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Preface

The Fifteen American Peptide Symposium (15APS) 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

L]

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 III

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

xliii



xliv

Sessions VII, VIII and XIX dealt with ke 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 XVIIL

Other sessions dealt with protein folding, receptor-ligand interactions, peptide biology,
peptide immunoclogy 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" 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 15" 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-(1-84),
omega-conotoxin GIVA, omega-agatoxin IVA, porcine C5a anaphylatoxin, angiogenin-(1-
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.

1995 John M. Stewart 1993 Victor J. Hruby
1991 Daniel Veber 1989 Murray Goodman
1987 Choh Hao Li 1985 Robert Schwyzer
1983 Ralph Hirschmann 1981 Klaus Hofmann
1979 Bruce Merrifield 1977 Miklos Bodanszky

American Peptide Symposia

Symposium Chair(s) Location

First 1968 Saul Lande Yale University
Yale University New Haven, CT
Boris Weinstein USA
University of Washington, Seattle

Second 1970 F. Merlin Bumpus Cleveland Clinic
Cleveland Clinic, Cleveland Cleveland, OH, USA

Third 1972 Johannes Meienhofer Children’s Cancer
Harvard Medical School Research Foundation
Boston Boston, MA, USA

Fourth 1975 Roderich Walter The Rockefeller University
University of lllinois and Barbizon Plaza Hotel
Medical Center, Chicago New York, NY, USA

Fifth 1977 Murray Goodman University of California-
University of California- San Diego, San Diego, CA

San Diego USA
li
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Sixth 1979

Seventh 1981

Eighth 1983

Ninth 1985

Tenth 1987

Eleventh 1989

Twelfth 1991

Thirteenth 1993

Fourteenth 1995

Fifteenth 1997

Sixteenth 1999

Erhard Gross
National Institute of Health
Bethesda

Daniel H. Rich
University of Wisconsin
Madison

Victor J. Hruby
University of Arizona
Tucson

Kenneth D. Kopple

Hllinois Institute of Technology
Chicago

Charles M. Deber

University of Toronto, Toronto

Garland R. Marshall
Washington University
School of Medicine, St. Louis

Jean E. Rivier
The Salk Institute for
Biological Studies, La Jolla

John A. Smith
Massachusetts General
Hospital, Boston

Robert S. Hodges
University of Alberta,
Edmonton

Pravin T.P. Kaumaya
Ohio State University,
Columbus

James P. Tam
Vanderbilt University Medical
School, Nashville

George Barany & Gregg Fields
University of Minnesota,

Georgetown University
Washington, DC, USA

University of Wisconsin-
Madison, Madison, WL
USA

University of Arizona
Tucson, AZ, USA

University of Toronto
Toronto, Ontario
Canada

Washington University
St. Louis, MO, USA

University of California-
San Diego, CA, USA

Massachusetts Institute of
Technology, Cambridge,
MA, USA

Edmonton Convention
Centre, Edmonton,
Alberta, Canada

Ohio State University
Columbus, OH, USA

Nashville Convention
Center, Nashville, TN,
USA

Minneapolis, MN, USA
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Seventeenth 2001 Richard A. Houghten San Diego, CA, USA
Torrey Pines Institute
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Ioana Annis University of Minnesota
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Lukas C. Scheibler University of Lausanne, Switzerland

Honorable Mentions

Matthew Bogyo Massachusetts Institute of Technology
Margaret L. Falcone University of Maryland
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Sandra C. Vigil-Cruz University of Maryland, Baltimore
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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:
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Abc

Abh

Abl
Abu
Abz

AC
AcegC

Aca
Acc

Acm
AEDI

AHA
Ahp
A®Ahp

Ahx
eAhx
Aib
All
Al
Alloc

ama

hydrophobic moment
mean residue ellipticity
4’-aminomethyl-2,2’-
bipyridine-4-carboxylic acid
azabicylco[2.2.1]heptane-2-
carboxylic acid

abelson kinase
o-amino-n-butyric acid
2-amino-benzoic acid;
2-aminobenzoyl
adenylyl cyclase

acetyl; acyl
1-amino-cyclohexyl-1-
carboxylic acid
adamantanecarboxyl-
1-aminocyclopropane-1-
carboxylic acid
acetamidomethyl
aminoethyldithio-2-
isobutyric acid
6-aminohexanoic acid
2-amino-heptanoic acid
6-dehydro-2-amino-
heptanoic acid
6-aminohexanoic acid
aminchexanoic acid
o-aminoisobutyric acid
angiotensin II

allyl

allyloxycarbonyl
alveolar macrophage
Ac-Abc-Ahx-Om(Mbc-

lvi

Bal)-Apn-Abc-Gly-NH,

AMBER assisted model building and
energy refinement

AMC aminomethylcoumaride

AMCA 7-amino-4-

methylcoumarin-
3-acetic acid

Amn 8-(aminomethyl)naphth-2-
oic acid

APB (4-amino)phenylazobenzoic
acid

APC antigen presenting cell

Apn S-aminopentanoc acid

Arg-al argininal

Arg-ol argininol

ATP adenosine triphosphate

AUC area under the curve

AVP vasopressin

B o-aminobutyric acid

BAL backbone amide linker;
broncho-alveolar lavage

bApG N,N-bis(3-aminopropyl)-
glycine

BBB blood brain barrier

BK bradykinin

BMAP bovine myeloid
antimicrobial peptide

BME B-mercaptoethanol

Bn benzyl

Boc, BOC tert-butyloxycarbonyl



Boc-ON

Boc,O
BOP

Bpa
BPTI

bpy
Bzl

CaM
CAMM

CBA
Cbz

CCK
CCK-B
CD
B-CD
CED3

CF

CFU
Cha
Chg
Cho
Clt-resin
CI-Trt
Cl-Z
Cpg
Cpg—Arg
CRF

CTL

de.

Da
DAMGO

2-tert-butyloxy-
carbonylamino-2-
phenylacetonitrile
di-tertbutyl dicarbonate
(benzotriazol-1-yloxy)-
tris(dimethylamino)
phosphonium
hexafluorophosphate
p-benzoylphenylalanine
bovine Pancreatic trypsin
inhibitor

2,2’-bipyridine

benzyl

calmodulin

computer assisted molecular
modeling

carboxymethyl
carbobenzoxy;
benzyloxycarbonyl
cholecystokinin
cholecystokinin-B
circular dichroism
B-cyclodextrin
cenorhabditis elegans cell-
death protein
5(6)-carboxyfluorescein
colony forming units
cyclohexylalanine
a-cyclohexylglycine
cholesteryl

2-chlorotrityl resin
2-Cl-trityl
2-chlorobenzyloxycarbonyl
o-cyclopentylglycine
pseudo (CH,NH) Cpg-Arg
corticotropin releasing
factor

cytotoxic T-lymphocyte
diastereomeric excess
Dalton

[Dala’ MePhe?,
Glyal’Jenkephalin

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-tert-butyl-4-
(dimethylamino)pyridine
1,8-diazabicyclo [5.4.0]-
undec-7-ene
dicyclohexylcarbodimide
dichloromethane
1-(4,4-dimethyl-2,6-
dioxocyclohexylidene)ethyl
o, 0-dimethy!-3,5-

dimethoxybenzyloxycarbonyl

1,4-Dihydrotrigonellyl
diisopropylcarbodiimide

N, N-diisopropylethylamine;
N-diisopropylethylamine
NN’-
diisopropylcarbodiimide
4-dimethylaminopyridine
difference minimum energy
ramachandran plot
dimethylformamide
dimethyl sulfoxide
dinitrophenyl

double quantum field

dioleoyl-DL-c-
phosphatidylcholine
dioleoyl-DL-i-
phosphatidylgltcerol
dodecyl phosphocholine
cyclo[DPenz-

DPen’ Jenkephalin
diphenylphos-phorylazide
dipalmitoyl-DL-c-
phosphatidylcholine
dipalmitoyl-DL-a-
phosphatidylgltcerol
dithiothreitol
experimental allergic
encephalomyelitis
erytropoietin binding

Epstein-Barr virus
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Iviii

EDS50
EDT
EDTA

EGF
EGFR
EGS
succinyl-
ELISA

EMP

EPO
ES-MS

ESI
ESR
ESTs
ET-1
Et;N
ET4R
F,Pmp

f5f
FAB-MS

FceRI
FceRlIol
FITC
fMLP

Fmoc; FMOC 9-fluorenylmethoxycarbonyl

Fmoc-Cl

FTIR
GalR
GdnHC1
GFC

GIcNAc
GPCR
GpIlb/IIa
Grbz

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
pentafluorophenylalanine
fast atom bombardment
mass spectrometry
IgE-receptor
IgE-receptor-oi-subunit
fluorescein isothiocyanate
formyl-Met-Leu-Phe

9-fluorenylmethoxy
chloroformate

Fourier transform infrared
galanin receptor
guanidinium hydrochloride
gel filtration
chromatography
N-acetylgalactosamine
G-protein-coupled receptor
glycoprotein IIb/IIa
growth factor receptor-

GRF

GS
GSH
GSSG
GuHCl

Hat

HATU

HBTU

HBV
hCG
HCV
HDAg
HDV
HFIP
HG
HIV

HLA
hm

hml trune

HMC
HMPA

HMPA
HMPB
'"H-.NMR
’H-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
O-(7-azabenzotriazol-1-yl)-
NNN',N'-
tetramethyluronium
hexafluorophosphate
2-(1H-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-hydroxymethyl-3-
methoxyphenoxy)-butyric
acid

protein nuclear magnetic
resonance

tritiated N-methyl
scopalamine

1-hydroxy-7-
azabenzotriazole



HOBt
HPLC

Hpp
HPV

HSBOtU

HSBtU
1-

HSF

HSNPtU

HSDNPtU

HTLV
virus
Inogatran

i.v.

iBoc
ICso

ICE

Igl
IL-1B

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

yD-1,1,3,3-
tetramethyluronium-
hexafluorophosphate
hematopoietic synergistic
factor

2-(1-mercapto-4-
nitrophenyl-1-y)-1,1,3,3-
tetramethyluronium-
hexafluorophosphate
2-(1-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]-[2R-[2S]]
intravenous

islet amyloid polypeptide
isobutyloxycarbonyl

50% inhibition
concentration
interleukin-1P converting
enzyme

interferon
o~(2-indanyl)-glycine
interleukin-1B

1P inositol trisphosphate;
1.4,5-
trisphosphate
ITC 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
Mbc 4’-methyl-2,2’-bipyridine-4-
carboxylic acid
MBHA para-
methylbenzhydrylamine
MBHA
methylbenzhydrylamine
MBP myelin basic protein
MCIR melanocortin-1 receptor
MCR melanocortin receptor
MD molecular dynamics
MDP muramy! dipeptide
Me methyl
MeCN acetonitrile
MeOBzl para-methoxybenzyl
MeOH methanol
MER-Plot minimum energy
ramachandran plot
MHC major histocompatibility
complex
MIC minimum inhibitory

concentration

lix



MIF

MMP
Mmt
MS
MSH

MT-I
MT-II

Mtr

Mitt
NADPH

Nal
Nc7g
Nchg
Nec
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
[Nle* Dphe’]o-MSH
Ac-Nle*-
c[AspS,Dphe7,Lyslo]
o-MSH(4-10)-NH,.
Ac-Nle-e[Asp’, Dphe’,
Lys'®]o-MSH(4-10)-NH,
2,3,6-trimethyl-4-
methoxybenzenesulfonyl
4-methyltrityl
nicotinamide adenine
dinucleotide phosphate,
reduced form
naphthylalanine
N-cycloheptylglycine
N-cyclohexylglycine
norecgonidine
nipecotic acid
near-infrared, fourier-
transform

neurokinin -1 receptor
(substance P receptor)
neurokinin A
neurokinin B

normal rat kidney cells

N-methyl phenylalanine
N-methylmorpholine
N-methylpyrrolidinone
nuclear magnetic resonance
nitric oxide

n-octanoyl

nuclear overhauser effect
nuclear overhauser
enhanced spectroscopy
Neuropeptide Y

Ntc*®
Nitc?®

Ntc®

O/Xi0
o-AMPA

Ochx
OHA
Oic

Ome
OMI
OPT

Orn-ol
ovVX
PAL

PAM
amidating

PBMC

PBS

PC
PCR
Pd/C
PDI
PEG
PEG-PS

PEGA

nortropane-2oi-carboxylic
acid
nortropane-2f-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 o-

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-



Pen
Pfp
Phe

acrylamide copolymer
penicillamine
pentafluorophenyl ester
phenylalanine

Phe(4-CH,OH) 4-

hydroxymethylphenylalanine

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-ethylphenylalanine

dehydrophenylalanine; o,f3-
dehydrophenylalanine
cyclopropylphenylalanine
phospatidylinositol
phospholipase C
phospholamban
proteolipid protein
plasma membranes
2,2,5,7,8-
pentamethylchroman-
6-sulfonyl
Pelizacus-Merzbacher
disease

p-nitroanaline
3pB-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

RuCly(dmso)4
Ru”
Ru(ama)
SAPS

SAR

SCLs

SD
SH(32)

SH2
SH3
SHU-9119

SNC-80

SIOM

Ixi

(7-azabenzotriazol-1-

tris(pyrrolidino)
phosphonijum
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
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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-o-amino acids. In 1953, I tried to synthesize a copolymer of Lys, Glu, and Cys by the
polymerization of a mixture of the respective N-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),, 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 O-Gly-Ser in HF after 2 or 3 weeks at room temperature. On the other hand,
the O-Gly-Ser formed reverted to the original N-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 [S]. 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



3

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, I 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),o, 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-Aj-Aj-Asz--Ap-
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 o.-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 Asp,Glu  Ser, Thr Lys Arg His Cys Tyr  Trp
1965 OBzl Bzl YA NO, -- Bzl Bzl -
1980 OBzl Bzl ClZ Tos Tos Acm,MeB BrZ ---
1990 OcHx Bzl ClZ Tos Bom Acm,MeB BrZ For
1995 OcHx Bzl ClZ Tos Bom Acm,MeB BrZ 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-(1-22)-OH with H-(23-84)-OBzl. In the synthesis of Boc-(39-68)-OPac,
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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-(1-22)-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.

Number of
Year Name Amino acids SS-bonds
1982 Conotoxin G1 13 2
1985 h-ANP 28 1
1986 w-Conotoxin GVIA 27 3
1988 C5a Anaphylatoxin 74 3
1988 Endothelin I 21 2
1990 Angiogenin 123 3
1990 Charybdotoxin 37 3
1992 Calciseptine 60 4
1992 Elafin 57 4
1992 p-~Conotoxin GIIIB 22 3
1992 Na,K-ATPase Inhibitor I 49 4
1992 rat Interleukin-8 72 2
1993 h-Adrenomedulin 52 1
1993 ®-Agatoxin IVA 48 4
1994 h-Osteocalcin 49 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 @-conotoxin MVI C [15].

1994-1997

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 f-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 COupliDg 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-(1-59)-OH and H-(60-121)-OBzl, proceeded quite
smoothly within 1 hr. Thus, the fully protected peptide, Boc-(1-121)-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(AcQ"), 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
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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-(1-
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

! | | | | 64
GKKEK PEKKV KKSDC GEWQW SVCVP TSGDC GLGTR EGTRT GAECK QTMKT QRCKI PCNWK KQFG-

65
I | ) 138
AECKY QFQAW GECDL NTALK TRTGS LKRAL HNAEC QKTVT ISKPC GKLTK PKPQA ESKKK KKEGK KQEKM LD

Boc-(1-8)-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 ~

Boc-(1-64)-OPac + Boc-(65-136)-OBzl
in CHL/TFE (3:1) /
T: CHL/TFE (3:1) , F: DMF, N: NMP, §: DMSO

Boc-(1-136)-0OBzl
HF followed by folding

Boc-(65-75)-OPac
Boc-(76-88)-OPac
Boc-(89-100)-OPac
Boc-(101-110)-OPac
Boc-(111-119)-OPac
Boc-(120-128)-OPac
F Boc-(129-136)-OBzl

Pleiotrophin

Fig. 1. Primary structure and route for the synthesis of pleiotrophin.

with Hg(AcO),. 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
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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 autorated 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
majnstream 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 achieverment 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)s 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 B-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
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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, B-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 B-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" jon-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
tantomerization 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 N°-amine of lysine, thiol of internal cysteine, or
imidazole

19



20

0 0
~a
S
S—R
(Y N
HyN [Mm-+],
~
/NH .’.Hz

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-SCH,CH,CONH; 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 Ile, 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-SCH,CH,CONH; 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-



21

0

HS/\/U\NH
1. SPPS
2. HF

Cys-Tyr-Gly-Xaa-Yaa-Leu-SR Gly-Tyr-Gly-Xaa-Yaa-Leu-SR
1. TCEP 1. AgTfa
2. RP-Separation 2. RP-Separation

cyclo{Cys-Tyr-Gly-Xaa-Yaa-Leu) cyclo(Gly-Tyr-Gly-Xaa-Yaa-Leu)

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 [l]. 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-B-
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

22



23

modifications [13]. We have been interested in exploiting this latter development.
Azapeptides are peptides in which one (or more) of the oi-carbon(s) has been replaced by a
trivalent nitrogen atom (Fig. 1) [14]. This transformation results in a loss of asymmetry
associated with the o-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].
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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 Brensted
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 Brensted 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.
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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].
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Peptides as precursors in the synthesis of heterocyclic positional
scanning combinatorial libraries

Jean-Philippe Meyer, John M. Ostresh, Adel Nefzi, Vince T. Hamashin,
Christa C. Schoner, Marc A. Giulianotti,
Amy L. Hannah and Richard A. Houghten

Torrey Pines Institute for Molecular Studies, 3550 General Atomics Ct.,
San Diego, CA 92121, USA

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).
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Fig. 1. Positional scanning heterocyclic combinatorial libraries derived from dipeptides.
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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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Expanding molecular diversity with pseudopeptides and
macrotorials: Synthesis, characterization, and biological
activities of macrocyclic combinatorial libraries

Arno F. Spatola, Yvon Crozet, Peteris Romanovskis

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 Proy[CH,S]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 within 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 other
laboratories have reported increased potency when comparing cyclic peptide candidates with

Table 1. Cyclic pseudopeptide libraries incorporating a pseudodipeptide (Prow[CH;S]Gly) scan

number #cmpds yield mg (%) structure

L-1 216 23.5 (57%) cyclo(Xxx-Xxx-Xxx-Proy[CH,S]Gly-Asp)
L-2 216 13.7 (33%) cyclo(Xxx-Xxx-Proy[CH,S]Gly-Xxx-Asp)
L-3 216 16.3 (39%) cyclo(Xxx-Proy[CH,S]Gly-Xxx-Xxx-Asp)
L-4 216 22.3 (54%) cyclo(Proy[CH,S]Gly-Xxx-Xxx-Xxx-Asp)
L-5 1296 22.0 (45%) cyclo(Xxx-Xxx-Xxx-Xxx-Proy[CH,S]Gly-Asp)
L-6 1296 19.1 (39%) cyclo(Xxx-Xxx-Xxx-Proy[CH,S]Gly-Xxx-Asp)
L-7 1296 16.1 (33%) cyclo(Xxx-Xxx-Proy[CH,S]Gly-Xxx-Xxx-Asp)
L-8 1296 17.1 (35%) cyclo(Xxx-Proy[CH,S]Gly-Xxx-Xxx-Xxx-Asp)
L-9 1296 18.9 (38%) cyclo(Proy[CH,S]Gly-Xxx-Xxx-Xxx-Xxx-Asp)

L-10 7776 28.8 (50%) cyclo(Xxx-Xxx-Xxx-Xxx-Xxx-Proy[CH,S]Gly-Asp)
L-11 7776 26.9 (47%) cyclo(Xxx-Xxx-Xxx-Xxx-Proy[CH,S]Gly-Xxx-Asp)
L-12 7776 30.7 (54%) cyclo(Xxx-Xxx-Xxx-Proy[CH,S]Gly-Xxx-Xxx-Asp)
L-13 7776 26.2 (46%) cyclo(Xxx-Xxx-Proy[CH;S]Gly-Xxx-Xxx-Xxx-Asp)
L-14 7776 23.7 (42%) cyclo(Xxx-Proy[CH,S]Gly-Xxx-Xxx-Xxx-Xxx-Asp)
L-15 7776 22.6 (40%) cyclo(Proy[CH,S]1Gly-Xxx-Xxx-Xxx-Xxx-Xxx-Asp)
Xxx = 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 10° 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

J. P. Mayer, D. Bankaitis-Davis, G. Beaton, K. Bjergarde, J. J. Gaudino,
B. A. Goodman, C. J. Herrera, D. M. Lenz, G. S. Lewis, C. M. Tarlton

and J. Zhang
Amgen Inc., 3200 Walnut St., Boulder, CO, 80301, USA

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.1, the 1,4-benzodiazepine-2,5-diones 1 [4], and the 4-(3H)-quinazolinones 2

(51
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Fig.1. General structures of 1,4-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 (II) 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 1,4-benzodiazepine-2,5-diones 1, or route b to prepare

4-(3H)-quinazolinones 2.
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Fig. 2. (i) DCC, HOBt; (ii) SnCl,, DMF; (iii) 55°C, DMF; (iv) NaOtBu, THF; (v) RCHO, 5%
AcOH, DMA, 100°C; (vi) KMnOy, 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 1,4-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

Arpéd Furka, Eugen Campian, Hans R. Tanner and Hossain H. Saneii
Advanced ChemTech Inc., Louisville, KY 40228, USA

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 1141 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).

Tetra Penta Hexa CP

i

Fig. 1. Component libraries of amino acid tester mixtures. Black, white and gray circles symbolize
couplings with one, 19 and 20 amino acids, respectively. CP1-CP6: coupling positions.

OO0
bW —

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 Coupling position of the amino acid to be te

1 2 3 4 5 6
Tri 400 380 361
Tetra 8,000 7,600 7,220 6,859
Penta 160,000 152,000 144,400 137,180 130,321
Hexa 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.

All (361)
cP3

1 Product

Fig. 2. General scheme of the optimized synthesis of amino acid (alanine) tester mixtures.
CPI1-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.

80
70 +
60 +
50 +
40 +
30 +
20 +
10 +

0 4

100-LHRH Binding%

A DETFGHTIIKLMNZPOQRSTVWY

Fig. 3. Binding experiment with 19 amino acid tester mixtures.
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Backbone amide linker (BAL) for solid-phase synthesis of 2,5-
piperazinediones (DKP), useful scaffolds for
combinatorial chemistry
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Most current methods of solid-phase peptide synthesis rely on the a-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 N-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., N,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 CHpCla—-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

c\H 7JL<*% °\ou
[
s/ 0 HA o/,

o(cHy, —Cc—NH—@

HCO ocu,

cn2
R H —NR‘R’

pepllde-—-N R "
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R = COAI O/n
\OR’ R? = CH,0'Bu
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two reasons. First, hydrazine has two nucleophilic nitrogens, one of which should be
blocked. Second, the peptide chain should be grown through the o-nitrogen (see arrow),
because acidolytic cleavage of the bond between the BAL methylene and the peptide
acylated hydrazine o-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 B-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 B-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.

R? = CO,'Bu
R’= CH(OMeh

Fig. 1. Some applications of BAL anchoring.
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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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o R 0
R = CHy, CHy-CH=CH,
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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Fluorescent quenched substrates for protein disulfide isomerase
(PDI) defined by the use of disulfide bridge containing libraries

J.C. Spetzler,” V. Westphal,” J.R. Winther" and M. Meldal®
“Carlsberg Laboratory, Department of Chemistry, “Department of Yeast Genetics, Gamle Carlsberg
Vej 10, DK-2500 Valby, Copenhagen, Denmark

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(NO,)) [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 fluoroscence 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(NO,) 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(NO,), the Rink linker was
employed to generate o-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,
STFI
Abz-G-X -Cys-X -X-X -M-R' Abz-G-X,-Cys-X -X -X -M-R’ é ¥ ﬁlv
+ —— YMAL
A-TYH{NO2)-Cys-A-NH2 A-Tyr(NO2)-Cys-A-NH gL en

RI KL )

P V ME  Synthetic substrates
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| R’ = PEGA resin or aNLE
'=G-NH2 LPHL
NO, G MKL
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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-NH,). 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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Solid phase synthesis of cyclic homodetic peptide libraries
utilizing a novel intraresin chain transfer

Michael L. Moore, Kenneth A. Newlander, Heidemarie Bryan, William

M. Bryan and William F. Huffman
SmithKline Beecham Pharmaceuticals, King of Prussia, PA 19406, USA

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 Pro’ residue and a B-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 Hyp’,
MeAla’ and Aib’ substitutions as well. Since all these amino acids share a low energy -
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 o-amino group and used as the handle
to build the linear peptide by conventional Fmoc chemistry. The Pro’ residue was substi-
tuted with a hydroxyproline bearing a differentially protected linker, succinyl-B-alanine
monoally] ester. After construction of the linear peptide, the allyl ester and Alloc groups
were selectively removed by palladium(0) 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 CH,Cl,, to give the linear peptide now tethered to the
resin via the Hyp’ 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(s-Alioc)-BHA ———
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I— D-Trp-D-Asp-Hyp-D-Val-Leu —I HMPB-Lys-BHA

6
5

Scheme 1. Synthetic design.

The side chain protecting groups were removed by treatment with 95% TFA/anisole/H,O.
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.

Fig. 1. HPLC of crude cyclic peptide.



Based on these results, an eight-membered test library was constructed using the split-
and-combine approach, with either D-Trp or D-GIn 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.

1o

4 UV 220/280 nm Total Ion Current 6

Fig. 2. HPLC traces of 8-membered test library.
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Analysis of O-and N-linked glycopeptide libraries by
MALDI-TOF MS: Application in solid phase assays of
carbohydrate-binding-proteins

Phaedria M. St. Hilaire, Morten Meldal and Klaus Bock
Department of Chemistry, Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2500 Valby,
Denmark.

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 ir sifu 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”, APRPPRY, 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: B-D-GlcNAc-Asn
(Ng) -2-phenylpropionic acid (Ppa, mass: 132.2), a—D-Man-Thr (Tm)-lauric acid (Lau, mass:
182.3), and o-D-Man(1-3)a-D-Man-Thr (Tm3)-2-naphthoic acid (Nap, mass: 154.2).

Solid Phase Assay of Lathyrus Odoratus: A portion of the library was incubated with
FITC labelled sweet pea lectin, Lathyrus Odoratus, and beads with varying degrees of
fluorescence were removed and sequenced by MALDI-MS (Fig.1). Both non-glycosylated
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and glycosylated peptides were detected. Tie following active peptides were synthesized
and tested for binding to the lectin on solid phase: 1. TmFHFVENgV, 2. TmTNgSLENgV,
3. PHGNgGTEV, 4.VYYGNgFLV, 5. TEVSFWTmV, 6. TmFFFVNKYV, 7. DTmPE
NgYKV, 8. TWFENgGFSV, 9TmLFKGFHV, 10.EFPWLSEV,11. TLDTTFHV, and
12.YGEASTTYV. 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 B-D-GIcNAc 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 o—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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Unsymmetrically functionalized polyamine libraries by a solid
phase strategy starting from their symmetrical
polyamine-counterparts

Gerardo Byk, Marc Frederic and Daniel Scherman
UMR-133 Rhéne-Poulenc Rorer Gencell/CNRS, 13 Quai Jules Guesde B.P. 14,
94403-Vitry sur Seine, France

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
CH,Cly/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.
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Fig. 1. a: Spermine in CH;Cl, b: (Boc);CO; in CHCl, c¢: Cleavage with
trifluoroethanol/CH,Cly, d: DdeOH, e: Tetra-(3-aminopropyl)-diaminobutane, f: Tris (2-
aminoethyl)amine, g: 1,4,8,11-tetraazacyclotetradecane.

References

1. Ganem, B. Acc. Chem. Res., 15 (1982) 290.

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, I.A. 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. (@) 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 10° backbone
cyclic peptides on 7 um glass beads

Anna Balanov, Eran Hadas and Ilana 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.1)
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 10° backbone cyclic peptides per experiment for binding

activity.
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Fig. 1. Peptor’s backbone cyclic peptides.
Results and Discussion

We found 7 pum 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 10° 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-B-Ala (for peptide synthesis) and
Fmoc-Ser(Trt) (for DNA synthesis). The synthetic procedure includes paralle] 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 | Stage 1|Stage 2Stage 3|
| | | |
NH)k/\NHﬁ AA1 H AA2 H AA3 i—r

Glass Bead

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 comjugated 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,2 Marvin C. GershengornP and Jean E. Riviera
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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-NH>) 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. [Nim_3Me-
His2]TRH and [Pyr(1)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]JTRH 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(1)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. I: Structure of betidamino acid- E_N_ CH'—IC—N
containing TRH analogs. I 1
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Table 1. Selected heterocyclic and aromatic betidamino acid structures.

Symbol  acylating Structure (R) Symbol  acylating Structure (R)
agent agent
NH» ]
b-Atz not A\ b-Trp indole-3-
applicable N\ i\‘ carboxylyl {\' |
N H
)
b-Pca  2-pyrazine- \r(\:N b-homo  indole-3- O ]
carboxylyl e} Trp acetyl N
H
0O
b-Apc  3-amino-4- )'7_(NH2 biso  indole-2- OJ\(/7©
pyrazole 4 .‘N Trp carboxylyl H
carboxylyl H
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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 SO17 1BJ, 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 N' ,NB-bis(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.

HIN Haa'l_uaal_uHN

Haa', ,,aa, ,,HN N (o]
HIN\/\/N\H/O 1) Library Synthesis 22 NN N
0 (24 Fmoc amino acids) fo)

———— > R=CONH-PEGA

2) TFA deprotection Resin Library

(24 x 24 compounds)

R R = OCH,CONH-PS

R=CONH-PEGA (1) Solution Library Haa',_, a3, ,HN
R = OCH,CONH-PS (2)

R

Haa',_, 08 HN_ _~_NH

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 (K; = 16uM), TrpTrp (K;
= 3.1uM) and TrpPhg (K; = 83uM). 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 (K; =
100 nM) or two (K; = 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 (K;
= 1.6uM). 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

Hoebert S. Hiemstra,” Willemien E. Benckhuijsen,” Wolfgang E. Rapp®

and Jan W. Drijfhout®
“Department of Immunohematology and Blood Bank, Leiden University Hospital, POBox 9600,
2300 RC Leiden, The Netherlands, "Rapp Polymere GmbH, Tiibingen, Germany

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-NH, 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/CHsCN/H,0, 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-methoxy-4-hydroxymethylphenoxyacetic acid (acid labile linker) and
Fmoc-Nle-OH was coupled to TentaGelS-NH,. 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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Torrey Pines Institute for Molecular Studies, 3550 General Atomics Ct.,
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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(2CIZ)-mBHA, with O-Ala-Phe-Lys(2C1Z)-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

NH,-Ala-Phe-Lys(CIZ)- () _N-Ala-Phe-Lys(Ci2)- € ) , NH-Ala-Phe-Lys(CIZ)- ()
MeCH NaBH;CN
CHC, DMF
Ac!
TMOF # l = |
%S VA
R R

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 Isokinetic Ratio Percent Incorporation
4-fluorobenzaldehyde 1.000 100%
3-hydroxybenzaldehyde 0.557 83%
3-cyanobenzaldehyde 0.556 110%
2-chloro-5-nitrobenzaldehyde 1.153 107%
3-bromobenzaldehyde 0.501 112%
4-phenoxybenzaldehyde 1.347 91%

mixture of each benzaldehyde with the 4-fluorobenzaldehyde standard was then reacted
with the Ala-Phe- Lys(2C1Z)-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.

Acknowledgments

This work was funded by National Science Foundation Grant No. CHE-9520142 and by
Trega Biosciences, Inc. of San Diego, California.

References

1. Houghten, R.A., Pinilla, C., Blondelle, S.E., Appel, J.R., Dooley, C.T., and Cuervo, J. H.,,
Nature, 354(1991)84.

2. Pinilla, C., Appel, J.R,, Blanc, P., and Houghten, R.A., Biotechniques, 13(1992)901.

Ostresh, J.M., Winkle, J.H., Hamashin, V.T., and Houghten, R.A., Biopolymers, 34(1994)1681.

4. Houghten, R.A., Proc. Natl. Acad. Sci. U.S.A., 82(1985)5131.

w



Potential cancer vaccine: Anti-idiotype antibodies developed
from antigen binding peptides bind to human breast cancer
antigen

John Mark Carter, Judy Singleton, Phoebe Strome,

Cindy Coleman and Vernon Alvarez
CYTOGEN Corporation, 201 College Road East, Princeton, NJ 08540-5237, USA

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 MPBS5 bound to the HMFG1
MADb with strength similar to that of the original Mucla peptide antigen (Fig. 1A).

We then used both MP1 and MPBS 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. 1B), and serum Ab against MPBS5 also bound strongly to that peptide
(Fig. 1C). When we tested the sera for the presence of anti-idiotype Ab, we found that the
MP1 antiserum contained reactivity against Mucla (Fig. 1D), and the MPBS5 antisera
contained reactivity against MP1 (Fig. 1E), confirming the anti-idiotype response.
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Fig. 1. ELISA data. A) binding of biotinylated MPB5 ® and MUC1 B to HMFGI, B) binding of
MP1 antisera to MP1, C) binding of MPBS antisera to MPB5, D) binding of MP1 antisera to
Mucla, E) binding of MPBS5 antisera to MP1 (binding of pre-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
encoded amino acid scanning

Julio A. Camarero, Joanna Pavel and Tom W. Muir
Synthetic Protein Chemistry Laboratory, The Rockefeller University, 1230 York Avenue
New York, 10021 NY, USA

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.

fibrary members RP-HPLC read-out
[ o active pool
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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

61



62

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 H;O
containing 0.1% TFA), were submitted to Hg(OAc); 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.

Bound
Tag to c-Crk SH3-N (%)

PPPA PP Fmoc-Ser-OH 82 (+)
- - - - - - Fmoc-Asp-OH 39 ()
- - - - - - Fmoc-Gly-OH 7 (=)
- - - - - - Fmoc-Ala-OH 77 {+)
- - - - - - Fmoc-Aib-OH 3 (=)
- - - - - - Fmoc-Abu-0H 7 (=)
- - - - - - Fmoc-Val-OH 41 (¥)
- - - - - - Fmoc-Nva-OH 88 (+)
- - - - - - Fmoc-Ile-OH 89 (+)
- - - - - - Fmoc-Leu-0H 89 (+)
- - - - - - Fmoc-Phe-OR 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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A double-bond-containing angiotensin and its derivatization
into linear vs. branched analogs
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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, KMnO, and Br; addition [1], the
double bond can react with peracid to form epoxide, with ozone to form aldehyde, and
with Hy/Pd to form alkane [2-4]. Because angiotensin (AIl) antagonism is induced by
replacing 8-Phe with branched residues [5, 6], this study used [Sar!, DL—AﬁAhps]A]I 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-A®Ahp, Boc-DL-A°Ahp and Boc-A’Pro has been reported [3, 4]. The
double bonds appeared to be stable to alkaline hydrolysis, and to Boc-deprotection by 85%
HCOOH, 4 N HCVTHF, or 25% TFA/CH,Cl,. 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, CHCl3-CH3O0H elution), and acidified (HCl/dioxane) to yield DL-A
6Ahp—Ole-HCl (mp 92.5-93.5°C, 61% yield), which gave the appropriate C, H, N analysis
and the characteristic CHp=CH- bands in NMR (Table 1).

Cleavage of DL-A°Ahp-OBzI-HCI by HF (°C, 1 h), CF3SO,H/TFA-CH,Cl, (°C, 1 h),
HBI/TFA, (1t, 2 h), BBrs/CH,Cl, (0°C, 1 h) or Hy/Pd-C (1t, 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 Hy/Pd led to a
different product (18.5 min). As 'H NMR of the reduced product showed a methyl, but no
benzyl group, DL-AﬁAhp appeared to be rapidly reduced to the linear Ahp (2-amino-
heptanoic acid). Similarly, HBt/TFA and BBr; generated multiple products with different
elution times, and CFsSO,H generated two products beside a major band (13.5 min).

Although HF cleavage of DL-A6Ahp—Ole gave an amino acid eluted at 13.9 min,
further studies indicated HF addition to the double bond. In these studies, [Boc~Sarl, des-
Phe®JAIl and DL—AGAhp-Ole-HCl in DMF were coupled by DCC/HOBt (60°C,
overnight). The resulting [Boc-Sar', DL—A6Ahp8—Ole]AII 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 1-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. AGAhp-Ole and its derivatization into HF and formate adducts during synthesis.

Amino acid/Peptide (FAB-MS) Spectral characteristics
DL-A°Ahp-OBzI-HCI for CHy=CH-

116 & 138 ppm ("°C NMR); 5.0 & 5.75 ppm (‘"H NMR)
[Sar', DL-A®Ahp]AII-HF (987) Amino acid analysis of CPY digest did not show A°Ahp

[Sar', DL—A6Mp]AH-HCOOH (1013) Amino acid analysis of CPY digest did not show AGAhp
Tyr*, His® ring C at 116, 119,128, 131, 135 ppm, but no
C=CH- in *C NMR (138 ppm) or in 'H NMR (5.75 ppm)

hydrolysis (6 N HCI, 120°C, 48 h). FAB-MS (Table 1) indicated no m+1 967 band for
[Sar', DL-ASAhp®]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 carboxy?eptidase Y (CPY, 37°C, 48 h) followed by amino acid
analysis gave Tyr*, Val**, His®, Pro’, and a new amino acid eluted ahead of the position for
AGAhp. 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 (H,/Pd,
overnight), from whose hydrolysates no Ahp was found.

The HCOOH adduct suggests DMF formylation of ASAhp 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 A°Ahp reacted with HF and other
cleavage agents, alternative TMAH/t-butanol cleavage [7] may be useful to retain the
double bond.

In rat assays, [Asn!, AhpS]AH 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.

References

1. Shriner, R.L., Fuson, R.C. and Curtin, D.Y., The Systematic Identification of Organic
Compounds. Wiley, New York, 1965.

Stotter, P.L. and Eppner, J.B., Tetrahedron Lett., 26(1973)2417.

Karwoski, G., Galione, M. and Starcher, B., Biopolymers, 17(1978)1119.

Felix, A.M., Wang, C.T., Liecbman, A.A., Delaney, C.M., Mowles, T., Burghardt, B.A.,
Charnecki, A M. and Meienhofer, J., Int. J. Peptide Protein Res. ,10(1977)299.

5. Bumpus, M. and Khosla, M.C., In Genest, J., Koiw, E. and Kuchel, O. (Eds.), Hypertension:
Physiology and treatment, McGraw-Hill, New York, 1977, p. 183.

Hsieh, K.H., Jorgensen, E.C. and Lee T.C., J. Med. Chem., 22(1979)1038.

7. Hsieh, K.H., DeMaine, M.M. and Gurusidaiah, S., Int. J. Peptide Protein Res., 48(1996)292.

W

o



Synthesis and application of tyrosine kinase substrate libraries
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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 HS 1356400 [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 HS1s04402 derivative, ((LCB)EGDYEEVLE(NH,) (LCB = aminohexanoyl
biotin), was found to be optimal and was selected as a basis for library construction.

The first library varied the Y,;43 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,
GIn, Glu, Lys, and Ser. After the first round of library synthesis, one third of the individual
resins were removed and the remaining HS1304.492 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 Y3 (1
peptide/well), ten with mixtures at Y. and defined residues at Y., (10 peptides/well), and
ten with mixtures at Y,.,.; and defined residues at Y,; (100 peptides/well). A similar
library was constructed for the Y_;.3 positions.

The libraries were analyzed with ZAP-70 and the results of the Y.;.,3 library are
shown below (Fig. 1). Hydrophobic residues were preferred at all positions, particularly at
Y.s. 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., 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.
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Fig. 1. Relative turnover rates for the Y, ;_.; library compared to the HS1 394 49, substrate

Table 1. Results for library derived substrates

Substrate: (LCB)EGD(YXXX)LE(NH,) Relative Rate (keo/Ki)
-YEEV- (Parent) 100
-YEEW- 190
-YEWW- 191
-YWEW- 177
-YWWW- 218
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Encoding schemes for application with polyethylene glycol-
polystyrene graft (PEG-PS) supports in solid-phase peptide and
small molecule synthesis
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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-NH; 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 pL). After TFA had evaporated, a
solution of o-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-NH, was constructed using Fmoc-Arg-OH (side-chain unprotected) and
DIPCDI/HOAL couplings. Analysis of the N%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-NH,,
H-VLAGHH-NH,, and H-AGVLHH-NH,, 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

polyelhylene glycol Ammo lized for orth b Lir

Fig. 1. General structure of PEG-PS support for encoded library.
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Use of phage display and cellulose-bound peptide libraries for
the identification of urea herbicide binding peptides
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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 (I) testing chemical peptide libraries synthesized
on cellulose membrane supports.

Results and Discussion

The phage library comprises cyclic peptides of the format Cys(B),Cys (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.

A lfl) B

C CH
/N CH 3
cHY cH,

NH,;

a=0

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 homologies
NVSQIT YSVIEYTFR
YGNRHD DLGTRENY FFYAVOQF
NIPMPTY FYNYKGSM
TTHFIQL IGLKSFGL | I |
YLIDSDTF TQTHHFSDE FINAVGTF
FFYAVQF VWSYYYAPS (2x)
FINAVGTFEF FGFIPFNSIY FGFIPFNSIVY
HFTYRFPFEK (2x) FTHIQHIHTIY
YAMLGDAD DLGPIFDFWL | - | ° I
PPDLVIRH GLMVRPTEKESLN FTHIQHTIHTIY

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 D1 protein of photosystem II. Therefore, a peptide
scan of the D1 protein was incubated with *C-labelled isoproturon (Fig. 2). Several
binding regions were detected which differ from the putative binding regions deduced from
resistance mutations in the D1 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.

1 LERe
19 B80%

Fig. 2. Autoradiography of the peptide scan (15mer peptides, shifted by 2 residues, scanning the
amino acid sequence of the DI-protein) incubated with "“C-labelled isoproturon. The framed
regions contain positons of urea herbicide resistance mutations described in the literature.
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High affinity binding peptides for phosphatase
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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 (20* 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 20 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 HRC PSKCKKP
CRRR GKKCHIKK
R CCK K KKCKWK
RRCS KKKCRSK
RRWC KKKCKSK
R KCK KKKCRKR
KCWR KKKCRKI
R CRR KKKCKKY
WR R C KKKCKKF
R R CR

RCRW

R C KK

R R CH

CSRC

R CRH

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

Peptide K, [nM]
Dns-Abu-Arg-Arg-Cys-Gly-OH 33+5
Dns-Abu-Arg-Cys-Arg-Gly-OH 366
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
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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 T-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[fv(GVGVP), fx(GXGVP)]
where fv and fx are mole fractions with fy + fx = 1 and X is any of the naturally occurring
amino acid residues or chemical modification thereof, the value of Ty 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 Ty drives

hydrophobic folding and assembly with the performance of mechanical work; this is the
basis for Axiom 2 for thermo-mechanical transduction.
Dependencies of T; and the AT-mechanism of energy conversion. Virtually every

interaction or modification of the polymer changes the temperature, T¢, of the inverse

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

be used to lower the value of 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 T, 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 Ti-type)
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protonation of a carboxylate functional group or reduction of an oxidized redox function
lowers T, 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 T, 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, T,, of a hydrophobic folding and/or assembly transition is a functional

measure of its hydrophobicity. A decrease in T, represents an increase in hydrophobicity and an
increase in T, represents a decrease in hydrophobicity.

AXIOM 2: Raising the temperature above T; 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, 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 T; 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[fv(GVGVP),fx(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



78

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 from3to 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 AT,-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[fv(GVGIP),fe(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[fv(GVGVP),fe(GEGVP)] [12]. Most definitively, microwave dielectric relaxation
demonstrated the destruction of water of hydrophobic hydration, Ny, on ionization of

carboxyls in poly(30 mers) with one Glu and none or two F residues per 30 mer [13]. pH
dependence of Np;, 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); (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), [2,3] and (Gly-Nleu-Pro), [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),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH, and KTA-
[Gly-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH,]s.

Ho. HO
%o Y
o
o o)
\H NH
+-Bu”
NH O

OTL'\)LN

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),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp).-NHo,
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)], -(Gly-
Nleu-Nleu),-[Gly-Pro-Hyp(OBzl)],-Resin to KTA-(Gly-OH); 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 Ca®*; (Boc-Gly-Nleu-Nleu-O" )5 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),-
(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH,, while the template-assembled compound exhibited
a cooperative melting curve with a thermal melting temperature (T,) of 20 °C in H,0O (Fig.
3). Since ethylene glycol is known to augment weak triple helices [7], melting temperatures
were determined in EG/H,O (2:1, v/v) solution, at 0.2 mg/mL. Ty, 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 H,O, 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 EG/H,O (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),-(Gly-Nleu-Nleu),-(Gly-
Pro-Hyp),-NH,]; melts at 20 °C while KTA-[Gly-(Gly-Pro-Hyp)s]o-NH, melts at 81 °C in
HO [5]. Similar in, Ac-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH, melts at
20 °C while Ac-(Gly-Pro-Hyp),-NH, melts at 59 °C in EG/H;O (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.

hi
-250 S 1
-3
) In
z (a) s P
E -SOO-W _*S 0 ]
e I
3 g
A £
5 7504 % -14
g 2 (a)
2 -1000 % -2
& (b} ?,
g -1250 8 s\
@« ‘G
e
g
-1500 T T T T T S" -4 T T T T T
0 10 20 30 40 50 190 200 210 220 230 240 250

Temperature (°C) Wavelength (nm)

Fig. 3. (left). Melting curves for Ac-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH, (a) and
KTA-[Gly-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH, ] (b) in H,0, at 0.2 mg/mL.

Fig. 4 (right). CD spectra for Ac-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH, (a) and
KTA-[Gly-(Gly-Pro-Hyp),-(Gly-Nleu-Nleu),-(Gly-Pro-Hyp),-NH.]; (b) in H;0, at 0.2 mg/mL.
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De novo design of o-helical coiled-coils: The effect on stability of
amino acid substitution in the hydrophobic core
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The two-stranded g-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 ¢-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 ¢-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 o-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).

abcdefg
Ac-iGGE-VGALKAQ-VGALQAQ-XGALQKE-VGALKKE-VGALKK-am

GGE-VGALKAQ-VGALQAQ-XGALQKE-VGALKKE-VGALKK-am

abcdefg
Ac-iGGE-VGALKAE-VGALKAQ-IGAXQKQ-IGALQKE-VGALKK-am

Ac-CGGE-VGALKAE-VGALKAQ-IGAXQKQ-IGALQKE-VGALKK-am

19a

Ac-

22d

Fig. 1. Amino acid sequences of the position a (19a) and d (22d) o-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.

10-

y=1.12x-0.63 R =0.998 Leu
5 -
Position d 0-

Ala
Aty 5-
(min)

-10-

-15 T T T T T

-15 -10 -5 0 5 10
Ala

Fig. 2. Correlation of side-chain hydrophobicity at positions a and d.

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 @ 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 d 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 d 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 o-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 @ 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 that 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
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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 of fold common to
scorpion toxins and C;H; zinc fingers. Selectability was previously shown for the o-helix
of a 27-aa consensus C,H 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 B-domain of the scorpion
charybdotoxin (ChTX) without perturbation of the original o 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” B 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-PYKCPECGKSFSQKHFLYQHQHTHTG-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” p 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 o-
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 of scorpion scaffold.

EAARE RAARS RASAS AALE RAREE AARE RALEN
1106k —e— ShF-CHTX | ]
- - —O— CHTX
g [
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-
E
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o
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180 200 220 240
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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 Kv1.3, 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 uM Sh-Znf, we obtained an ICsq of 26 uM 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 uM 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 B-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

H,l HYAZO HO Base HzN—-K Base
o \(
Q 0 \\o
H /P\
N N ,Azo Ry 0. ,Base N Base
n Y n n
o]

OH

Azo = — < > N -

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 8-amino groups and with the side chains attached via the &-
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 m 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.
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Fig. 2. (a) Absorption spectrum of a DNO oligomer. (b) Experimental set-up to record
polarization holograms; M1 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.
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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—N9£—(Ac-Asp1-Leuz-Sexj—
Asp4—Leu5—Hisé—Ser7-Lyss-Lys9-Leu10-Lys1l-Ile 2—Thrl3—Lf:u"‘-NHz)—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 o-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(Il)-
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(II)-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 B-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 II.

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 BLeu®*-BPro'® of the hemoglobin template structure. The residues from position
1 to 10 were modeled in o-helical conformation, by taking into account all the factors
which contribute to ¢-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.

H
Manual Solid Phase Synthesis on Sieber Resin 00

(1) aDdeLys-Leu-Lys( eBoc)-lle-Thr(tBu)-LeuNH p + m

Automatic Solid Phase Synthesis ¢
Novasyn PR 500 Resin

(3) aDdeLys-Leu-Lys( eBoc)-lle-Th(tBu)-Leu-R aDdeiys-Leﬂ-LYS( eBoc)-lle-Thr(tBu)-LeuNH 5

OOH

@

COOH

oDdeLys-Leu-Lys( eBoc)-Ile-Thr(tBu)-Leu-R @) Hydrazine Treatment
»  mimochrome I (§)
(O] m b) Double Chain Assembly
Lys(Boc), Ser(tBu), His(Trt), Leu,
aDdeLys-Leu-Lys( eBoc)-lle-Thr(tBu)-LeuNH 3 Asp(tBu), 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.

Uv-Region Soret-
Species [Olmin (nm)  [0]20  [O)raio Ao [6liso [6] (nm)
1 mimochrome II -13335(207) -10463 078 199.7 22826 not detected
2 Co(lll)-mimochrome I -12650 (208) -10461 0.83 200.1 23649 -10822 (415)
3 mimochrome I -9300 (206) -6400 0.70 199.1 18700 not detected
4 Co(lI-mimochrome 1A -17229(204) -8757 0.51 197.3 24330 -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 o-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(IIT)-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(I)-
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(II)-mimochrome II serves well as a template for the design of stereo- and
regio-selective biomimetic catalysts.
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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 o-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 o-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 o-helical dimer covalently linked in
a paralle] 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 o-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
monormer.

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 -I-R-N-K- I-R-A-I- G-K-M-A-R-V-F-8-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.

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

Circular dichroism measurements showed that the CM1 dimer sequence adopts the o-
helical conformation and it is capable of binding to the calcineurin peptide, with a
dissociation constant approximately 1 M. 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 o-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 uM. 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.

[0]- 107/ deg: cm® - dmol™ -res”

— bound
--—: free

1 1 | Il 1 1 [
190 200 210 220 230 240 250

Fig. 2. CD spectra of the calcineurin peptide in the absence (- - -) and in the presence (—) of one
equivalent of CM1; the contribution from CM 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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Non native architectures in protein design : Four helix bundles
as locked-in tertiary fold

Marc Mathieu and Gabriele Tuchscherer
Institute of Organic Chemistry, University of Lausanne, BCH-Dorigny,
CH-1015 Lausanne, Switzerland

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.

<2Ba>

R ,
N4 X&\\ \\\\\

<3B2a>

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/B-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 l4mer-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 <4o> molecule (Fig. 1) was characterized by ES-MS (Mr = 8534).

CD studies in phosphate buffer reveal a significant increase in helicity of the
sandwiched bundie Ts-(40)-T4 compared to the regular TASP Ts-(40) 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 (AGr.uo ~ 6 Kcal M, AGr.uayr ~ 12 Kcal M''; Fig. 2)

o BocAO-D-A-A-T-A-L-A-N-A-L-K-K-L-K(FmocAO)-ONH»
T4 c[P-G-K(CHO)-G-K(CHO)-Amhn-K(CHO)-G-K(CHO)]

. -Boc

. a +T4: oxime bond formation

. -Fmoc

. Tq~(o) + T4: oxime bond formation

B WN=

T4 - (4(1) - T4

Scheme 1. Synthesis of the sandwiched 4-helix bundle T,(4a)-T, (<4o> 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 ]
30 conc.: 105 M) e T-(4a)-T
T-(40.)'T a i T-(4a)
@ -
T-(40) T 2. 3 & 5 &
10+ Guanidine HCI [M]
@
e D
= 0
® :
"4
-10r € 5|
° il T-(4c)-T
k.
* . ! " 10 A i A
200 220 240 nm 1 s 3 " s
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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 (<40> 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. BBo units (<2fo>
in Fig. 1) derived from the zinc finger protein ZIF268 [7]. These branched architectures
bypass completely the problem of protein folding and represent versatile scaffolds for
mimicking protein function.
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Synthesis and in vivo pharmacological profile of dimeric
HOE 140 bradykinin antagonists
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We have been interested in the design of bradykinin B, 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 B, receptor antagonist, HOE 140 [3] (H-DArg’-Arg'-Pro*
Hyp3-G1y4—Thi5—Ser6—D—Tic7—Oics-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 B, 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 10 M, this dimerization
strategy led to pseudotetrapeptide dimeric bradykinin antagonists exhibiting an affinity in the
range of 80 nM on the human cloned B, 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 B, receptor with a low but significant affinity (K;, 4.09 + 0.35 yM 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 B, receptor (e.g.

100



101

Table 1. Pharmacological activity of dimer derivatives of HOE-140 and of its C-terminal fragments
dimerized with a succinyl moiety.

Structure of dimers Ki® (nM) IC5"™ (nM)
or inhibition (%) or inhibtion (%)

1 Suc[DTic-Oic-Arg-OH], 4,096 + 354 16,220 + 2 875
2 Suc[Ser-DTic-Oic-Arg-OH], 6,609 + 255 247 + 94
3 Suc[Thi-Ser-DTic-Oic-Arg-OH], 17% (10 uM) 26% (10 pM)
4 Suc[Gly-Thi-Ser-DTic-Oic-Arg-OH], 30% (10 uM) nd.
5  Suc[Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH], 28% (10 uM) nd.
6  Suc[Pro-Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH], 85% (10 uM) n.d.
7  Suc[Arg-Pro-Hyp-Gly-Thi-Ser-DTic-Oic-Arg-OH]; 6.9 +0.9 n.d.
8 Suc[HOE 140], 0.63+0.04 46+0.38

HOE 140 0.09 1.3

(1) competition binding experiments with [*H]-bradykinin on human cloned B, 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 pK, 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 pKp of 6.45 (Table 2). None of the dimer
analogs exhibited a significant affinity for the human cloned B, receptor.

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

Structure of dimers Ki® (nM) pK,? (nM)
or inhibition (%) functional test

9 L-Aspartyl-[Ser-DTic-Oic-Arg-OH]J, 1,907 £ 156 526 +0.19
10  D-Aspartyl-[Ser-DTic-Oic-Arg-OH], 484 + 87 5.48 +0.20
11-1 D,L-2,6-diaminopimelyl-[Ser-DTic-Oic-Arg-OH], 1,231 +38 n.d.
11-2 324 +1 n.d.
12 H-Arg-DAsp-[Ser-DTic-Oic-Arg-OH], 90.5+0.3 549 +0.29
13  H-D-Arg-DAsp-[Ser-DTic-Oic-Arg-OH], 76 +2 6.45 +£0.07
14 NH,(CH,),,-CO-DAsp-[Ser-DTic-Oic-Arg-OH], 615 n.d.

(1) competition binding experiments with [*H]-bradykinin on human cloned B, receptors.
(2) inhibition of the contraction of the human umbilical vein (HUV)* induced by bradykinin
(30nM); n.d. : not determined.
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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 B,
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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Conformations and use of beta-aminoacid residues
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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 C” 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)-
B -Ala-Gly-L-B -Asp(OMe)] [1]. The extra -HCR- moieties in B-Ala and B-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 N1H 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
B-aminoacid residues that create 16-membered rings. Similar nanotube structures were
prepared by Ghadiri and coworkers using only -aminoacids but with an alternation of D and
L chiralities in the sequence [3].

Perturbations of alpha or 3;p-helices caused by the insertion of the B-Ala-y-Abu segment
into the middle (as residues 4 and 5) of helical peptides Boc-(Leu-Aib-Val),OMe and
Boc(Leu-Aib-Val);-Ala-Leu-Aib-OMe were examined by crystal structure analyses [4]. The
helical nature of the altered peptides, as well as the 3o- and/or o-helical hydrogen bonds, were
not significantly affected by the extra -CH,- and CH,CH;- 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-f3-Ala-B-Ala) described by Pavone et al [5].
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Fig. 1. Two views of tubular structure formed by stacking a cyclic ofaf} peptide. Only NI1H and N3H
participate in forming the tube, while N2H and N4H [1] form intramolecular hydrogen bonds.

Fig. 2. Unusual hydrogen bond rings in the helical Boc-Leu-Aib-Val-B-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 C*CP bond constrained by being incorporated into

a cyclohexyl ring, Boc(-NHQCO—)sole, has formed a regular helical structure with
B~140°, B~130° and B~-55°, with NHO 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, 133 instead of 581. 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(BVal-B-Ala-B-Leu),-
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.

References

1. Karle, LL., Handa, B.K. and Hassall, C.H., Acta Cryst., B31 (1975)555.

2. Seebach, D., Matthews, J., Meden, A., Wessels, T., Baerlocher, C. and McCusker, L., Helv. Chim.
Acta, 80(1997)173.

3. Ghadiri, M.R., Granja, J.R., Milligan, R.A., McRee, D. E. and Kazanovich, N. Nature,
366(1993)324.

4. Karle, 1L., Pramanik, A., Banerjee, A., Bhattacharjya, S. and Balaram, P., J. Am. Chem. Soc.,
submitted.

5. Pavone, V., Lombardi, A., Saviano, M., Nastri, F., Maglio, O., Mazzeo, M., Pedone, C. and
Isernia, C., Biopolymers, 38(1996)683.

6. Appella, D.H., Christianson, L.A., Karle, LL., Powell, D.R. and Gellmann, S.H., J. Am. Chem.
Soc., 118(1996)13071 and to be published.

7.  Seebach, D., Overhand, M., Kuhnle, F.N.M., Martinoni, C., Oberer, L., Hommel, U. and Widmer,

H., Helv. Chim. Acta, 79(1996)913.



Modular design of synthetic redox and light-absorbing proteins

Wolfgang Haehnel,” Harald K. Rau,® Heike Snigula” and Hugo Scheer®
“Institut fiir Biologie Il / Biochemie, University of Freiburg, Schaenzlestr. 1, D-79104 Freiburg,
Germany; *Botanisches Institut, University of Munich, Menzinger Str. 67,

D-80638 Munich, Germany

An approach to a de novo protein having a cofactor binding site is the design of o-helical
bundles capable of binding heme groups [1]. Chemoselective binding of o-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 (H1 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 H1, H2 and T were synthesized
by automatic solid phase peptide synthesis. After modification of either the N-terminus of
peptide H1 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),(H2), designated
MOP! 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-CONH,
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)-CONH;
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 Arg® and Arg,25 respectively, of H1.
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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).

0.6 |- 422

423 —bis-FePPheo a-MOP1
—— bis-His-FePPheo a

0.4

0.2

0.0 1
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Fig.1. Absorbance spectrum of Fe-pyropheophorbide a bound to the modular protein MOPI (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(Il) 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(IIl)-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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Synthesis of semicaged ruthenium(II) complexes of a
branched peptide containing three bipyridine ligands
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and Bruce W. Erickson
Department of Chemistry, University of North Carolina at Chapel Hill,
Chapel Hill, NC 27599, USA

Some caged and semicaged complexes of ruthenium(Il) 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 (Abc), 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 Abc 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 Abc 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 o-carbon atom of the branching L-ornithine residue. Holopeptide
RuH(ama) contains the Ru” atom as a second stereogenic center, which can have either the
A or A geometry. Thus Ruu(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 Ru'(ama) was formed
by reaction of ama with RuCl;(DMSO)4 (Fig. 2). RP-HPLC indicated that the product
mixture contained four RuH/peptide complexes in nearly equal amounts. These four com-

(Mbc-Bal
Ac—Abc-Ahx-Orm—Apn-Abc-Gly-NH,
Fig. 1. Structure of the branched apopeptide ama, where Abc 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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RuCL(DMSO),

CH;0H/H,0
Ar, A 4d

ama

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

pounds were separated by HPLC and were shown to be monomeric isomers of Ru”(ama)
based on the distribution of masses observed by fourier-transform ion cyclotron resonance
mass spectrometry. By CD spectroscopy, Ru'(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 TH-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)/(AL)
diastereomers. These Ru” (ama) isomers were stable at 90 °C but were partially
interconverted by prolonged exposure to intense near-UV light.

Since the semicaged complex Ru'(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 o-hydrogen atom pointing into the semicage towards the Ru”
atom. In contrast, the out isomers have this a-hydrogen atom pointing outwards from the
semicage away from the Ru" atom (see Fig. 2). Thus isomers 1 and 2 of Ru”(ama) are
either the (in,A,L)/(in,AL) pair or the (out,A,L)/(out,AL) pair, respectively, and isomers 4
and 3 are the other stereoisomeric pair, respectively. Which pair is which is not yet known.
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Design of new tentoxin analogues: Study of the ATP-synthase
catalytic mechanism
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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 CF; part of the chloroplast ATP-synthase [4]. For sensitive
plants, tentoxin in vitro inhibits CF; ATPase activity at low concentration (below 10°® 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+ F;-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

Rt R? R?
CHs CHz-CH(CHs)2 H Tentoxin
H CHz-CH(CHs)2 H Sar'-Tentoxin

CHz-OBn  CH2-CH(CHs)2 H MeSer(Bn})!-Tentoxin
CH2-OH CHa-CH(CHs)2 H MeSer!-Tentoxin
CHz-CO2tBu CH:-CH(CHs)2 H MeGlu({tBu}*-Tentoxin
CHz-CO:H  CHa-CH(CHs)z H MeGilu'-Tentoxin

CHa (CH2)s-NHZ  H MeLys(Z)2-Tentoxin
CHs (CH2)eNH: H MeLys?-Tentoxin
CHs CHz-CH(CHs). OMe  MeTyr(Me)-Tentoxin
CHs CHz-CH(CHs)2 OH  MeTyr3-Tentoxin

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 o,f-
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 CF; are summarized in Table 1. The table
also includes our activity measurement of Sar'-TTX (MeAla' replaced by MeGlyl), 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 CF;-ATPase. The reactivation
effect is expressed in percentage of the activity of the control enzyme (without toxin).

natural Sar' MeSer' MeSer( MeGlu'  MeGlu Lys2 Lys(Z)2 MeATy1j MeATyr

1
TTX Bn) (OtBu)! (Me)’
ICo (uM) 004 007 004 05 5 2 41 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 (ICsp). 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

Wei Yang® and Jenny J. Yang"
“Department of Biology, bDepartment of Chemistry,
Georgia State University, Atlanta, GA 30302, USA

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(Il) 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 o-lactalbumin (78-94): DKFLDDDITDDIMCAKK

Results and Discussion

The conformational properties of peptides P129-145 and P129-145/A133D have been
examined by far uv CD. These peptides have little regular secondary structure at 25 °C (10
mM Tris, ImM 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 1,1,1,3,3,3-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 uM 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,
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the addition of calcium resulted in a change of chemical shifts of both peptides in 1D 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(Il) 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(Il) binding constant of peptide analogs by monitoring ellipticity at 198 nm as a
function of Ca(Il) concentration. The Ca(Il) affinity of the modified peptide is increased
compared with that of native peptide about 5-fold (Kq = 0.50 mM for P129-145 and Kq =
0.1 for P129-145/A133D). In this preliminary work, we have demonstrated that a better
Ca(Il) binding motif can be designed based on the high affinity structure of a calcium
binding protein such as o-lactalbumin. Further conformational studies on these peptide
analogs by NMR and fluorescence will provide us with detailed information about the role
of Ca(Ill) in cadherins.

M M
MMM
N

ppm

Fig.1. 1D 1H NMR spectra of peptide P129-145 in the absence (a) and presence of excess calcium
(5 mM CaClp) (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
MH?z and 600 MHz NMR.
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End capping and helix stabilization in short peptides

Hemender K. Reddy and Krishnan P. Nambiar
Department of Chemistry, University of California, Davis, CA 95616, USA

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-Alag-Glu-Ala3z-Lys-Alag-Tyr-Arg-CONH?), 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 C18 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 UM 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 [6],,, 100 % helicity was estimated using the formula "*[8],,, = -40,000 x [1-
(2.5/n)] where n = number of amino acid residues [9]. o-Helicity was independent of
peptide concentration in the range of 10-200 uM. Table 1 shows the o-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 X -[8]5228 Helicity (%) b
deg.cmz.dmol'1

1 H 5800 17
2 CH3CO- 10700 32
3 H703P-CH,-CO- 14000 42
4 H03P-CH,-CHp-CO- 17800 54
5 07N-CH2-CH)-CO- 13800 41
6 02N-(0)-CgH4-CO- 3500 11
7 HO-CO-CHp-CH-CO- 21100 63
8 HO-S03-CH3-CH3-CO- 24400 73

“Mean residue ellipticity [0],,,was determined from the CD spectra of 10 UM solution of peptides
in 10 mM phosphate buffer at pH 7. *Percentage helicity was calculated as 100 x ([6],,, /[6],,,).
"*[6],,,= -40,000 [1-(2.5/n)], where n=15.
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Novel a,co-disubstituted amino acids for peptide
secondary structure control
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Department of Chemistry, Louisiana State University, Baton Rouge, LA 70803, USA

We are interested in water-soluble peptides containing a high percentage of o0
disubstituted amino acids (atatAAs) for both their bioactivity and for their use as molecular
design tools. It is known that peptides possessing a high percentage of 0lAAs are potential
antimicrobial agents [1]. We envision the lysine-like 4-aminopiperidine-4-carboxylic acid
(Api) as a prototypical polar c0tAA [2]. To study the effects of chirality on peptide
secondary structure we have developed a novel, chiral o®AA, 1-amino-3-
methylcyclohexane carboxylic acid, H-Ach®™°-OH. Using straightforward synthetic
methods, we obtain both the “like” (I) and “unlike” (1) pairs of diastereomerically pure
Fmoc-Ach®®-OH in good overall yields (~60% for 3 or 4 steps).

Results and Discussion

We have recently reported the synthesis of a protected trifunctional aotAA Fmoc-
Api(Boc)-OH [2], which is suitable for use in Fmoc/tBu 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.

H QOC ﬁ\lloc
N Ref. 3 N 1. TFA N
——» .
—_— 2. Alloc-OSu
Fmoc—” CO2H Fmoc—u COzH

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

Another aspect of our research focuses on cyclic, chiral dolAAs as controlling factors
of peptide secondary structure. In general, synthesis of enantiopure atAAs (e.g., oMeVal,

116



117

oMePhe) 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 aoAA [4]. In our approach, chiral substituted cyclohexanones
provide rapid access to chiral cyclic 0otAAs via Strecker-like chemistry. Thus, Biicherer-
Bergs reaction [5] (Fig. 2) of 3-methylcyclohexanone produces the (I)-isomers (1R,3R and
15,35) of the spirohydantoin, which is then converted to Fmoc-(J)-Ach*™¢-OH by basic
hydrolysis and protection with Fmoc-OSu.

Fmoc
HN HyO-. CO.H
1. (NH,4)5CO3, KCN 1. CS;, NH,4Cl, KCN, A
M\ COM 2 3N NaOH, A 2. CICH;CO,H M NH
CHy 3. Fmoc-OSu o] 3. 3N NaOH, A CHs Fmoc
ike 4.Fmoc-OSu R
like unlike
diastereomers diastereomers

Fig. 2. Synthesis of “like” and “unlike” diastereomers of 1-amino-3-methylcyclohexane
carboxylic acid.

When using pure (R)-3-methylcyclohexanone as the starting material, the (S,S)-isomer is
formed in >95% enantiomeric excess as determined by RP-HPLC of the Fmoc-protected
(R)-phenylethylamide derivative. Alternatively, Carrington modification of the Biicherer-
Bergs reaction [5] produces the opposite relative stereochemistry at the a~carbon, giving
the (u)-spirodithiohydantoin (15,3R and 1S,3R). The dithiohydantoin is first converted to
the (u)-spirohydantoin by desulfurization with chloroacetic acid and then transformed to
the to Fmoc-(u)-Ach*™°-OH as before.

In conclusion, we have successfully synthesized two new polar o,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 o00tAAs has been developed starting from
unsymmetrically substituted cyclohexanones.
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Design of antimicrobial peptides based on sequence analogy
and amphipathicity

A. Tossi, C. Tarantino, N. Mitaritonna, G. Rocco and D. Romeo
Department of Biochemistry, Biophysics and Macromolecular Chemistry, University of Trieste,
Trieste 1-34127, Italy

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 o-
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 o-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 o-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 o-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 S. 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 (uM)
Peptide Sequence pH@2 Ec St Pm Sa Bm An
PGAa GILSKLGKALKKAAKHAAKA-NH, 37(98°) 8 8§ >32 38 4 16
PGG GLLRRLRKKIGEIFKKYG-OH 42(96°) 2 1 nd 4 4 nd
PGYa GLLRRLRDFLKKIGEKFKKIGY-NH; 45(100°) 4 4 >32 4 1 8
PGP GRFRRLGRKFKKLFKKYGP-OH 4.1(102°) 4 8 nd 8 8 nd

2 Maximum mean hydrophobic moment (not normalized), calculated over the entire sequence,
corresponding to the side chain projection angle 8 (shown in parentheses).

b Ec St P.mS. a B mA nrefertoE. 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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Synthesis and structural characterization of the ligand binding
site of macrophage scavenger receptor

Hironobu Hojo,” Yoshiko Akamatsu,” Yu Nakamura,” Shunji Miki,

Kiyoshi Yamauchi® and Masayoshi Kinoshita®
“Department of Bioapplied Chemistry, Faculty of Engineering, Osaka City University, Sugimoto 3,
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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
N-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 o-thioester at its
N-terminus (xa, x=1-4) 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-SCH,CH,COOEt 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 xec. 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

— X-(Pro-Hyp-Gly) g-Pro-HSR(323-341)-NH, BAla; 1, AHA: 2
NH,-Glu-Glu-X-(Pro-Hyp-Gly)g-Pro-HSR(323-341)-NH,  X=
L_X- (Pro-Hyp-Gly) g-Pro-HSR(323-341)-NH, BAla-AHA: 3, (BAla),-AHA: 4

Fig. 1. Structure of triple helical peptide prepared.
120



121

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=1-4), 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 [e],,,is higher in peptides 2 and 3 than 1 and 4. In
contrast, [6],,, 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
BAla-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.

8) Boc-X-(Pro-Hyp(Bzl)-Gly)e-Pro-HSR(323-341)-MBHA-Resin b) (Boc)y
{ 1) TFA, 2) DIEA oo i COM:; c,:epmh 1a-4a
+ Fmoce-Glu-SCH2zCH2C00C2Hs HOB ester uNC TSR )CONM,  + AQ' 4 HONSu
| HF treatment pipandine peptide 1b-40

[X-(Pro-Hyp-Gly)e-Pro-HSR(323-341)-NH,

{Bocky
Fmoc-Glu-SCH2CH2CO0CHs BRI e r0ae
N

| Boc-ONSu HN-G Bocky
X-(Pro-Hyp-Giy)e-[Lys (Boc)2i2.25.238]. oo - o A F OOz |+ HoNsw
Pro-HSR(323-341)-NH2 1) TFA, 2) HPLC, 3) piperidine. 4) GFC, 5) HPLC
Fmoe-Glu-SCH2CH2C00C2Hs —— (A Jcom,
1a (X=PAla), 2a (AHA), HN-Gl-Gu-{__TSR__ JCONM,  pepice 1,2,3,4
3a (PAla-AHA), 4a ((AAla)2-AHA) L"Isn Ycon,

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
DNA and alter enzymatic activity

L. M. Martin, B-H. Hu and C. Li
Department of Biomedical Sciences, College of Pharmacy, University of Rhode Island,
Kingston, RI 02881-0809, USA

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).

§ j/ 1 DDDD-NH; 5 DDLL-NH; 9 DLLL-NH, 13 DLDD-NH,
2 DDDL-NH, 6 DDLD-NHp 10 DLDL-NH2 14 DLLD-NHz
3 LDDL-NH; 7 LDLL-NHp 11 LLDL-NHp 15 LLLD-NH,
Hes., 4 LDDD-NH, 8 LDLD-NHp 12 LLLL-NHp 16 LLDD-NHz
HOQC NHz
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 MgCl,, 1 mM
DTT, 30 mM KCl 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 10° 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.

2,15 49
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0.087 !
40%
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20%
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1 3,14
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a) b)

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 resuits 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 o-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 o-helical conformations
(Fig. 1a). 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. 1b). 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 = Cp/(Cy x Cp), where Cy, is the lipid-associated peptide concentration, Cj 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 3x104 and 1x10* M-1, respectively. Values of Kqpp can be converted
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into the free energy of binding according to AG = -RTInKjpp, 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 uM 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 o-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—HCI, 10 mM NaCl buffer (pH =
7.0). Peptide concentration = 20 uM. (b) Increment of molar ellipticity (222 nm) of Met (&) and
Gin (@) 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)

M. Manning,* S. Stoev,” L. L. Cheng,* A. Olma,” W. A. Klis,”
W. H. Sawyer,” N. C. Wo® and W. Y. Chan*
“Dept. of Biochemistry and Molecular Biol, Medical College of Ohio, Toledo, OH 43699, USA
*Dept. of Pharmacology, Columbia University, New York, NY 10032, USA
‘Dept. of Pharmacology, Cornell University Medical College,New York, NY 10021, USA

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 V,/V, antagonist d(CH2)5[D—Tyr(Et)2]VAVP surprisingly
tolerates a broad spectrum of structural change with retention of moderate to full
antidiuretic (V,-receptor) antagonism[3]. We now report the synthesis and preliminary
pharmacological properties of 12 new AVP position 3 analogs (Tablel).

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
Leu® and Nle® 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 aiso exhibit significant enhancements in
antidiuretic/vasopressor selectivity relative to AVP. The high antidiuretic potency of
peptide 7 (379x14 units/mg) confirms the early promise of the thienylalanine® [Thi’]
modification in V, agonist design [4].

Conclusion

The findings on peptides 7-12 provide useful clues for the design of potent and selective
AVP V, 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. Peptide Antidiuretic Vasopressor Oxytocic
Act. U/mg Act. U/mg Act. U/mg

AVP* 323+16 39616 13.9+0.5
AVT ([Ie’]AVP)® 231130 1604 127+9
LVP ([Lys*]vP)® ~260 285421 5+0.5
LVT({le® Lys*JVP)®  25+3 13313 80+10

A [Ser’]LVP® ~0.02 <0.01 <0.01

1 [Ser’]AVP® 3.23+0.39 0.38+0.01 0.02+0.003.

B [Trp’]LVP® - ~0.07 <0.01

2 [Trp*]AVP® 1.60+0.18 0.310.01 ~0.01

C [Tyr’]LVP® 0.18+0.08 1.6+0.2 ~0.01

3 [Tyr’]AVP* 20.3+2.2 4.9320.20 0.026+0.003

4 [2-Nal’JAVP ¢ 1.5320.25 3.60£0.21 0.31+0.002

5 [Atc*]AVP® 12.7+1.2 8.99+0.44 0.11+0.004

D [Tic’]JAVP® 0.9120.08 0.25+0.03 ~0.022

6 [Pro’]AVP* 0.46+0.03 <0.003 <0.005

E [Thi*]LVP* 332432 243+5 19.040.5

7 [Thi*]JAVP* 379+14 36049 36.2+1.9

8 [Leu’]AVP® 229+19 21.440.6 2.140.2

9 [Nle’]JAVP® 249428 84.6+4.3 4.7240.16

10 [Val’JAVP* 11449 45.0£2.0 11.3+1.6

11 [Nva®’]JAVP® 13445. 31.2409 28.440.2

12 [Abu’]JAVP® 86.742.5 4.2940.13 0.4540.03

“Ref. 2; "Ref. 1; “This publication; “Reported in ref. 5 as a weak V, agonist; ‘Ref. 2; 'Ref. 4.
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Design and expression of recombinant Rop protein analogs
which have metal binding ability

Takahisa Nakai, Osamu Odawara, Takemune Yasuda and

Nobutaka Tani
Takasago Research Laboratories, Research Institute, KANEKA Corporation, 1-8 Miyamae-machi,
Takasago-cho, Takasago, Hyogo 676 Japan

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 o-helical peptides.
According to this idea, we selected the 63 amino acid Rop (Repressor Of Primer) protein[1,
2], which forms a dimer consisting of a four o-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 ICH,COOH 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 o-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-K10. 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-K10 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-K10; 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 /)
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

Tsuyoshi Takahashi, Akihiko Ueno and Hisakazu Mihara
Department of Bioengineering, Faculty of Bioscience and Biotechnology,
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 o-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 o-helix structure upon
binding to DNA (Fig. 1A). 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 o-helix structure seemed to be induced via binding to calf thymus DNA
fragments (Fig. 1B). 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 o-helix formation of the peptides. In
trifluoroethanol, both peptides took on an o-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 uM order: Ant6,9; 1.3 x 106 M-1 (n=4.5), Ant6,10; 2.4 x 105
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Fig. 1. Structure (A) and CD spectra (B) of Ant-peptides with (135 uM) or without ct-DNA.
[Peptide]=4.8 uM at 25 C.

Mm-1 (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 104 M-1 (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 o-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 o-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)

Wanli Ma,” Jeffrey A. Dodge,” and Arno F. Spatola’
“Department of Chemistry, University of Louisville, Louisville, KY 40292; "Lilly Research
Laboratories, Indianapolis, IN 46285, USA

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 chemisiry 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-NH,

Compound N-terminal R-X- HPLC (k") MW Calc. MW Found
1 R=H;X-Ala 12.04 2603.8 2603.4
2 R=Ac;X-Ala 12.74 2645.8 2645.7
3 R=H; X =Ser 12.06 2619.8 2619.7
4 R =Ac; X =Ser . 12.47 2661.8 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(1-34) 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(1-34)
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
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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 1A). 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 GlapNx (Fig. 1B) is based on our
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Fig. 1. A, Structure of ycarboxyglutamic acid (Gla). B, Sequence of the metal-binding coiled-coil
GlapNx. Substitutions of Gla (denoted G') for Gin at positions 15 and 20 and Asn for Val at
position 23, which distinguish GlazNx from Nx, are highlighted in bold type. C, Helical rod
diagram representing a side view of the GlaaNx coiled-coil.
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"native" coiled-coil Nx, which has a AG, of 5 kcal/mol and was used as a control in
previous studies [2,3]. GlapNx 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-€') repulsions [3]. The circular
dichroism spectrum of Nx (Fig. 2A) is indicative of a highly helical structure, the spectrum
of apo-GlapNx is essentially that of a random coil peptide. The molar ellipticity at 222 nm
(8222 value) is a good measure of helical content. 872, for GlagNx 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 8979 value for GlapNx to -20,900 (59% of the 0,7, value for Nx).
Addition of 5 mM LaCl3 causes a much larger induction of helical structure in GlayNx,
resulting in a 6937 value of —33. Titration of GlayNx with LaClz (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. 1C). 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 Kg of 0.6 + 0.3 uM. It was found that Ca2+ also induced significant helical structure in
GlapNx but displayed a very weak binding affinity (Kg ~ 18 mM). Thus, GlagNx can be
specifically induced to fold by a trivalent metal ion.
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Fig. 2. A, Circular dichroism (CD) spectra of Nx (open circles) and GlazNx (open squares), in 25
mM MOPS, 25 mM KCI buffer, pH 7 at 20°C. Also shown are spectra of GlapNx under the same
conditions plus either 50 % trifluoroethanol (v:v) (closed squares) or 5 mM LaCl3 (closed
triangles). B, LaCl3 titration of GlazNx as monitored by CD.
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o to B transitions of peptides caused by hydrophobic defects

Yuta Takahashi, Akihiko Ueno and Hisakazu Mihara
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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 o-helix-rich form is transformed to the scrapie isoform with a higher B-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 o-to-f3
structural transition (Fig. 1A).

Results and Discussion

A two-o-helix peptide was designed as a simplified leucine zipper model, and each N-
terminus was modified with an adamantane group (Ad-20;) as a hydrophobic defect (Fig.
IB). CD studies revealed that Ad-2o initially formed an o-helical structure, but the
conformation gradually changed to a B-structure in a neutral aqueous solution after 4 h at
25 °C (Fig. 1C). Gel-filtration analysis indicated that the peptide was in a monomeric 20
helix structure at first, and formed aggregates coinciding with the o-to-p transition. The
acetylated-20. (C,-200) lacking the hydrophobic defect formed an o-helical structure, but
failed in the transition. One segmental peptide (Ad-1¢t) was in an almost random structure
and did not show a transformation. These results suggested that both the hydrophobic
defect and the initial o-helix structure were essential for transformation. Denaturation
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Fig. 1. o-To-P structural transition of the peptides containing hydrophobic defects. (A) Schematic
representation of the o-to-f3 transition. (B) Amino acid sequences of the peptides and hydrophobic
groups at N-termini. (C) CD spectral changes and time course of [ 8] s (inset) of Ad-2c.

Table 1. Summary of conformational properties of the peptides with aliphatic chains.
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Initial state in a neutral aqueous solution

Pepti ition?
pride Oligomerization * -[8],,, / deg cm? dmol”! -AGy,q / keal mol™! 0 Transition

Ca-2a0 1 mer 15 800 0.45 o
Cs-20. 1 mer 15 500 0.86 a—B* 14h
Cg-200 1 mer 16 200 1.09 a—p* 8h
Cs-200 1 mer 21000 0.76 oo 4h

Cio-200 1-3 mer 25000 1.74 o—p 14h

Ciz-200 3 mer 25300 2.88 o

Cis-20 3 mer 25 600 2.87 o

Ci6-200 3 mer 26 000 2.46 o

2 determined by size exclusion chromatography. ° o, means that a peptide stays in o-helix. a—f
and a—B* denote an almost complete and an incomplete ¢-to-f} transitions, respectively,
occurred within indicated periods.

experiments using guanidine hydrochloride revealed that both the o-helix and B-structure
did not possess high stability (-AGy,o were 1.0 and 2.5 kcal mol’l, respectively). The low
stabilities in both structures and their small difference seemed to provide the peptide with
the ability to undergo a slow transition. B-Cyclodextrin (3CDx), 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 BCDx completely inhibited
the transition.

To clarify the effects of hydrophobic groups on the o-to-B transition, aliphatic acyl
groups with a range of chain lengths (C, - Cy¢) were attached to the 20~ and lo-peptides
(Fig. 1B). 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 o-helix
states (Table 1). The octanoyl-group was most effective for the transition of the 20-
peptide. The peptides with longer acyl chains (Cy-, Cy4-, Cy6-201) had a more stable o-
helix structure due to the formation of oligomers, and did not transform. The 1a-peptides
capable of forming o-helix (Cjy-, C14-, Cig-1a) also transformed to a B-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 o-helix peptides with low stability
are responsible for the a-to-§ transitions.
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A natural motif approach to protein folding and design [1]

Daniel J. Butcher, M. Anna Kowalska,” Song Li,” Zhaowen Luo,” Simei
Shan,* Zhixian Lu,* Stefan Niewiarowski® and Ziwei Huang®
“ Kimmel Cancer Institute, Jefferson Medical College, Thomas Jefferson University, Philadelphia,
PA 19107, USA; ° 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 PF4,, 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 GCN4,, 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 Fig. 1. Heparin binding of the PF4,, (®) as
residues.  Further in vitro functional assay compared to the control GCN4,;, (l) as well as
studies have shown that the designed leucine 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).

Peptide Bound (x1 0*
cpm)
O =2 N W s 0O N ™
NaCl Concentration (M)
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In order to determine the structural basis 8
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

o]
o

'S
o

[e] (1 0? deg cm? dmol")
o 8

that the peptide adopts a highly helical 20

conformation in aqueous solution. In -40

addition, the peptide displays a two-state 185 195 205 215 225 235 245
melting profile which is typical for a fully Wavelength (nm)

folded native protein (data not shown). The Fig. 2. CD Spectra of PF4,, (®) as compared
Tm for GCN4,, is 55°C and 42°C for to GCN4,, (W) and PF4ss7, (®).

PF4,,. 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 (PF4sg7). 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 B-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
o-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:

JUDYXPPPPPPPPXLKKLKKKLKKLKKKLKKLKKKLKKLKKKLXC-
NH,

JUDYXPPPPPPPPXLKKLKKKLKKLKKKLKKLKKKLKKLKKKLXC-
NH,

where the linker is 6-aminohexanoic acid (X), the diamonds (* ) indicate hydrophobic

interactions, and the vertical bar (l) is the disulfide bridge between the C-terminal cysteine
residues. Each chain of this RAMP contains JUDY as the N-terminal ligand, octaproline

proline-||
helicat spacers o~ helical

JUDV‘K% coiled coil

K- 15
(’_'_,ffj-x-l — 5

JUDY-R €

oo M
JUDY = H Asp Tyr

H

Fig. 1. Modular structure of receptor-adhesive modular protein JUDY-Procoil.
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as the spacer, and a highly cationic o helix. The Pg spacer should fold into a proline-II
helix about 25 A long. The four-heptad repeat (LKKLKKK), should fold into an o 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
o-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 o 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 o-helical structure
while maintaining the proline-II helix (center). Subtracting the latter spectrum from the
former reveals the a-helical coiled coil ([6]222/[8]208 = 0.98) that was lost on reduction
(right). Thus formation of the disulfide bond induces folding of the cationic coiled coil.
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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 KCl 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, Cia, Cy2 and two linear
templates, Lo, Li2, were thus designed to incorporate two de novo designed o-helical
peptide segments, Hy, and H;e. The conformations of the so obtained four helical bundles
were characterized by circular dichroism(CD).

Cio cyclo(Lys-Pro-Gly-Lys-Gly), Lio Ac-(Lys-Pro-Gly-Lys-Gly),-Me
Ci2 cyclo(Phe-Lys-Pro-Gly-Lys-Gly), Ly  Ac-(Phe-Lys-Pro-Gly-Lys-Gly),-Me
Hi; Ac-A-E-E-L-L-K-K-L-E-E-L-G-OH His Ac-A-(E-E-L-L-K-K-L),-G-OH

Results and Discussion

All of the peptides were synthesized via fragment condensation of solution method and
purified by HPLC. The Cjo and C;, templates were prepared from cyclic dimerization of
their pentapeptide and hexapeptide precursors [3]. Four helical bundles, Css, Lsg, Cgo, Leo,
Cy6 and Lye, were obtained by selective connection of the C-terminal carboxyl groups of
Hi; or Hi¢ with the e-amino groups of the templates, respectively. For example, Cgp =
Ci3+4H, and Lgo=L>+4H;5.

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 Cyip and C;, were further determined by 2D-NMR
techniques. Cj, 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]. Ci 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 Cjq or C), 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 o-helical segment and the TASPs in aqueous solution. From Fig.
1, it can be found that H;, exists in a random coil structure, Lgo and Lsg have only 35-45%
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o-helix content, but C¢y and Csg have much greater (70%) o-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, H;s, was linked. As shown in Fig. 2, Hs has
only 45% o-helix content, while L;s and Cs6 have about 90% o-helix content. The
hydrophobic interactions among the long helical segments compensate for the
disadvantageous flexibility of the linear template backbone.

—s—B
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nm
Fig. 1. CD spectra of Csg(B), Cso(C), Lsg(D), Leo(E)  Fig. 2. CD spectra of Czs(B), Lys(C) and and
H;»(F) in neutral aqueous solution. H,s(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 6-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 (¢, ¥) and topographical (chi[y]) space. We have used a potent and highly
& 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 & opioid receptors include the phenol ring and a-amino group
of Tyr', the phenyl ring of Phe*, 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)-TMT']DPDPE using 2D NMR, detailed computer modeling and molecular
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Fig. 1. Design of &-selective non-peptide mimetic from a potent and selective peptide lead.

144



145

Table 1. Effect of the Mutation of Cloned Human 8-Opioid Receptor on the Binding Affinity (ICs,,
nM) of 8-Selective Opioid Ligands

Ligand Wt W284L W2B4L/Wt
[Phe(p-C1)*|DPDPE 1.53 £0.26 1.55+0.11 1.0

SL-3111 443 +049 17.1 £10.6 39

SNC-80 2.85+0.26 49.1£4.33 17.2

Wt: cloned human 6-opioid receptor. W284L: mutated § receptor- Trp 284 to Leu.

dynamics[1]. The low energy conformations were compared with those of the potent
through non-selective & non-peptide ligand SIOM (k;=1.4 nM at & and 10.6 nM at p
receptors) [2]. These studies led to the pharmacophore shown in Figure 1 for
[(2S,3R)TMT']-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 o-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-3111 were synthesized. The binding affinities and & vs [ opioid receptor selectivities
were determined using the standard guinea pig brain membrane radioligand binding assays,
with PHIDAMGO (u-ligand) and [*H][Phe(p-Cl)*)DPDPE (8-ligand). The most potent
and selective compound from the initially designed group was SL-3111 (Figure 1) which
has an ICsq binding affinity of 8.4 nM at 8 receptors and a & vs [ opioid binding selectivity
of 2000. This is comparable or better than the peptide lead [(2S,3R)-TMT!|DPDPE
(IC50=5.0 nM, Wwd=850). We next examined whether the non-peptide ligand mimics
peptide or non-peptide ligands in its interactions with & receptors. Previously we had
shown [3] that replacement of Trp*®* of the human § opioid receptor by a Leu residue lead
to a & opioid receptor in which binding of & peptides e.g. [Phe(p-Cl)*)DPDPE was not
affected, whereas non-peptide & 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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Engineering of the deltoid protein: A model for the four corners
of quadrin, a square octamer from the hepatitis delta antigen
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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 o-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 comers 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 o-hairpin loop of Thermus thermophilus
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 > <—2Ac helix > <B helix>
< > loop <> 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 « 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 helical oligoproline redox assemblies
that undergo photoinduced electron transfer

Cheryl A. Slate, Durwin R. Striplin, Robert A. Binstead,

Thomas J. Meyer and Bruce W. Erickson

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

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 175ns 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“pzm, a derivative of tris(2,2’-bipyridine)ruthenium(Il) 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(Runpzm), 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)—Proz—Pra(Runpzm)-Proz—Pra(Anq)—Pr07—NH2
(ZRA2) as well as CH;CO—Pr07—Pra(Ptz)-Proz-Pra(Ru"pzm)—Pr05—Pra(Ru"pzm)—Proz
-Pra(Anq)-Pro;-NH; (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 Pro; 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 Pro; segment at each terminus, fold into a left-handed proline-II helix in water but
into a right-handed proline-I helix in CH5CN.

148



149

—|2+

0 NH O°NH
CH3CO-Pr07]@&&Q&@QPTO7 -NH,

ZRA2

s 0 CNE%M E&J@ oo

o R ARG R b

ZRRA

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 Ang" 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 CH;CN. Third, the rss lifetime of the latter is
only slightly longer at lower temperatures.
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The use of 5-tert-butylproline to study nucleation of polyproline
type I conformation.
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Prolyl amide geometry dictates two kinds of helical conformations in polyproline [1]. N-
terminal amides to proline are all cis-isomers in type I polyproline (PPI), which is a right
handed helix with an axial translation of 190 pm. Type II polyproline (PPII} is a left handed
helix with an axial translation of 320 pm due to the prolyl amides existing as trans-isomers.
Peptides adopting PPII 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 cis-isomer populations in
polyproline helices. We report attempts to induce PPI geometry in water by incorporating 5-
tert-butylproline (tBuPro) into polyproline hexamers as studied by NMR and CD
spectroscopy.

Results and Discussion

Ac-Pro-Pro-NH, (1) Ac-Pro-Pro-Pro-Pro-Pro-tBuPro-NH, (4)
Ac-Pro-tBuPro-NH, (2) Ac-Pro-Pro-tBuPro-Pro-Pro-tBuPro-NH, (5)
Ac-Pro-Pro-Pro-Pro-Pro-Pro-NH, (3)  Ac-Pro-tBuPro-Pro-tBuPro-Pro-tBuPro-NH, (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 (25,5R)-N-
Boc-5-tert-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
NaHCO3, coupling to Fmoc-Pro using BOP-CI and DIPEA in DCM, and finally allyl ester
removal with Pd(PPh;), and N-methylaniline in THF/DMSO/HCI 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 N-acetylated with excess Ac,O and pyridine in DMF, cleaved with 95:5
TFA/H,0, and purified by semi-preparative HPLC on a RP-C18 column with a linear gradient
of 0-50% CH,;CN in H,O with 0.1% TFA.

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

Hexapeptide 3 was observed to adopt a PPII conformation by 'H and C NMR
spectroscopy [3,5]. A strong NOE was apparent between the Ho and HS 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 rrans-
isomers. The trans-isomer of 4 exhibited NOE between the Pro Ho and tBuPro H5. The CD
spectrum of 3 confirmed a PPII 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 PPII-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 #-butyl
substituent augmented amide cis-isomer in dimer 2 and hexamer 4; however, the
conformation of 4 remained mostly PPII in water. As tBuPro content increased PPII 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 S5-position stereochemistry are now being examined because

they may enhance nucleation of PPI geometry [1,3].
10000
\

-2500
?90 A (nm) 260

Fig.1. CD spectra of polyproline hexamers 3 (—), 4 (---), 5 (+*) and 6 (-—-) in water.
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Structure-activity relationships in cyclic B-sheet
antibacterial peptides
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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 B-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 B-sheet
conformation and amphipathicity of the molecule.

Results and Discussion

GS14, 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. 1A). The CD spectrum of GS14 is typical of those seen for other cyclic B-
sheet/B-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. GS14 diastereomers all exhibited CD spectra more typical of disordered structures,
indicating that the B-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 GS14
and the diastereomers against a representative microorganism is shown in Fig. 1B. GS14
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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.
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Fig. 1. Structure and activity of GS14 and GSI4 diastercomers. A) CD spectra of GS14 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/B-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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Chimeric TASP molecules as biosensors
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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); 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. 1b). The
binding constant of the antibody is K = 5 x 10’ M™", which is about 100 times higher that of
the antibody/antigen complex in solution (Fig. 1a). Furthermore, the antibody could be
displaced by washing the surface with a solution containing the free antigen (Asn-Ala-Asn-
Pro)s.
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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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Topologies of consolidated ligands for the Src homology (SH)3
and SH2 domains of Abelson protein-tyrosine kinase
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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
N®.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
1-(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 Gs (type A ligand) or
G7 (type C ligand). An order of magnitude increase was observed comparing the most
strongly bound single ligand (2BP, K4 = 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 K4 (nM)
A < SH2 + SH3 200-400
B ST e Pl SH2 ~20,000

C D SH2 + SH3 200-400
D = SH2 ~20,000

o = e

2BP (PVY*ENV) Linker (Gy) 3BP (PPAYPPPVP)
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Toward design of a triple stranded antiparallel B-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 -
hairpin formation in a 16-residue peptide in aqueous solution. The L-proline containing
diastereomer displayed no B-hairpin structure [1]. This observation prompted us to try to
generate a triple stranded B-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 B-sheet stabilization in proteins.

Results and Discussion

Cooperative formation and stabilization of o-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 B-sheets: peptidic models have been self-
associating, precluding study of incremental steps in structure formation [3,4].

Recent approaches to intramolecular B-sheet design have used B-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 B-
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 B-hairpins is predicated on two established facts in
protein science. First, proline is known to induce formation of B-turns (the loop linking
hairpin strands), although L-Pro generates type I and II turns, which are rare in two-
residue-turn hairpins [9]. Second, the “mirror image” turns, types I’ 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 B-sheet), intermolecular interactions must be
prevented. B-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 B-sheet formation, is the approach we have
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selected. Our design thus probes whether B-sheet secondary structure relies on an
amphipathic pattern.

Further consideration in the design of a three strand B-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 H, protons, for example, B-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 [3-sheet
peptides, and may offer insights on possible cooperative aspects of B-sheet formation.
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Copper(IT)-induced folding of betabellin 15D,
a designed beta-sheet protein

Amareth Lim," Mathias Kroll?, Yibing Yan®,Matthew J. Saderholm®,
Alexander M. Makhovb, Jack D. Griffith® and Bruce W. Erickson®

“Department of Chemistry and bLineberger Comprehensive Cancer Center,
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The betabellin molecule is a designed 64-residue protein that can fold into a B-sandwich by
isologous interaction of two 32-residue 8 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’) B turns [3], the peptide chain can fold into a 4-stranded antiparallel B
sheet stabilized by as many as 18 interstrand hydrogen bonds (Fig. 1A). This B 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 B sandwich through multiple
hydrophobic interactions between their nonpolar faces [4]. In some cases, formation of
structure requires the presence of an intersheet disulfide bond [5].
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Fig. 1. A. Predicted B-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. 1A) was
assembled by solid-phase peptide synthesis, purified to homogeneity by reversed-phase
HPLC, and air oxidized in 20% (CH3),SO 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 uM betabellin 15D in 10 mM
ammonium acetate without CuCl, did not exhibit B structure at pH 5.8, 6.4, or 6.7.
Addition of one molecule of CuCl, per molecule of betabellin 15D, however, induced the
formation of substantial B-sheet structure ([6] = -9500 deg cm” dmol” at 218 nm and pH
6.7). The Cu"/betabellin 15D complex showed more B structure at pH 6.7 than at pH 5.8
or 6.4, which is consistent with binding of Cu" to a neutral imidazole ring on the side chain
of a histidine residue. When folded into a B sandwich, betabellin 15D has six histidine
residues clustered at the rr end that can bind Cu” ions (Fig. 1B).

Electron microscopic studies showed that 40 pM betabellin 15D in 10 mM ammonium
acetate at pH 6.7 without CuCl; did not form fibrils. But a solution of 36 uM betabellin
15D and 110 pM CuCl; 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  sandwich (Fig.
1B), 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"/betabellin
15D fibrils is probably stabilized by many intermolecular B-sheet hydrogen bonds along its
length (cross-f structure) and many intermolecular Cu/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(Il)-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(IDtris(Mbc) brace, where Mbc-OH is 4°-
methyl-2,2’-bipyridine-4-carboxylic acid. A C; symmetry axis runs through the centers of
the apex and the iron(Il) atom of the brace.

QL

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

The leg peptide (H-Cys-Pros-Pra(Mbc)-Pro;-NH;), where Pra is cis-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-OCHj; [3] using
BOP, DMAP, HOBt and NMM and saponifying the methyl ester, Boc-Pra(Mbc)-OCHj.

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 1,3,5-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 Fe* jon from Fe(NH),(SO4)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(If)-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-II helix,
which showed a strong negative CD band at 205 nm and a weak positive band at 226 nm.
Iron(Itris(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-II 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-II 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-Universitit Freiburg, Institut fiir Biologie 11 / Biochemie
Schiinzlestr. 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)s;-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 H1 and H3 as ligands (Fig. 1). The
sequence of the peptides was the following:

H1: Mal-G-N-A-R-E-L-H-E-K-A-L-K-Q-L-E-E-L-F-K-K-W-amide
H2: Ac-N-L-E-E-F-L-K-K-F-Q-E-A-L-E-K-A-Q-K-L-L-K(Mal)-amide
H3: 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 H1 and H3 or the e-amino group of the C-terminal Lys of H2
with 3-maleimidopropionic acid (Mal) 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
(cyclo[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—bromomcthyl,4’—methyl-2,2’—bipyridyl)(2,2’—bipyridy1)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
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protein with a mean residue molar ellipticity at 222 nm of [8]; = -25,500 deg cm? dmol”. 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

Termini:

Template

Fig. 1. Structural proposal of heme-Ru-MOP?2.
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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: RRREIRFRVLVKVVFFASMLMRRKVMASRVR

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: RRREIRFRVLVKVVFFASMLMRKVMASRVR
MLCK KRRWKKNFIAVSAANRFKKISSSGAL
Composite RRWKVNFKAVFAANMFKREKSSSSAL
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.
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Improved peptides for holographic data storage

Palle H. Rasmussen, P. S. Ramanujam,” Sgren Hvilsted and Rolf H. Berg
Condensed Matter Physics and Chemistry Department, “Optics and Fluid Dynamics
Department, Risg National Laboratory, DK-4000 Roskilde, Denmark

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.1), a diffraction efficiency of 78% is reached in about 10

80 1

60
Hz N Az n (%)
o
20
N 'ﬁ' Azo
9 V 0
o 2 4 6 8 10
1 time (s)

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 = -CH,-O-CgH
N=N-CsH,;-CN.
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Fig. 2. First-order diffraction efficiencies as a function of time, measured during the grating
Sformation 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.

Acknowledgements We thank Ms. Anne Bgnke Nielsen for skilled technical
assistance. This research is supported by The Danish Research Councils and The Danish
Materials Technology Development Programme.

References
1. Sincerbox, G. T., Opt. Mater., 4 (1995) 370.
2. Berg, R. H., Hvilsted, S. and Ramanujam, P. S., Nature, 383 (1996) 505.

3. Berg, R. H,, Rasmussen, P. H.,, Hvilsted, S. and Ramanujam, P. S. In Tam, J. P. and
Kaumaya, P. T. P. (Eds.) Proceedings of the 15th American Peptide Symposium, ESCOM/
Kluwer, Leiden, 1997,

4. Meerholz, K., Volodin, B. L., Sandalphon, Kippelen, B. and Peyghambarian, N., Nature,
371 (1994) 497.






Session 111

Peptide Mimetics






Structure-based de novo design and discovery of nonpeptide
antagonists of the pp605T¢ (Src) SH2 domain

K. S. Para,” E. A. Lunney,” M. S. Plummer,” C. J. Stankovic,” A.
Shahripour,” D. Holland,? J. R. Rubin,” Humblet,? J. Fergus,® J. Marks,”

S. Hubbell,* R. Herrera," A. R. Saltiel® and T. K. Sawyer®

“Department of Chemistry," Department of Biochemistry, and the “Department of Cell Biology,
Parke-Davis Pharmaceutical Research, Division of Warner Lambert Company
2800 Plymouth Road, Ann Arbor, MI 48105, USA

The pp60STC (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 Ile exist. Intermolecular H-bonding
contacts to the P+1 Glu(NH) as well as two water mediated H-bonding contacts to the P+1
Glu(C=0) and the P+3 Ile(NH) are observed.
H-Glu-Pro-Gln-pTyr-Glu-Glu-Ile-Pro-Ile~Pro-Ile-Tyr-Leu-OH 1
P-1 P P+1 P+2 P+3 P+4

é BC2 01 nc1

Fig. 1. Schematic illustration of intermolecular contacts of 1 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 CONH, moiety was
designed to bind directly to the SH2 domain with intermolecular H- -bonding with
TleBD6(NH) and LyssB4(NH).
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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 CONH, functionality. An X-ray structure of
compound 3 complexed with the Sr¢ 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 of De Novo Designed Nonpeptide Analog.

Compound Number Analog IC5ouM

2 fogpoes 07
H,0,P0 o

H; 5.6

S H,03;P0 H o’\O

Another series of nonpeptides was next advanced by systematic modifications at both
the P-site and the P+1 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 alpha-methyl substitution was quite
significant as exemplified by compound 7 (ICsp = 0.7 uM). Furthermore, replacement of
pTyr in 7 by the nonhydrolyzable F,Pmp provided a potent analog 8 (ICso = 0.3 uM) 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” FyPmp-nonpeptide 8 showed both high affinity and specificity for
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Table 2. Binding Affinities of De Novo Designed Nonpeptide Analogs.

Compound Number Analog IC50uM

DT
° W;rN“z 8.5
H O (6]
OPOH,
NS
/ RO NH, 0.7
H.Sr Sl §

3
1 CF2POsH

8 N:/(:(\rNH2 03
0

H O CH,

Src SH2, as compared to the reference pentapeptide Ac-FpPmp-Glu-Glu-Tle-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 Syp(N) PLCY(C) Grb2
8 1.9 9 >100 >100 >100
9 14 15.3 >100 >100 >100
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New RGD amphiphilic cyclic peptide and new RGD-mimetic
constrained diketopiperazines

Jean-Francois Pons,” Mamadou Sow,” Frédéric Lamaty,” Jean-Luc
Fauchére,” Annie Molla,” Philippe Viallefont® and René Lazaro®

? LAPP CNRS ESA 5075, Université Montpellier II, 34095, Montpellier," Institut de Recherches
Servier, 92150, Suresnes,” 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 = NHC,H,OC,H.;NHCOC,H,CO).

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 B-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 celi 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 s or o3 receptors.

Results and Discussion

c(DegRGD); DKP synthesis: Trt-NHC,H4OC,H.NHCOC,H,COOH has been prepared
in 4 steps (Yield: 70-90% / step), starting from available NH,C,;H,OC,H,OH (H-A-
OH): H-A-OH + Trt-Cl --> Trt-A-OH + (PPh; / DEAD) + NHPht --> Trt-A-NPht +
(N,H4,EtOH,THF) --> Trt-A-NH; + [(C;H4CO),0, 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(NO,),
TrtOeg and ZAsp(OBu")OSu. The peptide cyclization has been performed at 4mM
concentration in DMF using BOP / NaHCO; 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 BrCH,CO,Bu' in THF giving an
80% yield of DKP (B-OBu'). 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.1b.
Biological activity:All DKPs except DKP-1 are inactive against ADP-induced platelet
aggregation and in the HEL-cell adhesion assays. Inhibitory activities (ICsp uM) 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 uM.

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 o3 receptors and has no inhibitory action on HEL cell
adhesion mediated by o;sp; 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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A pharmacophore model of a hematoregulatory peptide, SK&F
107647 and design of peptidomimetic analogs
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SK&F 107647 (1, (pGlu-Glu-ASp)z—Sub—(Lys)z)1 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.
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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 B-
carboxylic group of Asp3 and the @-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 Lys® is
replaced by Orn ((pGlu-Glu-Asp),-Sub-(Orn),) but can be restored if Asp® is concomitantly
replaced with Glu ((pGlu-Glu-Glu),-Sub-(Orn),), supports the concept of intramolecular
salt bridges between the side chains of these two residues ( 1A and 1B). 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= (28,7S)-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-(B-Ala)-1,4-phenylenediamine unit. Attachment of the two N-terminal residues to this
unit yields a peptidomimetic analog 2 that retains the entire spectrum of biological
actlvmes of 1. Although all of the allowable structural modifications, such as replacement
of pGlu' with picolinic acid or Pro, as well as Glu® 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 (ECsp of 2 and 1: 684pM, 4pM [4]) indicating that bis-(f-Ala)-1,4-
phenylenediamine may not be an optimal spacer
Jjﬁ(n\:)l\
o] CO
COOH
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To better understand the role of the side cham functional groups in Asp® and Lys®, 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 Sub*
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 Lyss side chain resulted in an inactive molecule, we were concerned that
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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 Ly55 methylene
deletion could have resulted from competing salt bridge formation (e.g., between Ly55 and
Glu?) 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-(3-Ala)-1,4-phenylenediamine spacer unit (Fig.
2) consistent with the biological results.

Fig. 2. Over lay of bis-(-Ala)-1,4-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 IIb/Illa 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
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VnR 293 Cell
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0.33 uM | 0.08 yM | 7 M 0.197 uM | 0.04 UM | 1.34 uM

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 (F,Pmp, 2), resulted in extremely potent PTP1B
inhibition (ICsp = 100 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 H,O 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. 1A). 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. 1B). 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 uM), a 15-fold enhancement in
potency was observed for analogue 7 (Ki = 12 pM). The isomeric compound 8 (Ki = 24
uM), 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 H,O 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 HO molecules can result in significant
increases in binding affinity. Our previous inhibitor 5 is one such example [4].



185

Tuble 1, Inhibition constanis deterniined against PTPI1B.

Compound Ki (uM) Compound Ki (UM,
0
o > 200 e OH bR
Q {HO P {HO1P
oH FE FF 6 0 ZONH,
HO),P NH 9 b 9 NS
- )
(HO) X 2 :HO,.'P' L8 (HO.P OO M 5] 12
FUF g e 7
1 pTyr  X=0 b
2 Fjplnp N= CFJ o} b a v i S5
“HO P o
] Fr8 5 T

dReference (8] PReference 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.

o} o}
Q\H)LNH NH?/U\N/CHa
i O f@
MEN 10725 Q MEN 10914

) [r=A]

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: "Invitro" and "in vivo" antagonist activities.

Compounds R pKi EDsg
MEN 10914 H 8.0 > 1.0
MEN 11122 4-Cl 84 0.26
MEN 11318 4-OCH2CH3 7.7 >3.0
MEN 11319 3-Cl 8.2 >3.0
MEN 11339 3-NO» 7.7 N.T.
MEN 11366 3-NHp 83 > 1.0
MEN 11149 4-CH3 8.5 0.062

pKi: inhibition of binding of [3H] SP to human lymphoblastoma cell line IM9; ED5¢: i.v. dose in
umol/kg antagonizing [Sar®,Met(03)!1] SP-induced bronchoconstriction in guinea-pig (ED5(
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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Immunologically active mimetics of muramyl dipeptide
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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-oxo0-3,4-dihydro-2H-benzo[b](1,4]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, Et;N, DMF; b: NaH, Br(CH,),Br,
dioxane; ¢: NaOH, dioxane; d: D-iGIn(OBn), DPPA, Et:N, DMF; e: chromatographic separation
of diastereomers; f: H,, Pd/C, MeOH; g: L-Pro(OBn), DPPA, Et;N, DMF.

involving either the L-Ala-D-iGIn 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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Peptidomimetic tyrosine kinase inhibitors induce non apoptotic,
Clarke-III type programmed cell death
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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 III 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 III 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
IT 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 100uM 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 III 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.
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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, pGlu! and Glu? 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
the peptidomimetic analog 2 which displayed significant hematopoietic activity [4].

41\(”\)]\ Ji; i ; . 0 _oH
ney °*Pw“%u~%@nwf{igfo

vjj wﬁui‘j e *Q; L

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.

[+ [+
A—B /\/U\ J\/\ B—A
H H H

Compound A B HSF Release!
(units/mL)
2 pGlu Glu 2.0x 103
3 Pic Ser 2.0x 103
4 Pic NMeSer 1.7x103
5 Pro Ser 1.7x 103

1
All analogs tested at 1 ug/mL; HSF release for 1 =2.7 x 104 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 B-Ala residue and aromatic ring with an
alkyne, frans-olefin, ethylene group or N-methyl amide gave analogs that lost biological
activity. Replacement of the Ser-B-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-f-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.

5 M 1 JCh
6
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Applications of tropane-based peptidomimetics

Philip E. Thompson, David L. Steer, Kerry A. Higgins,
Marie-Isabel Aguilar and Milton T. W. Hearn

Centre for Bioprocess Technology, Department of Biochemistry and Molecular Biology,
Monash University, Clayton 3168, Australia

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
arange 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)
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Fig. 1. Novel Fmoc-protected tropane amino acids.
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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 GPIIb/Illa 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.

% inhibition

Sequence 20um 100pum 500pm
1. Ac-Lys-(3)-Nip-B-Ala [3] - 8 68
2. Ac-Lys-()-Ntc®*-B-Ala - 5 19
3. Ac-Lys-(3)-Nec-p-Ala - - -4
4. Ac-D-Lys-(+)-Abh-B-Ala - - 4
5. Ac-D-Lys-(+)-Ntc™-B-Ala - 26 68
6. Arg-(+)-Ntc**-Asp-Ser 38 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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Structure-activity relationship studies of dialkylamine derivatives
exhibiting wide spectrum antimicrobial activities

U.P. Kari, S.R. Maddukuri, M.T. MacDonald, L.M. Jones,

D.L. MacDonald, and W.L. Maloy
Magainin Pharmaceuticals Inc., Plymouth Meeting, PA 19462, USA

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), B-
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-NHz 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, with 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 10pg/ml, while at 100pug/ml concentrations the analogs were

196



197

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.

MIC (ug/ml)
Cpd Compound Name S.aureus Ecoli P.aeru-  Calbi-
# ginosa cans
1 Phe-dioctylamide 4 256 256 256
2 Amidino-Phe-dioctylamide 1.0 16 128 1
3 Amidino-D-Phe-dioctylamide 2 64 256 2
4 Amidino-Phe-didecylamide 128 256 256 64
5 Amidino-Phe-dihexylamide 0.5 16 32
6 Amidino-Phe-dipentylamide 4 64 128 64
7 Amidino-Trp-dioctylamide 8 256 256 16
8 Amidino-B-Nal-dioctylamide 4 256 256 4
9 Amidino-Cha-dioctylamide 2 >256 >256 2
10 Amidino-His-dioctylamide 1 4 8 1
11 Amidino-p-F-Phe-dioctylamide 2 64 128 2
12 Amidino-p-NH,-Phe-dioctylamide 1 4 32 0.5
13 p-Guanidino methyl-benzoyl- 1 4 64 0.5
dioctylamide
14 §-Guanidino-valeryl-dioctylamide 2 8 256 1
15 v-Guanidino-butyryl-dioctylamide 0.5 4 32 0.25
16 B-Guanidino-propionyl-dioctyl amide 0.5 4 16 1.0
17 Arg-Phe-dioctylamide 4 4 16 16
18 Arg-Trp-dioctylamide 2 4 256 16
19 Arg-His-dioctylamide 8 16 8
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Identification of prototype peptidomimetic agonists at the
human melanocortin receptors, MC1R and MC4R
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The melanotropin peptides include o-, B-, 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-NH, as the minimal synthetic fragment to elicit a
melanotropic response. Relative to a-MSH, Ac-His-Phe-Arg-Trp-NH, 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 o-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-Nle*-Glu-His-Dphe’-
Arg-Trp-Gly-Lys-Pro-Val-NH, (NDP-MSH), identified the prolonged acting tripeptide
Ac-DPhe-Arg-Trp-NH; (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 (hMCIR -
hMCS5R) 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 o-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 [125]) NDP-MSH at 10 uM. o-MSH possessed binding
IC50s of 5.97 nM and 38.7 nM at the hMCIR and hMC4R, respectively. NDP-MSH
possessed IC50s of 0.51 nM and 1.16 nM at the hMCIR and hMC4R, respectively.
Tetrapeptide 1 possessed binding affinities of 0.6 pM at the hMCIR and 1.1 uM at the
hMC4R and were 1,200- and 990-fold less potent than NDP-MSH, respectively. This
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peptide, at a 10 pM concentration, was unable to competitively displace [125]] NDP-MSH
at either the hMC3R or the h(MC5R. Analogue 2 was the only other tetrapeptide that was

Table 1. Binding ICsp and cAMP ECs, results on the human MCIR and MC4R..

hMCIR bMC4R

Peptide ICs (M)  ECso(uM)  ICso(uM)  ECsp (uM)

1 Ac-His-DPhe-Arg-Trp-NH; 0.62+0.04 0.23£0.09 1.15£0.21  0.79+0.44

2 Ac-His-Phe-Arg-DTrp-NH, 6.35+0.62 1.43+0.21 >10
3 Ac-DPhe-Arg-Trp-NH, >10 2.08+0.44 40%
4  Ac-DPhe-Arg-DTrp-NH, >10 9.16x0.77 50%

able to competitively displace [125]] NDP-MSH in a dose-response manner at the hMCIR
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 a-benzyl-o-AMPA as a cis
peptide bond mimic
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We have used o-benzyl-o- ammomethylpheny]acetlc acid (o-Bn-o-AMPA) as acis peptlde
bond mimic replacing Phe'!-Pro® in the cyclic somatostatin analogue c(Pro®-Phe’ -D—Trp -
Lys “Thr'% [1]. The N-Me analogue 1a (Fig. 1) displays high inhibition of GH release
(ICsp= 0.2 nM) activity. The synthesis of racemic 0-Bn-0-AMPA has been performed [2]
and resulted in two epimeric analogues 1b and 1c¢ having different affinities for the SSTR2
receptor. The configuration of the chiral center was assigned tentatively.

H
CO - Phe - D-Trp Br

N-Thr - Lys m— <

R
1a R =CH3 Eoc@
1ibR=H isomer1
1cR=H isomer2 OCH34

Fig. 1. Cyclic somatostatin analogues and retrosynthetic analysis.
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Results and Discussion

In order to assign an absolute configuration in 1b and 1c, the peptide bond mimic o-Bn-o-
AMPA was prepared by asymmetric synthesis using 4-(R)-benzyl-2-oxazolidinone as a
chiral auxiliary {3]. The 0~(R)-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 1b, having a K; of 33 nM for
the SSTR2 receptor, has the (R) configuration of the mimic, and the isomer two 1¢ with a
K; 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-ds and CD;OH solution. In DMSO, both isomers adopt a § I’
conformation over the tetrapeptide part. In isomer 1 an equilibrium between a 6-turn and a
B VI turn is observed over the 0-AMPA part, whereas for isomer 2 no turn type could be
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defined for this area . The study in CD;OH 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 B
I’ 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 1b the benzyl
sidechain of 0-AMPA can overlap with the Phe'' sidechain in both structures. For the
more potent (S) isomer le¢, these aromatic sidechains overlap when fitting the folded
model, but not when fitting the folded model.

Fig.2. Superposition of low energy conformations for 1b (left) and Ic (right). For clarity, only the
benzyl sidechain of o -Bn-0-AMPA s displayed.

Conclusion

Asymmetric synthesis of o-(R)-benzyl-o-AMPA using the Evans chiral auxiliary allowed
the assignment of the configuration of 1b and 1c. Conformational analysis by 'H NMR
and molecular dynamics shows a better fit of the more potent (S) isomer 1¢ with the flat
model proposed by Goodman, which is in agreement with a model proposed by Weber [5].
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Alpha-helix nucleation between peptides using a
covalent hydrogen bond mimic
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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 o-helix in water by attaching its
carboxyl terminus to an o-helix nucleation site (NucSite) [1]. A NucSite constitutes one
turn of an o-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 &-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, i +3) amino acid (Fig. 1). This design satisfies complex steric
and stereochemical demands by building on a natural mechanism for o-helix nucleation
used in proteins [2].
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Fig. 1 (a) One turn of an a-helix showing how the side chain of asparagine stabilizes o— 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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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 HCI 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 ¢-helix formation in the appended
peptide in 10% D20/H20 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 o-helix formation: (a)
coupling constants for the hydrazone proton (HC=N) undergo a change characteristic of
that observed for o-helix nucleation; (b) the expected terminal carboxamide-NH signal
moves upfield, consistent with hydrogen bonding in a full length o-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
o-helicity in the appended peptide.

These results provide clear evidence that the NucSite, modified for N-terminal
extension, retains its ability to induce o-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.

References

1. Cabezas, E., Chiang, L.-C. and Satterthwait, A.C. In Hodges, R.S. and Smith, J.A. (Eds.)
Peptides: Chemistry, Structure and Biology, Proceedings of the 11th American Peptide
Symposium, ESCOM, Leiden, The Netherlands, 1994, p.287.

2. Richardson, J.S. and Richardson, D.C., Science, 240,(1988)1648.

3. Chiang, L.-C. et al., In Hodges, R.S. and Smith, J.A. (Eds.) Peptides: Chemistry, Structure
and Biology, Proceedings of the 11th American Peptide Symposium, ESCOM, Leiden, The
Netherlands, 1994, p.278.



Development of inhibitors of MAdCAM-1/0,43; interactions

H.N. Shroff, C.F. Schwender, A.D. Baxter,” N. Hone,” N.A. Cochran,
D.L. Gallant, M.]J. Briskin

LeukoSite, Inc., 215 First Street, Cambridge, MA 02142, USA
“Oxford Diversity Limited, 57 Milton Park, Abingdon, Oxon OX 144RS, UK

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 ouf7 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-1/0uP; interactions
[3]. We wish to report further studies which support LDT as a binding motif required for
human MAdCAM-1/0uf; 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-1/0u[3; 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-1/04f; inhibitors.
Some of the examples of modified LDT peptides are listed in Table 1.

Cell adhesion assays involving RPMI 8866 cells activated with MnCl, and soluble
human MAdCAMS-1 produced in a baculovirus expression system were used in a 96 well
format. [4]. ICso 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 MAACAM-1/043; binding by small peptides.

Peptides IC50 (uM)
Ac-LDT-NH, 250
Ac-CLDTC-NH, 45

[

~\CO-LDT-NH,

CO-LDT-NH, 17

CO-NH\O/CO-LDT-NHZ 16

Cco - NHUCO LDT-NH, 24
~,CO-LDT- NH/\©\ 1
- OCHs

CO-LDT-NHNA )
/N N

Based on these studies it appears possible that highly potent, selective and bioavailable
peptidomimetic inhibitors of human MAdCAM-1/04p; mediated leukocyte adhesion may
be found.

988@&2
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Synthesis of cyclic RGD-tetra-peptoids and optimization of the
submonomer solid phase coupling protocol
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Lichtenbergstr. 4, D-85747 Garching, Germany,; "Merck KGaA, Frankfurter Str. 250, D-64271
Darmstadt, Germany

In the past few years the cyclic pentapeptide cyclo(-Arg-Gly-Asp-D-Phe-Val-), a highly
active and selective antagonist against the o,pBs-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
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Fig. 1. a)5 eq. H,N-(CH,),-COOtBu, 6.5 eq. DIEA, NMP, 45°C, 18 h; b) 20% piperidine/DMF; c)
8 eq. bromoacetic acid anhydride, 20 eq. DIEA, CH,Cl,, 10 min; d) 30 eq. benzylamine, NMP, 4 h;

subsequently c); e) 5 eq. H;N-(CH;)s-NH-Z, 5 eq. DIEA, NMP, 4 h; f) 2 eq. Fmoc-Gly-OH, 2 eq.
PyBrOP, 5 eq. DIEA, CH,Cl,, 1.5 h; subsequently b); g) AcOH/TFE/CH,Cl, 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 oupBs- and o,Bs-integrin receptors and

showed no inhibitory capacity.
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Fig. 2. h.) 3 eq. DPPA, 5 eq. NaHCO; DMF, 50°C, 4 h; i.) H, (1 atm), 5% Pd/C, MeOH, 1 h; j.) 3
eq. 1H-pyrazole-1-carboxamidine hydrochloride, 6 eq. DIEA, MeOH/H,O 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.

product yield FAB-MS product yield FAB-MS
(%] (M+H" [%] (M+HY

1 H-Gly-Nom(Z)-Nphe- 86 - 2 H-Gly-Norn(Z)-Nphe- 85 -
-Nasp(t-Bu)-OH -Nglu(t-Bu)-OH

3 c(-Nphe-Nasp(t-Bu)- 10° 624 4 ¢(-Nphe-Nglu(t-Bu)- 21° -
-Gly-Norn(Z)-) -Gly-Norn(Z)-)

5 c¢(-Nphe-Nasp-Gly- 40° 434 6 c(-Nphe-Nglu-Gly- 23° 448
-Norm-) -Norn-)

7 c¢(-Nphe-Nasp-Gly- 21* 476 8 c(-Nphe-Nglu-Gly- 60° 490
-Narg-) -Narg-)

* Yield after RP-HPLC purification, respectively.
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Reduced amide bond pseudopeptides induce
antibodies against native proteins of Plasmodium falciparum

José Manuel Lozano, Fabiola Espejo, Diana Diaz, Fanny Guzman, Julio
C. Calvo, Luz M. Salazar and Manuel Elkin Patarroyo

Instituto de Inmunologia, Hospital San Juan de Dios, Universidad Nacional de Colombia, Ave. 1
No. 10-01, Santafé de Bogotd, D. C., Colombia

The malaria peptide coded 1513 whose primary structure is NH,-GYSLFQKEKMVL-
NEGTSGTA-NH, 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 vaccine[1].

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 CH,-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 H,O/D,0 in a ratio 90/10 as well as in aqueous 30%TFE.
NMR analysis performed for the Pse-437 analogue containing the ¥[CH,-NH] bond
between Val;; and Leu 1, 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 ¥[CH,-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 W[CH,-NH] isostere bond between the Glug-Lyss and Lys;-Glug,
respectively, which is absent on the non modified parent 1513 peptide.

According to the 2D-NMR experiments, an o-helix is formed between Tyr,-Phes,
Phes-Glug and Sers-Phes since do(Ni+1), do(N), do(iNi+2), dN(iNi+2,) do(iNi+1) and
do(iNi+4) interactions and conectivities are observed. According to the proposed
molecular structure, the motif Val;,;-¥[CH,-NH]-Leu;; 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
Jalciparum proteins as well as the SPf-66 malaria vaccine (data not shown).
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Inhibition of Ras farnesyl transferase by histidine-(IN-
benzylglycinamide) type molecules

Kevon R. Shuler, Daniele M. Leonard, Dennis J. McNamara, Jeffrey D.
Scholten, Judith S. Sebolt-Leopold, Annette M. Doherty

Parke-Davis Pharmaceutical Research, Division of Warner-Lambert Co.,
2800 Plymouth Rd., Ann Arbor, MI 48105, USA

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 faresylated, 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-NH,, 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 o-C to the adjacent
nitrogen led to the modified dipeptide PD152440 [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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Fig. 1 Structures of PD161956 and Analogues.
Table 1-Biological Activity of the Most Potent Compounds.
Compound FTase Gel Shift® GGTase-I’
ICso (M) MED (uM) ICso(uM)

1(PD161956) 0.062 0.1 6.6
2 0.13 02 36
3 0.029 0.1 42

4 0.17 0.2 -

®Gel Shift-MED. The minimum effective concentration to inhibit H-ras farnesylation of NIH 3T3
cells

®GGTase-I-geranylgeranyltransferase [7]
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Synthesis of dipeptide secondary structure mimetics

Masakatsu Eguchl,a’ Hwa-Ok Klm, Benjamln S. Gardner,’
P. Douglas Boatman, Min S. Lee,*”
Hiroshi Nakanishi*® and Michael Kahn™"
“Molecumetics Ltd., 2023 120th Ave. N.E., Suite 400, Bellevue, WA 98005, USA and bDepartment
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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 (ICso = 1.2 nM). X-ray co-crystal structural analysis of MOL-098 with human
aco-thrombin revealed that the potent inhibitory activity was due to the extended strand
structure of MOL-098 interacting with the -sheet backbone structure of the thrombin active
site, and the benzyl group at the P3 posmon 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, (3R and 38, 6S,
95)-3-(t-butyoxycarbony)amino-3-benzyl-1-aza{4.3.0Jnonan-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 with1,1’-carbonyldiimidazole in THF.
The resulting allylic B-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 §-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/ 2/ 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)- ¢-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-
peptide mimetic agonists based on peptide leads
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Based on the proposed bioactive conformation of a highly conformationally constrained &-
selective opioid peptide lead, [(2S,3R)-TMT'IDPDPE 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 d-opioid receptor. Analogue 6e (SL 3111) with a very
hydrophobic para-t-butylphenyl substituent showed the highest binding affinity (ICso=8.4
nM) with over 2000 fold greater selectivity for the &-opioid receptor than for the
receptor. This exceeds the selectivity of the peptide lead [(2S,3R)TMT'|DPDPE for the &-
opioid receptor. Although a further in vitro bioassay on 6e (SL 3111) indicates that its in
vitro bioactivity with an ICso =85 nM at MVD (8),and its selectivity ( /& = 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 3-opioid receptor.
Nonetheless, SL-3111 is a novel d-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 d-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 8-Selective Opioid Peptide Ligands.

Compound Binding data IC,, (nM)+*SEM Selectivity
HIDAMGO (1) CHJP- (W)
CIDPDPE(d)
[(28,3R)TMT'|DPDPE’ 43000 + 820 50x0.1 860
6a (R=H) 8100 + 790 6400 + 3200 1
6b (R= Me) 78072 610 + 306 1.3
6¢c (R=i-Bu) 2100 % 600 420+ 38 5.0
6d (R=Ph) (SL-3088) 495 +52 34+17 15
6e (R=t-BuPh) (SL-3111) 18000 = 3000 84+1.6 2100
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Development of the new potent non-peptide GpIIb/Illa
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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, Gpllb/Illa, has been one of the major targets for antagonist
development as a promising new class of anti-thrombotic agents, because fibrinogen
binding to GplIb/Illa 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 GpIlb/Illa. The
guanidino group of the Arg residue and the B-carboxylic acid of the Asp residue are the
essential functionalities in this recognition [3]. Therefore, most of the GpIIb/Illa
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 Gpllb/Illa 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 B-carboxylic acid of the Asp
residue is a very important factor and should be within the 13~16 A to show GplIb/Illa
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 conformatijonal 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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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., [N1-
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 B and/or
v 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 (T,
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 ICsq
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 B-carboxyl
groups. It is suggested that the steric repulsion resulting from the side chains at o~ and B-
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

J.A. Kowalski and M.A. Lipton
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 Wy[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, CH,Cl,, CH:CN, DMA) and without
racemization. The methodology was tested by synthesizing a novel [Leus]enkephalin
analog, H-YGGy[NHCONH]FL-OH (1), in which the ACE-labile G1y3-Phe4 bond [3] was
replaced with the urea linkage. The proteolytic stability of the analog was also studied.

H/&)ifkqiﬁum
1 hy

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,
CH,Cl;) 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
3in 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 [Leu’lenkephalin 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).

Results and Discussion
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OBzl OBzl H;, PA(OH),/C
PIFA (1.5eq), H-FL-OBzl(1 eq) 1:1 MeOH-CH,Cl,,
M/tWNHz pyridine (2 eq), DIEA (4 eq), N\/EN’\N’E N\/&Ole rt, 4 hr (79% after

THF, rt, | hr (30%) HPLC purification)

Fig. 1. Synthesis of 1.

1 and [Lev’ 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).

ACE (~49 pg/ml) ACE (~49 ugimi)
H-YGGFL-OH ——— —————e= H-YGG-OH + H-FL-OH D R
{1.415 mM) 37°C, 4hr (1.42mMm) 37°C.4hr
|
)
A
C. __!\_/J
0 30 min 0 30 min

Fig. 2. RP-HPLC analysis of the reaction of ACE with [Leu’Jenkephalin and 1 (Cs Vydac
analytical column, gradient of 5% to 95% CH;CN-H,0 with 0.1% TFA, 1.2 mL/min, 214 nm). (A)
reaction of ACE with [Leu5]enkephalin, (B) co-injection with authentic H-FL-OH, and (C) co-
injection of reaction with control (no ACE). (D) reaction of ACE with I and (E) co-injection with
control (no ACE).

In the presence of ACE, [Leu’lenkephalin 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(-MeBmt!-Abu2-Sar3-MeLeu?4-Val3-MeLeu®-Ala’-
D-Ala8-MeLeu9-MeLeul0-MeValll-) 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 1l-position and the 1-position residue can be overcome to form
[MeSer(OBz1)11CsA (3) and [MeThr(OBzl)!]CsA (4), analogs of CsA with a f-oxygen

functionality as in MeBmt (Fig. 1).
”* aA &J/

0, \G(

N—CH
/CH) o

1: CsA , R! = OH; R? = CH(CH,)CH,CH=CHCH,
2: [MeLeu'JCsA, R! = H; R? = CH(CHy),

3: [MeSer(OBz1)']CsA : R'= OBz, R>= H

4: [MeThr(OBzI)!]CsA : R' = OBzl; R?= CHj

P
N,

Fig. 1. Structures of CsA analogs.
Results and Discussion

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 MeValll 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 DIPCDIVHOAt/DMF double coupling strategy for the coupling of Fmoc-
MeVal-OH onto the heptapeptide resin containing the B-substituted 1-position residue,
which had proven successful in the synthesis of [MeLeul]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 MeValll 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)1JCsA (3) and [MeThr(OBzl)!JCsA (4) were synthesized smoothly using
NMP at 60°C for the coupling of the last four amino acid residues beginning with
MeValll. Cleavage from the resin and cyclization in solution using (PrPO,)3 and DMAP
in CHpCl, led to the successful synthesis of [MeSer(OBz)!1]JCsA (3) and
[MeThr(OBzl)1]CsA (4) in excellent overall yields (5-16%).

— j:rCHs 1.2% DBU/NMP @/s\;qrgﬂ \)}H &%/.

2 o-nitrobenzene
le o\ sulfonyl chloride, Ba-0" o

Collidine, CH;Clz

(N\i:) Methyl 4-nitrobenzene
J}l sulfonate, DMF
3
(MTBD)
CHs Q HSCHZCH20H NO,
H, \)k S S\ =D
Ao\ DBU DMF 8 0/.\

[MeThr(OBzl)']CsA (4)
Fig. 2. Synthesis of [MeThr( Ole)I JCsA (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 (PrPO;)3 / DMAP gave
the desired [MeThr(OBzl)!JCsA (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 hamessed 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 o-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), o-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 S-acetamidomethyl (Acm),
S-triphenylmethyl (Trt), S-2,4,6-trimethoxybenzyl (Tmob), or S-9H-xanthen-9-yl (Xan)
[1,3]. Cys residues may be exposed to base, with possible abstraction of the o-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 N,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
[2£,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-(1-
piperidinyl)alanine by-products, a recently described side reaction involving base-catalyzed
B-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 [1b,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, apamnin), 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 hRSSTR2 and hSSTRS receptors.

Over the past few years, we have explored the roles of disulfide bridges in the small
protein BPTT 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, A5119 MCN, 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 o-
amine terminus with the o-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).

{
Kalata Bl (':Téswpvc.TRNGL—P%GET!:VGGTLN—TP—-G
Circulin B CSCKNKVCYRNGVIP-CGESCVFIPCIST-LLG
CPT CSCKSKVCYRNS-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 B1 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 N%-
cysteine and C“-thioester by solid-phase synthesis on Boc-Gly-SCH,CH,CO-
methylbenzhydryl-amine (MBHA) resin [3}. The least hindered site for cyclization between
Gly-31 and Cys-1 was chosen as the respective C*-and N®-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 pH7.4 (l<‘ NH
R;P S
-5 == CHyCHyCONHo;
LSH H2N [ o R'= -CH2 CH2 co. :
NHo SH = =CHaCH,COzH
B c

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).

A

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 HCI, 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 [,/ MeOH to
give CPT (IM+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.
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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 foliowed by subsequent S-methylation to give Met at
the ligation site (Fig. 1).
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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).

Hey-SVSEIQLMHNLGKHLNS-SR ——— > ‘—Hcy-SVSE[QLNIHN].GKI‘H_NS_]

Fig. 2. Scheme of cyclization from a linear N*-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 o-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 N*-
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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Low scale multiple array synthesis and DNA hybridization
of peptide nucleic acids
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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'
catctcectt 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.

2 hour incubation 16 hour
PNA Origin Prehybridization incubation
catctccett rabies G 876 14697 24561
catcaccctt 5t—a 939 8050 13142
catctcactt Tc—>a 945 4717 3616
accacctegt control 1241 2241 not tested
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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 