dipolar cycloaddition reaction of methyl acrylate and an azomethine 
ylide, derived from the condensation of N-benzyl glycine and formaldehyde. 
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A small family of convertases which catalyze the in vivo proteolytic activation of 
proproteins and prohormones by cleavage of the substrates at single or pairs of basic amino 
acids was recently identified [lj. One of these convertases, furin, is a membrane-associated, 
calcium-dependent, serine endoprotease that cleaves a wide range of proproteins at the 
consensus sequence -Arg-X-Lys/Arg-Arg- in both the biosynthetic and endocytic pathways 
[2]. Mutational analysis showed that the minimal consensus furin cleavage site is -Arg-X-X-
Arg- [3]. 

In addition to a large number of endogenous substrates, many pathogens require 
processing by furin to exert their virulence. For example, several viral fusion glycoproteins 
including HIV-1 gpl60 and Measles virus F0 [4] require processing at furin sites. Likewise 
a number of bacterial toxins including the anthrax toxoid and Pseudomonas exotoxin (PE) 
[5] require processing by furin for their activation. 

Because of the central role of furin in the proteolytic activation of diverse human 
pathogens, the design of furin-specific inhibitors has become an important area of research 
for the development of novel therapeutics. Previously, we showed that genomic expression 
of a furin-directed ai -antitrypsin (a rAT) variant, a rPDX (reactive site mutated to -Arg-X-
X-Arg- to inhibit furin), blocked the processing of several furin substrates including HTV-1 
gpl60 and measles virus F 0 and strongly inhibited the production of infectious virus [4,6]. 
To explore the use of recombinant aj-PDX as a protein-based therapeutic, a His- and 
FLAG-tagged a rPDX, cci-PDX/hf, was constructed and expressed in bacteria. 

Results and Discussion 

Recombinant arPDX/hf and ai-PIT/hf were isolated from bacterial extracts using Ni2+ 

affinity chromatography followed by hydrophobic interaction chromatography. Analytical 
reversed-phase HPLC of each protein revealed a single molecule void of contaminants. The 
measured molecular masses of ai-PDX/hf and arPIT/hf obtained by electrospray mass 
spectrometry (46719 Da + 3 Da and 46631 Da + 3 Da, respectively) was in excellent 
agreement with the expected values (46727 Da and 46642 Da, respectively). The slow tight 
binding inhibition of furin by arPDX/hf was demonstrated using progress curve analysis 
(Fig. 1). In agreement with previous studies using serpins expressed in mammalian cells (6), 
ai-PIT/hf is a potent inhibitor of thrombin but not furin. By contrast, a single amino acid 
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substitution in the P4 position of the reactive site loop to generate arPDX/hf strikingly 
alters the selectivity of the serpin resulting in a potent and selective furin inhibitor. 

As an important step toward the development of new strategies for attenuating the 
virulence of many microorganism and viruses whose pathogenesis is furin activity, we found 
addition of micromolar concentrations of exogenous arPDX/hf to cell cultures blocks PE-
induced cytotoxicity in cultured cells (F. Jean, unpublished results). 

hi summary, the application of his- and FLAG-tag strategy has provided a means by 
which to purify rapidly an active recombinant serpin from bacterial cell extracts and follow 
efficiently the recombinant protein during the purification procedure. The availability and 
the extensive biochemical characterization of arPDX/hf will facilitate determination of the 
applicability of this protein-based inhibitor as a broad-based therapeutic. 

Fig.l. Progress curves for the 
slow-binding inhibition of 
furin and thrombin by 
engineered serpins. Each 
curve shows the time course of 
thrombin (panels A and B) or 
furin (panels C and D) 
inhibition either in the absence 
(black circles) or presence 
(open symbols) of increasing 
concentrations of added serpin 
(aj-PIT/hf panels A and D; 
aj-PDX/hf, panels C and B). 
Each reaction was initiated by 
addition of enzyme to inhibitor 
and substrate. Serpin 
concentrations were either 7.5 
nM (diamonds), 15 nM 
(triangles), 30 nM (squares) or 
75 nM (circles). 
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Multiphosphorylated synthetic peptides as antigens and 
immunogens in Alzheimer's disease paired helical filaments 
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The major histopathological abnormalities that characterize the brains of patients with 
Alzheimer's disease (AD) include excess of neurofibrillary tangles (NFT), and senile 
plaques [1]. The NFT are composed of paired helical filaments (PHF) that likely develop 
from hyperphosphorylated forms of the low molecular weight microtubule-associated x 
protein, known as PHF-x [2]. A major prerequisite for evaluating therapeutic and/or 
prevention strategies in AD would be the availability of valid biological markers of AD. 
However, currently there is no diagnostic biochemical test that can be used reliably to stage 
the cognitive status of AD patients. In this regard, it is significant that x levels are increased 
in the cerebrospinal fluid (CSF) of AD patients and that the CSF x levels correlate with 
clinical measures of dementia severity [3]. In our current study we used highly purified 
synthetic peptides, as well as single and double phosphorylated analogues to identify the 
binding sites on a large panel of frequently used or newly developed mAbs. In addition, we 
used these phosphopeptides to generate PHF-specific mAbs. 

Results and Discussion 

One of the peptide families we used included the unphosphorylated (nP) x sequence 224-
240 (KKVAVVRTPPKSPSSAK), two monophosphorylated analogs (23IP and 235P) and 
a diphosphorylated version (23IP, 235P). This region turned to be the recognition site of 
two of the three currently available mAbs that recognize PHF-x, but do not recognize 
normal adult x, and just weakly label fetal-x, or biopsy-originated x [4,5]. The latter two x 
variants are known to carry more phosphate groups than normal x, but less than PHF-x [6]. 
Dependence of the antigen structure on antibody recognition was studied using our 
conformation-sensitive ELISA protocol [7]. Antigen conformational effects played roles in 
the peptide binding of both "true" PHF-specific mAbs, PHF-27 and TG3. The recognition 
of the major phosphorylation site Thr231 was considerably increased when the 
monophosphorylated peptide was plated to ELISA from TFE. While TG3 required a 
stabilized peptide structure to recognize the double phosphorylated peptide variant, the 
comparative ELISA indicated that for PHF-27 the best binding double phosphorylated 
peptide structure was already fully presented in water. 

Phosphorylated Thr231 was also recognized by the widely used mAb, AT 180. A 
similar set of peptides was used to map the binding sites of the third "true" PHF-specific 
mAb, AT10. MAb AT10 bound only to a Thr212, Ser214 diphosphorylated version of the 
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207-222 peptide family. No binding was detected to any monophosphorylated (Thr212P, 
Ser214P, or Thr217P), or any other diphosphorylated (212P, 217P, or 214P, 217P) peptides 
or to the unphosphorylated sequence. 

Table 1. Peptide recognition of new anti-PHF antibodies that recognize PHF-x but not normal x. 

mAb nP 

water TFE 

Binding to peptides 

23 IP 235P 

water TFE water TFE 

23 IP, 

water 

235P 

TFE 

PHF-6 - - +++ ++++ - - +++ ++++ 
PHF-41 - - +++ ++++ - - +++ ++++ 
PHF-27 - - + +++ - - +++ +++ 
TG3 - - + +++ - - +/- ++ 
TG4 - - - - + + + + + + + + 
MC5 - - - - - +/-
MC6 - - - - ++ 
MC15 - - - - + ++ +++ +++ 

Since two of the PHF-specific mAbs, PHF-27 and AT10 recognize 
multiphosphorylated peptide sequences, based on the distance between the two phosphate 
pairs, it is possible to design multiarm compounds that selectively bind to the abnormally 
hyperphosphorylated x fragments. Indeed, our preliminary results indicated that mixing cc-
odiamines with the phosphopeptides prior to the ELISA assay reduced the strength of the 
antibody binding, and the extent of the reduction depended upon the distance between the 
two amino groups (Table 1). Nevertheless, this approach needs to be treated with caution 
because, for example, mAb MC5 also selectively recognizes multiphosphorylated peptide 
sequences, but does not discriminate PHF-x from fetal x or biopsy-x. 

PHF-x likely contains additional abnormal phosphate sites. Because some 
phosphoamino acids are immunodominant in the PHF-x protein (brought about by 
increased stability and, consequently, increased presence of antigenic stimulus) [8] 
alternative strategies are needed for the production of mAbs specific for given sites. 
Antibodies against designed phosphopeptides offer considerably increased variety and 
specificity to hidden linear or conformational epitopes that may be singly or, more likely, 
multiply phosphorylated in PHF-x, but not in normal adult x, fetal x or biopsy-originated x. 
To test this hypothesis, we immunized mice with a peptide construct consisting of the 
double phosphorylated 224-240 peptide, a turn-inducing spacer, and 3 ID, a major T-helper 
cell epitope of the rabies virus nucleoprotein. The anti-peptide antisera labeled PHF-x but 
not normal x on ELISA and Western-blot. Fetal-x was recognized at an intermediate level. 
After fusion of the splenocytes with hybridoma cells, some of the generated mAbs weakly 
labeled only PHF-x (Fig. 1). 
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Fig 1. Phosphate specificity of anti-phosphopeptide antisera in 1:1000 dilution. 
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Synthesis of fluoroalkylated muramyldipeptide analogs 
with lipophilic character 
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Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences, Shanghai 200032, China 

N-Acetylmuramyl-L-alanyl-D-isoglutamine (MDP) has been shown to be the minimal 
structure of bacterial cell walls required essentially for immunoadjuvant activity[l]. Studies 
on the relationship between biological activity and chemical structure have indicated that 
the enhancement of lipophilicity may cause various important effects on the biological 
activity of MDP, leading to increased adjuvancy and decreased pyrogenicity. We report 
herein the synthesis of some analogs with lipophilic character by the introduction of 
perfluoroalkyl onto the Cl position of the sugar moiety or the C-terminal of peptidyl, or by 
the substitution of alanine with trifluoroalanine(i.e. trifluoromethylglycine,TFMGly). 

Result and Discussion 

The MDP analogs containing perfluoroalkyl chain(s) were synthesized by solution method 
(Fig. 1). Protected D-isoglutamine and muramic acid were synthesized from D-Glu and N-

' V O A I O 

AA 

OH 

\ 0 ^ 

AcHN 
COOMe 

b 
O 

OAllyl 

PG-

Z-

Z-

z-

D-Glu 

AcHN, - < , "* , ,"0(CH2 ) ,RF 

COOH 

^L 

- N H 
OR 
- N H 
OR 

NH 

L^ 

OR 
NH 

OR 
NH2 

PG= Z or Boc, R= «Bu, (CH2)3RF 

AA= Ala, Val, Lys, TFMGly 

Icoupling and deprotection 
Final Products 

Fig. 1. A general scheme for the synthesis of the title compounds[2]. 

acetyl-D-glucosamine, respectively, followed by the introduction of the perfluoroalkyl 
group (RF=(CF2)„CF3, n=5 or 7) by sulfinatodehalogenation[3]. Ethyl N-benzyloxycarbonyl-
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3,3,3-trifluoromethylglycinate was prepared by a new method developed by K.Uneyama[4] 
followed by resolution with subtilisin to afford Z-L-TFMGly. The dipeptides (Table l)were 
synthesized using Z/'Bu strategy via a new coupling reagent, benzotriazol-1-yloxy-
bis(pyrrolidino)carboniumhexafluoro-phosphate[5]. 

The solution conformation of three typical compounds has been studied in DMSO-d6 

by NMR. The biological activity of most compounds was evaluated by analyzing the 
proliferation of T cells and B cells in vitro. These results will be published elsewhere. 

Table 1. Fluorine-containing MDP analogs obtained in the final step. 

u/"* -""'V̂ —X--***̂  \ 

_ ^ A c H N O R , 

CO—AA-D-isoGln(OR) 

AA 

Ala 

Ala 

Ala 

Ala 

Ala 

Ala 

Ala 

Ala 

Val 

Val 

Lys(TFA) 

Lys(TFA) 

L-TFMGly 

R 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)5CF3 

H 

H 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

Allyl 

R 

H 

H 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

(CH2)3(CF2)5CF3 

(CH2)3(CF2)7CF3 

H 

H 

H 

H 

H 
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Because demyelination in multiple sclerosis (MS) is associated with chronic inflammatory 
lesions in central nervous system (CNS) white matter, it has long been suspected that the 
disease is determined by an autoimmune mechanism. Several observations have 
strengthened the hypothesis that CNS myelin protein reactive T cells may play a role in the 
pathogenesis of MS lesions [1]. Myelin basic protein (MBP) is the most deeply studied 
myelin antigen because of its intensive encephalitogenicity in experimental models and its 
role in post-infective and post-vaccine encephalomyelitis. Immunization of susceptible 
animals with MBP or with its immunodominant peptides induces experimental allergic 
encephalomyelitis (EAE), an animal model of MS. T cells specific for the 
immunodominant peptides of MBP can transfer the disease in syngeneic naive animals. As 
synthetic lipopeptides have been demonstrated to have immunoadjuvant properties both in 
vitro and in vivo [2,3], we investigated the T cell response to wild type and lipid-bound 
immunodominant MBP epitopes in Lewis rats. 

Results and Discussion 

We undertook a comparative study of GpMBP(74-85) (MBP1), the immunodominant MBP 
epitope the in Lewis rat, and two lipopeptide derivatives with the palmitoyl residue (Palm) 
in two different positions of the sequence. 

R-Gln-Lys(R>Ser-Gln-Arg-Ser-Gln-Asp-Glu-Asn-Pro-Val-NH2 

MBP1: R=H, R '=H; MBP2: R=Palm, R '=H; MBP3: R=H, R '=Palm 

The syntheses were performed by SPPS following the Fmoc/tBu strategy, in a standard 
synthetic protocol using the NovaSyn Gem continuous-flow synthesizer on TentaGel S 
RAM resin. We synthesized MBP3 introducing a A^-palmitoyl lysine residue by Fmoc-
Lys(Palm)-OH and MBP2 obtained by M-terminal modification of MBP1 with the 
pentafluorophenyl ester of palmitic acid. All the compounds were purified by RP-HPLC 
and characterized by FABMS and amino acid analysis. 
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Immunization 
Fig. 1. Proliferative response of spleen cells isolated from Lewis rats immunized with 
GpMBP(74-85) and its lipoderivatives MBP2 and MBP3 to the wild type and the modified 
peptide derivatives. Data are expressed as cpm. Background proliferation was 630 cpm. 

Lewis rats were immunized with MBP1 and its lipoderivatives MBP2 and MBP3. All 
the peptides induced EAE and the disease course and severity were comparable in the three 
groups (data not shown). Spleen cells were isolated from immunized animals at day 10 
after immunization and tested in a proliferation assay to evaluate the response to the wild 
type and lipid-bound peptides. Regardless of the immunizing peptides, spleen cells 
proliferated more vigorously with the lipid-bound peptides compared to the lipid-free wild 
type analog (Fig. 1). Successively, we tested the in vitro activity of lipopeptides on the 
proliferative response of long-term CD4+ T cell lines generated from spleen cells of Lewis 
rats immunized with entire MBP and maintained in culture by periodic restimulation with 
the whole protein. The large majority of T cell lines (TCL) obtained from Lewis rats 
immunized with entire MBP proliferated in response to the immunodominant MBP1 
peptide. When the proliferative response to lipoderivatives was compared it turned out that 
the lipid-bound analogs exerted an increased stimulatory activity compared to the lipid-free 
peptide. Proliferation started at lower antigen concentrations and the overall response was 
more intense (Fig. 2). 

In order to rule out the possibility that this "superagonist" activity of the lipopeptides 
was due to an unspecific mitogenic activity, the proliferative response of a protein purified 
derivative-specific (PPD-specific) TCL was tested for these antigens. No response to the 
lipid-conjugate peptides was observed suggesting that the stimulatory activity of lipid-
bound MBP peptides was specific for MBP-reactive T cells (data not shown). 

Finally, we could demonstrate that the increased responsiveness of T cells to the 
lipopeptide required a stable coupling of the two components. The proliferative response of 
TCL to MBP1 was not increased when an equimolar amount of A^-palmitoyl lysine was 
added during the proliferation assay (data not shown). 
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Fig. 2. Proliferative response of two GpMBP(74-85) specific TCL to different concentrations of 
the wild type peptides and its lipoderivatives MBP2 and MBP3. Data are expressed as SI 
(stimulation index) = cpm (stimulated culture)/cpm (unstimulated culture). 

Different hypothesis can be formulated to explain the increased T cell responsiveness 
of the lipid-bound peptides. A costimulatory activity of the lipophilic moiety can be 
hypothesized. It has been recently demonstrated that a single modification of a relatively 
long peptide by a lipophilic aminoacid with a long hydrocarbon chain results in the ability 
to reproducibly induce without immunoadjuvant a relevant virus-specific CTL response in 
vivo [3]. The mechanisms of this immunoadjuvant activity are not well understood. 
However a recent study showed that lipoproteins can provide costimulatory signals to 
CD4+ and CD8+ T lymphocytes to produce pro-inflammatory cytokines required for their 
differentiation [4]. Alternatively, an increased affinity to the MHC molecule and/or TCR of 
responding T cells as well as a more favourable antigen presentation could explain the 
lipopeptide "superagonist" activity. 

In conclusion this study demonstrate that lipopeptides may represent a new efficient 
tool for the study of T cell responses to myelin proteins in MS. 
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Insects are remarkably resistant to bacterial infection. The resistance is explained in part by 
the rapid synthesis, following bacterial infection or injury of a battery of small cationic 
peptides [1]. Three of them, pyrrhocoricin, drosocin and diptericin carry O-linked 
carbohydrate moieties that are necessary for the full biological activity [2-4]. The N-
terminal regions of these glycopeptides show a great deal of amino acid and carbohydrate 
homology. While only one sugar chain is attached to the shorter peptides, drosocin and 
pyrrhocoricin, the longer diptericin carries carbohydrates at both its N-terminal, proline-
rich, and C-terminal glycine-rich domains. We decided to synthesize all three peptides 
without and with sugars by using a step-by-step solid-phase technique. 

Results and Discussion 

The synthesized peptide sequences are as follows (glycosylated threonines are marked with 
asterisks): 

Pyrrhocoricin: V'DKGSYLPRPT*1 JPPRPIYNRN20 

Drosocin: G'KPRPYSPRPT*1 iSHPRPIRV19 

Diptericin N-term. D^KPKLILPT^OPAPPNLPQLVG21 

(G22GGGNRKDGFGVSVDAHQKVWTSD45) 
Diptericin C-term. N4<> GRHSIGVT*54PGYSQHLGGPYGNSRPDYRIGAGYSYNF82 

The peptides and glycopeptides were purified until homogeneity by reversed-phase 
HPLC and their integrity was verified by MALDI-mass spectroscopy. 

The anomeric configuration of sugars in insects is not known, but we suggest it is 
Gal((51->3)-GalNAc(cd->0), as our synthetic drosocin with this sugar and the isolated 
drosocin show indistinguishable antibacterial activity, and HPLC retention time. The 
antibacterial activity of drosocin in a liquid assay is increased approximately 100 times 
when the sugar is added [5], and this activity pattern is very similar to that of 
pyrrhocoricin. In spite of the relatively minor sequence alterations between drosocin (or 
pyrrhocoricin) and the N-terminal domain of diptericin during identical assay conditions, 
this latter peptide was inactive both glycosylated and without sugar, as were the C-terminal 
diptericin domain pair and mixtures of the N- and C-terminal fragments. Even more 
surprisingly, a partially purified batch of synthetic full-sized, unglycosylated diptericin 
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exhibited some antibacterial activity in both types of assays, while a recombinant version 
of this peptide (small protein) did not. 

Very little is known about the mode of action of these glycopeptides. Unglycosylated 
drosocin, made up from all D-amino acids, is considerably less potent than drosocin made 
up from L-amino acids [5], indicating that this family of antibacterial peptides, unlike other 
families, may act on the gram-negative bacteria through a stereospecific target. The role of 
the attached carbohydrate chain maybe either stabilization of a given secondary structure or 
provision of resistance to circulating proteases. Based on CD, addition of the disaccharide 
to drosocin, pyrrhocoricin, and the N- or C-terminal diptericin fragments did not 
considerably alter the conformation of the peptides. Drosocin with or without sugar 
exhibited identical stability in human serum during the entire 45 min to 4 h period of the 
study (Table 1). The peptide degradation in mammals or in insects likely proceeds through 
a different pathway and this may explain why drosocin was inactive in mice in vivo. While 
the peptides were almost fully degraded after 4 h in human serum, a recent mass 
spectroscopy study of the hemolymph composition of a single insect demonstrated that 
glycosylated drosocin lost one of its sugar moieties during circulation, but the second sugar 
remained attached to the peptide even after several weeks. Many of the remaining 
questions will be answered when the synthetic double glycosylated diptericin 1-82 is 
available for analysis. 

Table 1. Stability of drosocin peptides in 25% human serum (n=3). 

Remaining (%) after 
Peptide 0 min 45 min 120 min 240 min 

Drosocin no sugar 100 ±2 59 ±4 20 ±2 2 ± 2 

Drosocin Gal-GalNAc 100±3 59±1 24 ± 5 5 ±2 
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Post-translational modifications of proteins create important changes in protein structure 
resulting in dramatic changes in function. Phosphorylation and dephosphorylation is a 
major mechanism for controlling a variety of cellular processes from cell movement to cell 
growth. Tyrosine phosphorylation is especially important in many receptor-mediated events 
[1]. Covalently modified synthetic peptides representative of in vivo post-translational 
modifications have become critical tools for examining numerous cell functions [2]. 

Because tyrosine phosphorylation has become the focus of an increasing number of 
investigations on protein/protein interactions [3], the present study was initiated to 
introduce phospho-peptide chemistry to the member laboratories and to assess their 
synthesis capabilities. The Peptide Synthesis Research Committee of the Association of 
Biomolecular Resource Facilities (ABRF) conducts anonymous studies to introduce and 
evaluate the ability of ABRF member laboratories to synthesize and characterize test 
peptides [4]. For the 1997 ABRF study, the Peptide Synthesis Research Committee 
requested that its member facilities synthesize and submit a crude sample of the following 
phosphotyrosine peptide for analysis: H-Glu-Asp-Tyr-Glu-Tyr(P03H2)-Thr-Ala-Arg-Phe-
NH2. 

Results and Discussion 

In preparation for this study, the committee members synthesized and analyzed four variations 
of the tyrosine-containing sequence: non-phosphorylated, Tyr(P03H2)

3, Tyr(P03H2)5, and 
Tyr(P03H2)

3'5. The following observations were made concerning these reference peptides. 
Analytical and microbore HPLC, as well as capillary electrophoresis, revealed that the peptides 
were distinctly separated in the following elution order: first Tyr(P03H2)

3,5, then Tyr(P03H2)
5, 

followed closely by Tyr(P03H2)3, and finally Tyr(OH)3'5. Mass spectrometric analysis 
(electrospray and MALDI-TOF) provided the calculated masses for each peptide. As 
anticipated no differences were observed by amino acid analysis. The phosphotyrosine (pY) 
was easily detected by Edman degradation sequence analysis with an elution position 1-2 
minutes before Asp. In addition, the pY3 and pY5 peptides could be easily distinguished by 
MALDI-PSD. The MALDI-TOF MH+ for the non-phosphorylated peptide was found to be 
more intense than the MH+ for phosphorylated peptide in the negative mode when loaded in 
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a 1:1 mixture. 
Submitted peptides were analyzed by amino acid composition, sequence analysis, RP­

HPLC, and electrospray and MALDI-TOF mass spectrometry as described previously [5]. 
Mass spectrometric analysis of the 33 samples submitted indicated that all but 4 contained the 
correct product. By HPLC analysis, 10 samples contained greater than 70% correct product 
when quantified using a wavelength of 230 nm; 20 contained greater than 75% correct product 
and 4 contained between 50 and 75% correct product when quantified at 275 nm, whereas 4 
had no correct product at either wavelength. All samples submitted were synthesized using 
Fmoc chemistry. No correlation was found between coupling time and percent correct product. 
A correlation might exist between increased yield of correct product and the use of non­
protected phosphotyrosine because 15 of the 20 samples with greater than 75% correct product 
used non-protected phosphotyrosine. 

While the majority of submitted samples contained the desired peptide, deletion 
sequences of the phosphotyrosine and/or the preceding amino acid were observed in 7 of the 
33 submitted samples. One sample contained Thr in place of Tyr, one sample was synthesized 
backwards, one had a +1 mass, one contained mainly acetylated-TARF-NH2 and one contained 
what appeared to be acetylated-TARF-NH2 plus a t-butyl protecting group. 

A singly charged ion at m/z 535.5 was detected in 6 of the submitted samples by ESI/MS, 
but was not observed by MALDI-TOF. It was suspected that this ion represents an acetylated-
TARF-NH2 truncated peptide. This truncated peptide could be generated if the peptide had 
been capped with acetic anhydride prior to phosphotyrosine addition. This hypothesis was 
tested by synthesizing the acetylated, truncated peptide and showing that it exhibited the 535.5 
ion by ESI/MS and had an elution position by HPLC that was identical to the unknown peak 
in samples shown to contain this ion. 

Conclusion 

Overall, the success rate for synthesis of the requested phosphopeptide by member facilities 
was quite good, as 61% of the samples had greater than 75% correct peptide, and 73% 
containing greater than 50% correct peptide. The use of non-protected phosphotyrosine may 
yield a greater amount of correct product than the use of protected phosphotyrosine. 
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Targeting a hydrophobic patch on the surface of the GRB2-SH2 
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Growth factor receptor binding protein 2 (Grb2) is an important element of mitogenic 
signal transduction and therefore an attractive target for intervention in the processcell 
growth regulation. Recently, the X-ray crystal structure of its SH2 domain in complex with 
a high-affinity heptapeptidic ligand (KPFpYVNV) was determined [1]. In contrast to all 
other published structures of SH2 domain-peptide complexes, where the ligands are bound 
in an extended conformation, this structure revealed that the bound peptide ligand adopts a 
p-turn type I conformation. This unique binding mode and an observed hydrophobic patch 
on the surface of the protein can be utilized to design and synthesize specific Grb2-SH2 
ligands. 

Results and Discussion 

The X-ray crystallographic structure of the Grb2-SH2 domain complexed with a synthetic 
phosphopeptide ligand revealed that the hydrocarbon side chains of LysPD6 and LeupD'l 
formed a lipophilic area on the surface of Grb2-SH2 [1]. On the basis of this structural 
information, a series of pTyr-containing peptides of the general structure Ac-pTyr-Xxx-
Asn-NHR were designed, wherein R represented hydrophobic moieties such as, 3-(2-
hydroxy-naphthalen-l-yl)-propyl (Fig. 1) and Xxx is either De of the pTyr1068 sequence of 
the EGF receptor or the P-turn promoting Ac6C. 

The peptides were assembled on a Rink amide MBHA resin applying Fmoc/ tBu 
chemistry (Fig. 2). Fmoc-Asp-OAll was coupled through its side chain to the linker. Fmoc-
Tyr(P03Me2)-OH was used as building block for the introduction of pTyr. Pd (O)-catalyzed 
allyl ester cleavage was performed on the complete peptide resin. TPTU activation was 
used for the amidation of the C(a) carboxylic acid of Asn with various amines (NHRJR2, 
NH2R). The phosphate methyl groups were cleaved on the peptidyl resin employing TMSI 
in MeCN prior to TFA-mediated side-chain deprotection and release of the peptide from 
the support [2]. 

The results presented are in agreement with our design criteria. Grb2-SH2 binds these 
modified peptides with high affinity (Table 1). The marked gain in affinity of peptides 1 
and 6 can obviously be explained by the large hydrophobic interaction of the naphthyl ring 
with the protein. This unique hydrophobic patch interaction further improved the 
selectivity of our compounds towards the Grb2-SH2 domain. 
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Fig. 1. Model of peptide 1 bound to 
the Grb2-SH2 protein. 

(Rink amide resin) 

w NH 

Ac-Tyr(P03Me2)-Xxx-HN COOAII 

1)Pd(PPh3)4 

2) TPTU pre-activation, 
coupling of NH2R 

3) TMSI, MeCN 
4) 95% TFA 

I 
CONH, 

Ac-Tyr(P03H2)-Xxx-HN CONHR 

Peptide 1-5 (Xxx= Ile) 
6-9 (Xxx= Ac6c) 

Fig. 2. Synthesis of C-terminally 
modified phosphopeptides. 

Table 1. Binding affinities of phosphopeptides to Grb2-SH2. 

Ac-Tyr (P03H2)-Ee-Asn-NHR 

Peptide R IC50 [pM] 

Ac-Tyr (P03H2)-Ac6c-Asn-NHR 

Peptide R IC50 [pM] 

HO 

0.29 

2.3 

3.1 
5.8 
8.7 7 

HO 

0.011 

0.21 
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Phospholamban (PLN) is an oligomeric 52 residue membrane spanning protein that regulates 
the Ca2+-ATPase of the cardiac sarcoplasmic reticulum. PLN binds to and inhibits the 
enzyme. The inhibition is reversed by phosphorylation by Protein kinase A at Ser16 and by a 
Ca2+-Calmodulin (CaM) dependent protein kinase at Thr17, respectively. PLN contains a very 
hydrophobic membrane spanning the C-terminal portion and a hydrophilic cytosolic N-
terminal portion containing the phosphorylation sites. PLN can be isolated from canine hearts, 
can be expressed in either yeast or in the baculovirus system or can be obtained by chemical 
synthesis [1]. The chemically synthesized material is identical to the isolated biological 
material [2]. Enzymatic phosphorylation of PLN does not produce a uniform product, but a 
mixture of different phosphorylation states [3]. 

PLN forms pentamers in SDS-PAGE which can be disrupted by boiling in SDS. 
Phosphorylated PLN runs with lower mobility in SDS-PAGE than unphosphorylated PLN. A 
mutant of PLN with Cys41 in the transmembrane region replaced by Phe41 does not form 
pentamers on SDS-PAGE and is monomeric in chloroform/methanol 1/1 (v/v). 

Results and Discussion 

The 52mer peptide was synthesized manually in the monophosphorylated and 
bisphosphorylated forms using Fmoc-chemistry by incorporation of Fmoc-Ser(POOBzlOH)-
OH and Fmoc-Thr(POOBzlOH)-OH that we synthesized ourselves (data not shown). In the 
first step the Fmoc amino acids were coupled in three fold excess using TPTU/collidine and in 
the second step with one equivalent Fmoc amino acid using HATU/ collidine as activating 
reagents. In the third step we capped unreacted aminogroups with acetic anhydride and 
DIPEA. Tentagel S resin (Rapp Polymers, Tubingen, FRG) with a HMPB linker (4-(4-
Hydroxymethyl-3-methoxyphenoxy)-butyric acid) was used. Oxydized Met residues were 
reduced with trimethylbromosilane as described by Beck and Jung [4], 

Purification was performed by cation exchange HPLC using a gradient of 
chloroform/methanol/water 4/4/1 (v/v/v) as solvent A, and 0.4 M ammonium acetate in A was 
used as solvent B. The phosphorylated forms of PLN also showed retention on the TSK 
carboxymethyl column, but eluted at lower salt concentrations. 

The peptides were checked by MALDI-TOF-MS for purity (Fig. 1). The measurements 
were performed in the positive mode using a-cyano-4-hydroxy-cinnamic acid as matrix. The 
bisphosphorylated PLN required very high laser energy to ionize so that fragmentation of the 
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product could occur. Because of the chemical introduction of the phosphate groups we could 
purify uniformly phosphorylated PLN with one (Ser16 or Thr17) or two phosphorylations (Ser16 

and Thr17) in mg amounts. 
In SDS-PAGE the phosphorylated PLN forms pentamers with lower mobility than the 

unphosphorylated PLN. No differences in aggregation behaviour could be be observed in 
SDS-PAGE between the different forms of PLN using bifunctional crosslinkers (data not 
shown). 

The biological properties of the three phosphorylation states of PLN will be tested by 
reconstitution of PLN with SR-Ca2+-ATPase in liposomes and by measuring Ca2+-uptake 
and/or ATPase activity. The chemical synthesis enabled us to obtain sufficient amounts of 
both unphosphorylated and phosphorylated PLN to undertake detailed structural studies using 
NMR spectroscopy. 

PLNwt PLN C41F 

6166.24 

l*tl*r*TM~l*»y, a II n i -"" 1 - ' * " " * " * ^ I U I I J » -

PLNwtThr(Pj) 

M^Jhn 

6204.64 

C41FSer(Pi)Thr(Pi) 

6331.63 

•annUlMHlA ^mu.,.,.,, , , 

Fig. 1. MALDI-TOF-MS of the different PLN forms 
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Interactions between cell surface glycoconjugate ligands (e.g. glycolipids, 
glycoproteins) and protein receptors form the basis of recognition events which are 
fundamental to a vastly diverse range of biological and pathological processes [1-4]. 
Unlike non-covalent protein-protein and nucleotide-protein interactions, individual 
non-covalent carbohydrate-protein interactions are weak. In order to compensate for 
the weak binding forces, both nature, and subsequent attempts by various research 
groups to mimic nature, have employed multivalency (co-operativity) as a tool to 
augment individual ligand-receptor interactions [5-6]. Well defined mimics of cell 
surface glycoconjugates having biological stability and stronger bindings to 
pathogenic protein receptors are crucial for understanding recognition processes and 
for the development of new diagnostics and preventive therapeutics. 

Results and Discussion 

Towards the goal of mimicking cell surface glycoconjugates, our group is developing 
a flexible and control-oriented model as a probe for studying carbohydrate-protein 
interactions. This model illustrates the multivalent presentation of the terminal 
saccharides which couples the intrinsic structural variation provided by a peptide 
backbone with the enhanced enzymatic stability offered by C-glycosidic linkages [7]. 
Our strategy is to display the stable mimics of terminal saccharides (i.e. replacement 
of anomeric oxygen by carbon) as recognition elements on a peptide backbone as 
shown schematically in Fig. 1. 

Optimization of spacers to display the terminal saccharides on a peptide template 
could play an important role in designing the inhibitors of carbohydrate-binding 
proteins. Our approach offers: (i) systematic building block assembly using solid 
phase chemistry or solid phase approach to the glycosylation of pseudo-peptide 
template, (ii) highly controlled, yet broad, structural variation, (iii) secondary 
interactions with adjacent amino acid residues which may further augment binding, 
and (iv) the incorporation of markers (e.g. biotin) either at the N- or C-terminal of the 
peptide backbone. 
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C-Analogs of Exposed Saccharides Crucial for Recognition 

r 

rs ri y, 

Solid Phase Strategies 

Glycosylated Building Block 
Assembly 

Glycosylation of Pseudo-peptide 
Template 

Fig. 1. Strategy of displaying the stable mimics of terminal saccharides. 

Conclusion 

Using ©.-galactose as a terminal sugar, various neo-C-glycopeptides have been 
obtained using a building block assembly or glycosylation of pseudo-peptide 
templates on a solid phase. Applications of neo-C-glycopeptides towards the 
understanding of carbohydrate-protein interactions is under investigation. 
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O-linked glycosylation is an important post-translational modification of many proteins. In the 
human mucin, MUC1, which is a heavily O-glycosylated glycoprotein, an N-
acetylgalactosamine moiety is attached by N-acetyl-galactosaminyltransferase to the side 
chains of specific Thr/Ser residues within the 20-residue tandem repeat core. Three distinct 
N-acetyl-galactosaminyltransferases (designated as GalNAc-Tl, -T2, and -T3), which were 
recently cloned and expressed [1-3], exhibit more complicated substrate specificities [4] than 
were previously known. 

In order to study the molecular mechanisms involved in the specificity of the O-
glycosylation reaction, the conformational features of two peptide substrates, 
RPAPGSTAPPAHGV and PPAHGVTSAPDTRPA, which comprise the sequence of the 
tandem repeat core of MUC1 and include both glycosylated (underlined) and non-glycosylated 
sites for all three GalNAc transferases, were analyzed by NMR and computational methods. 

Results and Discussion 

The peptides were synthesized by standard Fmoc solid-phase methodologies on an Applied 
Biosystems Model 430A synthesizer. Side-chain deprotection and cleavage from the resin 
were achieved in a single-step acidolysis reaction. The peptides were purified by analytical and 
preparative reverse phase-HPLC on columns packed with Cig-bonded silica and characterized 
by amino acid compositional analysis as described previously [5, 6]. 

The ID and 2D ^-NMR experiments were performed at 500 MHz on a 11.5T Varian 
UNITY plus spectrometer. All NMR spectra were recorded in pure H2O and in a mixture of 
ddH20 with 30% TFE at different temperatures 30°C and 20°C, to resolve CaH-NH cross 
peaks that overlapped with the strong water signal. NMR data were collected in hypercomplex 
phase sensitive mode. Water peak suppression was obtained by low-power irradiation of the 
H20 peak during relaxation delay. The data were processed and analyzed using Varian NMR 
software. Sequence-specific proton resonance assignments were established from two-
dimensional proton-proton total chemical shift correlation spectroscopy experiments and 
confirmed by comparison with cross peaks in 2D NOESY spectra acquired for the peptides 
under similar experimental conditions. Inter- and intra-residue NOE intensities were measured 
in 100, 200, 300, and 400 ms mixing time NOESY experiments. 
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The NMR data were used to retrieve conformational constraints for structure calculations. 
Newly developed programs and procedures [7] were applied to increase a number of 
stereospecific assignments and to narrow the torsional angle constraints. These data were used 
in NMR structure calculations by the DIANA program [8]. 

A comparative analysis of the structural and kinetic data allowed us to develop a 
structural model that may explain certain features of the O-linked glycosylation reaction. 
We propose that the reactive Thr/Ser residue and several flanking residues are in an extended, 
polyproline It-like conformation, which provides recognition and binding to an active site of 
the enzyme through interactions with amide protons and carbonyl oxygens on the acceptor 
substrate. In contrast, the non-glycosylated Thr residue within the APDTR fragment has 
demonstrated the tendency to be involved in more twisted, compact substructure determined 
by salt bridge formation between side chains of the flanking Asp and Arg residues. The 
structural impact of the primary glycosylation of the Thr on the subsequent glycosylation of 
the adjacent Ser residues was studied by molecular dynamics simulations. 

Acknowledgements 

This work was supported by NIH grant CA69234 (to M.A.H.). The Molecular Modeling Core 
Facility of the UNMC/Eppley Cancer Center was used in these studies. The facility is partially 
supported by Cancer Center Support Grant CA36727 from the National Cancer Institute. 

References 

1. White, T., Bennett, E.P., Takio, K., Sorensen, T., Bonding, N. and Clausen, H., J. Biol. Chem., 
270 (1995) 24156. 

2. Sorensen, T., White, T., Wandall, H.H., Kristensen, A.K., Roepstorff, P. and Clausen, H., J. Biol. 
Chem., 270 (1995) 24166. 

3. Bennett, E.P., Hassan, H. and Clausen, H., J. Biol. Chem., 271 (1996) 17006. 
4. Wandall, H.H., Hassan, H., Mirgorodskaya, E., Kristensen, A.K., Roepstorff, P., Bennet, E.P., 

Nielsen, P.A., Hollingsworth, M.A., Burchell, J., Taylor-Papadimitriou, J. and Clausen, H., J. Biol. 
Chem., in press. 

5. Ember, J.A., Sanderson, S.D., Taylor, S.M., Kawahara, M. and Hugli, T.E., J. Immunol., 148 
(1992)3165. 

6. Nishimori, I., Johnson, N.R., Sanderson, S.D., Perini, F., Mountjoy, K.P., Cemy, R., Gross, M.L. 
and Hollingsworth, M.A., J. Biol. Chem., 269 (1994) 16123. 

7. Kirnarsky, L., Shats, O. and Sherman, S., THEOCHEM, in press. 
8. Guntert, P. and Wuthrich, K., J. Biomol. NMR, 1 (1991) 447. 



Phosphopeptide models of the C-terminal basic domain of p53 

Ralf Hoffmann,3 Randall E. Bolger,» Zhi Quan Xiang,3 Magdalena 
Blaszczyk-Thurin,3 Hildegund CJ . Ertla and 

Laszlo Otvos, Jr.a 

aThe Wistar Institute, Philadelphia, PA 19104, USA, andbPanVera Corporation, 
Madison, WI 53711, USA 

The tumor suppressor p53 protein plays a central role in regulating cell growth, Gl/S 
boundary arrest, transactivation and apoptosis. Phosphorylation of p53 is generally thought 
to modify the properties of the protein [1]. Because of the bias introduced by the use of 
specific cell lines and the expression of mutated proteins, published reports are contentious 
and contradictory on the subject of p53 properties with or without phosphorylation. Due to 
the domain structure of p53, synthetic peptides and phosphopeptides are promising 
candidates to investigate various functions of the protein [2]. We directly studied the 
effects of phosphorylation on the non-specific DNA-binding, conformation and stability of 
the C-terminal, basic domain with synthetic peptides. The peptides corresponded to amino 
acids 371-393 or 361-393 of human wild-type p53 and were either unphosphorylated or 
phosphorylated at the protein kinase (PKC) site, Ser378 or diphosphorylated on both the 
PKC site and the casein kinase II (CKH) site, Ser378 and Ser392. We also used the 
peptides as immunogens to generate monoclonal antibodies (mAbs). 

Results and Discussion 

A fluorescence polarization analysis revealed that recombinant p53 protein was more 
potent than any of the long peptides in binding to the target DNA fragment. 
Phosphorylation at the PKC site significantly decreased double stranded DNA binding and 
addition of a second phosphate group at the CKH site almost completely abolished binding 
[3]. CD spectroscopy showed that all three long peptides (361-393) assumed identical 
unordered structures in a DNA-binding buffer. The unmodified peptide changed 
conformation in the presence of DNA. The Ser378 phosphorylated peptide either did not 
bind to DNA or binding did not result in a conformational change. The inherent ability of 
the unphosphorylated peptide to form an a-helix could be detected when the CD spectra 
were recorded in trifluoroethanol. Phosphorylation of the PKC site broke the helix 
structure and addition of the second phosphate to the CKTI further enhanced this effect. 

Independent observations have suggested that variations in the phosphorylation status 
might affect the half-life of wild-type p53 [1]. Since p53 is suggested to follow a ubiquitin-
dependent degradation pathway [4], examination of the phosphorylation of p53 on its 
ubiquitination and subsequent degradation may provide an explanation. Alternatively, a 
direct effect of phosphorylation on peptide stability can be examined by exposing the 
peptides to mixtures of proteases. As a first attempt to obtain information about stability 
changes in the peptides, we incubated the three short peptides (371-393) with diluted 
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human serum. The phosphopeptides exhibited considerably increased serum stability, with 
no difference in the stability of the two phosphopeptides (Fig. 1). 
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Fig. 1. Stability of C-terminal human p53 peptides in 25% human serum. 

Phosphorylation of the PKC site was reported to inhibit the protein recognition of 
polyclonal antibody 421 [5]. Our results with the short synthetic peptides indicated that the 
Ser378 phosphorylated peptide was recognized much less efficiently than the 
unphosphorylated analog, but because antibody 421 bound weakly to the peptides, this 
finding needs to be treated with caution. The synthetic phosphopeptides, however, can be 
used to generate monoclonal antibodies. We immunized mice with the short double 
phosphorylated peptide co-synthesized with a turn-inducing spacer and 3ID, a T-helper 
cell epitope. After fusion, a number of mAbs, variable in their sensitivity and phosphate 
specificity were obtained. MAb p53-18, an IgM, albeit phosphate independent, labeled p53 
in ELISA and Western-blot considerably stronger than antibody 421. In fact, our mAb p53-
18 is more sensitive to the p53 protein than the currently available antibodies. 

References 

1. Steegenga, W.T., van der Eb, A.J. and Jochemsen, A.G., J. Mol. Biol., 263 (1996) 103. 
2. Sakamoto, H., Kodama, H., Higashimoto, Y., Kondo, M., Lewis, M.S., Anderson, C.W., 

Appella, E. and Sakaguchi, K., Int. J. Peptide Protein Res., 48 (1996) 429. 
3. Hoffmann, R„ Bolger, R.E. and Otvos, L.Jr., Submitted. 
4. Ciechanover, A., DiGiuseppe, J.A., Bercovich, B., Orian, A., Richter, J.D., Schwartz, A.L. 

and Brodeur, G.M., Proc. Natl. Acad. Sci. USA, 88 (1991) 139. 
5. Ullrich, S.J., Mercer, W.E. and Appella, E., Oncogene, 7 (1992) 1635. 



Solid phase synthesis of N- and O-glycopeptide by Boc-strategy 

Tadashi Teshima, Saeko Oikawa, Kumiko Y. Kumagaye, 
Kiichiro Nakajima and Tetsuo Shiba 

Peptide Institute Inc., Protein Research Foundation, 4-1-2 Ina, Minoh, Osaka 562, Japan 

Glycoproteins show important biological activity and play essential roles in the living 
body. To elucidate the function of the carbohydrate portion, a method is needed for the 
synthesis of the glycopeptide. The linkage between carbohydrate and protein can be 
classified into two categories, an N-glycosidic bond linked to an Asn residue and an O-
glycosidic bond linked to a Ser or Thr residue. In this study, we tried to synthesize a 
glycopeptide with one N-acetylglucosamine (GlcNAc) and N-acetylgalactosamine 
(GalNAc) unit. As the N-glycoside bond of GlcNAc and the O-glycoside bond of GalNAc 
seemed to be stable against HF treatment from the results of the structural study of the 
glycoprotein [1] as well as the synthetic study [2], we used one-step HF treatment for the 
final deprotection. We were able to successfully synthesize N-acetylglucosaminylated and 
N-acetylgalactosaminylated peptide by the usual solid phase peptide synthesis using Boc 
strategy (Fig. 1). 

HO 
HO 

Fig. 1. Structure of N-acetylglucosaminylated and N-acetylgalactosaminylated peptide. 

Results and Discussion 

In our strategy, the benzyl group was used to protect hydroxyl groups on the sugar moiety. 
To introduce the glycosylated amino acid, Boc-Asn(0-Bzl3GlcNAc)-OH and Boc-Ser(0-
Bzl3GalNAc)-OH were synthesized from GlcNAc and GalNAc, respectively. 

We chose the peptide sequence (60-71) of CD2 with one GlcNAc residue as a model 
peptide of the N-glycosylated peptide as shown in Fig. 2. Asn65 is glycosylated with a high 
mannose type polysaccharide in the native glycoprotein, whose saccharide part plays an 
important role in the binding with CD58 [3]. Tip63 and Cys59 derivatives as well as the 
original sequence were also synthesized to demonstrate the versatility of this strategy. 

60 71 
H-Tyr-Lys-Leu-Phe-Lys-Asn(GlcNAc)-Gly-Thr-Leu-Lys-lle-Lys-OH 
H-Tyr-Lys-Leu-IrJi-Lys-Asn(GlcNAc)-Gly-Thr-Leu-Lys-lle-Lys-OH 

H-Cys(H)-Tyr-Lys-Leu-Phe-Lys-Asn(GlcNAc)-Gly-Thr-Leu-Lys-lle-Lys-QH 

Fig. 2. Sequences ofCD2 (60-71), [Trp63]-CD2 (60-71), and [Cys(H)S9]-CD2 (59-71). 

Ill 

.OH 

^ \ H 

AcNH V o 

^ N H C O — 

HO 

H O - \ 

OH 

- ^ — " ° \ R: H or CH3 

AcNHl 

— NH C O — 



718 

Peptide synthesis was carried out by solid phase synthesis. Amino acids other than 
Boc-Asn(0-BzlsGlcNAc)-OH were introduced by an automated procedure, while Boc-Asn 
(0-Bzl3GlcNAc)-OH was coupled manually by monitoring the free amino group by the 
Kaiser test. Final deprotection was carried out by normal one-step HF treatment to give 
crude glycopeptide, which was purified by HPLC. NMR, mass spectrometry, and amino 
acid analysis data were consistent with the structures of the synthetic glycopeptides. 

As model peptides of the O-glycopeptide, we chose supprescin A and desgalactosyl 
supprescin B (Fig. 3). Supprescin is the glycopeptide which was isolated as a suppressor of 
phytoalexin production secreted by a pea pathogen, Mycosphaerella pinodes [4]. 

HO OH H ? xOH 

>\*-*>A 
-Q 

H O ^ _ ^ ^ » , Supprescin A H n ^ \ ^ ^ ^ \ Des-galactosyl Supprescin B 
~ ~ ^ A c N H ] AcNHJ 

H—Ser—Ser—Gly—OH H—Ser—Ser-Gly—Asp—Glu-Thr-OH 

Fig. 3. Structures of supprescin A and desgalactosyl supprescin B. 

O-Glycopeptide was also synthesized in the same manner as N-glycopeptide. One-step 
HF treatment of the protected peptide resin gave the crude glycopeptide, which was 
purified by HPLC. The structure of the peptide with the O-glycosyl bond was also 
confirmed by NMR, MALDI-mass spectrometry, and amino acid analysis. 

Conclusion 

From this study, we were able to develop a facile strategy for synthesizing N-acetyl­
glucosaminylated and N-acetylgalactosaminylated peptides, which can be used to modify 
the physical properties of biologically active peptides and can also be used as substrates for 
enzymatic elongation of carbohydrate chains. 
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Glycoamino acids are glycosylated amino acids or modified monosaccharides carrying 
properly protected amino and carboxyl functional groups. The importance of carbohydrate 
recognition in biological events [1] and the growing interest in the use of synthetic O- and 
AMinked glycopeptides and saccharopeptides [2] has demanded the synthesis of 
glycoamino acids. Since the O-glycosidic bond of the glycopeptides is labile to both strong 
acidic and basic conditions, only the Af-Fmoc protecting group could be exploited to date. 
Here, we report the synthesis and application of the N-Dde protected O- and /V-glycoamino 
acids and glycoazido acids, which are suitable for solid phase peptide or saccharopeptide 
synthesis. 

Results and Discussion 

The hydrazine labile l-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl (Dde) protecting 
group has been successfully employed in solid phase peptide synthesis [3] and its mild 
deprotection conditions has made it an attractive protection strategy for glycopeptide 
synthesis. 

1. Synthesis of N-Dde protected O-glycoamino acids. 
N-Dde L-serine was synthesized from L-serine and 2-acetyldimedone [3] in ethanol. 

The protected amino acid was then regioselectively benzylated using Cs2C03/benzyl 
bromide in DMF. The fully protected glycoamino acids la, lc and 2a were subsequently 
prepared from jV-Dde-L-serine benzyl ester and methyl peracetylated (|3-D-gluco-, P-D-
galacto- and |3-L-fuco-)-l-thio-glycopyranosides via dimethyl(methylthio)sulphonium 
triflate (DMTST) promoted glycosylation reactions. The benzyl deprotection was achieved 
by Pd/C catalyzed hydrogenation affording the iV-Dde protected O-glycoamino acids lb , 
Id and 2b in high yield. 
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2. Synthesis of N-Dde protected N-glycoamino acids 
Peracetylated-D-glucose 3a was reacted with trimethylsilylazide in the presence of 

SnCU affording P-D-glucopyranosyl azide 3b, (Fig. 1). Glycosylamine 3c was prepared by 
catalytic reduction of the azido function and subsequently coupled to Boc-Asp-OBn using 
DCC, affording glycoconjugate 4a. Catalytic hydrogenolysis generated free acid 4b and 
Boc deprotection afforded the glycoamino acid 4c. The free amine was then reprotected as 
the N-Dde derivative 4d. 
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Fig. 1. Reagents and conditions; i) TMSN3, SnCl4, ii) Pd/C, H2, III) TFA, iv) Dde-OH, EtOH, A 

Carbohydrate based azido acids can act as masked amino acids for the construction of 
saccharopeptides via a novel solid phase route, Fig. 2. 
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Fig. 2. Reagents and conditions; i) 2-Clt resin, DIEA, ii) PDT, Et3N, iii) 5b, HBTU, HOBt, DIEA, 
iv) TFA. 

Glucuronic acid was acetylated with acetic anhydride in the presence of iodine [4] to 
generate the p-acetate 5a. The anomeric azide 5b was then prepared from 5a by reaction 
with an excess of trimethylsilyl azide and SnCl4. The glycoazido acid was immobilized on 
a 2-chlorotrityl resin and the azide reduced in situ using propane-1,3-dithiol to generate the 
resin bound glycosylamine 6. Coupling of 5b to the immobilized glycoamino acid 6 was 
achieved using an HBTU/HOBt/DIEA coupling strategy to afford the disaccharopeptide 7, 
which was subsequently released from the resin by treatment with TFA. 
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The human genome project has raised many expectations for understanding the basis for 
health and disease. One false concept that seems to have arisen in the popular press and in 
scientific journals is the one disease-one gene concept. Nature is much more clever, often 
utilizing single genes for multiple roles. Control can occur at several levels including the 
nucleic acid level (alternate splicing, etc.), or at the protein product level (posttranslational 
modification, alternate processing, etc.) providing many new opportunities for chemists. A 
good example of such a system is the proopiomelanocortin (POMC) gene which produces 
by alternate processing the peptide hormones and neurotransmitters ACTH, a-
melanotropin (a-MSH), y-melanotropin (y-MSH), and P-endorphin (p-End) among others. 
The major biological activities identified for these peptides (Table 1) include pigmentation 
(oc-MSH), adrenal function (stress, fear-flight; ACTH) and pain (P-End) [1]. Recently, the 
receptors for two of these ligands have been sequenced and cloned: the MSH pigment cell 
receptor (MC1R) and the ACTH adrenal receptor (MC2R). In addition, three other 
receptors have been identified, their structures determined, and cloned: the MC3R and 
MC4R found primarily in the brain, and the MC5R found throughout the body [1]. A 
major question and opportunity arises. What are the biological functions controlled and/or 
modulated by these multiple ligands and receptors? 

Results and Discussion 

To examine the roles of previously unknown peptide receptors in biological systems it is 
necessary to develop peptide agonist and antagonist analogues with specific properties 
including high potency, high selectivity for the receptors, and high stability for use in in 
vitro and in vivo studies. We are developing such agonist and antagonist ligands for the 
MCI, MC3, MC4 and MC5 receptors. 

a-MSH (Ac-Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val-NH2) has a rich 
history of structural-activity studies [2]. A major development was [Nle4, DPhe7] a-MSH 
(2, MT-I, NDP-MSH) [3] which was shown to have numerous favorable biological and 
biochemical properties, including high potency (Table 2), no ACTH-like activity, 
prolonged biological activity in vitro and in vivo, high stability against biodegradation, no 
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toxicity, extended half-life in circulation, good bioavailability transdermally and even 

Table 1. Proposed Classical and New Discovered Biological Roles for Melanocortin Peptides. 

I. Classical Biological Role 

A. ACTH - Adrenal Function; Stress; Anti-inflammatory - Peripheral MC2R 
- Fear-flight; Learning - Central MC2R? 

B. a-MSH - Pigmentation - Peripheral MC 1R 
Learning; Temperature Control - Central CM1R Receptor? 

C. p-Endorphin - Pain - Opioid Receptors 

n. New Biological Roles 

A. a-MSH - Feeding Behavior; Anti-obesity - Central MC4R 
- Sexual Behavior; Erectile Function - Unknown MC Receptor 
- Temperature Control - Use Central MC3(or 4)R 
- Cardiovascular Function; Blood Pressure; Heart Rate - Central 

MC3R/MC4? 

orally and, in human clinical trials, the ability to stimulate pigmentation without sun 
[reviews 2,4]. A more potent cyclic analogue was discovered more recently, Ac-Nle4-
c[Asp5, DPhe7, Lys10]a-MSH(4-10)-NH2 (3, MT-II) [5]. In addition to its smaller size MT-
II is more potent, more stable (not hydrolyzed by any proteolytic enzyme), and provides a 
useful template for the design of agonists and antagonists. Data from studies in our 
laboratories are shown in Table 2. Clearly, a-MSH, NDP-a-MSH, and MT-II bind 
potently to all the new melanocortin receptors, with 3 generally being the most potent. A 
further key finding was the discovery of a potent and selective melanotropin antagonist, 
Ac-Nle4-c[Asp5, DNal(2), Lys10)a-MSH (4, Table 2), whereas the DPhe(p-F)7-substituted 
analogue 5 (Table 1) is a highly potent agonist at all melanocortin receptors. The major 
significance of the discovery of 4 was its potent antagonist activities at both MC4 and 
MC3 receptors and selectivity (about 12 fold) for the MC4R. Interestingly, the DNal(l )7-
containing analogue of 4 is an agonist at these receptors (data not shown). 

The availability of 4 provided a unique opportunity to investigate the role of 
melanotropins and new melanocortin receptors in critical biological functions. Animals 
that express large quantities of agouti, an antagonist protein of a-MSH at the MCI 
receptor, has been speculated to be involved in obesity. To test this hypothesis MT-II was 
used as an MC4R agonist and SHU-9119 (4, Table 2) as an antagonist. Administration of 
MT-II given i.c.v. or peripherally led to inhibition of feeding for both normal and obese 
animals, and could be reversed by 5 [6]. These effects are mediated by central MC4 
receptors. Next the possibility that melanocortin peptides and melanocortin receptors might 
be involved in cardiovascular control was examined using agonists and 4 as an antagonist. 
The agonist MT-II, either alone or in combination with the antagonist SHU-9119, was 
microinjected into the medulary dorsal-vagal complex. The agonist caused a decrease in 
blood pressure and in heart beat which was specifically blocked by SHU-9119 [7]. In 
another series of experiments, the potent agonist MT-II was given intermuscularly to over 
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a dozen normal and impotent male volunteers. It was determined in double blind placebo 
controlled studies that very small amounts of 3 could elicit an erection in normal and 
psychogenic impotent males. Further studies on other roles of melanocortins and 
melanotropin receptors are in progress. Finally, in a search for new templates we have 

Table 2. Biological Activities of Melanotropin Agonists and Antagonist at Melanocortin Receptors. 

Compound Biological Activities 
EC5o (nM, Agon.) pA2 (Antag.) 

MC1R MC3R MC4R MC5R 

1 a-MSH 

2 [Nle4,D-Phe7]a-MSH (MT-I) 

3 Ac-Nle4-c[Asp5,DPhe7,Lys10]a-
MSH(4-10)-NH2(MT-II) 

4Ac-Nle4-c[Asp5,DNal(2')7,Lys'°]a-
MSH(4-10)-NH2(SHU-9119) 

5Ac-Nle4-c[Asp5,DPhe(p-F),Lys10]a-
MSH(4-10)-NH2 

6 DPhe-c[Cys-His-DPhe-Arg-Trp-
DCys]-Thr-NH2 

0.3 (RP); 2.0 (H) 

0.01 (RP); 0.5 (H) 

0.01 (AC) 
0.6 (RP); 0.2 (H) 

pA2>10.5 (RP) 
0.036 (H) 

0.016 (H) 

0.10 (RP) 

.67 (H) 

• 13(H) 

0.27 (R) 

Antag. 
pA2 8.3 

0.19(H) 

ND 

.21 (H) 

.017 (H) 

0.057 (M) 

Antag. 
pA2 9.7 

0.019 (H) 

ND 

.80 (M) 

ND 

ND 

0.43 (M) 

1.4 (M) 

ND 

1 Biological potencies taken from several different published studies in our laboratories. 
2 RP = Rana pipiens; AC = Anolis carolinensis; H = human receptor; M = mouse receptor; R = 
rat receptor 

examined whether the somatostatin template could be used to design potent and receptor 
selective melanotropin receptor agonists and antagonists. As shown in Table 2, we have 
been very successful in obtaining highly potent ligands for the MC1R, e.g. 6 (Table 2), 
which is almost equipotent to MT-II. 
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Ten thousand proteins expressed in an average mammalian nucleated cell are engaged in signal 
transduction, gene transcription, and intracellular trafficking from one subcellular 
compartment to another. To look at their intracellular interactions as the blueprint for their 
functions, we need non-invasive approaches to import peptides and other probes for structure-
function analysis. Functional genomics will undoubtedly utilize methods based on cellular 
import of peptides representing newly discovered cellular proteins for their intracellular 
structure-function analysis. 

The non-invasive methods employed for cellular import of peptides include the use of 
peptide encoded by Antennapedia homeobox, peptide based on signal sequence hydrophobic 
(h) region, peptide with myristate group, HIV Tat protein or the so called loligomers made of 
polylysine-branched peptide. Because of intolerable cytotoxity of the loligomers and 
significant side effects of the Tat protein of HIV, the use of both methods seem limited, [for 
review see 1]. 

A non-invasive method of importing functional peptides into intact cells based on 
hydrophobic motif of the signal peptide comprises the main focus of this paper. 

Results and Discussion 

In collaboration with Dr. Yao Zhong Lin, we developed a new non-invasive method of 
importing peptides into a cell a signal peptide [2]. We reasoned that the hydrophobic sequence 
of the signal peptide known to translocate through cell membrane and phospholipid vesicles 
can be used as a leading edge to carry peptides into cells. The hydrophobic core (h) region was 
identified in 126 signal sequences ranging in length from 18 to 21 residues [3]. The h region 
made of 7-15 non-conserved amino acid residues is the dominant structure determining 
membrane-translocating function of signal sequence. 

The concept of utilizing hydrophobic sequence of signal peptide for the outside-in import 
of evolves from realization that most of synthetic peptides cannot cross impermeable 
membrane barrier if specific membrane receptor is not involved. However, synthetic peptides 
carrying signal sequence will cross cell membrane. To test this hypothesis we used two distinct 
signal sequences derived from Kaposi Fibroblast Growth Factor and from integrin p3. We 
deleted the amino-terminal positively charged N region and the carboxy-terminal cleavage site. 
The remaining hydrophobic (h) region constitutes Membrane Permeable Sequence (MPS). We 
attached to the carboxy-terminal end of MPS a functional cargo containing an epitope tag to 
detect the imported peptides in intracellular compartments with monospecific antipeptide 
antibodies. Signal sequence hydrophobic peptide import is independent of a cell type [1]. The 
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latter characteristics distinguishes it from cell type-dependent import of Antennapedia peptide 
[4]. 

The list of cells competent for import of signal sequence-engineered peptides tested by 
us includes five human cell types: monocytic, endothelial, T lymphocyte, fibroblast and 
erythroleukemia and two murine lines (Table 1). The imported peptides carrying functional 
cargo change the intracellular signaling pathways of these cells in a significant way. Analysis 
of two different signaling pathways illustrate the power of cell permeable peptide import 
applied by us to identify a new functional domain of integrins involved in intracellular 
signaling and a common pathway of nuclear import of four transcription factors in 
inflammatory and immune cells. 

Table 1. Functional studies of intracellular protein-protein interactions employing cell-permeable 
peptide import based on hydrophobic (h) region of signal sequences. 

Membrane Permeable 
Sequence (MPS) 

Functional Domain Cell Line 

AAVALLPAVLLALLAP 

VTVLALGALAGVGVG 

Nuclear localization sequence of NF-
KB p50 wild type 10 residues 
idem (mutant 2/10) 
idem (mutant 7/10); 
NLS of SV40 T antigen wild type 
idem (mutant) 

NLS of FGF-1 

Integrin p3 cytoplasmic domain 
Integrin anb cytoplasmic domain 

Integrin Pi cytoplasmic domain 

Human monocytic THP-1 cells 
Murine endothelial LE-II cells 
Human T lymphocytes Jurkat 

Murine NIH 3T3 cells 

Human erythroleukemia HEL 
cells and endothelial ECV 304 
cells 

Human fibroblast cell line 

Integrins are major two-way signaling receptors responsible for the adhesion of cells to 
the extracellular matrix and for cell-cell interaction mediated by adhesive blood proteins such 
as fibrinogen, fibronectin, and vitronectin. Integrins "integrate" signals from extracellular 
matrix with intracellular signaling pathways [5]. To conduct structure-function analysis of 
intracellular sequence of integrins we prepared a series of synthetic peptides representing 
overlapping sequences of the cytoplasmic tail of integrin p3 [6]. They were covalently bound 
via peptidyl bond to the hydrophobic region of the signal peptide of integrin p3. Such peptides 
were tested for their inhibitory effect on adhesion of human erythroleukemic (HEL) cells to 
immobilized fibrinogen after stimulation with phorbol myristate acetate. Only cell-permeable 
peptide p3-IS spanning residues 747-762 of the cytoplasmic segment of integrin p3 inhibited 
adhesion of HEL cells measured by cell ELISA [6]. 

A mutant peptide was prepared to reproduce in our experimental system "an experiment 
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of nature", namely a loss of function mutation Ser752Pro responsible for a bleeding disorder, 
Glanzmann thrombasthenia, Paris 1 [6]. Indeed, cell permeable peptide carrying the same 
mutation was not active in our system. Using other mutant peptides we established that two 
tyrosines 747 and 759 form a functional tandem within the sequence 747-762. We identified 
and termed this intracellular region of integrin p3 as the Cell Adhesion Regulatory Domain 
(CARD) and established that a similar sequence in integrin Pi cytoplasmic tail is active in 
blocking adhesion of human fibroblast mediated by pi integrins [6]. Because different 
integrins play a role in tumor metastasis, progression of atherosclerosis and thrombosis 
underlying heart attacks and strokes, and in immune and inflammatory responses, cell-
permeable peptides offer a new tool to interrupt from within adhesive function of integrins. 

Many inflammatory and immune responses involve signaling from cell membrane to the 
nucleus. Such a signaling in T lymphocytes results in import of transcription factors into the 
nucleus where they activate transcription of a large subset of genes [7]. The nuclear import of 
karyophilic protein involves recognition of a nuclear localization sequence (NLS) within the 
protein by a cytoplasmic NLS receptor [8]. Initially, we focused on designing a cell-permeable 
peptide with a functional cargo containing NLS from p50 subunit of transcription factor NF-
KB. NF-KB is a transcription factor most readily responding to inflammatory and immune 
stress [9]. We hypothesized that cell-permeable peptide containing NLS from the NF-KB p50 
subunit introduced to human monocytic and endothelial cells will block translocation of N F -
KB in response to proinflammatory agonists, lipopolysaccharide and tumor necrosis factor 
(TNF)a. Indeed, the effective blockade of nuclear import of transcription factor NF-KB was 
achieved by cell-permeable peptide containing homologous NLS [2]. We extended these 
experiments to human T lymphocytes by testing the hypothesis postulating that nuclear import 
of not one but four transcription factors NF-KB, API, NFAT and STAT involves a common 
pathway sensitive to inhibition by one type of NLS [10]. Thus, cell-permeable peptides 
blocking nuclear import of NFAT and other key transcription factors offer a novel approach 
to immunosuppressive and antiinflammatory therapy. 

The cell-permeable peptide import we have developed provides a vast array of 
applications in peptide biology [1, 2, 6, 11]. A wide range of cell types, the speed and ease of 
translocation across the plasma membrane, free movement to cytoplasmic target proteins, low 
immunogenicity and easy detectability of cell-permeable peptide overcome the inherent 
limitations of currently used invasive and some non-invasive methods. Thus, cellular import 
of bioactive peptides and hopefully peptide and non-peptide mimetics will help not only in 
verifications of currently known intracellular targets but in structure-function analysis of newly 
sequenced cellular proteins flowing from the Human Genome Initiative. Moreover, new ways 
to target subcellular compartments besides nucleus are becoming feasible to study normal and 
abnormal function of mitochondria, lysosomes, and peroxisomes. There is also a need to 
unravel not only fundamental mechanism of peptide import across cell membrane but also 
transendothelial and transepithelial transport of cell-permeable peptides to establish a firm 
basis for their bioavailability and selectivity in vivo. These parameters will expand the cellular 
import of functional peptides and nonpeptides mimetics to their in vivo delivery. 
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Bradykinin (BK) is a linear nonapeptide having the sequence Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg. It has a broad range of biological activities in both normal physiology and 
pathophysiology. Because of its role in the inflammatory responses, developing bradykinin 
antagonists is of great interest. The first antagonist to receive wide application, NPC-349 
(DArg-Arg-Pro-Hyp-Gly-Thi-Ser-DPhe-Thi-Arg), was developed by Stewart and Vavrek 
in 1984 [1]. The key modification was replacement of L-proline at position 7 by D-
phenylalanine. The second generation of BK antagonists began with the Hoechst HOE-140, 
in which DPhe was replaced by its ringclosure analog (DTic) at position seven, and it was 
modified further at position eight (Oic) [2]. Investigators at Cortech [3] crosslinked a 
cysteine-containing first generation antagonist with hexamethylene-fe/j-maleimide to yield 
CP-0127 (Bradycor), a dimer that shows good potency and persistence of action in vivo. 
Nova investigators reported analogs of NPC-349 containing 4-n-propoxy- or 4-phenylthio-
proline at position seven [4]. In 1995 "third generation" BK antagonists containing the 
novel amino acid a-(2-indanyl)-glycine (Igl) were developed in our laboratories [5]. One of 
the most potent peptides, B9430 (DArg-Arg-Pro-Hyp-Gly-Igl-Ser-DIgl-Oic-Arg), is orally 
active, extremely potent at both B1 and B2 receptors and has extremely long duration of 
action in vivo. It is active in models of acute and chronic inflammation. We have now 
introduced pentafluorophenylalanine (f5f) into BK antagonists, and have found several 
which have greater potency than any known antagonists. On isolated rat uterus the most 
potent of these is B10056, which is a full order of magnitude more potent than B9430. 

Results and Discussion 

Peptides (Table 1) were synthesized by standard solid phase methods [6], purified by CCD 
and/or HPLC and characterized by HPLC, TLC, LDMS and amino acid analysis. DCC was 
used for coupling of normal amino acids, and BOP-HOBt, TBTU or HATU were used for 
sterically hindered residues. For N-terminal guanylation, peptide-resin was treated with a 4-
fold excess of N,N'-fcw-guanylpyrazole in DMF at room temperature. Analogs B10118 and 
BIO 158 were synthesized by treatment of peptide-resin with dodecanedioyl dichloride and 
DIEA in DCM. B10236 was synthesized by treating the free peptide overnight with 0.55 
equiv. of EGS (ethylene glycol-&w-[succinimidylsuccinate]) and DIEA in DMF. Boc-D-
and L-f5f were purchased from Advanced ChemTech. The reduced peptide bond for analog 
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B10196 was introduced by reductive alkylation of Arg(Tos)-resin with Boc-
cyclopentylglycine aldehyde by the procedure of Sasaki and Coy [7]. Peptides were assayed 
on rat uterus and guinea pig ileum by standard methods [5]. 

Conclusion 

These f5f BK analogs explore a new class of bradykinin antagonists. B10056 has a potency 
one order of magnitude higher in rat uterus than our earlier most potent B9340 or B9430. 
Heretofore Oic at position 8 has given the most potent antagonists, with various residues at 
position 7. Among these new 7-Df5f antagonists, analogs having f5f (B10232), Chg 
(B10180), Cpg (B10186), Leu (B10172 and B10174) and Thi (B10058) at position 8 have 
potency as high as the Oic analog (B10164). The 7-Df5f analog with Nc7G at position 8 
(B10208) has high ileum antagonist potency (pA2=8.7), but is an agonist on uterus. Some of 
these new antagonists show long term inhibition on rat blood pressure following a bolus 
injection. The new highly potent, very stable, long-lasting B10056 and B10206 are good 
candidates for anti-inflammatory drug development. 

Acknowledgments 

This work was aided by grants from the U.S. NIH (grant HL-26284) and from Cortech 
Pharmaceutical Corp. We thank Vikas C. Dhawan and Paul A. Bury for assistance with 
chemistry, and Frances Shepperdson for the assays. We thank G.R. Matseuda for a gift of 
N,N' -bis-Cbz-1 -guanylpyrazole. 

References 

1. Vavrek R.J. and Stewart J.M., Peptides, 6 (1985) 161. 
2. Lembeck F., Griesbacher T., Eckhardt M., Henke S., Breipohl G. and Knolle J., Brit. J. 

Pharmacol., 102(1991)297. 
3. Cheronis J.C, Whalley E.T., Nguyen K.T., Eubanks S.R., Allen L.G., Duggan M.J., Loy S.D., 

Bonham K.A. and Blodgett J.K., J. Med. Chem., 35 (1992) 1563. 
4. Kyle D.J., Martin J.A., Burch R.M., Carter J.P., Lu S., Meeker S., Prosser J.C, Sullivan J.P., 

Togo J., Noronha-Blob L., Sinsko J.A., Walters R.F., Whaley L.W. and Hiner R.N., J. Med. 
Chem., 34 (1991) 2649. 

5. Stewart J.M., Gera L., Hanson W., Zuzack J.S., Burkard M., McCollough R. and Whalley E.T., 
Immunopharmacology, 33 (1996) 51. 

6. Stewart J.M. and Young J.D., Solid Phase Peptide Synthesis. Rockford, IL: Pierce Chemical Co., 
1984. 

7. Sasaki Y. and Coy D.H., Peptides, 8 (1987) 119. 



Application of cell-permeable peptides to the functional analysis 
of EGF-induced mitogenic signaling pathways 

Mauricio Rojas, SongYi Yao, John P. Donahue and Yao-Zhong Lin 
Department of Microbiology and Immunology, Vanderbilt University, Nashville, TN 37232, USA 

Epidermal growth factor (EGF)-stimulated mitogenic pathways require the intrinsic tyrosine 
kinase activity of its transmembrane receptor [1]. Ras/MAP kinase activation cascade 
originating from the EGFR comprises a number of protein-protein interactions involving a 
Grb2/Sos-l signaling protein complex. The Grbl protein, which functions as an adaptor, binds 
to tyrosine-phosphorylated EGFR either directly by its SH2 domain or indirectly via the She 
protein. To determine the functional consequence of disrupting the EGFRJGrbl or ShclGrbl 
protein-protein associations in vivo, we delivered peptides containing either the EGFR 
Tyrl068- [2] or the She Tyr317-containing region [3] into intact cells using a nondestructive 
cell-permeable peptide import method [4]. 

Results and Discussion 

To influence EGF-induced EGFRJGrbl interaction, we designed a peptide comprised of a cell 
permeable sequence at its N-terminus (underlined) and the phosphotyrosine 1068-containing 
site of EGFR at its C-terminus, AAVALLPA VIJ AT I APT PVPF.pYTNOSV (SP1068 peptide). 
In EGF-stimulated SAA cells (NIH 3T3 cells overexpressing EGFR), the phosphorylated 
EGFR was coprecipitated with Grbl (Fig. 1 A). However, the amount of associated EGFR was 
significantly reduced in cells pretreated with SP1068 peptide (Fig. IA). Neither non-cell-
permeable P1068 nor cell-permeable unphosphorylated SY1068 peptide treatment showed any 
significant inhibition. Peptide-mediated disruption of the EGFR/Gr&2/Sos-l cascade led to 
reduced Ras activation (Fig. IB) and MAP kinase activation (not shown) in EGF-stimulated 
cells. 

We also delivered cell-permeable peptides carrying She Tyr317-containing region into 
SAA cells, AAVALLPAVLLALLAPFDDPSYVNVONL. The EGF-induced ShclGrbl 
association was inhibited substantially in the cells treated with phosphorylated SP317 peptide 
(Fig 2A). Interestingly, this association was also inhibited by unphosphorylated SY317 
peptide. In contrast, the non-cell-permeable She peptide (P317) and cell-permeable SY1068 
peptide were without significant effect (Fig. 2A). To verify that the Gr£2-binding activities 
of non-phosphorylated SY317 peptide do not result from in vivo phosphorylation of the 
peptide, we used an in vitro peptide-protein binding assay. Fig. 2B showed that Grbl SH2 
protein could bind both phosphorylated and unphosphorylated She peptides, but not an 
unphosphorylated SY1068 peptide derived from the EGFR. This finding represents the first 
paradigm of the functional interaction between an unphosphorylated tyrosine-containing motif 
and an SH2 domain. 
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Fig. 1. A. In vivo inhibition of EGF-induced EGFR/Grb2 association by cell-permeable SP1068 
peptide. B. EGF-induced guanine nucleotide exchange on Ras can be inhibited by SP 1068 peptide. 
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Fig. 2. A. In vivo inhibition of EGF-induced Shc/Grb2 association by both phosphorylated and 
unphosphorylated cell-permeable SP317 and SY317 She peptides. B. ln vitro binding of SP317 and 
SY317 peptides to Grb2 SH2. Peptides coated on a microplate were incubated with GST-Grb2 SH2 
fusion protein. The peptide-bound protein was detected in ELISA using anti-GST antibodies. 
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Biological functions of synthetic peptides derived from the 
laminin alpha 1 chain G domain 

Motoyoshi Nomizu, Yuichiro Kuratomi, Woo Ho Kim, Sang-Yong Song, 
Matthew P. Hoffman, Hynda, K. Kleinman and Yoshihiko Yamada 

CDBRB, National Institute of Dental Research, NIH, Bethesda, Maryland 20892, USA 

Laminin, a major component of the basement membrane matrix, is a heterotrimeric 
molecule with at least eleven isoforms. Laminin-1 consists of a l , pi and yl chains which 
have similar domain structures except for a unique C-terminal globular domain (G domain) 
on the a l chain. Laminin-1 has multiple biological activities including promotion of cell 
adhesion, spreading, growth, neurite outgrowth, tumor metastasis, and collagenase IV 
secretion. Several active sites have been identified using proteolytic fragments, 
recombinant proteins and synthetic peptides [1]. Our goal is to understand the biological 
role of laminin in development and disease using laminin-derived synthetic peptides to 
identify its cell adhesion sites [2]. By systematically screening the G-domain with 113 
overlapping synthetic peptides we identified five peptides (AG-10, AG-22, AG-32, AG-56 
and AG-73) that showed cell attachment activities with cell-type specificities. These were 
evaluated for direct cell attachment, spreading and inhibition of cell spreading to a laminin-
1 substrate using several cell lines. The minimum active sequences of AG-10, AG-32 and 
AG-73 were determined to be SIYITRF, IAFQRN and LQVQLSIR, respectively. These 
sequences are highly conserved among the different species and different laminin a chains, 
suggesting that they play critical roles in biological functions and in interactions with cell 
surface receptors [3]. Cell spreading on AG-10 and AG-32 was inhibited by pi and a6 
integrin antibodies. In contrast, cell adhesion and spreading on peptide AG-73 was not 
inhibited by these antibodies. AG-10 and AG-32 were found to promote tumor cell 
invasion by stimulating invadopodial activities via an a6P 1 integrin signaling mechanism 
[4]. Here, we describe biological functions of AG-73 (RKRLQVQLSIRT), one of the most 
biologically active peptides in the laminin a l chain G domain. 

Results and Discussion 

We studied the attachment of B16-F10 cells to laminin-1, the E-3 fragment and AG-73. In 
attachment assays AG-73 did not inhibit cell attachment to laminin-1, but significantly 
inhibited cell attachment to E3 and to AG73. The scrambled peptide, AG-73T 
(LQQRRSVLRTKI) showed no effect on cell attachment to any of the substrates. Cell 
attachment to AG73, the E3 fragment, and laminin-1 was inhibited by EDTA. These results 
suggest that cell attachment to AG-73 and to E3 is mediated by a cation-dependent 
receptor(s). 

We determined the effects of the AG-73 peptide on tumor metastasis and growth. In 
vitro studies showed that AG-73 enhanced tumor cell adhesion, migration, invasion, and 
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gelatinase production, and blocked laminin-1 mediated cell migration. We tested the in 
vivo effects of AG-73 on lung colonization in C57BL6/N mice intravenously injected with 
B16-F10 melanoma cells. Control animals had a mean of 116.5 (+ 11.2) lung colonies 
while mice receiving 1 mg or 2 mg of AG-73 intraperitoneally developed more lung 
colonies with means of 142.2 (+ 15.7) and 171.3 (+ 30.3) colonies, respectively. 
Unexpectedly, many of the mice treated with AG-73 peptide developed hepatic metastases, 
whereas the control mice did not. Mice receiving 1 mg AG73 developed 2.6 (+ 1.2) liver 
metastases and mice receiving 2 mg AG73 developed 16.3 (+ 5.5) liver metastases. The 
effect of extrapulmonary metastases was not previously reported with another metastasis-
promoting laminin-derived peptide, IKVAV. AG-73 and the control peptide, AG-73T, 
were each coinjected subcutaneously with B16-F10 melanoma cells into mice with the 
basement membrane matrix Matrigel. AG-73 was able to stimulate tumor growth 
significantly over that observed in the absence of the peptide. AG-73T peptide did not 
enhance tumor growth. The culture of a human submandibular salivary gland cell line 
(HSG) on laminin-1 induced acinar cell differentiation. HSG cells formed multicellular 
spherical structures with polarized nuclei and a central lumen [6]. When peptides from the 
G-domain were added only AG-73 inhibited acinar formation. When HSG cells were 
cultured directly with AG73, morphological organization into acinar-like structures 
occurred, although the cells did not polarize. These data suggest that AG73 is an important 
site on laminin-1 for HSG cell acinar differentiation. AG73 also promoted neurite 
outgrowth [5]. Three neuronally derived cell lines were used, all of which extended 
neurites when cultured on laminin-1. All three cell lines bound to AG73 but only two of 
the cell lines extended neurites on AG73, suggesting cell type specificity for AG73 
stimulated neurite outgrowth. 

Most of the biologically active sequences of laminin-1 contain an arginine or lysine 
positively charged residue, that appears to be critical for interaction with cell surface 
receptors. The minimum active sequence of the AG-73 peptide (LQVQLSIR) in the mouse 
laminin a l chain also contains an arginine. This sequence is conserved in the human 
laminin a l chain, the human laminin a2 chain, the mouse laminin a2 chain and the 
Drosophila laminin a chain. Thus, the minimal active sequence of AG-73, LQVQLSIR, 
could be an important biologically active site on laminin-1. 
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Competitive antagonists of the corticotropin releasing factor 
(CRF) scanned with a i-(i+3) Glu Lvs Bridge 

A. Miranda,3 S. Lahrichi,b J. Gulyas,b C. Rivier,b S. Koerber,b 

C. Miller,b A. Corrigan,b S. Sutton,b A. Craig,b W. Valeb and J. Rivier»> 
"Department of Biophysics, Universidade Federal de Sao Paulo, C.P. 20.388, 

04034-020, Sao Paulo, SP, Brazil; Clayton Foundation Laboratories for Peptide Biology, The 
Salk Institute, 10010 N. Torrey Pines Road, La Jolla, CA 92037, USA. 

CRF [1] is involved in a wide spectrum of central nervous system (CNS)-mediated effects, 
suggesting that this peptide plays an important role within the brain, especially in response 
to stressful stimuli [2]. Systematic SAR investigations have resulted in the development of 
CRF antagonists such as a-helical CRF(0-4i) [3], members of the [DPhe12,Nle21,38] 
r/hCRF(i2-4i> (standard) family [4] and conformationally restricted analogs [5] that are 
effective in the CNS. Those results, predictive methods and physicochemical 
measurements have suggested that CRF and its family members (urotensins and sauvagine) 
assume an a-helical conformation when interacting with the CRF receptors. To further test 
this hypothesis, we have scanned the whole rat/human C R F ^ D sequence with an i-(i + 3) 
bridge consisting of the Glu-Xaa-Xbb-Lys scaffold which we and others had shown to be 
compatible with maintenance or enhancement of a-helical structure in at least some 
unpredictable cases. 

Results and Discussion 

CRF analogs [6] were tested for antagonist activity in an in vitro assay measuring alteration 
of CRF-induced release of ACTH by rat anterior pituitary cells in culture. From this series 
we have identified seven analogs that are either equipotent to (cpds 2, 5 and 11), or up to 
three times more potent (cpds 3, 6, 7, and 8) than the standard in addition to cyclo(30-
33)[DPhe12, Nle21-38, Glu30, Lys33]r/hCRF(i2-4i) (astressin 9) that is 32 times more potent 
than the standard in blocking ACTH secretion in vitro (see Table 1). Because the 
corresponding linear analogs (cpds 4 and 10) are significantly less potent, our interpretation 
of the increased potency of the cyclic analogs is that the introduction of the side-chain to 
side-chain bridging element (at positions 30-33, and to a lesser extent at positions 14-17, 
20-23, 23-26, 26-29, 28-31, 29-32, and 33-36) induces and stabilizes in the receptor 
environment a putative a-helical bioactive conformation. 

These results, although unpredictable, confirm the importance of a systematic 
hypothesis-driven and rational approach to the design of peptide antagonists and illustrate 
dramatically the role that secondary and possibly tertiary structures may play in modulating 
biological signaling through specific protein ligand interactions. 

Sequence of Rat/Human-CRF: 
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5 10 15 20 25 30 35 40 
SEEPPISLDLTFHLLREVLEMARAEQLAQQAHSNRKLMEIINH2 

Table 1. Most potent CRF cyclic antagonists of the Glu Lvs i-(i+3) bridge scan. 

No. Compound Relative Potency 
in vitro 

!• [DPhe12,Nle2U8]r/hCRFn2-41) 1.0 (standard) 
2- cyclo(14-17)[DPhe12,Glu14,Lys17,Nle21'38]r/hCRF(i2-4i) L 3 (0.14-8.8) 

3- cyclo(20-23)[DPhe12,Glu20,Lys23,Nle21'38]r/hCRFn2-4i) 2.9 ( 1.3-6.7) 

4- linear [DPhe12,Glu20,Lys23,Nle21-38]r/hCRF(i2-41) 0.31 (0.14-0.65) 
5- cyclo(23-26)[DPhe12,Nle21,Glu23,Lys26,Nle38]r/hCRF(i2-4l) 1.8 (0.67-4.5) 

6- cyclo(26-29)[DPhe12,Nle21,Glu26,Lys29,Nle38]r/hCRF(i2-4l) 2.8 (0.35-3.4) 
7- cyclo(28-31)[DPhe12,Nle21,Glu28,Lys31,Nle38]r/hCRF(i2-4i) 3A ( 1-1-10) 

8- cyclo(29-32)[DPhe12,Nle21,Glu29,Lys32,Nle38]r/hCRF(i2-4l) 3.4 ( 1.2-12) 
9- cyclo(30-33)[DPhe12,Nle21,Glu30,Lys33,Nle38]r/hCRF(i2-4n 3 2 (12"82) 
10- linear [DPhe12,Nle21,Glu30,Lys33,Nle38]r/hCRF(i2-4l) 0 1 ° (0-06-0.16) 

H- cyclo(33-36)[DPhe12,Nle21,Glu33,Lys36,Nle38]r/hCRF(i2-4n ° 8 (O-40'1-7) 
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Cytocidal effect of custom antibacterial peptides on 
leukemia cancer cells 
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Kowloon, Hong Kong, China 

Natural cecropin B (CB) [1-3], consisting of 35 amino acids, possesses the highest anti-bacterial 
activity [4] in the ceropin family. The cell killing ability of these peptides is .shown by their 
helical conformation. However, the detailed mechanism of cell lysis by cecropin peptides is not 
yet clearly known but is believed to involve the formation of an ion-channel or pore prior to cell 
death [5]. Another proposed model is through the "Non-pore" mechanism. The "carpet like" 
formation of the peptide leads to the disintegration of the membrane [6]. 

In this study, we synthesized cecropin B-l (CB-1) by replacing the C-terminal segment oi 
CB from positions 26 to 35 with the sequence of CB from positions 1 to 10. This customized 
CB-1 with five more positive amino acids was used to test the peptide's anticancer activity. In 
addition, another similar custom peptide, CB-2, with the same sequence as CB-1 but including 
an extra pair of Gly-Pro inserted at position 24 was generated. CB-2 was used to test the effect 
of an extended flexible linker and to compare the results to those obtained from CB-1. The 
natural cecropin A (CA) was also synthesized and used as a reference to compare its anticancer 
activity to that of CB, CB-1 and CB-2. 

Results and Discussion 

The IC50 of CA and CB obtained from the plot of cell survival (%) versus the concentration ol 
the peptides in killing HL-60 cells are 39.1 pM and 14.3 pM, respectively. The ability of these 

Table 1. Measurements ofICS0 of the peptides, CB, CB-1 and CB-2, on various cell lines. 

Species 

Leukemia cells 
CCRF-CEM 
Jurkat (E6-1) 
K-562 
HL-60 
Fibroblast cells 
3T3 
3T6 
Blood cells 
erythrocyte 

CB 

12.3±0.8 
8.0±0.4 
17.6±1.7 
14.111.3 

>50 
>50 

>200 

/C50(pM) 
CB-1 

8.610.5 
2.410.3 
10.210.7 
7.510.5 

>50 
>50 

>200 

CB-2 

7.010.6 
3.110.3 
11.111.5 
9.210.8 

>50 
>50 

>200 

739 



740 

two peptides to kill cells seems to be similar to that of antibacterial activity at which CB is larger 
than CA [4]. For Killing HL-60 cells, CB analog IC50 are 7.5 pM for CB-1 and 9.6 pM for CB-
2. These results indicate that the anticancer activities of the peptide analogs, CB-1 and CB-2, are 
greater than that of the natural cecropin, CB. Similar experiments using these peptides on other 
cells including other leukemia cell lines, fibroblast cells and erythrocyte are summarized in 
Table 1. In general, the cancer cells were obtained from leukemia patients differing in age, sex 
and race. These differences cause different cell growth rates and life cycles. Their characteristics 
vary with cell line and consequently resistance to each peptide is varied, CB having the weakest. 
Both CB-1 and CB-2 are about two times more potent than natural CB. For lurkat (6E-1) 
leukemic cells, the killing ability of CB-1 and CB-2 is around three times than that of CB. This 
suggests that the cationic amino acids (five lysine residues) located in the C-terminus of the 
peptides enhance its ability to lyse cancer cells. Insertion of Gly-Pro into the flexible region of 
CB-1 (to create CB-2) decreases lethality except for CCRF-CEM cancer cells. All the peptides 
have a much higher IC50 in lysing normal fibroblast cells such as 3T3 and 3T6 (over 50 pM) and 
blood cells such as erythrocytes (over 200 pM). A possible reason for the difference between the 
activity on eukaryotic cancer cells and other eukaryotic cells may be that tumor cell membranes 
have a greater susceptibility to cationic lytic peptides. Transformed cells usually have more 
exposed anionic lipids or a larger accessible surface. 

Conclusion 

The difference in potency of the peptides (CB, CB-1 or CB-2) could reflect different cell lysis 
mechanisms. The extra cationic segment of the analogs (CB-1 and CB-2) may allow a more 
effective mechanism of cell lysis than that allowed by the hydrophobic segment of natural CB. 
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In vitro and in vivo properties of NSL-9511, a novel anti-platelet 
hexapeptide without an RGD sequence 

Jun Katada, Yoshio Hayashi, Yoshimi Sato, Michiko Muramatsu, 
Yoshimi Takiguchi, Takeo Harada, Toshio Fujiyoshi and Isao Uno 
Life Science Research Center, Advanced Technology Research Laboratories, Nippon Steel 

Corporation,3-35-l Ida Nakahara-ku, Kawasaki 211, Japan 

Integrins are heterodimeric cell surface receptor molecules and are thought to be 
particularly important mediators of cell adhesion to extracellular matrix proteins, cell 
migration, cell-to-cell contact, etc. Many of them, such as platelet GpHb/IIIa (fibrinogen 
receptor), vitronectin receptor 0^3 and fibronectin receptor ctspi, recognize the Arg-Gly-
Asp sequence (RGD) as a common recognition motif within their putative ligands [1,2]. 
Because the RGD sequence has been found in many types of proteins, there are apparent 
redundancies in integrin-ligand interactions. These redundancies are interesting aspects of 
integrin receptors and may be beneficial to cell functions. 

We are developing small peptides which are specific for each integrin as a tool for 
investigating ligand-integrin interactions and as agents for therapeutic uses. In this study, 
we have found a novel motif sequence which exhibited potent and highly specific 
GpHb/IHa antagonistic activity. In vivo and in vitro properties of one of these motif 
peptides are examined and discussed. 

Results and Discussion 

In a previous study [3], we found that an RGD-containing hexapeptide, PSRGDW, was an 
unexpectedly potent inhibitor of human platelet aggregation (IC50 = 0.79 pM), although it 
was not specific for platelet GpIIb/IIIa. A replacement of the Arg residue with a neutral 
amino acid residue, such as norvaline, proline or hydroxyproline, resulted in a slight 
increase in anti-platelet activity, suggesting that the Arg residue of the RGD site is not 
necessary for the anti-platelet activity of this peptide. We also synthesized N-acetyl 
PSPGDW, in which the imino group of the N-terminal Pro residue was blocked. Because 
we found that the acetylation of the imino group resulted in a complete loss of platlet 
inhibition this free imino group is probably essential to the anti-platelet activity of the 
peptide. These results suggest that binding of PSRGDW to GpEb/TIIa is mediated by the 
N-terminal imino group and the P-carboxyl group of the Asp residue as ionic interaction 
sites. Among the peptides we have synthesized, PS-hydroxyPro-GDW (NSL-9511) was 
one of the most potent inhibitors of platelet aggregation (IC50 = 0.40 pM). Results of the 
structure-activity relationship studies of this motif peptide were described in detail by 
Hayashi et al. in this volume. 

To investigate the selectivity of NSL-9511 towards integrins, we performed a 
competitive enzyme-linked immunosorbent assay using purified human platelet GpUb/IIIa 
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and purified placental 0tvP3, both of which have the same P subunit (P3), and found that it 
was highly specific for platelet GpUb/IJIa. The binding specificity was also examined in a 
cell adhesion assay in which ECV304 cells, originating from human umbilical vein 
endothelial cells, adhered to immobilized vitronectin and fibronectin via integrin 
receptors. NSL-9511 did not inhibit the adhesion of ECV 304 cells to immobilized 
fibronectin and vitronectin up to 1000 pM. 

Flow cytometric studies showed that NSL-9511 competed with FTTC-labelled RGD 
peptide upon binding to activated human platelets, suggesting that this peptide may share 
the same binding site on GpIIb/IIIa with an RGD peptide alternatively, their binding sites 
may be so close that RGD and NSL-9511 are mutually exclusive. Conformational analysis 
of the motif peptide indicated that the imino group of the Pro residue can occupy the same 
conformational space as that of the guanidino group of the Arg residue of the RGD 
sequence, suggesting that the imino group may substitute for the role of the guanidino 
group as a basic interaction site. 

The in vivo anti-thrombotic activity of NSL-9511 was examined in a guinea pig 
arterio-venous shunt model. NSL-9511, administered by infusion, inhibited thrombus 
formation in a dose-dependent manner, and no thrombus was formed during infusion at a 
dose of 10 mg/kg/hr. This anti-thrombotic activity disappeared quickly after termination of 
the infusion. Therefore, NSL-9511 has potential for clinical uses, especially as an anti­
thrombotic drug at an acute phase that will not cause serious bleeding. 

In conclusion, we found a novel hexapeptide sequence with anti-platelet activity. This 
peptide was a specific antagonist of the platelet fibrinogen receptor (Gpnb/DIa) and upon 
binding to GpIIb/IIIa this peptide and the RGD peptide were mutually exclusive. It also 
inhibited platelet-rich thrombus formation in vivo, thus suggesting potential therapeutic 
applications. 
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Model peptides of interstitial collagens: hydrolysis 
by matrix metalloproteinases 
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The matrix metalloproteinase (MMP) family plays an integral role in both normal 
connective tissue remodeling and in a variety of disease states involving unbalanced 
degradation of extracellular matrix components. Obtaining selective substrates for these 
MMPs, modeled after the sequences surrounding the cleavage site in collagen, would allow 
the design of specific inhibitors. The sequences targeted by these MMP members have 
been identified, and a model collagenase cleavage site in types I-m collagen has been 
proposed [1]. We have constructed triple-helical peptide (THP) models of the MMP-1 
cleavage site in types I and II collagen by methods previously described in our laboratory 
[2,3]. The THPs incorporate either the al(1)772-786 sequence Gly-Pro-Gln-Gly-Ile-Ala-
Gly-Gln-Arg-Gly-Val-Val-Gly-Leu-Hyp or the al(11)772-783 sequence Gly-Pro-Gln-Gly-
Leu-Ala-Gly-Gln-Arg-Gly-Ile-Val. 

For these studies, we wished to compare THP hydrolysis specifically with several 
MMP family members. Most MMPs have a similar tripartite structures including a 
propeptide domain, a Zn2+-dependent catalytic domain, and a hemopexin/vitronectin-like 
domain [4]. MMP-1, MMP-3, and MMP-13 are three members of the MMP family that 
have such domains, although they differ in their collagenolytic behavior due to variances in 
their C-terminal domain. For these studies, we utilized the full-length MMP-1, MMP-3, 
and MMP-13 along with the C-terminal-truncated forms of MMP-1 and MMP-3. 

Results and Discussion 

In this study we were concerned with the suitability of our synthetic substrates (THPs) as 
peptide models of the native collagens. We found that cleavage of the substrates did occur 
with MMP-1, and only at the Gly-De and Gly~Leu loci corresponding to the sites in native 
collagens (Fig. 1). From these results we can assume that the THPs contain all the 
necessary information to direct enzyme binding and proteolysis. The al(1)772-786 THP 
maintained its triple-helicity at 37°C, since no cleavage was observed at that temperature in 
the presence of MMP-3, whereas MMP-3 is capable of cleaving the same single-stranded 
substrate [4]. MMP-13 cleaved the al(I)772-786 THP at the same locus as MMP-1. 
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Fig. 1. First cycle of Edman degradation sequence analysis of: A) al(I)772-786 THP; B) MMP-1 
hydrolysis of al(I)772-786 THP. 

It has been shown that the ability of collagenases to cleave native interstitial collagens 
is lost when the C-terminal domain is removed [5]. In this study, however, cleavage of the 
THP did occur with enzyme concentrations as low as 20 nM of the C-terminal-truncated 
MMP-1 at the same bond that is cleaved by the full length MMP-1 Hydrolysis of single-
stranded collagen analogs by MMP-1 showed no significant differences between activities 
of the intact enzyme and the C-terminal-truncated enzyme [4]. The specificity of MMP-1 in 
that case appeared to be determined by the catalytic domain with little contribution from 
the C-terminal domain. From these observations, we propose that the C-terminal domain is 
necessary for orienting the whole, native collagen molecule but not necessary for binding 
to and cleaving the THP. 
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Serum amyloid A and its related peptides modulate endothelial 
cells proliferation and prostaglandin 12 production 
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Serum amyloid A (SAA), the acute phase HDL apolipoprotein, is produced mainly in the 
liver following stimulation by the cytokines IL-1, TNF and IL-6 [1-2]. A recent study in 
mice demonstrated that SAA enhances the binding of HDL3 to mouse macrophages during 
inflammation, concomitantly with a decrease in the capacity of HDL3 to bind hepatocytes 
[3]. Previous studies suggest the involvment of SAA in regulating various acute phase 
events, including inhibition of platelet aggregation, attenuation of hypothalamic PGE2 

induction by IL-1 or TNF [4]. We have examined the involvment of SAA in the regulation 
of basal or cytokine-induced endothelium PGI2 production. Furthermore, we studied the 
effect of SAA on endothelial cell proliferation. Towards identification of putative active 
domains within SAA, the effects of amyloid A (AA), i.e. the pathological proteolytic 
product of SAA (SAA 1-76), and of synthetic SAA-related peptides on endothelial cell 
proliferation were evaluated. 

Results and Discussion 

To study the effect of human SAA on induction of PGI2 production by BAEC, cells were 
incubated with SAA in the presence and absence of the inflammatory cytokine TNF. SAA 
induced significant PGI2 production following a 24h incubation period (Fig. 1). To identify 
the active domain in the SAA molecule which induces PGI2 production, four synthetic 
peptides, SAA1-14 (RSFFSFLGEAFDGA), SAA29-33, SAA29-42 and SAA77-104, were 
tested. Among these, only SAA1-14 expressed PGI2 inducing activity similar to SAA (Fig. 
la). As shown in Fig.lb, the PGI2-inducing effect exerted by TNF on BAEC was more 
pronounced but was significantly inhibited by SAA (50pg/ml). The effect of SAA on 
endothelial cell proliferation was studied in combination with the angiogenic agent FGF. In 
cells chronically cultured with FGF, SAA inhibits cell proliferation in a dose-dependent 
manner (see Fig. 2). The effect of amyloid A (AA) and the synthetic peptides SAA1-14, 
SAA29-33, SAA29-42 and SAA77-104, on BAEC proliferation was evaluated. Amyloid A 
(SAA2-82) inhibited cell proliferation similarly to the intact SAA molecule (Fig. 2) while 
enhanced proliferation was observed in the presence of SAA29-33. SAA29-42, SAA77-
104 and SAA1-14 did not have any significant effect on BAEC proliferation (not shown). 

Conclusion 

Our findings suggest that there is a physiological role for the HDL-associated acute phase 
protein apo-SAA in regulating endothelial cell proliferation and PGI2 synthesis. SAA may 
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contribute to the known protective effect of HDL in atherosclerosis and cardiovascular 
diseases. Moreover, under pathological conditions when cytokine and SAA levels are 
concomitantly increased, SAA may act as an anti-cytokine and anti-inflammatory agent. 

CONCENTRATION (pg/ml) 

Fig. 1. PGI2 (6-keto PGF] J production by BAEC. a. PGI2 production determined following 24 h 
incubation with different concentrations of highly purified SAA and the synthetic peptide SAA1-14. 
b. The combined effect of SAA (50pg/ml) and TNF (lng/ml) on PG12 (6-keto PGFla) production 
was determined following 24 h induction. Data are presented as means of fold increase ± SEM. 

Fig. 2. Regulation of endothelial cell proliferation by SAA and SAA related fragments. BAEC 
chronically cultured with FGF were incubated with indicated concentrations of SAA and its 
related fragments for 24h after which [3H]thymidine tracer was added for another 24h. Cells 
were harvested and radioactivity was measured. Each value represents mean ± SEM % of control 
of 7 experiments. 
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A new paradigm for fish antifreeze protein binding to ice 
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The Type I antifreeze proteins are long a-helical, alanine rich peptides found in flounder and 
sculpin [1]. The most abundant isoform, HPLC-6, is 37 amino acids long and contains three 
11 amino acid repeats consisting of of Thr-X2-Asx-X7 where X is generally alanine. This i, 
i+l 1 spacing allows for Thr and Asx residues to be regularly aligned on one face of the helix 
and spaced 16.5 A apart [2, 3], which closely matches the 16.7 A distance between accessible 
oxygens along the 01-12 direction of the {20-21} binding plane [4]. This match suggested a 
plausible mechanism for protein/ice interaction whereby the side chains of Thr and Asx can 
hydrogen bond to oxygen atoms in the ice lattice [5, 6]. In order to probe the contribution of 
Thr residues to ice binding, systematic substitutions were made to two or three threonine 
residues and the resulting variants were assayed for thermal hysteresis activity. 

Results and Discussion 

Substitution of the putative ice binding residues Thrl3 and Thr24 to Ser (peptide S2) and Val 
(peptide V2) were accomplished by SPPS. A third peptide (V3) was synthesized where Thrl3, 
Thr24 and Thr35 were replaced by Val. For all variants the CD spectra were indistinguishable 
from that of the wild type peptide with helical contents approaching 100% at 1 °C. 
Sedimentation equilibrium analysis indicated that substitutions did not affect the 
oligomerization state of the proteins and that all proteins were monomeric at concentrations 
up to 6.5 mg/mL. 

The thermal hysteresis activity of the wild type protein shown in Fig. 1 was identical to 
that of the protein isolated from flounder serum. Substitution of Ser for Thr, which should not 
have unduly altered the H-bonding potential of this peptide, resulted in a protein which was 
substantially less active (10% active, Fig. 1) than the WT protein. At high peptide 
concentrations the ice crystal was morphologically identical to that obtained with the WT 
protein indicating that the peptide was binding to the same prism plane as the WT protein. 
Surprisingly, replacing the two Thr residues with Val, which is similar in size and exhibits 
similar side-chain rotamer preferences, yielded a protein that was 80 to 90% as active as the 
wild type protein (Fig. 1). Further Val substitution (V3) resulted in a peptide that was 60% as 
active as the wild type protein (Fig. 1). For both Val mutants ice crystal morphology was 
identical to the WT protein. 
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Conclusion 

Taken together, these variants demonstrate the importance of the y-methyl group to AFP 
interaction with ice. This result calls into question the hypothesis that the AFP/ice interaction 
is largely driven by hydrogen bonding interactions and forms the basis of a new paradigm for 
protein/ice interactions in which van der Waals and entropic contributions play a major role. 
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Neuropeptides and skin cell function: VIP and stearyl-
[Nle17]VIP effects on HaCaT cells 
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Vasoactive intestinal peptide (VIP) is a multifunctional peptide in the central nervous 
system and periphery. It has been implicated in regulation of growth, proliferation and 
survival of many cell types, sometimes operating in an autocrine. VTP and pituitary 
adenylate cyclase activating peptide (PACAP) share a high degree of homology, although 
they are derived from different precursor proteins. Distinct receptors for the VIP and 
PACAP have been cloned, all of which are G-protein coupled, stimulating adenylate 
cyclase activity [3-5]. Stearyl-Nle17-VIP (SNV) is a super agonist of VIP, in which the 
Met at position 17 was replaced by Nle and a fatty acid moiety was attached to the N-
terminal. SNV exhibits higher potency, stability and penetration through physiological 
barriers compared to VIP, as well as selectivity to high affinity, cAMP independent, VIP 
receptors [1, 2]. To explore possible proliferative effects of VIP, PACAP-27 and SNV on 
keratinocytes, the primary cells in human epidermis, we utilized a human keratinocytic 
model cell line, HaCaT [6]. Since a mitogenic effect was obtained, we further aimed to 
identify receptors that might be involved in this effect. 

Results and Discussion 

The proliferative effect of VIP and the related peptides was examined on HaCaT cells, 
using the [3H]thymidine incorporation. VIP and PACAP-27 were moderate mitogens for 
HaCaT, with their effect manifested at sub-nM concentrations (Fig. la). As this result 
with VIP indicated association with high affinity VIP receptors, SNV was tested. SNV is 
highly active as a mitogen, manifesting both greater potency and efficacy (Fig. la). This 
superiority over VIP is paralleled in other systems, e.g., for neuronal survival promoting 
activity [2]. To assess possible receptors mediating the proliferative effect, displacement 
experiments utilizing 125I-VIP were carried out (Fig. lb). VIP and PACAP-27 displaced 
the tracer with identical affinities, indicating that there is a common VIP/PACAP 
receptor. SNV also yielded a similar curve. Further molecular identification of VIP1R 
mRNA was achieved using specific primers by RT-PCR. Messenger RNAs obtained 
from HaCaT cells and human keratinocytes responded positively (not shown). In order to 
test whether VIP is an autocrine or paracrine modulator, mRNAs from HaCaT, human 
keratinocytes and NCI-H727 (NSCLC, positive control) were examined for VIP 
expression by RT-PCR. No PCR product was obtained from kerationocytes (not shown). 
Thus, VIP, released from sensory nerve endings is likely to be a paracrine mitogen for 
keratinocytes. 
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The large mismatch between affinity attributed to VIP1R and the actual 
concentration at which VIP is mitogenic for HaCaT, as in neuronal survival, is puzzling. 
We suspect the effect is mediated via an alternative high affinity VIP receptor, operating 
through a non-cAMP signal transduction mechanism. The superiority of SNV in this 
system further supports this idea. 

Conclusion 

Our findings indicate that HaCaT keratinocytes maintain responsiveness to VIP, 
operating in a paracrine fashion that is manifested in increased cell proliferation Both 
HaCaT and human keratinocytes have VEP1 receptors on their surface. SNV, the 
lipophilic analog of VIP, constitutes a potent mitogenic factor for keratinocytes. Thus, it 
may enable artificial manipulation in medical situations requiring enhanced keratinocyte 
proliferation, such as for wounds and burns. 
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The proto-oncoproteins c-Fos and c-Jun are members of the class of dimeric bZip proteins 
which contain a transactivating domain, a basic region with specific DNA (AP-1) binding 
activity and a C-terminal dimerization domain composed of a leucine zipper in the form of 
a coiled-coil [1,2]. Heterodimers of Fos and lun and homodimers of Jun mediate a myriad 
of cellular responses to serum, growth factors, and tumor-promoting phorbol esters, as well 
as to the protooncogenes c-Ha-ras, c-src, and c-mos [3]. Malignant cell transformation has 
been attributed to disruption of Fos and Jun dimers either by mutations which disrupt 
phosphorylation of Jun [4] or by deregulation of protein expression [5], both of which lead 
to increased DNA binding and expression of genes under AP-1 regulation. 

Since the oncogenic transcription factors Fos and Jun are only active in their 
homodimeric or heterodimeric forms, inhibition of dimerization presents itself as a means 
of blocking the transforming ability of these DNA binding proteins. In this work a strategy 
is outlined in which regulation is accomplished by targeting peptide agents to the 
dimerization interface of the transcription factor Jun, thereby inhibiting protein 
dimerization and subsequent DNA binding. 

Results and Discussion 

The structure of Jun consists of a highly basic region which binds into the major groove of 
DNA in a helical conformation and an amphiphilic helical leucine zipper which forms the 
coiled-coil dimerization interface either with itself or Fos. Peptides corresponding to the 
leucine zipper region of Fos (Fig. 1), which does not effectively form homodimers, were 
explored as agents to inhibit the dimerization and DNA binding of Jun. 

F O S-3 2 TDTLQAETDQLEEKSALQTEIANLLLKEKKEKL 
FOS-N25 TDTLQAETDQLEEKSALQTEIANL 
FOS-N18 TDTLQAETDQLEEKSAL 
Fos-C2 5 TDQLEEKSALQTEIANLLLKEKKEKL 
Fos-C18 SALQTEIANLLLKEKKEKL 
Fos-15 LQAETDQLEEKSAL 
Fos-14 LQAETDQLEEKSA 

Fig. 1. Sequence of synthetic Fos leucine zipper peptides. 

DNA binding was monitored by gel mobility shift assays with in vitro synthesized Jun 
and an oligonucleotide containing the AP-1 sequence (TGACTCA), to which Fos peptides 
were added that contained either the full length or the variously truncated leucine zipper 
(Fig. 1). All of the Fos peptides inhibited Jun DNA binding, although Fos-32 and Fos-N25 
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were the most effective with IC50 values of 11 pM (Table 1). Truncation of the leucine 
zipper at the N-terminus was highly detrimental to inhibition of Jun DNA binding, whereas 
truncations at the C-terminus were better accommodated. Surprisingly, removing three N-
terminus residues from Fos-N18 (Fos-15) restored the inhibition to levels obtained with 
Fos-32. 

Table 1. Inhibition ofc-Jun DNA binding to AP-1. 

Inhibitor 

Fos-32 
Fos-N25 
Fos-N18 
Fos-C25 
Fos-C18 
Fos-15 
Fos-14 

IC50pM 

11 
12 
62 
105 
400 
11 
105 

Protein crosslinking was used to confirm that the Fos peptides inhibited Jun 
dimerization. Jun was crosslinked with bis(sulfosuccinimidyl)suberate, and the monomer 
and crosslinked dimer were separated by SDS PAGE. Adding increasing amounts of Fos-
32 to Jun prior to the crosslinking reaction led to a decrease in the amount of crosslinked 
dimer formed, with complete inhibition of dimer crosslinking obtained with 50 eq. of Fos-
32 as compared to Jun. These results indicate that the dimerization of Jun is blocked with 
Fos peptides leading, to a loss of high affinity DNA binding. 

The ability of Fos-32, Fos-15 and Fos-14 to inhibit AP-1 transcription within cells was 
assayed using a reporter plasmid containing the firefly luciferase gene under control of 
three TRE sequences (AP-1) [6, 7]. MCF-7 cells (breast cancer) were transfected with the 
reporter plasmid using the Tfx™-50 (Promega) cationic lipofect reagent. After 8 hrs, the 
peptides were delivered to MCF-7 cells with the Tfx™-50 reagent. Firefly luciferase 
production was quantitated using the substrate beetle luciferin which bioluminescences 
upon product formation. Fos-32 and Fos-15 both decreased firefly luciferase transcription 
approximately two fold, whereas Fos-14, which has the highest IC50 value of the three 
peptides, had little effect on luciferase production. Within the MCF-7 cells, therefore, both 
Fos-32 and Fos-15 are able to reduce AP-1 related transcription. 
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Inhibition of E-cadherin-mediated cell-cell adhesion by 
cadherin peptides 

K. L. Lutz, D. Pal, K. L. Audus and T. J. Siahaan 
Department of Pharmaceutical Chemistry, The University of Kansas, Lawrence, KS 66047, USA 

The objective of this work was to evaluate modulation of E-cadherin-mediated cell-cell 
adhesion by cadherin peptides using: a) cell aggregation, b) cell dissociation, and c) FITC-
dextran (MW = 4,400) transport assays. Bovine-brain microvessel endothelial cell 
(BBMECs) monolayers were used as a model for the blood-brain barriers. Previously, 
several peptide sequences that are responsible for cadherin-cadherin interactions have been 
identified, including His-Ala-Val (HAV) and calcium binding sequences (i.e., DQNDN) 
[1]. 

Table 1. Inhibition of E-cadherin mediated cell-cell aggregation by cadherin peptides. 

Peptide 

1 

2 
3 

4 
5 
6 
7 
8 
9 
10 

Sequence 

LRAHAVDVNG-NH2 

LYSHAVSSNG-NH2 
Ac-DRERIATYTLFSHAVSSNGNAVED-NH? 

Ac-AHAVDV-NH2 
Ac-SHAVSS-NH2 
Ac-SHAVKS-NH2 

Ac-SHAVFS-NH2 
Ac-SHAVDS-NH2 
Ac-DONDN-NH? 

p(ClCH2CH2)2N-Phe-Glu-OH 

Origin 
am-N-cadherin 
m-E-cadherin 

bh-E-cadherin 
m-N-cadherin 
m-E-cadherin 
m-E-cadherin 
m-E-cadherin 
m-E-cadherin 
m-E-cadherin 

unrelated 

IC50 pM 
450 

31 
0.008 

NA 
20 

NA 
NA 
600 
800 
NA 

am = mouse; bh = human; NA = no activity; bold letter = conserved sequence; underline = Ca-­
binding sequence. 

Results and Discussion 

A. Inhibition of E-cadherin-mediated BBMECs aggregation: E-cadherin-mediated cell 
aggregation of BBMECs was inhibited by cadherin peptides (Table 1). Peptide 3 was the 
most potent HAV peptide to inhibit cell aggregation; this selectivity was due to its 
sequence and conformation. Peptides 1 and 2 were derived from N- and E-cadherin 
sequences, respectively; peptide 2 was more potent than peptide 1. Peptides 4 and 5 were 
derived from peptides 1 and 2, respectively. E-cadherin peptide 5 had biological activity 
similar to that of the parent peptide 2; however, N-cadherin peptide 4 did not inhibit 
BBMEC aggregation. These results suggest that the E-cadherins on BBMECs can 
selectively recognize E-cadherin peptides over N-cadherin peptide. To evaluate the role of 
flanking residues to the HAV sequence, Ser5 of peptide 5 was mutated with Lys5, Phe5, 
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and Asp5, respectively to give peptides 6, 7 and 8. Peptides 6 and 7 did not have any 
inhibitory activity; however, peptide 8 maintained some inhibitory activity. These results 
suggest that the Ser5 residue is important for the selectivity of E-cadherin peptide. Peptide 
9, from the Ca2+-binding sequence of E-cadherin, inhibited cell-cell aggregation at higher 
concentration than peptide 5. This suggests that the calcium binding sequences have a role 
in cadherin-cadherin interactions. The dipeptide /?(ClCH2CH2)2-N-Phe-Glu-OH (10), a 
negative control, did not inhibit cell-cell aggregation. 

B. Dissociation of preconfluent BBMECs: The cell dissociation assay was performed 
to evaluate the ability of cadherin peptides to dissociate cell-cell adhesion; unlike the single 
cells in the aggregation assay, the BBMECs have already acquired initial cell-cell contact 
and are approaching confluency. The near confluent BBMECs were treated for 8 h with 
anti-E-cadherin and peptides 2, 3 and 5, respectively; cell dissociation was scored and 
photographed. Significant cell dissociation was observed on BBMECs treated with anti-E-
cadherin antibody and peptides 3 and 5; however, the cells treated with peptide 2 did not 
show any dissociation. The anti-E-cadherin antibody and peptides 3 and 5 can dissociate 
the BBMECs by inhibiting cadherin-cadherin interactions. Peptide 2 cannot dissociate 
BBMECs, presumably due to degradation by aminopeptidase during the experiment. 

Fluorescence 
Intensity 

75 -

5 0 -

25 -

^ ^ - — ^ 

S ' 

Z^-~* • — • 

- • Control 

• Peptide 5 

10 20 30 40 50 60 
Time (min) 

70 

Fig. 1. Time dependent permeation of FITC-dextran 4400 in the presence (•) and absence (•) of 
peptide 5. 

C. FITC-Dextran transport assay: This experiment was performed to evaluate the 
ability of peptide 5 to improve paracellular permeation of marker molecules through 
BBMEC monolayers. The apical-to-basolateral flux of FITC-dextran 4400, a marker of the 
paracellular pathway, was measured across BBMEC monolayers using the fluorescence 
intensity. BBMEC monolayers were incubated with peptide 5 simultaneously from the 
apical and basolateral sides for 5 h; as a negative control, no peptide was added to the 
BBMEC monolayers. FITC-dextran was added to the apical side, and samples were drawn 
from the basolateral side at different time points. Improved permeation of FITC-dextran 
was observed for the peptide-treated BBMEC monolayers compared to the non-treated 
BBMECs (Fig. 1). The increased in flux of FITC-dextran was due to the modulation of 
intercellular junctions by cadherin peptide 5. 
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Discovery and structure-activity relationship studies of a novel 
and specific peptide motif, Pro-X-X-X-Asp-X, for platelet 

fibrinogen receptor recognition 
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Introduction 

Many integrins recognize the Arg-Gly-Asp (RGD) sequence as a common recognition 
motif within their putative ligands [1]. Upon recognition of ligands, some integrins show 
apparent redundancy [2]. Therefore, most linear RGD peptides show very low specificity 
among many types of integrins including platelet GpIIb/IIIa (fibrinogen receptor), avP3 
(vitronectin receptor) and 0:5(31 (fibronectin receptor) [3]. However, some cyclic RGD 
peptides with conformationally constrained structures show relatively high specificity [4]. 
One of our interests is to develop small linear peptides which are specific for each integrin. 
Here we report the discovery and the structure-activity relationship (SAR) studies of a 
novel hexapeptide motif, Pro-X-X-X-Asp-X, for GpHb/IIIa recognition. 

Results and Discussion 

In previous studies [5], we found that an RGD containing hexapeptide, PSRGDW 1, was a 
very potent inhibitor of platelet aggregation (Table 1). The N-terminal Pro residue with a 
free imino group is essential for this high potency, since the modification of this residue, 
such as N-acetylation (2) or the replacement of the nitrogen atom with an oxygen atom, 
decreased the inhibitory activity by 20 to 60 times compared to that of 1. These results 
suggest that this Pro residue is responsible for other interactions between 1 and GpIIb/IIIa 
besides the guanidino group and the (3-carboxyl group of the RGD site. However, 1 is not 
specific to platelet integrin GpHh/TIIa. 

In order to acquire linear oligopeptides with high specificity toward one integrin such 
as GpIIb/nia, it was thought that the common RGD structure in the integrin-recognizing 
peptides should be partially changed. In particular two ionic functional groups that 
associate with integrins were specific targets. The exceptionally potent activity of 1 led us 
to the idea of elimination of the basic guanidino group from the Arg residue. We 
synthesized Pro-Ser-Nva-Gly-Asp-Trp, 3, in which the Arg residue in 1 was replaced with 
a norvaline (Nva) residue by Fmoc-based SPPS and its activity was evaluated. 

3 showed not only a slight increase in both anti-platelet activity and inhibition of 
fibrinogen binding to GpIIb/IIIa, but also high specificity toward GpUb/IHa (IC50 value of 
ocvP3 ELISA was >100 pM). This result suggests that the Arg residue of the RGD motif is 
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not necessary for GpIIb/IIIa recognition and that the elimination of guanidino function can 
elucidate its specificity toward GpEb/IIIa. 

Table 1. Inhibitory effects of synthetic peptides on human platelet aggregation and the fibrinogen 
binding to human GpIIb/IIIa 

Compound 
No. 

1 

2 

3 
4 

5 
6 
7 
8 

Peptide Platelet aggregation0 

IC5o (UM) 

PS-Arg-GDW 

N-Ac-PS-Arg-GDW 

PS-Nva-GDW (NSL-9507) 
PS-Pro-GDW (NSL-9510) 

PS-APro-GDW 
N-Ac-PSPGDW 

PSPG-Glu-W 
PSPG-Ala-W 

0.87 

50 

0.59 
0.77 

0.30 
> 1000 
>1000 
>1000 

GpHb/ma ELISA 
IC50 (nM) 

0.051 

1.8 

0.030 
0.017 

0.018 
>1000 
>1000 

80 

"Collagen (5 pg/ml)-induced platelet aggregation using human platelet-rich plasma. 

Encouraged by the discovery of novel peptide 3, we have synthesized a series of 
peptides whose Nva residue is substituted with neutral amino acids with different types of 
side chains, or more rigid cyclic structures. When L-proline, which has a 5-membered ring 
structure, was introduced (4), potent anti-platelet activity was also obtained. Peptide 5, 
which has a L-3,4-dehydroproline residue (APro), was the most potent among the more 
than 100 peptides we synthesized. 

Modification of the imino group of the N-terminal Pro residue (6) resulted in 
complete loss of activity, although peptides with the same iminogenic modification in 1 
showed anti-platelet activity, suggesting that the N-terminal Pro residue with a free imino 
group is essential to peptides without the Arg residue. The Asp residue at the fifth position 
was also essential because substitution of this residue for a Glu or an Ala residue resulted 
in almost complete loss of activity(7,8). These results lead to a common motif sequence, 
Pro-Xl-X2-X3-Asp-X4, in which XI to X4 are L-a-amino acids. 

Results of the SAR studies at each X position suggest that (1) small amino acid such 
as Ser, Ala or Gly are preferable at XI position, (2) X2 may be any amino acid, (3) X3 
must be a small amino acid with a residue such as Gly, or a cyclic amino acid such as Pro, 
and (4) X4 prefers an amino acid with an aromatic side chain. 

In conclusion, it is proposed that Pro-Xl-X2-X3-Asp-X4 is a newly discovered 
peptide motif which functions as a platelet aggregation inhibitor. These new motif 
peptides, which exhibit potent binding activity and high specificity for GpIIb/IIIa, can be a 
useful tool in integrin research as well as agents in anti-thrombotic therapy. 
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Synthetic combinatorial libraries for the study of molecular 
mimicry: Identification of an all D-amino acid peptide 

recognized by an anti-carbohydrate antibody 
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Campbell, Jutta Eichler, Neil S. Greenspan3 and Richard A. Houghten 

Torrey Pines Institute for Molecular Studies, San Diego, CA 92121, USA 
"Institute of Pathology, Case Western Reserve University, Cleveland, OH 44106,USA 

A current area of immunodiagnostic research is the identification of synthetic mimics that 
are recognized by the antibody, regardless of whether the mimic retains any resemblance to 
the immunogen. Combinatorial libraries represent a new advance over previous epitope 
mapping methods in that antigenic mimics of proteins, as well as carbohydrates, DNA, and 
RNA, can be explored. One approach, soluble synthetic combinatorial libraries (SCLs), 
composed of millions of individual, nonsupport-bound peptide sequences, has been used to 
correctly and rapidly identify antigenic determinants recognized by monoclonal antibodies 
[1]. In the current study, the specificity of a monoclonal antibody that binds to N-acetyl-D-
glucosamine (GlcNAc) [2] was examined with a D-amino acid hexapeptide positional 
scanning SCL (PS-SCL). The identification of an all D-amino acid peptide that is 
recognized by mAb HGAC 39.G3 with high affinity clearly illustrates the advantage of 
using SCLs to identify antigenic mimics. This approach can also be used to identify mimics 
recognized by other carbohydrate-specific proteins (lectins) that are involved in cellular 
recognition and growth. 

Results and Discussion 

The D-amino acid hexapeptide PS-SCL was prepared using the simultaneous multiple 
peptide synthesis approach as previously described [3]. The PS-SCL is made up of 120 
peptide mixtures having one position individually defined with one of 20 D-amino acids 
and the remaining five positions as mixtures. Thus, each peptide mixture is made up of 
nearly 2 million hexapeptides for a PS-SCL totaling more than 52 million different peptide 
sequences. Each of the 120 peptide mixtures of the PS-SCL was screened using 
competitive ELISA. Activity was measured as the percent inhibition of mAb HGAC 39.G3 
binding to GlcNAc-BSA adsorbed to the microtiter plate relative to antibody binding in the 
absence of peptide mixture. Based on the library screening results, amino acids in each of 
the six positions were selected to prepare 27 different peptides. The concentration 
necessary to inhibit 50% (IC50) of mAb HGAC 39.G3 binding to GlcNAc was determined 
for each peptide. The most active peptide (Ac-yryygl-NH2, IC5o=300nM) inhibited the 
GlcNAc-mAb HGAC 39.G3 interaction approximately 500 times better than GlcNAc 
(Fig. 1). 
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Since the first three positions of the hexapeptide were specific in the screening, the 
tripeptide Ac-yry-NH2 was synthesized and assayed for activity. It was found to be as 
active as GlcNAc, but nearly 200-fold less active than Ac-yryygl-NH2, suggesting that 
more than these three residues are required for high affinity recognition. The L-amino acid 
version, namely AC-YRYYGL-NH2, was not recognized by mAb HGAC 39.G3 at the 
highest concentration tested (ICsoMmM), indicating stereospecificity for Ac-yryygl-NH2. 
Substituting each tyrosine residue of this peptide for phenylalanine reveiled that the third 
position was highly specific, whereas positions 1 and 4 could be replaced with 
phenylalanine without a significant loss of activity. 

Multimeric forms of Ac-yryygl-NH2 were synthesized on various linear and branched 
lysine scaffolds in an effort to increase peptide antigenicity. Molecules containing two, 
three, and four copies of Ac-yryygl-NH2 were recognized with significant increases in 
affinity (IC5o=5-20 nM). These results suggest that this peptide represents a high affinity 
mimic of GlcNAc, and illustrate how combinatorial libraries can be used to identify ligands 
to antibodies or other acceptor molecules having higher affinities and different chemical 
characteristics than their known ligands. 

0 i ° * ° ° 

A \^«^A x . » J l ^ ^ ^ X 
H / H 

Fig. 1. Structural comparison of GlcNAc and its peptide mimic, Ac-yryygl-NH2. 
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Processing of peptide antigens in EBV-transformed B cells and 
in an in vitro system 
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Major histocompatibility complex (MHC) class II molecules are heterodimeric 
glycoproteins which present intracellularly generated peptides derived from exogenous 
antigens or endogenous self proteins to CD4+ T helper cells. They are expressed on 
antigen-presenting cells (APCs), such as dendritic cells, macrophages, and B cells. APCs 
are able to internalize peptide and protein antigens by receptor-mediated endocytosis or to 
a lesser extent via pinocytosis and phagocytosis. Previous studies have indicated that acidic 
cysteine and aspartic proteinases in the endosomal-lysosomal compartments, cathepsins B, 
L, S and D, play a critical role in the proteolytic processing of internalized proteins to 
generate the antigenic peptides presented to the immune system (for review see [1,2]). 

We describe a method to detect very low amounts of processed peptide antigens in 
specialized cellular compartments after pulsing APCs with a defined peptide antigen. 

Results and Discussion 

Peptide and peptide-antigen labeling. As peptide antigens we used an extended form of the 
immunodominant epitope (78-106) of the myelin basic protein (MBP) which was 
specifically labeled with the fluorophore AMCA (7-amino-4-methyl-coumarin-3-acetic 
acid) in position 91 via the e-amino group of the lysine residue [3]. 

Fig. 1. Sequence and interaction of the MBP peptide ("MPuls") with the HLA-DR4 molecule. The 
fluorophore AMCA was introduced in a position which points away from the MHC binding 
groove. 

Binding studies show that specific binding pockets of this DR molecule interact with 
peptide side chains in position i, i+3, i+5 and i+8 (Fig. 1). As APC we used the Epstein 
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Barr Virus (EBV)-transformed B cell line BSM, expressing the HLA-DR4 (DRB1* 0401) 
molecule. Recent studies demonstrate that the native MBP protein can be presented by 
recycling of the cell surface MHC II molecules [4]. 

In vitro digestion of peptide antigens with cathepsin B,L,D, and S. Processing studies 
of the antigen were performed with the cathepsins B,L,S, and the cathepsin D and with 
cellular endosomal or lysosomal fractions obtained by differential centrifugation [5,6]. All 
proteolytic products were characterized by LC-MS using a Finnigan MAT 700. 
Interestingly, all enzymes and cellular fractions except cathepsin B cleave the peptide in a 
central region that is an integral part of the peptide binding core interacting with the MHC 
molecule which is destroyed by the proteases (Fig. 2). 

Fig. 2. Cleavage sites of the MPuls peptide with the main lysosomal proteases. 

In vitro digestion of the MHC:peptide complex. A preformed MHC:peptide complex 
was treated with cathepsin D. In contrast to the non-associated peptide, which was cleaved 
specifically between F89/F90, the peptide in the complex was completely stable to the 
endoprotease. The MHC molecule therefore protects the immunodominant binding region 
[5,6]. 

Pulsing of the APC with peptide antigen and isolation of processed peptides. 2mg of 
MPuls-peptide was pulsed with 5 x 109 cells of the EBV-transformed B cell line BSM for 2 
hr followed by a 2hr chase. Peptides of the endosomal and of the lysosomal fraction were 
isolated and investigated by LC-MS. The endosomal fraction mainly contained 
unprocessed antigen and very short peptides, and only a small amount of processed 
peptides with intact binding core regions. In lysosomal fractions only completely digested 
antigen could be detected. In a second experiment, the MHC:peptide complexes were 
purified by cyclic immunoaffinity chromatography using the anti HLA-DR monoclonal 
antibody L243 [7]. Elution of MHC-associated peptides was achieved by addition of 
TFA/H20, pH 2.0. After ultrafiltration, the self peptide pool was separated by RP-HPLC 
using a Ci8/2mm column with detection of AMCA fluorescence. Dominant peaks were 
collected and investigated by ESI-MS, MALDI-MS, and Edman sequencing (Fig. 3). All 
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isolated peptides contained the intact binding core region but were N- and C-terminally 
trimmed as already described for MHC class H-associated self peptides [1]. 
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We conclude that our investigated peptide antigen will be degraded mainly in an 
endosomal compartment leading to a preprocessed peptide that can readily associate with 
the appropriate MHC class II molecule. Binding to the MHC class II molecule protects the 
bound peptide from proteolysis of the immunodominant region. We exclude the possibility 
that lysosomal enzymes, such as cathepsin D, are able to generate readily processed T cell 
epitopes able to bind to the MHC. Trimming of the bound peptide may occur in an 
endosomal/lysosomal compartment or most likely after presentation of the MHGpeptide 
complex on the cell surface by exopeptidases. 
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Peptides from self or foreign protein sources are cleaved by proteasomes and cross the 
membrane of the endoplasmatic reticulum. They are displayed on the surface of cells in 
association with MHC class I or MHC class II molecules for recognition by receptors of 
cytotoxic T cells or T helper cells. Peptide libraries in the positional scanning format [1] 
were applied to determine favorable and nonfavorable amino acids in each sequence 
position of octa-, nona- and undecapeptides in MHC class I stabilization assays [2], in 
induction of cell lysis by killer cells [3], in competition assays with MHC class II 
molecules [4], in T cell proliferation assays [5] and for stabilizing binding to TAP [6]. 
Activity patterns of the peptide libraries support the design of new ligands and are useful as 
a database for prediction algorithms [7]. The fully automated synthesis of these libraries 
was optimized to achieve close to equimolar representation of the individual peptides. The 
peptide mixtures were analyzed by pool sequencing and electrospray mass spectrometry. 
The influence of every individual amino acid at the 11 sequence positions of peptides 
binding to HLA-DR2b (MHC class II) was investigated and summarized in an allele-
specific activity pattern. 

Results and Discussion 

The undecapeptide amide libraries and the defined peptides were prepared by solid phase 
peptide synthesis using Fmoc/fBu chemistry and Rink amide MBHA polystyrene resins. 
For the introduction of randomized sequence positions, double couplings were performed 
with equimolar mixtures of Fmoc-L-amino acids which were used in an equimolar ratio 
with respect to the coupling sites of the resins. For coupling of defined sequence positions 
a 5-fold molar excess of Fmoc-L-amino acids was used. Characteristics of this premix 
method are extended coupling times, double coupling, an initially high concentration of 
dichloromethane and evaporation of dichloromethane during coupling. The peptide library 
and peptide sublibraries 0/Xn were cleaved off the resins, and side chains were deprotected 
with TFA/Reagent K. 

For evaluation of the premix method, defined peptides were synthesized using the 
chemfile for library synthesis and results from HPLC and ES-MS confirmed the quality of 
the method. To identify missing individual peptides in a complex peptide mixture 
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generated by the premix method, a collection of 361 peptides with a subcollection of 19 
indiviual peptides carrying the "mass tag" SE4 has been designed. This series of 
XRRLKLWSE4 peptides was simultaneously synthesized with XXRLKLWN peptides 
using the premix method for the introduction of X positions. Fig. 1 shows the ES-MS 
spectrum of 19 individually synthesized peptides (HPLC purity > 80%) that were mixed by 
weighing equal amounts. This spectrum is compared to the ES-MS of the same peptides 
shifted to higher mass from the remaining collection XXRLKLWN (342 peptides) and the 
expected peptides were identified. Due to the restrictions for measuring highly diverse 
compound collections, these preliminary results do not represent quantitative peptide 
distributions. 

LUND 

[Mf-2Hf 

P,V,T 
,LL,ND 

Fig. 1. ES-MS of a mixture of 19 individually synthesized peptides differing in one amino acid 
residue (A-Y)RRLKLWSE4 (left) and the same peptides shifted from a 361 peptide collection 
X(19aa)X(19aa-R)RLKLWN/X(19aa)RRLKLWSE4. 

The peptide mixtures investigated for binding to HLA-DR2b consist of the completely 
randomized Xu library and 220 sublibraries (11 positions x 20 amino acids, cysteine 
replaced by a-aminobutyric acid). Sublibraries contained ten randomized positions and one 
defined amino acid moving across the 11 sequence positions. Each of the 220 O/X10 
sublibraries is calculated for 2010 different peptides and they were investigated in 
competition assays [4]. Peptide mixtures and the fluorescene-labeled HLA-DR2b-specific 
AMCA-EAEQLRAYLDGTGVE peptide amide were incubated with isolated HLA-DR2b 
at 37°C for 48h. MHC protein was subsequently separated by HPLC, UV-intensities of the 
MHC signal were measured, and competition C of a given sublibrary was compared to that 
of the Xu library resulting in a relative competition (rel C = Csublib/Cxu)- Biological 
activity of a sublibrary is governed only by the defined sequence position. In positions 
interacting with the HLA-DR2b molecule we identified residues contributing strongly to 
MHC-binding as well as residues with unfavorable effect is on the interaction (Table 1). In 
other positions, however, defined amino acid residues showed a more or less neutral 
influence on MHC binding. A wide variety of side chains are accepted by the HLA-DR2b 
protein and also the allele-specific pockets in the binding groove show favorable 
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interactions to several amino acid residues, clearly demonstrating the degenerated peptide 
binding to class II molecules. 

Table 1. Activity pattern of 0/Xu defined by competition experiments. (A) amino acids 
unfavourable for competition (rel C: 0 - 0.70), (B) amino acids favourable for competition (rel C: 
1.4 - 2.07) residues with intermediate contribution to competition for HLA-DR2b are not shown. 

Pos. 1 2 3 4 5 6 7 8 9 10 11 

P D S D G E E F D E D E W 
N E E D W I 
G K 

P 

I F I F Y Y N S N S M B 
L W 
M_Y 

The average of the competition values for all 20 sublibraries of a position can be 
considered as a measure of its tolerance to amino acid variations. Positions 2 and 5 were 
shown to be widely intolerant to amino acid exchanges. The complete activity pattern 
supports the design of defined peptides binding to HLA-DR2b. 

In conclusion, the use of mass tags for the optimization of procedures for library 
synthesis confirmed the high quality of the premix method developed for automated 
synthesis of peptide libraries. The influence of individual amino acids in 11 sequence 
positions of peptides binding to HLA-DR2 could be defined and the code for the 
construction of new MHC binding or non-binding peptides was summarized in an activity 
pattern of the library. Our approach is useful for characterizing the binding pockets of any 
MHC allele within short time. 
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A major problem in the use of short synthetic peptides as vaccines or therapeutic agents is 
their rapid in vivo degradation by endogenous proteases. To overcome this limitation we 
developed a strategy for the systematic transformation of L-amino acid peptides into D-
amino acid analogs with comparable biological properties, i.e. binding affinity and 
specificity, but considerably higher stability. 

The transformation is performed by subsequent substitutions of each epitope residue 
by D-amino acids followed by antibody binding studies [1]. In the first step each single 
residue of the L-peptide is substituted by all 19 D-amino acids plus glycine. From antibody 
binding studies a peptide containing one D-amino acid is selected for a further 
substitutional analysis. Then, a peptide containing two D-amino acids serves as starting 
point for the next step. In repeating this step-by-step procedure one ends up with the 
identification of a complete D-peptide. 

Results and Discussion 

Each single residue of the llmeric peptide epitope GATPQDLNTML, recognized by the 
anti-p24 (HIV-1) monoclonal antibody CB4-1, was substituted by 19 D-amino acids plus 
glycine. The substitution analogs were prepared by spot synthesis on a continuous cellulose 
membrane support [2] and consist of one D-amino acid and 10 L-amino acids at this first 
transformation step. 

a c d e f G h i k l m n p q r s t v w y a c d e f G h i k l m n p q r s t v w y 

G * • • • • • • • • • • • • • • • • • • • • 
d • • • • • • • • • • • • • • « • • • • • 
w # * ^ . » . « • • • - • • » • • • • • • 
w • • • • • • • ' • • • • • • • • • • • 
G • » • • * • • ' " • • 
k • • • 
s • • 
s • » • • 

Fig. 1. Substitutional analyses of the L-peptide GATPQDLNTML (left) and the D-peptide 
saGdwwGkssl (right) prepared by spot synthesis. All spots in the left columns are identical and 
represent the original peptides. Each position of the peptides is substituted by all 19 D-amino 
acids plus glycine (rows). Lower-case letters are D-amino acids. 
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Binding studies with CB4-1 (Fig. 1, left) revealed proline 4, aspartic acid 6 and 
leucine 7 as positions which cannot be substituted by D-amino acids without loss of 
binding, whereas for the other positions D-amino acids (including glycine) can be selected. 
For the following substitutional analysis the peptide GATPQDLkTML was chosen 
comprising D-lysine at position 8. This procedure was repeated 10 times ending up with the 
D-peptide saGdwwGkssl (Fig. 2). 

TM1. 

• k T 

M 1 

G A T P w D L k T s 1 

S A T F ' w D L k T s l 

P w n i . k s s l 

s AG P w D L k s s l 

s A G d w D L . k s s l 

s A G d w w r k s s 1 

sAGdwwGkssl 

saGdwwGkssl 

Fig. 2. Transformation of the L-peptide GATPQDLNTML into the D-peptide saGdwwGkssl 

The specificity of CB4-1 binding of this D-peptide was demonstrated by the 
identification of key binding residues for this kind of interaction (Fig. 1, right). The 
substitutional analysis revealed that the C-terminal part of the peptide is responsible for 
specificity, since D-serine 9 and D-leucine 11 cannot be subtituted at all and D-lysine 8 only 
by the physicochemically similar D-amino acid arginine. 

In conclusion, this approach should be a helpful tool for the creation of novel, 
biologically more stable compounds starting from a given peptide. Furthermore, binding 
studies using complete sets of substitution analogs at each transformation step provide 
interesting insights into the molecular basis of this type of cross reactivity. 
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We report a class of peptide carriers containing lysine residues for anchoring antigenic 
peptides in a well defined spatial position and designed so as to present a predetermined 
conformation. Our support, formed by the repetitive Lys-Aib-Gly moiety, named SOC„, 
aims at providing carriers with regular secondary structure, in which the antigenic peptides 
attached to the Lys sidechain amines would not interact with each other or with the carrier. 
They would thus retain their original active conformation. On the other hand, the 
PPGMRPP sequence present in a variety of copies in the Sm and U1RNP autoantigens 
constitutes the main target of anti-Sm and anti-UlRNP antibodies found in patient sera 
characterized with systemic lupus erythematosus (SLE) and mixed connective tissue 
disease (MCTD). 

Results and Discussion 

The immunoreactivity of PPGMRPP-NH2 and PPGMRPP conjugated to a pentameric 
Sequential Oligopeptide Carrier (SOC5) [1] was investigated by testing sera (ELISA) with 
various antibody specificities. Their conformational properties were examined by ID and 
2D 'H-NMR spectroscopy. Three main conformers were found for the free PPGMRPP, 
including an extended one that also identified for PPGMRPP-NH2 and the (PPGMRPP)5-
SOC5. This behavior can be ascribed to the conversion of the C-terminal carboxylate group 
to the amide form and consequently to the absence of an ionic bridge between the Arg-
guanidinium and the carboxylate groups.When the protonated carboxyls are not available 
for an ionic interaction, the Arg-guanidinium is characterized by a triplet at about 7.65 ppm 
(NEH proton). When a guanidinium-carboxylate interaction occurs, the Ne-H resonance 
shifts downfield to 10 ppm. From the NMR data, we can conclude that: (i) the main 
PPGMRPP-NH2 conformer (>95%) adopts a completely extended conformation, similar to 
that found for the minor conformer of PPGMRPP, (ii) the arginine side-chain is not 
involved in the structural stabilization of the PPGMRPP-NH2, resulting to a reduced 
number of conformers, (iii) all the X-Pro peptide bonds of the main PPGMRPP-NH2 
conformer are found in the trans form. Evaluation of the NMR data for PPGMRPP-NH2 
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Table 1. Antigenic properties and conformational characteristics of the PPGMRPP, PPGMRPP-
NH2, (PPGMRPP)s-SOCs peptides. 

Peptide 

PPGMRPP 

PPGMRPP-NH2 

(PPGMRPP)5-SOC5 

anti-UlRNP(+) 
anti-Sm(-) 
anti-Ro(SSAX-) 
anti-La(SSB)(-) 
17/24 

4/6 
18/29 

anti-Sm(+) 
anti-UlRNP(+) 
anti-Ro(SSA)(-) 
anti-La(SSB)(-) 
4/5 

6/8 
12/12 

anti-Ro(SSA)(+) 
anti-La(SSB)(+) 
anti-Sm(-) 
anti-UlRNP(-) 
12/30 

4/22 
1/42 

%0RNeHa 

(ppm) 

10.51 
10.57 
7.63 
7.62 
7.77 

aChemical shift values in DMSO-d(j 

peptide and the PPGMRPP conjugated to the SOC5 indicates a very close similarity of 
almost all the chemical shift values between (PPGMRPP)5-SOC5 and PPGMRPP-NH2 

(Table 1). The existence of multiple conformers of the Sm-epitope may explain the 
observed cross reactivity with the anti-UlRNP, anti-Sm, anti-Ro (SSA) and anti-La (SSB) 
positive sera [2]. This hypothesis is further supported by the fact that when the 
heptapeptide PPGMRPP was anchored by its C-terminal carboxylate to the sequential 
oligopeptide carrier (SOC)„ or converted to its amide form, their recognition by the anti-
U1RNP and anti-Sm positive sera was enhanced, while anti-Ro(SSA) and anti-La (SSB) 
positive sera were not recognized. 

It is concluded that the antigenic specificity of the PPGMRPP-NH2 peptide and 
(PPGMRPP)5-SOC5 is mainly induced by conformational changes, resulting from the 
conversion of the C-terminal carboxylate group to its amide form. 
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Peptide side chain topology plays a central role in peptide antigenicity. Antibody 
recognition is preserved with peptide mimics resembling the parent peptide's original side 
chain stereochemical arrangement [1]. Recent work from our group suggested that peptide 
antigens could be sequence-simplified while maintaining at least part of the antigenic 
properties of the parent peptide. Synthetic variants of antigenic peptides, one lacking the 
side chains in the sequence odd position and the other in even position, prepared by 
replacing amino acid residues in the parent peptide with glycine residues alternately in the 
sequence, cross-reacted to a significant extent with antibodies raised against the parent 
peptide [2]. In order to extend our ongoing investigation on the mechanisms responsible 
for peptide antigenicity, polyclonal antibodies were raised in rabbits against two sequence 
simplified variants and their ability to recognize the parent antigen was examined by direct 
and competitive ELISA assays, by plasmon resonance experiments, and by affinity 
chromatography. 

Results and Discussion 

The two sequence simplified peptides used in this study were derived from the parent 
peptide P15 (VRLGWLLAPADLDAR) [3] by replacing parent peptide residues with 
glycine in the sequence odd position (-P15, GRGGGLGAGAGLGAG ) or in the even 
position (+P15, VGLGWGLGPGDGDGR). Peptides were conjugated to KLH via 
glutaraldehyde mediated cross-linking and induced a strong immunogenic response in 
rabbits even after the first boost. Sera were then purified by affinity chromatography on 
columns prepared by immobilizing the corresponding sequence-simplified antigen. 
Purified antibodies against -P15 and +P15 peptides were characterized first by ELISA 
assays for their ability to recognize the parent peptide P15. Both polyclonal antibodies 
recognized the parent peptide to a similar extent, and binding was specific since it could be 
inhibited by the parent peptide or the corresponding sequence-simplified antigen in a dose 
dependent manner. Cross-immunogenicity was further confirmed by plasmon resonance 
experiments on cuvettes derivatized with the parent peptide, where both antibodies against 
the sequence-simplified antigens displayed similar affinities. Additional evidence of 
antigenic mimicry was provided by affinity chromatography experiments, since columns 
prepared with the parent peptide proved useful for the purification of antibodies raised 
against the two sequence-simplified variants. A schematic representation of the cross-
antigenic and cross-immunogenic properties of sequence-simplified variants of parent 
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peptide antigens is shown in Fig. 1. Results cumulatively suggest the possibility of 
redesigning peptide antigens in two variants which could preserve antigenicity as well as 
immunogenicity similar to the parent peptide. 
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Fig. 1. Schematic representation of cross-antigencity and cross-immunogenicity relationships 
between sequence-simplified antigens, parent peptides and corresponding antibodies. 
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Human sera and other body fluids are a rich sources of information reflecting health or 
disease, including the constitution of immunoglobulins directly linked to the repertoire of 
humoral immune responses. This reflects the immune system's defense mechanisms 
against invasive pathogens. On the other hand, a random peptide library or combinatorial 
peptide libraries [1] provide a comprehensive potential for identifying the binding sites of 
proteins. Therefore, it is reasonable to suggest that by using immunoglobulins isolated 
from the patient's body fluids to screen against the repertoire of a random peptide library, 
the resulting binding peptide sequence(s) that correspond to an epitope or a mimotope of 
the pathogenic protein would be region(s) of great interest in pathogenesis. 

Results and Discussion 

The use of polyclonal antiserum as selection ligate is known to pose background 
("noise") problems. An efficient method to eliminate these high background problems 
when using polyclonal antiserum as ligate is to preselect the antibody by the target antigen 
[2]. In this study, purification was done by incubating a recombinant HBsAg solution on a 
polystyrene surface of a Petri dish and recovering the purified "mono-specific" antibody by 
elution. 10 pg of recombinant hepatitis B surface antigen was sufficient for preparing the 
ligate used in three rounds of biopanning. 

Biopanning yields of pVIII15x library between rounds showed positive enrichment of 
phage carrying inserts bound to the selection ligate. Thirty-five clones were randomly 
selected from the third round output of both biopannings. In the sequencing of the 35 
inserts from the 15-mer library, one deduced amino acid sequence was directly picked up 
by the search program, Blitz, which showed similarity to residues 113-125 of HBsAg. 
When the 113-125 region was further compared to the aforementioned 35 sequences, five 
other similar sequences were found. 

Based on the results of biopanning and prediction algorithm [3], several peptides were 
synthesized to compare their binding with antibody. To increase sensitivity, all of the 
peptides were synthesized as their branched form [4]. The binding of these peptides with 
pooled positive and negative sera shows that P2 (113-125 of HBsAg, ayw), P6 (107-126, 
ayw) and P7 (107-126, adw) exhibited observable differences between positive and 
negative sera, the readings of P6 and P7 being higher than P2. Another interesting 
observation was the result for peptide P8, in which residues 121-125 from P6 had been 
omitted. This peptide showed almost no obvious binding to positive sera, indicating that 
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the cysteine-rich region of the protein was essential for forming the antigenic determinant. 
The contribution of the cysteine-rich region was further confirmed by alanine-scanning. A 
panel of peptides, in which each amino acid was successfully replaced by alanine, was 
synthesized. Binding tests revealed that about 85% of the binding affinity was lost when 
each of the residues 121/124 (cysteine) or 120 (the flanking proline) had been replaced 
(Fig.l). 

The most interesting point is that the mapping results focused directly on the region of 
residues 110-150, which had been suggested as the major antigenic/immunogenic structure 
of HBsAg by other approaches in the past twenty years. Therefore, it supports the 
observation [5] that a combinatorial peptide library can result in a higher probability of 
locating the most dominant antibody binding site(s) of a protein. 
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Fig. 1. Binding of peptides to serum. P2: SSTTSTGPCRTCM (ayw) 113-125 (MAP x 8). P6: 
CPLIPGSSTTSTGPCRTCMT (ayw) 107-126 (MAP x 4). P7: CPLIPGSTTTSTGPCKTCTT 
(adw) 107-126 (MAP x 4). P8: CPLIPGSSTTSTGP (ayw) 107-120 (MAP x 4). Ab+: Pooled 
anti-HBsAg positive serum. Ab-: Pooled anti-HBsAg negative serum. 
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The transmembrane protein (gp41) of human immunodeficiency virus type 1 (HIV-1) plays 
a key role in both virus infection and virus-mediated cell-cell fusion. Previous studies 
revealed that linear peptides containing Katinger's epitope ELDKWA [1] failed to elicit 
neutralizing antibodies in animal models. It is well established that the HIV envelope gp41 
moiety forms an oligomeric structure in the virus [2]. Therefore, one can hypothesize that the 
neutralization epitopes may exist in the context of the gp41 oligomeric form, which cannot be 
mimicked by a linear peptide. In the present work, we report the results of an immunogenicity 
study performed with different MAPs containing the cross-neutralization epitope ELDKWA 
[1] of HTV-1 gp41: 

GPKEPFRDYVDRFYKDAASDLLELDKWASLWNWFAAAARSS (CLTB-166) 
GPKEPITIDYVDRFYKGPGLLELDKWASLWNWFDITNWLWYIKSS (CLTB-165) 
GPKEPFRDYVDRFy/KGPGEKJ^QELLELDKWASLWNWFDmvrWLWYTKSS 
(CLTB-164) 

Results and Discussion 

The above linear peptides were incorporated in bi- and tetravalent lipidated templates, as 
shown in Fig. 1. The branched peptides were synthesized using combined t-Boc and Fmoc 
strategies. 

Fig. 1. Schematic representation of the synthetic peptides. MAP-2 = pAla-Lys-Ser-Ser-lys-Lys-BAla-
NH2, MAP-4=PAla-Lys-PAla-Lys[PAla-Lys]Ser-Ser-lys-Lys-pAla-NH2, lipid=CH3(CH2)14CO-, 
peptide=CLTB-164, CLTB-165, CLTB-166. 
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Guinea pigs were immunized with 3x200pg of MAP constructs, and their sera were 
analyzed by immunoassay against both immunized peptides and recombinant gpl60. The 
highest titers were obtained with MAP-4 containing the CLTB-166 sequence, [CLTB-166]4-
[MAP-4]-L2 (L=CH3(CH2)i4CO-). However, none of the anti-MAP antisera reacted with 
recombinant gpl60 and had no viral neutralization activity. 

CD measurements showed that all the studied peptides were predominantly a-helical (Fig. 
2). The highest mean residue ellipticity of the a-helix specific bands (210, 220 nm) was 
observed for [CLTB-166]4-[MAP-4]-L2, the peptide with the best immunological properties 
in the series. This could be a consequence of intramolecular peptide chain association, leading 
to the formation of a parallel, 4-a-helix bundle-like structure which may present the epitope 
better to the immune system. 

E p 
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— — [CLTB-164]4-[MAP-4]-L2 

— - [CLTB-164]2-[MAP-2]-L2 

— - [CLTB-166]2-(MAP-2]-L2 

lCLTB-166]4-lMAP-4]-L2 

[CLTB-165]2-[MAP-2]-L2 

[CLTB-165]4-[MAP-4]-L2 

X(nm> 

200 205 210 215 220 225 230 235 240 245 250 

Fig.2. CD spectra of the studied peptides in 50% methanol. 
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Cancer is the second leading cause of death in the United States. In breast cancers, about 
one quarter overexpress the erbB-2 oncogene, which encodes a 185kD growth factor 
receptor, HER-2/neu. Because its overexpression correlates with poor prognosis [1], the 
ability to control the expression of this protein could favorably reduce the number of 
cancer related deaths. HER-2 is composed of 4 domains: an extracellular cysteine rich 
domain, a transmembrane sequence, a tyrosine kinase domain and the C-terminal tyrosine 
autophosphorylation sites. The extracellular accessibility of HER-2 makes it an ideal 
candidate for antibody therapy. Antibodies can cause receptor internalization, tumor 
retardation and differentiation to the mature state [2, 3]. Our studies involve generating 
antibodies to conformational epitopes by peptide immunization, thus giving antibodies of 
defined specificity. No ligand has yet been found for HER-2. Studies have shown that its 
action is mediated by heterodimerization with the other three members of the epidermal 
growth factor receptor family: EGFR, HER-3 and HER-4. This dimerization engages its 
tyrosine kinase (TK) activity, signalling a cascade of intracellular events which result in 
aberrant growth. Monoclonal antibodies can modulate this TK activity and thus tumor 
progression. Peptide candidates from HER-2/neu were studied by computer-aided analysis. 
B cell epitopes were synthesized colinearly with a "promiscuous" T cell epitope, MVF 
288-302. We have raised a panel of peptide antibodies capable of affecting the biology of 
HER-2: DW1MVF (376-395), MVFDW4 (628-647), DW5MVF (115-136), and 
DW6MVF (410-429). The effect of peptide antibody on tyrosine phosphorylation and cell 
proliferation was studied. The anti-tumor effects of these peptide antibodies were tested in 
the BALB/c nude mouse model. Mice are injected with (3 x 106) HER-2 overexpressing 
cells and infused with 1.5 - 2mg of anti-HER2 antibodies. 

Results and Discussion 

Our studies show that peptide antibodies can have as profound a biological effect as 
monoclonals. The in vivo and in vitro immune responses to the peptide were studied in 
outbred New Zealand white rabbits (Table 1). Antibody (Ab) titers against the peptide 
immunogen increased steadily as early as the primary immunization. Peptide antibodies 
caused receptor downregulation and reduced tumor volume in vivo. A [3H] thymidine 
proliferation assay revealed the ability of antipeptide antibodies to reduce proliferation in 
vitro. 
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Table 1. Comparative effects of anti-peptide antibodies in various assays. 

Antibody Reduce 

1) phosphorylation 2) in vivo prolif. 3) in vitro prolif. 

DW1MVF - + ++ 

MVFDW4 

DW5MVF 

DW6MVF 

mAb-2 +++ ND 
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We have recently reported some anti-HIV properties of SPC3 [1-3], a gpl20 V3 loop-
derived synthetic polymer construction [4, 5] which is currently under phase II clinical 
trials in HIV-1-infected humans. Due to the importance of both gpl20 and gp41 envelope 
glycoproteins in the virus-cell and cell-cell fusion processes [6], we have chemically 
synthesized a series of other multiple branch peptides (SPCs) derived from the conserved 
sequences of gp41 [7, unpublished results]. The gp41-derived SPCs have been tested in 
vitro for their ability to inhibit i) syncytium formation induced either by a recombinant 
vaccinia virus-expressing HIVLai Env or various HIV strains, and ii) infection of human 
peripheral blood lymphocytes by laboratory strains and clinical isolates of both HTV-1 and 
HIV-2. 

Results and Discussion 

Among the gp41-derived SPCs, only multiple branch peptide [RQGYSPL]8-K4-K2-K-PA, 
derived from the gp41 consensus sequence 714-720, was found to inhibit virus-induced 
syncytium formation, with a full blockade (ICioo) obtained at about 10 pM peptide 
concentration. This SPC also inhibited in a dose-dependent manner infection of human 
peripheral blood lymphocytes by both HIV-1 (Table 1) and HIV-2 with 50% inhibitory 
activity (IC50) obtained at peptide concentrations ranging from 0.1 to 1 pM depending on 
the virus tested, i.e. T-cell line adapted strains (e.g. HxlO, LAV-2/B) or clinical isolates of 
HIV (e.g. JRFL, JRCSF, W5A2A9, P16/B6, P16/C9,...). The gp41-derived SPC was found 
to act synergistically with the V3 loop-derived SPC3; however, its mode of action remains 
to be determined. In contrast, the monomeric form of the SPC, i.e. peptide RQGYSPL, was 
inactive in these tests. Interestingly, the RQGYSPL sequence is highly conserved among 
the diverse HIV-1, HTV-2, and SIV viruses, but does not share full homology with any 
other known protein structures. 
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Table 1. Inhibition (%) of the HIV-1 clinical isolates infectivity by the multiple branch peptide 
[RQGYSPL]8-K4-K2-K-R.A. Example shown is the W5A2A9 isolate. Experiments were performed 
with 1:10 diluted virus solution. The state of infection of the human peripheral blood lymphocytes 
was determined 10 days post-infection with the virus -in the presence or absence of the peptide-
by both reverse transcriptase assay and p24 production in culture supernatants. 

Peptide (pM) 5 1 0.5 0.1 0.05 

[RQGYSPL]8-K4-K2-K-(3A 

[GPGKTLJ8-K4-K2-K-PA 
(control peptide) 

Conclusion 

The multiple branch peptide [RQGYSPL]8-K4-K2-K-pA showed neither cellular toxicity at 
active concentration nor lethal activity when injected by the intracerebroventricular route in 
mice. Therefore, because of its potent antiviral activity against both HTV-1 and HTV-2, it 
represents a novel candidate chemotherapeutic drug against HIV infection. 
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Shigella are gram-negative, nonmotile bacteria that have the ability to invade and multiply 
within the colonic epithelium of higher primates, eventually leading to bacillary dysentery. 
Invasion by shigellae requires the expression and secretion of the "invasion plasmid 
antigens", or Ipa proteins, which are actively involved in the induced phagocytic event that 
initiates the invasiveness process [1,2,3]. Upon infection, the host immune system 
produces antibodies against IpaB, IpaC, IpaD, and IpaH as well as another virulence 
protein, VirG [4]; however, the significance of the serum antibody response to the Ipa 
proteins is not clear. 

Using the Geysen multipin technology our lab has identified three regions of clustered 
peptide epitopes on IpaC that were recognized by shigellae-infected monkeys [5]. In this 
report, a similar strategy was used to characterize the epitopes of IpaD, VirG, and two 
forms of IpaH. In addition, soluble, overlapping synthetic peptides representing the 3 IpaC 
epitope regions were used to further evaluate the immune response in a large population of 
infected monkeys. By characterizing the epitopic domains of each Ipa protein we hope to 
identify regions of the protein that are immunodominant and likely involved in the 
protective immune response. 

Results and Discussion 

The surface localization of these crucial virulence determinants makes them suitable 
targets for neutralization by the host immune response. Epitope analysis of IpaC, IpaD, 
IpaH, and VirG with serum antibodies from 13 shigellae-infected monkeys revealed 
distinct epitope domains within each protein (see Table 1). The epitope domains were 
generally localized in the amino terminal half of the protein and were in regions containing 
high antigenic indices, high surface probability, and predominantly hydrophilic amino 
acids. Interestingly, each infected animal had a unique epitope pattern within the epitope 
domains, suggesting that a heterogenous antibody response had occurred, most likely due 
to their individual genetic makeup. 

Using epitope mapping data from previous studies [5], overlapping synthetic peptides 
representing epitope Regions I, II, and HI of IpaC were used in an ELISA to further 
characterize the immune response in a large population of animals infected with S. flexneri 
[6]. Out of 44 infected monkeys producing antibodies reactive with purified IpaC, 39 were 
positive in the IpaC peptide ELISA for Regions I, II, or HI. Because some animals reacted 
with the whole IpaC protein but were not positive in the peptide ELISA, either IpaC 
epitopes other than those represented by the Region I, II, and m synthetic peptides were 
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Table 1. Epitope domains of Shigella virulence proteins. 

Protein 

IpaC 

IpaD 

IpaH 4.5 

VirG 

Immunodominant 

CI (1-61) 
CH (177-257) 
C m (298-307) 

(14-77) 

Region* 

Unique N-terminal half (1-251) 

Gl(67-191) 
Gn (951-962) 

No. of Animals 
Responding 
6/13 
12/13 

7/13 
10/13 

8/13 

11/13 
4/13 

Surface Exposed 

Yes 
Partial 

Not Determined 

Yes 

Not Determined 
Partial 

Not Determined 

*First and last amino acid residue number of the region is in parentheses. 

recognized by the infected monkeys or conformational epitopes found in the purified 
protein may not be present in the synthetic peptides. 

Not only is the multipin technique useful for identifying epitopes but we have also 
used this approach to identify epitopes that are exposed on the shigellae surface. Using 
anti-IpaD or anti-VirG antibodies affinity-purified against intact virulent shigellae coupled 
with the multipin procedure it was possible to identify surface-accessible epitopes on the 
invasive organism. Surface-exposed peptide epitopes identified in IpaD and VirG were 
located in the amino-terminal region of the protein. Other IpaD or VirG epitopes located 
in the carboxyl-terminal half of the proteins were not exposed on the organism's surface. 

Conclusion 

Epitope mapping of the Shigella Ipa proteins has identified immunodominant domains of 
each protein within which are numerous unique epitopes. Furthermore, by coupling the 
multipin technique with antibodies affinity-purified against surface epitopes of shigellae 
surface proteins, protein domains that are accessible to antibodies on the intact organism 
have been identified. 
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Human T-cell lymphotropic virus type I (HTLV-I) is the causative agent of adult T-cell 
leukemia (ATL) and the neurological disorder, tropical spastic paraparesis/HTLV-I associated 
myelopathy (TSP/HAM). In our continuing efforts to develop and engineer conformational 
epitopes for the human T-lymphotropic virus type I (HTLV-I), we have synthesized a novel 
construct, designated MVFMF1, consisting of the envelope gp46 sequence, 229-257, linked 
by a four residue sequence (Gly-Pro-Ser-Leu) to a "promiscuous" T-cell epitope from the 
measles virus fusion protein (seq 288-302). This site represents a region of considerable 
complexity both in terms of secondary/tertiary structure potential (loop, tarn, glycosylation, 
disulfide bond) as well as immunological reactivity (sero-reactivities from HTLV-I patients 
are: 209-231, 48%; 211-233, 18%; 224-244, 81%; 230-244, 50%, 242-257, 100%) [1]. 
Computer algorithms of Hopp and Woods (hydrophilicy), Kyte and Doolittle (hydropathy), 
Fraga, Hopp (acrophilicity), Welling (antigenicity), Fauchere and Pliska, and Novotny 
(accessibility) were utilized, focusing on accessibility scales. 

The structural characteristics of this new construct, MVFMF1, and various intermediate 
sequences within this construct (MFla, residues 229-257, MFlb, residues 234-257, MFlc, 
residues 242-257) were determined by CD for the purpose of comparing structural 
characteristics to immunological properties. 

Results and Discussion 

Antibody titers were determined by direct ELISA after weekly collection of sera. The 
MVFMF1 construct elicited high-titer antibodies against MVFMF1, MFla, and the 
recombinant HTLV-I protein RE3 (env 165-306). Antibodies were also shown to bind to the 
construct MFlb at lower titers and did not react to MFlc (Fig. 1). Sera were also analyzed by 
competitive ELISA. When plates were coated with the immunogen MVFMF1 and its 
intermediate construct MFla, both were able to compete for antibody binding. The 
recombinant protein RE3, however, was ineffective as an inhibitor. When RE3 was used to 
coat the plates, MFla and RE3 inhibited antibody binding, but the immunogen MVFMFl did 
not. 
Circular dichroism indicated that MVFMFl has moderate a-helical character and, as shown 
in Table 1, the a-helical character decreased for the intermediate constructs MFla, MFlb, and 
MFlc as the length of the peptide decreased. Structural characterization and immune data 
taken together indicate that a-helical character is important for the binding of antibodies to 
these constructs and that the ability of antibodies to bind decreases as secondary structure is 
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Table 1. Mean residue ellipticity ([6 ]M, k) values for peptide constructs in water or 50% trifluoro­
ethanol (TFE). Ellipticities are expressed in deg-cm /dmol Values show an increase in a-helicity 
as the length of the peptide increases. Antibody binding to these constructs correlates with a-
helicity. 

Peptide Sequence [6]M,208 in [0]M,2O8 in 

Water 50% TFE 
[0]jM,222in [0]M.222Jn 
Water 50% TFE 

MVFMFl MVF 288-302 env 229-257 5726.34 

MFla env 229-257 8200.74 

MFlb env 234-257 7432.05 

MFlc env 242-257 8565.79 

12704.3 2037.69 8953.19 

10042.48 3642.83 5417.54 

7496.43 3240.15 4392.07 

5676.88 3849.08 4213.87 

800000 

600000 

.3 400000 

200000 

391 392 
Rabbit Number 

"'*'*' 
MVFMFl 

MFla 

MFlb 

MFlc 

Fig.l. Anti-MVFMFl antibody binding to constructs MFla, MFlb, and MFlc. Data indicate that 
antibodies specific for MVFMFl bind the intermediate constructs, but to a lesser degree. Antibodies 
do not bind the MFlc construct. 
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Although current Haemophilus influenzae type b (Hib) capsular polysaccharide conjugate 
vaccines protect against Hib infection, they do not protect against other invasive typeable and 
non-encapsulated strains which are a common cause of otitis media in children. Recent 
studies [1,2] indicate that antibodies raised against the outer membrane protein D15 are 
protective in the infant rat model of bacteremia. Therefore, the use of D15 or its 
immunodominant epitopes as both additional immunogens and carriers for PRP represents a 
promising strategy to develop new conjugate Hib vaccines with enhanced protective ability 
and autologous T-cell priming. Thus, the purpose of this study was to map the antigenic 
determinants of D15 using overlapping synthetic peptides, and assess their immunogenicity 
for possible inclusion in a cross-protective synthetic H. influenzae vaccine. 

Results and Discussion 

To identify the B-cell linear epitopes of D15, rabbits, guinea pigs and mice were immunized 
with chromatographically purified recombinant D15 (rD15) emulsified in Freund's adjuvant. 
After two immunizations, all animals generated strong D15-specific antibody responses as 
judged by both ELISA and immunoblots. Thirty six peptides covering the entire D15 
sequence were synthesized and tested for their reactivities with the various anti-D15 antisera 
in peptide-specific ELISAs as previously described [3]. Bordetella pertussis peptides were 
used as negative controls. Two immunodominant linear B-cell epitopes recognized by rabbit 
anti-D15 antibodies were mapped to residues 304-323 and 769-798 of the mature D15 
sequence. Similarly, residues 45-74 and 180-209 and residues 180-209, 219-249, 241-270, 
and 554-582 were identified as guinea pig and BALB/c mouse immunodominant B-cell 
epitopes, respectively. 

Peptides containing T-cell epitopes were characterized by their ability to stimulate the 
proliferation of BALB/c mouse T-lymphocytes primed with rD15 in a standard in vitro T-
cell proliferation assay [4]. Eleven synthetic peptides corresponding to residues 114-143, 
219-249, 262-291, 282-312, 390-416, 410-435, 554-582, 577-602, 596-625, 725-750 and 
745-771 were found to be capable of stimulating the proliferation of D15-primed T-cells. 
These results indicate that peptides corresponding to residues 219-249 and 554-582 comprise 
both BALB/c mouse T- and B-cell epitopes. The identification of these immunodominant B-
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and T-cell epitopes represents a first step towards the rational design of a potentially cross-
protective Hib vaccine. 
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Antimicrobial peptides are a first line of defense against pathogens widely distributed 
among animal species. In mammals they have been found in epithelial surfaces and in 
professional phagocytes. The latter are equipped with different sets of peptides which fall 
within one of two major groups: the Cys-rich a- and P-defensins and the heterogeneous 
group of the cathelicidin-derived peptides. The cathelicidins are a family of antimicrobial 
peptide precursors characterized by a highly conserved preproregion and by a variable 
antimicrobial domain [reviewed in 1]. 

Results and Discussion 

The bovine cathelicidin gene family consists of at least eleven members. They are made of 
four exons, three of them encoding the conserved preproregion and a fourth specifying the 
antimicrobial domain. The bovine members identified are Bac5, Bac7, cyclic 
dodecapeptide (two copies), indolicidin (two copies), BMAP-27 and BMAP-28, a novel 
functional cathelicidin gene (BMAP-34), and two presumed nonfunctional genes (Bac4 and 
CATHLP). 

Exon four of the novel functional gene encodes the last four residues of the 
cathelicidin proregion and a putative 34-residue cationic peptide that was named BMAP-34 
from Bovine Myeloid Antimicrobial Peptide. The deduced amino acid sequence contains 
several charged residues (9 Arg, 3 Lys, 2 Glu and 2 Asp) and a C-terminal glycine 
corresponding to a putative amidation signal. Northern blot analysis of bovine bone marrow 
total RNA reveals a transcript of approximately 0.7 kb, indicating expression of this gene in 
myeloid cells. 

A C-terminally amidated peptide corresponding to this sequence was synthesized by 
the solid phase method using the Fmoc strategy, purified by RP-HPLC and characterized by 
ES-MS. CD analysis shows that the peptide undergoes a conformational transition from a 
random coil in aqueous buffer to an a-helical conformation on addition of trifluoroethanol 
(50-60% helical content at 30-45% TFE), indicating the amphipathic nature of the helix. 

BMAP-34 displays considerable antibacterial activity in vitro against several strains of 
both Gram negative (e.g. Escherichia coli, Serratia marcescens, Salmonella typhimurium 
and enteriditis) and Gram positive bacteria (e.g. Staphylococcus epidermidis, Bacillus 
megaterium, and Staphylococcus aureus, including methicillin-resistant strains), with 
minimum inhibitory concentration (MIC) values in the 1-12 pM range. The peptide is also 
active against the fungus Cryptococcus neoformans (MIC of 3 pM), but not against 
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Candida albicans nor does it show any lytic activity on human red blood cells, even at 
concentrations much higher than those that are antimicrobial (<2% hemolysis at 50 pM 
peptide). 

Sequencing of Bac4, one of the two nonfunctional genes, shows it is a highly similar 
to the corresponding exon and intron regions of Bac7. In particular, if translated, exon four 
would reveal a Pro- and Arg-rich sequence of 36 amino acid residues with 61% identity 
and 80% similarity (with a 10 residue gap) to the corresponding Bac7 region. This 
similarity induced us to chemically synthesize the peptide and to test its antimicrobial 
activity, although an in-frame translation termination codon in the putative exon 1 suggests 
that this gene should not be translated. At variance with Bac7 and with the fragment 
Bac7(l-35) of similar length [2], Bac4 is virtually inactive against all the bacterial and 
fungal strains mentioned above (MIC values of >96 pM) when the antimicrobial assay is 
carried out in Mueller-Hinton broth, and displays poor activity against E. coli only when 
tested in a low ionic strength buffer. 

Conclusion 

Characterization of the bovine cathelicidin gene family has allowed the identification of a 
congener with a 3' sequence encoding a novel antimicrobial peptide. This peptide belongs 
to the linear a-helical peptide group and displays potent activity against antibiotic-resistant 
pathogens such as methicillin-resistant S. aureus, a major problem in hospital-acquired 
infections, and against opportunistic pathogens infecting immunosuppressed patients, such 
as C. neoformans. For these reasons BMAP-34 could represent a good candidate as a lead 
for developing new antiinfective agents. 

In addition to BMAP-34, another peptide was deduced from a cathelicidin-related 
genomic sequence and named Bac4. Although inactive, this peptide is of interest due to its 
high similarity to Bac7, a well known antimicrobial peptide isolated from bovine 
neutrophils. In fact, using a systemic substitition approach, Bac4 can help in 
structure/activity relationship studies, being a useful starting point to identify residues that 
are essential for Bac7 activity. 
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Real-time biosensors based on surface plasmon resonance have gained wide acceptance 
among scientists studying the kinetics of biomolecular interactions. The BIAcore™ 
instrument (BIAcore, Inc., Piscataway, NJ) uses a continuous flow system in which one 
reactant is immobilized on the sensor surface, while the second reactant is directed over 
that surface in a mobile phase. Analysis of the binding kinetics is typically carried out with 
curve-fitting procedures which assume a simple, bimolecular reaction mechanism; the 
software distributed with the instrument is based on this assumption. Critical publications, 
[1,2] however, have noted that the simple model does not seem to account well for the 
data, and have suggested that mass transport of mobile-phase ligand into the dextran phase 
supporting the immobilized ligand may limit the rate of association and complicate 
estimation of dissociation. 

One obstacle to validating conformity to a specific model is the experimental difficulty 
of varying the concentration of the immobilized ligand. In the experiments reported here 
we used a biotinylated peptide, and monoclonal antibody specific to it, to generate a wide 
range of immobilized ligand concentrations. The experiments demonstrate that, at 
immobilized ligand concentration in excess of about 1 x IO"5 M (in dextran phase), the 
assumption of a simple, bimolecular model does not pertain. Computer simulations and 
use of the Clamp3® software to fit more complicated models globally to the data suggest 
approaches to remedy the problem. 

Results and Discussion 

We generated a series of "immobilized ligand" concentrations by repeatedly injecting 
biotinyl-KK(NANP)4 onto a streptavidin surface. At each level of biotinyl-peptide, a near-
saturating concentration of anti-peptide IgG was injected. A pulse of chaotropic salt 
stripped off antibody, to make way for the next round of peptide immobilization. The 
initial velocity of antibody:peptide binding (Fig. 1) was proportional to peptide 
concentration only to about 1 x IO"5 M in dextran space (= 150 resonance units of 
saturation with IgG). Above 1 x 10"4 M, the association reaction showed zero-order 
kinetics with respect to immobilized peptide. The association reaction was first-order with 
respect to mobile ligand (cf. inset) over a wide range. 
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Fig. 1. Immobilized ligand concentration on the sensor surface was varied by consecutive 
injections of biotinyl-peptide, and initial velocities of binding measured with near-saturating 
concentrations of monoclonal antibody. Inset shows kinetic dependence of binding on mobile-
phase ligand at one of several concentrations tested. 

Such experiments suggest that a precursor reaction, dependent only on mobile ligand 
concentration, asserts rate limitation on the over-all process recorded by the biosensor: 
L0 = Lj + I = LI; where L0 and Li are mobile-phase ligand outside and inside the dextran 
phase, I is immobilized ligand, and LI is the signal-generating complex. 
Computer simulations of this model, and use of Clamp3m [4] to fit real data (none shown), 
indicate that, for example, at an immobilized peptide concentration of 6.8 x IO"4 M, the 
velocity of the mass-transport step is 0.17x velocity of the bimolecular association step. 
Obviously, under such experimental conditions the analysis of BIAcore™ data in terms of 
the simple, bimolecular model leads to serious faulty estimations of kinetic parameters. 
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V3-mediated neutralization of primary isolates. 
Serology with synthetic V3 peptides demonstrates deficiencies in 

anti-V3 response 
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We wanted to know why the humoral anti-V3 response does not suffice to control viral 
replication. Initially, we used 92 overlapping decameric, and pentadecameric HIVlMnV3 
peptides and 47 singly substituted variants of a south Swedish consensus V3 synthetic 
peptide withTanzanian and Swedish HIV-1 infected sera to identify the structures most 
important for V3 antigenicity in a south cohort. They were located in the N-terminus of the 
V3 loop, including the motif -TRKRIHIGPG-. Five synthetic tetrameric V3 peptides with 
sequences derived from the N-terminal half of the V3 loops of primary isolates from four 
patients in the cohort were then used to immunize rabbits. The four isolates were chosen 
from patients whose quasispecies had been shown to contain V3 variants to which 
autologous IgG antibodies were not detectable in EIA's using synthetic V3 peptides [1]. 
Rabbit antisera and patient autologous sera were used in neutralization assays with the four 
named primary isolates. The V3 sequences of viruses emerging from the neutralization 
pressures exerted by such sera were studied. 

Results and Discussion 

In three of four cases, there were only low titers (less than 1/40) of neutralizing antibodies 
found in autologous sera. In one case, the titers were 1/80. This correlates with the 
demonstrated lack of autologous anti-V3 IgG in this serum. All rabbit antisera were 
neutralizing (including both autologous and heterologous combinations) to at least 2/4 
isolates, meaning that antibodies to the V3 are capable of neutralizing primary isolates. 
However, rabbit anti-V3 to the apparently B-cell anergic synthetic V3 peptides neutralized 
autologous isolates in only two of four cases. The V3 sequences of variants emerging from 
neutralization pressure were studied by RT-PCR and direct sequencing, while those of 
proviral DNA were studied by PCR, cloning and sequencing randomly selected clones. The 
following information was revealed: 

a) The amino acid sequences of the variant to which autologous IgG antibodies were 
not detectable in EIAs (B-cell anergic) were in 2/4 cases the majority sequence in proviral 
DNA. In the third case the majority proviral V3 sequence was one to which autologous IgG 
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antibodies had been demonstrated. An aberrant, B-cell anergic sequence obtained from the 
proviral DNA of this latter isolate, containing the sequence, -TRKRMTMGPG-,was not 
demonstrable in freely cultured virus. In the fourth case a single amino acid substitution -
TRKGIHIGPG- to TRKGIHMGPG-, differentiated the B-cell anergic variant from the 
predominant proviral one. 

b) In three of four cases the majority V3 sequence in the supernatant of freely cultured 
virus was the same as that of the proviral DNA. In two of these cases the relevant sequence 
was B-cell anergic. Thus, in these latter cases there was a deficient humoral response to the 
V3 region represented in the predominant HIV quasispecies. In one pf these two cases, the 
same sequence emerged from under 95% neutralization with autologous serum, indicating 
that the lack of IgG to this particular V3 may have afforded the variant neutralization 
evasion capacity. 

c) When the V3 sequences of variants emerging from the neutralization pressure of 
rabbit antisera on the synthetic peptide variant with sequences from the same isolate were 
studied, mutations were found in the V3 region that, were determined to be important for 
antigenicity in both such cases, further confirming this finding. 

Conclusion 

Anti-V3 antibodies are capable of neutralizing primary isolates on their own. B-cell anergy 
towards the principal neutralization determinant of HTV-1 variants infecting an individual 
may in part be an explanation for apparent immunotolerance to infection, while their 
isolates are often susceptible to neutralization by heterologous sera. EIAs with singly 
substituted variants of south Swedish consensus N-terminal V3 peptides showed that 
antigenicity of the V3 loop (PND) of HTV-1 is determined to a great extent by structures in 
the amino terminal half corresponding to the HIV1MN-TRKRIHIGPG- motif. 
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Conformational mapping of a neutralizing epitope of the C4 
region of HIV-1 gpl20 with cyclic and bicyclic peptides 
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A series of murine monoclonal antibodies (1024, 1091, 1096, 1097, 1110, 1112, 1127) 
bind gpl20 on HIV-1 and block reaction with the CD4 receptor [1]. Mabs 1024 and 1127 
potently neutralize HIV-l(MN), rivaling those directed to the V3 loop[l]. While each 
Mab requires K429 in the C4 region for binding and Mab 1024 binds a recombinant C4 
fragment [1], the identification of fine structure and conformational specificity is required 
for synthetic vaccine design[2]. In this study, we identify the epitope recognized by these 
Mabs and test a new strategy for conformational mimicry using monocyclic and bicyclic 
disulfide loops. 

Results and Discussion 

Peptides were synthesized with an ACT-350 multiple peptide synthesizer using Fmoc 
chemistry. Disulfide loops were prepared by linking two free cysteines in 10% DMSO/H2O, 
pH 4 [3]. Bicyclic peptides were formed by linking two free cysteines and then two 
protected Cys-Acm with iodine in 10% acetic acid. Peptides were purified by HPLC, 
confirmed by MS and monitored for stability by HPLC before and after ELISAs. 

Acetyl-KQHNMWQKVGKAMYAPPffiGQIRC-NH2 from the C4 region was coupled 
to maleimide-activated BSA. Each Mab from the series with the possible exception of Mab 
1024 bound the peptide-BSA in an ELISA. Shortening the C4 peptide from its C-terminus 
identified PPI as one end of the epitope. Shortening acetyl-KQUNMWQKVGK 
AMYAPPIE from its N-terminus identified acetyl-KVGKAMYAPPI-NH2 as the shortest 
peptide that binds each of the Mabs. Mab 1024 binds this peptide much better than the 
longer peptides in the ELISA. Although this region of gpl20 is known to be exposed, 
efforts to raise neutralizing antibodies to corresponding peptides have failed, presumably 
reflecting a conformational requirement [4]. To begin defining and mimicking the 
conformation of the C4 epitope, the following strategy was pursued. 

First, an L-alanine scan of AC-KVGKAMYAPPIEC-NH2 (the two Ala were scanned 
with Gly) using an ELISA showed that all amino acids except V, M and E bind each of the 
Mabs with the most critical residues being the two Ks and I. A competition ELISA was 
used to fine tune these results for Mabs 1024 and 1127. Substitution of M and E with L-Ala 
may slightly improve binding. Replacing V with L-Ala reduces binding several-fold. 
Replacing either of the terminal K or I residues with L-Ala reduces affinity more than 
1000-fold. Interestingly, substitution of Gly with D-Ala improves affinity, suggesting that 
the Mabs bind either KVGK or VGKA as a reverse turn [5]. 
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Second, all possible disulfide loops that could be found by replacing non-critical 
amino acids with L-Cys, replacing Gly with D-Cys and using L-Cys and in some cases D-
Cys at the termini of the epitope were synthesized. Relative affinities of the disulfide loops 
for Mabs 1024 and 1127 were measured in competition ELISAs (Table 1). The data is 
approximate. Mabs 1024 and 1127 showed similar profiles (Table 1). Although a range of 
affinities was observed, no cyclic peptide binds better than its' corresponding linear 
peptide. However, acetyl-[CKVGKAMYAPPIC]-NH2 shows only a 4-8 fold reduction in 
affinity relative to acetyl-GKVGKAMYAPPIG-NH2. This observation is significant since 
the terminal K and I residues are critical for binding. Together with the scanning data, it 
strongly implies that the epitope is a well exposed loop that positions the N- and C-
terminal amino acids, K and I, close together in the Mab binding pocket. 

Table 1. Competition ELISAs of Peptides for C4 Mabs. 

MAb 1024 MAb 1127 
Peptides IC50(10"7M) IC5o(10"7M) 

AC-GQKVGKAMYAPPIG-NH2 
AC-KVGKAMYAPPIEG-NH2 
Ac-[CQKVGKAMYAPPIC]-NH2 
Ac-GKVGKA[CYAPPIEC]-NH2 
Ac-GKV[XKAMYAPPIEC]-NH2 
Ac-GKV[XKAC]YAPPIEG-NH2 
Ac-[CQKV[XKAC]YAPPIC]-NH2 

X= D-Cys. Brackets delineate disulfide loops. 

Third, we tested several bicyclic disulfide loops built on the best binding loops. One 
of the bicyclic peptides, acetyl-[CQKV[(D-Cys)KAC]YAPPIC]-NH2 showed improved 
affinity relative to the monocyclic peptides and affinity similar to the corresponding 
linear peptide for both Mabs 1024 and 1127 (Table 1). This implies that the Mabs bind a 
complex loop with multiple turns that is partially mimicked by the bicyclic peptide. 

This research was supported by NIH AI37512. This is publication 11041-MB from The 
Scripps Research Institute. 
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Further characterization of anchor and non-anchor residues on 
deca- and undeca-peptides in addition to nona-peptides, 
which bind to the HLA Class I molecules (HLA-B*3501) 
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HLA-I binds endogenously processed self or viral peptides and presents them to CTL. 
Interactions between ligand peptides and MHC molecules are strictly governed by a motif [1]. 
HLA-I binding peptides carry anchor residues which are a minimum requirement for 
recognition, but residues other than anchors are also important in binding nona-peptides [2]. 
An efficient quantitative assay method has been developed using flow cytometry with the 
RMA-S cells transfected with the HLA gene [3]. Binding of peptides to HLA-I can be 
quantitated using this assay system and statistical residue-pocket analysis of binding for the 
9-mer peptides has been successfully carried out [2, 4]. In the present report, further 
characterization of the binding of 10- and 11-mer peptides is described and compared with 9-
mer peptides. 

Results and Discussion 

Highly efficient solid-phase syntheses of more than 400 nona-undeca peptides related to virus 
proteins (HIV-1, HTLV-1, -2, HCV, HPV) were performed. Synthetic peptides were 
characterized by HPLC and MALDI-MS. Binding affinity was classified into four different 
classes with score values between 3 and 0. The results indicate that all binding peptides have 
two anchor residues at the C-terminus (Y, L, I, F or M) and a 2nd position (P) as an additional 
anchor, which are minimum requirements. The positive and negative influence of amino acid 
side-chain functions at non-anchor positions has been statistically analyzed to evaluate the 
binding features (detail in [5]). In the case of 10 mers, aromatic bulky residues at position 1 
and aliphatic hydrophobic residues at positions 3, 5 and 8 enhanced binding but positively 
charged side-chains at positions 6 and Pro at position 8 gave negative effects. In the case of 
11 mers, positions 1 and 3 are similar to 10 mers and acidic or polar residues at positions 4, 
8 and 10 enhanced binding but negative effects were observed for small residues carrying 
small side chains at position 1 and positively charged residues at positions 3, 5 and 7. The 
forecasting of binding peptides was carried out using ca 30 peptide fragments independently 
chosen from EBV and HCV to confirm the prediction based on the present results. The effects 
of residue change are summarized in Fig. 1. 
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Fig. 1. Refined HLA-B 3501 binding motif for nona-, deca-, and undeca-peptides. Hatched residues 
in the lower panel are associated with low affinity to HLA-B 3501 and residues in the upper panel 
significantly enhance binding to HLA-B 3501. Blank boxes in the upper panel are permissive to all 
residues. Small italicized residues were associated with low (lower panel) or high (upper panel) 
binding. 

Conclusion 

The refined HLA-B*3501 peptide binding motifs enhanced the screening of T-cell epitopes. 
The disparity between positive effects at the middle and C-terminal part (positions 5-8 and 10) 
of 11-mers and shorter peptides supports the extrusion of 11-mer residues at positions 5, 6 and 
7, away from the HLA-B*3501 binding cleft. These binding peptides were mixed with the 
lipopeptide and immunized to HLA-B*3501 transgenic mice. After in vitro stimulations, 
several peptides showed a CTL response [6]. These results indicate that the peptides are 
possible vaccine candidates. 
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Delivery of peptide epitopes for HTLV-I 
using biodegradable microspheres 
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Peptide epitopes, being poorly immunogenic, require efficient delivery protocols as well as the 
co-administration of an appropriate adjuvant to enhance the immune response. New peptide 
delivery formulations that optimize the interaction of antigen with immune system cells are 
urgently required for the design of new vaccines. Thus far, one of the most promising antigen 
delivery systems appears to be biodegradable polymer microspheres of poly(lactide-co-
glycolide) (PLGA). This polymer has the advantage of being approved by the FDA as safe for 
human use. Furthermore, biodegradable microspheres can provide the prolonged and 
sometimes pulsatile release that can effectively mimic and possibly replace conventional 
immunization protocols. 

In an effort to develop peptide vaccines for the human T-lymphotropic virus type I 
(HTLV-I), a new peptide construct has been synthesized and encapsulated in biodegradable 
microspheres. This construct, denoted MVFMR4, consists of the viral envelope glycoprotein 
46 (env gp46) sequence of 175-218 linked C-terminal to the promiscuous T-cell epitope, 
MVF, of the measles virus fusion protein (aa 288-302). The gp46 sequence was chosen 
because of the presence of an immunodominant region (aal90-209) [1], a major T-cell epitope 
(aa 194-210) [2], predicted CTL epitopes [3], and the ability of the sequence 190-209 to elicit 
high-titered antibodies specific for the native envelope protein [4]. We also previously 
demonstrated that a similar sequence (SP4exMVF) of HTLV-I elicited high titers of anti­
peptide antibodies in both mice and rabbits that recognized the recombinant proteins RE3 (env 
165-306) and MTA-1 (env 162-209). In this work we compare the immune responses of 
rabbits immunized with i) encapsulated peptide with adjuvant (nor-muramyl dipeptide), ii) 
encapsulated peptide without adjuvant, and iii) non-encapsulated peptide with adjuvant. 

Results and Discussion 

A novel encapsulation procedure using trifluoroacetic acid as the polymer carrier solvent was 
used to encapsulate the peptide construct MVFMR4 with high loading. Sera were collected 
weekly and analyzed by direct ELISA. Rabbits showed moderate to high titers after five 
weeks. Initial responses indicated that the presence of nor-MDP had no apparent effect. 
However, after six weeks, titers clearly demonstrated the effects of adjuvant and indicated a 
synergistic effect with the encapsulated peptide. The response of the encapsulated peptide 
without adjuvant suggests that the microspheres are adjuvant-active. Cross reactivity data, as 
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shown in Fig. 1, indicate that the antibodies also bind to the HTLV-I recombinant protein, RE3 
(aal 65-306). Antibodies raised to MVFMR4 were shown to not significantly bind MVF. 
Rabbit sera were also studied by competitive ELISA. The immunogen MVFMR4 was shown 
to inhibit antibody binding to both MVFMR4 and to the recombinant protein RE3. Results 
indicated that the affinities of the antibodies for MVFMR4 and RE3 are similar. This 
demonstrates that the peptide construct is effectively mimicking the native protein. 

80000 

579 581 
Rabbit Number 

584 
ly + 6 

Fig. 1. Antibodies titered against the recombinant HTLV-I protein RE3 by direct ELISA. Rabbit 579 
was immunized with encapsulated MVFMR4 and adjuvant, rabbit 581 with encapsulated MVFMR4, 
and rabbit 584 with free MVFMR4 and adjuvant. 

In conclusion, the ability of the polymer microspheres to potentiate the immune response 
has been demonstrated. Furthermore, antibodies raised to the MVFMR4 epitope were highly 
specific for the native protein. The effectiveness of the immunogen will be evaluated by 
syncytia inhibition assay and viral challenge of the immunized rabbits with HTLV-I infected 
cells. (This work was supported by grants AI40302 and AI0D40302-01 to PTPK). 
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Differences in encephalitogenicity in MBP peptide 68-88 due to 
histidine racemization 
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Experimental allergic encephalomyelitis (EAE), a demyelinating disease affecting the central 
nervous system, can be actively induced in rats and mice by immunization with myelin basic 
protein (MBP) or MBP peptides. Residues 68-88 of guinea pig myelin basic protein 
(MBP68-88) (GSLPQKSQRSQDENPVVHF) is an encephalitogenic epitope in the Lewis rat. 
In the synthesis of this peptide by Fmoc SPPS, we encountered a second product (Comp2) 
which, unlike MBP 68-88, had weak, if any, encephalitogenic activity. This was not a 
complete surprise, since specific amino acid substitution or N-terminal acylation of MBP 
peptides has been shown to affect their encephalitogenic properties [1,2]. Different analytical 
techniques were used to characterize the two compounds and NMR analysis showed that a 
racemization of His87 had occurred during the synthesis. The presence of a D-His in Comp2 
was confirmed by carboxypeptidase A digestion. In this report, we show that not only can 
racemization of the L-His to D-His at position 87 alter the encephalitogenicity of the 
MBP68-88 peptide but can also protect animals from EAE induced by the native peptide. 

Results and Discussion 

After standard Fmoc SPPS using OPfp/HOAt amino acid, TFA cleavage and ether 
precipitation, C18 RP-HPLC analysis of crude MBP 68-88 peptide showed the presence of 
two products in a ratio of 2 to 3. The two compounds were purified by SemiPrep RP-HPLC. 
The purified products maintained a different retention time after lyophilization. MALDI-TOF 
mass spectrometry showed an essentially identical mass for both products (Compl 2153.78 
Da, Comp2 2154.63 Da). Amino acid analysis and sequencing gave the expected amino acid 
composition. CD spectra in the 190-280 nm region showed no secondary structure for either 
compound. NMR analysis was used to elucidate the difference between the two compounds. 
Magnitude mode correlation experiments (COSY) were done in 100% D2O at pH 6.3 on a 
Bruker WH-400. The COSY indicated differences in the His87 ring (H) proton chemical shifts. 
Correlation Experiments (TOCSY, 70msec) and ROESY(rotating Frame Overhauser 
experiment, 150 msec) were done on lmM peptide samples in 90% H20/10% D20 pH 6.3 on 
a Bruker AM-600. Small chemical shift changes were seen in NH of His87 and Phe88. Small 
downfield shifts were also seen for Val86 beta and methyl protons, consistent with the 
deshielding expected for D-L compounds [3]. These differences indicate the presence of 
LVal86 and DHis87 in Comp2. For this synthesis we used FmocHis(Trt)OPfp/HOAt, which 
theoretically should protect the His from its natural tendency to racemize. To further confirm 
these findings the two compounds were digested using Carboxypeptidase A. The products 
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were purified by HPLC and analyzed by MALDI-TOF. As expected, due to the presence of 
Pro84, digestion of Compl stopped at Val85 (Carboxypeptidase A is unable to cleave Pro-X 
sequences). Comp2 was unaffected by the enzyme and no cleavage was detected. 
Carboxypeptidase A is stereoselective for L amino acids. 

To determine whether racemization of His87 would affect the encephalitogenicity of the 
peptide, Lewis rats were immunized in the hind foot pads with 100 ug of either the L or 
D-containing MBP68-88 peptide, emulsified in complete Freund's adjuvant (CFA). The native 
peptide (Compl) was effective in inducing EAE, in that 80% (4/5) of the animals showed 
clinical signs of disease after day 10 with a mean clinical score (MCS) of 1.2. However, in the 
group that received Comp2 only .one of five animals showed any signs of the disease and in 
that animal the severity was low (Grade 1). Animals receiving PBS/CFA alone showed no 
signs of disease. Two weeks after the animals in group one recovered, all the animals were 
challenged with Compl. In Lewis rats, native MBP68-88 peptide induces an acute monophasic 
form of EAE that cannot be reinduced. Therefore, as expected, the animals initially immunized 
with Compl showed no sign of EAE (MCS 0) as compared to the PBS controls in which 80% 
(4/5) got EAE with a MCS of 2. Interestingly, only 1/5 (20%) of the animals immunized with 
Comp2 prior to challenge with Compl got a mild form of EAE (MCS of 0.2)(Table 1). 

Table 1. Each group consisted of 5 animals. 100 \i.g/animal were used for both peptides. 

Group First injection with: MCS at day 13 Second injection with: MCS at day 42 

1 87LMBP68-88 1.2 87LMBP68-88 0 
2 87DMBP68-88 0.2 87LMBP68-88 0.2 
3 PBS control 0 87LMBP68-88 2.0 

Collectively, these results suggest that racemization of His87 from L to D conformation 
can suppress the encephalitogenic activity of the peptide. Moreover, this peptide seems to 
have therapeutic potential in that it can prevent active induction of EAE by the native form. 
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TFA/HC1 mixture as an alternative to the standard propionic 
acid/HCl mixture for aminoacyl- and peptidyl-resin hydrolysis 

G.N. Jubilut, A. Miranda, E. Oliveira, E.M. Cilli, 
M. Tominaga and CR. Nakaie 

Departamento de Biofisica, Universidade Federal de Sao Paulo 
Rua 3 de Maio, 100 - Sao Paulo, SP 04044-020, Brazil. 

For decades, the propionic acid/12 N HCl (1:1, v/v) mixture at 130 °C [1] or 160 °C [2] 
has been used as the standard solution for aminoacyl- or peptidyl-resin hydrolysis. 
However, no further systematic study has been carried out concerning the applicability of 
this hydrolysis protocol to other resins introduced later in the SPPS field. In this regard, we 
have recently demonstrated that much longer hydrolysis time than reported in the literature 
is necessary for quantitative cleavage of aminoacyl- or peptidyl-groups from most resins 
used in the Boc-strategy [3]. The hydrolysis times necessary for complete cleavage of Phe 
resin are 100 h (at 130 °C) or 30 h (at 160 °C) for benzhydrylamine-resin (BHAR) and 30 h 
(at 130 °C) or 18 h (at 160 °C) for p-methyl-benzhydrylamine- (MBHAR) and 4-
(oxymethyl)-phenylacetamidomethyl-resin (PAMR). In order to propose a more accelerated 
hydrolysis protocol, the present report describes a comparative time-course hydrolysis 
study of aminoacyl- and dipeptidyl-resins using a trifluoroacetic acid (TFA)/12 N HCl 
hydrolysis mixture in different proportions. The Gly and Phe residues and the 
corresponding dipeptide sequences (Ala-Gly and Ala-Phe) coupled to PAMR, BHAR, 
MBHAR and also to chloromethyl-resin (CMR) were studied as models for this alternative 
hydrolysis condition at 160 °C. 

Results and Discussion 

Initially, the hydrolysis rates of Phe-BHAR in several 12 N HCl solutions containing 
increasing amounts of TFA (from 9:1 to 1:1, v/v) were measured. The fastest cleavage of 
the resin-bound aminoacyl group was obtained at a 1:3 ratio of TFA to HCl. This binary 
solution was therefore selected for comparative time-course hydrolysis studies with the 
propionic acid/HCl mixture. 

As seen in Table 1, irrespective of the resin or the nature of the resin-bound group, the 
hydrolysis rate with the TFA/HC1 mixture was always higher than with the standard 
propionic acid/HCl solution. For instance, in the stable Phe-BHAR or Ala-Phe-BHAR 
samples, reaction times necessary for complete hydrolysis at 160 °C decreased from 30 to 
20 h and from 24 to 15 h, respectively. These findings suggest that, similar to findings 
concerning the hydrolysis of proteins [4], the 12 N HCl solution containing TFA is a more 
efficient mixture to accelerate cleavage of any resin-bound aminoacyl- or peptidyl- groups. 
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Table 1. The approximate time necessary for complete hydrolysis of aminoacyl- and peptidyl-
resins in: (A), propionic acid: 12 N HCl (1:1, v/v) and (B), TFA: 12 N HCl (1:3, v/v) at 160 °C. 

CMR PAMR MBHAR BHAR 
A B A B A B A B 

Time (h) 
Gly-R - - 8 
Phe-R - - 15 

Ala-Gly-R 0.5 0.3 3 
Ala-Phe-R 7 1 jj 

Confirming previous results [3], regardless of the hydrolytic solution Phe was more 
stable than Gly towards acid cleavage, and the hydrolysis rate from the resin was higher 
when their comparative N-terminal portions were acylated with another aminoacyl group 
(Ala). Finally, in comparative studies of resins, the following order of decreasing acid 
stability was observed: BHAR (MBHAR = PAMR) CMR. 
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Investigation of aggregation and binding 
of p(12-28) using NMR spectroscopy 

Dimuthu A Jayawickrama and Cynthia K. Larive 
Department of Chemistry, University of Kansas, Lawrence, KS 66045, USA 

Aggregation is a common problem associated with the purification, analysis, stability and 
activity of proteins and peptides. Hydrophobic interactions often play an important role in 
stabilizing these aggregates in aqueous solutions. This has been investigated using a model 
peptide, a 17 residue fragment (3(12-28), VHHQKLVFFAEDVGSNK, of the Alzheimer's 
associated P-amyloid peptide at low pH in aqueous solution. Previous studies have shown 
that P(12-28), like the parent 39-42 residue peptide, undergoes amyloid fibril formation in 
vitro above pH 4[1]. At low pH the NOESY spectrum of P( 12-28) shows strong unusual 
cross peaks in the aromatic region defined by hydrophobic residues 17-21 [2] that suggest 
formation of aggregates. Pulsed-field gradient nuclear magnetic spectroscopy is used to 
determine the diffusion coefficient of the peptide [3]. Since the diffusion coefficient is 
inversely proportional to the size, an increase in size will result in a decrease in the 
diffusion coefficient. The concentration dependence of the P( 12-28) diffusion coefficient is 
indicative of self-association, consistent with a monomer-dimer equilibrium. 

Chemical additives such as beta-cyclodextrin (P-CD), trimethylsilylpropionic acid 
(TSP) and naphthylalanine (NapAla) have also been used to probe the role of hydrophobic 
and TC-71 interactions in aggregation. Furthermore, the relaxation rates and rotational 
correlation times (TC) of hydrophobic groups of the peptide and chemical additives can be 
used to evaluate the degree and site of binding. The use of capillary electrophoresis was 
examined for the measurement of peptide aggregation and binding to these and other 
chemical agents, although in our hands these results were unsuccessful. 

Results and Discussion 

The change in chemical shifts of Val18, Leu17, Phe19 and Phe20 with P-CD concentration 
(Fig. 1.) suggests complex formation involving this region of the amino acid sequence. 
The changes in chemical shifts of the Val18 methyl groups are the most pronounced, 
indicating binding of the P-CD to the Val18 side chain. Alternatively, complexation of one 
of the nearby phenyl rings or a change in the conformation of the peptide could also result 
in a change in the Val18 methyl proton chemical shifts due to a change in the local chemical 
environment. In Fig. 1, similar changes are observed for both the Phe20 and Leu17 proton 
chemical shifts. 

TSP appears to interact strongly with the p( 12-28) peptide at low pH. In solutions of 
TSP and the peptide the linewidth of TSP increases significantly as shown in Table 1. TSP 
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can provide a strong hydrophobic face with its three methyl groups and, therefore, interact 
with the hydrophobic region of the peptide. Electrostatic interactions of the negatively 
charged TSP with the positively charged peptide may also stabilize this interaction. In 
addition, a significant decrease in the diffusion coefficient of TSP (Table 1) is indicative of 
binding to the peptide. 

Table 1. Results of the TSP titration of 1.48 mM 0(12-28). 

[TSP] 

0.20 mM 
1.53 
1.94 
2.54 
2.75 
3.33 
4.25 

linewidth 

40.47 Hz 
34.37 
34.59 
34.59 
31.86 
31.29 
28.64 

DTSP x 10 

3.4 cmV1 

3.8 
4.6 

In conclusion, hydrophobic contacts can be probed with NMR by measuring the effect of 
small molecules with a hydrophobic and/or aromatic nature. Chemical shifts, linewidths 
and diffusion coefficients all can be used as analytical parameters to investigate these non-
polar intermolecular interactions. 
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ESI-MS and MALDI-MS analysis, and amino acid sequencing 
of three multiple-antigen peptides (MAPs) 

Robert R. Becklin" and Dominic M. Desiderioab 

Charles B. Stout Neuroscience Mass Spectrometry Laboratory, Departments of "Biochemistry & 
Neurology, University of Tennessee, Memphis, Memphis, TN 38163, USA 

ESI-MS and MALDI-MS were used to determine the MWs and amino acid sequencing was 
used to determine the sequences of three MAPs whose peptide sequences were derived from 
the cloned rat delta-opioid receptor (DOR). MAPs are synthetic compounds that contain 
multiple copies (eight in our case) of a peptide attached to an oligomeric, branched lysine 
core matrix and are used as immunogens for the production of antibodies. The inherent 
advantage of the MAP approach over the traditional peptide-carrier protein approach is that 
the immunogen is a small structural unit that is amenable to characterization prior to 
immunization. Such characterization allows full confidence in the interpretation of results 
gained from the use of anti-MAP antisera. 

Results and Discussion 

Each MAP was purified by RP-HPLC prior to ESI-MS, MALDI-MS and amino acid 
sequencing. Table 1 shows the amino acid sequence of each peptide that is coupled to the 
MAP core matrix via its carboxy terminus and the calculated and observed MW for each 
MAP. An AutoSpecQ instrument (VG-Fisons) was used for ESI-MS and a Voyager 
Biospectrometry workstation (PerSeptive Biosystems) was used for MALDI-MS. The ESI-
MS spectrum (Fig. IA) and the MALDI-MS spectrum (Fig. IB) of B3 MAP each shows a 
multiply protonated ion series. Therefore, MAPs act much like proteins and peptides during 
ionization as a range of multiply charged ions is generated. Similar results were obtained for 
B2 MAP and B4 MAP. HPLC purification significantly improved the MALDI-MS mass 
resolution of each MAP. MALDI-MS appears to be an easier approach for MAP 
characterization and is not as susceptible to impurities as is ESI-MS, although mass accuracy 
better in ESI-MS. Edman-based sequencing determined the full, correct amino acid sequence 
of each peptide on each MAP. 

The combination of HPLC, MS and amino acid sequencing proved to work very well 
for the identification and characterization of each MAP and will also likely prove to be a 
powerful method for the characterization of other MAPs. 
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Table 1. Amino acid sequence, calculated MW and observed MW ofB2, B3 & B4 MAPs. 

Amino Acid 
Sequence 

Calculated 
MW 

ESI observed 
MW 

MALDI observed 
MW 

B2MAP SGSPGARSASS- 8,553.0 8,540(0.2%) 8,497(0.7%) 

B3MAP MEPVPSARAEL- 10,444.3 10,455(0.1%) 10,380(0.6%) 

B4MAP GQEPGSLRRPRQ- 11,893.5 11,976(0.7%) 11,862(0.3%) 

JL_ 

2U tin tio ifo '°°° »°° l'°° "°° m/' 

Fig. 1. A) ESI-MS spectrum and B) MALDI-MS spectrum of HPLC-purified B3 MAP. The insert in 
A) contains the transformed ESI-MS spectrum. 



Stability studies on peptide aldehyde enzyme inhibitors 

Patricia A. Messina, John P. Mallamo, and Mohamed A. Iqbal 
Cephalon, Inc. West Chester, PA 19380, USA 

Peptide aldehydes are reversible [1,2], competitive [3], highly potent and specific inhibitors 
of cysteine [4,5], serine [6], and aspartyl proteases [7,8]. Although peptide aldehydes may 
not be ideal drug candidates due to their short half-life in biological systems, they are very 
often useful in optimizing the structural requirements of protease inhibitors. 

Instability of peptide aldehydes is observed under several conditions and frequently 
arises from hydration [10] and oxidation of the aldehyde functional group and, in some 
cases, by an internal cyclization [11,12] leading to a hemiaminal. During the synthesis and 
design of protease inhibitors, we observed the cyclization and dehydration of dipeptide 
aldehydes. In order to study the structural and environmental factors which govern by­
product formation, we carried out a systematic study. Of several dipeptide aldehydes 
exposed to neutral and acidic conditions, the results suggest that stability is increased in the 
presence of a bulky residue at PI, enantiomeric configurations at PI and P2, and a tosyl 
protecting group. 

Results and Discussion 

Effect of P1 Residue Effect of Configuration Effect of Protecting Group 

TimB (h) 

Fig.l Fig. 2 
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The selected compounds did not show any cyclization under neutral conditions. Under 
acidic conditions the following results were obtained. Dipeptide aldehyde analogues 
containing Gly, Abu, Leu, tBuG, and Phe at the PI position were studied. The results 
indicate that the bulky sidechain in tBuG enhances the stability of the structure (Fig. 1.). 

To analyze the effect of configuration, four dipeptides (Z-D-Leu-Phe-H, Z-Leu-Phe-H, 
Z-D-Leu-D-Leu-H, and Z-Leu-Leu-H) were studied. The peptide with the D-configuration 
at P2 (Z-D-Leu-Phe-H) is more stable than the other three peptides. As expected, the Z-D-
Leu-D-Leu-H peptide behaves similarly to the Z-Leu-Leu-H peptide (Fig. 2.). The four 
peptides, Z-Leu-Leu-H, Tosyl-Leu-Leu-H, Fmoc-Leu-Leu-H, and Ac-Leu-Leu-H were 
studied to examine the effect of the protecting group. The results indicate that the tosyl 
group was more effective in stabilizing the linear structure in comparison to the other 
compounds (Fig. 3.). 
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The selectivity of C18 reversed-phase for peptides 
depends on the type of silanes linked to the silica matrix 

Paul J. Kostel, Yan-Bo Yang and William H. Campbell 
Vydac, 17434 Mojave Street, Hesperia, CA 92345, USA 

A new "monomeric" bonded C18 reversed-phase HPLC packing provides alternative 
selectivity for peptide separation. Exploiting selectivity differences between reversed-phase 
columns assists in analysis and purification of peptides. Changing the TFA concentration 
in the mobile phase is another means of altering peptide selectivity. 

Results and Discussion 

10 minutes 

Fig. 1. Synthetic peptides on two 300A C18 silica reversed-phase columns. Note the greater 
resolution of components in the 18-26 minute range on the 238TP54 column. The 218TP54 
column, however, gives better selectivity for at least two components emerging at 10-15 minutes. 
Both columns were 4.6 mm ID x 250 mm L. Chromatographic conditions were identical. 
Conditions: 1.0 mL/min, absorbance at 220 nm, gradient from 10% to 40% ACN with 0.1% TFA 
(w/v) over 30 minutes. Sample: Mixture of standard peptides, listed with peak identification: 
1>GY, 2>VYV, 3> neurotensin fragment 1-8 (pELYENKPR), 4>acRGGGGLGLGK-NH2, 
5>RGAGGLGLGK-NH2, 6>acRGAGGLGLGK-NH2, 7>acRGVGGLGLGK-NH2, 8>oxytocin 
(CYIQNCPLG-NH2), 9>met enkephalin (YGGFM), 10>bradykinin (RPPGFSPFR), 
ll>acRGWGLGLGK-NH2, 12>neurotensin fragment 8-13 (RRPYIL), 13>angiotensin II 
(DRVYIHPF), 14>leu enkephalin (YGGFL), 15>neurotensin (pELYENKPRRPYIL), and 
16>angiotensin I (DRVYIHPFHL). 

Vydac TP is a high-purity 300A pore-size silica produced from purified organic silicates. 
Historically, protein/peptide reversed-phase adsorbents produced from TP silica have had 
"polymeric" bonded phases - synthesized from polyfunctional silanes which produce 
crosslinking of the hydrophobic phase on the silica surface. This produces columns with 
very long lifetimes and no measurable stationary phase leaching. Vydac 218TP is a C18 
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reversed-phase adsorbent produced in this way. More recently a "monomeric" C18 
adsorbent based on the same silica has been produced. Called 238TP, it is mono-silane 
bonded and exhaustively end-capped. 

It can be seen from the chromatograms (Figs. 1. and 2.) that under identical operating 
conditions 218TP and 238TP exhibit comparable retention of peptides, but subtle 
differences in selectivity. This can help in separating peptides that are not resolved or 
incompletely resolved if only one type of reversed-phase column is tried. 

Changing the concentration of TFA modifier in the mobile phase (Fig. 2.) is another 
way to change selectivity. For reproducible runs it is important that THE TFA 
concentration be clearly specified (v/v or w/v) and carefully controlled. 

tryptic digest of apotransferrln 

0.2-

AU 

0.1 

LL -̂
0.1% TFA 

0.3% TFA | II 

0.1% TFA 
238TP54 

0.3% TFA 

—r "T-
DTT 20 30 40 50 60 70 80 

minutes 

full chromatogram: same as trace #3 above 

minutes 

Fig. 2. Effects of reversed-phase column type and TFA concentration. The bottom trace is a 
complete chromatogram. The upper traces show the region from 15 to 85 minutes, in which 
virtually all tryptic peptides emerge, for four individual runs with the vertical scale expanded to 
facilitate comparison. Samples identical for all runs. Conditions: 1.0 mL/min, absorbance at 215 
nm, TFA concentration (w/v) as indicated, gradient from 0% to 50% ACN over 100 minutes. Both 
columns were 4.6mm ID x 250mm L. Sample: Tryptic digest of apotransferrin. 



Purification of a crude synthetic peptide by strong cation 
exchange: Breaking up hydrophobic complexes prior to 

reversed-phase 

Paul Kostel 
Vydac, 17434 Mojave Street, Hesperia, CA 92345, USA 

In peptide syntheses, hydrophobic contaminants often accumulate from condensation of 
side chain protectants and scavenger reagents. These contaminants complex with peptides 
and bind to reversed-phase columns, interfering with peptide purification by reversed-
phase chromatography. A two-stage purification including ion-exchange chromatography 
with a chaotropic solvent in the mobile phase followed by reversed-phase chromatography 
overcomes these difficulties and provides several advantages. 

Results and Discussion 

Including a chaotrope in the mobile phase for ion-exchange chromatography favors ionic 
retention and breaks up hydrophobic complexes. In this work, an ion-exchange separation 
(Fig. 1.) in the presence of the chaotrope, 25% acetonitrile, was used for initial purification 
of a crude synthetic peptide. The ion-exchange column provides an ideal first step because 
of its high loading capacity. In addition, uncharged hydrophobic contaminants that can 
interfere with reversed-phase separation are not retained and are removed by the ion 
exchange step. Reversed-phase analysis of the crude synthetic peptide (Fig. 2.) does not 
clearly indicate a main peak. In this case, running ion exchange with organic solvent helps 

AU 

0.00. :J 

RPof 
crude 

Fig. 1 (left). Strong cation-exchange (SCX) separation of crude peptide. Sample: crude 23-mer 
containing met, but no cys or trp. Column: Vydac 400VHP575 sulfonic acid polymer cation 
exchange, 5pm, 7.5mm ID x 50 mm L. Conditions: lmUmin. 220 nm. Buffer A= 0.1% TFA (w/v) in 
25%ACN. Buffer B = A + 500 mM NaCl. Gradient = 0to 60%B in 30 minutes. 

Fig. 2 (right). Reversed-phase chromatography of crude peptide. Column: Vydac 218TP54 C18, 
5pm, 4.6mm ID x 250mm L. Conditions: 1.5 mUmin. 220nm. Gradient = 20-60% ACN over 30 
min in 0.1% TFA (w/v). Note that a broad, irregular peak is present at about 9 minutes, and there 
is no 19 minute peak in this run. 
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identify the desired product. For charged synthetic peptides, failure sequences will have 
equal or lesser charges. The target peptide will normally be in the longest-retained ion-
exchange peak. Reversed-phase of selected fractions from the ion exchange separation 
(Figs. 3 - 6 ) succeeds in isolating the desired product (Fig. 6.). For synthetic peptides, the 
chemically resistant polymer-based ion-exchange column removes HF and TFA reagents 
and prevents them from attacking the silica-based reversed-phase column. The differing 
selectivities of ion exchange and reversed phase produce a high degree of purification. The 
procedure can also be used for purifying proteins and peptides from other sources. 

0.02< 

AU 

0.00-

RPof 
SCX peak 1 

• V — ^ 

\ 

1 1 

HP of 
SCX peak 2 

^ y y - J ^ 

Fig. 3 (left). Reversed-phase of SCX Peak 1. Column and conditions as described for Fig. 2. This 
run shows that SCX peak 1 contained the small molecules present in the broad, irregular peak and 
a 19 minute peak that was not present in the reversed-phase separation of the crude peptide 
because the molecules ran as a complex which eluted with an earlier retention time. The 25% ACN 
in the SCX run broke up this complex. 

Fig. 4 (right). Reversed-phase of SCX Peak 2. Column and conditions as described for Fig. 2. 
This SCX peak contained both the 14 minute peak that was present in the reversed-phase 
separation of the crude peptide and the 19 minute peak that was not present in the crude run. This 
complex was also broken up by the 25% ACN in the SCX run. 
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Fig. 5 (left). Reversed-phase of SCX Peak 3. Column and conditions as described for Fig. 2. This 
SCX peak contains a variety of small peaks as well as the 19 minute peak. This is a good example 
of ion exchange simplifying the subsequent reversed-phase isolation. Unless the 19 minute peak is 
important, all of this material is best removed by SCX prior to the reversed-phase step. 

Fig. 6 (right). Reversed-phase of SCX Peak 4. Column and conditions as described for Fig. 2. 
This peak was predicted to be the full length peptide, and this was confirmed. Doing an initial 
SCX step in a large scale purification of this peptide is very efficient because the C18 load 
contains only this fraction. All the material that eluted in Figures 3, 4 and 5 would never be 
loaded onto the prep C18 column. 



Molecular recognition using a peptide combinatorial library 
and its detection by surface plasmon resonance spectroscopy 

Hiroshi Taniguchi," Koji Inai,b Takahisa Taguchi3 

and Susumu Yoshikawa3 

"Osaka National Research Institute, AIST, lkeda, Osaka 563, Japan 
Medical Development Group, Kararay Co., Ltd., Kurashiki 710, Japan 

Although peptides are potent molecules for specific molecular recognition of some small 
compounds, there are many difficulties in detecting these molecular complexes directly, 
since the affinity interactions are too small to detect without using specific labels, such as 
fluorescent probes. For this purpose, we developed a new methodology using surface 
plasmon resonance spectroscopy for sensitive detection of small molecules without using 
any label. 

Results and Discussion 

To find a pair of molecules with specific binding affinity, we used a pentapeptide library 
method for the porphyrin derivative, tetracarboxylic phenyl porphyrin, TCPP. The 5 
residue peptide library consisted of 19 natural amino acids, but not cysteine, attached on a 
polymer matrix via a spacer, with a diameter of about 300pm. It was prepared by the split 
and pool method, giving one peptide on one bead. The TCPP molecules (1 pg/ml) were 
added to this library (50 mg). After reaction for 1 hour at room temperature, these beads 
were washed with PBS. The reacted beads were colored by the TCPP. To determine the 
peptide sequence, the colored bead were removed one by one from the unreacted beads 
under microscopic observation. The reacted beads were washed with 6M guanidine 
hydrochloride and DMSO to remove the receptor complex, and then the peptide sequence 
on each bead was determined by protein sequencer (model 473A, Perkin Elmer). Peptides 
with the selected sequence (Table 1) were synthesized after which GGC sequence was 
attached to these sequences for SPR measurement. These peptides had a good binding 
affinity for TCPP. The synthesized peptide (Table 1) was immobilized on the silver coated 
BK-7, an optical glass. This peptide monolayer was reacted with TCPP and monitored by 
SPR. 

Conclusion 

Surface plasmon resonance spectroscopy is quite promising for the sensitive detection of 
small molecules by peptide combinatorial library. The dose-dependence of TCPP was 
observed over a concentration range of 1 to lOOpM. One micromolar of TCPP was 
detectable within 5 minutes. 
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Table 1. Amino acid sequences of peptides binding TCPP, synthesized peptides and their binding 
affinities. 

Peptide 

BMP-1 
BMP-2 
BMP-3 
BMP-4 
BMP-5 
BMP-6 
BMP-7 
BMP-8 
BMP-9 

Sequence of 
peptide 

HRFHR 
MRWNF 
MIDFR 
VLIRF 
LFFAN 
QRRSG 
WRSTR 
WRINP 
FRRAQ 

Sequence of 
synthesized peptide 
HRFHRGGC 
MRWNFGGC 
MIDFRGGC 
VLIRFGGC 
LFFANGGC 
QRRSGGGC 
WRSTRGGC 
WRINPGGC 
FRRAQGGC 

Binding 
affinity 

-
+ 

++ 
+ 

n.o. 
+ 
+ 

n.o. 
-

n.o.: not observed -: weak +: medium ++: strong 
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Preliminary mapping of conformational epitopes on the HPV16 
E7 oncoprotein 
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10-01, Bogota D.C, Colombia. 

Cervical cancer is one of leading causes of cancer deaths in women. Increasing evidence 
supports the hypothesis that human papillomaviruses (HPVs) are involved in cervical 
cancer. Papillomaviruses are small DNA viruses that infect the epithelial cells and induce 
skin lesions. 60 types of HPVs have been identified and about 20 of these are known to 
infect epithelial cells that comprise the genital mucosa. These HPVs are subdivided into 
two groups: the low-risk HPVs (e.g., HPV-6, HPV-11) and the high-risk HPVs (e.g., HPV-
16, HPV-18). HPV-16 is the most prevalent HPV type and is found in more than 50% of 
patients. Genetic studies performed with a variety of rodent fibroblast cell lines showed 
that E7 high-risk protein is necessary and sufficient for the transformation of established 
rodent fibroblasts [1-2]. A previous work, using linear peptide mapping of 20-mer peptides 
with a window of six amino acids, showed very low or no reactivity. These results 
indicated that when antibodies were raised against the HPV-16 E7 oncoprotein, they were 
formed against conformational epitopes. We took advantage of the Satterthwait 
methodology for synthesizing conformational epitopes [3]. 

Results and Discussion 

As predicted by the algorithm of Gamier, structural features of the HPV-16 E7 oncoprotein 
show three a-helical structures in segments encompassing residues 11 through 17, 27-38 
and 75-83, and a loop-like structure between 54-70. In order to identify conformational 
epitopes on the HPV-16 E7 oncoprotein, the following peptides were synthesized by the 
Fmoc strategy: 

helix-1 JLAZ TLHEYMLDLQ GGG residues 7-16 
linear-1A MHGDTPTLHEYMLDLQPETT residues 1-20 
helix-2 JLAZ QLNDSSEEEDEI—GGG residues 27-38 
linear-2 QLNDSSEEEDEI residues 27-38 
loop-4 VTFCCKCDSTLRLCVQ residues 55-70 
linear-4 VTFCCKCDSTLRLCVQ residues 55-70 
linear-5A RLCVQSTHVDIRTLEDLLMG residues 66-85 

Peptides were purified by reverse-phase HPLC and their molecular weights were verified 
by MALDI-TOF mass spectrometry. Structure determination by NMR showed the 
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prospective helix-1 having a real a-helix conformation. 1072 serum showed a strong 
positive reaction with helix-1, no reaction with helix-2 and low reaction with loop-4, 
linear-1 A, linear-4 and linear-5A peptides (Fig.l). 

1600 3200 6400 12800 

Serum Dilution x10 " 

Fig. 1. Titers of 1072 human serum against modeled helix-1 and loop-4 and linear-1 A, -4 and -5A 
peptides from HPV-16 E7 oncoprotein. 

Helix-1, linear-lA, loop-4, linear-4 and linear-5A peptides were tested by ELISA with a set 
of 32 human serum samples (22 sera from patients with invasive carcinoma, 5 sera from 
normal patients and 5 sera from children) diluted 1:1000. 50% of sera containing 
antibodies against HPV exhibited strong reactivity to helix-1 and 9% of them exhibited 
reactivity to linear-5A. Sera from normal patients and children showed no reaction with 
peptides. 

Conclusion 

The results obtained suggest that a large improvement in antigenicity can be achieved by 
using folded peptides and that the helix-1 peptide sequence contains a conformational 
epitope. 
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Synthesis, characterization and use of novel non viral vectors 
for gene delivery 
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As an alternative to viral vectors, synthetic DNA delivery agents are of crucial interest for 
gene therapy since they display potentially less risk in terms of immunogenicity and 
propagation. Among synthetic DNA delivery agents, cationic lipids represent the most 
developed approach. Cationic lipids are composed of a lipophilic moiety (usually dialkyl or 
cholesteryl) linked to a cationic head through various linkers. First generation cationic 
heads were quaternary ammonium salts or tertiary amines [1]. A significant improvement 
was introduced by the use of a polyamine derivative of spermine, leading to increased in 
vitro transfection activity by lipopolyamine DOGS (dioctadecylglicylcarboxyspermine) [2]. 
Subsequently, other spermine containing lipopolyamines such as Lipofectamine [1] were 
introduced and, more recently, other derivatives. 

Results and Discussion 

We have synthesized compound 4 related to DOGS by direct modification of the 
carboxyspermine building block 1, and compound 6 derived from bis-aminopropyl 
propylene diamine 5 (Fig. 1). 

W W W N 

> > L > 
Nte wx . a rer tt. 

i* 1 w 2 f 3 
Boc Boe Ba: 

Fig. 1. Synthesis of novel cationic lipids for gene delivery. 

We have found that 6 undergoes intramolecular rearrangement to give the cyclized 
product 7 during HPLC purification or when left in water solution. When arginine was 
placed as spacer in product 8, the cyclized product was not isolated and the expected 
product was obtained after purification (Fig. 2). In a first study products 4 and 7 were 
assayed in vitro on the NIH 3T3 cell line. Product 7 displays increased transfection activity 
(16xl04 RLU/pg prot) as compared to DOGS (8xl04 RLU/pg prot) or to 4 (8xl04 RLU/pg 
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prot). In a second study products 7 and 8 were assayed in vitro on NIH 3T3 and rabbit 
smooth muscle cell lines and compared to Lipofectamine (see Table 1). 

Fig. 2. Intramolecular rearrangement of cationic lipid 6. 

Table 1. Expression of luciferase on two cell lines *RLU: Relative Light Units. 

Product pgDNA/well nmol lipid /pg NIH3T3 Rabbit SMC 
DNA [ 109 RLU/ug prot] [ 105 RLU*/pg prot] 

Lipofectamine 2 6 12 + 0.5 9,2 + 0.7 
7 2 6 1,2 ±0.4 22 + 0.4 
8 2 6 43 + 0.5 130 ±0.5 

Results indicate that the introduction of arginine in the linker position in compound 8 
leads to increased transfection activities for both cell lines as compared to Lipofectamine. 
Compound 7 displayed increased activity in rabbit smooth musculer cells, whereas 
transfection activity was decreased in NIH3T3 cells compared to Lipofectamine. Finally, 
compound 7 is able to promote luciferase gene expression (2.7xl04RLU/tumor) in vivo in 
Lewis Lung carcinoma, whereas naked DNA is inefficient in that model. 

Conclusion 

The introduction of a novel polyamine into cationic lipids promotes increased in vitro and 
in vivo gene expression as compared to other cationic lipids. The increased transfection 
activity after the introduction of a substituted amino acid in the linker position illustrated in 
the arginine-containing compound 8 allows us to consider the introduction of short 
peptides into cationic lipids for a specific tissue/organ targeting. 
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Prodrug strategies to enhance the permeation of peptides 
through the intestinal mucosa 

Ronald T. Borchardt 
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Recent dramatic advances in molecular biology and modern synthetic chemistry have 
generated new methodologies that permit the production of large quantities of structurally 
diverse peptides possessing a wide range of pharmacological effects. The clinical 
development of drugs in this structural class, however, has been restricted because of their 
unfavorable permeation across important biological barriers, including the intestinal 
mucosa, and their susceptibility to enzyme-mediated degradation. The hydrophilic, charged 
nature of peptides generally leads to poor permeability across the intestinal mucosa, 
resulting in low oral bioavailabilities (typically less than 1-2%) [1^1]. 

The successful design of peptides as orally bioavailable drugs represents a major chal­
lenge to pharmaceutical scientists. To develop an orally bioavailable peptide drug having 
high pharmacological specificity and potency in vivo, it is necessary to incorporate struc­
tural features that optimize the pharmacological (e.g., receptor binding), pharmaceutical 
(e.g., solubility) and biopharmaceutical (e.g., membrane permeability, metabolic stability) 
properties of the molecule. Alternatively, unfavorable pharmaceutical and/or biophar­
maceutical properties of the molecule have to be transiently modified using prodrug 
approaches. Recently, Oliyai [5] and Gangwar et al. [6] published comprehensive reviews 
of prodrug strategies for peptides. This presentation will be restricted to strategies for a 
bioreversible cyclization of the peptide backbone as a novel means of altering the physico-
chemical properties of peptides so as to enhance their membrane permeability and to 
stabilize them to metabolism. 

Results and Discussion 

In recent years, our laboratory has developed several novel 'chemical linkers' that can be 
used to make cyclic prodrugs of peptides. Possible advantages of this cyclization strategy, 
from a membrane permeation perspective, include: a) reduction in the overall charge of the 
molecule; b) possible creation of unique solution structures that reduce the molecule's hy­
drogen bonding potential; and c) possible reduction in the molecule's size [1,7]. Recently, 
our laboratory has described methodologies for linking the N-terminal amino group to the 
C-terminal carboxyl group of peptides using an acyloxyalkoxy promoiety (Fig. la) [8] or a 
3-(2'-hydroxy-4',6'-dimethylphenyl)-3,3-dimethylpropionic acid (Fig. lb) [9]. Similarly, 
Professor Binghe Wang and his colleagues (North Carolina State University) have used 
coumaric acid (Fig. lc) [10,11] as a chemical linker to make cyclic opioid peptides (unpub­
lished data). All three chemical linkers were designed to be susceptible to esterase metabo-
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lism (slow step), leading to a cascade of chemical reactions and resulting in release of the 
peptide (Fig. 1). 

HCHO + COj 

Esterase 
Slow 

-
y^—1 Peptide l-COOH 

I ° 
M 1XH J 

• 

I Chemical 
Fasl 0 

H a ^ r j ^ d T J - C O O - H a ^ Peptide ^COQ- +• ' ° 
H a ^ Peptide ICOQ' 

Fig. 1. Strategies for preparing cyclic prodrugs of peptides. 

Recently, our laboratory has shown that an acyloxyalkoxy cyclic prodrug [12] and a 
phenylpropionic acid prodrug [13] of a model hexapeptide are converted to the parent 
peptide more rapidly in human blood than in physiological buffer, supporting the involve­
ment of esterases in their bioconversion. In addition, in transport studies conducted using 
Caco-2 cell monolayers, an in vitro model of the intestinal mucosa, both cyclic prodrugs 
were shown to permeate at least 70 times better than the parent hexapeptide [12,13]. The 
enhanced permeation of the acyloxyalkoxy cyclic prodrug could be explained by formation 
of unique solution structures that reduced the molecule's hydrogen bonding potential [14]. 

More recently, in collaboration with Professor Binghe Wang's laboratory, our 
laboratory synthesized coumaric acid-based cyclic prodrugs of [Leu5]-enkephalin (H-Tyr-
Gly-Gly-Phe-Leu-OH) and DADLE (H-Tyr-D-Ala-Gly-Phe-D-Leu-OH) and have charac­
terized their chemical and enzymatic stability and their cellular permeability characteristics 
(O.S. Gudmundsson, G.M. Pauletti, W. Wang, D. Shan, H. Zhang, B. Wang and R.T. 
Borchardt, unpublished data). In physiological buffer, the cyclic prodrugs were shown to 
degrade slowly and stoichiometrically to (Leu5)-enkephalin and DADLE. In human plasma, 
the conversion of the prodrugs to the opioid peptides was significantly faster. When 
applied to Caco-2 cell monolayers, [Leu5]-enkephalin rapidly underwent degradation cata­
lyzed by peptidase whereas DADLE was stable. In contrast, the cyclic prodrugs of [Leu-­
enkephalin and DADLE were stable enzymatically and were shown to be approx. 665 and 
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30 times, respectively, more able to permeate this cell monolayer than were the parent pep­
tides. This enhanced cell membrane permeability of the opioid peptide cyclic prodrugs 
could be related to their increased lipophilicity and the formation of unique solution struc­
tures (O.S. Gudmundsson, S.D.S. Jois, D.G. Vander Velde, T.J. Siahaan, D. Shan, W. 
Wang, H. Zhang, B. Wang and R.T. Borchardt, unpublished data). 

Through a better understanding of the physicochemical properties (i.e., charge, hydro­
philicity) that restrict cell membrane permeation of peptides, it has been possible to 
develop strategies to make prodrugs that have more favorable membrane permeation 
characteristics. Some of the most dramatic enhancements in cell permeation appear to 
occur when cyclic prodrug strategies are employed. Ultimately, these strategies could lead 
to cyclic peptide prodrugs having oral bioavailabilities acceptable for clinical use. 
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Characterization of a stable leuprolide formulation for one year 
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Leuprolide is an LHRH agonist used for the palliative treatment of prostate cancer. Cancer 
patients are living longer and sustained release dosage forms may increase their quality of 
life. Although leuprolide has been demonstrated to be fairly stable, it is also known to gel 
at high concentrations [1-4]. The DUROS™ osmotic implant is approximately 4 mm x 45 
mm and is implanted under the skin on the inside of the upper arm, with a local anesthetic. 
One end contains a semi-permeable membrane which controls the rate at which water is 
taken up by the osmotic engine. As the engine swells, a piston slides forward, releasing 
drug from the orifice located at the opposite end of the device. The drug reservoir holds 
-150 pi formulation and is isolated from the engine compartment, as well as the 
surrounding body fluid. The limited size of the drug reservoir requires a highly 
concentrated formulation. Accordingly leuprolide was formulated at 370 mg/ml to allow a 
continual therapeutic dose for 12 months. This paper provides a summary of leuprolide 
stability data in an implantable osmotically driven system. 

Results and Discussion 

Stability studies were performed at 37°C, 50°C, 65°C and 80°C for two years in both 
aqueous and non-aqueous excipients. The samples were assayed by RP-HPLC and SEC 
and fit to apparent pseudo first-order kinetics (Fig. 1). The resulting activation energies for 
both formulations were similar (Ea=21-23 kcal/mol), but only the aqueous formulation was 
observed to gel with time. The aqueous gels were highly birefringent and marked by an 
increase in P-sheet structure, at 1632 cm"', by FTIR. The aqueous gelled and non-gelled 
formulations demonstrated similar chemical and physical stability, indicating that gelation 
did not accelerate the degradation process. Leuprolide formulated in the non-aqeuous 
excipient formed an unstable random coil/cc-helix conformation that did not easily refold 
into a P-sheet structure and therefore did not gel. Subsequently, the non-aqueous 
formulation was chosen for development, and demonstrated 93% solution stability after 18 
months at 37°C. 

The effect of leuprolide concentration, moisture content and temperature on the 
degradation rate of the non-aqueous formulation were also explored. Leuprolide stability 
was observed to increase with increasing leuprolide concentration (50 mg/ml to 400 
mg/ml) at 80°C for 6 months (Fig. 2). This increase in stability was primarily due to a 
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Fig. 1. Pseudo first-order fit of a non-aqueous leuprolide formulation. 

100.0 

Time (weeks) 

Fig. 2. Effect of leuprolide concentration at 80°C (n=3). 

decrease in hydrolysis. Leuprolide degradation products could be catagorized into four 
major degradation pathways by LC/MS: isomerization, hydrolysis, oxidation and 
aggregation. Degradation products were similar in the aqueous and non-aqueous 
formulations; however, more oxidation products were found in the non-aqueous 
formulation. For example, Trp3 was observed to oxidize to a mono-oxidized tyrptophan, N-
formylkynurenine and kynurine. Conversely, the aqueous formulation degradation products 
were primarily obtained from hydrolysis reactions at the C-terminal to pGlu1, His2, Tip3, 
Ser4 and Tyr5. The leuprolide non-aqueous formulation was also spiked with moisture (5% 
to 15% H2O). Samples containing more water were observed to degrade faster, where 
chemical degradation products were observed to increase (Fig. 3), but aggregate content 
remained constant. Temperature was observed to affect not only the rate of degradation, 
but also the ratio of degradation products in the non-aqueous formulation. At 65°C and 
80°C, oxidation was the major chemical degradation pathway. However, at 37°C and 50°C, 
hydrolysis and isomerization degradation routes were predominant. This was to be 
expected since the activation energy for hydrolysis reactions is generally higher than that of 
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oxidation reactions. Secondly, the increased oxidation rate at lower temperatures may be 
accelerated by the increased solubility of oxygen with decreasing temperature. 

0.0 

94.0 

(B 93.0 
<j> 

< 92.0 

91.0 

90.0 1 1 

• % Leuprolide 

—I 

5.0 10.0 
% Moisture 

15.0 20.0 

Fig. 3. Effect of moisture content on leuprolide stability after 6 months at 50°C (n=3). 

Release rate studies were followed for one year and delivered the target dose of -125 
pg/day. Both in vitro and in vivo pumping rate and leuprolide stability (>90%) studies 
showed good correlation. DUROS™ leuprolide devices were implanted into dogs and 
serum testosterone levels remained suppressed for one year, compared to control animals. 
Finally, a human placebo "wearing" study was completed, showing no adverse reaction to 
insertion, wearing and removal of the system. 

Conclusion 

-.TM Leuprolide formulated at 370 mg/ml in a DUROS1M implantable osmotic device 
demonstrated better than 90% stability for 18 months at 37°C. The systems also continued 
to release drug at the target dose for 12 months at 37°C both in vitro and in vivo. An IND 
has been filed and Phase VH trials are ongoing. 
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The transport of peptides across cellular membranes against a concentration gradient has 
been observed in a wide variety of cells [1], Used as a means to provide a source of amino 
acids, nitrogen, and carbon for growth, peptide transport systems may also serve a number 
of other functions such as transporting antibiotics from the intestinal lumen into the 
circulatory system [2]. Although components of peptide transport systems from 
prokaryotic cells have been known for many years [3], only recently have studies focused 
on the molecular components of eukaryotic peptide transport systems. Cloning and 
sequencing has led to the identification of membrane proteins from several eukaryotic cell 
types that mediate the translocation of peptides across the plasma membrane [4, 5]. In 
addition, components involved in the regulation of peptide transport systems have been 
enumerated in yeast [6]. In this report we describe our recent studies that have identified 
two transporters that co-exist in a variety of eukaryotic cells: a di-/tripeptide transporter 
and an oligopeptide transporter. 

Results and Discussion 

Genes encoding a di- and tripeptide transporter were cloned first from the yeast 
Saccharomyces cerevisiae[4] and from rabbit intestinal cells [5]. Discovery of a whole 
family of such di-/tripeptide transporters named the PTR family soon followed [7]. 
Although the rabbit intestinal transporter was called an oligopeptide transporter, all of the 
peptide transport proteins whose genes had been cloned prior to 1997 mediate the uptake 
of di- and tripeptides, not larger peptides. An interesting aspect of these systems is the 
coupling of H+ ions to allow concentrative peptide uptake. In fact, the di-/tripeptide 
transporters of eukaryotic cells are the only known eukaryotic transport systems that use 
the H+ gradient as the energy source for substrate translocation. 

It had been known for some time that the pathogenic yeast Candida albicans was 
sensitive to toxic tetrapeptides [8]. Thus, we reasoned that an oligopeptide transport gene 
could be cloned using a host cell that was not able to use tetrapeptides but was able to 
express a foreign gene. In this manner, the host cell was thereby conferred with a new 
phenotype by the foreign DNA. We used a C. albicans genomic library as the DNA 
source and S. cerevisiae as the recipient cell. The scheme for accomplishing the cloning of 
the C. albicans oligopeptide transport gene is shown in Fig. 1. 
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Mutant Cell (Can not grow on tetrapeptides) 

1 1 .Transform with library from cell 
that was sensitive to toxic tetrapeptides 

2.Screen for transformants on 
KLGL-containing medium 

Oligopeptide transport positive clone 

V Extract plasmid 

Plasmid DNA Containing Oligopeptide Transport Gene 

i 1 .Characterize plasmid 
T 2.Subclone complementing insert 

Transformants with Oligopeptide Transport Gene on Plasmid 

^ Extract plasmid 

Sequence Gene 

Fig.l. Scheme for cloning an oligopeptide (KLGL) transport gene. 

The characterization of this gene revealed that it belonged to a new family of transport 
proteins we have tentatively named the OPT family[9]. These proteins have an amino acid 
motif found only in this group of proteins and not elsewhere in the entire protein 
database.The oligopeptide transporters appear to have 12 to 14 transmembrane domains by 
Kyte-Doolittle hydrophobicity plots, but their number and orientation have not been 
established experimentally. Comparison of some of the characteristics of the three major 
families of peptide transporters cloned to date are shown in Table 1. 

Conclusion 

We have identified and cloned a gene encoding an oligopeptide transport protein of C. 
albicans. Using database searches, we have also identified three additional putative 
homologues of this gene and several plant ESTs as well. These proteins represent the first 
members of a new peptide transport family called the OPT family. Additional members 
may be found in other kingdoms, but it is also possible that this family has uniquely 
evolved to perform specific functions in plants and fungi. Future studies will determine the 
physiological role(s) of these and other peptide transport systems found throughout the 
living world. 
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Table 1. Characteristics of peptide transport families. 

Family 
Name 
Peptide 
Transporters 
of ATP-
Binding 
Cassette 
superfamily 
Peptide 
Transport 

OligoPeptid 
e Transport 

Acronym 

ABC 

PTR 

OPT 

Transport 
Substrates 
Di-/tripeptides 
and some 
oligopeptides 

Di-/tripeptides 

Oligopeptides 
(3-5 residues) 

Amino Acid 
Motif 
Walker motifs 
(ATP-binding) 
in cytoplasmic 
domains 

FYxxINxG(S/A) 
(L/F) in fifth 
transmembrane 
domain 

SPYxEVRxxVx 
xxDDP(T/S) 
(cytoplasmic 
domain?) 

Members 

Found only in 
prokaryotes 

About 12 
members 
identified to 
date ranging 
from pro­
karyotes to 
humans 
Four members 
cloned to date 
from fungi 
plus a number 
of plant ESTs 
identified 

Energy Source 

ATP 

IT 
(protonmotive 
force) 

H+ 

(preliminary 
data) 
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The blood-brain barrier (BBB) has been the major obstacle to the development of peptide 
neuropharmaceuticals. Most neuropeptides and their synthetic analogs are hydrophilic, do 
not have a specific transport system and thus do not enter the central nervous system (CNS) 
in pharmacologically significant amounts. Peptide delivery to the CNS must, therefore, be 
addressed to exploit the biological diversity and promise of these biomolecules as a future 
generation of neuropharmaceuticals [1]. Recently we reported a novel strategy to deliver 
and target peptides into the brain by covalently attaching lipophilic functional groups (a 
1,4-dihydrotrigonellyl, DHT, attached to the N-terminal part of the peptide via a spacer and 
a C-terminal lipophilic ester, OCho) [2]. These moieties are designed to carry the peptide 
across the BBB by passive transport and, once in the CNS, to convert the molecule to an 
ionic trigonellyl derivative that furnishes retention at the target site. The biologically active 
peptide is then obtained by sequential metabolism. We have adapted this method to 
peptides without apparent functional groups that allow covalent attachment of lipidizing 
and targeting moieties, such as selected analogs of thyrotropin-releasing hormone (TRH) 
showing selective CNS-effects (pGlu-Xaa-Pro-NH2, where Xaa is a hydrophobic residue 
such as Leu [3]), by considering Gln-Xaa-Pro-Gly as their progenitor sequence [4] (Fig. 1). 
Peptidyl glycine a-amidating monooxygenase (PAM) converts Gly to carboxamide, and 

glutaminyl cyclase produces pGlu. For the latter reaction, a directed endopeptidase (post-
proline cleaving enzyme, PPCE) cleavage was found to be optimal for removing the 
trigonellyl+spacer part and exposing the N-terminal Gln. 

Results and Discussion 

In vitro studies have indicated that the conversion of C-terminal Gly to carboxamide by 
PAM takes place in the brain, but is not prevalent in the systemic circulation. Metabolic 
(PPCE) release of the Gin-terminated peptide in the brain has also been confirmed in vitro 
(incubation of the appropriate peptide conjugate in brain homogenate followed by 
electrospray ionization mass spectrometry). We have also demonstrated by an in vivo 
cerebral microdialysis study that the TRH analog significantly increases brain acetylcholine 
levels. As a consequence, the pharmacological evaluation of the chemical targeting 
systems for pGln-Leu-Pro-NH2 using the drug-induced cholinergic hypofunction paradigm 
in mice indicated a statistically significant improvement of the CNS effect compared to the 
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Fig. 1. Covalent "packaging" and sequential metabolism for the CNS-targeting of TRH analogs. 

unmodified analogs (Table 1). We have also made modifications in the peptide sequence 
based on its structure-activity relationship [3, 5]. Upon replacing [Leu2] with [Nva2], 
which reportedly further increased the CNS effect in rats, the corresponding CDS was not 
significantly different in analeptic activity from the chemical CNS-targeting system for the 
[Leu2]-analog at 10 pmole/kg body weight dose in mice. 

Table 1. Pentobarbital-induced sleeping time in mice after intravenous administration (10 pmol/kg) 
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an unmodified TRH analog versus that of chemical CNS-targeting systems for TRH analogs. 

Treatment Sleeping Time (min, mean ± standard error) 

Control 94.2 ± 2,5 
PGlu-Leu-Pro-NH2 79.2 ± 4.9 
DHT-Pro-Pro-Gln-Leu-Pro-Gly-OCho 50,9 ± 2.5 
DHT-Pro-Pro-Gln-Nva-Pro-Gly-OCho 49.8 ± 7.8 
DHT-Pro-Pro-Gln-Nva-Pip-OCho 41.4 ± 2.6 

Because the -Pro-NH2 obtained from the -Pro-Gly precursor by PAM was susceptible 
to deamidation by PPCE (a.k.a. TRH deamidase, a competitive reaction to the PPCE-
cleavage of the spacer-Gin peptide bond), the Pro-Gly residues in the covalently packaged 
[Nva2]-analog were replaced by a single L-pipecolic acid (Pip) residue [5] to yield a 
[Nva2] [Pip3]-analog by sequential metabolism without the involvement of PAM. This 
novel TRH analog accommodates a C-terminal carboxyl and, unlike the analogs containing 
Pro-NH2, is not subject to deactivation by deamidation. Consequently, the CNS effect is 
further increased (Table 1). 

Conclusion 

A rational approach to deliver and target TRH analogs to the CNS has been demonstrated 
to increase central nervous system effects significantly in an animal model. The evolution 
of this strategy clearly highlights the importance of controlling transport and metabolism in 
peptide-based drug design. 
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The blood-brain barrier (BBB) is a crucial element in the regulation and constancy of the 
brain's internal environment. The presence of tight junctions and lack of aqueous pathways 
between cells greatly retard the movement of polar solutes between the capillary lumen and 
the cerebral tissue [1]. Peptides are one such group of polar solutes which exert multiple 
biological actions within the CNS and are therefore extremely attractive targets for 
neuropharmaceuticals [2]. However, their lack of penetration through the BBB and rapid 
degradation by luminal and abluminal peptidases [3] remain major obstacles which must 
be addressed before their clinical application becomes feasible. We reasoned that 
introduction of lipoamino acids (LAA's) [4] into the structure of a bioactive peptide could 
both increase the overall molecular lipophilicity, while imparting a degree of peptidase 
resistance due to the atypical nature of the amino acids incorporated [5]. We chose the 
analgesic peptide, Leu-enkephalinamide, as an initial candidate to investigate this 
hypothesis. The in vitro activity and preliminary in vivo data is presented for a series of C-
and AT-terminal modified LAA-conjugates. 

Results and Discussion 

The following series of C-terminal (1) and /v*-terminal (2) diastereomeric LAA-modified 
Leu-enkephalinamides were synthesized via standard Boc SPPS conditions using an 
MBHA resin (Table 1). 

Table 1. C-Terminal (1) and N-terminal (2) modified Leu-enkephalinamides synthesized. 

Compound No. 
la 
lb 
lc 
Id 
le 
If 
le 
lh 
2a 
2b 
2c 
2d 
2e 
2f 

m 
1 
2 
1 
2 
1 
2 
1 
2 
1 
1 
1 
2 
2 
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n 
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Table 2. Guinea pig ileum (GPI) and mouse vas deferens (MVD) assays of the active C- and N-
terminal LAA-conjugates of Leu-enkephalinamide. 

Compound No 
la 
lb 
lc 
le 
Ig 
2a 
2b 
2c 

Leu-Enkephalinamide 

GPI 
ic.„ ruMi' 
1.8 ±0.41 
not active 
3.0 ± 0.67 
6.0 ±1.30 
60 ± 4.0 

0.92 ±0.12 
2.16 ±0.52 
7.71 ±1.10 
0.54 ±0.16 

Rel. Potency 
0.97 ± 0.22 
not active 

0.18 ±0.04 
0.09 ± 0.02 

0.009 ± 0.0006 
0.60 ± 0.08 
0.25 ± 0.06 
0.07 ± 0.01 

1.0 

MVD 
ic„ ruMT 

0.18 ±0.01 
7.0 ± 0.35 
2.3 ± 0.35 

2.55 ± 0.23 
14 ±2.1 

0.50 ± 0.02 
1.08 ±0.25 
2.15 ±0.66 
0.26 ± 0.07 

Rel. Potency 
1.58 ±0.1 

0.04 ± 0.002 
0.12 ±0.01 
0.11 ±0.01 

0.02 ± 0.003 
0.55 ± 0.02 
0.26 ± 0.06 
0.13 ±0.04 

1.0 
Mean of three determinations ± SEM. 

Following RP-HPLC purification, the individual diastereomeric LAA-peptide conjugates 
were investigated for intrinsic activity using both guinea pig ileum (GPI) and mouse vas 
deferens (MVD) assay (Table 2). The in vitro data indicated one conjugate (la) exhibited 
a greater activity than that of the native peptide. The in vivo data for this particular 
compound is currently under evaluation. The compounds lc, le, 2a, and 2b were utilized 
in a series of hot plate tests on pre-dosed rats. 

The in vivo results obtained for the above mentioned compounds demonstrated higher 
activity in the C-terminal LAA-modified enkephalins than in the iV-terminal conjugates. 
However, it is worth taking note that in most cases, the activity was not as marked as that 
displayed by the native peptide. The exception was monomer lc, which possessed an 
activity comparable to that of Leu-enkephalinamide. Brain dialysis experiments using 
radiolabeled compounds are currently being undertaken to quantify CNS uptake. 

As further future work, we are focusing attention on the C8 and CI0 modified 
structures and investigating whether a degradable pro-drug linkage or a stable peptide 
bond isostere will provide the most potent and long acting enkephalin derivative. 

References 

1. For reviews see: a) Begley, D.J. J. Pharm. Pharmacol,. 48 (1996) 136. b) Zlokovic, B.V. 
Pharm Res., 12 (1995) 1395. and references cited there in. 

2. Partridge, W.M. Peptide Delivery to the Brain, Raven Press, New York, (1991), pp 23-52. 
3. Brownson, E.A., Abbruscato, T.J., Gillespie, T.J., Hruby, V.J. and Davis, T.P. J. Phamacol.. 

Exp.The., 270 (1994) 675. 
4. Gibbons, W.A., Hughes, W.A., Charalambous, M., Christodoulou, M., Szeto, A., Aulabaugh, 

A.E., Mascagni, P. and Toth, I. Liebigs Ann. Chem,. (1990) 1175. 
5. Toth, I., Flinn, N., Hillery, A.M., Gibbons, W.A. and Arthursson, P. Int. J. Pharm,. 105 

(1994a) 241. 



Hydrophobic peptides: Synthesis and interaction with 
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Targeting of drugs, particularly with toxic molecules, is a key point in the treatment of 
several diseases. The side effects of citostatics can be reduced using liposomes as carriers. 
Specific delivery of citostatics to tumor cells can increase its efficacy resulting in a 
reduction of therapeutic doses. 

Attachment of peptides to the surface of vesicles can be carried out by several 
methods, the simplest one being the use of hydrophobic peptide/protein derivatives. 

Following this approach several laminin YIGSR peptide derivatives have been 
synthesized and their physicochemical characteristics as well as their incorporation into 
lipid vesicles determined. 

Results and Discussion 

The parent peptide was synthesized by Fmoc/tBut methodology, using a Rink Amide 
MBHA resin. Fatty residues incorporated to the amino terminal group were stearoyl (S-Pl), 
myristoyl (M-Pl) and decanoyl (D-Pl). Hydrophobic peptides were characterized by amino 
acid analysis, mass spectrometry and RP-HPLC (Cg); peptides were purified when 
necessary by preparative HPLC. 

Physicochemical characterization was carried out studying several parameters: HPLC 
capacity factors, surface activity, compression isotherms of monomolecular layers, 
insertion in DPPC monolayers spread at 10 mN/m, binding to DPPC vesicles and 
modification of DPPC vesicle microviscosity. As a reference, decanoic and myristic acid 
were also included in the protocols. As a general trend results of physicochemical studies 
are highly dependent on the polarity of the media. Experiments that involve peptide organic 
solutions, such as HPLC and monomolecular layers compression isotherms, showed a clear 
profile dependence on the length of the alkyl chain (Fig. 1). 

Surface activity and insertion into monolayers of DPPC indicated a maximum activity 
for D-Pl and M-Pl derivatives, respectively, but that of S-Pl was negligible. This behavior 
could be due to some type of aggregate formation in aqueous media. The stability of these 
structures, probably micelles, would reduce the incorporation of peptide derivatives both to 
the air /water interface and DPPC monolayers. 

The interaction of these peptides with phospholipid bilayers was determined using 
polarization fluorescence techniques. After incubation of liposomes with P-l and P-2 no 
changes in the microviscosity of bilayers were detected in the range of 25-50°C. On the 
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contrary, the presence of D-Pl, M-Pl and S-Pl in the incubation media had a soft 
rigidifying effect (Fig. 1). Moreover, water dispersions of these peptides mixed with DPH 
were fluorescent. This fact indicates the presence of aggregates that provide hydrophobic 
holes able to accomodate DPH molecules and is in agreement with the results previously 
described with monolayers. 

The possibility of incorporating hydrophobic peptides to the surface of liposomes was 
determined following two approaches. Peptides D-Pl, M-Pl and S-Pl were either mixed in 
organic media with DPPC at the beginning of the liposomal preparation process or 
incubated with DPPC liposomes. Results indicate that when peptides are incorporated at 
the beginning of the process yields are slightly better than after incubation with preformed 
liposomes. Moreover, in this case the higher hydrophobicity of M-Pl compared to D-Pl 
had a beneficial effect on its incorporation into the liposomal surface. The same 
experiments carried out with S-Pl resulted in aggregation of vesicles as well as the 
formation of amorphous deposits. 

In summary, the optimal hydrophobic-hydrophilic balance has to be determined in 
order to obtain a maximal incorporation of hydrophobic peptides to the surface of 
liposomes. 

Compression Isotherm of D-Pl peptide 

0 1 2 3 
Area (nm2/molec) 

Compression isotherm of M-Pl peptide 

0 1 2 3 
Area (nm2/molec) 

Fig. 1. Pressure-area isotherms of peptides D-Pl and M-Pl. 
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Gene transfer techniques represent important advances in the treatment of both inherited 
and acquired diseases. For the purpose of gene therapy, many nonviral gene transfer 
techniques have been studied, particularly the use of cationic lipid and polycation such as 
polylysine [1,2]. However, these gene transfer techniques have some problems, e.g., 
transfection efficiency, reproducibility, and cytotoxicity. We have previously reported that 
an amphiphilic a-helical peptide containing basic amino acid residues efficiently made the 
target gene transfect into cultivated cells [3]. In this study, to clarify the importance of the 
hydrophobic region of an amphiphilic structure on gene transfer, we synthesized five Hel 
peptides, which have different hydrophobic region widths and examined the correlation 
between their structural features and their gene-transfer abilities. 

Results and Discussion 

The synthetic peptides (Fig. 1) contain Leu and Lys residues in ratios of 13:5, 11:7, 9:9, 
7:11, and 5:13, respectively, the width of hydrophobic region therefore decreasing in this 

Hel 13-5 
Hel 11-7 
Hel 9-9 
Hel 7-11 
Hel 5-13 

H-KLLKLLLKLWLKLLKLLL-OH 
H-KLLKLLLKLWKKLLKLLK-OH 
H-KLLKKLLKLWKKLLKKLK-OH 
H-KKLKKLLKKWKKLLKKLK-OH 
H-KKLKKLKKKWKKLKKKLK-OH 

Fig. 1. The primary structures of Hel peptides. 

order. We investigated DNA-binding ability of the peptides by agarose gel electrophoresis. 
Among the peptides, Hel 13-5, which has the widest hydrophobic region, most strongly 
bound to DNA. The order of binding abilities was Hel 13-5 > Hel 11-7, Hel 9-9 » Hel 7-
11, Hel 5-13. The results of CD spectra measurements of the five peptides showed that Hel 
13-5 and Hel 11-7 formed a-helical structures, while the other three peptides mainly took a 
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Fig.2. Gene-transfer efficiency of Hel peptides. 

random structure in the absence of DNA. In the presence of DNA, Hel 13-5 and Hel 11-7 
showed different CD patterns compared with those in the absence of DNA, suggesting that 
the conformations of these two peptides were largely changed by forming a complex with 
DNA. These results indicated that binding ability of the peptide was correlated with its 
secondary structure. The gene-transfer efficiency of these peptides was tested with the 
plasmid DNA which contains a reporter gene encoding firefly luciferase (Fig. 2). Hel 13-5 
showed the highest transfection ability. The order of transfection efficiency was Hel 13-5 > 
Hel 11-7 > Hel 9-9. Hel 7-11 and Hel 5-13 did not have transfection efficiency. The 
efficiency depended on the width of their hydrophobic region. Concurrent treatment with 
chloroquine increased the gene-transfer efficiencies of Hel 13-5, Hel 11-7, and Hel 9-9, 
suggesting that the internalization of the peptide-DNA complex could be mediated by an 
endocytosis pathway. 

In this study, we clarified that the width of the hydrophobic region in a-helical 
structure of peptides is important for binding to DNA and efficient gene-transfer. It is 
expected that peptides with high potential as functional gene carriers will be constructed. 
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Incorrectly or over-expressed signals generated by hormones and growth factors that control 
tumor development have become established areas for anti-tumor research. The anti-tumor 
activity of the hormone somatostatin has long been known and several somatostatin analogues 
are already in clinical practice as anti-secretory hormones. However, their use as anti-tumor 
agents is limited due to their lack of selectivity for cancer cells and their poor delivery and 
biological instability, which is common to peptides. 

One such somatostatin analogue, TT-232 (la) [1], has been conjugated to a drug/peptide 
delivery system based on lipoamino acids, which are alpha amino acids with long alkyl side 
chains of varying lengths at the alpha-carbon. These lipoamino acids have previously been 
shown to enhance oral bioavailability and the biological stability of peptide hormones. [2]. 

Results and Discussion 

The somatostatin analogue, la, was synthesized using Boc/Benzyl protection and HBTU 
coupling methodology and was extended on its N-terminus with either one or two lipoamino 
acids having side chains of varying lengths. The compounds were used in either their oxidized 
(cyclic) form or as the linear (Acm protected) derivative. The cyclizations were performed off-
resin using 20-30eq. of iodine in 95% acetic acid (aq.). 

(Aran) 

H ^ - T h r - C y ^ H , N - T h r 4 * , 

I D > T f P ^ T r p 
Tyr (Acm) / I .T/r (Acm) / 

X - r H N - C H - ^ D - P h r - C , * - x {H N -CH-CCfcD-PhUy. ' "' 

r-'- <k>„ 
P n X P n X 

la O O H 2a 1 17 H 
lb 1 7 H 2b 2 7 H 
lc 1 9 H 

The above analogues were then incubated with various tumor cell lines for 24 and 48 hours 
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at varying concentrations. Visualization of the anti-tumor activity was achieved by employing 
a spectrophotometric assay using a tetrazolium salt (MMT), [3], which is converted to a 
colored derivative (Formazan) only by surviving cells and not those killed by the somatostatin 
analogues. The OD of the Formazan produced was measured at 570nm. The tumor cell lines 
used were HT29 (colonic), PC3 (prostatic), SW620 (colonic) and A2058(melanoma) cells. 

Inhibition of HT29 o. Inhibition of PCS tumour cotl* by MmatostaUn anatoguaa 
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In the SW620 cells la has less effect than the lb and lc cyclic analogues which show very 
strong activity in a dose dependant manner. However, l a has a kill rate of almost 100% in 
PC3 cells while the lipid analogues have very little activity towards this cell line. Similar 
selectivity is seen with the linear 2a and 2b lipopeptides in A2058 and HT29 cells. 
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The lung is a primary and metastatic site for a variety of tumors due to the entrapment 
potential of the alveolar capillary bed [1]. One approach to treatment is to stimulate the 
local immune system to destroy cells with metastatic potential prior to formation of 
secondary tumors. Alveolar macrophages (AM) are the first line of defense in cell-
mediated immunity of the lung. Immunomodulators can enhance the activity of these cells 
by stimulating phagocytosis, enhancing the production of cytokines and degradative 
enzymes, and recruiting additional macrophages to the site [2]. Delivery of aerosolized 
immunomodulators directly to the lung by inhalation can localize the drug at the site of 
action and minimize systemic side effects. Our preliminary studies have been performed to 
evaluate indicators of alveolar macrophage activation following treatment of rodents with 
the peptide immunomodulator, muramyl dipeptide (MDP) [3]. 

Results and Discussion 

Cellular Morphology. Aerosolized solutions of MDP (100 pg/ml, 10 min exposure) 
were administered to guinea pig lungs in vivo by inhalation. The estimated dosage to each 
animal was 10-20 pg of MDP. After specified survival intervals, AM were 

Table 1. Morphological changes in Guinea pig alveolar macrophages after MDP exposure. 

Survival Time after MDP 
Aerosol (h) 

0a 

6 
24 
48 
48b 

In Vivo 

-
+1-
+ 

+/-
++ 

MDP Exposure 
In Vivo + 
In Vitro 

+/-
+1-
++ 
+ 

++ 

a. Saline treated control animals. 
b. Two in vivo exposures on successive days. 

< 10% cytoplasmic spreading 
+/- 10-20% spreading, some visible extension of pseudopodia 
+ 20-35% spreading, numerous cells with pseudopodia or elongated morphology 

++ >35% spreading or altered morphology 
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harvested by broncho-alveolar lavage (BAL), and examined by light microscopy. AM from 
MDP exposed animals began to show morphological indicators of activation, such as 
cytoplasmic spreading [4], within six hours after exposure (Table 1). These effects became 
more pronounced at 24 h, and had begun to diminish by 48 h. Cells treated in vitro with a 
second MDP stimulus (100 pi of 100 pg/ml for 1 h) exhibited a higher percentage of 
activated cells in all cases. The total number of AM recovered from the lungs of treated 
animals was elevated 3-8 fold above that of saline-treated controls, indicating cellular 
recruitment to the administration site. Recovered BAL fluid also showed elevated levels for 
enzymatic markers of AM activation (alkaline phosphatase, N-acetyl-iJJ-D-
glucosaminidase, and total protein). 

Nitric Oxide (NO) Synthesis. To correlate morphological changes with cytostatic 
potential, production of the reactive chemical species NO was investigated in vitro. AM 
were harvested from untreated and MDP-aerosol treated (24 h survival) rats and cultured in 
the presence of a second immunomodulator stimulus, either MDP or lipopolysaccharide 
(LPS) for 24 h. NO levels in the culture supernate were colorimetrically quantitated (Greiss 
reagent) as nitrite. AM from control and MDP-treated animals show low basal levels of 
NO production (Fig. 1, control bars). Untreated AM show a concentration dependent 
response to in vitro LPS or MDP. AM from in vivo MDP-aerosol treated animals are 
refractory to a secondary in vitro challenge of MDP, but show an elevated response to LPS. 
Morphological, numerical and NO synthase activity studies of AMs exposed to MDP 
aerosols indicate activation of these cells. Further studies are required to address the 
potential for lung cancer therapy. 
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Fig. 1. NO production of untreated and MDP-aerosol treated AM in response to a 
immunomodulator stimulus. 
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antagonist to VLA-4, 455 
antagonists, 603 
anthracene, 131 
anthranilic acid effect, 555 
anti-adhesin, 557 
anti-carbohydrate antibody, 761 
anti-parallel, 383 
anti-platelet hexapeptide, 741 
anti-V3 response, 793 
antibacterial activity, 703 
antibacterial peptides, 153, 739 
antibody binding, 791 
antidiuretic potencies, 127 
antifreeze proteins, 747 
antigenic domains, 783 
antigenic region, 775 
antigens, 695 
antimicrobial, 385 
antimicrobial activities, 196, 489 
antimicrobial peptides, 119, 497, 652 
antiproliferative drugs, 535 
antitumor activity, 561 
apamin, 226 
apolipoprotein B-100, 418 
apoptosis, 190 
appetite controlling drugs, 578 
arginine peptidomimetics, 688 
asialo-GMi receptor, 557 
aspartic acid residues, 656 
aspartic proteinase, 381 
asymmetric Michael-like addition, 241 
14-atom hydrogen bond rings, 106 
ATP-synthase, 111 
automation, 12 
autophosphorylation, 611 
AVP(4-8), 575 
azatide, 23 
azobenzene, 313 
azobenzene-containing peptides, 91, 169 

B2 BKR agonist, 602 
bacteriophage <j>K, 475 
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bended conformation, 315 
benzodiazepines, 508 
B (12-28), 807 
/3-sandwich, 161 
/3-structure, 349 
/3-casomorphin analogs, 430 
/3-cyclodextrin, 807 
/3-Dde protecting group, 269 
/3-elimination, 307 
/3-foldamer, 105 
/9-helix conformation, 389 
/3-methyl aspartic acids, 293 
/3-ribbon, 383 
/3-sheet, 159, 383, 394 
/3-sheet peptide, 153 
/3-sheet protein, 161 
/3-sheet//3-turn structure, 154 
/3-structure, 137 
betidamino acids, 52 
BIAcore biosensor, 791 
bicyclic structures, 364 
binding, 511 
binding interactions, 543 
binding of peptides to HLA-I, 797 
binding sites, 510 
bioactive peptides, 202, 337 
biodegradable microspheres, 799 
biogenic herbicide, 111 
biological activity, 542 
biosensors, 155 
bipyridine ligands, 109 
BK analog, 602 
Boc strategy, 717 
bovine antimicrobial peptide, 789 
bovine pancreatic trypsin inhibitor 

(BPTI), 226, 495 
bradykinin, 601 
bradykinin antagonists, 650, 730 
breast cancer mucin antigen, 60 
bromination with NBS, 241 
Brucella abortus, 595, 652 
Bruton's tyrosine kinase, 565 

c-Abl, 459 
C-C bond, 345 
c-Crk, 62 
C-glycopeptides, 449 
C-glycosidic linkages, 711 
c-Jun, 751 
C-terminal amides, 327 
cadherin, 113 
cadherin peptides, 753 
caged peptides, 656 
calcineurin, 96 

calcium channel, 321 
calcium-binding, 113 
calmodulin, 167 
calmodulin antagonists, 605 
calmodulin mimetics, 95 
cancer, 210 
cancer vaccine, 60 
Candida albicans, 557 
carbohydrate-protein interactions, 711 
carboxy-terminus, 545 
carboxyfluorescein, 289 
cardiotoxin, 414 
carrier, 315 
cathelicidin, 119, 789 
cathepsin D, 670 
cation exchange, 815 
cationic lipids, 823 
cationic peptides, 841 
CCKg metabolism, 674 
CD, 115, 121, 151, 392, 416, 447, 479, 

543 
CD spectrum, 383, 445 
CD4, 517 
CD4 Dl domain CC loop mimic, 609 
CD4 functional epitopes, 609 
CD4-MHC class II interaction, 609 
Cdk/Cyclin, 547 
cecropin A-melittin hybrids, 645 
cecropin B-l, 739 
cell adhesion, 113 
cell surface glycoconjugates, 711 
cell-cell adhesion, 753 
cell-permeable peptides, 733 
cell-surface receptors, 141 
cellular import of peptides, 726 
channels, 498 
chaotrope, 815 
charge-transfer complex, 187 
chaybdotoxin/zinc-finger chimera, 86 
chemical diversity, 52 
chemical ligation, 301, 333 
chemical synthesis, 414 
chemokine-sized proteins, 643 
Chimeras, 508 
chimeric peptides, 601, 621 
chimeric receptor, 584 
chimeric TASP, 155 
cholecystokinin (CCK)-39, 295 
cholesterol, 639 
circular dichroism, 143, 349, 475, 481 
circular protein, 387 
cis-proline rotamer, 422 
cleavable handles, 307 
cleavage, 278 
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coiled-coils, 135 
collagen-mimetic, 80 
combinatorial chemistry, 22, 38, 216 
combinatorial libraries, 25, 54, 58, 265, 

605,761 
combinatorial synthesis, 51 
combinatorial synthetic libraries, 50 
combizymes, 22 
comformational energy, 362 
computational procedure, 362, 487 
computer modeling, 414 
computer simulations, 447 
configuration, 200 
conformation, 143, 202, 402, 428, 439, 

447, 479 
conformational analysis, 449, 455, 465, 

469 
conformational analysis by fluorescence 

spectroscopic, 430 
conformational and photophysical study, 

378 
conformational calculations, 426, 453 
conformational energy calculations, 420 
conformational epitopes, 819 
conformational flexibility, 325 
conformational mapping, 795 
conformational studies, 392, 491 
conformational switch, 461 
conformational template, 457 
conformations, 143, 202, 439 
congener breaking sets, 253 
conotoxin, 271 
consolidated ligands, 157 
constrained amino acids, 281 
constrained dipeptides, 489 
constrained structures, 378 
convergent solid-phase peptide synthesis, 

307 
copper(II)-induced folding, 161 
corticotropin-releasing factor, 553, 737 
coupling reagents, 337 
CRF antagonists, 737 
cross-immunogenicity, 773 
crystal structure of 

[Lys17'18,Glu21]glucagon, 620 
crystal structure of a-thrombin, 680 
crystal structures of glucagon, 619 
cyanylation, 327 
cyclic, 19 
cyclic octapeptide Axinastatin, 465 
cyclic peptide libraries, 29 
cyclic peptides, 153, 176, 229, 235, 249, 

607,611,654 
cyclic peptoids, 206 

cyclic prodrugs of peptides, 825 
cyclization, 19, 43, 50, 223, 280, 291, 

387, 439 
cyclization of EDNEYTA, 611 
cyclized bradykinin analogs, 650 
cyclo (CNSNQIC), 609 
cyclodextrin, 315 
cyclohexylalanine, 541 
cyclopeptide, 449 
cyclopsychotride, 229 
cyclosporin, 223 
[2,3-cyclopropane amino acids]fMLP 

analogs, 623 
cysteine, 339 
cysteine-knot motif, 229 
cysteinyl-peptides, 313 
cytocidal effect, 739 
cytokine, 400, 571 
cytotoxicity, 394 

D-amino acid hexapeptides, 605 
D-peptide analog, 769 
D-proline, 159 
de novo design, 83, 95, 145, 155, 165, 

173 
de novo protein, 107 
decamer template, 453 
J-opioid receptor, 145 
deltoid protein, 147 
deltorphin, 473 
demyelination in multiple sclerosis, 700 
denaturation, 481 
Dendroaspis augusticeps, 593 
Dendroaspis polylepis polylepis, 593 
dendrotoxin I, 593 
des-DTPA peptide, 268 
desamino His' GLP-1, 615 
desgalactosyl supprescin B, 718 
design, 159, 461 
2,6-diaminopimelic acid, 311 
Difference Minimum Energy 

Ramachandran Plot (DMER-Plot), 
253 

difficult coupling, 223 
difficult sequences, 255 
digestion of peptide antigens, 764 
diketopiperazines, 38, 176 
5-dimethylproline, 422 
dimeric peptide agonists, 569 
dimerization, 101, 751 
dimerization of the EBP, 501 
l-(4,4-dimethyl-2,6-

dioxocyclohexylidene)ethyl (Dde) 
protecting group, 719 
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diptericin, 703 
discontinuous epitopes, 533 
discrete, 271 
distance geometry, 451, 530 
distance geometry calculations, 479 
disubstituted amino acids, 117 
disulfide bonds, 412 
disulfide bridges, 226, 400 
disulfide-mispaired isomers, 271 
DKP, 38 
dmt-tic 5 antagonists, 604 
DNA interactions, 131 
DNA-binding peptides, 123 
DNA-encoded library, 50 
2DNMR, 573, 575 
domain structure of p53, 715 
domains, 157 
DPDPE, 214, 404 
drosocin, 703 
DTPA-containing peptides, 268 
dynorphin A, 284 
dynorphin B, 284 

EBV-transformed B cells, 763 
Edman bead sequencing, 56 
electron transfer, 165 
electrophilic azidation, 241 
electrophilic substitution, 303 
Ellman's reagents, 344 
encephalitogenicity, 803 
encoded libraries, 68 
end capping, 115 
endothelial cells, 745 
endothelin-A receptor, 584 
energy calculations, 361 
engineering, 414 
enkephalin, 291 
enkephalin analog, 218 
envelope glycoprotein gp41, 781 
enzymatic assays, 66 
enzymatic specificity, 381 
epidermal growth factor (EGF), 372, 733, 

412 
epitope ELDKWA, 777 
epitopes, 551 
epitopes of D15, 787 
EPO insufficiency, 569 
EPOR, 569 
erectile dysfunction, 658 
erectogenic activity, 658 
erythropoietin, 501 
erythropoietin binding protein, 501 
erythropoietin receptor, 569 
ESI-MS, 809 

ESR spectra, 573 
1,2-ethanedithiol, 309 
eukaryotes, 831 
exodus, 643 

F2Pmp, 2, 183 
factor Xa, 261 
fibrin clots, 567 
fibrinogen, 216 
fish antifreeze protein, 747 
fluorescence, 289, 349, 426 
fluorescence spectroscopy, 325 
fluorescent, 331 
fluorescent quenched substrates, 41 
fluoroalkylated muramyldipeptide 

analogs, 698 
Fmoc solid phase synthesis, 269 
Fmoc-2-aminopalmitic acid, 345 
Fmoc-solid-phase peptide synthesis, 287, 

321 
folding, 135, 143, 349, 352, 369, 443 
formylation, 65 
Fourier transform infrared (FTIR), 481 
Fourier-transform infrared (FTIR) 

spectroscopy, 385, 418 
furin, 676 
furin substrates, 690 
fusogenic activity, 628 
Fv antibody fragment, 437 

G protein, 511 
G-protein coupled receptors (GPCR), 

504, 530, 601 
G-protein interaction site, 662 
GABAA receptor, 508 
galanin receptor, 662 
7-amino acids, 317 
gastric acid release, 526 
gastrin, 315 
gene delivery, 823 
gene transfer, 841 
genome sequence data, 643 
GHRP-6 analogues, 635 
Glanzmann thrombasthenia, 728 
glucagon action, 613 
glucagon amides, 613 
glucagon analogues, 619 
glucagon binding affinity, 614 
glucagon receptor, 511 
glucagon-like peptide-1, 615 
glycoamino acids, 719 
glycopeptide, 46 
glycosylated hydroxylysine, 287 
glycosylation, 287 
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GnRH conjugates, 561 
GnRH-endothelin chimeras, 621 
gonadotropin releasing hormone, 621 
gpl20, 477 
GPIIb/IIIa antagonists, 195 
GpIIb/IIIa recognition, 755 
gramicidin, 389, 489 
gramicidins, 153 
gramicidin S and lipid bilayers, 639 
Grb2, 535 
GRB2-SH2, 555, 707 
Grb2-SH2 domain, 582 
Grb2-SH2 domain binding peptide, 582 
green fluorescent protein, 7 
growth factor receptor binding protein 2, 

707 
guanylation, 207 
guinea-pig bronchi, 186 

H-bonding, 530 
H. influenzae vaccine, 787 
HaCaT cells, 749 
HATU, 297 
HBTU, 297 
hCG folding, 416 
Heck reaction, 279 
HEL cell adhesion, 176 
helical oligoproline, 149 
3io-helical peptides, 378 
4a-helical bundle, 99 
helical structure, 385 
helix dipole, 497 
3io helix formation, 375 
helix forming tendency, 125 
helix stabilization, 115 
helix-loop-helix, 95 
hematopoiesis, 178 
hematopoietic synergistic factor (HSF), 

192 
hematoregulatory, 192 
heme, 165 
hemoprotein, 92 
hemtoregulatory, 178 
hepatitis B, 537 
hepatitis B surface antigen, 775 
hepatitis C virus, 396 
hepatitis delta antigen, 147 
HER-2/neu, 779 
heregulin, 631 
heterocyclic, 265 
heterocyclic libraries, 25 
heterodimerization, 467 
hexamer, 406 
HF adduct, 65 

hGRF l-29-NH2 agonist, 637 
hGRF 1-29-NH2 antagonists, 637 
hindered bases, 339 
hindered systems, 240 
histidine containing peptides, 257 
histidine racemization, 803 
histocompatibility complex (MHC) class 

11,517 
HIV co-receptors, 477 
HIV protease inhibitors, 667, 678 
HIV-1, 441, 781 
HIV-1 gpl20, 795 
HIV-1 gp41 fragments, 777 
HIV-1 protease, 333 
HIV-2, 781 
HLA Class I molecules, 797 
hMClR-binding pocket, 581 
HOE 140 bradykinin antagonists, 101 
Hofmann rearrangement, 218 
holographic, 89 
holographic data storage, 169 
hospopeptides, 424 
HPLC, 370, 486 
HPV16 E7 oncoprotein, 819 
HTLV-I, 785, 799 
human breast cancer, 561, 779 
human bronchial epithelial cells, 549 
human C5a anaphylatoxin, 549 
human CD8, 493 
human endothelin, 358 
human fibroblast growth factor-1, 641 
human immune sera, 775 
human parathyroid hormone, 402 
human parathyroid hormone analogs, 541 
human SRIF receptors, 559 
human-a-Calcitonin gene-related 

peptide, 597 
hybrid resins, 56 
hydantoin, 329, 331 
hydrolysis, 805 
hydrophobic contaminants, 815 
hydrophobic effect, 409 
hydrophobic folding and assembly, 76 
hydrophobic patch, 707 
hydrophobic peptides, 355, 839 
hydrophobic region, 841 
hydrophobic-hydrophilic balance, 840 
hydrophobic-induced pKa shifts, 78 
hydrophobicity scale, 355 
hydroxymethylcarbonyl isostere, 667, 

678 

i to i+4 lactam, 451 
ice binding residues, 747 
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IgE-mediated diseases, 539 
IgE-receptor, 539 
IL-8, 549 
iminodiacetic acid, 129 
immobilizing phosphatidylcholine, 485 
immunodominant MBP epitopes, 700 
immunogens, 695 
immunoglobulins, 86 
immunologically active component, 188 
immunomodulators, 188 
immunotherapeutics, 517 
implantable device, 828 
inhibition of c-Jun DNA binding, 752 
inhibition of cysteine proteases, 682 
inhibition of nitric oxide synthase, 167 
inhibitors, 204, 262, 335 
Inogatran, 335 
insect glycopeptides, 703 
insulin, 369, 406 
insulin analogs, 471 
insulinotropic, 296 
integrin antagonists, 181 
integrins, 206, 455, 523, 727, 741, 755 
integrins (3i, 726 
interaction, 475 
intercalator, 131 
interleukin-10, 533 
interleukin-1/3, 682 
interlocking, 271 
interstitial collagens, 743 
intestinal mucosa, 825 
intracellular pathogen, 652 
intracellular signal transduction, 648 
intracellular signalling pathways, 555 
intramolecular cyclization, 277 
intramolecular disulfide bonds, 343 
ion channels, 410 
iron(II)-braced, 163 
IS4.491 
islet amyloid, 394 
islet amyloid polypeptide, 394 
isomerization, 314 
isopeptide cleavage, 312 
isopeptides, 311 

JUDY-Procoil, 141 

Kaposi Fibroblast Growth Factor, 726 
kinase inhibitory activity, 547 
kinetics of biomolecular interactions, 791 

L-peptide epitope, 769 
labeling, 290 
lactam, 235, 439 

lactam bridges, 463, 650 
lactam scan, 637 
lactam-type cyclization, 451 
laminin, 735 
lanthionine, 291, 455 
lathyrus odoratus, 46 
leucine zippers, 467 
leukemia cancer cells, 739 
leukocytes, 204 
leuprolide formulation, 828 
Lev-enkephalinamide derivatives, 837 
LHRH agonist, 828 
libraries, 19, 46, 48, 55, 66 
libraries from libraries, 265 
lifetime, 149 
ligands for MHC molecules, 766 
light-absoring proteins, 107 
lipoamino acid, 837, 843 
lipopeptides, 345, 702 
liposomes, 461 
locked-in fold, 98, 100 
lutropin receptor, 584 

macrocylic, 29 
macrophage migration inhibitory factor, 

400 
macrotorials, 29, 133 
MAdCAM-1,204 
main immunogenic region, 437 
malaria vaccines, 208 
MALDI-MS, 809 
MALDI-TOF, 68 
MALDI-TOF mass spectrometry, 46, 369 
MAP characterization, 809 
marine sponge, 465 
matrix metalloproteinases, 312, 743 
MDP, 188 
melanocortin peptides, 724 
melanocortin receptors, 198, 293, 580 
melanocyte stimulating hormones 

(MSH), 198 
melanotropin antagonists, 723 
Meldrum's acid, 317 
melittin, 485 
14-membered ring, 104 
membrane associating function, 541 
membrane model, 485 
membrane-interactive, 125 
metal binding, 129 
metal ion-assisted, 249 
metal ion-binding, 135 
metalloprotease, 398 
methionine, 231 
MHC class I binding, 493 
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microbial adherence, 557 
midkine, 6 
migration, 269 
Migration Inhibitory Factor (MIF), 301, 

400 
mimetic peptide, 503 
mimetics, 212, 279 
mimics, 233 
mimochromes, 92 
minimal functional epitope, 501 
miniprotein, 86 
misfolding, 352 
mitogenic signaling pathways, 733 
Mitsunobu conditions, 341 
mixed connective tissue disease, 771 
mixed p agonist/5 antagonist, 430 
model membranes, 639, 839 
model of the human MC1R, 580 
models for partially folded intermediates, 

495 
molecular design, 118 
molecular docking, 437 
molecular dynamics, 410 
molecular dynamics simulation, 412 
molecular mechanics study, 431 
molecular mimicry, 761 
molecular modeling, 404, 453 
molecular recognition, 817 
molecular structure of SEL2711, 680 
monoclonal antibody 4A5, 567 
multiphosphorylated synthetic peptides, 

695 
muramyl dipeptide, 188 
muscarinic receptors, 586 
mutations, 233 
myasthenia gravis, 437 
myelin, 443 
myelin basic protein, 700, 803 
myristoylation, 537 

N-carboxyanhydrides, 259 
N-Dde protected N-glycoamino acids, 

720 
N-Dde protected O-glycoamino acids, 

719 
N-glycopeptides, 449 
N-glycosylated peptide, 717 
/V-methylated amino acids, 341 
/V-methylated peptides, 341 
N-terminally truncated, 460 
nanotubes, 104 
naphthylalanine, 807 
native chemical ligation, 459 
natural motif, 139 

NDF, 631 
NDF isoforms, 631 
nematode neuropeptide, 327 
nested, 271 
neurokinin receptor, 648 
neurokinin-1 receptor, 432 
neuropeptide Y, 625 
neuropeptides, 749 
No-nitro-argininal ethyl aminal method, 

684 
NILIA-CD, 543 
NIR-FT Raman spectroscopy, 251 
NK-1 receptor antagonists, 186 
NLPR, 575 
NLPR binding, 576 
NMR, 392, 402, 409, 416, 422, 426, 432, 

439, 447, 451, 479, 483, 489, 505, 
567 

NMR spectroscopy, 92, 428, 807 
NMR structure, 441 
NMR structure determination, 372, 463 
NOE analysis, 372 
non viral vectors, 823 
non-immobilised ligand interaction assay, 

571 
non-peptide, 216, 517 
non-peptide mimetic, 145, 214 
non-peptide antagonists, 173 
NPY, 578 
NSL-9511, 741 

O-glycopeptide, 718 
O-linked glycosylation, 713 
OGP analogues, 607 
oligomers, 169 
oligopeptide substrates, 381 
oligopeptide transport systems, 831 
O—>N-acyl migrations, 678 
on-resin synthesis, 264 
opiate peptides, 279 
opiates, 514 
opioid, 603 
opioid agonists, 514 
opioid analogues, 617 
opioid compounds, 430 
opioid 5 receptor, 404 
opioid mimetics, 660 
opioid peptide ligands, 214 
opioid peptides, 284 
opioid receptors, 530, 629, 633 
opioidmimetic peptides, 473 
optical storage, 89 
oral bioavailability, 672 
organophosphorus compounds, 337 
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orphanin FQ, 284 
orthogonal ligation, 229, 231, 235, 247 
osteogenic growth peptide, 607 
osteoporosis, 599 
overlapping synthetic peptides, 547 
5-oxazolidinones, 305 
oxytocic agonists, 127 
oxytocin, 226 

p-benzoylphenylalanine, 309 
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p53 protein, 715 
paranitroanilide, 297 
parathyroid hormone, 392, 439 
parathyroid hormone analogue, 599 
parathyroid hormone related protein, 451 
PCI, 676 
PDZ domains, 545 
PEGA-resin, 41 
Pelizaeus-Merzbacher disease, 443 
penile erections, 658 
pentafluorophenylalanine, 730 
pepstatin A analogues, 670 
peptide agonist, 145 
peptide aldehyde enzyme inhibitors, 811 
peptide aldehydes, 263 
peptide and peptide-antigen labeling, 763 
peptide antibodies, 779 
peptide antigens, 763, 773 
peptide bond mimic, 200 
peptide bonds, 11 
peptide combinatorial library, 817 
peptide delivery, 843 
peptide epitopes, 799 
peptide epitopes on IpaC, 783 
peptide hapten interactions, 70 
peptide helices, 445 
peptide hydrazides, 39 
peptide immuno-modulators, 845 
peptide libraries, 35, 41, 43, 72, 123, 545, 

551,766 
peptide mapping, 493 
peptide mimetics, 22, 208 
peptide nucleic acids (PNAs), 233, 299 
peptide PI 15, 571 
peptide separation, 813 
peptide substrates, 713 
peptide synthesis, 259, 285 
Peptide Synthesis Research Committee, 

705 
peptide templates, 143 
peptide thioester, 321 
peptide transport families, 833 

peptide vinyl sulfones, 686 
peptide-bilayer interactions, 125 
peptides, 117, 428, 432, 523, 539 
peptidomimetic, 190, 192, 198, 205 
peptidomimetic inhibitors, 670 
peptidomimetic scaffolds, 32 
peptidomimetic Vitronectin receptor 

antagonists, 181 
peptidomimetics, 15, 32, 194, 463 
peptidyl argininals, 684 
peptidyl-resin hydrolysis, 805 
peptoid, 80, 469 
PGLa, 385 
PH-30a, 627 
phage display, 70 
phage display library, 70 
phage libraries, 60, 582 
pharmacophore, 192 
pharmacophore model, 178 
Phe-His (i,i+4) helical stabilization, 457 
phosphatase binding peptides, 72 
phosphatase binding sequence, 73 
phosphinate amino acid, 238 
Phospholamban, 709 
phospholipase C-7I, 520 
phospholipid vesicle binding, 563 
phospholipid-peptide interactions, 639 
phosphonamide, 237 
phosphonopeptides, 237 
phosphopeptide models, 715 
phosphorazo-method, 297 
phosphorylated PLN, 709 
phosphorylated tyrosine, 705 
phosphorylation of p53, 715 
phosphotyrosine-containing peptide 

ligands, 707 
photolabile derivatives, 656 
pipecolic acids, 281 
platelet fibrinogen receptor, 755 
platelet integrin receptor, 567 
pleiotrophin, 7 
PNA-peptide chimera, 299 
PNA-peptide conjugates, 299 
point mutations, 443 
polyamines, 48, 54 
polyethylene glycol-polystyrene 

(PEG-PS), 68 
polyproline, 151 
positional scanning, 25, 58 
pre-sequence, 251 
prediction, 410 
prediction of intramembrane regions, 487 
prion, 285 
Pro-Leu-Gly, 1 
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Pro-Pro-Gly, 3 
Pro-X-X-X-Asp-X, 755 
prodrug strategies, 825 
profurin-related peptides, 677 
proline, 151 
proline-containing peptides, 420 
proline-II, 163 
ProPCl-related peptides, 677 
proprotein convertase, 676, 690 
proregion-related peptides, 676 
prostaglandin I2 production, 745 
prostate cancer, 828 
protease, 396 
protease inhibitors, 238 
proteasme function, 686 
protecting groups, 244, 277 
protection, 11 
protein, 352, 459, 475 
protein binding assays, 46 
protein design, 98 
protein disulfide isomerase, 41 
protein engineering, 76 
protein folding, 139, 471, 495 
protein stability, 83 
protein synthesis, 13, 235 
protein tyrosine kinases, 611 
protein-based inhibitor, 690 
protein-based polymers, 76 
protein-peptide interactions, 533 
protein-protein interactions, 545 
protein-tyrosine phosphatase inhibitors, 

183 
proteolipid protein, 443 
PSD/CID, 69 
pseudodipeptide, 29 
pseudopeptides, 29, 208, 607 
PTH, 133 
PTH-related protein, 447 
Pin-related protein (PTHrP), 479 
pyrazinone ring, 660 
pyrrhocoricin, 703 
pyrrolidinone, 317 

QSAR, 253 

racemization, 259, 323, 339 
radiolabeled derivatives, 561 
radiolabeled LH-RH, 37 
radiolabeling, 684 
RAMP, 141 
random peptide library, 775 
Ras farnesyl transferase, 210 
rat brain sodium ion channel, 491 
rational design, 405 

receptor-bound conformation, 516 
receptors, 257 
recognition, 257 
recombinant serpin a-1-PDX/hf, 690 
redox, 107 
redox potentials, 313 
redox-separated state (rss), 149 
reductive amination, 329 
refolding, 285 
retro-inverso, 186 
reverse rums, 281 
reversed amide bond, 449 
reversed-phase high performance liquid 

chromatography, 355 
reversed-phase HPLC packing, 813 
RGD, 216 
RGD-mimetic, 176 
rhGM-CSF, 571 
rhIL-3, 571 
rhodopsin, 424, 504 
ribonuclease A, 422 
ring constrains, 325 
ring opening reactions, 305 
rodent lungs, 845 
Rop protein, 129 
rotational-echo double resonance, 428 
RP-HPLC, 285 
ruthenium (II) complexes, 109 

S,N-acyltransfer, 231 
S-methylation, 232 
S-protected, 277 
S-Xanthenyl, 273 
saccharopeptide synthesis, 719 
salivary statherin, 483 
scaffolds, 52 
scavenger receptor, 121 
Schwesinger base, 319 
screening, 55 
secondary structure, 208, 409, 428 
SEL2711-hirugen-thrombin complex, 

680 
selective enzyme inactivation, 645 
selective ligand binding, 586 
self-assembly, 155 
self-encoded library, 63 
self-replicating, 366 
separation of crude peptide, 815 
sequence assisted peptide synthesis 

(SAPS), 251 
sequential ligations, 301 
sequential oligopeptide carriers, 771 
serine protease inhibitors, 688 
serine proteases, 335 
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serum amyloid A, 745 
serum apolipoprotein B-100, 563 
SH2 domains, 459, 520 
SH3 domains, 62, 151,565 
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side reactions, 244, 309 
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signal transduction, 523 
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single-stranded DNA, 475 
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solid phase, 301 
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somatostatin receptor-ligand complexes, 
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SPPS, 268, 283, 295, 308, 323, 443 
Src homology, 157 
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stereoselectivity, 293, 318 
Streptomyces tendae, 654 
structural diversity, 64 
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structure, 489 
structure control, 117 
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structure-activity relationship, 154, 196 
structure-function analyses, 483 
substitution analogs, 769 
substrate, 396 
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surface plasmon resonance spectroscopy, 
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synthetic peptide libraries, 56 
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synthetic peptide vaccine, 785 
systemic lupus erythematosus, 771 
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T-cell epitopes, 787 
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tetanus, 398 
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theoretical analysis, 493 
thermal hysteresis activity, 747 
thiazolidine-based phenacyl, 247 
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thioester couplings, 283 
thioester ligation, 247, 321 
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threshold hydrophobicity, 125 
thrombin, 335 
thrombin inhibitors, 672 
thrombin inhibitory activity, 212 
thyrotropin releasing hormone (TRH), 52 
thyrotropin-releasing hormone analogs, 
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topological mimics, 773 
4-trans-
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transforming growth factor alpha, 372 
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transport of peptides, 831 
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triple helical state, 122 
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trisulfide, 275 
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tropane, 194 
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tryptophan, 325 
tumor, 190 
tumor cell interactions, 523 
tumor therapy, 555 
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tyrosine derivatives, 660 
tyrosine kinase, 66 
tyrosine kinase inhibitors, 190 
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tyrosine phosphorylation, 520, 705 
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unnatural peptide synthesis, 319 
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X-ray structure, 358 
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Y2 receptor, 625 
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