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Preface

The Eleventh American Peptide Symposium was held on the San Diego campus
of the University of California in picturesque La Jolla on July 9-14, 1989. More
than 1100 participants from around the world came to attend a scientific program
comprised of an assortment of oral presentations, posters and exhibits. Most
rewarding to us was the regular attendance at all the scientific sessions by our
registered guests despite the beautiful scenery offered by La Jolla and San Diego
county. Indeed for all of us, the purpose of the biennial American Peptide
Symposium is to try to keep up with a fast evolving and fascinating field. The
goal of the proceedings of these meetings is to provide the scientific community
unable to attend some or all of the Eleventh American Peptide Symposium
with a synopsis of current results in peptide research. Of 65 oral presentations
and approximately 390 poster displays, the Program Committee selected 393
articles for publication. A few manuscripts by distinguished invited speakers
were unfortunately not received in time to appear in these proceedings. All
manuscripts herein were selected on the basis of their originality at the time
of presentation and their significance in the development of peptide-related
research.

As in the past, this Eleventh meeting brought together scientists with a wide
range of expertise, which was harnessed to address and solve basic as well as
applied scientific problems in broad areas.

As expected, synthetic aspects of peptide chemistry, together with structural
biology, gathered the largest number of contributions. Most important were
the recognition of the usefulness of a series of new coupling reagents and, possibly
for the first time, credible evidence of the power of solid phase peptide synthesis
for the synthesis of small proteins that can ultimately be purified. Persistence
in the study of enzymes, including lipases, for peptide bond formation yielded
unique and fascinating results albeit with limited applicability to date.

The development of more potent antagonists of such peptides as bombesin,
gonadotropin releasing hormone, parathyroid hormone or vasopressin and
oxytocin, should be recognized for its intellectual value and potential impact
on human welfare. Peptide agonists that release growth hormone, whether related
to growth hormone releasing factor or derived from enkephalins, may also in
the near future become an integral part of the armamentarium of our medical
and veterinary community. Approaches to the design of more potent peptides
often take advantage of the introduction of unnatural amino acids and peptide
bond mimetics that may render specific bonds resistant to enzymic degradation,
or of conformational constraints brought about by substitutions on the peptide
backbone or through side-chain—side-chain covalent bonds (GnRH analogs, CCK
analogs, cyclosporin A analogs and others). More than ever, most analog design
was, in some ways, directed through the use of molecular modeling and/or
spectroscopic analyses.
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Major developments in analytical chemistry, as applied to peptides and small
proteins, were illustrated by original contributions in the field of mass spec-
troscopy and capillary zone electrophoresis.

Design of enzyme inhibitors with unique specificity and high affinity, used
as tools to modulate pathological conditions, remain an art despite a better
knowledge of a given enzyme’s structures and mechanisms of action. Tremendous
progress in this area - including the search for inhibitors of the HIV protease —
was reported.

New peptide structures and peptide or protein precursors isolated from different
tissues, including those from mammals, marine organisms and insects, were
described; some of these peptides are still in need of a function, yet development
of antibodies and localization studies can often guide the physiologists in their
search.

As in the recent past, considerable attention was dedicated to new approaches
for structural analysis and their impact on the determination of peptide and
protein folding: among the structures studied, models for those of the leucine
zippers and zinc fingers were reported.

A few pioneering reports on the synthesis of peptide mimetics (peptide azoles
or carbohydrate-derived peptidomimetics) point in a direction that most peptide
chemists interested in developing new drugs may have to take in order to confer
oral activity to their target peptides.

Major developments in immunology resulted from the use of new immunogens,
such as those generated on resins or those generated on poly-lysine scaffolds.

Protein/DNA interactions were the subject of several presentations and
addressed the targeting of DNA sites with simple metal complexes, structural
considerations for the hydrolysis of oligoribonucleotides by basic peptides, the
design of ion-carriers and that of “sticky fingers” for peptides, among others.

Finally, part of a morning was dedicated to the peptide chemist’s contribution
to the study of AIDS. Major progress in understanding the role of HIV protease
and in design of synthetic inhibitors of this enzyme was made possible by the
total synthesis and structural analysis (by two independent groups of investigators)
of this 99-amino acid aspartic acid protease. Other contributions were concerned
with the development of new sensitive tests for the determination of HIV infection,
as well as the design and synthesis of peptides for the development of neutralizing
antibodies.

Overall, we recognize that peptide synthesis per se is still a major challenge,
with the need for new strategies, coupling reagents and protecting groups, and
that custom-designed and synthesized peptides (including peptide mimetics) are
in fact the tools that have permitted such disciplines as structural biology (both
theoretical and applied), physiology, molecular biology and medicinal chemistry
to progress so rapidly.

It was indeed appropriate that this year’s Pierce Award was bestowed on
Professor Murray Goodman, a scientist who, with enduring success and through
exacting efforts at integrating synthesis, spectroscopic analysis, molecular mo-
deling and bioassay, de facto, epitomizes the renaissance peptide chemist. As

vi



Preface

Chairman of the Fifth American Peptide Symposium, the Editor of Biopolymers
and Mentor of numerous young scientists, Professor Goodman has exemplified
outstanding leadership and service in peptide chemistry. His memorable lecture
gave a synopsis of his research as well as illustrated the breadth of his interests.

A scientific session was dedicated to one of our cherished and outstanding
colleagues, Professor Theodore Wieland, in recognition of his many contributions
to peptide chemistry and structure activity relationships. Professor Wieland
unfortunately could not attend that most remarkable session, which was in-
troduced and chaired by two of his respected friends, Drs. Ralph Hirschmann
and Christian Birr.

It is a pleasure for the Chairman (JER) to acknowledge the contributions
of those groups, individuals and firms who contributed intellectually, physically,
and financially to the successful meeting we all enjoyed. Both the Planning
Committee and the Program Committee were instrumental in suggestions and
recruitment for the program. The local committee helped in solving the logistic
challenges associated with an overwhelming representation.

The Salk Institute for Biological Studies, presided over by Dr. Renato Dulbecco
and with the help of many members of its administrative staff, was supportive
in many substantive ways. Mr. Jamie Simon contributed his creative talents
to the design of the logo that merged two remarkable architectural landmarks:
the courtyard of the Salk Institute for Biological Studies and the library of
the University of California, San Diego. Members of the Salk photo-laboratory,
headed by Mr. Jim Cox, are to be commended for their efficiency in duplicating
hundreds of slides in order to allow for high quality presentations in the overflow
auditorium.

The support from the University of California, San Diego, offered by Drs.
Richard Atkinson (Chancellor) and Murray Goodman, was decisive in the warm
welcome and efficiency of services provided on campus. Ms. Lene Hartman,
Conference Coordinator for the University, was of great assistance at many
stages of the meeting.

The professional assistance of Meeting Management was outstanding in the
organizational details of the meeting, the welcome reception at the Salk Institute
and the banquet at Sea World. Our sincere thanks go to Ms. Nomi Feldman,
Ms. Shirley Kolkey, Ms. Gail Reed and Ms. Mildred Robinson for consistently
acting upon all administrative matters of the meeting with equanimity.

Also for the first time, travel grants were made available to young American
and established foreign investigators, thanks to the enlightened generosity of
one of our sponsors.

Then, there were those at the meeting who wore the deep blue T-shirts displaying
the symposium logo. These individuals are members of the research groups of
Dr. Murray Goodman and the Chairman. They were the courteous people who
never said “no”” and made the Eleventh American Peptide Symposium a success
by attending to every situation, managing audiovisual equipment, and monitoring
access to the meeting. To the following individuals go our heartfelt thanks for
their efforts: Dr. Jerry Boublik, Dr. Alastair Douglas, Dr. Carl Hoeger, Dr.
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Yuji Nishiuchi, Dr. Alexander Polinsky, Dr. Albert Probstl, Dr. Mark Spicer,
Dr. Joseph Taulane, Dr. Paula Theobald, Dr. Toshimasa Yamazaki, Mr. John
Andrews, Ms. Karen Braun, Mr. Robert Feinstein, Mr. Ziwei Huang, Mr. Ron
Kaiser, Mr. David Karr, Mr. Dean Kirby, Ms. Charleen Miller, Mr. Darryl
Palmer, Mr. Duane Pantoja, Mr. John Porter, Mr. Seonggu Ro, Ms. Odile Said-
Nejad, Mr. Richard Schumann, Mr. Jeff Spencer, Ms. Anna Toy and Mr. Xavier
Vidal.

Publication of the proceedings could not have been accomplished without
the help of several individuals. Two editorial reviewers, Ms. Neely Swanson
and Ms. Phyllis Minick, first reviewed all manuscripts and brought order to
chaos, while Dr. Carl Hoeger and Mr. John Porter searched the literature to
update references. Dr. Elizabeth Schram, of ESCOM Science Publishers, con-
tributed her understanding and effort to bring this volume to press in a timely
fashion with the high publishing standards that it exhibits; a book whose size
is considerably expanded over that published at the occasion of any previous
American Peptide Symposium.

Finally, there is Becky, who has truly been responsible for the success of
this meeting. Ms. Rebecca Hensley, who worked as the special project assistant
for this meeting, has earned the gratitude and respect of all those with whom
she has dealt, for her dedication to the organization of this meeting and her
ability to integrate communications between the University of California, San
Diego Campus, Meecting Management, the authors of the proceedings, the
Publisher and the Chairman’s office.

Ultimately, the major contributors were all the symposium participants who
we thank for their presentations: be they in private or in public, in the form
of an oral communication or that of a written manuscript. We feel that the
quality of the proceedings volume reflects the diversity of our field and the
commitment of all authors to outstanding scientific integrity and dedication.

Jean E. Rivier
Garland R. Marshall
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Abbreviations used in the proceedings volume are defined below:

AA, aa
AAA

Aab
ABTS

AC
AC5C

ACGC
ACE

ACh
ACHPA

Acm
ACP
ACSA

AcT
ACTH
Ada
ADR
AEC
AFP
Ahx
Aib
AIBN
AIDS

AMD
AMP
ANF
Ang,
ANG
Ang 11
ANP

APC
APG
APM
Apo

xii

amino acids
a-alkyl-a-amino acids;
amino acid analysis
3-aminomethyl-4-amino-
butanoic acid
2,2"-azinobis(3-ethylbenz-
thiazoline sulfonic acid)
adenylate cyclase
aminocyclopentane
carboxylic acid
aminocyclohexane
carboxylic acid
angiotensin-converting
enzyme
acetylcholine
4-amino-3-hydroxy-5-cyclo-
hexylpentanoic acid
acetamidomethyl
acyl carrier protein
adenylate cyclase-stimulating
activity
Ne-acetyltransferase
corticotropin
adamantyl
adriamycin
3-amino-9-ethylcarbazol
antifreeze polypeptides
aminohexyl
aminoisobutyric acid
azoisobutyronitrile
acquired immune deficiency
syndrome
actinomycin D
aminomethylpiperidine
atrial natriuretic factor
angiotensin;
angiotensinogen
angiotensin II
atrial natriuretic peptide
aminopeptidase
antigen presenting cell
azidophenyl glyoxal
aminopeptidase M
apolipoprotein

APP
APY
AR
ARC
Asu
ASW
ATR

AVP
Bab

Bal

BBB
BHAR
BHK
BK
BME
BN
BnPeOH

Boc
Boc-ON

BOI
Bom
BOP
BOP-CI1
BPA
Bpoc
BPTI
Br,Dmb
BroP
BSA

BTD
Bum

avian pancreatic polypeptide

anglerfish peptide YG

adrenergic receptor

AIDS related complex

aminosuberic acid

artificial sea water

attenuated total internal
reflection

arginine-8-vasopressin

3,5-bis(2-aminoethyl)benzoic
acid
B-alanine
blood brain barrier
benzhydrylamine resin
baby hamster kidney
bradykinin
B-mercaptoethanol
bombesin
2,2-[bis(4-nitrophenyl)}-
ethanol
tert-butyloxycarbonyl
2-tert-butyloxycarbonyl-
amino-2-phenylacetonitrile
2-(benzotriazol-1-yl)-oxy-1,3-
dimethyl-imidazolinium
benzyloxymethyl
benzotriazolyl-oxy-tris-
(dimethylamino)-phospho-
nium hexafluorophosphate
bis(2-ox0-3-oxazolidinyl)-
phosphinic chloride
benzylphenoxyacetamido-
methyl
biphenylylpropyloxycarbonyl
bovine trypsin inhibitor
3,5-bis(bromomethyl)-
benzoate
bromo tris(dimethylamino)-
phosphonium hexafluoro-
phosphate
bovine serum albumin
bicyclic B-turn dipeptide
tert-butyloxymethyl



Bzl
CAM
cAMP

CAT

ChTX

CPG
CPMAS

CPZ
CRF
CsA
CT

CTMS
CVS
CZE

Dab
DABITC

DBU

DCCI,
DCC
DCHA
DCM
Dcp
DCU
DDQ
DEAE
DEDTC
Deg

benzyl

computer assisted
manufacturing

cyclic adenosyl mono-
phosphate

chloramphenicol acyl-
transferase

carbobenzoxy:

benzyloxycarbonyl

countercurrent distribution

cholecystokinin

circular dichroism

cardiodilatin

carbetocin

cyclohexylamine

cyclohexyl

chinese hamster ovary;

aldehyde

charybdotoxin

chemically ionized desorption

cyclolinopeptide

chloromethyl

central nervous system

4-chlorophenylalanine

carboxypeptidase

controlled pore glass

cross-polarization/magic
angle spinning

chlorpromazine

corticotropin releasing factor

cyclosporin A

calcitonin;

chymotrypsin

chlorotrimethylsilane

cardiovascular system

capillary zone electrophoresis

diaminobutyric acid

4-dimethylaminophenyl-4'-
isothiocyanate

1,8-diazobicyclo[5.4.0]-
undec-7-ene

dicyclohexylcarbodiimide
dicyclohexylamine
dichloromethane
dichlorophenyl
dicyclohexylurea
dichlorodicyanoquinone
diethylamino ethanol

N, N-diethyldithiocarbamate
diethylglycine

DEPC
DEPE

Dha
Dhb
DHP
DIBAL
DIC
DIEA
DIP
DKP
DLPS
DMA
DMAP
DMBHA
DMF
Dmp
DMPC

DMPG

DMS
DMSO
Dmt-OH

DNA
DNP
Dns
DOPC

DOPE

Dpa
DPBT

DPCDI
DPP
DPPA
DPPC

DPPG

Dpr
DSP

Dtc
DTNB
Dts
DTT
Dyn

EA

Abbreviations

diethylphosphorocyanidate
dielaidoylphosphatidyl-
ethanolamine
dehydroalanine
dehydrobutyrene
dihydroxypropyl
diisobutyl aluminium hydride
diisopropylcarbodiimide
diisopropylethylamine
4,7-diphenyl phenanthroline
diketopiperazine
dilauroylphosphatidylserine
dimethylacetamide
dimethylaminopyridine
dimethoxybenzhydryl amine
dimethylformamide
dimethylphosphinyl
dimyristoylphosphatidyl-
choline
dimyristoyl phosphatidyl
glycerol
dimethyl sulfide
dimethyl sulfoxide
2,2-dimethyl-L-thiazolidine-4-
carboxylic acid
deoxyribonucleic acid
dinitrophenyl
dansyl
dioleoyl-sn-glycerophospho-
choline
dioleoylphosphatidylethanol-
amine
diphenylalanine
diphenylphosphorylbenz-
oxazolethione
diisopropylcarbodiimide
dipeptidyl peptidase
diphenylphosphorylazide
dipalmitoylphosphatidyl-
choline
dipalmitoyl phosphatidyl
glycerol
1,3-diaminopropionic acid
dimethylsulfonium methyl
sulfate
5,5-dimethylthiazolidine-
4-carboxylic acid
dithiobis(2-nitrobenzoic acid)
dithiasuccinoyl
dithiothreitol
dynorphin

ergotamine
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EDAC

EDRF
EDTA

EGF
ELISA

Enk
EP
EPR

ER
ESR
ET
EtA
Et;N

FABMS

Fg
FGF
FID
Flg
Fm, fm
FMDV
Fmoc
Fpa
FPLC

FRET
FSH
FTIR
GA
GABA
GAL

GDA
GEMSA

GH
GHRH,
GRF
GHRP
GITC

Gla

Xiv

1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydro-
chloride

endothelium-derived relaxing
factor

ethylenediaminetetraacetic
acid

epidermal growth factor

enzyme-linked immuno-
sorbent assay

enkephalin

endorphin

electron paramagnetic
resonance

endoplasmic reticulum

electron spin resonance

endothelin

a-ethylalanine

triethylamine

fast atom bombardment
mass spectrometry

fibrinogen

fibroblast growth factor

flame ionization detector

fluorenylglycine

fluorenylmethyl

foot-and-mouth disease virus

fluorenylmethoxycarbonyl

4-fluorophenylalanine

fast protein liquid chromato-
graphy

fluorescence resonance
energy transfer

follicle stimulating hormone;

follitropin

Fourier transform infrared

gramicidin A

gamma aminobutyric acid

galanin

gas chromatography

glutaraldehyde

guanidino-ethylmercapto-
succinic acid

growth hormone

growth hormone releasing
hormone

growth hormone releasing
peptide

2,3,4,6-tetra-O-Ac-B-p-gluco-
pyranosyl isothiocyanate

p-galactopyranosyl

Glc
GLP
Gn
GnRH

GPI
GRF,
GHRH
GRP
GTP

hBP
HBV
hCG

hCgA
hCGRP

hCys,
Hcys
HDL

HFBA
hGH
Hip
HIV

HLE
HMP

HMPA

hNP
HOBt
HODhbt

p-glycopyranosyl

glucagonlike peptide

guanidine

gonadotropin releasing
hormone

guinea pig ileum

growth hormone releasing
factor

gastrin releasing peptide

guanosine triphosphate

human serum binding protein

hepatitis B virus

human chorionic gonado-
tropin

human chromogranin A

human calcitonin gene-
related peptide

homocysteine

high density lipoprotein

hydrogen fluoride

heptafluorobutyric acid

human growth hormone

hydroxyisovalerylpropionic
acid

human immunodeficiency
virus

human leukocyte elastase

hydroxymethylphenoxyacetic
acid;

hydroxymercaptopropionic
acid

hexamethylphosphoric
triamide

human neutrophil peptide

hydroxybenzotriazole

hydroxyoxodihydrobenzo-
triazine

HOHAHA homonuclear Hartman Hahn

HONp
HOOBt

HOSu
HPLC

Hpp

Hse
HSV
HTLV
HVE

spectroscopy
nitrophenol
hydroxyoxodihydrobenzo-
triazine
N-hydroxysuccinimide
high pressure liquid
chromatography
3-(4-hydroxyphenyl)-
propionyl
homoserine
herpes simplex virus
human T-cell leukemia virus
high voltage paper electro-
phoresis



Hyp
Hz

Ia
IB

ICDH
i.c.v.
IEC

IEF
IFNa
IGF
1gG
IL
i.m.

i.n.
INEPT
Ing

IR

IRMA
iv.

KL
KLH

Lan
LCAT

LDA
LDH
LEC

LH

LPH
LSIMS

LVP
MAb
MAG
MAP,
MAp
MAPs

MAS

hydroxyproline
hertz

class II major histo-
compatibility complex

inhibin

inhibitory concentration

isocitrate dehydrogenase

intra-cerebro-ventricular

ion-exchange chromato-
graphy

isoelectric focusing

interferon o

insulin-like growth factor

immunoglobulin

interleukin

intramuscular;

imidazole

intranasal

insensitive nuclei enhance-
ment by pulse transfer

indenylglycine

inositol phosphate

infrared;

insulin receptor

immunoradiometric assay

intravenous

kallidin
keyhole limpet hemocyanin

lanthionine

lecithin cholesterol acyl
transferase

lithium diisopropylamide

lactate dehydrogenase

ligand-exchange chromato-
graphy

luteinizing hormone;

lutropin

lipotropin

liquid secondary ion mass-
spectrometry

lysine-8-vasopressin

monoclonal antibody

magainin

membrane anchored protein;

multiple antigen peptide;

mean arterial pressure

macromolecule associated
proteins

magic angle spinning

Mbh
MBHA
MBHAR
MBP
MBS

MCH
MCPBA
MHC
MIC
MIR
MNE
MPS

MSH

Msob

MTC
Mtr

Mts
MulV
MVD

Nal
Nbb
NBS

NEI

NEM
NGE

NIS
NK

NMM
NMP
NMR
NMT
NOE
NP

NPY
NT

ONb

Abbreviations

methoxybenzhydryl

methylbenzhydrylamine

methylbenzhydrylamine resin

myelin basic protein

m-maleimidobenzoyl-N-
hydroxysuccinimide ester

melanin concentrating
hormone

m-chloroperbenzoic acid

molecular dynamics

major histocompatibility
complex

minimal inhibitory
concentration

main immunogenic region

magnetic nonequivalence

multiple peptide synthesis
mass spectrometry
melanocyte stimulating
hormone;
melanotropin
methylsulfinylbenzyl
metallothionein
medullary thyroid carcinoma
methoxytrimethylphenyl-
sulphonyl
mesitylene sulfonyl
murine leukemia virus
mouse vas deferens

2-naphthylalanine
o-nitrobenzamidobenzyl
N-bromosuccinimide
norepinephrine
neuropeptide Glutamic-Iso-
leucine
N-ethylmaleimide
neuropeptide Glycine-
Glutamic
N-iodosuccinimide
neurokinin
neuromedin
N-methylmorpholine
N-methylpyrrolidinone
nuclear magnetic resonance
N-myristoyl transferase
nuclear Overhauser effect
neutrophil peptide;
neurophysin
neuropeptide Y
neurotensin

o-nitrobenzyl
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OPA
OPA-ME

0-Su
oT
OTf
OVLT

PA

PAB

Pac

PAF, Paf
PAGE

Pal
PAM
Pas

pBNP

PBS
PCP
Pen
Pfp
PFP

PGE,
PGF
PGPR

PhA
PHA
PHBT

Phi

Pip
Piv
PLP

PMA
Pmc

Pmp

PP
PPA

PPE
PPK
PPL
Ppt

Xvi

o-phthaldialdehyde

o-phthaldialdehyde-2-
mercapto ethanol

O-succinimide ester

oxytocin

O-triflate

organum vasculosum
laminate terminalis

palmitic acid
p-alkoxybenzyl
phenacyl
p-aminophenylalanine
polyacrylamide gel electro-
phoresis
3-pyridylalanine
phenylacetamidomethyl
6,6-pentamethylene-
2-aminosuberic acid
porcine brain natriuretic
peptide
phosphate buffered saline
phencyclidine
penicillamine
pentafluorophenyl ester
pentafluoropropionyl
proteoglycan
prostaglandin E,
proteoglycan growth factor
plant growth-promoting
rhizobacteria
phenoxyacetal
phytohemagglutinin
polymeric hydroxybenzo-
triazole
4-iodophenylalanine
isoelectric point
piperidine
pivaloyl mixed anhydride
protein kinase
poly-L-proline
phorbol myristate acetate
2,2,5,7,8-pentamethyl-
chroman-6-sulfonyl
3,3-pentamethylene-3-
mercaptopropionic acid
pancreatic polypeptide
n-propylphosphoric
anhydride
porcine pancreatic elastase
porcine pancreatic kallikrein
porcine pancreatic lipase
diphenylphosphinothionyl

Pqt

PRL
PS
PSA

PT
PTH

PTK
Ptz

PTZ
PVDF
PVN
PyBOP

PYY

RIA
RMSD,
rmsd
RNase
ROE

RPHPLC

RR
RRS
RSV

SA
SAP
Sar

SAR
s.C.
SCLC
Scm
SCP
SDC

SDS

SEB
SEC

SEM
SFGF
SGPA

SH

3-(1’-methyl-4,4"-bipyridi-
nium-1-yl) propyl
prolactine
pancreastatin
preformed symmetrical
anhydride
pertussis toxin
phenylthiohydantoin;
parathyroid hormone
protein tyrosine kinase
3-(10-phenothiazinyl)
propanol
phenothiazine
polyvinylidene fluoride
paraventricular nuclei
(benzotriazolyl)-N-oxy-pyrro-
lidinium phosphonium
hexafluorophosphate
peptide Tyrosine-Tyrosine

radioimmunoassay

root mean square
distance

ribonuclease

rotating frame nuclear
Overhauser effect

reversed-phase high pressure
liquid chromatography

ribonucleotide reductase

rat renin substrate

rous sarcoma virus

symmetrical anhydrides

saporin

sarcosyl;

sarcosine

structure-activity relations

subcutaneous

small cell lung carcinoma

methoxycarbonyldithia

small cardioactive peptide

sample displacement
chromatography

sodium dodecyl sulfate;

single dose suppression

staphylococcal enterotoxin B

size exclusion chromato-
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Let me begin by expressing my gratitude to the Awards Committee who selected
me as a recipient of the Seventh Alan E. Pierce Award. I am honored to receive
this award at a meeting chaired by Jean Rivier and to deliver the lecture in
San Diego where my co-workers can participate. They have been instrumental
in creating much of the science that will be discussed in my presentation.

I owe a great debt to my mentors. Melvin Calvin, my Ph.D professor who
in addition to introducing me to science, instilled in me the excitement of
interdisciplinary research. His insight and scientific perceptions remain bench-
marks for me. John Sheehan taught me peptide chemistry. I learned synthesis
from him and recognized that he has made major contributions to modern peptide
synthetic methodologies. George Kenner and I had the temerity to attempt to
write an all-encompassing review [1] of peptide chemistry in the 1950s. From
him I learned to integrate the chemistry and biology of peptides. Last, but not
least, Herman Mark gave me my first opportunity to be an independent researcher.
He taught me many things, but above all that science is international and that
there are no national boundaries to knowledge. In fact, there is a synergism
when scientists from different countries work together.

In the time allotted, it is not possible to cover all our published work. However,
I do want to show where we have come from, where we are and, hopefully,
where we are going. To do this I must select specific topics to discuss. I cannot
list all of my co-workers and collaborators, but there is an implicit recognition
by me of each and every one of them. This lecture is a tribute to the associates,
students, postdoctoral researchers, visiting professors and collaborators who have
worked with us over the years.

Let us go back to the early 1950s, to the heady days of the discovery of
the «-helix by Linus Pauling [2,3]. Professor Pauling gave a lecture at the
University of California at Berkeley where I was a graduate student. The elegance
of the structural elucidation stimulated me as a chemist to think about char-
acterizing certain features of the a-helix. Several years later, we commenced
our independent research with an attempt to establish the critical length that
peptide chains require to form helices.

Oligopeptides
By stepwise synthetic techniques, Schmitt prepared a series of glutamate
oligomers [4,5]. He employed reactions developed by Steuben [6-8] in our

laboratories. The chiro-optical properties of these novel structures were studied

3



M. Goodman

to establish some important physical/chemical features of their structure. In
those days there were no CD instruments available. Schmitt [9,10], Listowsky
[9-12], Boardman [10-13], Rosen [14] and Langsam [14] measured optical
rotations as a function of chain length and optical rotatory dispersions based
upon measurements in the visible and near ultraviolet spectral regions.

We were able to determine the optical rotation of oligopeptides as a function
of the number of residues in the chain and in various solvents (Fig. 1). In
dichloroacetic acid, this dependence established rotations for disordered struc-
tures in solution. In dimethylformamide, the oligoglutamates were shown to
exhibit rotations that deviated from values of disordered structures at and above
the heptamer, whereas in dioxane there was found a discontinuity in the values
of the optical rotation between the tetra- and pentapeptides. Such complex
behavior arises from the onset of secondary structure.

We also employed the Moffitt equation [15,16] in which the coefficient of
the higher term b, relating optical rotation to wavelength was used as an indication

— 7
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Fig. 1. Specific rotations (measured at 589 nm) of oligomeric peptides derived from --
methyl-L-glutamate as a function of solvent and number of residues. Rotations were measured
in dioxane (open circles) and dichloroacetic acid (filled circles) at 2% concentration except
the hepta- and nonapeptides in dioxane solution. These rotations were measured in a 1.43%
and 0.22% solution, respectively. Rotations measured in dimethylformamide (open triangles)
were at a concentration of 1%. Rotations in all solvents were determined at 25°C.
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of secondary structure. The characteristics of highly ordered polypeptides were
established in the seminal work of Blout [17-20], Doty [20-23] and Katchalski
[24-26]. The values for b, in helix supporting solvents are low for the dimer
through hexamer indicating a lack of secondary structure for these molecules.
With the heptamer, the values of b, increase sharply so that L-oligoglutamates
with about 20 residues exhibit essentially total helicity, i.e., showing values of
b, of about -600 (Fig. 2).

In the 1960s, CD became available [27]. We examined the CD for the same
series of oligopeptides through the visible and ultraviolet regions of the spectrum
[10-13,28,29]. It was shown that highly helical polypeptides exhibited enhanced
n—* transitions at 220 nm and a split = — * set of transitions at 206 nm
and 194 nm [30]. Toniolo and Verdini [31] observed the onset of helicity in
helix supporting solvents. In solvents such as trifluoroethanol and trimethyl-
phosphate helicity begins with a heptaglutamate (Fig. 3). Naider and Rupp [32,
33] found that a very similar relationship is observed for alanine oligopeptides
with benzyloxycarbonyl groups at the N-termini and morpholino groups at the
C-terminti as shown in Fig. 4. Since that time, our laboratory and other researchers
have examined many linear oligopeptide and co-oligopeptide series [34]. Much
information on conformations has been gathered using optical rotation, optical
rotatory dispersion, CD and other techniques [34].
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Fig. 2. The b, coefficients of the Moffitt equation [ 15, 16] of the oligomeric peptides derived
from y-methyl-r-glutamate in dimethylformamide at 25°C. The b, coefficient for an oligomeric
mixture with chain lengths centering about 22 is also included in this plot.
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Fig. 3. CD spectra of N-benzyloxycarbonyl-y-ethyl-1-glutamate oligomers in trimethyl-
phosphate as a solvent. The curves for the molar ellipticity of each oligomer are included.

In 1958, we commenced our love affair with nuclear magnetic resonance (NMR)
spectroscopy. Following the pioneering work of Bovey [35,36] and his co-workers
on polypeptides and stereoregular polymers, we attempted to measure the NMR
spectrum of an L-glutamate heptamer in TFE. As can be seen from Fig. 5A,
no useful resonances could be discerned over the NH and aryl proton spectral
region. Masuda was able to obtain some important information on the helix
to coil transition by NMR [37]. By 1968 technology had advanced so that we
could make measurements at 220 MHz. As in Fig. 5B, Toniolo and Verdini
working with Bovey and Phillips showed that all of the NHs of an rL-glutamate
hexamer could be discerned in TFE [31]. By 1978, we had available to us a
360-MHz instrument and examined the L-glutamate heptamer, as can be seen
in Fig. 5C [38]. All the NHs and most of the envelopes of the a-CH resonances
could be resolved. By techniques that I will shortly describe, we could actually
assign each of the resonances to specific residues in the chain. By 1988, we
had progressed to a 500-MHz NMR instrument that is particularly useful for
complex peptides in the 2D mode of measurement. I will return to these types
of measurements in the section of this presentation dealing with bioactive peptides.

We were able to extend our work on oligopeptides by taking advantage of
the liquid phase synthetic approach of Bayer and Mutter [39]. A series of
oligopeptides of r-glutamates tethered to polyoxyethylene (MW 5000) were
prepared by us and studied by NMR in a variety of solvents [40-43]. Mutter

6
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Fig. 4. CD spectra of benzyloxycarbonyl r-alanyl-N-methylmorpholinoamide oligomers
measured in a trifluoroethanol 1% sulfuric acid solvent mixture. The curves for the molar
ellipticity of each oligomer are included.

showed earlier that the polyoxyethylene chain does not affect the preferred
conformational characteristics of the oligopeptide chain [44]. By selective
placement of a-deuterated L-glutamates, Saltman and Ribeiro were able to assign
all the NHs and most of the a-CHs to specific residues in the oligopeptide
chain [40-43]. The effects of solvents and end groups on preferred conformations
of these peptide-polyoxyethylene conjugates were carefully examined by NMR
[40-43]. For example, chloroform favors C-7 conformations, whereas, TFE
induces a-helical preferences for the heptamer oligoglutamates [41,42].

Implicit in our study of oligopeptides was the fact that optically pure peptides
could by synthesized. To ensure such peptide bond formation, we undertook
to study racemization during coupling reactions via oxazolinone intermediates.
In our laboratories, Levine [45] and McGahren [46-49] synthesized the first
crystalline and optically active amino acid and peptide oxazolinones. The reactions
of these oxazolinones with L-phenylalanine methyl ester under typical conditions
for peptide synthesis showed that racemization is an order of magnitude more
rapid than ring opening reactions (Table 1). Glaser established that rates of

7
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A GLUTAMATE HEPTAMER
60 MHz
3% IN TFE
1958

8.0 75 7.0 6.5 6.0
PPM
B GLUTAMATE HEXAMER
220 MHz
2% IN TFE
1968

85 8.0 75 70 65
PPM
C GLUTAMATE HEPTAMER
360 MHz
1% IN TFE
1978

8.5 8.0 75 7.0 6.5 6.0 55 5.0 45 4.0

PPM

Fig. 5. Partial NMR spectra of urethane-protected <y-ethyl-L-glutamate heptamer at (A)
60 MHz and (C) 360 MHz and the hexamer (B) at 220 MH.
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Table 1  Amino acid and peptide oxazolinones

H H

Y Y,
N—C—CH, CH —G—CH,
@ \ @—cu,-o C—NH—C ’ // \c\
\ S 0
oy O
2-Phenyl-L-4 2-(1"-Benzyloxycarbonylamino-1'-
benzyloxazolinone methyl)-ethyl-L-4-benzyloxazoli-
none
m.p. 88-89°C 97.4-98.8°C
[a]p? 71.2° (C=0.5, dioxane) 131.2° (C =1, dioxane)
k;c(1/mol-min)? 3.69 0.750
k., (I/mol-min)? 0.019 0.065

2 Second order rate constants for racemization (k,.) and ring opening (k,,) of oxazolinones
by phenylalanine methyl ester in dioxane at 25°C.

racemization can be substantially slowed by a-dinucleophiles such as azide ion,
N-hydroxysuccinimide, hydroxybenzotriazole and others, whereas peptide bond
formation is facilitated [50-52].

Polypeptides and Polydepsipeptides

Let us turn our attention to another important area of our research. Early
on, we became interested in high molecular weight polypeptides. Such polymers
can be prepared from a-amino acid N-carboxyanhydrides (NCAs) [53-56]. Our
studies were commenced by Arnon [53,54] and Hutchison [55,56], who examined
the strong base initiated polymerizations of NCAs including y-benzyl L-glutamate
and other NCAs. Peggion extended the mechanistic studies initially with Scoffone
[57] and then in our laboratories [58]. We followed the kinetics for the initiation
and propagation reactions that produce the polymers. Our results were best
explained by an ‘active monomer” mechanism. In 1977, Peggion, Szwarc, Bamford
and I showed that sodium hydride initiates polymerization of y-benzyl-L-gluta-
mate and e-benzyloxycarbonyl-L-lysine NCAs [59]. The kinetics of these po-
lymerizations are consistent with an ‘active monomer’ mechanism (Fig. 6) [59].

We have prepared many different types of polypeptides in order to understand
the forces governing conformational preferences of these biopolymers. In this
presentation, I have selected polymers that involve unusual monomeric residues
designed to illustrate specific side-chain and main-chain effects on secondary
structure. To this end, Felix made poly-8-hydroxy-L-a-aminovaleric acid by the
polymerization of O-acetyl-6-hydroxy-L-a-aminovaleric acid N-carboxyanhy-
dride [60]. By use of chiro-optical properties, he was able to show that this
neutral water-soluble polypeptide is a highly helical structure that can be
denatured upon addition of a low concentration of lithium bromide [60]. Other
researchers established that poly B-benzyl-L-aspartate assumes a left-handed a-

9
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Fig. 6. A representation of the ‘active monomer’ mechanism for the polymerization of an
a-amino acid N-carboxyanhydride monomer.

helix in solution [18,61]. Under the same conditions, poly B-p-nitrobenzyl-L-
aspartate forms right-handed a-helices [60]. Felix and Deber prepared and studied
copolymers of p-nitrobenzyl-L-aspartate with the benzyl-L-aspartate [60]. A
transition from left- to right-handed helix was observed as the fraction of p-
nitrobenzyl-L-aspartate content was increased (Fig. 7). In a related system, poly
L-p-aminophenylalanine was synthesized in our laboratories by Peggion and
Toniolo [62,63]. This analog of poly-L-tyrosine was shown to go through a helix
to coil transition in aqueous organic solvents as the p-amino groups were
protonated. Kossoy, Falxa and Benedetti synthesized derivatives of L-p-amino-
phenylalanine, which were converted to L-arylazophenylalanine [64-68]. From
these amino acids, we were able to make appropriate NCA monomers that were
polymerized and copolymerized. Irradiation of solutions of azo-polymers in the
visible spectral region, where the azo-chromophore absorbs, shows a transfor-
mation of the Cotton effect from a positive band to a negative absorption (Fig.
8). Azo-aromatic chromophores provided a basis to relate optical rotatory
dispersion to CD and the structure of the polypeptides. Following our initial
studies, work on azo-aromatic containing polypeptides has been continued and

10
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Fig. 7. Values of b, (o) from the Moffitt equation [15, 16] and N, (1) from the Drude
equation in chloraform at 25.0°C for copolymers of p-nitrobenzyl-1-aspartate with benzyl-
L-aspartate as a function of mole percent of p-nitrobenzyl-r-aspartate residues.

greatly expanded in the laboratories of Ciardelli and Pieroni [69,70], Irie [71],
Ueno [72,73] and Yamamoto [74,75].

During the 1960s, we turned our attention to semi-empirical calculations to
determine preferred conformations for polypeptides [76-78]. These theoretical
approaches were based on rigid geometries, torsional modes and Lennard-Jones
potentials [79,80]. Organic, physical and polymer chemists also utilized similar
semi-empirical relationships [81-87]. Peptide chemists constructed the same type
of contour maps and called them Ramachandran plots [88,89] after one of the
pioneers in this field. I want to illustrate the use of calculations for a residue
of poly N-methyl-L-alanine. It shows the variations of ¢ and ¢ while the peptide
bond w is maintained in a planar form, trans or cis, throughout the calculations
(Fig. 9). Using this approach, Mark predicted four minima for poly N-methyl-
L-alanine as seen in Fig. 10 [90,91]. Fried [92] and Chen [93] synthesized the
polymer and model compounds and examined the CD and NMR spectra [92,93].
The nature of the Cotton effects and the chemical shifts are consistent with
the structure predicted to be the most stable by Mark’s calculations, that is,
a right-handed 3-fold helix with the amide bonds all trans. The next most favored
conformation is a left-hand a-helix, which is preferred by the calculations of
Liquori and DeSantis [94].

An ester group is nearly isosteric with respect to a peptide bond. D’Alagni
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Fig. 8. Optical rotatory dispersion of poly-L-p-(phenylazo)-phenylalanine before (®) and
after (o) irradiation at 425 nm in trifluoroacetic acid.

examined the NMR spectra of poly-S-lactic acid and its model compound [95].
Gilon and Nissen [96] developed a general method to prepare polydepsipeptides
using sublimation of the monomeric pentachlorophenyl esters. This polymeri-
zation route was further refined by Mathias [97]. In addition, an approach to
polymerization in solution was developed by Katakai [98]. Using rigid geometry
semi-empirical calculations, Ingwall created Ramachandran plots of many
different series of polydepsipeptides and predicted their preferred conformations
[99,100]. All of the insights gained in our laboratories were extended by Becktel
who investigated the CD and helix-coil transitions of polydepsipeptides [101~
103]. From such studies, we have been able to present key thermodynamic
properties of polydepsipeptides, as shown in Table 2. These results are important
for understanding peptide and protein structure.

12
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Fig. 9. Schematic representation of a segment of the poly-N-methyl-L-alanine chain denoting
the internal rotation angles ¢ (N-C,) and Yy(C,-C’).

Table 2 Thermodynamic parameters of a series of polydepsipeptides®

Compound Solvent o AH AH° AS T,
Poly(Ala-Lac) CHCl; 0.001 338 627 1.33 -36.7
Poly(Ala-Lac) THF 0.007 344 687 1.47 -40
Poly(Val-Lac) THF 0.003 272 544 1.04 -10.5
Poly[(Ala),-Lac] CHCl; 0.003 579 867 1.81 47.5
Poly[(Ala),-Lac] THF 0.005 513 770 1.67 34.5
Poly[(Ala);-Lac] TFE 0.006 163 217 0.67 -30
Poly[(Leu),-Lac] TFE 0.002 136 205 0.55 =37
Poly[Glu(OCH;),-Lac] TFE 0.0009 969 1435 3.13 36.2
Poly[Glu(OCH,;),-Lac] THF 0.0006 1156 1735 3.73 36.8
Poly[Ala-Glu(OBz1)-Lac] THF 0.0006 1119 1678 3.63 35.6
Poly[Lys(Z)-Glu(OCH;)-Lac} THF 0.0006 1117 1766 3.83 34.6

2 ¢ is the nucleation parameter from the Zimm-Bragg equations, AH is the average
enthalpy/residue for the polydepsipeptide, AH® is the average enthalpy for the amides,
AS is the average entropy/residue in the polydepsipeptide and T, is the melting
temperature for the helix to coil transition for the polydepsipeptides.

Bioactive Peptides

When our research group moved to San Diego in 1970, we launched a major
program to study bioactive peptides and peptidomimetics. Qur approach com-
bined synthesis, spectroscopy and computer simulations together with bioassays.
From such studies, we hoped to develop structure-biological activity relationships
for a wide variety of peptidic molecules. In this presentation I wish to select
representative systems to discuss including opioids, somatostatin, neuropeptide
Y and nisin. Our early work developed from the pioneering discoveries by
Guillemin and his associates with respect to hypothalamic hormone releasing
hormones [104,105]. Gilon, Donzel, Sakarellos and Blagdon studied analogs
of TRH and GnRH by CD, NMR and molecular modeling [106-109]. They
were able to propose conformational preferences for the molecules under study.

Before considering other systems, I want to call your attention to the retro-
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Fig. 10. Low energy conformations of the poly-N-methyl-1-alanine chain. Intervals berween
contours represent 1 kcal/mol of peptide units. The corresponding energies are tabulated

in the chart below the contour map.

inverso modifications of peptide composition that Chorev and Pallai developed
over a decade ago (Fig. 11)[110-113]. To reverse a peptide bond, Chorev carefully
investigated the use of the Curtius rearrangement [114,115]. Pallai utilized the
benzene iodonium bistrifluoracetate method published by Loudon for the
generation of amines from amides [112,116]. Chorev, Pallai and Richman firmly
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Fig. 11. Schematic representation of partially retro-inverso modifications of a parent peptide
(A). The modification (B) involves two adjacent amino acid residues containing side chains
R; and R, by which the gemdiaminoalkyl and malonyl peptidomimetic structure is
incorporated. In (C) the altered residues containing side chains R, and R, are moved apart
so that an amino acid with reversed direction and chirality separates the diaminoalkyl and
malonyl residues. In (D) a reversed peptide is inserted between the peptidomimetic residues.

established the stereochemistry for gemdiamino alkyl and alkylated malonyl-
diamido residues [113,116].

In the area of opioids, Schiller and DiMaio [117] synthesized cyclic enkephalin
analogs containing a 14-membered ring. This structural feature created constraints
in the molecule that led to conformational preferences. Work in our laboratory
commenced with this parent constrained molecule and included peptidomimetic
residues such as those based upon retro-inverso modifications. Berman [118],
Richman [119] and Lucietto [120] synthesized most of these molecules. The
analogs are shown in Fig. 12. Schiller measured the biological activity and
selectivity of our analogs [121] (Table 3). Hassan, Mammi and Mierke studied
the molecular modeling and the NMR spectra [120-124]. We integrated the
constraints as seen in the NMR (NOE values) [125] with computer modeling
based on the important research of Hagler, Dauber and Osguthorpe, who
developed the system DISCOVER [126]. The molecular dynamics, with and
without NOE constraints, of these enkephalin analogs led us to propose a model
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Fig. 12.  Structure of the cyclic enkephalin derivatives Tyr-c[D-A,bu-Gly-Phe-L and p-Leu],
and their isomeric partial retro-inverso analogs, Tyr-c[p-Abu-Gly-gPhe-R and S-mLeu].

Table 3  Guinea pig ileum (GPI) and mouse vas deferens (MVD) assay of various enkephalin
and dermorphin analogs”

Compound GPI MVD MVD/GPI
ICsq (nM) ICso (nM) ICs ratio
Tyr-c[D-A,bu-Phe-Phe-Leu] 1.07 = 0.09 470+ 092 4.39

Tyr-c[p-A,;bu-Phe-Phe-p-Leu] 1.14 + 0.12 139 £ 09 122
Tyr-c[D-A;bu-Phe-gPhe-S-mLeu) 0.518+ 0.099 630+ 1.11 122
Tyr-c[p-A,bu-Phe-gPhe-R-mLeu] 176 £ 2.8 117 =+ 31 10.1
Tyr-c[p-Glu-Phe-gPhe-L-retroLeu] 390 + 93 364+ 0.10 0.09
Tyr-c[D-Glu-Phe-gPhe-p-retroLeu] 275 + 0.63 49.1 £ 99 179
Tyr-¢[p-A,bu-Gly-Phe-Leu] 141 =+ 29 814 + 5.8 5.77
Tyr-¢[p-A,bu-Gly-Phe-p-Leu] 66.1 + 8.4 27.1 = 1.6 0.409
Tyr-c[D-A,bu-Gly-gPhe-S-mLeu] .51 £ 0.19 776t 3.17 5.14
Tyr-c[D-A,bu-Gly-gPhe-R-mLeu] 255 £ 20 149 = 5.0 0.584
Tyr-c[D-Glu-Gly-gPhe-p-retroLeu] 194 £ 34 313 +102 16.1
[LeuSlenkephalin 246 +39 114 + 1.1 0.0463

2 These determinations were carried out in the laboratories of Dr. Peter Schiller and
his co-workers at the Clinical Institute of Montreal.
Mean of 3 determinations - SEM.
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for selectivity. In Fig. 13, the superpositions of 40 ps of molecular dynamics
are shown for two pairs of peptides and peptidomimetic opioids. The parent
peptide Tyr-c[D-A,bu-Gly-Phe-Leu] is highly constrained and is similar in its
molecular topology to Tyr-c[D-A,bu-Gly-gPhe-S-mLeu] (u-selective opioid). The
peptide Tyr-c[D-A,bu-Gly-Phe-p-Leu] is much more flexible. Its molecular
topology is very similar to that found for Tyr-¢[D-A,bu-Gly-Phe-R-mLeu]
(nonselective opioid). The peptide and peptidomimetics with L and S configu-
rations at the Leu residue maintain an extended structure with maximal distance

Fig. 13. A superposition of molecular dynamics simulations in vacuo over 20 ps using
the DISCOVER program of the cyclic enkephalin analogs: Tyr-c{p-A,bu-Gly-Phe-1. and
p-Leu]and Tyr-c[ p-Apu-Gly-gPhe-S and R-mLeu]. It should be noted that the parent peptide:
Tyr-c[p-A;bu-Gly-Phe-Leu] (A) exhibits the same overall restricted conformation as the
peptidomimetic: Tyr-c[D-Azbu-Gly-gPhe-S-mLeu] (B), whereas the peptide: Tyr-c[p-A bu-
Gly-Phe-p-Leu] (C) is much more flexible and is similar in overall topology to Tyr-c[p-
Asbu-Gly-gPhe-R-mLeu] (D).
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between the tyrosyl and phenylalanyl aryl side chains, whereas the molecules
with the o and R configurations at the Leu residue alternate between an extended
structure and folded arrays in which these aryl groups are much closer together.
We believe that the extended structure is necessary for recognition at the guinea
pig ileum (u) receptor and the folded form is required for activity at the mouse
vas deferens (8) receptor. The alteration of configurations noted above leads
to nonselective opioids. Hruby and Karplus carried out conformational analysis
of a cyclic 14-membered ring enkephalin containing two D-penicillamine residues
at positions 2 and 5, Tyr-c[D-Pen-Gly-Phe-p-Pen], which is highly d-selective.
In their studies the two aromatics are in very close proximity to each other.
These results support our model for selective activity of opioids [127].

We have extended our integrated approach to consider cyclic dermorphin
analogs in which the glycine of the Schiller parent cyclic enkephalin analog
is replaced by r-phenylalanine. Specifically, the compound Tyr-c[p-A,bu-Phe-
gPhe-R-mLeu] was synthesized, and preferred conformations were studied by
molecular dynamics simulations and NMR spectroscopy. Figure 14 shows the
distance of the aryl group of the tyrosine residue to the aryl groups at positions
3 and 4 for the entire NOE-constrained molecular dynamics simulation. The
distance of the tyrosine to the aryl group at the g-Phe* residue is similar to
that found for the Schiller parent enkephalin and our u-selective enkephalins
containing peptidomimetics. It is, therefore, not surprising that Schiller found
the dermorphin analog Tyr-c[pD-A,bu-Phe-gPhe-R-mLeu] to be quite potent and
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Fig. 14. Time variations of the distances between Tyr!-Phe3 and TyrI-gPhe* aromatic ring
centers during the molecular dynamics carried out for Tyr-c[p-Abu-Phe-gPhe-R-mLeu] at
300 K using the DISCOVER program.
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u-selective (Table 3). At this stage, we are examining steric and electronic
contributions arising from the phenylalanine at position 3. This and other
dermorphin-like molecules have been prepared and examined by molecular
modeling and NMR spectroscopy in our laboratories by Said-Nejad, Felder,
Mierke and Yamazaki [128}. We hope to relate the structures of these compounds
to our model for opioid bioactivity and selectivity.

In a related series of experiments, we have examined cyclic hexapeptides related
to somatostatin. Veber and his associates at Merck synthesized a large number
of cyclic hexapeptides incorporating residues 7-10 of the somatostatin sequence
[129]. Some of these proved to be superactive in in vitro tests on the inhibition
of growth hormone release. We have chosen one of these, c[Phe-D-Trp-Lys-
Thr-Phe-Pro], as the parent structure into which peptidomimetics would be
incorporated. Figure 15 shows the Merck compound and two of the analogs
we have prepared. In this presentation it is impossible to discuss the synthesis
and molecular modeling for each of the compounds. Therefore, I want to
summarize the work on the analog incorporating the gSar-mPhe peptidomimetic
into the cyclohexamer structure [130].

Pattaroni synthesized the compounds c[R and S-mPhe-pD-Trp-Lys-Thr-Phe-
gSar] as shown in Fig. 16 [130]. Noteworthy in this stepwise synthetic scheme

o] ¥ R
N H o 0o<{D
(o] (o] H NH
N)‘:(NW\/\NM
H o
OH

c[Pro-Phe-D-Trp-Lys-Thr-Phe]

i
/H N i
~ o D

N o o= ~
(o] [s] NH
H NW\/\ NH,
o}
OH

c[gSar-R,S-mPhe-D-Trp-Lys-Thr-Phe]
Fig. 15. Structures of the parent cyclic hexapeptide c[Pro-Phe-p-Trp-Lys-Thr-Phe] and

the retro-inverso modified molecules c[gSar-R and S-mPhe-p-Trp-Lys-Thr] related to
somatostatin.
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Fig. 16. Schematic representation for the synthesis of c[gSar-R and S-mPhe-p-Trp-Lys-
Thr-Phe].

are the use of benzene iodonium bistrifluoroacetate for the Hofmann rearran-
gement and the separation of the mixture of diastereomeric final products by
HPLC. Pattaroni and Mierke carried out extensive NMR analyses on these
diastereomers and were able to assign the configuration at the malonyl residues
for each of the diastereomers unambiguously. By use of NOEs, distance
constraints were obtained and used in the molecular dynamics simulations. From
such studies, a model for the preferred conformations of the two diastereomers
has been developed [130].

It is important to note that c[S-mPhe-p-Trp-Lys-Thr-Phe-gSar] (the S analog)
is 50% as active as the Veber compound as determined by Vale and Yamamoto
in the growth hormone inhibition assay and that c[R-mPhe-pD-Trp-Lys-Thr-Phe-
gSar] (the R analog) is inactive in the same assay. Preliminary in vivo studies
on inhibition of pentagastrin-stimulated acid release in dogs carried out by
Beglinger and Gyr show that the S analog is superactive, but the R analog
is inactive [131]. Figure 17 shows the distance of the mPhe, p-Trp and Lys
side chains from each other as a function of the simulation times of both the
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Fig. 17. Distance vs. time for specific residues in c/gSar-R and S-mPhe-p-Trp-Lys-Thr-
Phe]. (A) Distance between p-Trp and Lys side chains. (B) Distance between p-Trp and
Phe side chains.

S and R isomers. The side chains of the mPhe, the D-Trp and the Lys residues
in the S isomer are close to each other for much of the time, whereas in the
R isomer the side chain of the mPhe residue is far from the other two throughout
the simulation. We propose that the proximity of the side chains of the three
residues, as seen in the S isomer, is necessary for somatostatin-like bioactivity.

21



M. Goodman
Neuropeptide Y

Elucidation of the preferred conformations of the 36-amino acid neuropeptide
Y (NPY) and biologically active fragments of NPY in solution is underway using
CD and NMR techniques. This work represents a collaboration with Rivier
and Boublik of the Salk Institute and Brown of the UCSD School of Medicine
[132]. Taulane examined the CD spectra of NPY and showed that the neuropeptide
is highly helical in TFE and H,0. The fragment NPY(18-36), which causes
a relatively long-term hypotension in conscious rats when administered intra-
arterially, is highly helical in TFE and TFE/H,0 mixtures with H,O content
below 20% [132]. In pure H,O, this fragment is only partially helical (~ 25%).
The NPY(1-19) is not helical in TFE or H,0 [132]. Feinstein has fully assigned
the protons of the fragment NPY(18-36) by NMR in dimethylformamide-d;
(DMF-d;). More than 50 interresidue NOEs have been identified in DMF-d,
[133]. The assignment of NPY(18-36) in water is underway. In addition, numerous
C-terminal NPY fragments with different biological activity are being studied.
These include N-MeNPY(18-36), N-AcNPY(18-36), [D-Alal¥]NPY(18-36) and
the NPY series (16-36), (19-36), (20-36) and (21-36).

Molecular dynamics simulations are underway on NPY(18-36) using the NOEs
obtained in DMF-d,;. A protocol has been developed to explore the conforma-
tional space consistent with the observed NOE data. This methodology should
result in a family of preferred conformations of NPY(18-36) in solution. The
NOE data obtained in water will be treated similarly. In addition, as the
aforementioned analogs are investigated, the postulation of structure-activity
relationships should become possible.

Nisin

Wakamiya, Shiba and their co-workers have carried out a remarkable synthetic
program on nisin, a naturally occurring peptide antibiotic [134]. Through a
collaborative study with them, we have made considerable progress in elucidating
the structure of nisin [135]. This molecule was a major focus of the research
efforts of my colleague and friend, the late Erhard Gross, who made important
contributions to this field [136,137].

Jung called our attention to the pronounced homology of nisin, subtilin,
epidermin, pep 5 and gallidermin. These structures include unsaturated amino
acids and various lanthionine bridges [138]. These bridges define conformationally
constrained segments. In a molecular aufbau approach, we have characterized
these individual segments and are assembling the resulting conformations to
aid in determining the structure of the whole molecule.

Palmer, Pattaroni and Mierke began with NMR studies of these fragments
using HOHAHA, ROESY and temperature coefficient measurements [ 135]. These
molecules posed new computational challenges. The novel residues required new
force constants and parameters that we are developing though calculations, IR
spectroscopy, and X-ray diffraction studies {139]. Our approach to molecular
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dynamics has also been expanded. We now begin with high temperature 750-
1000 K) dynamics in an attempt to search thoroughly the conformational space
of each molecule. At regular intervals conformations are extracted and energy-
minimized. Some of these minimizations involve NOE constraints. However,
we are not trying to fit experimental data but to use these constraints as a
short-cut in our computational search. Starting from the lowest energy con-
formations, we proceed with molecular dynamics at 300 K. Again, at regular
intervals, we carry out unconstrained minimizations to generate families of low
energy conformations.

In such a manner, we have characterized each of the rings of nisin. Time-
averaged properties from these low temperature dynamics are in better agreement
with our NMR results than individual minimum-energy conformations [139].
One example is the observed NOE between the histidine ring and each of the
lanthionine bridges in rings D and E. The dynamics clearly show the highly
mobile side chain passing near one lanthionine and then the next. We are carrying
out additional spectroscopic measurements and calculations on the entire nisin
molecule, and several large, active fragments [139]. By our approach we hope
to elaborate on the channel-forming properties described by Jung [138].

Urethane-Protected a-Amino Acid N-Carboxyanhydrides

This presentation began with the step-wise synthesis of oligopeptides. I want
to end with an exciting, novel approach to peptide synthesis. Naider and I working
together with Fuller and his co-workers have developed a general method for
the preparation of urethane-protected «-amino acid N-carboxyanhydrides
(NCAs):

R\TH/ \

R"O\C/N\C/
1\ 2\
O

In the past, it has been claimed that such molecules were inherently unstable
and could not be prepared [140-145]. We have made many derivatives in which
the urethane portion of the NCA is composed of 9-Fmoc, Z and Boc [146].
The urethane-protected NCAs are crystalline, stable compounds that react rapidly
with nucleophiles such as amines to form amides or peptide bonds. The general
synthesis of urethane-protected NCAs was accomplished by allowing the NCAs
to react with the appropriate chloroformate in the presence of N-methylmor-
pholine (a base that does not promote polymerization of NCAs) [146].

We have undertaken some preliminary peptide syntheses with flow system
solid phase methodology [146]. The resin was derivatized using an appropriate
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urethane-protected NCA and 4-alkoxy-2', 4-dimethoxybenzhydrol on a poly-
styrene resin. The excess hydroxyl groups were capped and the protecting groups
removed. Sequentially, the urethane-protected NCAs were added after removal
of protecting groups and washing steps to build up the desired peptide chain.
In this manner Fuller, Cohen and Shabankareh have prepared [D-Ala?]-leucine
enkephalin, the acyl carrier decapeptide and thymosin a-1 (16-28). Independently
of this work, Felix and Danho have used Fmoc-NCA chemistry in comparison
with a water-soluble carbodiimide, hydroxybenzotriazole approach to prepare
the heptapeptide CCK. Both syntheses involved batchwise methods. Figure 18
shows the HPLC for both schemes. The results are essentially equivalent, although
in the carbodiimide reactions four steps involved double coupling whereas in
the Fmoc-NCA route only one step required double coupling (i.e., the methionine
to aspartic acid linkage). We are actively examining the urethane-protected NCA
methodology as a general approach to peptide synthesis.

Concluding Remarks

I have attempted to cover more than thirty years of our research and develop
a story indicating the great challenges that remain for the future. In listening
to the talks at this Eleventh American Peptide Symposium and perusing the
posters, I see peptide chemistry and biology as a vibrant field. With the support

Ac-Tyr1-Met2-Gly3-Trp4-Met5-Asp8-Phe7-NH2
FMOC - NCA Couplings DIC / HOBt Couplings

13.55

13.48
>

14.53
18.69
28.83
14.58
28,806

Fig. 18. HPLC traces of the CCK-7 products from the syntheses (A) utilizing the urethane-
protected NCA method and (B) using the diisopropylcarbodiimide-hydroxybenzotriazole
approach.
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of people such as Dr. Pierce, peptide scientists will continue to make remarkable
discoveries. Once again, I wish to thank my co-workers, colleagues and friends.
I am honored to accept the Seventh Alan E. Pierce Award.
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Introduction

The secretion of luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) is under the stimulatory control of the decapeptide amide, gonadotropin
releasing hormone (pGlu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-Gly-NH,). Because
mammalian GnRH assumes mostly a random coil conformation in aqueous
solution, and because the GnRH pituitary receptor has not been chemically
or structurally characterized, the nature of their physico-chemical interaction
cannot be studied spectroscopically. In order to define the ‘bioactive confor-
mation’ of GnRH, we embarked on a multidisciplinary study whose aim was
to obtain a fully rigid and maximally potent analog for spectroscopic analysis.
Because we had found that bridging GnRH sequences at positions 1 and 10
or 4 and 10 led to partial agonists or antagonists repectively, and because we
have more latitude in the selection of amino acid substitutions in the design
of antagonists, we designed, synthesized and tested cyclic GnRH antagonists
[1-4]. Here, we show that some antagonists of GnRH which are bridged at
positions 4 and 10 and are equipotent to the corresponding and most potent
linear analogs [2], can be further constrained by the introduction of a second
bridge between residues 5 and 8 with retention of high potency. This major
success could be achieved through the development and implementation of a
concerted stragegy involving the use of peptide synthesis and biological testing,
computer simulations and NMR spectroscopy [2,5,6].

Methods

Peptide synthesis

Peptides were synthesized by SPPS using the Boc strategy on a MBHAR and
the general techniques previously reported by this laboratory [2] including HF
treatment. The 5/8 side-chain amide bond of 3 and 4 was generated first on
the resin using the method of Felix et al. [7] followed by the azide mediated
closure of the 4/10 ring also used for 1 and 2. Final preparative purification
was carried out with HPLC [8]. Peptides were judged to be greater than 95%
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pure using HPLC. AAA were consistent with expected values. Calculated values
for protonated molecular ions were in agreement with those obtained using
FABMS.

Bioassays

For the purpose of this limited study, analogs were tested for their ability
to inhibit ovulation in the cycling rat [9] and to inhibit LH release by the pituitary
in an in vitro cell culture assay [10].

Computer simulations
Computer simulations at the San Diego Supercomputer Center Cray X-MP/
48, were conducted using methods previously described [11].

Results and Discussion

Our approach to obtaining extremely potent monocyclic antagonists of GnRH
has been described elsewhere [2,5]. Combined molecular dynamics and NMR
studies on the constrained cyclo (4-10)[Ac-A3Pro!,DFpa?,np-Trp3,Asp?,p-Nalé,
Dpr!®]GnRH antagonists have provided structural information [12,13].

Because of the constrained nature of this analog, this analysis will help refine
our model of the binding conformation. NMR results (J. Rizo et al., in
preparation) indicate the presence of a stable S-turn, around the p-Nalé-Leu?
positions, a feature that has been postulated to be necessary for biological activity.
Temperature dependence of NH resonances are consistent with three transannular
hydrogen bonds involving the NHs of Asp, Tyr and Arg. By NMR, the N-
terminal tripeptide of this analog displays some conformational preference,
although it is less rigid than the cyclic portion. Interestingly, molecular dynamics
calculations (S. Koerber et al., in preparation) yield two conformational families
for this peptide with the N-terminal tripeptide either below or above the ring.
NMR studies are underway to analyze whether one of these two conformational
families is preferred, or alternatively, if there is an intermediate, more dynamic
conformational distribution for the N-terminal tripeptide. However, careful
examination of the N-terminal tripeptide-down conformer indicates that the
following side chains are in close proximity, 2 and 7, 3 and 9, 5 and 6, and
5 and 8 suggesting that they may be replaced by bridging elements.

We have synthesized a large number of cyclo 2/7 antagonists of GnRH that
were at best marginally potent {3]. On the other hand the bridging of residues
5 to 8 seemed very promising. Indeed, we reported a year ago on the synthesis
and biological activity of bicyclo(4/10,5/8)[Ac-p-Nal!,p-Cpa?, p-Pal3,Asp4,
Cys’,p-Args,Cys8,Dpri9]1GnRH (analog A) [3]. While this work was being carried
out, Dutta et al. [14] described the synthesis and biological potencies of several
monocyclic (5-8)GnRH antagonists. These analogs in which the side chains of
different amino acids at positions 5 and 8 were bridged using either amide bonds
or disulfide bridges in a systematic manner similar to that reported by our group
[2] are less potent (approximately 5- to 10-fold) than those having similar bridges
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at positions 4 and 10. Whether the low potency of the cyclo (5-8) analogs reported
by Dutta et al. results from the use by these authors of nonoptimized substitutions
at positions 1 through 3 or from unfavorable constraints brought about by the
bridging elements, is yet to be determined.

Table 1 In vitro and in vivo potencies and receptor affinities of cyclic GnRH antagonists

Compounds AOA? In vitro
potenciesP

(Cyclo 4/10)[Ac-A3Pro!,p-Fpa2,p-Trp3,

Asp#,p-Nalé,Dprl®]JGnRH (1) 10 (2/710) 2.0 (1.5-2.6)

(Cyclo 4/10)[Ac-p-Nal!,p-Fpa?,n-Trp?,

Asp4,D-Args,Dpr'JGnRH (2) 2.5 (2/10) 0.3(0.2-0.4)

bicyclo(4/10,5/8)[Ac-p-Nal!,p-Cpa?,n-Pal3,

Asp?,Glu’,p-Nalé,Lys8 Dprl9JGnRH (3) 50 2/ 8) 0.6(0.4-0.9)

bicyclo(4/10,5/8)[ Ac-p-Nal!,p-Cpa?,p-Trp3,

Asp4,Glu’,p-Argb,Lys8,Dpri®JGnRH (4) 5 (2/10)

2 AOA-antiovulatory assay: dosage in micrograms (rats ovulating/total).
b [Ac-A3Pro!,p-Fpa?,p-Trp36]GnRH=1.

Since we had reported that analog A inhibited ovulation by 86% at 200 ug
and since the Cys (5 to 8) ring was not the optimized ring size according to
Dutta et al. [14], we synthesized 3 and 4 (Table 1) which, to our knowledge,
encompassed some of the most favored substitutions. These analogs were tested
for biological activity and their structures analyzed in order to compare them
with those of analog A, and 1 and 2 resp. We found 3 and 4 to inhibit ovulation
by 75% at 50 ug and 80% at 5 ug per rat, respectively. While 4 is the most
potent bicyclic GnRH analog ever reported, 3 is the first analog of GnRH that
does not carry a positive charge but that has significant affinity for the GnRH
receptor in an in vitro assay. A molecular mode of an homolog of 4 is shown
in Fig. 1 and provides the rationale for the introduction of additional constraints.

Conclusions

Using a model derived from theoretical studies of a 4-10 bridged monocyclic
GnRH analog (1), we observed that several pairs of amino acid side chains
were close enough in space to be bridged. We synthesized a series of bicyclic
analogs with either disulfide or amide bonds. Compounds 3 and 4 were found
to be the most potent bicyclic analogs tested so far. Preliminary theoretical
studies suggest that the conformation of the 4-10 cycle 1s conserved in these
analogs despite the introduction of the second ring. We realize that, because
the N-terminal tripeptide can be located either above or below (Fig. 1) the ring
formed by the 4-10 cycle, additional constraints will have to be introduced in
order to obtain a fully rigid analog. It is believed that full structural charac-
terization of such an analog could help us understand the mechanism of action
of GnRH and the molecular basis of activation of its receptor.
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Fig. 1. ORTEP drawing of (bicyclo 4/10,5/8) Ac-p-Nal-p-Phe-p-Trp-Asp-Glu-p-Arg-Leu-
Lys-Pro-Dpr-NH, analogous to 4.
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Physiologically important peptidases and proteases: Ideal
targets for the design of new therapeutics

James C. Powers, Chih-Min Kam, J6zef Oleksyszyn and Toshihisa Ueda
School of Chemistry, Georgia Institute of Technology, Atlanta, GA 30332, U.S.A.

Introduction

Peptidases and proteases are involved in a wide variety of important phy-
siological processes. Serine proteases are important for blood coagulation, the
immune defense, and the destruction of invading organisms. Metallopeptidases
and metalloproteases are involved in the processing of most hormones, including
angiotensin and enkephalins. Aspartic proteases are important in viral infections
and the control of blood pressure. Cysteine proteases process hormones, and
are involved in tumors. Protease inhibitors thus have great potential for the
treatment of many disease states. Important target enzymes for the design of
new inhibitors included human leukocyte elastase (emphysema, inflammation),
chymases and tryptases (inflammation and blistering), blood coagulation enzymes
(intravascular clotting), renin and angiotensin-converting enzyme (hypertension),
and the HIV protease (AIDS). The tertiary structures of several important
proteases, including human leukocyte elastase and the HIV protease, have recently
been determined and should be invaluable in the design of new classes of inhibitors.

Results and Discussion

Arginine fluoroketone transition state inhibitors

Arginine fluoroalkyl ketones are potential transition-state inhibitors for trypsin-
like enzymes due to their ability to form tetrahedral adducts with the active
site serine residue. Seven inhibitors have been synthesized using a modified Dakin-
West procedure (Table 1). The structure of Bz-Arg-CF,CF; was analyzed by
F NMR and MS, and was shown to exist in solution primarily as a hydrate
or cyclic carbinolamine. Arginine fluoroalkyl ketones are good inhibitors of
blood coagulation serine proteases and were found to be slow binding inhibitors
for bovine trypsin with K| values of 0.2-56 pM. Bz-Arg-CF,CF; was the best
inhibitor for bovine thrombin and human factor Xla, and inhibited thrombin
and factor XIa competitively with K; values of 13 and 62 uM, respectively.
Bz-Arg-CF; and Bz-Arg-CF,CF; inhibited human plasma kallikrein competi-
tivelywith K; values of 50 uM. None of the seven arginine fluoroalkyl ketones
were good inhibitors of human factor Xa and factor XIla.

Arginine fluoroketones showed some selectivities toward various coagulation
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Table 1 Reversible inhibition of trypsin-like serine proteases by -arginine fluoroketones’

Inhibitors K; (uM)
Trypsin Thrombin Kallikrein Xla

Bz-Arg-CF, 0.6 >60 50 > 410
Bz-Arg-CF,CF, 7.4 13 52 62
Bz-Arg-CF,CF,CF; 6.3 >90 >170 >1130
p-Toluoyl-Arg-CF, 56 >210 >300 >1130
Admantanoyl-Arg-CF, 1.9 >45 >330 >1130
1-Naphthoyl-Arg-CF, 0.2 >40 >60 >500
Bz-Arg-CF,Cl 38 >56 >80 180

2 Inhibition constants were measured at 0.1 M Hepes, 0.01 M CaCl,, pH 7.5, 9% Me,SO
and 25°C. All inhibitors show slow-binding type of inhibition with trypsin and the
rates were measured after incubation of enzyme with inhibitor for 5 min.

enzymes. Bz-Arg-CF,CF; is the best inhibitor for thrombin, plasma kallikrein
and factor XIa; however, it didn’t inhibit pancreatic kallikrein, human factor
Xa or human factor XIIa. Bz-Arg-CF; inhibited pancreatic and plasma kallikrein
effectively, but not other coagulation enzymes. Although these arginine fluoro-
ketones contain only one amino acid, their K; values toward trypsin are
comparable to that of the tripeptide fluoromethyl ketone Lys-Ala-Lys-CH,F
(K;=1 uM, [1]). The tripeptide inhibitor D-Phe-Pro-Arg-CH,F, which contains
a thrombin specific sequence, was a 50-fold better inhibitor than Bz-Arg-CF,CF;
[2].

The arginine fluoroalkyl ketones were tested in the prothrombin time (PT)
and activated partial thromboplastin time (APTT) coagulant assays. Two
fluoroketones, Bz-Arg-CF,CF; and 1-naphthoyl-Arg-CF;, had significant an-
ticoagulant activity. Bz-Arg-CF,CF; was found to prolong PT 1.8-fold at 120
uM and to prolong APTT 2.4-fold at 90 uM, while 1-naphthoyl-Arg-CF; only
prolonged APTT 1.7-fold at 100 uM.

a-Aminoalkylphosphonates diphenyl esters

Peptidyl derivatives of a-aminoalkylphosphonate diphenyl ester [3] are effective
and specific inhibitors of serine proteases at low concentrations. Cbz-PheP(OPh),
(8.2 uM) reacts with chymotrypsin (Kopse/[I]= 1200 M-! s-1) and does not react
with elastases. Cbz-Val?(OPh), (4.1 pM) reacts with HLE (280 M-! s-1) and
does not react with chymotrypsin at this concentration. The data suggest that
good interactions with the S; pocket of the target serine protease are necessary
before nucleophilic substitution on the phosphorus atom occurs to give a stable
phosphonyl derivative (Fig. 1).

Longer peptides with a C-terminal phosphonate related to phenylalanine are
good inhibitors for chymotrypsin-like enzymes (Table 2, RMCP II = rat mast
cell protease II), but not for elastases. The best inhibitor is Suc-Val-Pro-
PheP(OPh),, corresponding to the sequence of an excellent 4-nitroanilide substrate
for these enzymes. Only one of the two steroisomers reacts with chymotrypsin
(146 000 M-! s-D. The 3P NMR of chymotrypsin inhibited by this peptide shows
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Fig. 1. Schematic drawing of the reaction of a peptidyl a-aminoalkylphosphonate diphenyl
ester with the active site of a serine protease.

one broad signal at 25.98 ppm, corresponding to the Ser!% phosphonate ester.
The best inhibitor for elastases was Boc-Val-Pro-ValP(OPh), with k.q/[I] value
of 27000 M-! s-! for human leukocyte elastase (HLE), and 11000 M-! s-1 for
porcine pancreatic elastase (PPE). Again, this sequence corresponds to a good
HLE substrate sequence, and at low concentrations this peptide did not react
with chymotrypsin.

Phosphonate diphenyl ester inhibitors are chemically stable, relatively easy
to synthesize, do not react with acetylcholinesterase, form very stable derivatives,
possibly due to their resemblance to the tetrahedral intermediate involved in
peptide bond hydrolysis, and have considerable potential utility as therapeutic
agents.

Isocoumarin anticoagulants

7-Amino-4-chloro-3-(3-isothiureidopropoxy)isocoumarin (ACITIC, Fig. 2),
and other isocoumarins with basic substituents have been synthesized recently
as inhibitors of trypsin-like enzymes [4]. ACITIC is a potent inhibitor of several
coagulation enzymes such as thrombin, factor Xa, factor XIa, factor XIla, factor
VIla, kallikrein, plasmin and plasminogen activator. ACITIC inhibited trypsin,
porcine pancreatic kallikrein, and human factor XIa most effectively with k./
[1] values of (2.2-4.1)x 10* M-! s-1, and inhibited human factor XIla, plasmin,
and plasminogen activator less potently with inhibition constants in the range
of 103 M-1s-1.

Inactivated trypsin by ACITIC was quite stable and regained only 4% activity

o)
H,oN
| I S by
NATSNTN HsN
O S” 'NH; N™ "NH,
YY\H
Cl CO,

Fig. 2. Drawing of 7-amino-4-chloro-3-(3-isothiureidopropoxy)isocoumarin (ACITIC) show-
ing its relationship to arginine.
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upon standing at 25°C for one day. Even with the addition of hydroxylamine
(0.29 M), the inhibited trypsin regained only 45% of the original enzymatic
activity. ACITIC is stable in plasma, and the half-lives for spontaneous hydrolysis
in human and rabbit plasma are 165 and 140 min, respectively. The stability
of ACITIC in plasma indicates that this compound should be useful as an
anticoagulant in vitro and in vivo. ACITIC has excellent anticoagulant activity
in human and rabbit plasma using the prothrombin time (PT) and the activated
partial thromboplastin time (APTT) assays. ACITIC prolongs PT ca. 1.1-2-
fold and prolongs APTT 3.6-4.5-fold in human or rabbit plasma at the
concentration of 20-30 uM. ACITIC was also administered into rabbits with
continuous infusion, and prolonged APTT two-fold over the control value at
the dose of 0.4 mg/ml; whereas, at the highest dose of 1.2 mg/ml. APTT was
prolonged 3-4 times the control value.

Conclusion

It is clear that small molecular weight peptide and heterocyclic molecules
can be very effective inhibitors for serine proteases and have considerable
therapeutic potential. While some progress is being made in the construction
of specific heterocyclic inhibitors for serine proteases, introduction of specificity
into an inhibitor structure is still more easily accomplished using a peptide
backbone. Design of specific inhibitors for individual trypsin-like enzymes still
remains a major challenge.
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Introduction

A major factor limiting the duration of action of metabolically stable peptide
derivatives is hepatic uptake and biliary excretion, a problem that has been
identified with short-acting renin inhibitors [1]. Thus, we have been seeking
ways to overcome this limitation by reducing the molecular size and peptide
character of the inhibitor structure and by changing physical properties, such
as lipophilicity and ionic state. A general solution to this problem would clearly
be of great value, not only in the renin inhibitors area, but also in the many
other therapeutic areas that involve peptides as drug targets.

Results and Discussion

Our first concern was to reduce the molecular size and peptide character by
modifying the ACHPA design, so as to include a structural element that could
mimic the hydrophobic P| side chain, and thereby obviate the necessity for
inclusion of amino acids at the C-terminus that correspond to the P, and P}
posttions. Previous attempts at enhancing potency by introducing a Pj side chain

Table 1 Conformationally constrained ‘ACHPA-lactam’ analogs

HO O

RI R2 IC50 (IIM)a
la H H 10
1b H CH=CH, 8.0
1c -CH=CH, H 2.5
1d -CH; CH,3 1.3

®Human plasma renin assay.
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at the 2-position of statine met with limited success [2]. Our approach utilizes
conformationally constrained ‘ACHPA-lactam’ analogs as shown in Table 1.
The lactam ring can be utilized as a template upon which to place substituents
to map the enzyme active site in a spatially defined manner. The ACHPA-
lactams were synthesized by aldol addition of the appropriate lactam enolate
to Boc-L-cyclohexylalaninal. Initial studies showed that the 28, 3S, 4S5 ACHPA-
lactam diastereomer was greatly preferred, and that a 5-membered lactam ring
size was optimal. Substitution on the 5-membered lactam ring with small
hydrophobic groups, as shown in Table 1, improved binding, with geminal
substitution bringing potency to the 1 nM range (e.g., 1d). Also a variety of

Table 2 Structures of ACHPA diamine amides and quaternary ammonium derivatives

HO 0]

Boc-Phe-His-NH

ICsp (nM)? ty, (h)®

2a /)@Q 30 <0.5
H
2b ,@1* "OAc 2 2.5
N2~
NG CHs

2¢ ,Cl 13 <0.5
N N~
H H
N

2d , OAc 34 2.2
N ~
RAa O
2e Nt "OAc 0.97 1.0
-Leu-N “CH,
HH

2 Human plasma renin assay.
b Plasma half-life of drug after bolus i.v. administration to-conscious, sodium-deficient
rhesus monkeys.
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substituents on the lactam nitrogen varying in size and polarity were found
to be well-tolerated (data not shown). Although potent compounds with a
reduction in molecular weight and peptide character were realized, the ACHPA-
actam variation was not sufficient in and of itself to improve the i.v. duration
of action, nor the oral bioavailability in the rat or rthesus monkey.

Another approach was pursued in which ACHPA diamine amides and their
quaternary ammonium derivatives were studied (Table 2). Thus, the amide of
racemic 3-aminoquinuclidine 2a and the quaternized derivative 2b derived from
the more potent 3S enantiomer were administered intravenously to conscious,
sodium-deficient rhesus monkeys. The time course inhibition of plasma renin
activity indicated that the quaternized amine possesses a much greater duration
of action. The rate of biliary excretion in the rat was demonstrably slower for
2b than for 2a, with a total of 35% of the administered dose of 2b and 40%
of the administered dose of 2a appearing in the bile after 2 h. In the rhesus
monkey, the plasma half-life of drug, as measured by bioassay after i.v.
administration, was 2.5 h for 2b, whereas the half-life of the unquaternized analog
fell within the distribution phase, and thus was too short to be measured (<0.5
h). Similarly, a comparison of the monocyclic amine 2¢ and its quaternized
derivative 2d showed a substantially increased half-life for 2d, indicating that
this phenomenon is not restricted to quaternary ammonium salts of quinuclidine.
The more potent tetrapeptide quinuclidinium analog 2e, which has a higher
molecular weight and an additional amide bond, exhibited a plasma half life
of 1.0 h after i.v. administration. This contrasts with previous findings where
tetrapeptide inhibitors containing polar end groups at the C-terminus were found
to be uniformly short-acting [3]. These findings suggest that a quaternary
ammonium group may be of general utility in reducing the clearance rate of
small peptides.
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Introduction

The development of renin inhibitors has significantly advanced based on the
discoveries of synthetic pseudodipeptides that mimic the proposed P;-P
Leuy[C(OH),NH]Val tetrahedral intermediate of substrate (angiotensinogen,
ANG) hydrolysis catalyzed by this aspartyl protease. The major conceptual
approach to design such nonhydrolyzable P;-P] mimetics of this proposed aminol
intermediate has been related to Xaay[CH(OH)CH,]Yaa analogs, including those
that conserve the CH(OH) functionality but possess different C-terminal mo-
difications [for a review, see Ref. 1]. In contrast, there exists a paucity of literature
related to synthetic nonhydrolyzable P,-P; Xaay[CH,NH]Yaa analogs [1-4].
In this study, we investigated the comparative SAR of a series of ANG-based
pseudopeptides having P-P; Xaay[CH,NH]Yaa modifications against human
renin, pepsin, cathepsin D, cathepsin E and gastricsin. Molecular modeling of
inhibitor-renin interactions was performed as previously reported [4] using
CHARMM and a 3D computer graphics model of human renin, CKH-RENIN.

Results and Discussion

The octapeptide H-p-His-Pro-Phe-His-Phey]{CH,NH]Phe-Val-Tyr-OH(U-
70531E) is the only P,-P] Phey{CH,NH]Phe-modified, ANG-based aspartyl
protease inhibitor for which a crystallographic structure of the ligand, bound
to the active site of a structurally homologous enzyme, rhizopuspepsin, has been
determined [5]. The renin inhibitory activities of U-70531E derivatives are
summarized in Table 1. Noteworthy was the observation that both the Ps and
P;-P; residues of U-70530E (IC59=4.2X10-7 M) could be eliminated to yield
a more potent pentapeptide, U-71909E (ICso=1.3x 10-% M). In contrast, the
contribution of P, Pro and P; Phe were very critical to the renin inhibitory
potency of inhibitory activity per se of these P-P{ Phey{CH,NH]Phe-modified

*To whom correspondence should be addressed.
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Table | Structure-activity properties of yf CH,NH J-modified pseudopeptides

Entry  Compound? Renin ICs, (M)b
1 H-p-His-Pro-Phe-His-Phey{ CH,NH]Phe-Val-Tyr-OH 4.2x10-7
2 Ac-Ftr-Pro-Phe-His-Pheyy[CH,NH]Phe-Val-Tyr-NH, 3.0x 10
3 Ac-Ftr-Pro-Phe-His-Phe y{ CH,NH]Phe-NH, (U-71908E) 5.6x10-10
4 Ac-His-Pro-Phe-His-Phe ] CH,NH]Phe-NH, 1.0x 10-8
5 Ac-Pro-Phe-His-Phey{ CH,NH]Phe-NH, (U-71909E) 1.3x10-8
6 Ac-Phe-His-Phey{ CH,NH]Phe-NH, 4.5x10-7
7 Ac-His-Phey[CH,NH]Phe-NH, >>1.0x10-5
8 Ac-Pro-Phe-His-Phey{ CH,NH]Phe-N(Me), 2.6x10-¢
9 Ac-Pro-Phe-His-Pheyy{ CH,NH]Phe-OH ) 3.7x10-¢
10 Ac-Pro-Phe-His-Phey{ CH,NH]Phe-ol 2.2x10-6
11 Ac-Pro-Phe-His-Phey[{CH,NH]Pgl-NH, >>1.0x10-5
12 Ac-Pro-Phe-His-Phey[CH,NH]Hph-NH, 1.5x10-7
13 Ac-Pro-Phe-His-Phey[CH,NH]Tyr-NH, 2.5x10-8
14 Ac-Pro-Phe-His-Phey[ CH,NH]Phe(p-Cl)-NH, 3.8x10-8
15 Ac-Pro-Phe-His-Phey[ CH,NH]Phe(p-NO,)-NH, 3.4x10-8
16 Ac-Pro-Phe-His-Chay[CH,NH]Cha-NH, 3.1x107
17 Ac-Pro-Phe-His-Chay[CH,NH]Val-NH, ca. 1 X107
18 Ac-Pro-Phe-His-Chay[CH,NH]B-Me-Phe-NH, >>1.0x10-6
19 Ac-Pro-Phe-His-Chay[CH,NH]Phe-NH, (U-79465E) 1.7x10-°
20 Ac-Pro-Phe-His-Chay[CH,NH]Pea 6.0x10-¢
21 Ac-Pro-Phe-His-Chay[CH,NMe]Phe-NH, >>1.0x10-6
22 Ac-Pro-Phe-N-Me-His-Chay CH,NH]Phe-NH, 1.0x 10-8
23 Ac-Pro-Hph-N-Me-His-Chay[CH,NH]Phe-NH, 9.8 x 10-10

2 Ftr = N™-formyl-Trp; Pgl = phenylglycine; Hph = homophenylalanine;
Cha = cyclohexylalanine; Pea = phenylethylamine.
b Human angiotensinogen, pH 6.0.

pseudopeptides. The conformational, topographical and enzyme active site
intermolecular binding properties of U-71909E were explored by molecular
modeling studies using CKH-RENIN.

In brief, an extended conformation of the inhibitor was determined subsequent
to molecular dynamics and energy minimization of the ligand-enzyme complex.
The P| Phe side chain was observed to occupy a binding pocket of the CKH-
RENIN that was different relative to that of P; Val-substituted derivatives having
either y{CH(OH)CH,] or y¢[CH,NH] modification. Also noteworthy was the
discovery that the C-terminal CONH, moiety was proximate and H-bonded
to the catalytic Asp residues of the CKH-RENIN active site. To test these
molecular modeling observations of U-71909E, we explored the effects of both
P,-P| Xaay{CH,NH]Yaa and C-amide modification of the pseudopeptide by
SAR (see Table 1). Overall, we determined that the C-terminal P/ Phe-NH, moiety
was indeed important to the inhibitory activity of U-71909E. Substitution of
the P; Phe by Cha in U-71909E resulted in significantly increased potency (U-
79465E, 1Csy=1.7%x10-% M). Based on enzyme degradation studies (data not
shown) performed on U-79465E, we observed that both elastase and chymotrypsin
cleaved the P,~P, sequence (i.e., Pro-Phe and Phe-His, respectively); however,
the C-terminal CONH, moeity was stable to carboxypeptidase-Y. Structure-
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activity and kinetic analysis of U-79465E (K;= 1.3 X 10-1° M, recombinant human
renin) and selected derivatives having P,~P, modifications resulted in the
identification of a highly potent and enzymatically-stable derivative, Ac-Pro-
Hph-N-Me-His-Chay{ CH,NH]Phe-NH, (K;=1.6x 10-1¢ M). Finally, we further
determined the comparative aspartyl protease inhibitory SAR of three different
P-P; Xaay[CH,NH]Yaa-modified pseudopeptides against human pepsin, ca-
thepsin-D, cathepsin-E or gastricsin. In summary, U-71909E, compound 17 and
U-79465E were all essentially inactive (K; >> 1.0 X 10-6 M) to inhibit these aspartyl
proteases. Therefore, our results suggest that such P-P; Xaay[CH,NH]Yaa-
modified ANG derivatives may be designed to exhibit high potency, metabolic
stability and aspartyl protease selectivity, and provide new lead compounds in
the development of renin-inhibitory therapeutic agents useful in the treatment
of hypertension.
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Introduction

The wunique amino acid, (4R)-4-[(E)-butenyl]-4,N-dimethyl-L-threonine
[MeBmt (1)] found in the 1-position of the immunosuppressive drug, cyclosporin
A (CsA), is critical for maximal immunosuppressive activity[1,2]. In order to
determine the effects that structural changes in this residue have on immuno-
suppressive activity, we have synthesized a variety of 1-position analogs of CsA
(Table 1) and determined their immunosuppressive activities and binding to
cyclophilin, the CsA binding protein [3] recently shown to be identical to peptidyl
prolyl isomerase (PPlase)[4,5].

Results and Discussion

Three methods were used to synthesize the needed B-hydroxy-a-N-methyl
amino acids. MeBm,t (2) was synthesized (Scheme 1) by the reaction of Pmz-
Sar-OtBu (4) with LDA at -78°C followed by condensation with 2,2-dimethyl-
4-hexenal (5) as described by Aebi et al. [6] for the synthesis of MeBmt (1).
Residual starting material could be separated from oxazolidinone by reaction

Scheme |
1) LDA, THF o
HO
Me HC O 2) MOW (5) 0“( 1) 2NKOH
r'q\)l\ Me” Mo w Mo —RoMX_,_
0 OBy 3 KOH, EOH M N e e 1 2) Dowex H*
4) TFA, anisole ® GOOH
(4) o 5) (+) Ephedrine (6)
OH CH OH
COH COH OH
W/\/XH/ G, Me/\/\;/kr 2
Me™  Me Nime Me  NHMe NHMe
MeBmt (2) MeBmt (1) 3-Cyclohexyl-N-methyl-serine

(3-CH-MeSen) (3)
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with TFA/anisole to give, after aqueous workup, a mixture of oxazolidinone
acids, which were resolved by fractional crystallization of the (+)-ephedrine salt.
The enantiomerically pure oxazolidinone (6) was hydrolyzed in refluxing KOH
and chromatographed over Dowex H™ cationic exchange resin to give the amino
acid MeBm,t (2) in 21% vyield. (2S,3R)-3-Cyclohexyl-N-methyl-serine (3) was
prepared in the same way from cyclohexyl-carboxaldehyde in 20% yield.

The novel 3-substituted MeBmt analog, (2S,3R)-3,7-dimethyl-MeBth (7), was
prepared from nerol (Scheme 2) [7]. Sharpless asymmetric epoxidation of nerol
gave the chiral epoxide (9), which was treated with methyl isocyanate followed
by base catalyzed rearrangement to give the oxazolidinone (10). Oxidation of
the hydroxyl with K,RuQ, afforded the oxazolidinone acid (11), which was
hydrolyzed in refluxing KOH. Ion exchange chromatography over Dowex H*
gave the pure amino acid (7) in 44% overall yield. In a similar fashion, (2S,35)-
3,7-dimethyl-MeBth (8) was synthesized from geraniol in 41% yield. (45)-MeBmt
was synthesized in 49% vyield by using the asymmetric glycine enolate aldol
reaction of Evans and Weber [8].

Biological activities of several analogs were determined in three assay systems
by using the previously described methods [2,9]. The results are shown in Table
1. The analog prepared from 7 retained little activity in these assays. With one
exception, low immunosuppressive activity parallels low affinity for cyclophilin.

CsA’s relatively specific immunosuppressive activity against defined target cells,
the existence of analogs with a range of activity, and its reasonably low K,
suggest a receptor-mediated mechanism of action. In an attempt to isolate the
CsA receptor, Handschumacher et al. [3] discovered an 18 kDa protein, called
cyclophilin. While fulfilling many of the requirements for a CsA receptor,
cyclophilin has subsequently been shown to exist in all human tissues tested,

Table 1 Biological properties of some cyclosporin analogs

MeLeu — MeVal — MeBmt! — Abu — Sar

MeLeu
!
D-Ala —— Ala —— MeLeut — Val — MeLeu
Schematic structure of CsA
Compound Inhibition Con A Inhibition Inhibition binding
stimulated thymocytes IL-2 secretion to cyclophilin
CsA 100 100 1002
Dihydro-CsA 25-50 48 402
(3-CH-MeSer)!CsA 7-8 16 7-8
(MeBm,t)!CsA 20-30 25 <1
(MeAla)¢CsA <1 <1 407

2Data taken from [9].
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Schems i
HG HyC
Ti{O-i-Pr),, G 0 i
N N,  L(+IDET, 'BucOH N G,
e — G J v
CH,Cl,, 20°C NI o
CH,O! 2 2. NaH, THF, 92%
Nerol 2OH 76% ® CH,0H
0
0
He, 9<%
MN‘CH 1)2N KOH, Refiux HiG, PH Ho, St
T
i 3 2) Dowex H* S OaH N OaH
:(ﬁR#gﬁ CHOH(10)  100% NHCH, NHCH,
7% COOH {11) (25,3R)-3,7-Dimethy!-MeBth (7) (25,35)-3,7-Dimethyl-MeBth (8)
(from Geraniol)

in all eukaryotic cells examined, and in relatively high concentration. Recently,
cyclophilin has been shown to be identical with peptidyl prolyl isomerase, (PPI-
ase), an enzyme that catalyzes the cis to trans isomerization of acyl-prolyl amide
bonds [4,5,10].

If inhibition of PPI-ase is solely responsible for the immunosuppressive activity
of CsA, then a one to one correlation of binding to cyclophilin and immu-
nosuppressive activity should be found. However, Durette et al. [9] found that
the CsA analog, MeAlas-CsA, lacked immunosuppressive activity even though
it bound well to cyclophilin. Our results, described here, are even more difficult
to reconcile with immunosuppressive activity being caused solely by inhibition
of cyclophilin binding, because MeBm,t!-CsA retains more immunosuppressive
activity than predicted by the binding to cyclophilin. Harding and Handschu-
macher [11] have suggested that multiple isoforms of cyclophilin exist. If so,
it is possible that other, as yet undetected, minor forms of PPl-ase exist, and
that these are more important for selective immunosuppression than the form
isolated to date. In that event, we suggest that MeBm,t!-CsA may be binding
efficiently in vivo to a minor component of cyclophilin or PPI-ase to produce
the observed immunosuppressive response. It is clear that the synthetic methods
described here have led to the discovery of a highly selective CsA analog that
can prove useful in the characterization of CsA receptors.
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Introduction

Cholecystokinin-8 (CCK-8, CCK?2%-33) H-Asp-Tyr(SO; )-Met-Gly-Trp-Met-
Asp-Phe-NH, is the C-terminal octapeptide of a larger 33 amino acid peptide
which has multiple biological activities as a hormone in the periphery, and as
a neurotransmitter in the CNS. Efforts to determine the specific biological
activities associated with the different sites of action will be greatly aided by
the design of agonist and antagonist analogs, and mimetics with high potency
and selectivity for these CNS and peripheral receptors. Indeed, recent studies
in several laboratories [e.g., 1, 2] have demonstrated that there are at least 2
classes of receptors for CCK, those primarily in the central nervous system (B
type), and those primarily in peripheral organs (A type). However, the role(s)
of each class of these receptors in the numerous putative CCK-induced biological
effects is still largely unknown. To help elucidate the role of these receptor
systems, we have sought to obtain highly receptor-selective CCK analogs. We
report here some of our studies which have led to the development of highly
potent and selective analogs for the CCK brain receptor.

Results and Discussion

In previous investigations, we [3] and others have demonstrated that replace-
ment of both the Met?® and Met3! residues by the pseudoisosteric amino acid
norleucine (Nle) provides CCK analogs with virtually identical biological activities
to those with Met residues. This led us to the design of CCK analogs with
N-methylnorleucine (N-MeNle) residues. The use of N-methyl residues in peptide
design has several potential advantages related to the conformational and
physical-chemical consequences of such substitutions, including: (1) ready ac-
cessibility of the cis conformation of the peptide bond; (2) steric constraint,
including a bias of the x; angle to zrans (180°); (3) no proton donating ability
of the amide bond; (4) increased basicity of the amide carbonyl; and (5) stability
of the peptide bond to enzyme degradation.

The desired CCK?26-33 and CCK?%-3 analogs were prepared by SPPS on a
MBHAR. Coupling of amino acid residues such as Trp and Tyr to the growing
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peptide chain when the N-terminal residue was N-MeNle proved troublesome
using standard coupling protocols, such as DIC/HOBt or symmetrical anhy-
drides. However, we found that use of the BOP reagent at room temperature
generally gave satisfactory results. Work-up and purification followed standard
RPHPLC procedures. Sulfation was performed using pyridine/SO; followed by
RPHPLC purification. Proof of structure included AAA, analytical TLC and
RPHPLC, and FABMS. Binding-displacement assays were performed on mem-
brane preparations from the brain and pancreas of rats and guinea pigs using
[12STJCCK?26-33 a5 the radioligand.

The affect of N-MeNle3l-substitution in CCK?-33 (3 and 4, Table 1) was most
promising in that, not only was substantial selectivity for central vs. peripheral
receptors observed, but potency at the central receptor was increased almost
50-fold. When the same substitution was made in CCK26-33, however, a 200-
fold loss in potency at the central receptor was observed (compare 4 and 5,
Table 1), and the analogs appeared to bind better to peripheral receptors.
Interestingly, however, when N-MeNle was substituted into position 28 of
CCK?2-33 a large increase in potency occurred at the central receptor, and the
analog (6, Table 1) was modestly selective for the central vs. peripheral receptor.
Most interestingly, when N-MeNle was placed in both the 28 and 31 position
of CCK2-33 (Table 1), a highly potent (IC5=0.13 nM) and selective analog
for the B type vs. the A type receptor was seen. To the best of our knowledge,
this is the most selective analog for the B class CCK receptor reported thus
far. We have prepared a highly pure 3H-labeled derivative of
[N-MeNle2831JCCK2%-33, and preliminary binding studies in guinea pig whole
brain membranes indicate the presence of two distinct populations of binding
sites with Kps, of about 0.4 nM and 6 nM, respectively. This may suggest the
presence of two different CCK B class receptors in the brain.

Table 1 Binding of CCK?-33 analogs vs. [125IJCCK?6-33 in rats

Analogs Cortex Pancreas Ratio
ICs5o(nM) IC5o(nM) Panc./Cortex
1  CCK2-33 50, 0.32 0.13 0.40
2 [Nl1e2.31JCCK?26-33 Bis SO; 0.70 0.30 0.41
3 [Nle3]CCK-33 230 9700 42
4  [N-MeNle3!]CCK29-33 4.7 > 10000 >2000
5 [NleZ N-MeNle3'|CCK26-33 980 170 0.17
6  [N-MeNle2 Nle3JCCK?26-33 1.45 47 32
7  [N-MeNle®8311CCK?2-33 0.13 1030 7900

Sulfation (either mono or bis) led to analogs of CCK26-33 (Table 2) with greatly
increased binding to peripheral receptors and variable (though small) changes
in binding to central receptors relative to the non-sulfated derivatives. Most
of these analogs showed only modest selectivity for A or B type receptors. One
striking exception was [N-MeNle28 Nle3'JCCK26-30 Bis SO;™ that appears to be
highly selective for the brain receptor (about 9000-fold). This unexpected result
is under further investigation.
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Table 2 Binding of CCK?6-33 analogs vs. [121JCCK?6-33 jn rats

Analogs Cortex Pancreas Ratio
: ICso(nM) ICso(nM) Panc./Cortex

1 CCK%-33 50, 0.32 0.13 0.40
8 [Nle28,N-MeNle3!'JCCK26-33-Mono SO;~  0.82 2.80 34
9 [N-MeNle2 Nle3lJCCK2-33-Mono SOy~ 1.85 0.42 0.23
10 [N-MeNle231JCCK%-33-Mono SO;” 0.090 1.4 15
11 [Nle28,N-MeNle3!]CCK26-33-Bis SO;” 0.50 1.4 2.8
12 [N-MeNle2831JCCK2-33-Bis SO; 1.40 0.41 0.29

Finally, we have begun to examine the conformational features of our analogs
which may be responsible for the observed selectivities. 'H and 13C NMR studies
clearly demonstrate the presence of two conformations involving cis-trans
isomerism about the Trp30-N-MeNle3! amide bond in 4 with the frans isomer
predominating. The corresponding [N-MeNle28.3!] derivative 7 shows 4 distinct
isomers (2 major, 2 minor). It is suggested that the cis isomer is preferred for
the ‘biologically active’ conformation in the brain system. Very recently, Car-
pentier et al. [4] reported on a cyclic lactam analog of CCK?2-33, Boc-y-D-

—Giu-Tyr(SO3H)—Nle-D-L;'s-Trp-Nle-Asp-Phe-NH2 which is highly selective for
the B type CCK receptor. It will be interesting to determine the conformational
similarities between these two classes of compounds.

Acknowledgement

This work was supported by U.S. Public Health Service Grant DK 36289.

References

1. Innis, R.B. and Snyder, S.H., Proc. Natl. Acad. Sci. U.S.A., 77(1980) 6917.
2. Sakamoto, C., William, J.A. and Goldfine, I.D., Biochem. Biophys. Res Commun.,

124 (1984)497.
3.  Sugg, E.E., Shook, J.E., Serra, M., Kore, M., Yamamura, H.I., Burks, T.F. and

Hruby, V.J., Life Sci., 39(1986) 1623.
4. Carpentier, B., Dor, A., Roy, P., England, P., Pham, H., Durieux, C. and Roques,

B.P., J. Med. Chem., 32(1989) 1184.

55



Design and evaluation of novel gastrin-releasing peptide
antagonists for the treatment of small cell lung cancer

David C. Heimbrook?, Walfred S. Saari®, Nancy L. Balishin?,
Thorsten W. Fisher®, Arthur Friedman?, David M. Kiefer?, Nicola S. Rotberg?,
John W. Wallen® and Allen Oliff*

“Department of Cancer Research and tDepartment of Medicinal Chemistry,
Merck Sharp and Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction

Gastrin-releasing peptide (GRP) is a peptide hormone containing 27 amino
acids that is structurally analogous to the amphibian peptide bombesin [1]. GRP
stimulates a wide variety of biological responses in different tissues and cell
lines, including mitogenesis in 3T3 mouse fibroblasts [2,3]. GRP has also been
proposed to play a central role in the pathophysiology of small cell lung cancer
(SCLC) via an autocrine growth mechanism [4,5]. These observations suggest
that GRP antagonists may have clinical utility as inhibitors of the pathophy-
siological response to GRP in human diseases.

Results and Discussion

The observation that GRP derivatives containing C-terminal ester linkages
are potent GRP antagonists in vitro and in vivo [6] suggests that other C-terminal
modifications might yield even more potent antagonists. A series of GRP
derivatives containing C-terminal ether (Table 1) and alkyl amide (Table 2) moities
were prepared and tested for GRP antagonist activity in competitive binding
inhibition and mitogenic inhibition assays in Swiss 3T3 fibroblasts [6]. Several
trends emerge from the data obtained on these compounds. All of the ether
and alkyl amide derivatives tested were mitogenic antagonists in Swiss 3T3
fibroblasts. In general, the alkyl ether derivatives displayed activity comparable
to that of the alkyl ester derivatives described previously [6], while the cor-
responding alkyl amide derivatives exhibit improved potency (e.g., compare
compounds 2, 5, and 14). In addition, representative ether (5) and alkyl amide
(16) derivatives were shown to competitively block GRP-dependent elevation
of intracellular calcium concentration in H345 SCLC cells in vitro [6]. This
result demonstrates that these compounds are GRP antagonists in human cancer
cells, and suggests that the GRP receptors on mouse fibroblasts and human
SCLC cells bind GRP in a similar manner.

As has been previously suggested, substitution of Ala for Gly?* of N-acetyl-
GRP 20-27 yields a peptide with reduced activity, while the p-Ala2¢ derivative
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Table | Activity of alkyl ether GRP derivatives in Swiss 313 fibroblasts
Binding Mitogenic
Inhibition [Stimulation | Inhibition
# Structures (nM) (nM) (nM)
20 21 22 23 24 25 26 27
1 Ac-His-Trp-Ala-Val-Gly-His-Leu-Met-NH; 18 0.20 -
2 NN O 39 — 20
(0]
3 /é 81 — 300
—NAOH
4 /d/\ 83 — 91
-N O
—N o~
6 N /d/\o\/\ 32 - 18
7 Yy v v v v v v o /6:3\7 11 — 32
8 Ac-His-Trp-Ala-Val-Ala-His-Leu-Met-NH, 180 200 -
9 D-Ala -Leu-Met-NH; 32 0.20 —
10 Ala b 410 — > 300
—N o~
LR T S 4 y  yD-Ala y /6/\0\/ 50 - 35

retains full potency (1, 8, and 9) [2]. Similar results were obtained when these
substitutions were made in the ethyl ether antagonist (5, 10, and 11). These
observations suggest that a B-turn might be important for high-affinity binding
of both GRP and GRP antagonists to the GRP receptor [7].

The primary motivation for the development of GRP antagonists was their
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Table 2 Activity of alkyl amide GRP derivatives in Swiss 313 fibroblasts

Binding Mitogenic
# Structures Inhibition |Stimulation| Inhibition
20 21 22 23 24 25
12 Ac-His-Trp-Ala-Val-Gly-His- Ng) 26 — 10
13 — /5:\ 4.9 - 35
N1s)
14 /é\/ 1.4 — 3
G
& N/é\/ 24 - 6
RS
16 N/(E\/\ 20 — 4
R
17 N/é\/\ " - 22
5]
18 /é\/\/ 28 - 7
v 4 4 y 4 A vy N ®)

anticipated utility for inhibiting the growth of small cell lung cancer cells. Effects
of GRP and GRP antagonists on the growth rate of SCLC cells in vitro were
monitored in both suspension culture and in anchorage-independent growth in
semi-solid media. SCLC cell lines H345, H69, H417, H209, and N592 were
maintained in SIT medium [6,8]. Cells were transferred to insulin-free media
approximately 96 h prior to use in mitogenesis assays.

Growth of SCLC cells in suspension culture was monitored by viable cell
staining or by [*H]thymidine uptake. Under the conditions tested, N-acetyl-GRP
(20-27) did not stimulate growth of these cells at any concentration between
1 nM and 50 uM. Neither 5 nor 16 inhibited thymidine uptake compared to
untreated cells at concentrations up to 10 uM. Growth stimulation was observed
when H345, N592, or H209 cells were treated with 25 nM epidermal growth
factor, or when H345 or N592 cells were treated with 10 nM IGF-1. As expected,
neither of the GRP antagonists inhibited growth stimulation by EGF or IGF-
1.

SCLC cell lines H345, N592 and H69 formed colonies in soft agarose when
plated as small clumps, but not when plated as single cells [9]. No stimulation
of colony formation by N-acetyl-GRP (20-27) was observed at concentrations
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from 1 nM to 10 uM. Compound 16 did not inhibit colony formation at
concentrations up to 50 uM compared to untreated cells. Assay responsiveness
was demonstrated by the addition of 5% FBS, which caused a 100-fold increase
in colony formation. However, 16 did not inhibit FBS stimulation of colony
formation.

We have described the development of GRP antagonists that are equipotent
to native GRP in competitive binding inhibition assays, are stable in human
serum in vitro, and block GRP-stimulated effects in human SCLC cells in vitro
and in murine tissues in vivo. Unfortunately, in our hands these GRP antagonists
were ineffective at inhibiting the growth of SCLC cells in vitro. Additional in
vivo studies will be required to demonstrate whether the GRP antagonists
described above might have utility as therapeutic agents for the treatment of
SCLC.
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Introduction

The antibiotic nisin was the first lanthionine and dehydroalanine-containing
peptide found in nature [1,2], and its unique structure made up of five cyclic
sulfide parts, termed rings A, B, C, D and E, was proposed by E. Gross et
al. in 1971 [3] (Fig. 1). This compound is now widely used as a food preservative
in Europe particularly because of its activity against Clostridium botulinum.
Recently, we successfully synthesized nisin and confirmed the proposed structure
synthetically [4,5]. Through the synthetic study, versatile preparative methods
for dehydroalanine and lanthionine peptides were established that were applicable
to syntheses of other natural peptides containing these amino acids.

Fig. 1. The structure of nisin. Abu= a-aminobutyric acid: Dha= dehydroalanine;
Dhb = dehydrobutyrine; A{a_ s _A{a = lanthionine (meso form);

Albﬂ_ s _A'Ia=methyllanthionine (threo form).

Although some interesting biological activities, such as antimalarial activity,
in vitro release of lysosomal enzymes, induction of fetal resorption, as well as
antibacterial activity, were mentioned for nisin [6], relationships between these
activities and the structure of nisin had not yet been studied in detail. In the
present study, we aimed to elucidate the structure and antibacterial activity
relation of this compound. For this purpose, many peptide fragments were
obtained, not only by chemical degration or enzymatic digestion of natural
compound, but also synthetically.

*To whom correspondence should be addressed.
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Results and Discussion

We first isolated a degradated peptide 1 of nisin that was included in a
commercially available nisin as a by-product. This compound seemed to be formed
by a decomposition of Dha?! residue in nisin. Cyanogen bromide degradation
of nisin gave peptide fragments 2 and 3 that were separated by preparative
HPLC. When the reaction was carried out by use of a limited amount of the
reagent, a fragment 4 was obtained, as well as the fragments 2 and 3.

A tryptic digestion of nisin produced four peptide fragments 5 to 8. The peptide
bonds between not only Asn20 and Met?!, but also His3! and Val32 were abnormally
cleaved during the digestion by an unknown mechanism. These fragments were
also isolated by preparative HPLC (Fig. 2).

1 S/ —S— S ———
1 H-lle-Dhb-o-Ala-lle-Dha-Leu-Ala-o-Abu-Pro-Gly-Ala-Lys-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-Asn-Met-
— §— a2
Lys-p-Abu-Ala-p-Abu-Ala-His-Ala-Ser-lle-His-Val-NHp
— S —

1 88—~ 85— r S—3 N 21
2 H~lle-Drb—D-AIa-lIe-Dha-Leu-Ala-D—Abu-Pro~Gly-Ala-Lys-o—Abu-GIy-AIa-Leu-HsE] H-G|y~Ala-Asn—HTe_-]

s Hse — : homoserine lactone
22 9Ty ) 34 l
3  H-Lys-0-Abu-Ala-0-Abu-Ala-His-Ala-Ser-lle-His-Val-Dha-Lys-OH

1 ——S$— ~—S— ————S— 21
4 H-I|&Dhb—D—AIa-IIe-Dha-Leu-Ala‘o-Abu-Pro-Gly-AIa-Lys-crAbu-GIy-AIa-Leu-Mel-Gly-Ala-Asn-HTe_—]

1 ——S— —S—\ wr————S——~
5 H-lle-Dhb-p-Ala-lle-Dha-Leu-Ala-0-Abu-Pro-Gly-Ala-Lys-OH 6 H-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-Asn-OH

21 r S /N N a2 34
7 H-Met-Lys-0-Abu-Ala-p-Abu-Ala-His-Ala-Ser-lle-His-OH 8 H-val-Dha-Lys-OH
N—5—/

Fig. 2. Compounds 1-8.

Measurement of antibacterial activity of the peptides obtained above suggested
that the N-terminal segment containing three disulfide ring moieties might be
important for the exhibition of the activity (Table 1). It was especially noteworthy
that deletion of ring C caused an extreme or rather almost complete loss of
the activity, though ring C itself did not show the activity at all. Additionally,
it was concluded that the C-terminal region in the nisin molecule, including
ring D-E and one Dha residue, was not essential for the exhibition of the activity,
but necessary for enhancement of the activity.

Since it was not easy to obtain any more fragments from natural compound,
we next carried out a synthetic work to prepare several peptide fragments for
a systematic elucidation of the SAR of nisin. On the basis of the strategy for
total synthesis of nisin, three cyclic peptide segments were first prepared by
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desulfurization of cystine peptides [7-9] and subjected to condensation to yield
peptides 13 to 17, as summarized in Fig. 3. Of these synthetic peptides, only
peptide 13 was active against test organisms (Table 1).

85— 85— e § ————
Boc-llg-Thr-OH  +  HCHH-p-Ala-lle-Dha-Leu-Ala-OMe Boc-o-Ala-lle-X-Leu-Ala-OMe Boc-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-OBzl
X=Dha, (-Ala, p-Ala
l WSCIHOB! 1 WTEA l HOVACOH
L WSCHHCUCUCH 2)HCYMeOH 1M NaOHMeOH-dioxane ———S———
HCHH-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-OB21
Boc-lle-Dhbb-o-Ala Ile~DhSa Leu-Ala-OM —S—
e e Boc-o-Ala-lle-X-Leu-Ala-OH Boc-Lys(CIZ)-OH ! WSCIHOB
1 1M NaOH/MeOH-dioxane 10 X=Dha s
L S ———
11 Xer-Ala Boc-Lys(C1Z)-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-OBz!
——S—— 12 Xe0-Ala
Boc-lle-Dhb-o-Ala-lle-Oha-Ley-Ala-OH 1)TFA l 2)HCYACOH
9

——
HCHH-Lys{C1Z)-0-Abu-Gly-Ala-Leu-Mel-Gly-Ala-OBz

~—S— S ——\
HCHH-0-Abu-Pro-Gly-Ala-Lys{CZ)-b-Abu-Gly-Ala-Leu-Mel-Gly-Ala-OBz!
BocoAbu-Pro—SGvy-Ah-OH WSCIHOB
9, 10, 11, 12 l WSCIHOBY ;

JTFA | 2)HCYACOM

1)TFA l 2)HFranisole — 85— S ————
Boc-D-Abu-Pm-GIy»AIa-Lys(CIZ)-r»AmAGly-Ala-Leu-Mel-Gly-AlaOle

5§ — — S — ————S————— 1)TFA | 2)HF7anisole
H-lle-Dhb-p-Ala-lle-Dha-Leu-Ala-0-Abu-Pro-Gly-Ala-Lys-0-Abu-Gly-Ala-Leu-Met-Gly-Ala-OH ! IHFranso

13
—S— —— 55—
s s s H-0-Abu-Pro-Gly-Ala-Lys -0-Abu-Gly-Ala-Leu-Met-Gly-Ala-OH
H-0-Ala-lle-X-Leu-Ala-0-Abu-Pro-Gly-Ala-Lys-o-Abu-Gly-Ala-Leu-Met-Gly-Ala-OH 17

14 X=Dha, 15 X=i-Ala, 16 X-0-Ala

Fig. 3. Synthetic scheme of peptide fragments related to N-terminal region in nisin.

Consequently, the N-terminal 19-amino acid segment of the nisin might be
a minimal requisite for the exhibition of antibacterial activity of this unique
lanthionine peptide. Our study is currently focused on syntheses of the following
analogs related to N-terminal (1-19)-peptide, i.e., [L-Abu?]-, [D-Abu?]-, [L-Ala5]-,
and [D-Ala’]-(1-19), to clarify the role of two dehydroamino acid residues in
the active sequence.
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Introduction

Although the first reported [1] really potent bombesin (BN) antagonist,
(Leu3y{CH,NH]Leu!4)-BN (A), has proved to be an effective and useful inhibitor
of BN actions in several in vitro systems (see Table 1), including growth of
human small cell lung carcinoma cells and inhibition of in vivo rat gastric acid
release [2-5], its 30-fold lower binding affinity than BN itself suggested that
further improvements to K4 and ICs; values could be made. Indeed, in the reduced
peptide bond pseudopeptide series, it has been possible to substantially increase
binding affinity and antagonist potency, while shortening the chain length from
14 to 9 amino acids [6] (see Table 1). This was accomplished using p-amino
acid substitutions in position 6, accompanied by the removal of the first 5 amino
acids. A recent report by Heimbrook et al. [7], in which a weak antagonist
was created by removal of the C-terminal Met residue in GRP(20-27), prompted
us to examine a similar design strategy in a number of des-Met!4-BN peptides
with position 6 modifications, N-terminal deletions, and alkylamide and ester
substituents at the C-terminus.

Methods

Peptides were synthesized by normal SPPS and cleaved from Merrifield resins
with an appropriate amine, hydrazine/MeOH or MeOH or EtOH containing
10% Et3N, in the case of the peptide esters, and, additionally, with heating
at 60°C for the latter. Antagonists were examined for their ability to displace
[1251-Tyr4]-BN binding to guinea pig acini cells and murine Swiss 313 cells, and
to inhibit BN-stimulated amylase release from the former, and growth of the
latter as described [1,6].

Results and Discussion

In the pseudopeptide series [6], there was a substantial loss of activity when
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Table 1 Ability of BN analogs to bind to guinea pig acini and murine Swiss 3T3 cells
and inhibit BN-stimulated amylase release from the former and growth of the latter

BN analog Acini 3T3
K4 ICy Ky ICso

(nM) (nM)
A, [¢yLeuld 4] 60 31 65 18
B. [¥Leu!314](6-14) 327 150 - -
C. [D-PheS,irLeu!3.14)(6-14) 14 5 7 9
D. [(1-13)]NH, 216 33 18 1303
E. [(6-13)INH, 239 41 1216 1627
F. [D-Phef](6-13)NH, 96 24 23 29
G. [p-Nalé}(6-13)NH, 95 34 28 55
H. [p-Phe$}(6-13)OH 7931 1026 - -
1. (6-13)ethylamide 95 54 - -
J. Ac~(7-13)ethylamide 50 29 18 262
K.  [p-Phet)(6-13)ethylamide 16 7 3 0.7
L. [D-Phes](6-13)propylamide 4 1.6 1.7 0.8
M.  [D-Phef](6-13)butylamide p-a.? 43 5 0.1
0. [D-Phes](6-13)phenethylamide 12 6 18 2
P. [D-Pheé](6-13)methyl ester 7 2 1 0.16
Q.  [p-Phef}(6-13)ethyl ester 5 L5 1.6 0.19
R. Ac-GRP(20-26)ethyl ester 10 4 2 1.4
S. [D-Phes](6~13) NHNH, 5 4 2 -

[

p.a. = partial agonist.

amino acids were removed from the N-terminus of the BN antagonists. Thus,
[¥Leu!314]-BN(6-14) (B) was about 5 times less potent than the full sequence
analog. However, in the present des-Metl4-analogs, little loss of potency was
found in going from 13 to 8 amino acids (D to E in Table 1). The presence
of D-Pheb in both sets of shortened analogs dramatically increased binding
affinities and inhibitory potencies (C and F). The size of the aromatic side chain
appeared to be of marginal importance, as evidenced by the retention of high
potency with a p-8-Nal analog (G in Table 1) and a variety of other aromatic
replacements (not shown).

Inhibitory potency was also greatly improved by alkyl substituents on the
C-terminal amide, with [D-Phe$]-BN(6-13) ethylamide (K) being 5-20 times more
potent than the amide. The propylamide analog (L) was even more potent, but
potency began to decrease in the acini system with the butylamide analog (M).
This peptide, however, still displayed high affinity for 3T3 cells and was
surprisingly effective in blocking their growth with an ICsy of only 100 pM.
This particular analog also displayed partial agonist activity in the amylase release
assay and may, thus, be revealing some important differences between BN
receptors on guinea pig pancreas and mouse 3T3 fibroblasts. Work is presently
under way to examine this phenomenon using other cell preparations from
different animal species.

Another highly effective C-terminal modification strategy was that of este-
rification. Both a methyl and an ethyl ester (P and Q) were uniformly potent
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antagonists in all systems examined, and were in the picomolar range for inhibition
of cell growth. The presence of an acetyl group in place of p-Phe in position
6 was also quite effective (R), but the acetylated analogs were usually 2-10
times less potent than their p-Phe counterparts, depending on the assay system.

It was also found that a hydrazide group at the C-terminus also produced
a highly effective antagonist (analog S). This is a significant result, from a
structural viewpoint, since it seems to indicate that it is the electron-donating
capacities of the amide substituents, rather than their hydrophobic/hydrophilic
characteristics, that are primarily responsible for enhanced binding affinity.

Finally, [D-Phef]-BN(6-13) propylamide has been -tested in vivo in the rat
for inhibition of BN-stimulated pancreatic amylase release, and was very potent
and relatively long-acting. A bolus injection of 100 nM/kg produced inhibition
lasting for about 60 min, whereas the same dose of the original pseudopeptide
A was without significant effect. In summary, a number of highly potent BN
antagonists now exist which should be valuable aids in elucidating the various
GI and growth-promoting effects of endogenous BN, and which may soon lead
to therapeutically useful compounds.
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Introduction

Endothelin (ET), a potent vasoconstrictor peptide isolated from the culture
media of porcine aortic endothelial cells, is a 21 amino acid peptide having
two intramolecular disulfide bonds [1]. The structures of human and rat ET
have also been deduced from cDNA sequences; human ET was identical with
porcine ET, but distinct from rat ET [2,3]. Recently, the structures of three
types (ET-1, ET-2 and ET-3) of ET were deduced from human genomic DNA,
in which ET-1 and ET-3 were found to be identical with porcine (human) and
rat ET, respectively [4]. ET-2 differs from ET-1 at positions 6 and 7, whereas
ET-3 had six different amino acid residues at positions 2, 4, 5, 6, 7 and 14
from ET-1 as shown in Fig. 1. In previous papers, we reported the synthesis
and disulfide structure determination of ET-1, ET-3, and sarafotoxin S6b, which
is a similar vasoconstrictor peptide isolated from snake venom [5], and found
that two disulfide bonds in these molecules are located at positions 1-15 and
3-11 [6,7]. In the present study, we synthesized various ET related peptides,
including ET-2 and big ET, ET-1(1-39), and measured their vasoconstrictor
activities in order to elucidate their SAR.

Results and Discussion

ET-1, ET-2, ET-3, sarafotoxin S6b, [Asul.13] Ala3.11]-ET-1 and ET-1(1-39) were
synthesized by the segment condensation procedure in solution applying our
maximum protection strategy. Figure 2 shows a typical synthetic route for ET-
1 (1-39), in which two sets (1 and 15, 3 and 11) of Cys residues were protected

ET-1: Cys-Ser-Cys-Ser-Ser{Leu-MettAsp-Lys-Glu-Cys-Val-Tyr-Phe-Cys-His-Leu-Asp-Ile-Ile-Trp

ET-2: Cys-Ser-Cys-Ser-Ser4Trp-LeutAsp~Lys-Glu-Cys-Val-Tyr-Phe-Cys-His-Leu-Asp-Ile~Ile-Trp

ET-3: CysCys rPhe-Thr~Tyr-Lys -Asp-Lys-Glu-Cys-Val—TyrCys—His-Leu-Asp-Ile—Ile-Tx‘p

S6b: Cys-Ser-CystlLys—Asp-Met-Thr -Asp—Lys-Glu-CysTyt-Phe-Cys—His-@-AspIle—Trp

Fig. 1. Structures of ET-1, ET-2, ET-3 and sarafotoxin S6b.

68



Structural biology

Acm Bzl MeB Bzl Bzl
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MeB Brz Al ?
3 r em
Boc-C¥s-Val-Tyr~Phe-Cys-His-Leu-OPac D 4) 5)

2) 6)

7

chx For Bzl 1) 4)
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2)
cHx H 3)
Boc-Glu-His-Ile-Val-Pro-OPac

3)
B{:Z Bzl Bzl Tos Bzl
Boc-Tyr~Gly-Leu-Gly-Sér-Pro-Sér-Atg-S&r-0Bz1——
2)
ET-1-(1-39)

Fig. 2. Synthesis of ET-1(1-39).
1) Zn/AcOH, 2) TFA, 3) WSCI/HOB!, 4) WSCI/HOOB, 5) HF/p-cresol (85/15),
6) K3Fe(CN)g, 7) I,/MeOH.

by acetamidomethyl (Acm) and 4-methylbenzyl (MeBzl) groups, respectively,
and crosslinked the disulfide bonds specifically. Conditions for assembling the
molecule, deprotection, and crosslinking were almost the same as reported in
our previous paper [6]. The crude product was purified by DEAE cellulose
chromatography and RPHPLC, successively. Other ET-1 related peptides were
synthesized by SPPS, applying the same procedure as described in [6]. The
homogeneities of the synthetic peptides were confirmed by analytical HPLC
and amino acid analysis. The proper formation of the disulfide structure in
big ET was confirmed by comparing the enzyme mapping on HPLC using our
ET-1 as the standard. The vasoconstrictor activities of these synthetic peptides
were determined using rat pulmonary artery ring preparations; the conditions
are the same as reported previously [6,7]. The results are summarized in Table 1.
The potencies of ET-2, ET-3 and sarafotoxin S6b were one-half, one-sixtieth
and one-third that of ET-1, respectively. Such differences in biological potencies
should primarily arise from sequence heterogeneity at the amino terminal portion,
especially at position 4 to 7. The vasoconstrictor potencies of ET-1 related peptides
are also summarized in Table 2. All of the monocyclic and linear peptides showed

Table 1 Vasoconstrictor activity of ET-1, ET-2, ET-3 and sarafotoxin S6b using rat
pulmonary artery ring preparations

Peptide Potency ratio

ET-1 1002 (n=7)
ET-2 49.0 (n=6)
ET-3 1.9 (n=6)
Sarafotoxin S6b 35.1 (n=6)

The biological potency of each peptide was expressed as % of the standard ET-1.
2 EDs;=10.65%0.05 nM.
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Table 2 Vasoconstrictor activity of ET-1 related peptides using rat pulmonary artery ring
preparations

Peptide Potency ratio
[Cys!-15, Cys3-IJ-ET:(ET-1) 100 (n=17)
[Cys!-11, Cys3-I5}-ET 0.8 (n=8)
[Cys!-15, Cys(Acm)?11]-ET 0 (n=26)
[Cys¥-!1, Cys(Acm)!1S}-ET 0 (n=28)
[Cys(Acm)L3ILISI-ET 0 (n=Y5)
[Cys!-15, Ala311]-ET 29.6 (n=6)
[Alal!3, Cys*-I1]-ET 0.4 (n=26)
[Asull5, Ala3l]-ET 0 (n=4)
ET(1-15)-NH, 0 (n=6)
ET(16-21) 0 (n=6)
Ac-ET 0.5 (n=28)
Lys-Arg-ET 0.2 (n=35)
Des-Trp?!-ET 0 (n=5)
ET-NH, 56 (n=6)
ET-1(1-39) 1.8 (n=28)
[AlaY-ET 35.6 (n=2)
[AlaS]-ET 24.2 (n=4)
[GlyS}-ET 78.1 (n=6)
[Met(O)"}-ET 69.1 (n=6)
[Asn®])-ET 0.8 (n=T)
[Lew?]-ET 54.8 (n=15)
[GIn!9)-ET 0 (n=4)
[Phe!3]-ET 63.3 (n=2)
[Alal4]-ET Op (n=4)
[Tyr2!]-ET 32.8 (n=5)
[Phe2!]-ET 18.4 (n=5)

SED,s =300 nM; bED,s= 1000 nM.

greatly reduced or complete lack of activity; however, among monocyclic analogs,
[Cys!-15, Ala3!]-ET showed one-third that of ET-1, indicating that formation
of the inner disulfide bond is not necessary for expressing its activity. Nevertheless,
its deamino dicarba analog, [Asu!.15, Ala3.11]-ET-1 was almost completely inactive.
These results indicate the importance of the terminal NH, group for its biological
activity. This assumption was also supported by the fact that the amino terminal
blocked or extended peptides, such as Ac-ET or Lys-Arg-ET, greatly reduced
the activity. A truncated peptide from the C-terminal, (1-15)-NH,, was also
completely inactive even though two disulfide bonds were formed properly in
the molecule. Although removal of the C-terminal Trp residue resulted in complete
loss of the activity, replacement of Trp residue by Tyr or Phe still retained
the biological activity. However, carboxyl terminal blocked or extended peptides
such as ET-NH, and ET-1(1-39) greatly decreased the potency, indicating that
the C-terminal COOH group, rather than the Trp side chain, is important for
the biological activity. Analogs [Ala?], [Ala’], [Gly®], [Met(O)7], [Leu?®] and
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[Phe!3]-ET-1, substituted at the positions of Ser4, Ser5, Leu®, Met?, Lys® and
Tyr13, respectively, still retained one-fifth to four-fifths of the potency. On the
other hand, replacement of Asp®, Glul® and Phe!4 by Asn8, GIn!® and Alal4,
respectively, resulted in greatly decreased potency.

Conclusion

Although two sets of disulfide bonds in the ET molecule are not always
necessary for expression of activity, terminal NH, and COOH groups, a-COOH
groups of Asp® and Glul0, and the aromatic moiety of Phel4 are important
for binding of the ET molecule to its receptor.
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Introduction

The neurohypophyseal hormone, oxytocin (OT), functions in parturition to
contract the uterine myometrium during labor, and the mammary myoepithelium
postpartum to elicit milk letdown [1]. During the last 20 years, structural
modifications of OT have led to the development of potent antagonists [2].

CONH2 CONH,
CONH CONH
\\/T N CONH H/\ N_—CONH,
) HoN
Oxytocin ORF 22164

Fig. 1. Oxytocin and a typical antagonist, ORF22164.
One such antagonist, ORF 22164 (Fig. 1) is currently undergoing human clinical
trials for use in the prevention of premature birth [3].

We describe here a novel class of cyclic hexapeptide oxytocin antagonist.

Results and Discussion

Receptor-based screening resulted in the discovery of an extract of a fermen-
tation broth from Streptomyces silvensis which inhibited binding of 3H-OT to
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Fig. 2. Structures of cyclic hexapeptide oxytocin antagonists.

rat uterine receptors [4). Isolation and structural characterization of the active
components of this extract produced L-156,373, a structurally unique cyclic
hexapeptide containing 5 unusual amino acids (Fig. 2). Features of the structure
include 3 p-residues, 2 piperazic acids, an N-OH isoleucine, and an N-Me group.
The antibacterial cyclic depsipeptide monamycins have some related structural
features such as alternating p- and L-amino acids and the piperazic acid residues
[5]. L-156,373 has moderate affinity for the oxytocin receptor (K;= 150 nM).

In order to improve the potency and selectivity of 1.-156,373, direct chemical
modifications of the structure were explored. Treatment with TiCl; in aqueous
MeOH buffered with NaOAc resulted in selective dehydroxylation of the N-
OH-Ile in about 90% yield to produce the Ile-containing analog (L-364,918).
This compound has 5-fold higher affinity for oxytocin receptors.

On exposure to air, 1.-364,918 undergoes slow oxidation to a mixture of
components that are suggested to contain 5,6-dehydropiperazic acid based on
MS and NMR analysis. Oxidation under defined conditions with tert-butyl
hypochlorite in pyridine gives in 96% yield L-365,209 in which both piperazic
acids are oxidized. L-365,209 exhibits further increased oxytocin receptor affinity
(K;=7 nM) and 50-100-fold selectivity over inhibition of binding of 3H-arginine
vasopressin (AVP) to V; and V, receptors (rat liver and kidney, respectively).
It is comparable in these properties to ORF 22164 (see Table 1).

Table 1  Affinities of cyclic hexapeptide oxytocin antagonists for rat OT and AVP receptors

Ki(nMy
[*H]AVP
Compound [3BH]OT(uterus) V,(liver) V,(kidney)
L-156,373 150 +23 2200+ 260 34001420
1-364,918 30 £ 35 1300+ 120 24001510
L-365,209 7.3+ 1.1 370t 9.8 820 £ 160
ORF22164 3.1+ 0.52 220+ 19 79+ 4

3 Group mean=*SE for 3-6 determinations; K;’s were determined from ICs, values
generated using 5-8 concentrations of compound in triplicate.
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L-365,209 has been further characterized as an OT antagonist [4]. In the isolated
rat uterus, L-365,209 was a potent competitive OT antagonist (Kz=1.7 nM),
but at concentrations of 100-150 nM, it did not block the contractile effects
of bradykinin or PGF,,. The effect of AVP in vitro were also antagonized by
L-365,209, although its potency was weaker in accord with the binding data.
In vivo L-365,209 antagonized the contractile action of exogenous oxytocin on
the rat uterus with a relatively long duration of action. At a submaximal dose
of 1 mg/kg i.v., the antagonist effect of 1.-365,209 was still observed after 110
min. In none of the OT or AVP assays did 1-365,209 exhibit agonist activity.

Previously described OT antagonists are analogs of the native hormone and
are heterodetic cyclic peptides [2,6]. Comparison of L-365,209 with antagonists
such as ORF 22164 shows that the former compound represents a significant
structural departure from known antagonists. L-365,209 is smaller in molecular
size, with 6 amino acids compared to the usual 9. It is also a homodetic cyclic
peptide without the cystine disulfide of OT. Within the macrocycle of L-365,209
are p-amino acids and cyclic amino acids not found in other OT antagonists.
The cyclic amino acids are especially unique. Molecular modeling comparisons
suggest that the one region of correspondence between L-365,209 and ORF 22164
may be the dipeptides D-Phe-Ile and p-Tyr(OEt)-Ile. SAR studies are currently
probing this possibility.

The potency, selectivity, and novel structural features of L-365,209 make it
an important new lead toward the development of OT antagonists. This, and
related, structures will also be valuable for further defining the structural and
conformational requirements of the oxytocin receptor.
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Introduction

The proliferation of normal cells is a well-controlled and highly conserved
process that requires the regulation by hormone-like growth factors. One of
the best characterized family of growth factors is the transforming growth factor
type a (TGFa; Fig. 1) and epidermal growth factor (EGF) family, which are
small mitogenic proteins containing three disulfide linkages [1]. Homologous
members of the TGFa/EGF family now encompass a diverse group of proteins
that include domains of blood coagulation factors, extracellular matrix, DNA-
tumor virus early gene products, and invertebrate embryonic proteins [2].

' — I |
VIVSHFNDCPDSHTQFCFHGTCRFLVQEDKPACVCHSGYVGARCEHADLLAY

Fig. 1. Structure of human transforming growth factor-o.

To understand the relationships between the structures and functions of the
50-residue TGFa, we used a systematic approach to scan two complementary
series of point-substituted analogs. In the first series (D-amino acid scan), each
amino acid was replaced singly by its corresponding b-amino acid in 41 point-
substituted analogs mainly to examine the structural effect of p-amino acid
substitution on biological activities. Nine positions consisting of 6 cysteines and
3 glycines were not replaced in the p-amino acid scan. In the second series
(Ala scan), each amino acid was replaced individually with Ala (Ala scan) to
examine the role of the side chain in its receptor-contact roles. The p-amino
acid scan of the whole TGFa sequence has been completed, but the Ala scan
was only partially completed. By examining the ratio of biological activity due
to the p-amino acid and the Ala point-substituted analogs (DA factor analysis),
it is possible to determine residues important for the receptor-contact and
structural integrity of TGFa.
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Results and Discussion

The point-substituted analogs were synthesized by SPPS [3,4], cleaved from
the resin supports by the low-high HF method [5], refolded to the oxidized
forms by an improved and efficient refolding method [3], and purified to
homogeneity by RPHPLC. The integrity of each analog was established by fission
ion MS. The refolding strategy made use of the thermodynamic nature of the
EGF/TGFa structure and allowed them to refold to their most thermodynamic
stable form under denaturing and constant disulfide reshuffling conditions.
Essentially, the refolding method consisted of two sequential gradients: a
decreasing gradient of denaturants for refolding and an increasing gradient of
oxidants for disulfide formation. Both processes were conducted in a single
reaction vessel to minimize loss due to handling. Crude peptides were reduced,
after HF cleavage, by 0.2 M dithiothreitol in 8 M urea, 0.1 M Tris-HCI, pH
8.4. Refolding was conducted in a gradual gradient of reducing concentrations
of urea under the dialysis condition to remove dithiothreitol and other small
molecules M, <1000 (18-36 h). At 2 M urea concentration, the peptide solution
was diluted with Tris-HCI1 buffer and 1 mM each of oxidized and reduced
glutathione were added to initiate the second gradient refolding method with
an increasing concentration of oxidized glutathione. The disulfide formation
monitored by HPLC showed that the peak corresponding to the refolded peptide
usually eluted 3-5 min earlier than the reduced form. This simplified refolding
procedure produced 70 TGFa analogs in this study.

In the p-amino acid scan, large variations of more than 100000-fold of
biological activities of the point-substituted analogs were observed in the
competitive EGF receptor and mitogenic assays. The largest decrease of potencies
(more than 500-fold) was found in those residues at the middle loop with the
B-sheet structure (Thr20-Leu?4) and those at the COOH domain (Val33, Tyr3,
Arg* to Asp?), while the smallest decrease (2-10-fold) was seen with those
residues at the NH, domain (residues 1-14). Decrease of activity (100-500-fold)
was observed with analogs substituted at three other positions (Pro°, Phel!s and
Pro3%). When compared with the known solution NMR structure [5], it became
evident that the p-amino acid substitution was tolerated at the structural flexible
regions such as NH; and COOH termini, reverse turns, or helix region (residues
10-17), but not tolerated at the S-sheet region such as the middle loop (Thr2-
Leu?4,Arg#2-Asp?7).

In contrast to the p-amino acid scan, the decrease in biological potency was
small to moderate in the Ala-substituted analogs we synthesized. Most analogs
produced less than 10-fold decrease in potency. Large decrease in potencies (40-
250-fold) was observed with Alals, Ala?22, AlaZ, Ala38, Ala42, Ala%*, Ala%’ and
Ala*. To distinguish whether the lost potency is due to the structural or receptor-
contact factor, we propose the use of the ‘DA Factor’ analysis, which computes
the relative biological potency of each analog due to substitutions by the
corresponding p-amino acid and by Ala (Activity, ,nine acia/Activity 4, = DA
factor). High DA factor values (> 25) indicate that the residues are structural
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Table 1 DA factor analysis for structural/receptor-contact residues of TGFa

Structural DA Receptor-contact DA
residues factor residues factor
His!8(32/1)* 32 Phe!5(108/136) 1
Phe?3(21 000/260) 81 Tyr38(800/78) 10
Arg?2(100000/133) 750 Arg*2(4 667/1300) 4
Val33(100 000/20) 5000 Glu44(2000/189) 11
Asp7(125/45) 3
Leu43(10/40) 0.3

2 The receptor-binding activities due to p-amino acid and Ala substitutions are in
parenthesis and expressed relative to human TGFa (TGFa=1).

rather than receptor-contact (Table 1). These include His!2, Arg??, Leu?* and
Val3. Low DA factor values (< 25) indicate that the residues are nonstructural
and are responsible for receptor-contacting roles and include Phe!5, Tyr38, Arg®,
Glu*4, Asp#’ and Leu®8. Interestingly, those residues with low DA factor (0.5-
10) are either invariant or highly conserved in the EGF/TGFa family and are
predicted to be centrally involved in the receptor-binding functions [2]. Since
the DA values of Tyr?® and Asp* are still high, it is possible that Tyr3¥ and
Asp?’ also play structural roles. Thus, based on the complementary scan approach
and DA Factor analysis, the receptor binding region is located at the carboxy
two-thirds of the molecule (residues 15-50) and located at the same face of
the molecule contributed by parts of the first disulfide (residues 15-17) and
third disulfide loops (residues 38-48).
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Introduction

Renin inhibitors block the production of angiotensins and thus represent a
possible alternative to angiotensin-converting enzyme inhibitors in the treatment
of hypertension. Our laboratory was the first one to initiate a systematic
development of stable isosteric transition-state analogs as inhibitors of renin.
These exploit the much greater binding affinity of the enzyme for the tetrahedral
transition state B than for the ground state A of its substrate [1] (Fig. 1).

Results and Discussion

The first successful transition-state mimic developed by us [2,3] was the
methylene-amino or reduced isostere -CH,-NH- shown in structure C (Fig. 1).
When incorporated in place of the scissile bond into the minimum equine substrate
sequence 1 comprising residues (6-13) (Table 1), it produced a 104-fold increase
in potency in vitro and a dose-related hypotensive activity in vivo [4,5] (cf.
2 in Table 1).

The S-hydroxy-ethylene analog E (Fig. 1) was found to be an even more
efficient mimic of the transition state [6]: when introduced into 3 it gave a
105-fold increase in potency (cf. 4 in Table 1) and the corresponding Boc-derivative
5 was a million times more potent than its peptide parent 3. Using such a tight-
binding isostere at P-Pj, it is possible to omit secondary binding sites (e.g. Ps
and P,) and still retain nanomolar potency (cf. 6 in Table 1). We have found
the Boc-protected (8-13)-hexapeptide sequence a convenient ‘test-bed’ for com-
paring the different transition-state analogs. Recently we have synthesized the
closely related S-amino-ethylene isostere J [7] (Fig. 1), which provides an inhibitor
of comparable potency but greater selectivity than the corresponding hydroxy-
ethylene analog (cf. 7 in Table 1).

Keto-methylene isosteres (F in Fig. 1) were first introduced by us in 1976
[8] and first used in a renin inhibitor in 1980 [3]. Although the keto-methylene
moiety F itself is not tetrahedral, it is capable of undergoing hydration to give
the geminal diol G, which is a good mimic of the transition state B. In our
‘test-bed’, the keto isostere produced an inhibitor of moderate potency (8 in
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Peptide A Transition state B Reduced peptide C
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Fig. 1. Stereochemical relationship of the peptide bond A and its transition state B to

the non-hydrolyzable mimics C - J.

Table 1), indicating that the equilibrium is in favor of the non-hydrated form F.

Statine (Sta) has been incorporated into renin substrate sequences both by
us [9] and by others, either as a substitute for the P, residue alone or to replace
the P,-P| dipeptide [10]. Although in neither case does it provide an isosteric
mimic of the transition state [6], inhibitors containing Sta still exhibit good
potency provided that the surrounding molecular framework contains sufficient
secondary binding sites. Clearly, the human (8-13)-hexapeptide is inadequate
to support Sta, as shown by the low potency of the Sta analog 11 (Table 1).
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Table 1 In vitro potencies of renin inhibitors
6 7 8 9 10 11 12 13

No. Code ICsy (uM)?

no. P, P, P, P, P, P P, P

]

1 H-114 H-His-Pro-Phe-His-Leu—Leu-Val-Tyr-OH 200b
2 H-77 H-DHis-Pro-Phe-His-LeulLeu-Val-Tyr-OH 0.02v
3 H-112 H-His-Pro-Phe-His-Leu—Val- Ile- His-OH 313
4  H-194 H-His-Pro-Phe-His-LeuCHVal- Ile- His-OH 0.0030
5 H-261 Boc-His-Pro-Phe-His-LeuCHval- Tle- His-OH 0.0002
6  H-269 Boc-Phe-His-Leu@HVal- Tie- His-OH 0.0024
7 H-301 Boc-Phe-His-LeuAVal- Ile- His-OH 0.0065
8  H-289 Boc-Phe-His-Leu—X-Val- Tle- His-OH 0.095
9  H-294 Boc-Phe-His-Leu—RVal- Tle- His-OH 0.30
10 H-293 Boc-Phe-His-Ads lle- His-OH 0.44
11 H-312 Boc-Phe-His-Sta Ile- His-OH >1.3

2 ys. human plasma renin
OH:-CH(OH)-CHj;- in place of -CO-NH-
A: -CH(NH,)-CH,- in place of -CO-NH-
K: -CO-CHj,- in place of -CO-NH-

b vs. dog plasma renin
R: -CH,-NH- in place of -CO-NH-
Ads:3-(S)-amino-deoxystatine
Sta: 3-(S)-statine

In 1985 we introduced 3(S)-amino-deoxystatine [10] (Ads) in order to provide
additional ionic binding for Sta at the negatively charged active site of renin.
It produces a more potent inhibitor than Sta (cf. 10 vs. 11 in Table 1), particularly
against rat renin.

Conclusion

We have shown that all five new transition-state mimics introduced by us
will provide active inhibitors of renin when incorporated into the human substrate
(8-13)-hexapeptide, their rank order of potencies vis-a-vis statine being: hy-
droxy = amino >> keto >reduced = Ads > Sta. Out of this series, the hydroxy
and amino isosteres promise to be the most efficient in producing potent inhibitors
of relatively low molecular weight, such as those now being sought as orally
effective antihypertensive agents.
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Introduction

Platelet GPIIbIIIa is an adhesive receptor for fibrinogen, fibronectin, and
von Willebrand factor. It has been shown [1] that its interaction with fibrinogen
mediates blood platelet aggregation. Since RGD-containing peptides seemed to
be implicated in adhesive reactions, we have realized a structure-function
relationship study of these peptides in the platelet system. It has led us to a
powerful in vitro antiaggregant, and this effect has been confirmed in an in
vivo antithrombotic assay in mouse.

Results and Discussion

First, a series of RGDX peptides has been synthesized and tested in vitro
on human platelets to evaluate their capacity to inhibit fibrinogen binding and
platelet aggregation after stimulation with ADP (Table 1). We observed that
the most important inhibitions in both systems were obtained by RGDX peptides,

Table 1 Inhibition of fibrinogen binding and platelet aggregation after stimulation with
ADP (5uM)

RGDX Hydrophilicity of X Fibrinogen Platelet
(Hopp and Woods) binding (ICsq uM) aggregation (ICsy uM)
RGDS +0.3 55 170
RGDQ +0.2 45 207
RGDC -1.0 35 175
RGDV -15 18 150
RGDL -1.8 7 48
RGDY -23 4 25
RGDF -25 9 37
RGDW -34 4 14

in which the residue X was strongly hydrophobic. Thus, we obtained the greatest
antiaggregant effect with the peptide RGDW. This result has been confirmed
with other stimulating platelet agents (collagen, adrenalin, thrombin) and
compared with a control peptide RGGW that was inactive. We have also shown,
in vitro, that RGDW had no effect on human endothelial cell adhesion on
fibronectin.
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The peptides were subsequently tested in vivo in a mouse antithrombotic assay
[2]. After simultaneous intravenous injection of collagen, adrenalin and peptide,
we observed (Fig. la) that, at the concentration of 1.5 mg/mouse, RGDW
protected more than 90% of the mice from death or paralysis. The negative
peptide RGGW did not show any effect. For comparison, Ticlopidin, which
is used as a therapeutic drug against thrombosis, was injected per os at 2.5
mg/mouse 24 h and 1 h before testing. It gave a protective effect clearly weaker
than that of RGDW. The effect of RGDW was dose-dependent (Fig. 1b) and
the 1Csy appeared to be about 0.3 mg/mouse.

a b
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Fig. 1. Mouse antithrombotic assay. Protection against embolism induced by a
collagen/adrenalin mixture.

Finally, the effectiveness of RGDW, RGGW and Ticlopidin on bleeding time
in mice was measured. As RGGW, RGDW did not prolong bleeding at the
doses where it had a potent antithrombotic effect. On the other hand, Ticlopidin
showed a significant prolongation of bleeding time.

The results obtained with RGDW suggest new promising avenues for the
design of antithrombotic drugs.
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Introduction

Hirudin is a polypeptide of 65 or 66 amino acids (Fig. 1) that was originally
isolated from the leech Hirudo medicinalis but is now more conveniently produced
by recombinant methods. It reacts rapidly with thrombin to form a tight,
noncovalent complex (K4=20 fM; [1]) and shows an absolute specificity for
thrombin [2]. Its 3D structure has been determined using 2D NMR studies [3,
4]. These studies indicate that hirudin consists of three domains: a central core,
a protruding ‘finger’ and a disordered C-terminal region.

10 20 30
NH;-VVYTDCTESGQNLCLCEGSNVCGQGNKCIL

40 50 50 . 65
GSDGEKNQCVTGEGTPKPQSHNDGDRDFEEIPEEY L Q-COOH

Fig. 1. Sequence of hirudin. The sequence given is that found in [ 6]; Y* indicates a sulphated
tyrosyl residue.

Results and Discussion

Importance of the a-amino group

Addition of a single methionine to the N-terminus of hirudin led to a decrease
in binding energy of 26 kJ mol-! (Fig. 2). Removal of this methionyl residue
by CNBr resulted in the recovery of full inhibitory activity. The amount by
which the binding energy decreased was dependent on the nature of residue
used to extend the N-terminus. An additional glycyl residue resulted in a smaller
(20 kJ mol-1) decrease in binding energy (Fig. 2).

A large part of the decrease in binding energy caused by the additional amino
acid was due to the displacement of the positively charged e-amino group, as
shown by experiments in which this group was specifically modified. In order
to conduct these experiments, a mutant was constructed in which all the other
primary amino groups were replaced by site-directed mutagenesis. Removal of
the positive charge of the @¢-amino group by acetylation of the mutant resulted
in a reduction of binding energy by 27 kJ mol-!. Acetamidination of the

*To whom correspondence should be addressed.
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Binding energy decrease (kJ/mol)

(o)~ =
25

20

Met Gly Acetyl Acetamidyl

N-terminal extension

Fig. 2. Effect of N-terminal additions on the binding energy of hirudin. Hirudin was modified
by either site-directed mutagenesis to produce the Met and Gly extensions or chemically
to produce acetylated and acetamidinated extensions.

a-amino group, which adds a group of similar size to the acetyl group but
retains a positive charge, caused only a 12 kJ mol-! decrease in binding energy
(Fig. 2). Thus, it appears that a positive charge immediately adjacent to the
N-terminal valyl residue is required for optimal binding to thrombin. The
positively charged a-amino group is presumably involved in an ionic interaction
with a carboxylate of thrombin. The results obtained by Chang [5] also indicate
that the a-amino group is involved in an interaction with thrombin. This group
is readily modified in free hirudin but is protected from chemical modification
in the complex with thrombin.

Importance of the hydrophobic N-terminal residues

The importance of the hydrophobic nature of the N-terminus to the strength
of the hirudin-thrombin interaction was demonstrated by the observation that
replacement of the two N-terminal valyl residues by polar amino acids caused
a marked decrease in the binding energy (Fig. 3). In contrast, conservative
replacements by other hydrophobic amino acids resulted in only moderate changes
in affinity (Fig. 3). By far the largest decrease in binding energy was observed
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Interaction of the fibrin a- and B-chain creates a
polymerization site

Kun-Hwa Hsieh
Department of VCAPP, Washington State University, Pullman, WA 99164-6520, U.S.A.

Introduction

Fibrinogen is a soluble plasma protein (M, 340 000), consisting of two identical
units, each containing three different peptide chains." The six chains are held
together by 29 disulfide bonds in the structure of (A, BB, v),. Following injury,
thrombin is generated locally, and its limited proteolysis of fibrinogen leading
to clot formation is central to normal hemostasis [1]. To account for the sequential
cleavage of two pairs of fibrinopeptides (FPA and FPB), accompanied by the
transformation of an initially loose (a, 8, ¥), fibrin to the compact and branched
clot, fibrin polymerization has been proposed to involve a two-step mechanism:
binding of the newly exposed NH, termini (E domain) with the COOH termini
(D domain) of an adjacent unit results in an end-to-end aggregate of the type
I fibrin; subsequent reinforcement by lateral association generates the more
compact type II fibrin [2].

This proposed mechanism is consistent with the observation that peptide
analogs corresponding to the fibrin a-chain NH,-terminal region (GPRP/V, Aa
17-20) could bind to fibrinogen and inhibit fibrin polymerization [3,4]. However,
further extension of the peptide chain to Aa 17-22 or Aa 17-26 resulted in
homologs inactive in the repolymerization assay, and extensive studies showed
that the NH,-terminal homolog of fibrin 8-chain (GHRP, BB 15-18) could bind
to fibrinogen, but dit not inhibit reaggregation [3,5]. Since promotion of the
lateral assembly of fibrin at the expense of linear association has been observed,
during which a reduced protofibril mass:length ratio was accompanied by a
decreased fibrin gel turbidity but an unchanged fibril density [6], the turbidity
repolymerization assay [2,3] may be inherently insensitive to lateral association.
In addition, the sequential cleavage of fibrinopeptides exposes two a-chains and
two B-chains. Thus, D:E binding may involve simple ionic and H-bonding
interaction [7], whereas fibrin aggregation is conformation-dependent [8] and
may require dimeric and tetrameric polymerization sites.

Methods
Turbidity assay

Fibrin monomer was prepared by clotting fibrinogen with thrombin. Sub-
sequent dispersion of the clot in bromide buffer followed by centrifugation (2000
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rpm, 10 min) removed the undispersed material. Linear aggregation of fibrin
was monitored at 350 nm, following dilution of fibrin monomer solution in
low-ionic strength phosphate buffer according to reported procedures [3,4].

Modified assay

Fibrin aggregation was initiated as above. Reaggregated fibrin was removed
by centrifugation (2000 rpm, 10 min), and % unpolymerized fibrin in the
supernatant was estimated using the absorbency constant of Ay (1%)=15.5.
The extent of polymerization was: 100% minus % unpolymerized fibrin.

This assay utilizes the principle of fibrin clottability [9] and should, therefore,
be sensitive to both linear and lateral associations. A comparison of the turbidity
and modified assay showed that GPRP inhibited fibrin polymerization to
comparable levels in both procedures (data not shown).

Results and Discussion

In corroboration of the reported studies, we observed that neither fibrin A«
17-29 (Gly-Pro-Arg-Val-Val-Glu-Arg-His-Gln-Ser-Ala-Cys-Lys(TFA)), nor BB
15-24 (Gly-His-Arg-Pro-Leu-Asp-Lys-Lys-Arg-Glu), alone inhibited fibrin re-
polymerization in the turbidity assay. In the modified assay (Fig. 1), although
neither peptide alone was active, a mixture of Aa 17-29 and BB 15-24 was
at least as effective as Gly-Pro-Arg-Pro. This finding strongly suggests that
interaction of the ¢- and B-chains can create a polymerization site. Because
the native sequences of B 23-25 (Arg-Glu-Glu) and Aa 22-24 (Glu-Arg-His),
and of BB 20-23 (Asp-Lys-Lys) and A« 29-32 (Lys-Asp-Ser-Asp), are mutually
complementary and can form multiple ionic bonds, it appears likely that ionic

920 ¢ GPRP
aA17-29
ABp 15-24
g0  WAQUIT29 + Bp1524

Fibrin Polymerization (% of Control)

" \
60
50 100 200 400
Dose of peptide (ug)

Fig. 1. Inhibition of fibrin polymerization in the modified clottability assay. Symbols are:
® GPRP; A Ao 17-29; A BB 15-24; @ Ae 17-29 + BB 15-24.
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interaction of fibrin a- and B-chains may create a dimeric binding site. Whether
this site is involved in the linear or lateral association of fibrin remains to be
determined.
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Introduction

Fibrinogen (Fg) is an essential cytoadhesive molecule for the aggregation of
platelets and formation of hemostatic plugs. Recent data suggest that the platelet
glycoprotein IIb/Illa complex (gp IIb/Illa) is the Fg binding site on platelets
that mediates the adhesive function required for platelet aggregation [1]. The
binding of Fg to gp IIb/IIla involves determinants on both the a and the =
chains of Fg, and one essential site of interaction is the sequence RGDF (a95-
98) [2]. Synthetic peptides containing the RGD sequence effectively antagonize
Fg binding to gp IIb/IIla and prevent in vitro platelet aggregation induced
by a variety of platelet activating agents. The ability to inhibit platelet aggregation
irrespective of the activating agent by blocking gp IIb/IIla makes it an attractive
antithrombotic approach.

RGD peptides are relatively ineffective agents in vivo. The present study
examines the fate of RGDS and several analogs in human plasma and explores
approaches to overcome the effects of proteolysis.

Results and Discussion

RGDS and a related peptide, RGDY(Me)-NH,, were incubated in fresh human
plasma and their disappearance was monitored by RPHPLC. As shown in Fig.
1, both peptides were rapidly degraded. Products from the degradation of
RGDY(Me)-NH, were resolved by HPLC and identified as GDY(Me)-NH,,
DY(Me)-NH, and Y(Me)-NH,. The time-course for their appearance was con-
sistent with sequential degradation from the N-terminus (Fig. 2). When bestatin,
a specific aminopeptidase inhibitor [3,4] was included in the incubation, de-
gradation was completely inhibited. To further confirm the role of aminopeptidase
in the degradation, and to identify improved compounds for in vivo studies,
two analogs were synthesized in which the a-amino group was acetylated (Ac-
RGDY(Me)-NH,) or deleted (des-NH,-RGDY(Me)-NH,). Both analogs were
stable in plasma; moreover, they were good inhibitors of ADP-induced platelet

*To whom correspondence should be addressed.
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aggregation (ICsp=10 uM). In collagen-induced thrombocytopenia, an in vivo
rat model of platelet aggregation, RGDS was an ineffective inhibitor even at
high doses, ~30% inhibition at a dose of 10 mg/kg. On the other hand, the
improved analogs inhibited aggregation 65-90% at 1 mg/kg.

Fig. L

% peptide remalning
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20 4

time (min)

Degradation of RGD peptides (~150 pM) in fresh human plasma: RGDS (o);
RGDY(Me)-NH;(0); RGDS(M+ 100 mM bestatin (u); RGDY(Me)-NH, + 100 mM bestatin
(®); Ac-RGDY(Me)-NH, (x); des-NH ~RGDY(Me)-NH, (A).

% peptide observed

100
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60
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time (min)

Fig. 2. Products evolving during the degradation of 150 uM RGDY(Me)-NH, (o) in fresh
human plasma: GDY(Me)-NH, (A), DY(Me)-NH, (0), Y(Me)-NH, (u).
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Introduction

MDL 28050, Ne-succinyl-Tyr-Glu-Pro-Ile-Pro-Glu-Glu-Ala-Cha-p-Glu-OH,
is a synthetic inhibitor of a-thrombin that acts at a site distinct from the catalytic
site of the enzyme. It has an in vitro potency of 29 nM against human a-thrombin,
and 150 nM against bovine a-thrombin. It was developed from systematic SAR
[1-4] which demonstrated that a minimal functional domain of the leech
antithrombin, hirudin, was represented in residues 56-64 of the protein [5].
Hirudin (56-65) itself had a potency of 34000 nM against bovine a-thrombin.
Thus, MDL 28050 represents a 225-times more potent material than the
corresponding native sequence of the same length, and it also incorporates a
number of unnatural modifications that provide increased enzymatic stability.

Results and Discussion

The anticoagulant effect observed after the intravenous injection of MDL
28050 at 1 and 5 mg/kg in normal and anephric rats, is shown in Fig. 1. Doses
of 1 or 5 mg/kg result in strong anticoagulation at early time points, and at
30 min the higher dose was able to maintain this level of activity. Removal
of the kidneys led to further prolongation of the anticoagulant activity, indicating
that the kidneys represent a major route of elimination of the peptide analog.

Total protection towards thromboplastin-induced disseminated intravascular
coagulation in mice has been demonstrated. The dose required for complete
protection increases with the time of the thromboplastin challenge after dosing
with MDL 28050. Increased doses or removal of the kidneys prolongs the
anticoagulant activity, as was observed in the above ex-vivo rat studies. A similar
dose-dependent effect is seen in a rat model of stasis-induced venous thrombosis,
with anephric animals having prolonged protection.

Conclusion
We found MDL 28050 and related materials to be effective antithrombin

agents with several advantages over heparin or the coumarins. This class of
antithrombin agent does not require the presence of cofactors. They have less
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Fig. 1. Anticoagulant activity of MDL 28 050 after intravenous injection (at time =0 min)
in rats. The level of anticoagulant activity is measured by recording the O.D. 405 nm,
which is a measure of the turbidity resulting from fibrin-clot formation, of a diluted sample
of rat plasma 12 min after the addition of bovine thrombin. The basal response is established
by the readings at the -30 and —5-min time points.

of a tendency to cause bleeding, which is a major undesired result of current
anticoagulant therapy. Thus, these agents may be generally applicable when
anticoagulation is desired (even in the absence of antithrombin III), and safer
to use by having less hemorrhagic potential.
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Introduction

The antiaggregatory activity of the F(ab’), fragment of MAb against the platelet
fibrinogen (Fg) receptor GPIIb-IIla in humans demonstrated the utility of
inhibition of Fg/platelet binding as antithrombotic therapy [1]. Demonstration
of thrombus formation inhibition in dogs by intracoronary infusion of Ac-RGDS-
NH, (1) established that analogs with high potency and duration could constitute
a peptide approach to antithrombotic therapy [2]. We report a series of analogs
of 1 synthesized by SPPS that culminated in analogs 21 and 22 displaying high
potency (ICsy 4.0 uM) and duration of action in plasma (up to 3 h).

Results and Discussion

Side-chain modifications in 1 failed to improve potency dramatically. Mo-
difications at the Ser residue as in 14 and 15 mainly enhanced duration of action
(Table 1). Ser could be deleted without dramatic loss of potency as in 16. Inactive
B-Asp (13) did not form in samples of 1 stored at RT for 6 months. Unlike
RGDYV [3], an additional Arg residue as in 8 did not enhance potency. Cyclization
of the -RGD-sequence in disulfide analogs 18-25 proved to enhance potency
and plasma stability. In contrast to linear N-ethylamide (17), cyclic N-ethylamide
(22) retained good potency. The increased lipophilicity in (N,N’-diethylswan)Arg
substitution [4] failed to enhance potency in 23. Pentapeptides typified by 20
displayed superior potency over hexapeptides of the types 18 or 24. Future reports
will describe in vivo efficacy of analogs with even greater potency.

*To whom correspondence should be addressed.
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Table 1 Inhibition® of ADP(10 uM)-induced platelet aggregation in dog PRP® of -RGD-
peptides

No. Compounds ICs uM %Activity
Dog PRP/ADP at 3 h°

1 Ac-Arg-Gly-Asp-Ser-NH, 91.34+0.1 0.004

2 D-Arg >200 -

3 D-Asp >200 -

4 D-Ser 138 +4 333

5 Lys >200 -

6 Cit >200 -

7 His >200 -

8 Ac-Arg-Arg 113 +14 5.9

9 D-Ala >200 -

10 Pro >200 -

11 Asn >200 -

12 Glu >200 -

13 B-Asp >200 -

14 Val 56 14 92

15 Tyr 102 +14 98

16 -— 138 *16 54

17 NHEt >200 -

18 Ac-Cys-Arg-Gly-Asp-Ser-Cys-NH, 32711 100

19¢ Mpr-Arg-Gly-Asp-Cys-NH, 109+ 2.3 100

20 Ac-Cys-Arg-Gly-Asp-Cys-NH, 16.2+ 5.9 551

21 Ac-Cys-Arg-Gly-Asp-Pen-NH, 4.1+ 0.6 100

22 Ac-Acy-Arg-Gly-Asp-Pen-NHEt 9.5+ 2 52f

23 Ac-Cys-Arg(N, N'-Et,guan)-Gly-Asp-Pen-NH, 82 + 5 5f

24 Ac-Cys-Gly-Arg-Gly-Asp-Cys-NH, 52 +18 100

25 Ac-Cys-Gly-Arg-Gly-Asp-Pen-NH, 114+ 2 100

2 Measured by light transmittance in Chronolog aggregometer [Zucker, M., Methods
in Enzymology, 169 (1988) 117].

b PRP = platelet-rich plasma.

¢ Activity measured after incubation in PRP for 3 h at ambient temperature, final peptide
concentration 200 uM.

4 t,,=90 min

¢ Mpr = mercaptopropionyl, Pen = penicillamine.

f Incubation of ICs, concentration peptide, 3 h at 37°C.
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Introduction

A sequential repeat of epidermal growth factor (EGF)-like domains is a
common feature among blood clotting proteins. Factor IX, Factor X, protein
S, and protein Z each have two EGF-like domains, and protein C has four
[1]. To determine the structure and function of these domains, we synthesized
the first (peptide A, residues 45-87) and second (peptide B, residues 84-128)
EGF-like domains, and a peptide containing both domains (peptide C, residues
45-128) (Fig. 1).

Fig. 1. Primary structure of EGF.
Results and Discussion

These syntheses were performed using the Boc-benzyl protecting group
approach in SPPS. The crude and deprotected peptides, after HF cleavage from
the resin, were folded by the mixed disulfide exchange procedure [2]. All peptides
were purified using C;3 RPHPLC. The AAA of all synthesized peptides were
consistent with their expected compositions. The molecular weights of peptides
A and B were confirmed by MS. The CD spectrum of peptide A is consistent
with the presence of B-sheet structure. The NMR spectrum of peptide A also
suggests this, as a number of slowly exchangeable resonances are seen downfield
of 8 ppm, implying a hydrogen bond network, and a number of resonances
suggestive of B-sheet structure between 4.8 and 5.8 ppm [3] are observed.
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CALCIUM BINDING BY PEPTIDE A
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Fig. 2. A plot of shift/[Catt] vs. shift; the slope is equal to minus the calcium binding
constant.

None of the peptides showed an ability to compete effectively with mouse
['1)-EGF for EGF receptors in A431 cells. Similarly, none of the peptides
exhibited significant mitogenicity in normal rat kidney cells clone 49F in culture.
However, calcium binding activity was observed. On addition of calcium ion,
a resonance in the NMR spectrum at 5.4 ppm moves upfield, with a maximum
shift at high calcium concentration of 33 Hz. A plot of shift/[Ca2t] vs. shift
[4] yielded a dissociation constant of 0.4 mM, as compared to the dissociation
constant of 0.08 mM found for the high affinity calcium binding site of native
Factor IX [5] (Fig. 2). Magnesium ion at 23 mM did not induce a significant
shift in any of the resonances. Results presented here confirm that the EGF-
like domain of Factor IX is a high affinity calcium binding site devoid of EGF-
like activity.
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Introduction

The genetic manipulation of E. coli to code for expression of an appropriate
IGF-I fusion protein has been previously described by this laboratory [1]. A
precursor bearing a single tryptophan, immediately adjacent to the natural IGF-
I sequence, was expressed in the form of cytoplasmic inclusion bodies. Physical
isolation of these inclusion bodies through differential centrifugation yielded
a trp Ie’-IGF-I fusion protein of approximately 60% purity. Four previously
described methods of tryptophan cleavage were assessed with this partially pure
fusion-protein (Table 1). Two principal improvements in current methodology
were required to produce IGF-1 with reasonable efficiency. The first being
elimination of cysteic acid formation without an adverse effect on cleavage yield.
The second improvement required a highly efficient and cleavage-compatible
method of methionine regeneration.

Results and Discussion

Treatment of the fusion protein with DMSO/HCI/TFA (1/1/98) formed a
nearly equal mixture of IGF-I and its methionine sulfoxide analog in approx-
imately 40% yield. AAA revealed cysteic acid formation to have occurred at
less than 1% of the initial cysteine/cystine content. Reduction of the sulfoxide
analog of IGF-I, immediately following cleavage, was achieved in 95% yield
through DMS/HCI/TFA (10/1/89) treatment. The IGF-1 was purified as its
S-sulfonate derivative by cation-exchange chromatography.

Through analogous conditions developed for proinsulin formation, natural
IGF-I was obtained from its S-sulfonate in nearly 50% yield. Unlike proinsulin,
a major single impurity was formed in this conversion at one-half the yield
of IGF-1. The impurity and IGF-I were respectively purified to near homogeneity.
Each peptide was treated with S. aureus V8 to generate a series of fragments
that were chromatographically purified and characterized by AAA and MS.
The difference between the impurity and the IGF-I was identified to exist in
the heterodimeric fragment consisting of B5-B10 and A6-Al12. The impurity
was presumed to be a monomeric disulfide isomer of IGF-1.

The heterodimeric disulfide peptides of B5-B10 and A6-A12, where B7 is linked
to A6 or A7, were separately synthesized by unambiguous routes. This entailed
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Table 1| Tryptophan cleavage of IGF-I fusion protein

BNPS- DMSO- DMSO-
Amino acid? Untreated skatole[2] NCS[3] CNBr[4] HCI[5] HBr[5]
Cysteic acid <0.1 0.6 0.7 0.3 0.1 0.8
Homoserine <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
Methionine 2.0 <0.1 <0.1 <0.1 <0.1 <0.1
Meth. sulfoxide <0.1 1.7 1.9 1.6 1.7 1.9
Meth. sulfone <0.1 <0.1 <0.1 <0.1 <0.1 0.1
Tyrosine 3.0 2.8 2.8 2.3 2.9 2.8
Cleavage - 33% 25% 33% 1% 30%

2 AAA was performed following hydrolysis in 4N-methanesulfonic acid. The results are
expressed in amino acid equivalents in the IGF-I fusion protein. The cysteine content
in untreated fusion protein is six.

the differential protection of the respective disulfides with Acm and 4-MeBzl.
In each synthesis, the A-B disulfide was formed by B-chain thiol-mediated
exchange with the A-chain S-sulfonate fragment. The second disulfide was
subsequently generated by iodide-mediated formation under acidic conditions.
The two heterodimeric isomers were chromatographically distinct by RPHPLC
analysis. Comparison of the IGF-I and impurity peptide fragmentation pattern
with the synthetic standards revealed the latter to be an A6-B7, A7-A11 disulfide
isomer of the naturally occurring A7-B7, A6-A11 structure.

Conclusion

The synthetic methodology described within this report provides a highly efficient
alternative to cyanogen bromide cleavage for the biosynthesis of peptides. The
efficient regeneration of methionine, following tryptophan cleavage, facilitates
synthesis and permits additional-fragmentation, if so desired, through the action
of cyanogen bromide. For the first time, the natural disulfide bonding pattern
of IGF-1 has been definitively characterized [6]. In contrast to proinsulin, a
specific isomer was formed in high yield and characterized as the monomeric
A6-B7, A7-A1l disulfide analog of IGF-I.
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Introduction

IGF-I, or Somatomedin C, is a 70-residue serum polypeptide with growth-
promoting and insulin-like hypoglycemic activities [1]. The primary structure
of IGF-I was chemically determined by Rinderknecht and Humbel in 1978 [2],
except for three disulfide linkages that were postulated based on the homology
with insulin. We found several IGF-I derivatives in a refolding (air oxidation)
mixture of IGF-I produced by a recombinant DNA method [3]. Isomers I-
IV were isolated from the mixture by RPHPLC. Isomer III was identified as
[GIul3]-IGF-I, and isomer IV proved to be a disulfide bond isomer of IGF-
I, having Cys6-Cys52, Cys!i8-Cysé! and Cys4’-Cys*. Isomer II was identified as
natural human IGF-I with respect to its retention time on HPLC and its biological
activities, and Isomer I as another disulfide bond isomer of Isomer II around
Cysé, Cys¥7, Cys® and Cys52. However, the exact disulfide bond linkage system
of IGF-I has never been proved by chemical methods. The fact that Isomer
I and IV are 8 and 68% active in [*H]-thymidine uptake stimulation, and 5
and 22.4% active in Radio-receptor Assay, like Isomer II (natural form) [3],
respectively, prompted us to determine the disulfide bond linkage system in
IGF-I to establish further its SAR.

Results and Discussion

Isomer I and II afforded, by Vz-protease digestion, the characteristic peptide
fragments (Type I and Type II) with the disulfide linkage formed from Cyss,
Cys?, Cys*® and Cys52. Two possible fragments, one with Cysé-Cys*’ and Cys*-
Cys32 (Type I) and the other with Cysé-Cys#* and Cys#’-Cys>? (Type II), were
synthesized by SPPS (Fig. 1). All the blocking groups except the Acm group
were removed by HF followed by intramolecular disulfide bond formation with
air or K;Fe(CN),; oxidation to give 48-Acm IGF-I(47-53) and 47-Acm IGF-
1(47-53), respectively. 6-Acm IGF-1(4-9) was prepared in a similar manner to
that shown in Fig. 1. Coupling of 48-Acm IGF-I(47-53) and 6-Acm IGF-1(4-
9) by I,/HCI-MeOH produced a heterodimer peptide, IGF-1(4-9, 47-53) Type
II, along with the respective homodimers (Fig. 2). Isolated IGF-I(4-
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IGF-1(4-9, 47-53) Type 1 IGF-1 (4-9, 47-53) Type |

Fig. 1. Synthetic scheme of two IGF-I disulfide containing peptides, Type I and Type
II. (a) HF/ anisole, (b) air or K; Fe(CN), (¢) I,/HCI-MeOH.

9, 47-53) Type II was identified by HPLC and AAA as the characteristic peptide
obtained by Vg-protease digestion of natural type IGF-1. In a similar manner,
IGF-I(4-9, 47-53) Type I was identified as a peptide obtained from Isomer
I of IGF-1.

Thus, the disulfide bond linkage system of IGF-I was absolutely determined
to be Cyst-Cys*, Cys!8-Cysbél and Cys47-Cys32, and that of the less active Isomer
I to be Cyst-Cys#7, Cys!8-Cysé! and Cys*-Cys52,

- C—r _ — 1=
N AN =

b)
T
_fll_ Acm
~ /

T T Y T
6 18 20 22(min) 10 20 {min)

Fig. 2. RPHPLC of the total crude synthetic products of Type I peptide (a) and Type
II (b). The peptides were loaded on YMC AP-302 200A ODS column (4.6 X 150 mm)
and eluted with 0.01 M TFA v.s. acetonitrile, 0-60% over a period of 0- 30 min.
Flow rate, 1 ml/min. Detection was at 214 nm.
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Introduction

The recognition of yeast sex pheromones by membrane-bound receptors
provides an excellent model system for understanding the mechanism of action
of mammalian peptide hormones. Mating in Saccharomyces cerevisiae involves
the reciprocal action of two peptide pheromones, the a-factor and the a-factor.
The latter pheromone was recently shown to be a lipopeptide with a structure
YIIKGVFWDPAC(S-farnesyl)OCH; [1], and was synthesized using both so-
lution-phase and solid-phase strategies [2].

Many peptide hormones are biosynthesized as preprohormones and processed
by cellular enzymes to the mature biologically active molecule. In contrast to
the a-factor, which is bio-synthesized as a long polypeptide precursor containing
a signal sequence and glycosylation sites, the a-factor appears to be synthesized
by a unique pathway [3]. In order to gain information on the mechanism of
a-factor biosynthesis and excretion, and to learn more about the SAR of this
lipopeptide, we decided to prepare analogs in which the cysteine sulfur atom
and the carboxyl terminal methyl ester were modified.

Results and Discussion

The following a-factor analogs, YIIKGVFWDPAC, YIIKGVFWDPAC(S-
ethyl), YIIKGVFWDPAC(SH)OCH;, and YIIKGVFWDPAC(S-farnesyl) were
synthesized and tested for bioactivity.

The dodecapeptides were synthesized by both solid-phase and solution phase
procedures. For YIIKGVFWDPAC(S-farnesyl), two independent routes .were
used. In one of these, a protected dodecapeptide with the structure Boc-Y(2BrZ)
ITIKQ2CI1Z)GVFW(For)D(Chx)AC(Acm) - was assembled on a PAM resin. All
coupling reactions were carried out using three equivalents of Boc amino acid
activated with an equal amount of DIC and HOBt in DMF/CH,Cl,. Each residue
was routinely double-coupled, and the completion of the coupling reaction was
monitored using ninhydrin. After removal of the Boc group, using TFA/CH,Cl,
in the presence of anisole (5%), the peptide was cleaved from the PAM resin
using HF. The crude peptide [YIIKGVFWDPAC(S-Acm)] was purified to greater
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than 97% homogeneity using RPHPLC. The Acm group was cleaved from this
precursor using Hg(CF;COO),, and the free SH dodecapeptide was liberated
by treatment with H,S to remove the mercury salts. In syntheses where the
cysteine sulfur was protected with a 4-methylbenzyl group, difficulty was
encountered during HF cleavage, and complete removal of this protecting group
could only be achieved at temperatures of 10-25°C.

All attempts to directly farnesylate the sulfur atom of YIIKGVFWDPAC
with farnesyl bromide resulted in a complex reaction product. Consequently,
we protected the a-amine and the Lys side chain using the methylsulfonyl-
ethyloxycarbonyl group [Msc] [4]. The Acm group was then removed from the
di-Msc-protected dodecapeptide, as above, and the Msc-protected intermediate
was farnesylated on the sulfur atom using farnesyl bromide in the presence of
DIEA. The Msc groups were removed by treatment with 0.1 N NaOH for 5
min at room temperature, and the final peptide was isolated using RPHPLC.
The farnesylated dodecapeptide free acid was also made by saponifying the
authentic a-factor which had been synthesized by an independent strategy [2].
Both products were identical as judged by RPHPLC, and had the expected AAA
and FABMS molecular ion. The free SH dodecapeptide methyl ester was prepared
by condensing [Ala-Cys(S-)OCH;], with Fmoc-YIIK(Fmoc)GVFW(For-
)D(Ofm)P using the BOP reagent. The resulting 24-peptide was deprotected,
treated with Zn/acetic acid, and purified using HPLC. All peptides subjected
to biological assay were greater than 97% homogeneous.

The a-factor analogs were bioassayed using a strain that is supersensitive to
the pheromone (S. cerevisiae 757 MATa). Activity is reported as the lowest
amount of pheromone that results in discernable growth arrest on a lawn of
strain 757. The activities of the pheromones were: YIIKGVFWDPAC(S-far-
nesyl)OCH;, 6 pg/disc; YIIKGVFWDPAC(S-farnesyl)COOH, 8 ng/disc; and
YIIKGVFWDPAC(SH)OCH;, 8 ng/disc. All other pheromones exhibited bio-
logical activity at concentrations higher than 100 ng/disc.

These results demonstrate that neither the farnesyl group nor the methyl ester
are absolutely essential for activity of the g-mating factor of S. cerevisiae.
Nevertheless, removal of either of these groups reduces activity as judged by
a growth-arrest assay by a factor of approximately 1000. Substitution of the
farnesyl moiety by an ethyl group also results in a reduction in activity. These
findings indicate that a large hydrophobic group at the carboxyl end of the
a-factor makes an important contribution to pheromone activity.
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Introduction

The sulfate ester of CCK-8, borne by the tyrosine residue, is a critical
determinant for its biological activity. Recently, we have described a peptide,
Ac-[L-Phe(CH,SO;Na)?7, Nle28, Nle3!'JCCK?7-33 in which the OSO;H of the sulfate
tyrosine has been replaced by the non-hydrolyzable CH,SO3;H group [1]. This
was the first described analog of CCK-8 modified on the sulfate ester which
recognizes both central and peripheral receptors that retain all the agonist
properties of CCK-8 [2]. In order to study whether or not this modified amino
acid is suitable for SPPS, Boc-(1,p)-Phe(CH,SO;Na)-OH was prepared, and its
chemical stability was verified using conventional conditions associated with
the Boc/Bzl strategy. We report here the use of this synthetic amino acid derivative
for SPPS of CCK-8 analogs.

Results and Discussion

Asp-(L,p0)-Phe(CH,SO;H)-Met-Gly-Trp-Met-Asp-Phe-NH, was synthesized on
MBHAR using N%-Boc protection for all amino acids and BOP as coupling
reagent [3]. Side-chain protecting groups were: Asp(OcHex), Phe(CH,SO;Na),
Met(O), Trp(CHO). The peptide was cleaved from the resin following the low-
high HF procedure and purified by semi-preparative HPLC. Finally, diaste-
reoisomers L (1) and p (2) were easily separated using semipreparative HPLC
and characterized by UV and NMR spectroscopy [4]. The absolute configuration
of Phe(CH,SO;H)?" residue in compounds 1 and 2 has been unambiguously
confirmed by preparation of Boc-L-Phe(CH,SOs;Na)-OH, which afforded com-
pound 1 by SPPS.

Table 1 Biological activities of CCK-8 analogs 1 and 2

Compound Binding K; (M) Amylase release
Brain Pancreas ECso (M)
CCK-8 (CCK?26-33) 0.28+0.01 X109 0.64£0.05x10-% 2.80+0.11x 10-11

1 [L-Phe(CH,SO;H)?"JCCK26-33 1.00£0.28 X 10 1.04+0.06 X 10-% 3.98 £0.28 x 10-!!
2 [p-Phe(CH,SO;H)?"JCCK26-33 2.91+0.31x10-% 1.74£0.03x10-8 1.58+0.19x 10-10
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These CCK-8 analogs, which have the same biological properties as the parent
compound (Table 1) but with an enhanced chemical stability, could be of great
interest to biochemical and, more particularly, to pharmacological studies. Thus,
the ‘stabilized-CCK-8’ (1), easily prepared by SPPS (yield of pure com-
pound = 16%), could replace CCK-8.

Results are the mean =SEM of three separate experiments, each value in
triplicate.
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Introduction

It is well known that mammalian pancreatic and brain CCK receptors differ
in structure and ligand specificity [1]. Pancreatic CCK-receptor (CCK-A) is
selective for sulfated forms of CCK [2], but sulfated and unsulfated CCK-8
(and shorter C-terminal fragments, down to CCK-4) interact about equally with
the brain receptor (CCK-B) [3]. Thus, it is of interest to design CCK analogs
as specific ligands for each class of receptors, in order to assess the structural
requirements for receptor selectivity, and further study the physiological role
of CCK. Introduction of conformational constraints, i.e., by peptide cyclization,
is a way to achieve receptor selectivity that was successfully carried out in the
enkephalins series [4]. Previously described conformational studies of CCK [5]
have shown that the backbone of CCK is highly folded, and that the side chains
of the methionine residues 28 and 31 are pointing outwards. We thus investigated
the synthesis of cyclic CCK analogs in which residues 28 and 31 have been
replaced by lysines, whose side chains are linked by a succinyl bridge.

Ac-Tyr (SO3H) -Lys-Gly-Trp-Lys-Asp-Phe-NH, JMV310
CO-(CH3) »-CO
Ac-Tyr-Lys-Gly-Trp-Lys-Asp~Phe-NH, JMV320
CO- (CHj) ,-C
H-Lys-Gly-Trp-Lys—-Asp-Phe-NH, JMV328
CO-(CHy) ,-CO
Ac-Lys-Gly-Trp-Lys-Asp-Phe-NH, JMV332
CO-(CHy) »,-CO
Fig. 1. Structures of CCK analogs.

Results and Discussion

The cyclic CCK analogs obtained in this work are listed in Fig. 1. The synthesis
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was carried out in solution by fragment condensation (bridging of the lysine
side chains) and cyclization at the Gly-Trp bond by the BOP reagent. A detailed
synthetic procedure will be published elsewhere. All final compounds were
extensively characterized by 'H NMR and FABMS.

Table 1  Apparent affinities of cyclic CCK analogs

Binding sf?
Rat pancreatic Guinea pig brain
acini ICsy (nM) membranes [Csq
(nM)

Boc-[N1e28.31]-CCK-7 232 + 048 0.29 + 0.05 8.54 £ 3.13
Boc-Trp-Leu-Asp-Phe-NH, 4000 + 851 222 £ 0.29 1884 + 629
JMV310 13000 + 2345 1.32 +£ 0.14 10151 £ 2854
JIJMV320 21750 + 2688 2.03 £ 0.26 11065 £ 2741
IMV328 28250 * 3614 120 =+ 0.82 2386 £+ 463
IMV332 16750 + 4534 50 £+ 0.71 3550 £ 1411

2sf: ICsq (rat pancreatic acini)/1Csq (guinea pig brain membranes).

Compounds JMV310, JMV320, JMV328 and JMV332 were tested for their
ability to inhibit binding of [125]]-BH-CCK-8 to rat pancreatic acini and to guinea
pig brain membranes (Table 1), and were compared to the potent CCK analog
Boc-[Nl1e2831]-CCK-7 and to the CCK-4 analog Boc-Trp-Leu-Asp-Phe-NH,. The
cyclic CCK derivatives were weakly potent in inhibiting binding of labeled CCK-
8 to rat pancreatic acini, showing apparent affinities in the 10 uM range. Thus,
they are less potent than Boc-Trp-Leu-Asp-Phe-NH, and Boc-[Nle?8:311-CCK-
7, respectively, by one and four orders of magnitude. However, all cyclic CCK
analogs were very potent in inhibiting binding of [!2]]-BH-CCK-8 to guinea
pig brain membranes (ICsy =~ 1-10 nM). Compounds JMV310 and JMV 320 (ICs,
1.32 and 2.03 nM) were the most potent, comparable to the CCK-4 analog
(ICsp 2.22 nM). These results clearly show that sulfation of the tyrosine residue
of the cyclic analog does not dramatically affect the binding to either the central
or peripheral CCK receptors. However, removal of the tyrosine residue, leading
to compounds JMV328 and JMV332, mainly affects the apparent affinity for
central receptors (ICs, 12 and 5 nM, respectively). The selectivity factor, ratio
of apparent affinity for pancreatic receptors over apparent affinity for central
receptors, of compounds JMV328 and JMV332 is about that of Boc-Trp-Len-
Asp-Phe-NH, (approximately 2000), whereas, it is equal to about 10 000 for
compounds JMV310 and JMV320. Thus, derivatives JMV310 and JMV320
appear to be the most selective CCK analogs for central receptors described
to date, and are the first example of CCK analogs modified at the C-terminal
tetrapeptide end of the hormone that are able to retain significant affinity for
central CCK receptors. They might be an interesting tool for studying the
physiological role of the CCK central receptor (CCK-B). Therefore, extensive
pharmacological and conformational studies are now in progress in our labo-
ratory.
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Introduction

The a-mating factor of Saccharomyces cerevisiae is a linear tridecapeptide
with the sequence of Trp-His-Trp-Leu-Gln-Leu-Lys-Pro-Gly-Gln-Pro-Met-Tyr
[1]. Numerous investigations have been carried out on the relationships between
the primary structure, the conformation, and the biological activity of the a-
factor. In particular, proton NMR studies in solution {2] and in the presence
of lipid [3], in combination with the biological activities of analogs that can
and cannot form B-turns [4] have provided the evidence that the biologically
active conformation of the mating factor contained a Type II 8-turn spanning
residues 7 and 10. In order to get further insight into the mode of interaction
of this yeast-mating pheromone with the receptor, we undertook the synthesis
of a cyclic analog of a-factor, cyclo’-19[Nle!?]-a-factor, in which the critical region
was constrained by a covalent link between the e-amine of Lys’ and the ~y-
carboxyl of the Glul0.

Results and Discussion

The synthesis of the cyclic analog of a-factor used the SPPS on a PAM resin
following a strategy recently developed by Felix et al. [5]. Boc group was used
for the Ne-protection of all residues. The side-chain protection groups were
Trp(For), His(Tos), Lys(Fmoc) and Glu(OFm). Deprotection of the Boc group
was accomplished with 45% TFA/2% dimethyl sulfide in CH,Cl,, except for
GIn where 4 N HCl in dioxane was employed. Neutralization was carried out with
a low concentration (5%) of diisopropylethylamine in CH,Cl,. After assembly of
BocTrp(For)-His(Tos)-Trp(For)-Leu-Gln-Leu-Lys(Fmoc)-Pro-Gly-Glu(OFm)
Pro-Nle-Tyr(2-BrZ)-PAM-resin, the Fmoc and OFm groups were deprotected
with 20% piperidine in DMF, and cyclization was effected on the resin by using
BOP reagent as coupling agent. The cyclized peptide was cleaved from the resin
with high HF using anisole as scavenger at 0-2°C for 1.5 h. It was found by
analytical HPLC that the crude product contained two major peaks at 12.1
and 17.1 min (Fig. 1A). The latter peak completely disappeared after treatment
of the crude product with HOBt in water and acetonitrile for 2 h. The cleaved
peptide was incubated with 1 N piperidine in DMF and water to remove the
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Fig. 1. HPLC of the synthetic cyclic peptide. (a) The crude product from HF cleavage;
(b) The purified peptide.

formyl group. However, no change in retention time was observed, indicating
that the formy! group had been completely removed during the treatment of
the resin with piperidine in DMF prior to cyclization.

The crude cyclic peptide was purified by preparative RPHPLC. The total
yield of the purified peptide (>99% homogeneous, Fig. 1B) was 30%, on the
basis of the initial amino-acid content on the resin. In comparison with our
previous results on the synthesis of a-factor analogs by SPPS [6], significant
improvements were achieved in both the homogeneity of the crude product and
the total yield of the purified peptide. These improvements are attributed to
the utilization of HCI in dioxane for the deprotection of the Boc group on
Gln, and longer duration and slightly higher temperature in the HF cleavage.
The homogeneity of the peptide was confirmed by TLC on silica gel thin layers
using two systems, and the structure was verified using AAA, FABMS, peptide
sequencing and 400 MHz NMR.

The biological activity of the synthetic peptide was investigated in the growth
arrest assay. In comparison with the linear [Nle!?]-a-factor, the cyclic analog
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was 1/4 as active using a wild-type tester, 1/5 as active with S.cerevisiae 631,
and 1/20 as active against S.cerevisiae 629 and S.cerevisiae 4202-15-3. These
results show that this constrained peptide retains high biological activity and
provides further evidence that the biologically active conformation of the a-
mating pheromone might possess a bend involving Lys’-Pro3-Gly%-Gln!0 residues.
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Introduction

Since the discovery of aspartame [1] many studies have been done to establish
the molecular requirements for sweet taste. It would be most reasonable, as
reported by many workers, that the sweet taste of aspartame is elicited by the
trifunctional unit AH-B-X, were AH is an acidic proton, B is an electronegative
atom or center, and X is a hydrophobic group, as indicated in Fig. 1.

B

HOOC o AH

1 e

HN OMe

0 (CH

AH 0O x K (P
R™ “R” N COOH
X H B
1 2

Fig. 1. Aspartame (1) and a model of anti-aspartame-type sweetener (2).

Recently, during the study of salty peptides, we found that the basic dipeptides,
Gly-Lys and y-Abu-Lys, produced a sweet taste at about the same level as
sucrose [2]. In comparing the structure of these basic dipeptides to that of
aspartame, it was predicted that the e-NH, group and the a-COOH group in
C-terminal Lys and N-terminal amino acid residue corresponded to AH, B and
X in aspartame, respectively (Fig. 1). We named these kinds of dipeptides ‘anti-
aspartame-type sweeteners’, and synthesized a series of such dipeptides to
investigate their utility.

Results and Discussion

Results of sensory analyses are shown in Table 1. In the case of Bz-Gly-
Lys-OH and its derivatives (3-5), the sweet potencies were increased, but the
quality was not good enough because of other co-existing tastes. The Lys
derivative, however, was superior in both taste qualities and potencies to Orn
and Dab dertvatives. Thereafter, the basic amino acid was chosen to be Lys.

Next, the main peptide chain (R") was elongated (6 and 7). Both compounds
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Table 1  Results of sensory analyses of anti-aspartame-type sweeteners

Compounds T.V.(mM) Taste

3 Bz-Gly-Lys-OH 0.67 sweet > sour
4 Bz-Gly-Orn-OH 1.97 sweet > sour
5 Bz-Gly-Dab-OH 0.88 sweet > bitter
6 Bz-8-Ala-Lys-OH 0.24 sweet

7 Bz-y-Abu-Lys-OH 0.20 sweet

8 Ph-ac-Gly-Lys-OH 0.10 sweet

9 Ph-pr-Gly-Lys-OH 0.34 sweet

10 Ph-ac-B-Ala-Lys-OH 0.53 sweet > bitter
11 Ph-pr-g-Ala-Lys-OH 0.66 sweet > bitter
12 Ac-Phe-Lys-OH 0.22 " sweet > sour
13 Ac-p-Phe-Lys-OH 0.32 sweet > sour > bitter

Ph-ac- = phenylacetyl; Ph-pr- = phenylpropionyl; T.V.=threshold value.

had a sweet taste without bitterness, and the potency was about 20 times stronger
than that of sucrose. Further, the length of the acyl group (R) was elongated,
and phenylacetyl-Gly-Lys-OH (8) was found to have a sweet taste about 50
times stronger than that of sucrose. Compounds 10 and 11, whose peptide chains
were further elongated,had a bitter taste in addition to their sweet taste.

It is believed that aspartame produces the strong sweet taste because it has
a branched structure at the Phe moiety so that the flexibility of its X functional
group (phenyl group) is limited. Therefore, we introduced the branched structure
into our anti-aspartame-type sweeteners. Among them, Ac-Phe-Lys-OH (12) was
found to be useful with a strong sweet taste and high taste quality.

We developed the new type of sweeteners according to the AH-B-X theory
and successfully designed the anti-aspartame-type sweeteners. All the synthetic
compounds reported in this paper do not contain a methyl ester. This is one
of the more remarkable features and is thought to be a great advantage with
regard to stability in solution and nutritional problems, in comparison with
aspartame.
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Introduction

Neuromedin U-8 (NMU-8: Tyr-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH;) is a novel
neuropeptide isolated from porcine spinal cord [1]. The octa- or hepta-peptide
amide structure of NMU-8 is conserved in neuromedin U-25[1] or rat neuromedin
U [2] at their C-terminals. The peptides have potent uterus contractile activity,
and effects on blood pressure and flow [3,4]. There is little information on the
structure requirement for the activities of NMU-8. SAR of NMU-8 and the
development of an antagonist against NMU-8 are described.

Methods

Peptide synthesis: NMU-8 and 18 related peptides (Table 1) were synthesized
by automatic SPPS using BHAR and were purified by RPHPLC.

Bioassay: Biological properties of the NMU-8 related peptides were examined
on isolated guinea pig trachea and chick crop. The method used for experiments
were essentially the same as those previously described [5].

Results and Discussion

On guinea pig trachea preparation, 2, 3, 5, 7, 10 and 12 possessed no intrinsic
activity, while the activity partially remained in 1, 4, 6, 8 and 9. None of these
analogs showed any antagonistic activity except [D-Phe?]-NMU-8(12), which
exerted some antagonistic effect (x =5.12) against NMU-8.

On isolated chick crop, the replacement of Phe2, Leu3, Phe4, Args, Pro$, Arg’?
or Asn8 with Gly, and the truncation of the N-terminal, two residues of NMU-
8 brought about a drastic decrease of the contractile activity (Table 1). The
substitution of the corresponding p-moiety for Phe?, Phe4, Arg5, ProS or Asn?
caused a marked decrease of the agonistic activities, while the replacement of
Tyr! with p-form enhanced the activity. Interestingly, 16 was found to act as
an antagonist against NMU-8 when 12,14, 15 and 18 did not show any antagonistic
activity against NMU-8.

The systematic study of the SAR of NMU-8 revealed that (a) the active site

*To whom correspondence should be addressed.
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Table 1 Agonistic and antagonistic activities of NMU-8 analogs on isolated chick crop

Analog No. Peptide RA2* xb
NMU-8 1
1 [Gly']-NMU-8 0.40+0.10 NT:
2 [Gly?]-NMU-8 <0.01 NT
3 [Gly3]-NMU-8 0.08 +0.02 NT
4 [Gly4]-NMU-8 <0.01 NT
5 [Gly5]-NMU-8 <0.01 NT
6 [Gly§]-NMU-8 <0.01 NT
7 [Gly?]-NMU-8 NT NT
8 [Gly8}-NMU-8 <0.05 NT
9 NMU-8 (2-8) 0.534+0.14 NT
10 NMU-8 (3-8) <0.01 NT
11 [D-Tyr!]-NMU-8 2.4740.17 NT
12 [D-Phe?]-NMU-8 <0.09 -
13 [D-Leu’]-NMU-8 0.331+0.02 NT
14 [D-Phet]-NMU-8 <0.08 -
15 [D-Arg’]-NMU-8 <0.11 -
16 [o-Pro¢}-NMU-8 - 5.224+0.12
17 [D-Arg7}-NMU-8 0.75+£0.18 NT
18 [D-Asn8]-NMU-8 <0.12 -

2 Relative affinity: antilog of [pD; of an analog minus pD, of NMU-8] (mean =+ SE).

b Empirical x-intercept of the line of Scild plot as determined by the linear regression
analysis (mean = SE).

¢ Not tested.

* Numbers of determinations were 6-8.

of NMU-8 may exist between positions 2 and 8; (b) the side chain of each
amino acid at positions 2, 3, 5 and 7 seems to be of relative importance for
the expression of contractile acitivity; and, (c) the replacement of Phe? or Pro¢
with p-form could change the pharmacologic spectrum of NMU-8 from that
of an agonist to that of an antagonist. These results indicate important clues
in the further development of potent and specific antagonists against NMUs.

References

1. Minamino, N., Kangawa, K. and Matsuo, H., Biochem. Biophys. Res. Commun.,
130(1985) 1078. ‘

2. Minamino, N., Kangawa, K., Honzawa, M. and Matsuo, H., Biochem. Biophys.
Res. Commun., 156 (1988) 355.

3.  Conlon, J.M., Domin, J., Thim, L., DiMarzo, V., Morris, H.R. and Bloom, S.R.,
J. Neurochem., 51 (1988)988.

4. Sumi, S., Inoue, K., Kogire, M., Doi, R., Takaori, K., Suzuki, T., Yajima, H. and
Tobe, T., Life Sci, 41 (1987) 1585.

5. Hashimoto, T., Uchida, Y., Naminohira, S. and Sakai, T., Jpn. J. Pharmcol.,
45(1987) 570.

117



Structure-activity relationship in cytoprotective peptides

Giancarlo Zanotti?, Filomena Rossi?, Benedetto Di Blasio®, Carlo Pedoneb,
Ettore Benedettib, Kornelia Ziegler® and Teodorico Tancredid

2Centro di Studio per la Chimica del Farmaco del CNR, Dipartimento di Studi
Farmaceutici, Universiti ‘La Sapienza’, I-00185 Rome, Italy
bDipartimento di Chimica, Via Mezzocannone, 4, I-80134 Napoli, Italy
Institut fiir Pharmakologie und Toxikologie, Frankfurter Strasse, D-6300 Giessen, F.R.G.
4dICMIB del CNR, Arco Felice, Naples, Italy

Introduction

Cyclolinopeptide A [CLA (I), Table 1], a homodetic cyclic nonapeptide from
linseed, defends liver cells against several poisonous substances, such as phalloidin,
ethanol, cysteamine and DMSO. This strong cytoprotective activity, shared with
antamanide and somatostatin, relies on the high affinity of these peptides for
the same liver membrane proteins responsible for the uptake of toxic compounds
and bile salts [1]. Recently the conformational analysis of CLA, both in the
solid state and in solution, has been performed in our laboratories [2]. In
particular, a singular conformational state in solution, consistent with the solid
structure, has been detected in CDCl; at 214 K. This result prompted us to
develop a research program aiming to investigate the SAR of CLA and related
cytoprotective peptides in more detail. To this purpose, a few CLA analogs
have been synthesized and their conformational and biological properties
investigated.

Table 1 Chemical structure and cytoprotective activity of CLA, its analogs Ia-Ie and
of the cystin peptide II.

No. Position no. CD;y uM
1 2 3 4 5 6 7 8 9

I(CLA) rPro —Pro—Phe—Phe—Leu —Ile —Ile —Leu —Val 1 0.84
Ia Ala 1.2
Ib Ala 1.3
Ic Ala 6.2
Id Ala 3.2
Ie Aib—Aib D-Ala -

II Boc —Cys—Val—Pro—Pro—Phe—Phe—Cys—Ome 1.8

Results and Discussion

Figure 1 shows the structure and biological activity of CLA and its analogs.
CDs values stand for peptide concentration required to inhibit the cholate uptake
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by 50%. In analogs Ia-Id each member of the postulated active sequence of
CLA, -Pro!-Pro2-Phe?-Phe* has been replaced by an r-Ala residue. The CDs,
values found for these compounds reveal that all of them retain biological activity.
However, the higher CDs, value found for analog Ic indicates that the Phe?
residue plays the most important role. The introduction in analog Ie of constraints,
such as Aib and p-Ala residues, is likely to induce an ordered secondary structure
diminishing the mobility of the 9-membered ring. This fact is indicated by a
2D NMR study of Ie (CLAIB) in CDCI; solution. At room temperature, the
CLAIB structure is fairly rigid, resembling that of CLA in the same solvent
at 214 K (Fig. 1). Besides, CLA and CLAIB are characterized by almost identical
conformational features in the solid state. The biological test for this analog
is in progress.

214 K

L CLA

CLAIB

Fig. 1. Comparison of 500 MHz 'H NMR spectra of CLA and CLAIB in CDCl,.

Cystin peptide II has been prepared in order to obtain information on the
role of the composition and size of the ring in determining the conformation
and the biological effect of the active part of the molecule. II retains half of
the cytoprotective effect of CLA, thus demonstrating that its 5-8 sequence is
not crucial for activity.
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Introduction

The cecropins and melittin are short polypeptides produced by the silk moth,
Hyalophora cecropia, and the honey bee, Apis mellifera [1,2]. Cecropins A, B,
and D represent the principal components of the humoral immune system of
H. cecropia. Melittin is the major protein and toxic component of bee venom.
These peptides are 26 (melittin) to 37 (cecropin A) amino acids in length, and
each contains a strongly basic region and long stretches of hydrophobic amino
acid residues. However, the N-termini of cecropins are basic, whereas in melittin,
the C-terminus is basic (Fig. 1). Both the cecropins and melittin will lyse bacteria,
but the antibacterial spectrum of melittin is narrower and only melittin will
lyse eucaryotic cells.

+ + + - + +
K-W-K-L~F-K~K-I~E-K-V-G-Q-N-I-R-D-G-I-I-K-A-G-P-A-V~A-V-V-G-Q-A-T-Q~I-A-K-NH,
+

++ + +
G-1-G-A-V-L—K-V-L-T-T-G-L-P-A-L-1-S-U-I-K-R-K-R-Q-Q-NH,
Fig. 1. Amino acid sequences of cecropin A (top) and melittin (bottom).

We are attempting to determine which elements of structure are responsible
for the antibiotic and lytic properties of these molecules by constructing analogs
and hybrids of cecropins and melittin and examining their effects on procaryotic
and eucaryotic cells.

Results and Discussion

Peptides were synthesized by established procedures for SPPS [3], using MBHA
resin as the solid support. They were deprotected and cleaved from the resin
by the low/high HF method, and purified by gel filtration and RPHPLC.
Compositions, purities, and molecular weights were assessed by AAA, analytical
HPLC, and MS. Antibacterial activities were determined by inhibition zone
assays. Table 1 lists the results obtained with selected peptides.

A small change in cecropin A, deletion of the helix disrupting sequence Gly-Pro,
had the effect of enhancing the antibacterial activity 100-fold against Bacillus
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Table 1 Lethal concentrations (uM) for cecropin A (CA) and melittin (M) analogs and
hybrids®

Compound E. coli B. subtilisb S. aureus S. cerevisiae SRC¢
CA(1-37) 0.2 200 > 200 62 >200
M(1-26) 0.8 0.3 0.2 13 4-8
Ca(1-22) (25-37) 0.4 2 > 300 — >300
M(16-26) (1-13) 0.7 1 10 25 > 200
CA(1-13)M(1-13) 0.5 0.9 2 20 >200

2 Lethal concentrations were calculated from inhibition zones on thin agarose plates seeded
with the cells listed above [1].

b B. subtilis with Medium E.

¢ SRC =sheep red cells.

subtilis. Larger changes, such as transposing the N- and C-terminal regions of
melittin [M(16-26) (1-13)] or combining the N-termini of cecropin A and melittin
[CA(1-13)M(1-13)], greatly reduced red cell lysis with respect to melittin, and
enhanced antibacterial activity towards Bacillus subtilis and Staphylococcus aureus
with respect to cecropin A. These results demonstrate that the general approach
of synthesis and study of analogs and hybrids of these peptides can lead to
an understanding of the structural features that are important for their biological
activities, and may lead to improved antibiotics.

Acknowledgements

D.W. gratefully acknowledges Applied Biosystems Inc. for a travel award.
This work was supported by USPHS Grant DK-01260.

References
1. Boman, H.G. and Hultmark, D., Annu. Rev. Microbiol., 41 (1987) 103.
2. Habermann, E., Science, 177(1972) 314.

3: Christensen, B., Fink, J., Merrifield, R.B. and Mauzerall, D., Proc. Natl. Acad.
Sci. U.S.A., 85(1988) 5072.

121



Magainin analogs: A study of activity as a function of
a-helix modification

Hao-Chia Chen?, Judith H. Brown?, John L. Morell® and Charng-Ming Huang?

%Endocrinology and Reproduction Research Branch, NICHD, Bethesda, MD 20892, U.S.A.
bClinical Pathology Department, Clinical Center, NIH, Building 6, Room 24-13,
Bethesda, MD 20892, U.S.A.

Introduction

Magainins (PGS peptides) consist of two analogous peptide sequences of 23
residues [magainin 1: GIGKFLHSAG(K)KFGKAFVGEIMK(N)S, magainin 2
differs as shown in parentheses] which are the first series of antibiotics reported
to be produced by a vertebrate [1-3]. They were isolated from the African clawed
frog, and exhibited a wide spectrum of antimicrobial activity and osmotic lysis
of protozoa [3]. Substitution of Ala for Gly!? and Gly!8 resulted in an increase
of up to two orders of magnitude in antimicrobial activity, and a greater propensity
for amphiphilic a-helical formation in a buffer-TFE mixture [4]. However, change
to p-Ala at positions 9, 13 and 18 yielded a peptide with no detectable hemolytic
or antimicrobial activity. We report here the synthesis of analogs with all
remaining permutations of D- and L-Ala at these positions in order to elucidate
the importance of the location of the helix in affecting biological activity.

Methods

Eight magainin 2-amide analogs, designated as F(Ala!3.18), H(p-Ala%13.18), J(D-
Alal3.18) K(Alal3,p-Ala%18), L(Alal3,p-Alal8), M(Alal!8,p-Ala%!3), N(Ala!8,p-
Alal3), P(Ala!3.!18 p-Ala% were synthesized by the SPPS method and purified
by preparative RPHPLC on a Vydac C4, 300 A, 15-20 p column [4,5]. CD
measurements, bacterial and hemolysis assays were similar to those described
[4], except that total bacteria growth inhibition for 24 h was the criterion for
the determination of the minimal inhibition concentration (MIC).

Results and Discussion

From observations that alternating p,L sequences, such as gramicidin A, exhibit
left handed B-helices [6], while all-D sequences, such as RNase S-peptide, form
left handed a-helices [7], we infer a strong right handed a-helix breaking tendency
for a p-Ala residue in a predominantly L peptide. As shown in Table 1, substitution
of D-Ala reduces biological activities, retention time in RPHPLC and a-helical
conformation in a buffer-TFE mixture. It could be expected that helix potential
in the N-terminal half of the molecule is of principal importance, since the positive

122



Structural biology

Table | Structure and activity relationship of magainin analogs

E. coli % Hemolysis  Retention % a-Helix
Peptide? MIC2hb, ug/ml at 100 ug/ml  time (min) 80% TFE
F 10 6.8 394 60
L (p-Alal8) 50 1.2 31.9 60
N (p-Alal3) 50 0.75 24.5 45
P (p-Alaf%) 125 0.2 29.7 42
J (D-Alal3.18) 50 0.2 18.2 47
K (D-Ala%!8) 250 0.08 17.1 42
M (p-Ala%13) 250 0.1 18.3 32
H (p-Ala®13.18) >250 0.06 15.7 35

2p-Ala substitution as indicated.

charges which can interact with membrane phospholipids cluster there. This
expectation is supported by the trend seen in Table 2. Clearly, modification
at position 13 or 18 is less important than at 9 in affecting antimicrobial activity,
and the cumulative effect of a modification at 9 and 13 (M) is more deleterious
than at 13 and 18 (J). Thus, molecules with the same apparent helix content
can have considerably different activity, as in the cases of N, P, J and K, because
of the particular location of the helix in the molecule.

Table 2 Comparison of antimicrobial activity (MIC) reduction resulting from D-Ala
substitution

Position 18 F(L):L(D) N(L): J(D) P(L): K(D) M(L):H(D)
10 50 50 50 125 250 250 >250
Position 13 F(L):N(D) L(L): J(D) P(L):M(D) K(L):H(D)
10 50 50 50 125 250 250 >250
Position 9 F(L): P(D) L(L): K(D) N(L): M(D) J(L): H(D)
10 125 50 250 50 250 50 >250
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Introduction

The observation that the female African-clawed frog, Xenopus laevis, rarely
experiences infection following surgical removal of its ovaries led to the discovery
of a previously unrecognized antimicrobial host-defense system present in this
animal [1]. This observation culminated with the discovery of two compounds
- magainin 1 and 2 - having significant antimicrobial activity against a number
of bacteria species. Analysis of these compounds revealed that each was a peptide
having 23 amino acid residues. We have demonstrated that specific single amino
acid omissions in magainin 1 or 2 result in analogs having a wide range of
increased or decreased antimicrobial activity, depending on the position omitted,
and generally correlating with the concept of amphipathicity as a necessary
condition for antimicrobial activity [2]. We report here the effects on antimicrobial
potency and hemolytic activity of alanine substitution analogs of magainin 2.

Results and Discussion

A complete series of single substitution analogs of magainin 2, in which each
amino acid was individually replaced with alanine, was prepared and tested
against P. aeruginosa, E. coli and S. epidermis. Since we have demonstrated
[2] that the C-terminal amide forms of magainin 1 and 2 are more potent than
the C-terminal carboxyl forms as antimicrobial agents, the peptide analogs were
prepared as C-terminal amides using simultaneous multiple peptide synthesis
(SMPS, [3]).

In this series, alanine an a-helix promoting amino acid (4], was walked through
the sequence of magainin 2 to generate a complete set of C-terminal amide
substitution analogs. Relative to magainin 2, the analogs [Ala3]-MAG-2-NH,,
[Ala’}-MAG-2-NH,, [Ala8]-MAG-2-NH,, [Ala!3}-MAG-2-NH,, [Ala!8]-MAG-2-
NH,, [Alal]-MAG-2-NH, and [Ala?}]-MAG-2-NH, showed equal or higher
antimicrobial activity against all the bacteria tested. These results provide support
for the nonessential nature of the side chains or lack thereof of Gly3, His?,
Sert, Gly"3, Gly!8, Glu!® and Ser?? on the antimicrobial activity of magainin
2. Recently, Hao-Chia Chen et al. [5] described studies of magainin 1 and 2,
in which the simultaneous replacement of Ser?, Gly!3, and Gly'® with alanine
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Table 1  Antimicrobial activity and cytotoxicity of magainin 2 alanine replacements®

Peptide® Minimum inhibition concentration( ug/mt) %Hemolysis®
E. coli P, aeruginosa  S. epidermis

MAG-2-NH, 25.0 25.0 50.0 1.0
[Ala?3)}-MAG-2-NH, 12.5 12.5 50.0 1.0
[Ala?22]-MAG-2-NH, 25.0 25.0 100.0 1.0
[Ala?l]-MAG-2-NH, 25.0 25.0 100.0 1.0
[Ala2}-MAG-2-NH, 100.0 50.0 >100.0 0.1
[Alal9]l-MAG-2-NH, 12.5 6.25 12.5 1.3
[Ala3]-MAG-2-NH, 25.0 12.5 50.0 1.0
[Ala!"]-MAG-2-NH, 50.0 50.0 >100.0 ND
[Ala!6}-MAG-2-NH, 100.0 50.0 >100.0 0.1
[Alal5}-MAG-2-NH, >100.0 50.0 >100.0 0.1
[Ala13]l-MAG-2-NH, 12.5 12.5 25.0 1.5
[Ala!2]-MAG-2-NH, 12.5 50.0 100.0 ND
[Alal'}-MAG-2-NH, 100.0 100.0 >100.0 0.1
[Alal0]-MAG-2-NH, 100.0 50.0 >100.0 1.0
[Ala3]-MAG-2-NH, 12.5 25.0 12.5 5.0
[Ala’]-MAG-2-NH, 25.0 25.0 50.0 1.0
[Alas]-MAG-2-NH, 50.0 50.0 100.0 1.0
[Ala5]-MAG-2-NH, 50.0 50.0 100.0 1.0
[Ala?*)-MAG-2-NH, >100.0 100.0 >100.0 4.0
[Ala3]-MAG-2-NH, 25.0 25.0 25.0 5.0
[Ala2]-MAG-2-NH, 50.0 50.0 50.0 0.1
[Alal]-MAG-2-NH, >100.0 100.0 50.0 0.1

2 Approximately 105 bacteria were suspended in 225 ul of half strength of trypticase
soy broth medium onto tissue culture plates containing a 1 : 2 serial dilution of peptides.
b Magainin 2 amide: GIGKFLHSAKKFGKAFVGEIMNS-NH,.
¢ At 100 pg/ml.
ND =not determinated.

not only increased antimicrobial activity but also hemolysis. We have found
that the single replacement of Gly? with alanine yielded an analog with equal
activity against gram-negative bacteria and increased antimicrobial activity
against gram-positive bacteria. Replacement of Ser? with alanine increased the
antimicrobial activity of magainin 2 against E. coli and S. epidermis, whereas
the activity against P. aeruginosa remained unchanged. These two analogs, [Ala%]-
MAG-2-NH, and [Ala?]-MAG-2-NH,, while yielding improved antimicrobial
activity relative to the parent peptide, also caused substantially increased
hemolytic activity (Table 1).

Conclusion

The most striking finding in this study is the five-fold increase in potency
upon replacement of Glu!® with Ala. The hemolytic potency of this analog,
relative to that of the parent peptide, was found to be similar at 100 pg/ml
(Table 1). Thus, substitution of alanine analogs of magainin 2 can lead to greater
antimicrobial activity than that of the starting peptide, while maintaining
the level of cytotoxicity equal to that of the starting peptide.

125



J.H. Cuervo, B. Rodriguez and R.A. Houghten
References

Zasloff, M., Proc. Natl. Acad. Sci. U.S.A., 84(1987) 5449.

Cuervo, J.H., Rodriguez, B. and Houghten, R.A., Pept. Res., 1 (1988) 81.
Houghten, R.A., Proc. Natl. Acad. Sci. U.S.A., 82(1985)5131.

Chou, P.Y. and Fasman, G.D., Biochemistry, 13(1974)222.

Chen, H-C., Brown, J.H., Morrell, J.L. and Huang, C.M., FEBS Lett., 236 (1988) 462.

VDA W

126



Effect of histidine modification in TRH on binding to rat
pituitary and brain receptors

Virender M. Labroo?, Stefan Vonhof?, Giora Z. Feuerstein® and Louis A. Cohen®

“Building 84, Room B1A09, NIH, Bethesda, MD 20892, U.S.A.
®Department of Neurology, USUHS, 4301 Jones Bridge Road, Bethesda, MD 20814, U.S. A.

Introduction

TRH (Glp-His-Pro-NH,) is well known to exert a wide variety of effects on
both the central nervous (CNS) and cardiovascular systems (CVS), in addition
to governing the release of thyrotropin and prolactin. We have shown that His
modifications result in differential effects on binding to high affinity TRH
receptors and in dissociation of some of these activities [1-3]. To understand
the physicochemical parameters affecting binding to these receptors and to
investigate if individual biological activities of TRH are mediated through
different receptor subtypes, we have prepared additional [4(5)-X-Im]-TRH
analogs (X=Cl, Br, I, CN and CO,H, Fig. 1) and determined their affinities
to TRH receptors in pituitary and various regions of the rat brain. These data
were analyzed by QSAR.

L1
Q— (!—N—J:
b
=0
NH,
X=H,F, ClBr I CF;, CNor CO,H
Fig. 1. Structures of TRH and of its 4(5)-imidazole-substituted analogs.
Results and Discussion
[4(5)-X-Im]-TRH (X=CI, Br or I) were prepared by direct halogenation of
TRH with one equivalent of the corresponding halosuccinimide in MeOH. TRH,
on photolysis with CF3l in MeOH in the presence of Et;N, furnished a mixture

of [4(5)-CF;3-Im]-TRH and [2-CF;-Im]-TRH, which were separated by RPHPLC
{(Beckman Ultrasphere C-18 column). Both [4(5)-CO,H-Im]}-TRH and [4(5)-CN-
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Table | Mean values (uM) for the inhibitor constants (K;) of TRH and of its imidazole-
substituted analogs

Analogs Pituitary Hypothalamus Brain stem Cortex

TRH 0.019+ 0.001 0.033+ 0.004 0.026+ 0.010 0.048 + 0.013
[4-F]-TRH 135 = 1.7 85 *+ 038 83 = 07 75 £ 05
[4-C1}-TRH 39.7 * 8.7 326 + 55 231 + 34 262 L+ 29
[4-Br]-TRH 2.5 =+ 0.09 1.93 £ 0.15 1.59 £ 0.06 1.81 + 0.19
[4-I]-TRH 94 L 45 154 + 53 6.75 = 2.46 31,1 £10.01
[4-CF3}-TRH 569 +40 465 +148 1010 +390 392 +51
[4-NO,J]-TRH > 1000.0 >1000.0 > 1000.0 >1000.0
[4-CN]-TRH 123 + 9.0 140 + 5 150 + 10 143 + 4
[4-CO,H)-TRH 135 =+ 25 131 £ 19 9.1 + 15 11.3 £ 0.7

Im]-TRH were prepared from [4(5)-CF3-Im]-TRH by treatment with 0.5 N NaOH
and 4% aqueous NHj;, respectively. The products were desalted and purified
by RPHPLC. All peptides were characterized by 'H NMR (300 MHz) and MS.

TRH and 4(5)-Im-substituted analogs were evaluated for their abilities to
compete with [3H]-[3-Me-His?]-TRH at high affinity TRH receptor binding sites
in the pituitary, hypothalamus, brain stem and cortex. K; values are given in
Table 1. Computerized QSAR analysis (Biosoft) revealed that the strength of
receptor binding of 4(5)-Im-substituted analogs of TRH is dependent on a
combination of the basicity of the imidazole ring of His and the size of the
substituent. The unexpectedly high binding for [4(5)-Br-Im]-TRH indicates that
additional factors, such as hydrophobicity, may also be involved in determining
the binding ability. Furthermore, the selectivity of an analog such as [4(5)-NO,-
Im]-TRH, which possesses only the CVS activity of TRH, is explained by its
total lack of binding to the high affinity TRH receptors, and implies that the
CVS activities of TRH and of [4(5)-NO,-Im]-TRH are mediated through sites
not labeled by [3-Me-His?]-TRH.
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Benzophenone analogs of pepstatin A and cyclosporine A
as potential photoaffinity labeling reagents
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Introduction

Recently, Kauer et al. reported that p-benzoyl phenylalanine (1, Bpa) is a
highly efficient ligand for use in photoaffinity labeling studies [1]. We have
extended these results to develop new photoreactive peptides for studying aspartic
protease active sites and cyclosporine receptors.

Results and Discussion

Pepstatin A results

Bpa (1) (Fig. 1) was synthesized by Kauer’s method [1] and converted to
the corresponding statine (Sta, 2) analog (BpaSta, 3) by using a modification
of Castro’s procedure [2] (65% yield,>95% e.e.). In the stereoselective reduction
of an intermediate tetramic acid to BpaSta-lactam, conditions were optimized
so that protection of aromatic carbonyl was not necessary (slow addition of
sodium borohydride at -20°C). p-p-Benzoyl phenylalanine (p-Bpa, 4) was
synthesized by Schoéllkopf’s bis-lactim alkylation methodology [3] (37% yield
from 4-benzoylbenzyl bromide; 95% e.c.); in the alkylation of bis-lactim ethyl
ether derived from 1-Val-Gly diketopiperazine, the benzophenone carbonyl group
was protected as the dimethylene ketal.

The Boc-protected benzophenone derivatives 1, 3 and 4 were used to synthesize
six analogs of pepstatin A (Iva-Val-Val-Sta-Ala-Sta-OH), 5-10, by using solution-
phase DCC/HOBT coupling [4]; peptides 5-10 were chosen so that the benzo-
phenone side-chain substitution would be placed in the binding subsites Py, P,,
or P;. Compounds 5-10 were tested for inhibition of penicillopepsin and porcine
pepsin, and the inhibition constants are collected in Table 1.

Cyclosporine A result

An analog of cyclosporine A (CsA) in which the key amino acid (4R)-4-
[(E)-butenyl]-4, N-dimethyl-L-threonine (MeBmt,11) was replaced by the pho-
tolabeling benzophenone analog 12, was prepared by a multistep synthesis using
the procedures developed in this laboratory [5]. In comparison with CsA,

*To whom correspondence should be addressed.
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(o]
.
| H)zNj\_./\COOH H,N” " COOH
COOH OH OH

Bpa, 1 Sta, 2 BpaSta, 3
D-Bpa, 4
o}

-

CHNH

MeBmt, 11 MeBBOmt, 12

Fig. 1. Structures of unusual amino acids.

[MeBBomt!}-CsA showed 5% biological activity in inhibition of Concanavalin
A-stimulated murine thymocytes [6].

The use of the photochemical reactivity of the benzophenone group has been
shown to be very promising for photoaffinity labeling studies of proteins [1].
The purpose of this work was to determine how incorporation of this group
into other amino acid side chains affects the biological activity of the parent
peptides, pepstatin and cyclosporine. The biological activity of the new CsA
analog was relatively small, but considering the generally high alkylation yields

Table 1  Inhibition of aspartic proteases by benzophenone-substituted analogs of pepstatin
(Boc-X-Y-Z-Ala-Sta-OMe)

X Y Z Penicillo- Porcine

pepsin® pepsin®

K; (nM) K; (nM)

Pepstatin A 1.0 0.05

5 Val Val Sta 1.1 0.07

6 Val Val BpaSta 1.0 0.05
7 Val Bpa Sta 3.0 1.1
8 Bpa Val Sta 1.5 0.5

9 Val D-Bpa Sta >50 >10

10 D-Bpa Val Sta 8.5 0.6

aSubstrate: Ac-Ala-Ala-Lys-Phe(NO,)-Ala-Ala-NH,, pH 5.5.
bSubstrate: Phe-Gly-His-Phe(NO,)-Phe-Ala-Phe-OMe, pH 4.0.
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obtained from aryl ketones in photolabeling studies, the compound still has
some potential for use in identification of cyclosporine receptors. Photochemical
experiments with CsA will be reported separately.

BpaSta (3) represents a novel analog of statine. When incorporated into the
P, position of pepstatin, surprisingly good inhibitors of the two aspartic
proteinases tested were obtained, in spite of the substantial increase in steric
bulk from the added benzophenone moiety. The goal of our preliminary
photochemical studies was to determine whether the enzyme becomes permanently
inhibited upon irradiation in the presence of a photoreactive inhibitor. Upon
UV irradiation (Rayonet photochemical reactor, 350 nm, 30 s, 25°C) in the
presence of analog 9 (50 nM), porcine pepsin lost 75% of enzymatic activity.
Only 5% loss in activity was observed when photolysis was performed in the
absence of inhibitor. Studies to determine the amino acids in the enzyme active
sites that are alkylated by 9 and by the l-position benzophenone (6) are in
progress.
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Introduction

In an effort to develop new leads in the treament of Chagas’ disease, attention
was directed to the peptide lactone viscosin 1, which has antiviral and anti-
microbial activity against various mycobacteria. Preliminary in vitro testing
against T. cruzi produced trypanosomal lysis in the absence of significant
hemolysis, which was subsequently supported by promising in vivo activity in
mice. A study was undertaken that confirmed the proposed structure of viscosin
1 by total synthesis using solid-phase techniques [1,2]. Methodology developed
in that synthesis has been used to prepare peptide analogs of viscosin designed
to explore specific features of the molecule as they relate to antitrypanosomal
activity. In addition, peptido-mimetics were prepared that replaced the peptide-
lactone ring of viscosin with a crown ether.

Results and Discussion

Side-chain analogs consisted of a variety of linear alkyl amides, whereas
modifications in the ring junction involved replacing the p-allo-Thr with a more
accessible hydroxy amino acid. Synthesis of these analogs relied on SPPS utilizing
Fmoc protection with acid-sensitive alkoxybenzylalcohol resin. Linear fragments
of the type: R-(Olle)-p-allo-Thr-p-Val-L-Leu-(OBzl)-p-Ser-L-Leu-(OBzl)-p-Ser
were prepared. The O-Ile branch point was formed employing a strategy of
pentafluorophenyl active ester amidation in the presence of unprotected hydroxyl
groups with a coupling order that minimized undesirable N <> O shifting during
esterification. Illustrative of this is the synthesis of viscosin, in which coupling
of Fmoc-(OBzl)-p-Glu pentafluorophenyl ester with-unprotected N-terminal p-
allo-Thr yielded the corresponding amide, which was then esterified with Boc-
L-Ile using DCC/DMAP. Cyclization of finished linear fragments was achieved
using BOP-CI/TEA [1].

A second aspect of this work examined the importance of ion transport in
viscosin’s anticruzi activity and involved replacement of the peptide lactone ring
with a benzo-15-crown-5 polyether. These analogs (2) differed from each other
in the side chain R which were long-chain alkylamides or simple peptides.

Preliminary antitrypanosomal activity, assayed using Leishmania donovani, has
been examined by measuring trypanosomal lysis and growth inhibition. Viscosin
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R -NH
B-Hydroxydecanoyl-L-Leu-D-Glu
!
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Fig. 1. Viscosin 1 and analogs.

itself produced both lysis and growth inhibition at 100 ug/ml, but the cor-
responding linear peptide resulting from ring opening at the lactone bond (viscosic
acid) showed no activity at up to 300 ug/ml. In the same fashion, the isolated
viscosin side-chain fragment p-B-hydroxydecanoyl-L-Leu-pD-Glu-NH, was also
inactive. Crown ether analogs showed a range of potencies, from no lytic effect
at 300 ug/ml, to lysis at 30 ug/ml. Growth inhibition in some cases was evidenced
at the minimum concentration tested (10 ug/ml). Further testing is presently
in progress.
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Introduction

Recently Nielsen proposed antamanide, a non-toxic cyclic decapeptide from
Amanita phalloides, as a cancer chemotherapeutic agent. Our previous studies
on F10 metastatic cells of B16 murine melanoma confirmed Nielsen’s results,
but significantly higher cell-growth inhibition was found using the linear
antamanide analog and its des-Phe3,Phes-cyclic octapeptide derivative [1].

Results and Discussion

We have synthesized, by the classical solution methods, the series of linear
and cyclic deca- and octapeptide analogs of antamanide reported in Fig. 1.

The CD spectra in acetonitrile of all cyclic decapeptides, linear [Gly6]- and
[Gly®]-decapeptides and des-Phe’,Phet-Gly%-analogs are significantly modified
by addition of Na*, K+ and Ca?t. On the contrary, we cannot detect any ion-
induced spectral change with the linear [Tyr¢]- and [Tyr®]-derivatives and des-
Phe5,Phes-Tyr%-analogs. The cytotoxic effects of these peptides on B16-F10
transformed cells tested after exposure during 24 and 48 h at different con-
centrations are reported in Table 1. Among the Gly-analogs, the linear [Gly6]-
decapeptide and [Gly?]-octapeptide show cytotoxic activity at 10-5 M concen-
tration after 24 and 48 h, while the [Gly®]-antamanide, inactive after 24 h, is
cytotoxic after 48 h, both at 103 and 106 M. The cyclic [Tyrd]-octapeptide
and the linear [Tyr%]-decapeptide are also active at these two concentrations,
but after both 24 and 48 h exposures.

Conclusions
We observed cell-growth inhibition after treatment also with peptides for which

we could not detect any metal ion-induced spectral change in non-polar solvent.
Since the Nat-complexation capability of the antamanide and its analogs is
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considered a fundamental prerequisite for their biological activity against
phalloidin, our results still indicate that a different mechanism for cell-growth

inhibition should be contemplated.
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Introduction

One goal of our antibody-based drug-delivery program has been to develop
‘conditionally unstable’ cytotoxic drug-monoclonal antibody conjugates for the
in vivo treatment of cancer. In this system, the drug ideally would be delivered
to its site of action and then released there. This targeted-delivery approach
offers the potential advantages of higher efficacy, along with decreased dosage
of drug, and lowered side effects.

Depending on the pharmacokinetic requirements of this system, it might be
possible to design a linker between the drug and antibody which releases drug
upon the initiation of a secondary event after binding to the tumor. One possibility
for such an event is proteolysis of the linker by a tumor-endogenous enzyme.
Towards this end, we have developed a series of peptide-linked Adriamycin
(ADR, Doxorubicin) derivatives which serve as models for ADR prodrugs (Fig.
1). These peptides contain sequences known to be sensitive to proteolysis, and
are linked to ADR via the 3-amino group of the drug [1,2]. Synthesis was
carried out by solution-phase methods using an Fmoc-based protecting group
strategy. It is known that 3’-acyl derivatives of anthracyclines generally have
decreased cytotoxicity compared to the parent [3]; however, degradation of these
prodrugs might release free ADR or a fragment which contains ADR.

(o] OH o]
OH
L T
i R

Enzyme Released Form
OCHy © OH o H (Adriamycin)
e 0 Ala Elastase ADR
D-Ala
HO Ala-Ala Elastase Alag-ADR (n=0-1)
2’ NH Alz-Ala-Ala Elastase Ala,-ADR (n = 0-2)
D-Ala-Ala-Ala
Val-Leu-Lys-Ala Plasmin, Urokinase Ala-ADR
Val-Leu-Lys-Val Plasmin, Urokinase Val-ADR
Ala-Leu-Ala-Leu Lysosomal ADR

Fig. 1. ADR prodrug series.
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In order to ascertain whether these prodrugs are good candidates for linkage
to monoclonal antibodies in the drug delivery system described above, we tested
them against a panel of proteases which vary widely in specificity (Table 1).
Release of drug and peptide fragments was monitored by a modified AAA
procedure utilizing 9-fluorenylmethyl-chloroformate as the pre-column deriva-
tizing reagent [4,5]. Use of Fmoc-labeling not only provided an efficient and
sensitive assay for all amine components, but also allowed the identification
of most amino acid, peptide, and peptidyl-ADR fragments based on comparison
to synthetic intermediates. Protease selectivity and specificity of these prodrugs
were evaluated as a function of peptide sequence and length.

Table |  Qualitative results of enzymatic degradation experiments

ADR analog Enzyme?®
Elastase Chymo- Trypsin Plasmin Uro-  Pep- Pa- Pro-  Subti-
trypsin kinase sin pain nase lisin
Ala-ADR - - - - - - - S -
p-Ala-ADR - - - - - - - - -
Ala-Ala-ADR - - - - - - - F -
Ala-Ala-Ala-ADR - - - - - - - F F
D-(Ala-Ala-Ala)-ADR - - - - - - - - -
Val-Leu-Lys-Ala-ADR S S F S - N S F F
Val-Leu-Lys-Val-ADR S S F S - S S F F
Ala-Leu-Ala-Leu-ADR S S - - - - - F F

3(-): no cleavage observed; (S): ‘slow’ cleavage observed; 24 h; (F): ‘fast’ cleavage observed, 1 h.

Results and Discussion

(1) Ala,-ADR series

In this series, all enzymes were ineffective, with the exception of the bacterial
enzymes pronase and subtilisin. Pronase seems sensitive to the proximity of
ADR on the peptide chain, since shorter-chain analogs are slower to cleave.
Analysis of the degradation products of Ala;-ADR shows a distinct preference
for cleavage at both P, and P; over P,. This is most likely due to steric bulk
associated with the drug.

(2) Val-Leu-Lys-X-ADR

Broad proteolytic activity is demonstrated by the entire panel of enzymes,
with the unexpected exception of urokinase. Trypsin shows fast cleavage at the
predicted site, next to the positively charged Lys residue, to yield X-ADR and
the free peptide Val-Leu-Lys. Elastase cleaves at multiple points along the chain,
yielding fragments Lys-X-ADR, Val-Leu, X-ADR, Lys, and free ADR. Elastase
activity may be explained by the presence of hydrophobic residues, which are
preferred cleavage sites for this enzyme. The failure of urokinase to cleave Val-
Leu-Lys-X-ADR was unexpected, since Val-Leu-Lys-AMC is a known substrate
for urokinase.
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(3) Ala-Leu-Ala-Leu-ADR

Cleavage by elastase and chymotrypsin was observed as expected, as well
as pronase and subtilisin. Because of the synthetic route, degradation products
could not be positively identified. It can be stated, however, that free ADR
was not released from Ala-Leu-Ala-Leu-ADR in any proteolysis.

Conclusion

This experiment demonstrates that ADR can be modified with peptide side
chains at the 3’-position to yield prodrugs which are- capable of degrading to
ADR-containing species in the presence of some enzymes. These model systems
may have applications as monoclonal antibody conjugates. Targeting of a specific
tumor-endogenous enzyme is a critical link in this drug delivery system. Once
conjugated to a macromolecule, the cleavage rates of these substrates may be
different, however, this effect is uncharacterized at this time. Nonetheless, these
results, in conjunction with those from other groups [6,7], demonstrate the
potential of developing conditionally unstable antibody conjugates of anthra-
cycline drugs.
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Introduction

Cholecystokinin (CCK), a linear, 33-amino acid polypeptide hormone is located
primarily in mammalian digestive tract and central nervous system [1]. Although
various forms of CCK have been detected in vivo, the primary circulating form
of the hormone is the 26-33 fragment, CCK-8, that was originally proposed
by Gibbs et al. [2] as a satiety signal. CCK-8 suppresses feeding in several species
including man. An analog of CCK-8, Ac-CCK-7, Ac-Tyr(SO;H)-Met-Gly-Trp-
Met-Asp-Phe-NH,, possesses the full potency of the intact hormone. Thus, analogs
of Ac-CCK-7 may be useful for the reduction of food intake.

Results and Discussion

Previous studies established that the tyrosine sulfate, Tyr(SO;H), is important
for the satiety-inducing activity of CCK-8. The influence of the Tyr(SO;H) residue
was further investigated by varying two key factors: the regiochemistry (distance/
proximity to the receptor) and the stereochemistry of this key residue. Analogs
of Ac-CCK-7, in which Tyr(SO;H) was replaced by p-Tyr(SO;H), m-L-Tyr(SO;H),
m-D-Tyr(SO3;H), 0-L-Tyr(SO3H), 0-p-Tyr(SO;H) and their corresponding phos-
phate analogs, were synthesized.

SPPS was used for assembling the peptides. Sulfation was carried out in solution
using pyridine acetyl sulfate. The direct phosphorylation of Ac-CCK-7 with
POCI,/pyridine failed to produce the phosphate analog. An alternative method
using Ne-t-Boc-(o-diphenylphospho)-L-tyrosine, Boc-Tyr[PO(OC¢Hs),], as a mo-
nomer for SPPS was developed. This reagent was synthesized in excellent yield
by reacting Boc-Tyr-Bzl with diphenylchlorophosphate followed by hydroge-
nation. The monomer is stable to conditions of SPS; the diphenylphospho group
is readily cleaved with tetra( n-butyl)-ammonium fluoride (TBAF). Synthesis of
the phosphotyrosine analogs is outlined in the following scheme.

The analogs were characterized by analytical HPLC, MS, UV and IR
spectroscopy and bioassayed in vivo by the two-meal feeding assay [3] and in
vitro (receptor binding) using bovine striatum and rat pancreas [4] (Table 1).
The results can be summarized as follows: (1) Comparison of the binding efficacy
relative to food intake indicates poor correlation of pancreatic and striatum
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Boc-Phe-PAM-Resin

1. CF,COOH

2. BOP coupling of Boc-Asp(OFm)-OH
Boc-Met-OH, Boc-Trp(For)-OH, Boc-Gly-OH,
Boc-Met-OH, Boc-Tyr[PO(OC¢Hs),]-OH

3. Acetylation with CH;COOH/BOP

Ac-Tyr[PO(OC¢Hj),]-Met-Gly-Trp(CHO)-Met-Asp(OFm)-Phe-PAM-Resin

1. Piperidine/DMF
2. TBAF/THF

3. NH3/ methanol
4. Preparative HPLC

\
Ac-Tyr(PO3H,)-Met-Gly-Trp-Met-Asp-Phe-NH,

Table 1 Comparative activity of Ac-CCK-7 and analogs

Compound Receptor binding (ICsy; nM) Feeding assay
Bovine Rat Food Intake
striatum pancreas (EDsg; pg/kgip.)

Ac-[Tyr(SO;H)]-CCK-7 0.8 0.2 7

(reference compound)

Ac-[p-Tyr(SO;H)]-CCK-7 28 4.6 1

Ac-[m-Tyr(SO;H)]-CCK-7 42 18 15

Ac-[m-D-Tyr(SO;H)}-CCK-7 53 280 32

Ac-[o-Tyr(SO;H)]-CCK-7 66 560 > 320 (23%)?

Ac-{o-D-Tyr(SO;H)])-CCK-7 72 530 >320 (32%)

Ac-[Tyr(PO;H,)]-CCK-7 85 15 3

Ac-[p-Tyr(PO;H,)]-CCK-7 160 190 >320 (36%)

Ac-[m-Tyr(PO;H,)]-CCK-7 35 130 220

Ac-[m-p-Tyr(PO;H,)}-CCK-7 40 140 > 320 (19%)

Ac-[o-Tyr(PO;H,)]-CCK-7 180 500 > 320 (6%)

Ac{o-D-Tyr(PO3;H,)}-CCK-7 76 280 > 320 (0%)

2 For compounds with EDs, > 320, the number in parenthesis is the percent inhibition
of food intake at a dose of 320 ug/kg i.p.

binding with food intake. (2) Ac-[m-Tyr(SO;H)]-CCK-7 retains substantial
anorectic activity, whereas the Ac-[o-Tyr(SO;H)]-CCK-7 analog is essentially
inactive. (3) Ac-[D-Tyr(SO;H)]-CCK-7 and Ac-[m-D-Tyr(SO;H)]-CCK-7 retain
substantial activity. (4) The phosphate moiety is a suitable replacement for sulfate
in Ac-CCK-7. (5) Ac-[m-Tyr(PO;H,)]-CCK-7 retains some anorectic activity
whereas the Ac-[o-Tyr(PO;H,)]-CCK-7 is essentially inactive. (6) Ac-[p-
Tyr(PO;H,)] and Ac-[m-D-Tyr(PO;H,)] are essentially inactive, in contrast to
the sulfate series, which may be due to the larger radius of the phosphate (0.15 A)
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that forces the tyrosine residue into an unfavorable conformation with respect
to the receptor. These results indicate that a negative charge in the proper location
is important for anorectic activity, but the chirality at the a-carbon is not
important.
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Introduction

Cholecystokinin-8 (CCK-8-Asp-Tyr[SO;H]-Met-Gly-Trp-Met-Asp-Phe-NH,)
effects a variety of gastrointestinal, endocrine, and CNS activities [1]. Among
the many functions proposed for the endogenous CCK peptides is its anorexigenic
(satiety) effects [2]. A number of CCK target tissues have been identified having
CCK receptors and of potential importance in satiety mediation. Among these
are the pylorus, vagal and brainstem (i.c., area postrema and nucleus tractus
solitarius), CCK receptors described [3] to be of Type-A classification. CCK
agonist binding to these Type-A CCK receptor populations is Tyr[SO;H]-
dependent in contrast to Type-B CCK/gastrin receptor populations. In some
species, such as the rat, studies [2] suggest that Type-A receptors may mediate
satiety, whereas in other species it is unclear. In this study, we explored the
comparative SAR of CCK-8 using three well-defined Type A CCK receptor
assays (i.e., rat pancreas, pylorus, and brainstem), and an in vivo anorexigenic
assay.

Results and Discussion

The methods for determination of CCK receptor binding using rat pancreatic,
pylorus and brainstem tissues has been previously described [3-5]. Anorexigenic
activities were first determined in nonfasting male Sprague-Dawley rats that
were pre-trained to ingest a daily glucose solution. CCK peptides were admin-
istered i.p. (vs. saline-injected control animals 5 min prior to monitoring food
ingestion, which was recorded in 5-min intervals during a 60-min time period.
Relative to a Ac-[Nle36]-CCK-8 (U-67827E), we first focused our attention on
the Tyr[SO;H] residue to explore its role in Type-A CCK pancreatic receptor
binding. Analogs of U-67827E included those having Phe[p-NH,], and Phe[p-

*To whom correspondence should be addressed.
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NHC(NH,) = N] substitutions for Tyr[SO;H]. As shown in Table 1, compounds
having p-amino or guanidyl modifications of the p-sulfate ester in U-67827E
showed a 100-1000-fold reduction in potency in vitro. Deletion of the N-terminal
Asp residue of U-67827E to yield Ac-[Nl1e25)-CCK-7 (U-86317E) did not sig-
nificantly alter pancreatic CCK receptor binding affinity of the compound relative
to CCK-8. The Phe[p-CH,SO;H]-substituted derivative of U-86317E was essen-
tially equipotent to CCK-8 on the rat pancreas CCK receptor assay. A similar
result for Ac-[Phe(p-CH,SO;H)!, Nle3.6]-CCK-7 has been very recently reported
[6] on guinea pig target tissues. A comparison of CCK-8, U-67827E and [Phe(p-
NH,)2,Nle36}-CCK-8 to bind brainstem and pylorus CCK receptors was then
determined (Table 1). A 10-fold selectivity for [Phe(p-NH,)?,Nle36]-CCK-8 to
bind brainstem receptors vs. pylorus (or pancreatic) receptors was observed.

Table 1 Rat pancreas, brainstem and pyloris CCK receptor binding properties of CCK-
8/CCK-7 analogs modified at Tyr{SO;H]

Compound ICsy (M), CCK receptor binding
Pancreas Brainstem Pylorus
CCK-8 1.1x10-° 6.8x10-10  1.1x10-°
Ac-[Nle36]-CCK-8 (U-67827E) 1.4x10-° 5.2x 1010 4.1x10-10
Ac-[Phe(p-NH,)2,Nle36}-CCK-8 2.0x10-7 2.9x10-8 7.2x10-7
Ac-[Phe(p-NHC(NH,) = N)?,Nle3.6}-CCK-8 1.1x10-¢ ND? ND
Ac-[Nl1e25]-CCK-7 (U-86317E) 1.3x10-° ND ND
Ac-[Phe(p-CH,SO;3H)! Nle25]-CCK-7 1.2x10-9 ND ND

AND =not determined.

The [Phe(p-NH,)?,Nle36]-CCK-8 was only 50-fold less potent than CCK-§ in
brainstem receptor binding. These potencies were essentially identical to that
of these compounds on rat pancreatic amylase release and pyloric contraction
assays (data not shown). The anorexigenic potency of U-67827E in the rat model
was 10-100-fold greater than that of CCK-8, and the analog possessed sustained
activity in vivo (Table 2). No in vivo anorexigenic activity was observed for
the Phe(p-NH,)2-modified derivative of U-67827E at doses = 10-10000-fold the
threshold doses of CCK-8 or U-67827E, respectively. These results extend our
previous studies [8] on CCK peptide binding to specific Type-A CCK receptor
populations in vitro and the exploration of potentially significant mechanistic
pathways of satiety using a rat anorexigenic in vivo assay.

Table2 Rat anorexigenic activities of selected CCK-8 analogs modified at the Tyr[ SO;H Jsite

Compound Threshold dose® (nmol/kg), rat
anorexigenic activity

30 min 60 min
CCK-8 0.5 5.0
U-67827E 0.05 0.05
Ac-[Phe(p-NH,)2,Nle3.6]-CCK-8 >100 >100

*Dose of CCK analog that effects approximately a 50% anorexigenic response.
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Introduction

The C-terminal tetrapeptide of gastrin, Trp-Met-Asp-Phe-NH,, can elicit a
full biological response [1]. Analogs devoid of the C-terminal Phe amide are
potent competitive antagonists, the smallest being Boc-Trp-Leu-Asp-NH, [2,3].
We synthesized [4] tripeptide analogs (Table 1) that were modified both N-
and C-terminally, and that contained N-methylated peptide bonds [5]. The purity
of the synthetic sequences was determined by microanalysis, TLC and HPLC.

Table 1 The inhibition of pentagastrin-stimulated acid release from fundus of dogs with
gastric fistulae

Peptide Acid release % inhibition
(mmol H*/kg)

Boc-Trp-Leu-B-Ala 617.58 60

IPA-Leu-8-Ala. DCHA 562.22 54

PPA-Leu-8-Ala.DCHA 125.51 12

PPA-NMe-Leu-8-Ala.DCHA 256.77 25

PPA-Leu-NMe-B-Ala. DCHA 185.32 18

IPA = indole-3-propionic acid, PPA = phenyl-3-propionic acid.
Methods

The peptides were infused into dogs with gastric fistulae at a dose of 20 pmol
kg-! h-!, in the presence of either pentagastrin (650 pmol kg-! h-!) or histamine
(0.13 mmol kg-! h-1). Pentagastrin-stimulated acid release, determined at 10-min
intervals, was inhibited by all analogs; Boc-Trp-Leu-8-Ala was the most potent
(Table 1). The analogs had no effect on histamine-stimulated acid release.

None of the peptides, up to a concentration of 10-6 M, stimulated amylase
secretion from isolated pancreatic acini [6]. Neither did they inhibit amylase
secretion stimulated by CCK (10-1¢ M). PPA-Leu-8-Ala was a very weak
antagonist at non-physiological concentrations (10-3 M).

Biotinylated analogs of peptide hormones have been prepared to determine
the affinities for receptors [7-9], but only in the case of gonadotropin-releasing
hormone [10] and parathyroid hormone [11] have they been used to visualize
the receptors on cultured cell monolayers. Because of the apparent specificity
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Fig. 1. Photomicrograph of rat fundic mucosa after administration of Biotinyl-T rp;Leu-
B-Ala.

of the gastrin antagonists, Biotin-Trp-Leu-B-Ala was synthesized as a possible
histological probe for gastrin receptors. Cryostat sections (10 um) of rat intestinal
tissues were pre-fixed for 30 min at room temperature, using 0.04% (w/v)
paraformaldehyde in phosphate buffer (0.2 M, NaH,PO,-Na,HPO,, pH 7.2)
containing 0.15 M NaCl. The biotin-labeled peptide was dissolved in phosphate
buffer containing ethanol (10%, v/v) . Pentagastrin and gastrin 1-17 solutions
were diluted to required concentrations with phosphate buffer. All peptide
solutions were mixed with equal volumes of an enzyme inhibitor solution
containing bacitracin (1%, w/v), phosphoramidon (10 uM), 1-10 phenanthroline
(1 mM) and phenylmethylsulphony! fluoride (100 uM) in 10 mM Hepes buffer
(pH 7.4) containing mannitol (300 mM) and bovine serum albumin (1%, w/v).
The peptide-inhibitor solutions (250 ul) were then applied directly onto the tissue
sections. Following incubation for 30 min at room temperature, the bathing
solutions were removed and the sections were washed thoroughly with phosphate
buffer. Streptavidin-fluorescein solution (200 ul stock solution as supplied by
Amersham International Inc.) was applied to each tissue section for 20 min
at room temperature. Following washing with phosphate buffer, the tissue sections
were mounted and viewed under a microscope fitted with a UV light source.

Results and Discussion
When Biotin-Trp-Leu-B-Ala solution (250 ug ml-1) was incubated with sections
of fundus from rats that had not been fed for 48 h, submucosal cells, whose

tissue location was not consistent with parietal cells, were stained (Fig. 1). Staining
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was observed with duodenal, ileal and colonic tissues. The probe bound to lung
alveolar tissue, apparently near blood vessels. The binding of the probe was
not observed in heart, kidney, liver or pancreas, reflecting the apparent lack
of interaction of the parent peptides with CCK receptors in pancreatic acini.
No non-specific staining was observed with biotin. When the tissue sections
were preincubated with excess Boc-Trp-Leu-B-Ala, pentagastrin or gastrin 1-17,
fluorescent staining resulting from binding of the probe was completely prevented.
This suggests that the cellular binding site recognizes the indole and the S-
carboxylic acid structures common to all three peptides. Binding of the probe
was also inhibited in tissues taken from animals that had been fed ad libitum,
suggesting that endogenous gastrin competes for the binding sites. Thus, the
probe appears to be highly specific for a gastrin, rather than CCK receptor.

The histological results are in disagreement with conventional theories of
gastrin-stimulated acid release being mediated by a gastrin receptor on parietal
cells [2,13], but support data suggesting that gastrin acts at a histamine releasing
cell, thereby causing the release of acid from the parietal cells by the action
of histamine [14,15]. The binding of the gastrin probe to colon and lung may
indicate a growth-promoting or even cancer-supporting role for gastrin. Because
of their potency and specificity, the gastrin antagonists prepared here may have
therapeutic potential for the control of acid release and to prevent
the development of some cancers, while the probe could have diagnostic
applications.
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Introduction

Our laboratory’s research on CCK antagonists has focused on the structural
relationships among the various classes of nonpetide CCK antagonists. Recently,
we reported on the structural similarities of glutamic acid-based CCK antagonists
represented by A-64718 and Merck’s benzodiazepine antagonist 1-364,718 [1].
From this work, we proposed an overlap model for CCK antagonists, and ensuing
SAR studies resulted in the potent CCK antagonist A-65186 [2]. Currently, we
have extended our SAR studies to include the weak CCK antagonist benzotript
(I) [3], which has resulted in a series of tryptophan-based CCK antagonists
(I1) whose potencies approach those of our hybrid glutamic acid derivatives.

H
H N
N N\
3\ o
o) o N)LN 0
N H N
I II

Fig. 1. Structures of benzotript (I) and N-aroyl-Trp-di-n-pentyl amides (1I).
Results and Discussion

The series of N-aroyl-tryptophan di-n-pentyl amides (II), shown in Table 1,
was prepared from Boc-tryptophan utilizing a procedure similar to that reported
for the glutamic acid series [2]. Compounds 1-17 gave satisfactory 'H NMR,
MS, and elemental analyses. Pharmacological assays were conducted as previously
described [2,4].

Conversion of I to the di-n-pentyl amides (1 and 2) improved affinity for
pancreatic CCK receptors approximately 1000-fold over that of the parent [5],
but addition of a second chloro atom to the benzoyl moiety (3 and 4, corresponding
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to (R) and (S)-CR 1409) did not significantly enhance affinity. Further improve-
ments were realized by incorporation of the 2-indolyl and 3-quinolinyl functions.
In both cases, the R enantiomers (5 and 9, respectively) proved to be more
potent than the S isomers. The importance of a fused-aryl heterocycle fore potency
is apparent by comparing 5 with 8 and 9 with 11. Introduction of the 3-indolyl
and 2-quinolinyl moieties (7 and 12) afforded weaker binding analogs. The potency
of 12, however, could be enhanced by replacement with a 4-hydroxy- (13) or
a 4,8-dihydroxy- (15) but not a 8-hydroxy-2-quinolinyl function (14). Finally,
introduction of the 2-naphthyl but not the 1-naphthyl, function resulted in an
analog with enhanced affinity (16 vs. 17).

The SAR observed for the tryptophan-based antagonist series closely parallels
that reported for the glutamic acid series [2]. Both series demonstrate identical
preferences for the R-enantiomer, similar selectivities for type A (pancreatic)
over type B (cortex) CCK receptors (i.€., 157-fold for 5 and 650-fold for 9)
and identical SAR requirements for the N-aryl function. Overall, members of
the tryptophan series exhibit potencies between one-half and one-fifth those of
the corresponding glutamic acid derivatives.
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Introduction

Cholecystokinin (CCK) is the major hormonal stimulant of pancreatic enzyme
secretion. For the biochemical characterization of the CCK receptor, we have
developed a series of photoaffinity-labeling probes based on the native hormone,
with sites of cross-linking at the amino-terminus [ 1], mid-region [2], and carboxyl-
terminus [3] of the receptor binding domain. Native hormone, however, has
been shown to bind to two sites, though this may represent functional states
of the same molecule.

Characterization of the binding site relevant for stimulating secretion may
be made possible by a CCK phenylethyl ester [4,5] which is a fully efficacious
secretagogue without the supramaximal inhibition of secretion typical of native
CCK, and which binds to only a single site on the pancreatic acinar cell [5].
In this work, we have incorporated photolabile residues into the positions of
Trp30 and Phe?3, in the midregion and carboxyl-terminus of phenylethyl ester
analogs of CCK to define further the hormone-binding domain of this receptor.

Methods

D-Tyr-Gly-[Nle28.31 4-NO,-Phe¥3CCK(26-33): (4-NO,-Phe3’) was prepared as
described elsewhere [3]. Phenylethyl ester derivatives were prepared similarly:
Fmoc-Asp-phenylethyl ester or Fmoc-Asp-(4-NO,-phenylethyl) ester was coupled
to benzhydrylamine resin via a 4-hydroxymethylphenoxyacetic acid spacer, and
the Fmoc-octapeptide ester was prepared on the resin. After cleavage from the
resin and removal of side-chain protection, the peptide was purified and Tyr??
was sulfated using SO;-pyridine complex. N-a-Fmoc protection was removed,
and a site for iodination was introduced using N,O-bis-Fmoc-D-Tyr-ONSu or
4-hydroxyphenylpropionic acid-ONSu (3].

Biological activity and binding of the peptides were assessed in dispersed rat-
pancreatic acini and enriched pancreatic plasma membranes [5,6]. Following

*To whom correspondence should be addressed.
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affinity-labeling and resolution on SDS-PAGE, deglycosylation, using endogly-
cosidase F, and protease peptide-mapping experiments were performed [7,8].

Results and Discussion

Indeed, Hpp-Gly-[Nle2831]CCK(26-32)-2-(4-nitrophenylethylester (4-NO,-
OPE), stimulated dispersed pancreatic acini to secrete amylase to a maximum,
without displaying supramaximal inhibition. Thus, the dose-response curve of
4-NO,-OPE closely resembled that of the previously reported phenylethyl-ester
analog D-Tyr-Gly[Nle28:31JCCK(26-32)-phenylethyl ester, (OPE), and the analog
also had a similar potency (EDsy=2.5 nM) [5]. Binding of !25]-4-NO,-OPE was
inhibited by both CCK(26-33) (I1C5; = 0.5 nM) and OPE (ICsy= 1 nM), suggesting
that this peptide mediated its biological effects via CCK receptors.

Upon photolysis, both 125I-4-NO,-OPE and '25I-6-NO,-Trp*-OPE specifically
labeled a plasmalemmal protein of apparent M,=85000-95000 (Fig. la).
Deglycosylation of the M, =85000-95000 labeled by !25I-4-NO,-OPE, using
endoglycosidase F (endo F), generated a major band of M;=42000 (Fig. 1b),
thus confirming the identity of this species as the N-linked glycoprotein previously
labeled with other CCK receptor probes [1-3, 5-8].

A) B)
4-NO,-OPE 6-NO,-Trp°COPE 4-NO,-Phed3 4-NO,-OPE
EndoF - ~ 4+ + - - + +
CCK (0.1 M) -~ + 5 b BARE -
B5-95 »
85-95 = 2

[Mrx 107

e

% 21 -
17~
Vi 16 %

i

Fig. 1. (A) 4-NO;-OPE and 6-NO-Trp30-OPE were used in affinity-labeling studies as
described [2,3]. Both probes specifically labeled a species of apparent M,= 85 000-95 000.
(B) Following affinity-labeling by 4-NO-Phe33 (left 4 lanes) or 4-NO-OPE (right 4 lanes)
and resolution on SDS-PAGE, the M, = 85 000-95 000 was cut from the gels and electroeluted.
The M,=85000-95000 species migrated in the same position on the second gel (lanes
1 and 5). Deglycosylation with endoglycosidase F (Endo F) shifted it to a major M,= 42000
(lanes 3 and 7) Staphylococcus aureus V8 protease (SAP) cleavage prior to (lanes 2 and
6) and after deglycosylation (lanes 4 and 8) generated similar fragments after labeling with
both probes.
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In order to elucidate further the labeling generated by 12’I-4-NO,-OPE and
by 1251-4-NO,-Phe33, we conducted staphylococcus V8 protease peptide-mapping
studies prior to and after deglycosylation. Indeed, all fragments labeled by the
native CCK analog, !25I-4-NO,-Phe33 (M,=32000, 22000, 17000, 16000 and
14 500) were also seen after labeling with 125]-4-NO,-OPE (Fig. 2b). Even when
the labeled core proteins were digested with trypsin, both probes labeled the
same major fragment of M;=8000 and minor components of M;=14000 and
M, = 6000.

These studies provide important evidence that both native CCK and phenylethyl
ester analogs mediate their distinctive biological dose-response curves via in-
teraction with the same CCK binding protein and similar domains of this receptor.
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Introduction

N-Benzylglycine (NBzlGly) is an achiral structural isomer of phenylalanine
that may be useful as an amino acid replacement in SAR studies. The incor-
poration of this aromatic secondary amino acid into biologically active peptides
has not been reported. The synthesis of Arg-Pro-Pro-Gly-Phe-Ser-NBzIGly-Arg-
Phe was undertaken since it is known that replacement of proline’ with p-
phenylalanine in bradykinin (BK) converts BK agonists into antagonists [1].
We describe the synthesis, characterization, and bioassay of [NBzIGly’}-BK.

Results and Discussion

[NBziGly?]-BK was synthesized using SPPS [2] on a Pam-resin [3]. Boc-amino
acids were used. Side-chain protection was benzyl for serine and p-toluenesulfonyl
for arginine. Boc-N-benzylglycine was synthesized from N-benzylglycine using
di-z-butyl dicarbonate [4]. The Boc-NBzIGly was incorporated into the peptide
using the symmetric anhydride coupling cycle normally used for proline. Double
couplings were used throughout the synthesis. Quantitative ninhydrin tests on
resin samples taken after each coupling indicated coupling efficiencies of greater
than 99%. The peptide-resin was cleaved with anhydrous hydrogen fluoride (0°C,
45 min) containing 10% anisole and 5% dimethylsulfide. The peptide was purified
by HPLC using a Waters C-18 Bondapak semipreparative column employing
a water and acetonitrile gradient containing 0.1% TFA. The purified peptide
was homogeneous by HPLC and gave the expected AAA. FABMS [5] of the
peptide verified the expected sequence and molecular weight (1110). The FABMS
fragmentation pattern in the Ser6-NBzlGly’ region of the peptide is given in
Fig. 1. [NBzIGly’]-BK was bioassayed and is compared with BK, [D-Phe’]-BK
and [Phe’]-BK in Table 1. Bioassays revealed [NBzlGly’]-BK to be a potent
BK-agonist, especially in the rat blood pressure assay (337% BK potency)
following intravenous administration. BK and [NBzIGly’}-BK were identical with
respect to destruction (98-99%) on passage through the pulmonary circulation.
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572 749
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NH,-R-P-P-G-F- H-<'-ll Hz-@ -R-F-CO,H
in CH,
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556 469

322
Fig. 1. FABMS fragmentation patiern in the region of Ser6-NBzIGly? of [NBzIGly’]-BK.

Table |  Bioassay of bradykinin and position seven analogs [ 1]

Analog Smooth muscle Rat blood pressure
Rat uterus  GP ileum 1A v Destruction
Bradykinin 100% 100% 100% 100% 99%
[NBzIGly’}-Bradykinin 27% 36% 97% 337% 98%
[D-Phe’]-Bradykinin 1% -2 2% 4% 36%
[Phe’])-Bradykinin® 0.6% 0.1% 0 0 ND

2 Antagonist. pA,=5.7.

b Unpublished results, R.J. Vavrek.
Abbreviations: Rat uterus =rat uterus contraction; GP ileum = guinea pig ileum con-
traction; IA =intraaortic; IV =intravenous; ND =not determined.
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Introduction

The autacoid peptide hormone, bradykinin (BK: Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg), plays many vital physiological roles (in cardiovascular control,
renal and GI function, reproduction, and wound healing, for example), and
is implicated in several significant pathologies (such as pain, inflammation,
rhinitis, shock, asthma and allergic responses). The development of specific and
competitive BK sequence-related antagonists [1] has provided tools for the study
of the physiologically important kallikrein-kinin system. The tissue selectivity
of many of these antagonists predicts multiple receptors for BK, each with differing
requirements for various segments of the BK molecule. In general, naturally
occurring biologically active peptides contain more than the necessary and
sufficient information within their structure to elicit a particular physiological
or pharmacological response. We report a study of the structure minimization
of the BK antagonist sequence (Arg-Pro-Hyp-Gly-Phe-Ser-nPhe-Phe-Arg) [2],
using synthetic methods, to define the minimum peptide sequence that can
antagonize a classical BK pharmacological action [such as contraction of isolated
rat uterus (RUT) or guinea pig ileum (GPI), or lowering of rat blood pressure
(RBP)].

Results and Discussion

Removal of single or multiple amino acid residues from either the C- or N-
terminal of the antagonist sequence destroys antagonist activity. BK itself suffers
a similar loss of biological (agonist) activity with removal of single residues
from either end. We demonstrated that replacement of either of the Arg residues
at positions 1 or 9 of the antagonist with hydrophobic amino acids [3], or
replacement of the Arg at position 1 with hydrophobic acyl groups (i.e., benzoyl-,
phenylbutyryl-), with or without single residue deletions at the Pro positions
of the antagonist [4], does not eliminate antagonist activity.

Continuing this approach, we acylated antagonist sequences that were truncated
from the N-terminal, producing acylated heptapeptide to dipeptide fragments
of the antagonist, using acetyl-, phenylacetyl- (PAA), phenylpropionyl- (PPA),
phenylbutyryl- (PBA) and adamantylacetyl- (AAA) N-terminal groups. In all
of the cases in which antagonist sequence position 7 of the acylated truncated
peptide contained a D-Phe residue, that is, with fragments representing positions
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7-8-9 (DPhe-Phe-Arg) of the antagonist sequence, BK antagonist activity could
be demonstrated. This was especially the case in the GPI assay, in which antagonist
activity and potency was relatively constant (pA, values of 4.7 -4.9) in fragments
containing from three to seven amino acid residues that were acylated with
PBA. Acylated C-terminal dipeptide fragments, corresponding to positions 8
and 9 of both BK and the antagonist (Phe-Arg), had no biological activity.

Preliminary studies indicate that the antagonist specificity of acylated bra-
dykinin antagonist sequences smaller than nine residues may be lost. In addition
to antagonizing BK, several hexa- and heptapeptide fragments had the ability
to antagonize angiotensin II (AnglII) in the RUT assay, and some acylated tetra-,
penta-, hexa- and heptapeptide fragments antagonized the action of both Angll
and substance P (SP) in the GPI assay. Thus, the full nonapeptide sequence
of the BK antagonist is probably required for high antagonist potency and
specificity. However, the full antagonist sequence is not required for antagonist
activity.

Some acylated fragments, such as AAA-Ser-pPhe-Thi-Arg, PAA-Thi-Ser-
DPhe-Thi-Arg, and PBA-Gly-Phe-Ser-pDPhe-Phe-Arg (tetra-, penta- and hexa-
peptides, respectively) act as antagonists of both BK and SP in the GPI assay,
and none antagonize Ang II in either the GPI or RUT assay. Since both BK
and SP are involved in peripheral pain signal transmission, this dual antagonist
activity may predict therapeutically useful analgesics.
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Introduction

Bradykinin (BK) and one of its fragments, des-Arg®-BK, exert potent biological
effects in a variety of organs and tissues [1]. Their actions are mediated through
two receptor types, B; and B,, that are sometimes present in the same tissue.
BK is an agonist of the B, receptor, with practically no affinity for the B, receptor.
However, an interesting feature of the kinin system is that, in several tissues,
BK is metabolized by basic carboxypeptidases, like carboxypeptidases N or M
into des-Arg®-BK, a potent and selective B, receptor agonist.

Thus, in pharmacological studies, where this type of enzyme may be active,
the effects observed with BK may be that of its metabolite or a combined result
of the activities of both BK and des-Arg’-BK on the two receptor types. A
specific agonist of the B, receptor would, therefore, be helpful in evaluating
the role of this receptor in physiological and pathologica! conditions.

In order to afford such an analog, the bond between Phe and Arg® of BK
was modified by substituting it with a CH,-NH pseudopeptide bond to prevent
its degradation by carboxypeptidases into des-Arg®-BK. The analog obtained
[Phedy (CH,NH)Arg?]-BK was tested for biological activity in several pharma-
cological preparations of both receptor types and was also incubated with enzyme
preparations to test its stability.

Results and Discussion

The results summarized in Table 1 on B, preparations indicate that the
pseudopeptide [Phedys (CH,NH)Arg®]-BK is more potent than BK in untreated
(control) preparations of the rabbit jugular vein (RJV), and the rat blood pressure
(RBP) is, however, less potent than BK on the dog carotid artery (DCA) and
dog renal artery (DRA). In all tissues treated with captopril, an angiotensin-
converting enzyme (ACE) inhibitor, the effect of BK is potentiated significantly,
whereas no significant potentiation is observed with the pseudopeptide analog.
This is interpreted as indirect evidence that [Phe?y(CH,NH)Arg?]-BK is not
degraded by ACE into an inactive fragment. Evaluation on the rabbit aorta
(RA), a B, receptor preparation, indicates that [Phefy(CH,NH)Arg}-BK is
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Table 1 Pharmacological evaluation of BK and [Phedy(CH,NH)Arg?}BK on B, and B,
preparations

Receptor BK [Phedy(CH,NH)Arg?]-BK
type Control + Captopril Control + Captopril
B, pD? R.A2  pD, R.A. pD; R.A. pD, R.A.
RIV 7.35 100 8.48 1349*  8.18 676 8.29 870
DCA 8.64 100 9.60 912¢  7.48 7 7.46 7
DRA 9.85 100 10.23 240*  9.00 14 8.86 10
RBP 1000 956* 489 314N8
B,

RA 6.22 100 6.67 281*  Inactive Inactive

2 pD, = apparent affinity evaluated from the concentration of agonist that produced 50%
of the maximum effect; R.A. =relative affinity in percent of that of BK (BK = 100).

b Evaluated by i.v. injections and expressed in percent of the hypotensive activity of
BK.

* Significant potentiation. RIJV=rabbit jugular vein; DCA =dog carotid artery;
DRA =dog renal artery; RBP=rat blood pressure; RA =rabbit aorta; NS=not sig-
nificant.

inactive on this receptor type, while BK is active and its effect is potentiated
by captopril. The activity of BK on this tissue has been attributed to the release
of its metabolite, des-Arg®-BK, by carboxypeptidase N because the effect of
BK is blocked by mergetpa, an inhibitor of this enzyme [2].

BK and [Phedy(CH,NH)Arg%]-BK were incubated with purified carboxypep-
tidase B that has an activity similar to that of carboxypeptidase N, and with
a lung powder preparation of ACE. Results with carboxypeptidase B (incubation
of 1.4 X 10-6 M of BK or [Phe®y(CH,NH)Arg?]-BK with 0.1 ul carboxypeptidase
B (1.1 uwg/ul) in 300 ul of Tris(pH 7.6)) show that, in the assay conditions,
more than 50% of BK is metabolized in 20 min (complete degradation in 40
min), while [Phedy(CH,NH)Arg?]-BK was stable after 5 h of incubation. The
ACE preparation degraded BK into BK (1-7) with no marked metabolism of
the pseudopeptide analog.
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Introduction

The design of nonpeptidic analogs of bioactive peptides is anticipated to lead
to compounds with improved bioavailability, prolonged duration of action and
high selectivity. This approach may also lead to the development of highly potent
and selective antagonists. We have previously outlined our approach to the design
of nonpeptide peptidomimetics and demonstrated it in the synthesis of potent,
partially nonpeptidic analogs of substance P (SP), based on 4-hydroxyproline
[1]. The 1,4-piperazine system presented in this work represents a larger ring
system, as compared to the proline ring, with a greater potential for confor-
mational flexibility. Substitution of 1,4-piperazine by the essential SP pharma-
cophores resulted in structure I that was examined by CPK models. Only the
(25,58)-1,4-piperazine isomer allowed close reproduction of the topological
model obtained for one of the reported low energy conformations of SP [2].

Results and Discussion

The synthetic route developed for the preparation of analog I and II allowed
the selection of substituents and chirality at C, and Cs in the 1,4-piperazine
ring, and also provided the options either to alkylate or to acylate the heterocyclic
nitrogens (Scheme ). The key intermediate in the synthesis of analogs I and
I1, 2-keto-3,6-dibenzyl-1,4-piperazine derivative 2, was obtained by cyclization
of the pseudodipeptide 1. The biological activities of SP analogs I and II in
the guinea pig ileum (GPI) and rat vas deferens (RVD) are summarized in Table
1. The reduced potency of the piperazine analogs, despite their close resemblance
to the topological model of SP, may be due to excessive conformational constraints
induced by the substituted piperazine ring.

Table 1 Biological activities of SP analogs in GPI and RVD

Analog GPI RVD
ECsp (uM) ECs (uM)

I 7.5 >>20.0

11 20.0 >>20.0

[pGlubJSP¢_y; 1.2X 103 20.0
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Scheme 1. Synthesis of 1,4-piperazine analogs of SP.
Conclusion

Biologically relevant topology can be derived from modeling of low-energy
conformations. Small polyfunctional, stereochemically defined heterocyclic rings
could be employed for construction of a topological model. The development
of these important non-peptidic leads into compounds with higher affinity for
the SP receptors is currently being examined in our laboratory.

References

1. Roubini, E., Wormser, U., Levian-Teitelbaum, D., Laufer, R., Gilon, C., Selinger,
Z. and Chorev, M., In Hruby, V.H., Kopple, K.D. and Deber, C.M. (Eds.) Peptides:
Structure and Function, Pierce Chem. Co., Rockford, IL, 1984, p. 635.

2. Manavalan, P. and Momany, F., Int. J. Pept. Prot. Res., 20 (1982) 3513.

162



Second generation of potent parathyroid hormone (PTH)
antagonists

M. Chorev*, M.E. Goldman, E. Roubini, J.E. Reagan, J.J. Levy, R.F. Nutt,
M.P. Caulfield and M. Rosenblatt
Merck Sharp & Dohme Research Laboratories, West Point, PA 19486, U.S.A.

Introduction

Parathyroid hormone (PTH) antagonists are valuable research tools in studying
the role of PTH (84 amino acid residues) and parathyroid hormone-related protein
(PTHrP, 141 amino acid residues) as calciotrophic hormones, and as potential
drugs in treatment of calcium disorders. Sequence homology of both hormones
is limited to their amino terminus, in which 8 out of 13 amino acid residues
are identical. Recently, we have identified position 12 in both hormones as a
site relatively tolerant of structural manipulation [1]. Replacement of Gly!? with
p-Trp led to a 10-fold increase in potency compared to that of the corresponding
parent antagonists (see Table 1) [2]. We report here our recent efforts toward
the preparation of highly potent PTH antagonists.

Table | Binding and cyclase activity of antagonist analogs derived from PTH and PTHrP
sequences using bovine renal cortical membranes®

Peptide analog Binding® Cyclase®
Kb (l'lM) Ki (I’IM)

1. [Nlet!8 Tyr34]bPTH(7-34)-NH, 145+ 10 1 600 £ 300
2. [Nle8.!8 p-Trp!2, Tyr}*]bPTH(7-34)-NH, 15£5 125+ 10
3.  [Nled,p-Trp!218 Tyr34]bPTH(7-30)-NH, 4+1 30+5
4. [Nled,p-Trp!8, Tyr3*]bPTH(7-34)-NH, 200£5 700+ 180
5. [Nle8,.-Trp!8, Tyr34]bPTH(7-34)-NH, 45110 420+ 30
6. [Nles,p-Ala!8, Tyr3*]bPTH(7-34)-NH, 870 £ 460 640125
7. [Nled 18 p-Trp!2,Lys!3}(e-X), Tyr34]bPTH(7-34)-NH,d 4+1 60+ 10
8. [Nled18,p-Trp!2,Lys!3(e-Y),Tyr34]bPTH(7-34)-NH¢ 35+£5 230+25
9. [p-Trp!2]PTHrP(7-34)-NH, 5015 390+ 180
10. [Nled.18 p-Trp!2]bPTH(7-18)PTHrP(19-34)-NH, 190+ 30 320+ 60
11. [p-Trp!2]PTHrP(7-18)[Tyr34]bPTH(19-34)NH, 70+ 15 350+ 40

2 Values are mean (== SEM) from at least three experiments.

b Inhibition of binding of 25 pM of [Nle#!8,mono-125I-Tyr34]bPTH(1-34)-NH,.
¢ Antagonizing 3 nM of [Nle8.18 Tyr34]JbPTH(1-34)-NH,.

d X=CO(CH,),Ph.

¢ Y=N,N-{CH,CH(CH;),]>.

*Present address: Department of Pharmaceutical Chemistry, School of Pharmacy, The Hebrew
University of Jerusalem, Jerusalem 91120, Israel.
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Results and Discussion

Peptides were synthesized on a p-MBHA resin, purified and characterized
as described previously {3]. Modification of e-amino Lys!3 (as in analogs 7 and
8) was achieved by coupling N*-Boc-Ne«-Fmoc-Lys to the corresponding resin-
bound-peptide followed by deprotection with piperidine. Acylation with DCC-
mediated preformed hydrocinnamic anhydride and reductive alkylation in the
presence of NaBH;CN and isobutyraldehyde yielded the intermediates, which
were then extended to the corresponding analogs 7 and 8, respectively. Table
1 summarizes the binding affinities and inhibition of PTH-stimulated adenylate
cyclase activities, as determined in the bovine renal binding assay. Enhancement
of binding affinity was achieved by combining the effect of p-Trp!2 with additional
hydrophobic substitutions at positions 13 and 18, sites identified as tolerant
of a wide range of structural modifications. The increase in potency due to
hydrophobic substitution in position 18 was observed only in combination of
D-Trp!2 (cf. 3 and 4-6). In a similar manner, introduction of a hydrophobic
moiety on the e-NH, of Lys!3 contributed to the enhanced potency of analogs
7 and 8. It seems that the N,N-diisobutyl substitution may exceed the spacial
limitations at this site of interaction. The hybrids of PTH and PTHrP, analogs
10 and 11, demonstrate that the C-terminal domains of these functionally related
analogs of the calciotrophic hormones could be interchanged and still retain
potency. This finding may indicate that these structurally different C-terminal
domains interact in a similar manner with either one of the N-terminal domains
of the hormone, or with the receptor. This concept is currently being explored
in our laboratory in studies toward the design of more potent PTH antagonists.
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Introduction

Calcitonin (CT) is well known as a key regulatory hormone in calcium
metabolism. Since the idea of an amphiphilic helix was proposed, this peptide
has been a target of conformational analyses by CD measurements and modeling.
Kaiser et al. [1] designed a model of salmon CT to optimize an amphiphilic
structure and demonstrated that this model peptide has a helical structure in
50% TFE. Salmon CT also has a helical structure in the presence of phospholipid
as Epand et al. [2] found.

We have worked to determine conformations of polypeptides in solution by
the combined use of NMR measurements and distance geometry algorithms [3].
Here, we applied our technique to analyzing the structure of human CT (hCT)
in a mixture of water and TFE.

Results and Discussion

The structural study of hCT was performed as follows. 2D NMR spectra,
such as DQF-COSY, HOHAHA and NOESY, were measured in TFE-d;/D,0
or H,O (2:3, v/v). In these spectra, the peaks were assigned by sequential
assignment strategy [4].

Then, the NOEs determined from NOESY spectra, were interpreted as distances
for use in distance geometry calculations as the constraints [3,5]. The distance
geometry algorithm consists of constructing a randomly chosen initial confor-
mation and minimizing the sum of the square root of differences between atomic
distance in the calculated structure and the value of the corresponding distances
obtained from NMR experiments.

Eight resulting structures with the lowest values of the sum, superimposed
to obtain the best fit for minimum root mean square deviation (RMSD) are
shown in Fig. 1. These computer drawings show that the center region from
Leu?® to Phe2? is in a helical conformation. This result confirms that hCT assumes
a helix structure as predicted for salmon CT and its analog [1,2].

Figure 2 indicates how this helix differs from a typical a-helix. The arrows
show the deviation of the individual residue positions from the ideal positions
of the corresponding residues in an a-helix. The deviations are observed in the
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Fig. 1. Computer drawings of eight structures for hCT superimposed to obtain the best
fit for minimum RMSD. All covalent bonds between main-chain backbone atoms are shown.

Fig. 2. Helical wheel projection of the Leu?-Phe?? region.
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regions from Leu? to Gly!9 and from Phe!? to Phe22, Therefore, the region from
Thr!! to Lys!8 is found to be in an a-helix but its neighboring regions at both
ends are in an extended helical conformation. In addition, it has been revealed

that the region from Leu® to Thr2! has an amphiphilic arrangement of the side
chains.
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Introduction

Peptides of the bombesin (BN)/GRP family act as autocrine growth factors
for small cell lung carcinoma (SCLC). In the search of BN antagonists as possible
therapeutic agents for this kind of tumor, a number of C-terminal BN alkylating
analogs have been synthesized and evaluated in Swiss 3T3 fibroblasts for receptor
binding affinity and for mitogenic activity, alone and in competition with BN.

Results and Discussion

The Melphalan moiety has been introduced at different positions of the NH,-
terminus of BN analogs. Its location seems to affect the binding affinity of
the compounds, position 6 being more favorable than position 3. When the
alkylating moiety has been introduced into BN structures showing good receptor
affinity and agonistic activity, a slight increase in ICsy was observed as compared
to the reference compound. Vice versa, the introduction of the same moiety
in peptides which display poor receptor binding (and are biologically inactive
or weak antagonists), induces at least a 10-fold increase in binding affinity.

Usually, in competition experiments, BN alkylating analogs with intrinsic
‘antagonistic’ features display comparable antagonism to 25 nM BN, both when
given at the same time as or 24 h before the agonist challenge, whereas analogs
with intrinsic ‘agonistic’ features display better antagonism in the sequential
than in the contemporaneous treatment.

The number of GRP receptors per cell, 24 h after treatment, is more greatly
reduced (up to complete suppression) by these alkylating analogs than by other
BN-like peptides, and, in the second challenge, the percent inhibition of thymidine
incorporation is inversely related to the number of residual receptors.

The alkylating moiety Melphalan does not bind by itself to GRP receptors
in Swiss 3T3 cells, while the alkylating analogs do not bind to other growth
factor receptors, such as the EGF receptor in A431 cells. In addition, on a
molar basis, the toxicity of these alkylating analogs (IC5,>50 uM) is much
lower than that of the cytotoxic Melphalan moiety (ICsy 3.3 uM).

Peptides containing the alkylating moiety in meta position apparently are more
cytotoxic than the same peptides carrying the alkylating moiety in position para,
as in the classical Melphalan.

Probably due to higher chemical and enzymic stability, the N-terminal protected
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derivatives are more potent antagonists than the unprotected ones. Preliminary

results with selected BN alkylating analogs indicate that these compounds are
also able to inhibit the growth of SCLC cell lines in soft agar.
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Introduction

Gastrin-releasing peptide (GRP), its C-terminal decapeptide (GRP-10), and
neuromedin B (NMB) are bombesin-like neuropeptides isolated from mammals

GRP-10:  Gly-Asn-His-Trp-Ala-Val-Gly-His-Leu-Met-NH,
NMB: Gly-Asn-Leu-Trp-Ala-Thr-Gly-His-Phe-Met-NH,

and are considered to be involved in the nervous regulation systems as neu-
rotransmitters or neuromodulators, although the actual physiological functions
are not yet established. The peptides of the bombesin family have multiple
biological activities and are known to stimulate the contraction of smooth muscles,
the release of gastropancreatic hormones such as gastrin, insulin and glucagon,
the secretion of juice from pancreatic acini and the proliferation of several cell
lines. Generally, antagonistic substances play a significant role in the study of
the detailed functions of biologically active substances, such as atropine against
acetylcholine, and naloxone against opiates.

Recently, we found [1] that GRP-10 analogs, in which the amino acid residue
at position 6 is replaced by Ala or Gly, antagonize the insulin secretion induced
by GRP-10, based on SAR.

Methods

Synthetic peptides were dissolved in saline solution containing 0.2% bovine
serum albumin. In in vivo study, the peptide solution was injected into dogs,
and insulin, glucagon and gastrin levels in the plasma were studied as previously
described [2]. In in vitro study, the pancreas was isolated from dogs, and perfused
by the method of Iversen et al. [3]. Insulin (IRI), glucagon (IRG) and gastrin
levels in the plasma and the effluent perfusate were determined by RIA.

Results and Discussion
The prior injection of [Ala%]-GRP-10 into conscious dogs in doses of 45, 225

and 450 nmol/kg decreased cumulation increase in the plasma insulin level,
over a 10-min period following the injection of 4.5 nmol/kg GRP-10, to 67.4,
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49.3 and 22.1%, respectively, as shown in Fig. 1. Prior injection at doses of
4.5, 45, 225 and 450 nmol/kg reduced the plasma glucagon level to 94.0, 43.0,
48.3, 47.6 and 58.6%. Plasma gastrin levels were 94.0, 155.4 and 167% following
the injection of 45, 225 and 450 nmol/kg as shown in Fig. 2.

: GRP-10
: GAP-10 plus 4Snmol/kg (Ala*1-GRP~10 i/

:GRP-10 plus 225nmol/kg (Ala*)-GRP-10

100

e > B O

:GAP~-10 plus 450nmol/kg (Ala*}-GRP-10

50

Incremental Area of Insulin
(uU/mt for 10min)

—
ry
ry
o
o
[ 1 58

GRP-10 (-log mol/kg)

Fig. 1. Dose-response curves of stimulation of insulin release by GRP-10 and its inhibition
by various doses of [Ala®}GRP-10.

QO :GRP-10
B : GRP-10 plus 45nmol/kg (Ala*)-GRP-10

A :GRP-10 plus 225nmol/kg (Ala®)-GRP-10
400 - ® :GAP-10 plus 450nmol/kg (Ala®)-GRP-10

Incremental Area of Gastrin
(pmol/1 for 10 min)

ol 1 1 1
1 10 8 8

GRP-10 (-log mol/kg)

Fig. 2. Dose-response curves of stimulation of gastrin release by GRP-10 and its enhancement
by [AlaS FGRP-10.
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In the canine pancreas perfusion experiments, insulin release stimulated by
1 nM of GRP-10 was reduced to 85 and 33% by the infusion of 10 and 100
nM of [Alas]-GRP-10, respectively.

[D-Arg!l, p-Pro?, p-Trp”9, Leu!!]-substance P, a synthetic antagonist against
bombesin-like peptides, suppressed insulin release with 1 nM of GRP-10 to 65.9
and 24.1% by the infusion of 100 nM and 1 gM. [D-Phe8]-GRP-10 is also known
as an antagonist of the bombesin family and reduced insulin release to 97.7,
and 15.4% by infusion of 1 and 10 uM. Insulin release was almost completely
suppressed by infusion of 100 nM of [Gly®]-GRP-10.

The results are summarized as follows:

(1) [Ala¢]-GRP-10 and [Gly$]-GRP-10 are proposed to be antagonists for the
release of insulin and glucagon stimulated by GRP-10.

(2) Antagonistic activities of both peptides are approximately 10-fold that
of [D-Arg!, b-Pro?, p-Trp?9, Leu!l]-substance P and 100-fold that of [D-Phe?]-
GRP-10.

(3) The different features of each peptide in biological activity suggest that
different receptors are involved in the secretion of insulin and gastrin.
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Introduction

Bombesin (BN) and gastrin-releasing peptide (GRP) possess a number of
chemical and biological similarities. In addition to various other effects, both
BN and GRP have been identified as potent mitogens in Swiss 3T3 cells [1],
and GRP has also been proposed as an autocrine growth factor in small cell
lung cancer (SCLC) [2]. The antagonists of BN/GRP may, therefore, have
therapeutic utility in the treatment of SCLC.

Our attempts to obtain BN/GRP antagonists we based on two approaches:
(a) synthesis of truncated and side-chain deletion analogs, and (b), synthesis
of analogs based on a substance P antagonist Z-Arg-Pro-Lys(Z)-Pro-Gln-Gln-
Phe-Phe-Gly-Leu-OMe [3]. Incorporation of the changes which led to substance
P antagonism into the C-terminal decapeptide of GRP gave a potent BN/GRP
antagonist (compound 1, Table 1). Further modifications were then attempted
to obtain potent in vivo antagonists of BN/GRP with longer duration of action.

Methods

Synthesis
The analogs listed in Table 1 were synthesized by SPPS, purified by RPHPLC,
and characterized by AAA and FABMS.

Biological tests

In the in vitro mitogenic test (Table 1), the incorporation of 3H-thymidine
into Swiss 3T3 cells was measured over a period of 48 h at 37°C. In the in
vivo test (Table 2), the inhibition of bombesin-stimulated amylase secretion was
measured in rats after i.v. and s.c. administration of the compounds [3].

Results and Discussion
Modifications of compound 1 by introducing pD-amino acid residues in various
positions resulted in improved potency (2, 3, 8) in the in vitro test system (Table

1). Although 1-8 were potent antagonists of BN in vitro and in vivo (given
i.v.), none of these inhibited bombesin-stimulated amylase secretion in rats when
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Table 1 Chemical structures and in vitro (inhibition of mitogenesis using Swiss 3T3 cells)
activities on BN/ GRP antagonists

Compound Structure ICsp nM
1 Z-Arg-Pro-Lys (Z) -His-Trp-Ala-Val-Gly-His-Leu-OMe 2.3
2 Z-Arg-Pro-Lys (Z) -His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.7
3 Z-Arg-Pro-Lys (Z) -p-Gln-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.2
4 Boc-p-Deh-Pro-Lys (Z) -His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.6
5 Ac-Pro-Lys (Z) -His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.9
6 Ac-Gly-Asn His-Trp-Ala-Val-p-Ala-His-Leu-OMe 6.4
7 Boc-p-Arg His-Trp-Ala-Val-p-Ala-His-Leu-OMe  10.0
8 Ac-D-Phe(C1)-His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.3
9 His-Trp-Ala-Val-p-Ala-His-Leu-OMe 1.0

Ac-Phe is-Trp- -D- is-Leu- .
10 O OCH,CO ——His-Trp-Ala-Val-p-Ala-His-Leu-OMe 1.1

11 @j— CH,CO His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.9
12 N CH,CO His-Trp-Ala-Val-p-Ala-His-Leu-OMe 3.0

13 H CH,;CH,CO His-Trp-Ala-Val-p-Ala-His-Leu-OMe 0.5
14 (CH,),CHCO His-Trp-Ala-Val-pD-Ala-His-Leu-NHMe 3.3
15 CH;CH,CO ——His-Trp-Ala-Val-p-Ala-His-MeLeu-OMe 3.3

Table 2 Inhibition of BN-stimulated amylase secretion in rats by the antagonists

Compound Dose Route of Time of %
(mg/kg) administration administration inhibition
(min. before BN)
1 0.5 iv. 0 86
20.0 s.C. 60 61
3 0.5 iv. 0 73
20.0 s.C. 30 5
4 0.5 iv. 0 92
20.0 s.C. 30 17
5 0.5 iv. 0 91
20.0 s.C. 30 14
6 0.5 iv. 0 93
20.0 s.C. 150 Inactive
7 0.5 iv. 0 86
20.0 s.C. 30 13
8 0.5 iv. 0 80
20.0 s.C. 150 Inactive
9 0.25 iv. 0 86
2.0 s.C. 30 83
10 0.5 i.v. 0 92
20.0 s.C. 30 26
11 0.25 1.v. 0 95
0.02 iv. 0 61
10.0 s.C. 150 49
12 0.5 iv. 0 92
2.0 s.C. 150 6
13 2.0 s.C. 60 96
2.0 s.C. 150 51
14 2.0 s.C. 150 100
0.1 s.C. 150 58
15 2.0 s.C. 150 94
0.02 s.C. 150 45
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administered subcutaneously. The heptapeptide derivatives (9 and 11) showed
modest inhibition, whereas 14 (ICI 216140) and 15 (ICI 216167) were potent
inhibitors of amylase secretion when given subcutaneously. Both of these also
displayed prolonged duration of action (>3 h). Results on other modifications
leading to further improvements in potency and duration of action will be reported
elsewhere.
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Introduction

Several antagonists of Substance P (SP) containing two or more p-Trp residues
in their sequence have been reported [1,2]. Most of these antagonists show limited
selectivity for the three tachykinins receptors [3], probably because they were
designed as modifications of the SP backbone. In fact, although SP has some
preferential activity for the NK-1 receptors, it is active as an agonist at all of
the three tachykinin receptors. We attempted to obtain selective NK-2 antagonists
by introduction of p-Trp on the backbone of a NK-2 selective agonist, the C-
terminal heptapeptide NKA (4-10).

Results and Discussion

The results presented in Table 1 indicate that, by introducing p-Trp in positions
6 and 8 along with pyroglutamic acid pGlu in position 4 or Nle in position
10 of NKA (4-10), selective, although weak, NK-2 tachykinin antagonists are
obtained. Similar substitutions, previously reported on the sequence of SP, gave
rise to nonselective antagonists, presumably for the limited selectivity of the
agonist used as template. Peptides 3 and 4 are interesting examples of selective
antagonists developed starting from a selective agonist. Further modifications,
like the addition of Phe in position 10 or of a third p-Trp in position 9, gave
rise to more potent but less selective antagonists, thus showing that each amino
acid substitution can dramatically affect selectivity.

Further studies are necessary for the development of peptides showing enhanced
potency along with improved selectivity.
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Introduction

The tachykinins are a family of peptides that share the C-terminal sequence:
Phe-Xxx-Gly-Leu-Met-NH,. In mammals, Substance P and the neurokinins have
been identified in the central and peripheral nervous system and have shown
spasmogenic activity in smooth muscle tissue. In view of Coy’s discovery that
[¢(CH,NH)} analogs of bombesin (TQQRLGNQWAVGHLM-NH,) are bom-
besin antagonists [1], we have synthesized and tested a series of Neurokinin
A (NKA, HKTDSFVGLM-NH;) analogs in which the amide bonds of [Leu!0]-
NKA, |, have been sequentially replaced with the reduced amide [y(CH,NH)]
bond.

Results and Discussion

The peptides shown in Table 1 were prepared according to the method of
Coy, et al. [1] using SPPS with Boc protection. Compounds I, II, IV and V
were prepared by reductive alkylation of resin-bound peptides with N-f-Boc-
aminoaldehydes prepared according to the method of Fehrentz and Castro [2].
Compound II was made using N--Boc-glycinal synthesized from N-t-Boc-
allylamine [3]. Reductive alkylation of the resin-bound peptide with succinic
semialdehyde provided compound VI. Compound VI is, therefore, a [{y(CH,NH)]
analog of succinoyl-NKA;s_jo. The peptides were deprotected and cleaved from
the resin with HF/anisole and purified by semi-prep HPLC on a Vydac Cj
column (22x250 nm). The final products were characterized by FABMS and
AAA. Purity was determined by analytical RPHPLC in two different solvent
systems.

The receptor affinity of the analogs was determined by competitive binding
experiments in receptor-specific tissues: hamster bladder (NK-2), rat salivary
gland (NK-1) and rat cerebral cortex (NK-3) [4]. The in vitro data (Table 1)
show that replacement of the amide bonds in [Leul9-NKA, ,, with the
[¥(CH,NH)] moiety results in a pronounced loss in NK-2 receptor affinity in
all cases except in I (MDL 28564). MDL 28564 retains significant NK-2 affinity
(K;= 157 nM) with greatly reduced NK-1 (K;~250 uM) and NK-3 (K; =~ 500 uM)
affinities, making MDL 28564 the most selective NK-2 peptide reported in the
literature [5]. This compound showed weak partial agonism in a pl turnover
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assay (=10% of NKA), but also showed antagonist activity by its ability to
shift the dose-response curve for NKA-induced pl turnover in hamster bladder.

Table 1  Compounds synthesized, and competitive radioligand binding data
Peptide ICs (nM)
NK-12 NK-2b NK-3¢
I Asp-Ser-Phe-Val-Gly-Leu[(CH,NH)]Leu-NH, 250%x10°  157+17 250103
II Asp-Ser-Phe-Val-Gly[¢(CH,NH)]Leu-Leu-NH, ND > 10x 103 ND
HI  Asp-Ser-Phe-Val[y(CH,NH)|Gly-Leu-Leu-NH, ~ >100x10° > 5x100  ND
v Asp-Ser-Phe[(CH,NH)]Val-Gly-Leu-Leu-NH, > 10x103. > 5x103 ND
A Asp-Ser[y(CH,NH)]Phe-Val-Gly-Leu-Leu-NH, > 40x103  >10x10> ND
VI Suc[y(CH,NH)]Ser-Phe-Val-Gly-Leu-Leu-NH, ND 2x103 ND
SP 0.3+ 0.1 40 =*11 65+5
NKA 54 + 0.5 0.7+0.2 35+3
NKB 200 £25 18 *+4 2+0.3

2 [125]-Bolton-Hunter]-substance P with rat submandibular gland.

b [125

I-His')!-neurokinin A with hamster bladder.

¢ [125I-Bolton-Hunter]-eledoisin with rat cerebral cortex.
ND =not determined.
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Introduction

Previous studies have shown that C-terminal modification of bombesin and
litorin by pseudopeptide bond results in analogs with high receptor antagonist
properties [1,2]. In order to study further SAR, a series of peptides with additional
C-terminal modifications were synthesized and tested in vitro and in vivo.

Materials and Methods

Synthesis of peptides was carried out by SPPS on MBHAR using commercially
available Boc-amino acids. Boc-statine and related amino acids were purchased
or prepared by a literature method [3,4]. Cleavage and deprotection of the resin-
bound peptide was achieved by treatment with liquid HF containing anisole
and dithiothreitol as scavengers. Purification of the crude material by RPHPLC
on Vydac Cg support yielded a product whose purity was >95% by analytical
HPLC.

In vitro receptor affinities were determined from the competition for [125T]GRP
binding to Swiss 3T3 cells, and from the inhibition of BN-stimulated thymidine
uptake by 3T3 cells. Some analogs were also tested for their ability to inhibit
BN-stimulated amylase release from isolated guinea-pig pancreatic acini.

For in vivo studies, the NCI-H69 human small-cell lung carcinoma line was
transplanted from in vitro culture by implanting athymic nude mice with the
equivalent of 5 confluent 75-cm? tissue-culture flasks, s.c., in the right flank.
No attempt was made to disaggregate the cell agglomerates. Tumor size was
calculated as the average of two diameters, i.e., (length+ width/2) mm. BN
antagonists were administered at 50 pg/injection, b.i.d., or s.c., as a perilesional
infusion. Care was taken not to inject intralesionally. There were 10 animals
in the control and 5 in the test groups.
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Table 1  Structure and in vitro activities
Analogs Binding Inhibition of Inhibition of
(K;=nM) thymidine amylase
uptake release
(ICso=nM) (ICso=nM)
[Sta!3]-des-Met!¢ BN 18 agonist
[Sta®]-des-Met® Litorin 150 165 150
[D-Phe!, AHPPAS]-des-Met? Litorin 233 101 354
[D-Phe!,Sta8)-des-Met? Litorin 7.2 37.2 15.1
[D-Phe!, ACHPA(3R,4S)8]-des-Met? Litorin 3.9 21.6 28
[D-p-Cl-Phe!,Stat]-des-Met? Litorin 4.5 8.9 26
[D-p-Cl-Phe!, ACHPA (3R,4S)8]-des-Met?® Litorin 7.9 46.8 30
[p-p-Cl-Phe!, ACHPA (3S,45)8]-des-Met? Litorin 38 43.7 36
[D-p-Cl-Phe!,Sars, ACHPAS8]-des-Met?® Litorin 1.9 6.7 34
[D-p-Cl-Phe!,8-Leut]-des-Met® Litorin 0.8 5.2

Statine:  (3S,4S)-4-amino-6-methyl-3-hydroxy-heptanoic acid.
AHPPA: (3S,4S)-4-amino-3-hydroxy-3-phenylpentanoic acid.
ACHPA: (3S,4S)-4-amino-5-cyclohexyl-3-hydroxypentanoic acid.
B-Leu: B-homo-L-leucine.

Sar: Sarcosine.

Bombesin: p-Glu-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-Val-Gly-His-Leu-Met-NH,

Litorin:  p-Glu-Gln-Trp-Ala-Val-Gly-His-Phe-Met-NH,
BLBSOS
NCI-HES/01 HUNMAN SCLC
Ax 80 UG/INJ. SC INFUSION
a0 1 - 34, 8.1.D.
10T BMM-26100  [phel y Leu?] Liton coNTROL
T BIM-26114  [D-Naté, Lev!? y Leu!4) Bombesin (6-14)
(V] BIM-26320  (Sul. des Me?) Utorin
M
0
R 97 BIN-28114
BIM-28100
s
I / BIN-261420
z i
61.
E
m
m
at
MEANS +/- BE
° 4 8 12 16 20 =24 =28 32 36 40 44
DAYS POST TUMOR IMPLANTATION
Fig. 1. Evolution of tumor size in athymic nude mice over 34 days of BN and Litorin

analogs.
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Results and Discussion

Structure and in vitro activities are listed in Table 1; in vivo activities are
shown in Fig. 1.

The replacement of the two distal C-terminal amino acids, by statine, in BN,
generated potent agonist. Surprisingly, the same kind of modification in the
litorin series produced a potent antagonist. Furthermore, replacement at the
position 1 by lipophilic p-amino acid generated even more-potent antagonists.
Stereochemistry of the hydroxyl group in the statine analogs did not seem to
change biological activity. Considering that statine and its related analogs
(AHPPA, ACHPA) are y-amino acid, a B-leucine analog was also prepared,
which proved to be a very potent antagonist. Differences between in vitro and
in vivo activities of these compounds are under investigation.

References

1. Coy, D.H., Heinz-Erian, P., Jiang, N.-Y., Sasaki, Y., Taylor, J.E., Moreau, J.-P.,
Wolfey, W.T., Gardner, J.D. and Jensen, R.T., J. Biol. Chem., 263 (1988) 5056.

2. Coy,D.H., Taylor, J.E., Jiang, N.-Y., Kim, S.H., Wang, H.H., Huang, S.C., Moreau,
J.-P., Gardner, J.D. and Jensen, R.T., J. Biol. Chem., 264 (1989) 14691.

3a. Maibaum, J. and Rich, D., J. Org. Chem., 53 (1988) 869.

b. Schuda, P.H., Greenlee, W.J., Chakravarty, P.K. and Eskola, P., ibid., 53 (1988) 873.

4,  Wakamiya, T., Uratani, H., Teshima, T. and Shiba, T., Bull. Chem. Soc. Jpn.,

48 (1975)2401.

184



Design of a cyclic bombesin analog

Martha Knight?, Terrence R. Burke Jr.?, J. Desiree Pineda?, Steven L. Cohen®,
Samira Mahmoud® and Terry W. Moody®

“Peptide Technologies Corporation, 125 Michigan Ave. N.E., Washington,
DC 20017, U.S.A.
bDepartment of Psychology, Bloomsburg University of Pennsylvania, Bloomsburg,
P4 17815, U.S.A.
‘Department of Biochemistry, George Washington University School of Medicine,
Washington, DC 20037, U.S.A.

Introduction

Bombesin (BN) is a neuropeptide that has gastrointestinal effects. Its mam-
malian congener, gastrin-releasing peptide, is a circulating hormone that functions
in digestion and is ectopically produced by small cell lung carcinoma. The peptide
is an autocrine growth factor for these cells and related tumors. Analogs were
synthesized to determine the smallest biologically active sequence, and other
changes were incorporated to increase biological and chemical stability. Met
was replaced by Nle to prevent oxidative degradation, and D-Ala was substituted
for Gly to stabilize the conformation. Carboxyl-terminal fragment peptides were
synthesized, and large amino groups were attached to protect against proteolysis
and enhance activity. The partial sequence of BN that possesses activity was
further stabilized by forming an amide bond between an e-amino group in position
5 and the carboxyl group of Met at position 14, thus achieving the first active
cyclic analog.

Methods

The peptides were synthesized by SPPS on MBHAR using Boc chemistry.
Purification was by CCC [1] and preparative RPHPLC. The cyclic peptide was
synthesized on Boc-Met chloromethyl resin, purified, cyclized by reaction with
BOP-Cl and isolated by RPHPLC. The product had the correct MW as determined
by FABMS.

The peptides were analyzed for in vivo and in vitro activity [2]. The reduction
in liquid food intake by rats, following intraperitoneal injection, was measured
for 30 min. A baseline was established. Each dose of a compound was tested
in six animals. The doses were equimolar to 0, 4, and 400 ug/kg of BN. The
lower dose of BN lowered food ingestion to 27% of baseline.

The peptides caused a receptor-mediated increase in intracellular Ca?t levels
in small cell lung carcinoma cells (NCI-H345) due to increasing phosphatidyi-
inositol turnover. The cells were loaded with a fluorescent dye, Fura 2AM at
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37°C. When BN or an agonist is added, a rise in the amplitude of fluorescence
occurs for 4 min. The effect was measured with varying concentrations to
determine the EDs.

Results and Discussion

Concentrations of half-maximal effects by the compounds in both assays are
given in Table 1. The agonists showed moderate potency compared to BN in
the cell receptor interaction. Not all peptides were tested in both assays. The
cyclic BN analog, 137, that displayed moderately high activity, binds to BN
receptors in SCLC, brain membranes, and other cell lines, and stimulates growth
of Swiss 3T3 cells. The smallest peptide, 136, was the most potent in the food
inhibition behavior. The bioavailability of i.p.-administered compounds is im-
proved if they are resistant to proteolysis. For this and other reasons, these
results suggest that the smaller compounds are more efficacious. The potencies
of the octapeptide and the cyclic peptide demonstrate the feasibility of small
conformationally stabilized BN receptor-directed analogs as in vivo agents.

Table 1  Stimulation of intracellular calcium increase in SCLC cells and inhibition of food
intake by BN analogs

Name Structure Cazt Liquid food
levels intake
EDso, uM EDsp, ug/kg

1 2 3 4 5 6 7 8 9
BN PCA-Gln-Arg-Leu-Gly-Asn-Gln-Trp-Ala-
10 11 12 13 14

Val-Gly-His-Leu-Met-NH, 0.005 1.3
¥ [CH,!2/13 Leu!4]BN [ref. 2] 0.2 n.d.
131 [N-Ac,Nle!4]BN(5-14) 0.2 120
137 [cyclo Ac-Leu4,p-Lys5,p-Ala!!, Met!4]BN (4-14) 0.3 n.d.

|

133 [N-B-Naphthoyl,Nlel4]BN(5-14) 0.3 60
134 [N-Bz,p-Ala!!,Nle!4]BN(5-14) 0.4 20
136 [N-Ac,p-Ala!l Nle!4]BN(7-14) 0.5 1.3
132 [N-Bz,Nle!4]BN(5-14) 0.5 29
135 [N-B-Naphthoyl,p-Alal’, NMeLeu!3,Nle4]BN(5-14) n.d. 2500

n.d. = not determined.
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Introduction

Bombesin (BN) and related peptides are potent mitogens for several cells and
function as autocrine growth factors in the development of small cell lung
carcinoma (SCLC) [1,2]. This finding has opened the search for BN antagonists
able to inhibit the growth of this tumor. Recently, the discovery of
[Leul3y[CH,NH]Leu!4]-BN represented a breakthrough in the development of
BN antagonists [3]. Since structural information could be of great help both
for elucidation of the mode of action and in the formulation and development
of more selective and potent antagonists, we have undertaken a systematic study
of BN antagonists in solution by using 500 MHz and CD techniques. In particular,
[D-Phe!2, Leu!4]-BN and [Leu3y[CH,NH]Met!4]-BN (6-14) nonapeptide have
been examined. NMR and CD measurements in different solvents are discussed
together with the data previously collected for the parent BN molecule. A
comparative CD investigation on spantide is also reported.

Results and Discussion

NMR measurements

The conformational properties of the two BN antagonists [D-Phe!2, Leul?]-
BN and [Leu!3y{CH,NH]Met!4]-BN (6-14) in solution have been studied in two
different systems: the polar proton acceptor DMSO and the polar proton
acceptor/donor H,0. Two-dimensional techniques have been used to assign the
amino acid resonances.

The chemical shifts of NH and «-CH resonances in DMSO of [D-Phe!2,Leu'4]-
BN and [Leu!3y[CH,NH]Met!4]-BN (6-14) appear rather similar to each other,
and to those of the C-terminal nonapeptide of BN. The NMR spectra of
[Leul3y[CH,NH]Met!“]-BN (6-14) show that, in DMSO, H,O and the micellar
environment (SDS, 50-100 mM solution), the chemical shift values are rather
similar indicating no substantial structural modifications in going from organic
to micellar systems. Nevertheless, while in H,0, the NH protons at both ends
of the peptide chain exchange rapidly with the solvent molecules; in the presence

188



Structural biology

of SDS, this exchange is somewhat reduced. To gain further information on
the structural properties in solution of [Leu3y[CH,NH]Met!4]-BN (6-14), the
temperature coefficients of amide NHs have been measured. The data obtained
show that, in H,O, the coefficients are rather high and that some get smaller
in the presence of SDS micelles. This points to a reduced exposure of some
amide protons to interactions with the surrounding environment. Taken together,
the results obtained by NMR measurements demonstrate that, as for the parent
BN molecule, [D-Phe!2,Leu!4]-BN and [Leu!3$[ CH,NH]Met!4]-BN (6-14) do not
possess a conformational preference in DMSO or H,0. In the presence of SDS,
which in some instances has been shown to modify the cenformation of peptides
in solution, both chemical shifts and coupling constants measured for
[Leul3y[CH,NH]Met!4]-BN (6-14), although slightly different, still represent
conformation averages. Surprisingly, however, the backbone temperature coef-
ficients decrease in the micellar system. This cannot be taken by itself as an
indication of folding, but certainly it implies that the molecule in a membrane-
like environment (SDS micelles) is less accessible than in H,O.

CD measurements

The CD spectrum of [D-Phe!2, Leu!4]-BN in aqueous solution exhibits a negative
maximum at about 198 nm. As for BN, the shape of the spectrum is typical
of peptides essentially in a random conformation. In TFE and in the micellar
environment (SDS 40 mM), both BN antagonists tend to assume a more ordered
conformation. In TFE and in SDS the spectrum of [Leul3y[CH,NH]Met!4]-
BN (6-14), characterized by a negative maximum at 204-205 nm and a shoulder
in the 210-220 nm range, is very similar to that observed for BN in the same
solvent, thus indicating that this analog also tends to assume a folded con-
formation (helix, or B-structure) when exposed to a membrane-like environment.
Interestingly, spantide, which also possesses some inhibitory activity against BN,
seems to assume, even in H,0, an ordered conformation. The CD spectrum,
indeed, shows negative maxima at 222 nm and at about 200 nm. The shape
of the curve recalls the classical CD spectrum of an a-helix. In TFE and SDS
a red shift of the 7—7* transition is observed and, most significantly, the intensities
[6]1:7%%/[0]r*" ratio increases, thus indicating an increase of folded conformations
in going from TFE to SDS.
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Introduction

The treatment of endocrine-dependent or hormone-sensitive tumors, such as
breast and prostatic cancers, with GnRH analogs represents a new approach
in oncology [1]. The combination of hormonal therapy with chemotherapy may
enhance the response. Such combined therapy could be provided by treatment
with highly potent analogs of GnRH that contain cytotoxic moieties. Since such
a peptide can bind to specific receptors, this can provide some target selectivity
for the cytotoxic molecule and make it ‘cell specific’, decreasing its nonspecific
toxicity. In this paper, we report on the synthesis of GnRH analogs containing
clinically used antitumor drug Cisplatin (cis-diamminedichloroplatinum) and
cytotoxic copper(Il) and nickel(IT) complexes of hydroxy-oxo compound [2].

Results and Discussion

Metal complexes were introduced into suitable modified analogs of GnRH.
The 19 metallopeptide analogs synthesized can be illustrated by the following
general formulas:

pGlu-His-Trp-Ser-Tyr-p-Lys[A,xy(Q)]-Leu-Arg-Pro-Gly-NH,
pGlu-His-Trp-Ser-Tyr-p-Lys[ Ahx-A,xy(Q)]-Leu-Arg-Pro-Gly-NH,

Ac-D-Nal(2)-D-Phe(4Cl)-R3-Ser-Arg-p-Lys[A,xy(Q))-Leu-Arg-Pro-p-Ala-NH,
wherein A,xy stands for 2,3-diaminopropionic acid (A,pr) or 2,4-diaminobutyric
acid (Abu), Ahx is 6-aminohexanoic acid, R3 is p-Pal [3-(3-pyridyl)alanine] or
p-Trp, Q is PtCl, or B,Q’, wherein B derived from salicyl aldehyde, 5-Cl-
salicylaldehyde, pyridoxal or pyridoxal-5'-phosphate and Q' is Cu(II) or Ni(II).
As chelating function, an N‘-diaminoacyl-D-lysine or an N°-[6-(diaminoacyl)-
aminohexanoyl]-p-lysine was incorporated into position 6 of GnRH and two
of its antagonistic analogs during SPPS, or the p-Lys® analog was acylated
thereafter with the corresponding diaminoacid. Coordination compounds of
PtCl,, in which the platinum is chelated by two amino groups of the diaminoacid
side chain (Fig. 1A), could be obtained by 3 days reaction of K,PtCl, with
peptides mentioned above. Analogs comprising of a hydroxy-oxo compound
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and a Cu(II) or Ni(II) complex could be prepared by two methods: reacting
a diamino-p-Lysé peptide with a preformed aldehydato complex (e.g., bis(sa-
licylaldehydato)copper(II)], or first with a hydroxy-oxo compound and then with
a metal ion. The diaminoacid forms two Schiff-bases with the hydroxy-oxo
compound that provides two ~CH=N < groups and two phenolate anions for
the coordination of a bivalent metal cation, e.g., Cut+. The result is a six-five-
six-membered fused ring system in the reaction with 2,3-diaminopropyl side chain,
and a three-fused six-membered chelate ring with 2,4-diaminobutyryl group (Figs.
1B and 1C). Formation of the complexes was followed by RPHPLC (C3, solvents
were NH4;OAc, pH=7.0, and acetonitrile). The reaction of diaminoacyl-p-Lys®
analog with an aldehydato complex of copper produced a faster moving transition
metallopeptide that was transformed into the final product. We could demonstrate
the existence of the complexes of the p- and L-forms of A,pr containing agonists
and several times we could separate them by HPLC.

A B C
cl cl 0 0 0 0
N4 N,/ N/
Pt Cu Lu,
Hzrll'" "Ilm Hc:rli' "1;1:CH HC:llv'~ "rlqzw
CHZ—?H CHZ,—C[H H, C\CH/?H
$:0 C=0 2$:o
|
-D-Lys- -D-Lys- -D-Lys-

Fig. 1. Structures of metallo-complexes

The agonistic metallopeptides showed higher potency than GnRH, while some
of the antagonistic analogs exerted a powerful and long lasting inhibitory effect
on LH release in dispersed rat pituitary cell superfusion system. Most of these
peptides bind with high affinity to rat pituitary and human breast cancer cell
membrane receptors. Some of these GnRH analogs possessed significant cytotoxic
activity in cultures of human mammary cancer and prostate cancer cell line.
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Introduction

Recently, we reported [1] the synthesis and the biological activities of the
smallest potent agonists and antagonists of GnRH. The structures of these
compounds contain the (4-9) portion of GnRH coupled to a carboxylic acid
that is designed to mimic Trp3. As a further step towards the development of
orally active analogs of GnRH, we studied the effect of physicochemical properties
on the bioavailability of our reduced size analogs.

Methods

Peptides were synthesized using the SPPS on Merrifield resin. The peptides
were cleaved from the resin upon treatment with anhydrous ethylamine and
subsequently deprotected with anhydrous HF in the presence of anisole. The
crude peptides were purified by HPLC using a Cy; reversed phase column. The
purity of the final compound was based on HPLC, FABMS and AAA.

Peptides were tested in vitro in the rat pituitary receptor binding assay [2]
and for LH release or suppression using cultured rat pituitary cells [3,4]. The
receptor binding affinities are reported as a pK;. The LH release potencies for
agonist are reported as a pD,, and LH suppression for antagonist as pA,. To
measure bioavailability, the compounds were administered in the rat by bolus
iv and id. The serum levels of the compounds were determined by a RIA using
an anti-GnRH analog antibody that recognizes the C-terminal residues Leu-
Arg-Pro-NHEt. Bioavailability (F) was calculated as the ratio:

_Area under the curve (id)/dose(id)

= - —- % 100.
Area under the curve (iv)/dose(iv)

Results and Discussion

In our previous publication [1] about reduced size GnRH analogs, we reported
the SAR studies of the (4-9) GnRH series. We found that the size and the
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shape of the substituent at position 3 determines agonist or antagonist response.
Also, depending on the nature of the substituent at position 6 and 4, the biological
response may switch from antagonist to agonist and vice versa. To study the
effect of the physicochemical properties on bioavailability (F) and half life (t, ;)
in the 3-indolepropionyl-Sers- (4-9) series, we varied the properties of the
substituent at position 6 from highly hydrophobic to highly hydrophilic (Table
1). It appears that a highly hydrophobic amino acid, such as p-2Nal or p-Trp,
has a beneficial effect on the binding affinity of the compounds, but tended
to give worse pharmacokinetics by shortening the duration of action (t,,,) and
often increasing the volume of distribution (Vp), perhaps because of more rapid
hepatic extraction and tissue uptake, respectively. On the other hand, highly
hydrophilic, and especially basic amino acids, such as p-Lys and p-Arg, are
less potent, yet significantly prolong the half life of the compounds and have
low volumes of distribution giving much better pharmacokinetics (Table 1). No
dramatic changes in absorption (F) of compounds were observed for any of
the compounds. The best increase of about six-fold was observed with p-Arg
and p-Orn derivatives.

Table 1 The effect of physicochemical properties on pharmacokinetics and bioavailability
in the N-[ 3-indolepropionyl JSer¢-(4-9) series

Compd X3-Ser-Tyr-Y6-Leu-Arg-Pro-NHEt
X3 Yé Ky pD2 pAy 4y, F Vb
(min) (%) (ml)
1 3-(3-indole)propionyl D-Leu 6.70  6.93 237 042 130
2 3-(3-indole)propionyl p-Trp 8.15 7.60 10 0.08 109
3 3-(3-indole)propionyl p-2Nal 8.77 7.44 8.6 0.50 240
4 3-(3-indole)propionyl D-Phe 7.78 6.07
5 3-(3-indole)propionyl p-Thi 7.29 6.53
6 3-(3-indole)propionyl D-Tyr 7.76 7.06 25.7 0.46 384
7 3-(3-indole)propionyl p-Cha 7.38 6.44
8 3-(3-indole)propionyl D-Ser 5.95 5.83 67 0.17 154
9 3-(3-indole)propiony! D-Arg 6.70  6.10 163 0.5 136
10 3-(3-indole)propionyl p-Orn 6.53 594 825 0.5 116
11 3-(3-indole)propionyl D-Lys 7.10 593 180  0.08 40
12 3-(3-indole)propionyl p-Lys(Isp) 7.20 5.15 94.6 0.39 89
13 3-(3-indole)propionyl D-Lys(Nic) 7.30 5.20 56.3 0.13 95
14 3-(3-indole)propionyl p-Lys(Pic) 6.45 5.95 30 037 102
15 3-(1-Naphthyl)propionyl p-2Nal 9.55 9.00 11.7 0.46 1878
Leuprolide 10.37 10.14 26.3 0.08 146
[Ac-D-Cpal?2,np-Trp?,p-Argb,p-Ala!9)JGnRH 10.74 9.43 95  0.08 70

p-2Nal = p-3-(2-naphthyl)-alanine; p-Thi = p-3-(2-thienyl)-alanine; b-Cha = p-3- cyclohe-
xyl-alanine; D-Lys(Isp) = p-N-epsilon-isopropyl-lysine; p-Lys(Nic) = p-N-epsilon-nicoti-
nyl-lysine; p-Lys(Pic)= p-N-epsilon-picolinyl-lysine; p-Cpa = p-3-(4-chloro)-phenylala-
nine).
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Conclusion

Changes in the physicochemical properties of the (4-9) GnRH series have
a pronounced effect on potency and pharmacokinetics, but only a moderate
effect on intestinal absorption.
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Introduction

In natural peptides, N-methyl amino acids may play a special role because
of their proclivity for cis-trans isomerism of the amide bond. Over 10% of proline
residues in protein crystal structures has been found with cis-amide bonds. We
have previously suggested [1,2] the 1,5-disubstituted tetrazole ring, Y[CN,], as
an amide bond surrogate for cis-amide bonds, and reported conversion of
dipeptide esters into tetrazole derivatives without racemization. The difficulties
in the preparation and use of this dipeptide analog, as reported by Yu and
Johnson [3], have been overcome, as witnessed by the successful preparation
of bradykinin analogs containing tetrazole dipeptides [4].

We have chosen to use this cis-amide bond surrogate to replace either the
proline, or N-methyl alanine, thought to favor a cis-amide bond in cyclic
hexapeptide analogs of somatostatin [5]. An analog of the somatostatin com-
pound, cyclo[-D-Trp-Lys-Val-Phe-N-Me-Ala-Tyr-], has been prepared, in which
the dipeptide Phe-N-MeAla has been replaced by a dipeptide surrogate, Phe-
Y[CNy]-Ala, with the amide bond converted to a 1,5-disubstituted tetrazole ring
[2]. This ring holds the amide bond in the cis-conformer, which is presumed
to be the active conformation.

Results and Discussion

The dipeptide Z-Phe-Ala-OBzl (2.3 g, 5 mM) was reacted for 1.5 h at 10°C
with PCl; (1.05 g) and hydrazoic acid (15 ml) in the presence of quinoline (1.18
ml, 10 mM) to give the tetrazole derivative, Z-Phe-y{CN,]-Ala-OBzl, in 62%
yield after purification by flash chromatography. Careful treatment of 1.58 g
of the dipeptide with 8.2 ml of 30% HBr in acetic acid for 20 min gave HBr-H,N-
Phe-y{CN,]-Ala-OBzl in 83% yield, which was extended in solution to give the
protected hexapeptide, Boc-D-Trp-Lys(Z)-Val-Phe-y{CN,4]-Ala-Tyr-OMe, as
shown in Fig. 1. The carboxyl protecting group was removed by treatment with
chymotrypsin in DMF/water (pH 5.5), due to racemization of the tetrazole
dipeptide a-proton on base exposure. For reasons that are not understood,

*To whom correspondence should be addressed.
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DTrp Lys Val Phe Ala Tyr
z—— oH H—— o8z
z MA oBd
z—— wy(eN) —— oBd
Boc—— OH  HBr.—j— W(CN) —— 0Bzt
Boc MA W(cN) —}— oBa
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TFA. Y (CN) OH
z DPPA/NaHCO,

/ Y(eN) [ I /
/ Y(CN) /

Fig. 1. Synthesis of somatostatin analog containing a tetrazole cis-amide bond surrogate.
Abbreviations: y(CN,) = 1.5-disubstituted tetrazole ring; MA = mixed anhydride with isobutyl
chloroformate; DPPA = diphenylphosphorylazide.

removal of the Boc group by the HCl procedure of Brady et al. [6] was incomplete,
and TFA with the associated side reaction of z-butyl alkylation of the indole
ring was used instead. The peptide was cyclized for 3 days by use of DPPA
in DMF in 85% vyield, followed by removal of the Z group on Lys. HPLC
purification yielded both the desired product as well as some 7% of side product,
presumed to be the #-butyl adduct.

Alternatively, cyclization was attempted enzymatically on hexapeptide sequen-
ces containing this amide modification by the use of trypsin. In this case, the
linear hexapeptide sequence, Boc-Val-Phe-y[CN,]-Ala-Tyr-p-Trp-Lys(Z)-OMe,
was prepared in a similar fashion, and the Boc and Z groups removed with
TFMSA. The free amine was generated by ion-exchange on Amberlite A-21
in methanol, and enzymatic cyclization attempted under two sets of conditions.
Water with 10% methanol at pH 8.5 gave 7.5-9% yield of the desired product,
and the remainder was dimer. Reaction in methylene chloride containing 10%
water gave 15% of the product with the rest as dimer. These results suggest
that enzymatic cyclization is a feasible approach, but that appropriate conditions
need further exploration.

While this work was in progress, a report of a cyclic hexapeptide analog
of somatostatin by Elseviers et al. [7] appeared, in which N-methyl-a-benzyl-
o-aminomethylphenylacetic acid was used to replace the same dipeptide unit.
The activity of the active isomer was approximately 1% that of a similar
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somatostatin analog. This observation is consistent with the cis-amide as the
bioactive species. The lower affinity may be due to the choice of analog, in
which the Phe-N-MeAla dipeptide has been replaced by a surrogate of Gly-
Phe, in which the amide has been replaced by a benzene unit. Alternatively,
the geometric similarity of this surrogate may not mimic the geometry and
conformational effects of the cis-amide bond as well as does the tetrazole unit
[2]. The biological activity (yet to be measured) of the tetrazole analog should
help to resolve these issues.
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Introduction

One of the most active somatostatin analogs for GH release inhibition has
been synthesized by Veber et al. [1] (1 in Table 1). A complete conformational
analysis of this peptide has been performed by Kessler et al. [2], who showed
that the Phe-Pro peptide bond existed almost exclusively in the cis configuration
and that a B-turn type II’ structure was present for the core tetrapeptide (Phe-
D-Trp-Lys-Thr). In our ongoing approach of mimicking parts of the peptide
molecules, we designed spacers that could either fix the cis structure [3], such
as the cis-olefinic dipeptide analog (2) and o-aminomethylphenylacetic acid (o-
AMPA) (3a) derivatives [4,5], or fix the trans structure with a trans-olefinic
(4) dipeptide analog. In addition, we prepared the saturated equivalent (5) and
the reduced amide bond (6) in order to determine the consequences on the activity
and conformation of the increase of mobility in that part of the molecule [6].

Table 1 Somatostatin fragments and analogs

1 cyclo(Pro-Phe-p-Trp-Lys-Thr-Phe)

2 Boc-Phey[Z,CH = CH]GlyOH

4 Boc-Phey{E,CH = CH]GlyOH

5 Boc-Phey[CH,-CH,]GlyOH

6 Boc-Phey[CH,-N]ProOH

Ta cyclo(o-AMPA-Phe-p-Trp-Lys-Thr)

7b cyclo(N-Me-a(R)Bzl-o-AMPA-Phe-p-Try-Lys-Thr)
Tc cyclo(N-Me-a(S)Bzl-o-AMPA-Phe-p-Trp-Lys-Thr)
7d cyclo(N-Me-0-AMPA-Phe-p-Trp-Lys-Thr)

8a cyclo(N-Me-a(R)Bzl-o-AMPA-Tyr-p-Trp-Lys-Val)
8b cyclo(N-Me-a(S)Bzl-o-AMPA-Tyr-p-Trp-Lys-Val)
9 cyclo(Phey[E,CH = CH]Gly-Phe-p-Trp-Lys-Thr)
10 cyclo(Phey[CH,-CH,]Gly-Phe-p-Trp-Lys-Thr)

11 cyclo(Phey[CH,-N]Pro-Phe-p-Trp-Lys-Thr)

*Present adress: Unilever Research Laboratories, O. van Noortlaan 120, 3133 AT Vlaardingen,
The Netherlands.
**To whom correspondence should be addressed.
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Results and Discussion

Cyclo(o-AMPA-Phe-p-Trp-Lys-Thr) (7a) was devoid of inhibitory activity on
GH release and the NMR conformation analysis showed a predominance of
a d-turn conformation stabilized by a strong H-bond between the NH and CO
groups of 0o-AMPA. The lack of an equivalent of Phe!! could also play a negative
role.

This situation has been corrected by the synthesis of three new spacers: N-
methyl-a-benzoyl-o-aminomethylphenylacetic acid (3b), N-methyl-o-aminometh-
ylphenylacetic acid (3c) and 8-benzyl-o-aminomethylphenylacetic acid (3d) and
their incorporation in the adequate sequence by SPS. This resulted in the new
somatostatin analogs (7b,c,d).

Until now, we have been unable to prepare suitable amounts of the cis-olefinic
dipeptide analog, cyclo(Phey[Z,CH = CH]Gly-Phe-p-Trp-Lys-Thr). Incorpora-
tion of the trans-olefinic derivative (4) yielded analog (9), of the saturated
derivative (5), the analog (10) and the reduced amide bond (6) the analog (11).
The results of the activities are summarized in Table 2.

Table 2 Biological and conformational properties of somatostatin analogs

Analog GH release NMR conformation
inhibition test

7a inactive é-turn +'B8 II'-turn

Tb active B VI-turn+ g8 II'-turn

Tc inactive B VI-turn+ B8 II'-turn

8a active B VI-turn+ B II'-turn

8b inactive B VI-turn + 8 II'-turn

7d inactive

9 very low y-turn+ B8 II'-turn

10 inactive B VIgi-turn + g II'-turn

11 very low

Conclusions

For GH release inhibitory activity, not only the B-turn type II’ is needed
in the backbone, but also a S-turn type VI, as a result of a cis peptide bond.
These are necessary but not sufficient conditions. The diastereomeric products
7b vs. 7c and 8a vs. 8b fulfill these conditions but the orientation of the
hydrophobic side chain (Phe side chain) plays an important role. The saturated
derivatives (10, 11) also fulfill the backbone conditions but are inactive, although
the ¥Phe side chain is equatorial. A further study on the possible orientation
of the side chain in these more flexible derivatives is needed.
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Introduction

Glucagon stimulates glucose production via the second messenger cAMP (GR2
receptor). It has also been postulated that glucagon acts through another second
messenger [1]. Houslay et al. [2] showed that both glucagon and its antagonist
(THG) are capable of stimulating breakdown of phosphatidyl inositol (GR1
receptor) with an increase in cytosolic inositol triphosphate (IP;), and Tager
et al. [3] have reported a high and low affinity receptor of glucagon in canine
and rat liver, though only one protein could be isolated by photoaffinity labeling
[4]. We report here that a cyclic, conformationally restricted analog of glucagon,

[Asp?, Lys!2, Lys!718, Glu?!]glucagon (1), has two distinct binding modes. Only
the low affinity state showed partial agonist activity in the adenylate cyclase
assay, but glycogenolytic activity paralleled both affinity sites, indicating that
two signal transduction mechanisms operate for glucose production.

Results and Discussion

(1) was synthesized, purified and characterized by methods similar to those
previously reported [5]. Cyclization was carried out directly on the resin. Receptor
binding, adenylate cyclase activities and glycogenolysis were measured as des-
cribed in [1,5]. (1) was synthesized to examine the relationship of glucagon’s
3D structure to its multiple biological effects. This cyclic analog showed a distinct
biphasic binding curve with ICsss of 650 nM and 6.5 nM (Fig. 1). Interestingly,
only the low affinity binding led to AC activation (10% partial agonist).
Furthermore, the cyclic analog displayed two distinct modes of glucose production
(not shown) which parallels the binding curve. Glucagon’s GR2 receptor-
stimulated adenylate cyclase is suggested [6] to undergo desensitization/uncou-
pling through a cAMP-independent process that involves the stimulation of
inositol phospholipid metabolism by glucagon acting through GRI receptors.
In the case of the cyclic analog, glucagon’s GR2 receptor apparently undergoes
total desensitization/uncoupling from the GR1 receptor, resulting in two separate
pathways for glycogenolysis. The high-affinity state may operate for glucagon
by mobilizing Ca?*.
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Fig. 1. Receptor binding and adenylate cyclase activity.

Conclusion

The conformational restrictions of glucagon via an amide bridge formation,
lead to (1) with two binding modes, one of which is independent of cAMP.
More importantly, the two signal transduction systems in glucagon follow two
separate pathways for glycogenolysis that parallel the high- and low-affinity
states.
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Introduction

The binding of glucagon to its receptor in the pldsma membrane initiates
a series of reactions leading to the activation of adenylate cyclase and an increase
in intracellular levels of cAMP. Structure-activity studies have been directed
towards sorting out the chemical features that contribute to receptor recognition
and binding, and those that are necessary for the biological response. The ability
to make this distinction would allow us to design glucagon analogs that bind
but do not activate adenylate cyclase, leading to potentially useful antagonists.

Recently, we reported the synthesis [1] and biological activities [2] of des-
His! [Glu®]glucagon amide, a glucagon antagonist. Synthetic analogs, combining
des-His![Glu®]glucagon amide with structural features designed to stabilize
putative secondary structures in a 3D model of glucagon, have resulted in seven
other antagonists of glucagon [3]. In this report, we synthesized acylated
derivatives of des-His![Glu%]glucagon amide based on the supposition that
increasing the hydrophobicity of the peptide will also increase the binding affinity
for its membrane-bound receptor protein.

Results and Discussion

Des-His![Glu%]glucagon amide was assembled by SPPS, on MBHA resin. After
Boc-deprotection, the peptide resin was acylated at its amino terminus (Ser?)
with octanoic, myristic, or 2,4-difluorobenzoic acid, by activation with DPPA
in DMF containing TEA. The succinylated derivative was prepared by reaction
with succinic anhydride in DMF. The Nt-octanoyl Lysi2 and Lys? glucagon
amide analogs were prepared by coupling with N*-Boc, N¢-Fmoc-lysine, followed
by Fmoc-deprotection with 30% piperidine in CH,Cl;, and acylation with
octanoic acid/DPPA/TEA in DMF. The protected peptide resins were cleaved
by the low/high HF procedure, and the crude peptides were purified on octadecyl-
silica. Purity was demonstrated by analytical HPLC. MS analysis identified the
expected (M +H)* peaks to be within £0.3 Da of theory, and AAA yielded
the expected amino acid ratios. The acylated analogs were assayed for their
receptor-binding affinity to hepatocyte membranes, as well as the ability to
stimulate adenylate cyclase, using methods previously described [1].
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Table | Hydrophobic antagonists of glucagon

Relative Inhi-

Membrane cAMP bition
No. Glucagon (-G-) analog binding activation  index PA;
(%) (%) (17A)s
1 Des-His!{Glu?}-G-NH, 41 <0.0001 12 7.2
2 N®-2,4-Difluorobenzoyl-G-NH, 4 0.1
3 [Ne-Octanoyl-Lys!2),des-His![Glu%]-G-NH, 5.3 0.63
4 [Ne-Octanoyl-Lys?9),des-His!-G-NH, 8.5 0.14
5  N*-Octanoyl, des-His!-G-COOH 25 0.22
6  Ne«-Octanoyl, des-His![Glu?]-G-NH, 48 0.02 25 7.5
7  N*-Myristoyl, des-His![Glu%]-G-NH, 12 0.10 47 7.3
8  N*Succinyl, des-His![Glu%]-G-NH, 28 <0.004 25 7.4
9  N=-24-Difluorobenzoyl, des-His![Glu%]-G-NH, 75 <0.008 4 8.5

Monoacylation of the amino groups in glucagon analogs produced peptides
with binding affinities for the receptor as high as 75% relative to glucagon,
but with low adenylate cyclase activity (Table 1). The receptor was sensitive
to the position of the fatty acid since octanoylation at the N*-position of des-
His![Glu®]glucagon amide (6) bound 48%, while octanoylation at the Ne-Lys!2
or at Ne-Lys? positions (3, 4) reduced receptor binding, suggesting that the bulky
hydrocarbon chain does not fit into the putative binding regions near Lys!2
or the carboxy terminal Lys?. It is already known that a positive charge on
Lys!2 is not necessary for binding and activity, since some Ne-acylated derivatives
of native glucagon are reported to be full agonists [4]. The N*-acylated derivatives
in combination with des-His![Glu?] amide substitutions (6,7,8,9) were all of very
low activity in the adenylate cyclase assay (0.1-0.004% relative to glucagom)
and were potent antagonists, with inhibition indices of <50 and good pA, values.
The best antagonist of this group, and the best reported to date, was N*-2 4-
difluorobenzoyl, des-His![Glu?]glucagon amide, with 75% relative binding,
0.008% relative potency, an inhibition index of 4 and a pA, of 8.5.
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Structure-activity relationships of galanin: Importance of
the N-terminal sequence for agonist activity on smooth
muscle

James W. Aiken*, Farida G.B. Kaddis, Mark A. Connell, Douglas J. Staples,
Carol A. Bannow, John H. Kinner and Tomi K. Sawyer

Metabolic Diseases Research and Biopolymer Chemistry Units, The Upjohn Company,
Kalamazoo, MI 49001, U.S.A.

Introduction

Galanin (GAL), a 29-amino acid peptide, originally isolated from the upper
small intestine of pigs [1], may be an important modulator of a variety of
gastrointestinal, endocrine, and CNS activities [2]. Relatively low concentrations
contract the isolated stomach fundus strip of the rat [1]. In the present study
we have explored the SAR of porcine GAL (H-Gly!-Trp-Thr-Leu*-Asn-Ser-Ala-
Gly8-Tyr-Leu-Leu-Gly!2-Pro-His-Ala-Ile!6- Asp-Asn-His-Arg20-Ser-Phe-His-
Asp2?-Lys-Tyr-Gly-Leu2-Ala-NH,) using the isolated stomach fundus strip of
the rat as an in vitro bioassay of agonist activity.

Results and Discussion

In the stomach fundus strip of the rat, noteworthy for its sensitivity to serotonin
[3], galanin is about 1/10 as potent (EDs, for serotonin=2x10- M and EDy,
for galanin =2x10-% M) and galanin’s maximum response is about 55% that
of serotonin. Some tachyphylaxis to galanin occurred, but it was not a problem
if exposures to agonists were at least 20 min. apart. A concentration of a
prostaglandin synthesis inhibitor, indomethacin 3 uM, sufficient to selectively
block the response to 0.2 uM arachidonic acid, did not reduce the effects of
galanin. Likewise, a concentration of the serotonin antagonist, methysergide
3 uM, that completely blocked the effects of serotonin, had no effect on responses
to galanin. Glyburide (3 uM), which produces a functionally opposite effect
to galanin on ATP-sensitive K+ channels regulating insulin secretion in rat islet
tumor cells [4], failed to alter the contractions produced by galanin in the rat
stomach fundus, suggesting that this particular intracellular mechanism is not
involved in regulation of the smooth-muscle effects of galanin.

Several GAL fragment derivatives were prepared by SPPS, RPLC purification,
and their physicochemical properties determined by AAA and FABMS. Initial
studies of synthetic GAL fragment derivatives showed that the carboxy-terminal

*To whom correspondence should be addressed.
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Fig. 1. Representative experiment in which the effects of GAL (GAL.;o.xn,,» GAL12.nH,»
GAL, 1 1nm,» GALy1pnm,» GAL;oym, and GAL, gyy,) were compared. Data are plotted as
the percent of the maximum response to GAL (ordinate) produced by various concentrations
(Molar) of GAL derivatives (abscissa).

13-29 sequence was not required for full agonist activity. The amino-terminal
1-12 derivative, GAL,.;, ny,, had full efficacy and was nearly as potent (EDs
5.6x10-8 M) as GAL, but Ac-GAL;.ny, Was completely inactive. The Gly!
residue did not contribute to agonist properties of GAL, since Ac-GAL; Ny,
was equipotent to full-length GAL, g, However, the Trp? residue was
absolutely essential for the agonist properties of GAL since Ac-GALj.9.ny, had
no agonist (or antagonist) activity at concentrations up to 3 X 10-6 M.

The total lack of agonist activity of GAL g ng,, compared to the full agonist
activity of GAL.j5.nu,, suggested that amino acids in the sequence Tyr®-Leul’-
Leu!!l-Gly!? also contribute to agonist activity. Synthesis and testing of GAL,.
o.NHp GALjjonm,, and GAL, ;. ng, tevealed that the Leul®-Leu!l-amino acids
were the key residues involved. Figure 1 illustrates the fall-off in activity that
occurs as the N-terminal sequence is shortened from 12 to 8 amino acids in
length. Together, these results indicate that the key amino acids for the agonist
activity of GAL are Trp? and Leu!?-Leu!!, and suggest that the peptide GAL,_y;
should have full agonist activity. Indeed, synthesis and testing of Ac-GAL, j; ny,
showed that it had full efficacy, relative to GAL, and equal potency to
GAL, 1, nn,, Which is approximately 1/2 to 1/3 the potency of full-length GAL.

Conclusion

In the present study, we used porcine GAL (Bachem) on a rat tissue. However,
the only differences between porcine GAL and rat GAL [S5] occur near the
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carboxy terminus, distal to the sites that are important for efficacy. Our results
suggest that the amino acid sequence from Gly!2 to the carboxy terminus plays
only a minor role in affinity and no role in efficacy. Further studies are required

to determine whether this relationship will hold for receptors in other tissues
and species.
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N-terminal analogs of vasoactive intestinal peptide:
Identification of a binding pharmacophore

David R. Bolin?, Jeanine M. Cottrell?, Nancy O’Neill’, Ralph J. Garippa® and
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Introduction

Vasoactive intestinal peptide (VIP) has been shown to be a potent smooth
muscle relaxant and a principal endogenous component in the regulation of
airway tone [1]. It is postulated that improper functioning of VIP-associated
mechanisms or a reduction of VIP or VIP-containing neurons [2] may be
responsible for the bronchoconstriction hyperreactivity, and mucus secretion
found in bronchial asthma. An analog with properties superior to those of native
VIP may be of significant value as a therapeutic agent for bronchial and allergic
asthma.

Results and Discussion

VIP, as well as most other members of the glucagon family of peptide hormones,
possesses an N-terminal histidine residue. Several groups have reported that
the histidine residue is essential for full biological activity of the individual
peptides, as noted for VIP, glucagon and secretin. Our initial structure-activity
results for VIP had indicated the His! residue to be a potential receptor binding
site. We wished to expand these results by defining the structural elements which
represent this pharmacophore.

We had previously reported analog 1 (Table 1) as having enhanced potency
(3.7-fold) over native VIP (ECs,=10 nM) [3]. All indications had pointed to
the side-chain imidazole group as being the binding site of His!. However analog
2, in which the imidazole function was replaced by a hydrogen, was found to
retain full intrinsic activity and potency, and competed effectively for binding
to the VIP receptor. N-methylation of Alal, as in compound 3, yielded only
a slight reduction in potency. The unacetylated forms of 2 and 3, compounds
4 and 5, respectively, were, however, significantly less potent. These results
suggested that the acetyl function retained all features of the imidazole of His!
necessary for eliciting full biological activity. It is likely that receptor interac-
tion,possibly as hydrogen bonding, occurs through the carbonyl group rather
than the amide N-H.
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Table 1  Smooth-muscle relaxant activity of VIP analogs

Compound R-[X!,Lys!2 Nle!7,Val?6 Thr28]-VIP
R X ECsy (nM)?  Potency® Binding (nM)°
1 CH,;CO- His 2.7 1.00 15
2 CH,CO- Ala 2.4 1.13 69
3 CH;CO- N-Me-Ala 7.2 0.37 7.6
4 H- Ala 250 0.01 35
5 H- N-Me-Ala 150 0.02 340
6 CH;CO- D-Ala 3.9 0.69 53
7 CH,;CO- Gly 1.7 1.59 0.63
8 CH;CO- B-Ala 190 0.01 270
9 - pyro-Glu 45 0.06 40
10 CH,S0, Ala 150 0.02 56
11 CH;NHCO- Ala 61 0.04 56
12 CH;0CO- Ala 23 0.12 17
13 HOOC(CH,),CO- - 300 0.01 1800
14 CH,;S(CH,),CO- - 26 0.10 19
15 CH;SO(CH,),CO- - 3.8 0.71 82

2 ECs, for relaxation of guinea pig tracheal rings.
b Potency relative to compound 1 (= 1.00).
° Binding to guinea-pig lung membrane preparations by displacement of [125]-Tyr!0]-VIP.

Inversion of the chirality at Ala! or elimination of the methyl group, as in
compounds 6 and 7, respectively, did not significantly affect activity. Extending
the distance of the acyl group from the e-carbon by one methylene unit, as
in compound 8, dramatically decreased activity and binding. Compound 9, which
conserved the a-carbon-acyl distance and locked the orientation of the acyl group,
was also found to be reduced in activity. It appeared that proper distance and
spacial arrangement of the acyl group was critical for activity.

The sulfonamide 10, methyl urea 11, and methyl carbamate 12 were found
to be very weakly potent, with 12 being tenfold less potent than 2. Three analogs,
13 - 15, were prepared, by design, to be isosteric with Ne-acetyl species. The
charged succinate derivative 13 was nearly inactive, whereas the sulfide 14 retained
full intrinsic and reasonable binding activity with reduced potency. The methyl
sulfoxide 15 was found to be almost equipotent to 2 in relaxant activity. This
result may be rationalized by an approximate overlap between the sulfoxide
and acetyl carbonyl groups in the two analogs.

These results have illustrated that the acyl and sulfoxide groups are effective
bio-isosteric replacements for the imidazole group of the native molecule. Both
groups, as in compounds 2 and 15, can be fit so that the oxygens overlap with
the ring N~ of the imidazole in 1. This has led us to propose that either the
or, more likely, the lone pair electrons participate in binding to the receptor
and can be considered to be the pharmacophore at this site. Additional
investigations, including design of analogs having restricted conformational
freedom, will enhance our understanding of the nature of the binding interaction
and may lead to more stable peptidomimetics.
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Release of acetylcholine from ileum invoked by vasoactive
intestinal polypeptides (VIP) correlates with their potency
to induce contraction

Peter K. Chiang, R. Richard Gray and Richard K. Gordon

Department of Applied Biochemistry, Walter Reed Army Institute of Research,
Washington, DC 20307-5100, U.S.A.

Introduction

The neuropeptide VIP is distributed in the peripheral and central nervous
system, and is a potent stimulus of diverse biological actions [1,2]. Previous
studies [3-5] have shown that VIP either partially mediates the release of
acetylcholine (ACh) from ileum smooth muscle or that there is no effect of
VIP on contraction in this tissue.

The present experiments were undertaken to correlate the VIP-induced con-
traction of guinea pig ileum with the release of ACh from the ileum. Modifications
of conventional HPLC-ACh [6] methods were employed to separate ACh from
all other contaminants and allow its quantification. The amino acid sequences
of the three VIP analogs used in these studies are shown below. The differences
in amino acid substitutions are underlined.

(gp)VIP:  His-Ser-Asp-Ala-Leu-Phe-Thr-Asp-Thr-Tyr-Thr-Arg-Leu-Arg-
Lys-GIn-Met-Ala-Met-Lys-Lys-Tyr-Leu-Asn-Ser-Val-Leu-Asn-
NH,

(hpr)VIP: His-Ser-Asp-Ala-Val-Phe-Thr-Asp-Asn-Tyr-Thr-Arg-Leu-Arg-
Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Asn-Ser-Ile-Leu-Asn-
NH,

Results and Discussion

Two VIP analogs were found to cause a concentration-dependent contraction
of guinea pig ileum (Fig. 1). The VIP analog from guinea pig, (gp)VIP, was
the most potent inducer of guinea pig ileum contraction, followed by the human-
porcine-rat (hpr)VIP, which differs from (gp) VIP by four amino acid substitutions.
(hpr)VIP(1-15) was inactive even at 10 uM. However, ileum contraction induced
by 1 uM (gp)VIP, the most potent VIP, was only about 50% of the maximum
observed with ACh. In the present studies, the contraction of the ileum induced
by VIP or ACh was blocked by the specific muscarinic antagonist atropine [7,8]
in a dose-dependent manner (not shown). Thus, the contractions observed in
these ileum preparations most likely involved only muscarinic receptors and
not nicotinic receptors.
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Fig. 1. Contraction of guinea pig ileum Fig. 2. VIP-induced release of ACh from
by ACh or VIP analogs. Each point is guinea pig ileum. Each point is the
the meanx SEM of three or more expe- mean* SEM of three or more experiments.

riments.

Since the endogenous inducer of muscarinic receptor-mediated ileum contrac-
tion is ACh, the mode of action of the VIP analogs was determined by measuring
their effects on ACh secretion from the ileum. At 1 uM VIP, (gp)VIP was the
most potent inducer of ACh secretion from the ileum (Fig. 2) and caused the
largest ileum contraction. (hpr)VIP induced less ACh secretion than (gp)VIP,
and was also less potent in inducing ileum contraction. Dose-dependent secretion
of ACh from guinea pig ileum was observed for both (gp)VIP and (hpr)VIP,
but (hpr)VIP(1-15), even at 10 uM, yielded none.

In both assays for the VIP effects, ileum contraction and ACh secretion (Figs.
1 and 2), the rank order of potency of the VIP analogs was the same:
(gp)VIP > (hpr)VIP, whereas (hpr)VIP(1-15) was inactive. These results suggest
that the VIP receptor [9] in the guinea pig ileum tolerated the nonpolar amino
acid substitutions introduced into (hpr)VIP. Even though the differences in the
amino acid content were small between (gp)VIP and (hpr)VIP, the VIP receptors
of guinea pig ileum distinguished between these substitutions. However, the VIP
receptor did not recognize (hpr)VIP(1-15), thus indicating that the VIP receptor
requires a specific peptide length for recognition.
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Small, synthetic growth hormone-releasing peptides:
A new class of drugs
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Introduction

Soon after the discovery of the endogenous opioid pentapeptide [menthionine5],
and [leucine’]-enkephalins [1], it was shown that, like morphine [2,3], these
peptides released growth hormone (GH) and prolactin (PRL) in vivo in the
rat [4-6]. Metabolically more stable analogs, such as [p-AlaZ]-methionine
enkephalin amide [7], were extraordinarily potent stimulators of GH and PRL
release and led to the hypothesis that endogenous opiate peptides are important
regulators of neuroendocrine functions [7]. Against this background, Beckman
scientists were engaged in an effort to develop enkephalin analogs as medicinal
alternatives to opioid alkaloids when, in 1977, Bowers et al. [8] discovered that
[D-Trp2]-methionine enkephalin amide released GH but not PRL or other anterior
pituitary hormones from rat pituitary in vitro. The effect was concentration-
dependent and not blocked by naloxone. As a result, the Beckman group
determined to develop specific, non-opiate GH-releasing peptides (GHRPs) as
growth promoters.

Independently, other early workers at Wyeth [9] and Sandoz [10] also observed
that the GH- and PRL-releasing activities of their enkephalin analogs diverged
from typical or expected opiate pharmacology, as well as showing differential
effects on GH and PRL. These leads and others [7], indicating the involvement
of multiple receptors in the neuroendocrine actions of enkephalins, remained
in a pregnant background. In any case, the GH-releasing activity of Sandoz
FK 33-824, [D-Ala2, N-MePhe?, Met(O)-ol]-enkephalin, was dramatically dem-
onstrated in man [10,11].

Trial and error substitutions in the [D-Trp?]-pentapeptide, aided by confor-
mational energy calculations, resulted in increasingly more potent analogs. This
phase of the work culminated in a peptide, Tyr-p-Trp-Ala-Trp-p-Phe-NH, (SK&F
110520), that was 1000 times more potent in vitro than the parent enkephalin
analog, and led to the hypothesis that two sets of stacked aromatic rings, separated
by a spacer (e.g. Ala or Ser), represented the optimal bioactive conformation
of GHRPs [12]. The new pentapeptides were not active in vivo [13], but continued
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empirical modifications resulted in yet more potent analogs with in vivo activity
[14].

SK&F 110679, His-D-Trp-Ala-Trp-p-Phe-Lys-NH,, is the outstanding example
of this new class of drugs [15]. The hexapeptide, which bears no resemblance
to enkephalins or native GHRH [16], is a potent and specific GHRP in chicks,
rats, lambs, calves, and rhesus monkeys. Chronic treatment with i.p. SK&F
110679 resulted in significant acceleration of body weight gain in the rat [15].

We have extended previous investigations of SK&F 110679 by studying its
effects in the pig and in man.
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Fig. 1. Effect of SK&F 110679 (i.v. bolus) on porcine plasma somatotropin levels in pigs
(a) and on human serum somatotropin levels in male volunteers (b; i.v. infusion).

Results and Discussion

In the pig, baseline GH values are low and steady for extended periods, so
it is easy to obtain unequivocal results in a few subjects. The pig also proved
to be the most sensitive to GHRPs, among laboratory animals. Bolus i.v.
administration of SK&F 110679 (3-30) ug/kg) produced sharp, dose-dependent
increases in plasma GH levels that peaked in 15 min and returned to baseline
after an hour (Fig. la). Similar, but more sustained activity was obtained after
s.c. administration (25-100 ug/kg). In two of three fasted pigs, there was a
marked, prolonged rise in GH after oral administration of SK&F 110679 in
solution (0.5 mg/kg). Finally, three of three pigs responded with rapid elevation
of GH to peak levels between 45 and 75 ng/ml plasma following intranasal
administration of SK&F 110679 (200 ug/kg in 0.4 ml), an effect that subsided
during an hour.

Our initial results in male volunteers have encouraged us to believe that SK&F
110679 may be an outstanding clinical candidate for therapeutic use in humans.
Intravenous infusions of the peptide (0.25-1.0 ug/kg/30 min) produced dose-
dependent elevations in serum GH (Table 1 and Fig. 1b) that peaked 45 min

215



T.O. Yellin et al.

Table 1 GH response to SK&F 110679

Dose (ug/kg) Peak serum GH (ng/ml) AUC (ng-min/ml)
Saline (n=318) 1.91+0.26 488+ 77

025 (n=4) 17.8x6.1 (P=.03) 1178+228 (P=.004)
050 (n=4) 38.3+9.2 (P=.04) 2460585 (P=.044)
1.00 (n=4) 63.0t54 (P=.002) 42891620 (P=.009)

after the start of the infusion and returned to baseline by the fourth hour. Serum
PRL, FSH, LH, TSH and ACTH were not significantly affected by the drug,
which was well tolerated. There were no clinically significant changes in
cardiovascular parameters, clinical chemistry or hematology. Additional clinical
investigations are in progress.

Conclusions

The advantages of a small, synthetic peptide (e.g., cost, formulation, and
administration) for present and proposed indications of GH and GHRH are
readily apparent. Indeed, compared with results reported in the literature [16],
it appears that SK&F 110679 is even more efficacious than GHRH as a GH
secretagog in man.

A recent report from Merck {17] is convincing in its arguments that GHRH
and SK&F 110679 act on separate and distinct receptors and demonstrates that
the two peptides are highly synergistic in combination. But the mechanism of
action of this unique drug remains to be discovered, and it is being explored.

We have not excluded the possibility that the action of SK&F 110679 is mediated
by an as yet unclassified opiate receptor.
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Effect of bovine serum albumin (BSA) on the degradation
rate of growth hormone-releasing factor (GRF) by
dipeptidylpeptidase-1V
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Introduction

A primary site of enzymatic degradation of GRF in vitro [1-3] and in vivo
[1] is at the peptide bond between positions 2 and 3. This cleavage, caused
by plasma dipeptidylpeptidase-IV (DPP-IV), results in virtually complete loss
of hormone activity [1,3].

BSA is the most abundant protein in bovine plasma. Zysk et al. [4] recently
reported that GRF shows some affinity towards BSA. In the present study,
we examined effects of BSA on the DPP-IV-mediated cleavage kinetics of a
bovine GRF analog, [Leu?’]-bGRF(1-29)NH, (1).

Results and Discussion

(1) was made by the solid phase method [3] and served as a model GRF
peptide. The kinetic studies were carried out using either purified porcine kidney-
derived DPP-IV or bovine plasma as the DPP-IV source.

Table 1 lists the resuits of a series of four experiments performed to examine
the influence of fatty-acid-free BSA on the cleavage rate of GRF by purified
DPP-IV. In each case the parent peptide was enzymatically converted to [Leu?7}-
bGRF(3-29)NH,. The hydrolysis rate of (1) by DPP-1V in the absence of BSA
was taken as the reference point (Expt. 1). (1) pretreatment with 4% BSA in
PBS at 37°C for 30 min. prior to the addition of DPP-IV reduced the peptide
hydrolysis rate by 29% as compared to reference (Expt. 2). The hydrolysis was
slowed by 33% and 57%, respectively, when DPP-IV or both DPP-IV and GRF
were preincubated with BSA before initiating the enzymatic reaction (Expts.
3 and 4).

These results can be accounted for, if one assumes that both (1) and DPP-
IV bind to BSA in an equilibrium fashion, and that it is the free forms of
both that are necessary for the enzymatic reaction to proceed. In support of
this, an intermediate inhibition of the (1) hydrolysis rate was observed in the
presence of 2% BSA (Expts. 2 and 3), as opposed to the maximum inhibition
observed in 4% BSA solution (Expt. 4).

While the present set of experiments did not directly address the BSA interaction
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Table |  Effects of BSA on the cleavage rate of (1)by DPP-IV*

Exp.  Pretreatment %BSA in (k £SD) X 102** ti Relative

No. with 4% BSA reaction (min."!) (min.)  stability
GRFDPPIV "V (%)

1 - - 0 3.04 £0.062 22.8 100

2 + - 2 2.35+0.08 29.5 129

3 - + 2 2.28+0.19b 30.4 133

4 + + 4 1.94 £ 0.04¢ 35.7 157

* (1)=[Leu?}-bGRF(1-29)NH;; 0.06 mM (1) in PBS at pH 7.6 with or without BSA
was mixed | : 1 (v/v) with DPP-IV/PBS solution with or without BSA. Reaction mixture
was incubated at 37°C. Aliquots of 0.05 ml were taken at 0, 5, 10 ,15, 20, 30, 45
and 60 min, and quenched with 0.05 ml 8M guanidine HCI in 0.5% TFA for HPLC
analysis (Vydac Cyg, 0.46 X5 cm; 0.05% aq. TFA-CH;CN)

** k, Degradation rate of (1) was determined by nonlinear analysis based on first-order
kinetics (n = 3); values with different superscripts were statistically different at p <<0.05.

with (1) and/or DPP-IV, previous efforts to determine the (1)/BSA binding
constant clearly indicated the presence of substantial binding. Due to high
nonspecific binding of (1) (data not shown), however, precise numerical estimates
were not obtained.

When bovine plasma was used as the DPP-IV source, pretreatment of (1)
with BSA had no effect on the peptide hydrolysis rate. The amount of the intact
peptide recovered from plasma, by means of a slightly modified solid phase
extraction (1), after a 1-h incubation at 37°C was 44.4% +4.5% vs. 42.9% £ 1.5%
with and without 4% BSA pretreatment, respectively (n =6). No treatment effect
in this case may result from a high endogenous BSA concentration in plasma
masking effects of exogenous BSA.
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Introduction

Growth hormone releasing factors (GRFs) are a series of closely related 43-
44 residue hypothalamic peptides that are involved in the regulation of the
synthesis and release of growth hormone [1]. The amino-terminal residues from
a number of species are especially conserved. GRF(1-29)NH, contains the full
growth hormone releasing potency of the native 43-44 residue peptides [2]. All
reported native GRFs contain Met?’. However, this residue can be replaced
by Leu with essentially no change in growth hormone-releasing potency [3].

Elevation of growth hormone is associated with increased growth [4] and
lactation [5] in a number of animal species. The use of GRF for the regulation
of a long term process, such as growth, will require extended treatment. We
examined the effect of incubation of [Leu?’]nGRF(1-32)NH, (aqueous buffer,
pH 7.4) on its growth hormone-releasing potency and chemical integrity .

Results and Discussion
Upon incubation of a solution of [Leu?’]hGRF(1-32)NH,:

Tyr-Ala-Asp-Ala-Ile-Phe-Thr-Asn-Ser-Tyr-Arg-Lys-Val-Leu-Gly-Gln-Leu-
Ser-Ala-Arg-Lys-Leu-Leu-Gln- Asp-Ile-Leu-Ser-Arg-Gln-Gln-Gly-NH,

in buffer (200 uM peptide, 20 mM sodium phosphate, 150 mM sodium chloride,
0.02% sodium azide, pH 7.4, 37°C) for 14 days (336 h), the 14 day sample
had only 22% of the growth hormone-releasing potency of the 0-day sample
from cultured bovine anterior pituitary cells (the ‘0’ day sample and 14 day
sample had ECsys of 0.14 and 0.65 nanomolar respectively).

The incubation samples ( 0, 9, 26, 48, 97, 167, and 336 h) were examined
by HPLC. At 14 days, 32% of the original [Leu?’]hGRF(1-32)NH, remained.
Under these conditions, [Leu?’]hnGRF(1-32)NH, had a calculated half-life of
193 h (K4=0.0037/h). Two major decomposition products, with appearance
constants of 0.0025/h and 0.00093/h, respectively and a minor decomposition
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product were observed. The predominant decomposition product (46%) was
shown to be [isoAsp3,Leu?’]hGRF(1-32)NH, (AAA, same as parent peptide,
Edman sequencing, parent sequence through cycle 7, blocked at cycle 8, FABMS
(M+H)* 3655.1, parent (M + H)* 3654.4, comparison of HPLC retention times
to the synthesized peptide and its Clostripain map, identical). The second major
decomposition product (16%) was shown to be [Asp?,Leu?’]hGRF(1-32)NH,
(AAA, same as parent peptide, sequencing parent sequence through cycle 15,
FABMS (M+H)* 3655.7, parent (M+H)* 3654.4), comparison of HPLC
retention times to the synthesized peptide and its Clostripain map, identical).
Clostripain selectively hydrolyses peptides containing Arg residues at its carboxyl
side, and in the case of [Leu?’]aGRF(1-32)NH, gives fragments 1-11 (C1), 12—
20 (C2), 21-29 (C3), and 30-32NH, (not observed). Only C1 fragments contain
Tyr residues and can be distinguished from C2 and C3 fragments by the presence
of UV absorption at 276 nm. The minor decomposition product (5%) was partially
characterized and may be [D-isoAsp®,Leu?’]hGRF(1-32)NH, (AAA, same as
parent, sequencing, parent through cycle 7, blocked at cycle 8, Clostripain map,
modified C1, intact C2 and C3). During Clostripain mapping of the [Asp3,
Leu?’]hGRF(1-32)NH,; fraction from a degraded sample of [Leu?’]hGRF
(1-32)NH,, a second, minor, unknown C-1 peak was detected. Although not
further characterized, this peak may signify the formation of [D-Asp8,
Leu?’1hGRF(1-32)NH, as well.

Deamidation of Asn and Gln residues in peptides has been reported [6].
Generally, Asn residues are more susceptible than Gln residues. Although
[Leu?’]hGRF(1-32) contains four Gln residues, in addition to the single Asn
residue, no Gln deamidation products were detected. Deamidation of Asn residues
is reported to involve a succinimide intermediate that gives, upon addition of
water, both the isoAsp and Asp peptides. The isoAsp peptide is usually the
predominant product [7]. Minor amounts of the epimerized p-isoAsp and D-
Asp peptides have also been observed.

When measured in a bovine pituitary cell culture assay for GH release, the
synthesized [isoAsp8,Leu?’]hGRF(1-32)NH, was estimated to be 400-500 times
less potent and the [Asp®,Leu?’ThGRF(1-32)NH, calculated to be 25 times less
potent than [Leu?’]hGRF(1-32)NH,. The loss of GH releasing potency of the
incubated [Leu2’]hGRF(1-32)NH, solution is explained by the diminished content
of parent peptide and the low potency of its degradation products.
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Introduction

‘Difficult couplings’ represent steps that remain incomplete under conditions
in which the majority of couplings in the same overall synthesis proceed readily
to essentially 100% reaction, and often require multiple coupling before com-
pletion is reached. Such difficult coupling steps have been generally attributed
to a sequence-dependent tendency for the growing peptide chain to self-associate,
with concomitant aggregation and/or precipitation that can impede the approach
of incoming reagents [1].

Human growth hormone releasing factor and a variety of its analogs have
been synthesized and assayed for potency (for a review, see Ref. 2). During
the solid phase synthesis of one such analog, [Ala!5, Leu?’, Asn?] - GRF (1-
32)-OH, we noted that the incorporation of Boc-GlIn!6-OH was incomplete even
after 3 cycles of coupling [3]. A similar situation had been noted for the
corresponding step in the synthesis of GRF (1-27)-OH [4]. No particular feature
of primary sequence in the middle of the present analog ([Alal5, Leu?’, Asn28]
- GRF (14-32) = Leu!4-Ala-Gln-Leu-Ser(Bzl)-Ala-Arg(Tos)-Lys(C1Z)-Leu-Leu-
Gln -Asp(OcHex)-Ile-Leu-Asn-Arg(Tos)-Gln-Gln-Gly32-PAM resin), nor of the
two amino acids specifically involved in the coupling (Gln!¢ to Leu!?) provided
an immediate rationale for the observed ‘difficult coupling’.

Results and Discussion

We have now obtained proton NMR spectra (500 MHz) of resin-bound GRF
analog fragments 19-32 through 14-32 in the region 3.9-5.4 ppm (Fig. 1). In
this spectral region, resonances occur for a-protons of most residues, along with
benzylic methylene protons (of side-chain protecting groups) near 5.25 ppm.
In spectra 18-32 and 17-32, superimposed broader and narrower components
are visible; at 16-32, only broad resonance envelopes appear for all protons.
Since broadening of line-widths in NMR spectra is fundamentally attributable
to a decrease in rates of local molecular motions (5], peptide chains at these
stages of the synthesis are interacting with each other, and probably also between
polymer beads, to produce particles of higher average molecular weight(s). Upon
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Fig. 1. H high-resolution NMR spectra (500 MHz), a-proton region, of GRF analog (19-
32) through (14-32) fragment peptides bound to PAM-resin (PAM = p-phenylacetamido-
methyl). Concentrations: 30 mg resin-bound peptide/ml dimethylsulfoxide-ds. Spectra (128
transients) were collected in 16400 data points; acquisition time=2.98 s; relaxation
delay = 2.0 s; line-broadening = 0.1 Hz. Adapted with permission from Ref. 3.

addition of Alal5, the spectrum of the 15-32 peptide resolves and once again
resembles the spectral situation in fragment 19-32.

We propose that the conformational origin of the difficult coupling of Gln!¢
to Leu!” arises from a specific combination of peptide secondary structural
features, namely the S-sheet/S-turn structure shown in Fig. 2. Thus, a propensity
for B-sheet formation, for example, in the GRF linear sequence 20-27, in
conjunction with B-turn formation ‘upstream’ from the difficult coupling site
(at Ala!®, Arg?0 as shown) folds the peptide chain to provide the requisite ‘anti-
parallel partner’ of the sheet structure, thereby converting an incipient 8-sheet
single chain into the actual two-strand structure. Although Chou-Fasman
predictive criteria [6] must be applied with caution to this system (for a discussion,
see Ref. 3), we found that the probability of a B-turn involving GRF residues
18-21 (as depicted in Fig. 2) is strikingly higher than that of the surrounding
four-residue segments. Finally, since this scheme reflects the dominance of peptide
primary sequence in conferring specific secondary structure, addition of Alal’
must similarly produce long-range effects on peptide chain conformation, i.e.,
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Fig. 2. Schematic representation of an intermolecular B-sheet/B-turn structure for resin-
bound GRF(16-32) proposed to account for a ‘difficult coupling’ synthesis step at Glni6
to Leu!”. Residues 16-27 are shown, but the remaining residues (28~32) may also participate
in the structure. In this hypothetical scheme, intra-chain anti-parallel B-sheet structure is
nucleated by the propensity for B-turn formation around Ala!®, Arg?. Once it is nucleated,
intermolecular structure can be propagated indefinitely by inter-chain H-bonding. Adapted
with permission from Ref. 3.

a net preference for intramolecular (helical?) structure in the newly elongated
segment (15-27). The B-turn is then eliminated, the aggregates dissociate, and
the coupling steps to the growing peptide chain once again proceed normally.

These experimental observations in synthesis and spectroscopy suggest that
awareness of potential 8-sheet/SB-turn sequences can guide analog design and/
or facilitate pre-programming of synthesis steps in anticipation of difficult
couplings.
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Introduction

A family of (i, i+4) cyclic GRF analogs was designed to retain a-helical
segments. GRF analogs with a lactam ring in the central region (Asp® — Lys!?),
e.g. cyclod12[Asp?,Alal5]-GRF(1-29)-NH,; have been shown to retain significant
biological activity (growth-hormone release) in vitro and in vivo [1,2] (Table
1). The cyclic analogs have also been shown to have improved stability to plasma
degradation (Table 1). Although the parent peptide, GRF(1-44)-NH,, has been
reported to have a short lifetime in human plasma (92% degraded in 60 min
at 37°C) [3], the lifetime of cyclo3.12[Asp8,Alal5]-GRF(1-29)-NH, is significantly
enhanced [4] (Table 1). Moreover, N-terminal-replacement analogs in the cyclo®12-
GREF series resulted in improved potencies in vitro and in vivo [5]. A series
of novel (i, i+4) cyclic GRF analogs, in which the lactam ring is near the
COOH-terminus (Lys2! — Asp?5), was designed to evaluate the relative importance
of the position of the lactam with respect to potency, duration of activity and
conformation.

Table 1 Relative potencies/stabilities of substituted cyclic analogs of GRF(1-29)-NH,

GREF analog Relative  Plasma
potency  degra-
dation?®
GRF(1-44)-NH, 1.0 92%
Cyclo812-[Asp8,AlalS]-GRF(1-29)-NH, 0.77 12%
Cyclo®12-[des-NH,-Tyr!,p-Alal5}-GRF(1-29)-NH, 2.47 -
Cyclo2l.55-[Alal’]-GRF(1-29)-NH, 1.33 23%
Cyclo2t.25-[des-NH,-Tyr!,p-Ala2,Alal5]-GRF(1-29)-NH,  1.33 -
Cyclo8.1221.25 [ Asp8 Ala!S}-GRF(1-29)-NH, 0.69 5%

Cyclo®1221.25-des-NH,-Tyr!,p-Ala2 Asp8,Ala!’]-GRF(1-29)-NH, 3.91 -

2% degradation after incubation in human plasma for 60 min at 37°C.
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Results and Discussion

Cyclo21.35-[Ala!5]-GRF-(1-29)-NH, was synthesized by the solid-phase strategy,
cyclized on the resin, and cleaved by the HF procedure. Although this compound
retained high biological activity (potency=1.33 relative to GRF(1-44)-NH,),
N-terminal-replacement analogs did not result in further improvement in potency
as was previously observed for the cyclo®12-GRF series (Table 1). Our recently
reported solid-phase strategy [5] using Ne-Boc-amino acids together with OFm/
Fmoc side-chain protection for Asp and Lys, respectively, was then extended
to include two stepwise BOP cyclizations of Lys2! to Asp?S followed by Asp®
to Lys!2 (Fig. 1). The resultant novel dicyclo-GRF analog, dicyclo8.122125
[Asp8,Alal’]-GRF(1-29)-NH,, was equipotent to the two monocyclic peptides.
N-terminal replacements in the dicyclo8!22125-GRF system resulted in increas-
ed potencies. Cyclod1221.25-[des-NH,-Tyr!,p-Ala2;,Asp8,Ala!5]-GRF(1-29)-NH,
was the most active analog in the series with nearly 4 times the in vitro potency
of GRF(1-44)-NH, (Table 1).

Boc-Asp(OFm)®-OH

S e CH iy el e 0O

Bd Fmoc OFm éd

8cycles 1
(1) pipindine 3

memd— P un® e MBI — aEesH®

Bzl Bz Bz Fmoc OFm Bd

Boc-Lys(Fmoc)*'-OH l Boc-Asp(OFm)’-OH
7 cycles 1
Boc-(l-m-p'-Lyl-“-(wImrLy-"—jp”-as?ram.@ ) Epenine H—(I'DMP'—Ly!“ﬂ;m)-Lf“—- A.[y”-asmmx,
OFm Fmoc Bz Bal 3) HF l ]

Fig. 1. Synthesis of cyclod122L.25-[4la!5 | GRF(1-29)-NH, and related analogs.

Circular dichroism studies of the monocyclic and dicyclic GRF analogs revealed
substantial a-helicity in 75% methanol (> 85%). Differences were observed in
water at pH 3 where helicity increased in the order [Alal5’]-GRF(1-29)-
NH, <cyclo2!.25-[ Ala!l5]-GRF-(1-29)-NH, ~ cyclo®12-[ Asp8,Ala!5-GRF(1-29)-
NH, <dicyclo81221.25[ Asp8, Alal’]-GRF(1-29)-NH,. Similar observations were
made from molecular dynamics calculations based on NOE-derived distance
constraints. At the receptor, these cyclic peptides should retain helicity in the
lactam-containing segments. The high biological potency of these peptides
demonstrates that the helical segments are compatible with the bioactive
conformer. Stability in human plasma increased in the order [AlalS]-GRF(1-
29)-NH, <cyclo2l.25-[ Alal5]-GRF(1-29)-NH, < cyclo?.12-[ Asp8,Ala!5]-GRF(1-
29)-NH, < dicyclo®1221.25[ Asp8, Ala!5]-GRF-(1-29)-NH,. This enhanced resi-
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stance of the dicyclo-GRF analogs to enzymatic degradation (dipeptidylpeptidase
Type IV and trypsin-like) may augment the biological activity. In vivo studies
with these cyclic-GRF and dicyclic-GRF analogs are in progress.
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Introduction

In the chemical synthesis of long peptides, the individual amino acid coupling
efficiencies are readily recognized as contributing sizably to the final yield of
product. The particular focus of this synthetic study with growth hormone
releasing factor (GRF) was the impurities resulting from incomplete amino acid
couplings, and the difficulties that they present in ultimately obtaining a
homogeneous product. These synthetic inefficiencies yield a multitude of low-
level deletion impurities. Depending on their nature, they can be difficult to
readily identify and diminish preparative RPHPLC performance. With increasing
peptide length, the requirements for chromatographic resolution generally in-
crease, while the resolving power tends to diminish. Consequently, synthetic
methodology that facilitates chromatographic performance becomes of increased
importance as target peptides increase in size.

Results and Discussion

Table 1 Ninhydrin analysis of GRF (1-44)-OCH,-PAM resin®

Single Double Double/capping
Average coupling efficiency  97.8 98.4 99.5
Total projected deletions 62.4 49.3 17.2
Product yield® 37.6 50.7 50.7
Product/deletions 0.60 1.03 2.95

2 Synthesis was performed by automated ABI 430A protocols.
b Calculated as the difference between theoretical yield and measured deletion content.

In principle, the effective capping of projected deletion peptides should facilitate
chromatography. Ninhydrin analysis of coupling efficiency provides an estimate
of the remaining unreacted amine [1,2]. The synthesis of GRF by a double
coupling strategy illustrated that, while the projected product yield only increased
an absolute amount of 13.1% relative to the single coupled synthesis, the ratio
of yield to deletion peptides increased by 71% (Table 1). Analysis of the impact
of capping on the double coupled synthesis revealed an absolute decrease in
projected deletion peptides of 32.1%. This is more than double the amount
of amino group acylation that was achieved by the preceding second coupling.
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More importantly, the ratio of yield to deletion peptides increased three-fold.

The chromatographic analysis of the GRFs prepared by three different synthetic
methods, but purified identically by preparative RPHPLC, revealed a uniformly
high level of apparent purity, with only subtle relative differences. AAA was
also incapable of identifying any statistically significant differences. Preview
sequence analysis dramatically illuminated the presence of deletion peptides
(Table 2). As originally hypothesized, significant improvements in final product
purity, while not readily apparent by commonly used techniques, were achieved
by an additional coupling, and still further by acetic anhydride capping. In no
instance did the purity match that achieved by the rDNA prepared standard.

Table 2 Preview sequence analysis® of purified GRF (1-44)-OH
Single cpl. (%) Double cpl. (%) Double cpl/capped (%) rDNA (%)

Alal 35 0.2 0.2 <0.1
Ile? 8.0 N.D. N.D. N.D.
Phes 8.6 N.D. N.D. N.D.
Tyr® 10.9 N.D. N.D. N.D.
Vall2 10.5 N.D. N.D. N.D.
Leul3 11.4 N.D. N.D. N.D.
Ser!? 8.2 1.3 0.8 <0.1
Ala'® N.D. 1.1 0.2 N.D.
Asp? N.D. 1.6 N.D. N.D.
Ile?s 6.9 1.1 0.2 <0.1
Met26 7.1 N.D. N.D. N.D.
Gly3! N.D. 4.1 1.0 N.D.
Gly 25.0 7.5 1.2 <0.1
Ala® 22,0 10.0 20 <0.1
2 Percentage shown is that determined for the indicated previewed amino acid at each
cycle.

b N.D. =not determined.

Conclusion

We have shown, in a series of GRF syntheses, that low-level deletion peptides
were not totally removed by conventional preparative RPHPLC. These impurities
were observed best by preview sequence analysis of the purified products. Given
the unknown biological nature of these impurities, their removal prior to use
in human subjects is warranted. A greater awareness of the need to achieve
near-quantitative amine acylation with a judicious selection of chromatographic
methods, followed by an extensive analysis of product purity, is required to
synthesize peptides of the quality currently obtainable by rDNA methods.
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Introduction

Growth hormone (GH)-releasing hormone (GRF) analogs may have a sig-
nificant role in both human medicine and veterinary application. Previously,
we found that Gaba®-substitution is advantageous for the synthesis and the
biological activity of such analogs [1]. Presently, we demonstrate that combi-
nations of certain previously known substitutions enhance the in vivo potency
of our new Gaba¥-GRF/1-30/-NH, analogs. However, the potencies of these
analogs differ, depending on the route of administration.

Results and Discussion

Synthesis
[D-Ala?,Nle?7 Gaba3?]-hGRF (1-30)-NH, (HB-495)
[D-Ala?2,Leu!’ Nle??,Gaba30]-hGRF (1-30)-NH, (HB-515)
[D-Ala2,p-Arg!! Leu!5-Nle?’-Gaba3}-hGRF (1-30)-NH, (HB-527)

were synthesized by the usual SPPS methodology. The crude material was purified
on Sephadex G-50 column, followed by MPLC methodology (Synchroprep RP-
P30um resin (C-18)) using gradient elution with 0.25 N TEAP solution and
CH;CN. Desalting was performed by MPLC using 10% AcOH and isopropanol.
Peptides were characterized by TLC and RPHPLC. Interestingly, the HB-527
analog showed significantly lower k’ than that of HB-515. Therefore, we expected
a remarkable difference in the conformations of the epimers. From the CD
spectra, we conclude that the L-Arg!!-containing analog (HB-515) exhibits a
more ordered conformation in water than its epimer.

In vitro bioassays
Our analogs showed that the potencies were similar to that of the reference

hGRF (1-44)-NH, preparation.

In vivo bioassays [2]
After intravenous administration of a 2.0 ug/kg dose, HB-495 was twice as
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active, HB-515 and 527 only 1.5 times more active, than hGRF (1-29)-NH,.

After subcutaneous administration of a 5 ug/kg dose, our analogs caused
about the same GH release as hGRF (1-29)-NH, dose of 250 ug/kg [2]; therefore,
our analogs, injected subcutaneously, are about 50 times more potent than hGRF
(1-29)-NH,. At the 12.5 ug/kg dose, HB-515 exhibited 1.5 times higher GH-
releasing activity than HB-495 at 5 min after injection (see Fig. 1).

Intramuscular administration of 2.0 ug/kg of our analogs elevated the plasma
GH level to 2-fold higher than the basal level. In a dose of 5 ug/kg, HB-515
released GH 1.5-2.0 times higher than HB-495 and HB-527, respectively, at
5 min after injection (see Fig. 1).

128-
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Fig. 1. Comparison between intramuscular (i.m.) and subcutaneous (s.c.) GH-releasing
effects of GH-RH analogs at 5 ug/kg doses.
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Introduction

Previous structure—activity investigations with the ¢{CH,NH] peptide bond
isostere have produced antagonists when inserted into various peptides. These
include bombesin, in which the incorporation of Leu!3y¢s{CH,NH]Leu!4 produced
an antagonist [1], and tetragastrin, in which Boc-Trp-Leuy{CH,NH]Asp-Phe-
NH, is an antagonist [2]. In this preliminary study, we chose to investigate
the effect of the isostere on growth hormone-releasing factor (1-29)-NH, (GRF).

Results and Discussion

1400 -

1200 4 —am— GRF-29
= J —e— psil2
g 1000 - —e— psi23

i —a— psi3-4

e 800+ pe
% - —&— psi4d
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Fig. 1. Effect of W/ CH,NH]JGRF(1-29)NH; analogs on GH secretion from dispersed rat
pituitary cells.

Analogs were prepared by conventional SPPS on MBHAR. The following
protocol was used on an Advanced ChemTech ACT 200 synthesizer: deblocking,
33% TFA (1 min, 25 min); DCM wash; PrOH wash; neutralization, 10 % DIEA
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Fig. 2. Effect of ¢ [CH,NHJGRF(1-29)NH, analogs on GH secretion from dispersed rat
pituitary cells.

(2 washes); DMF wash; coupling of preformed HOBT esters, 45 min in DMF,
15 min DMAP; PrOH Wash; DCM wash. The isosteres were incorporated by
racemisation-free reductive alkylation with a preformed protected amino acid
aldehyde in the presence of NaCNBH; in acidified DMF [3,4]. The aldehydes
were prepared by reduction of the protected dimethylhydroxamates with LiAIH,
at 0°C. The peptides were cleaved with HF and purified by gel filtration and
RPHPLC. The purified analogs were assayed in a 4-day primary culture of male
rat anterior pituitary cells for GH release as previously described (See Figs.
1 and 2) [5]. Potential antagonists were retested in the presence of GRF(1-
29)NH,; (1 nM) (see Fig. 3). The following results were obtained: Incorporation
of the isostere at position 5-6, gave a very weak agonist with << 0.1 % activity
of the GRF control (see Fig. 1). Incorporation of the isostere in positions 1-
2 and 7-8 gave weak agonists with ~0.1% activity (see Fig. 2). Similarly, an
agonist with ~1% activity was produced by incorporation at 3-4. Placement
at positions 2-3, 6-7 and 10-11 gave analogs with mixed agonist/antagonist
activity, dependent upon the dose. The analog [Ser®y[CH,NH]Tyr!)JGRF(1-
29)NH, was found to be inactive in this assay (see Fig. 2) and was retested
for antagonist activity in the presence of a stimulating dose of GRF(1-29)NH,
(see Fig. 3). This analog, [Ser®y{CH,NH]Tyr!®)JGRF(1-29)NH,, was found to
be an antagonist in the 10 uM range vs. 1| tM GRF and had no agonist activity
at doses as high as 0.1 mM (see Fig. 2). The analog [Asn8y{CH,NH]Ser?]GRF(1-
29)NH, could not be synthesized and has yet to be investigated.
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Fig. 3. Antagonism of GRF-stimulated GH secretion by Ser®y [CH,NH JTyr!GRF(1-29)NH,.
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Introduction

New analogs of human (h) GRF(1-29)-NH, have been developed following
two approaches :

(1) It was assumed that the peptide acts at the receptor through an a-helical
secondary structure [1]. In order to stabilize this putative bioactive conformation,
leucine and alanine residues were substituted with the corresponding a-methyl
derivatives, strong helical inductors, that may also provide a higher resistance
to biodegradation.

(2) It was postulated that altering the conformation or functionality of the
peptide backbone by incorporating the pseudopeptide bond [CH,~-NH] might
lead to antagonists that retain high receptor affinity [2], and/or to long acting
molecules [3].

Results and Discussion

The peptides, synthesized on MBHA resins, were purified by preparative
RPHPLC (>97% purity) and characterized by optical rotation, AAA and MS.
The coupling of sterically hindered Ca-methyl amino acids was accomplished
using a BOP/HOBt mixture [4]. The reduced amide bonds were incorporated
by solid-phase reductive alkylation [5] with Boc-amino aldehydes in the presence
of NaBH,CN [6].

As summarized in Table 1, entries 3-5, mono Ca-substituted analogs of
hGRF(1-29)-NH, did not differ significantly in potency from the parent com-
pound 2 in an in vitro assay, suggesting that local conformational restrictions
imposed by the a-methyl group were tolerated by the receptor. However, 6
and 7 with multiple a-methyl amino acid substitutions were 25-100 times less
potent than 2, indicating that methyl groups may impede some contacts with
the receptor or constrain the molecule in a less favorable conformation. The
fact that the two latter compounds give a higher helical content, as determined
by CD spectroscopy (data not shown), suggests that other parameters in addition
to helicity are important for in vitro potency. Interestingly, 6 showed, in an
in vivo assay in the rat (data not shown), a higher potency and a longer duration
of action than 2 or all of the mono-substituted analogs, suggesting a higher
resistance to biodegradation.
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The potencies of the reduced amide hGRF analogs (Table 1, entries 9-14)
were significantly lowered, relative to that of their parent compound, although
nearly full intrinsic activity was retained. These results suggest that hormone-
receptor interactions are compromised by backbone modification in the region
of residues 1-7.
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Introduction

CRF and its related peptides have some conserved primary regions. We have
taken an interest in the characteristic conserved sequence of the CRF family,
Pro-Pro-l1le-Ser, which is located in the proximal N-terminal region. Biological
function of this N-terminal region is not yet known. We synthesized several
peptide fragments of human CRF(hCRF) and sauvagine that involved either
this entire N-terminal sequence or part of it, and found several peptides caused
a transient convulsion in mice after intracerebroventricular (i.c.v.) injection. To
determine a further SAR, we examined the activity of analogs of H-Pro-Pro-
Ile-OH that seemed to be the active component.

Results and Discussion

Among 17 peptides corresponding to part of the N-terminal region of hCRF
and the frog skin peptide, sauvagine, 6 peptides that involved Pro-Pro-lle at
their N-terminal caused a kindling-like convulsion in mice immediately after
(0-2 min) i.c.v. injection. H-Pro-Pro-Ile-OH showed the strongest activity and
was the shortest active peptide (Table 1). It seemed that this tripeptide was
an active center of the convulsant activity of these peptides.

On the other hand, the analogs in which the L-Pro residues of H-Pro-Pro-
Ile-OH were substituted with D-Pro did not cause the convulsion. Another type
of analog replaced the Ile with other amino acids which decreased the convulsive
activity. These results suggest that the convulsions are not caused by non-specific
action of H-Pro-Pro-Ile-OH. Furthermore, it was suggested that there was a
specific receptor that recognizes the structure, Pro-Pro-X, and Ile was the most
suitable amino acid residue for the X position.

When administered either intravenously or intracisternally, H-Pro-Pro-Ile-OH
did not stimulate ACTH secretion in rats. Furthermore, H-Pro-Pro-Ile-OH did
not inhibit typical radioligands of neurotransmitter receptors which bind to rat
brain membranes. These results suggested that this tripeptide had no affinity
for CRF receptors causing ACTH secretion nor to other neurotransmitter
receptors.

Weiss et al. [1] showed that the ovine CRF itself produced late onset (1-6 h
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Table | Potency of synthetic peptide fragments of human CRF and sauvagine causing
convulsion in mice

Number of convulsed mice (n = 10)

Peptide (position) Dose (nmol/head)
300 100 30 10 3
ZGPPISIDLS (Sauvagine 1-10) 0
ZGPPISIDL (Sauvagine 1-9) 0
ZGPPISI (Sauvagine 1-7) 0
ZGPPIS (Sauvagine 1-6) 0
ZGPPI (Sauvagine 1-5) 0
ZGPP (Sauvagine 1-4) 0
GPPIS (Sauvagine 2-6) 0
PPISI (Sauvagine 3-7) 9 0
PPISLDLT (hCRF 4-11) 10 8 0
PPISLD (hCRF 4-9) 9 9 8 0
PPISL (hCRF 4-8) 9 0
PPIS (hCRF 4-7) 10 10 7 0
PPI (hCRF 4-6) 10 10 10 7 1
EPPIS (hCRF 3-7) 0
EPPI (hCRF 3-6) 0
PIS (hCRF 5-7) 0
PP (hCRF 4-5) 0

after i.c.v. administration) of kindling-like seizures in rat. Considering their report
and our results, we think our synthetic convulsant peptides could be candidates
as the ligands for a receptor, which is independent of ACTH secretion in the
central nervous system.
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Introduction

In 1988, Zhu et al. [1], isolated rabbit corticostatin (rCS), a 34-residue peptide
involving 6 disulfide-linked Cys residues and 9 Arg residues, from rabbit fetal
lung. The structure of rCS was coincided with that of one of rabbit neutrophil
peptides, NP 3-a, reported by Selsted et al. [2]. In order to evaluate the biological
activities of rCS, and examine the usefulness of trimethylsilyl bromide (TMSBr)
[3] as a deprotecting procedure for the Fmoc-based SPPS of Arg-rich peptides,
and silver trifluoromethanesulfonate (AgOTf) [4] as an S-Acm deprotecting
procedure, we undertook the total synthesis of rCS.

Results and Discussion

Fmoc-based SPPS of rCS was carried out manually according to the principle
of Sheppard et al.[5] using the following side-chain protected Fmoc amino acids:
Arg(Mtr), Cys(Acm), Ser(tBu), Glu(OtBu), and Tyr(tBu). As the starting resin,
p-alkoxybenzyl-type polystyrene resin (0.70 mequiv./g, 0.2 mmol) was employed.
The first C-terminal residue, Fmoc-Arg(Mtr)-OH (5 equiv.), was loaded on the
resin by DPCDI (5 equiv.) in the presence of dimethylaminopyridine (1 equiv.).
Each residue was introduced by DPCDI + HOBt procedure until the resin became
negative to the Kaiser test. In the final step, the Fmoc group was removed
by treatment with 20 % piperidine/DMF, and the rest of the protecting groups,
except for the Acm group, with 1 M TMSBr-thioanisole/TFA (4°C, 60 min),
as shown in Fig. 1. Nine Arg(Mtr) residues were efficiently deprotected by this
brief treatment. The resulting Cys(Acm)-peptide was treated with AgOTf (60
equiv.) at 4°C for 60 min to remove Acm groups from the Cys residues. After
treatment with DTT, followed by gel-filtration on Sephadex G-15, the reduced
peptide was subjected to air oxidation at 4°C for 7 days in 0.1 M ammonium
acetate buffer (pH 7.5) to establish the three disulfide bonds. The crude, air-
oxidized product was purified to homogeneity by HPLC on TSK-GEL LS 410KG
column using a gradient elution with MeCN in 0.1% TFA.
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Acm Acm Mtr Mtrx Mtr Agm tBu OtBuMgr
Fmoc—Gly—Ile-Cﬁs—Ala—Cys—Arg—Arg—Arg—Phe-Cys-Pro—Asn-Ser—Giu-Arg-Phe-

tBu tBu Acm Mtr Mgr tgu Mtr Agm Agm tgu
Sér—Gly-Tfr—cﬁs—Aig-Va1-Asn-Gly-Ala—Arg-Tyr-Val—Arg—Cys-Cys-Ser—
Mtr Mtr

Ar'g—m":g—OCHZ-O-OCHZ— (resin)

1. 20% piperidine / DMF

2. 1M TMSBr - thioanisole / TFA

3. AgOTf - anisole / TFA

4. Reduction with DTT

5. Air oxidation at pH 7.5

6. HPLC on TSK-GEL LS-410KG

CH3CN (15-30%) in 0.1% TFA

\

[
H-Gly-Ile—Cys—-Ala-Cys~-Arg-Arg-Arg-Phe-Cys-Pro-Asn-Ser-Glu-Arg-Phe~

[

Ser-Gly-Tyr-Cys~Arg-vVal-Asn-Gly-Ala-Arg-Tyr-Val-Axrg-Cys-Cys—-Ser-Arg-Arg-OH

(yield : 14.7%)

Fig. 1. Synthesis of rabbit corticostatin (rCS).

The overall yield calculated from the protected peptide resin was 14.6 %.
The purity of synthetic rCS, thus obtained, was ascertained by AAA after 6
N HCl hydrolysis, analytical HPL.C, and sequence analysis. In addition, synthetic
rCS proved to be a monomer by FABMS.

The disulfide array of synthetic rCS was examined by sequence analysis of
proteolytic fragments. Thermolysin treatment of a tryptic fragment of synthetic
rCS gave a two-chain fragment cross-linked with Cys5-Cys2, and a three-chain
fragment consisting of H-Ile-Cys3-OH, H-Phe-Cys!0-Pro-Asn-OH, and H-Cys30-
Cys31-OH. The precise disulfide array of the latter three-chain fragment is under
investigation. These results suggested that synthetic 1CS would have similar
disulfide structure to that of human defensin reported by Selsted et al. [6].

Synthetic rCS (0.1-10 pg/ml) dose-dependently inhibited ACTH (100-100 pg/
ml)-stimulated corticosterone production in rat adrenal cell suspensions, but
showed no cytotoxic activity against several tumor cells (K562, P815, and EL4)
at doses less than 100 ug/ml and no bactericidal effect on several strains of
E. coli at doses even higher than 500 pg/ml.
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Background

ANF, a 28-amino acid peptide hormone secreted by atrial cardiocytes, is
involved in the maintenance and regulation of fluid volume homeostasis. Our
group has recently reported [1] the preparation and biological activity of ANF(7-
23), a reduced-size analog of ANF(1-28), as well as a study of the solution
conformation of the molecule in SDS micelles [2]. ANF(7-23), which constitutes
the intact core region of ANF, with the N- and C-terminal tails removed, shows
full ANF agonist activity in vitro and in vivo but reduced potency compared
to ANF. '

Chou-Fasman analysis of this core sequence suggested the possibility of two
loops, comprising residues 7-10 and 18-21. In contrast, NMR shows an 18-
21 inverse loop as well as a 14-17 loop, yet suggests that the 7-10 region may
be extended. We have made a number of substitutions in these regions to examine
the possibility of such structural features and to probe the importance of the
putative loops.

Cys-Phe-Gly-Gly-Arg-Ile-Asp-Arg-Ile-Gly- Ala-Gln-Ser-Gly-Leu-Gly-Cys
7 15 23

Results and Discussion

We began by exploring the effect of deleting individual glycine residues on
the analogs’ ability to relax rabbit aortic smooth muscle rings preconstricted
with histamine (values reported as pD2, the dose providing half-maximal
relaxation; for ANF(7-23), pD2=5.70). Consistent with Chou-Fasman predic-
tions, the removal of glycine within the putative loop regions results in significant
decreases in activity (des-Gly® < 5.15; des-Gly20 < 5.15), whereas removal of those
outside such regions is better tolerated (des-Glyl'6=5.76; des-Gly22=46.30).
Interestingly, several combinations of deletions are also acceptable; most notably,
des-Gly?22 is more active in this assay than the parent (pD2=6.24).

We also studied the effects of amino acid replacement within these structural
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regions. In the region comprising residues 7-10, these studies gave mixed results.
Replacement of Gly? (position i+ 2) with (p)-Ala led to a modest improvement
(pD2=15.81), but replacement with Pro was detrimental (pD2 = 5.22), suggesting
the possibility of a Type II turn. On the other hand, conversion of Gly! to
Pro was beneficial (pD2=5.92). Although substitution of the 9,10 dipeptide
with either aminopentanoic (= 5.36) or aminohexanoic acid (= 5.89) was tolerated;
none of these results is consistent with a turn structure. In any event, the effects
of these changes were minimal. Changes in the 18-21 region generally supported
the possibility of a loop here; in particular, replacement of Ser!® (position i+ 1)
with (p)-Ser gave a dramatic improvement in the vasorelaxant response
(pD2=16.68), and this residue was also successfully replaced by Pro (=5.84).

We next looked at the effects of individual side-chain groups on the functional
response. It has been reported [3] that the position-8 aromatic group is important
for inhibition of aldosterone production. We have observed that this residue
is also critical for vasorelaxation, and replacement with cyclohexylalanine
(pD2=6.13) leads to a more potent analog. Conversion of Arg!! to lysine gave
an equipotent compound (pD2=5.95) that showed significantly higher in vivo
activity (bolus injection into the rat) than ANF(7-23). Asp!3 seems to be a critical
residue; even conservative substitutions, such as Glu (pD2=15.26), Asp-OCH;
(<5.17), or Asn (<5.0) cause dramatic decreases in activity. Conversely, changes
in the side-chains of residues 18 and 19 are tolerated. Gln!8 is readily converted
to Asn (pD2=15.68) or Thr (=5.79), and Glu!® is only slightly less active
(pD2=5.34). Similarly Ser!® may be replaced by (p)-Ala (=5.60) or by Frei-
dinger’s lactam [4] (= 5.55) without loss of activity.

Conclusions

The results of our deletion and substitution studies are consistent with prior
stuctural analysis and NMR studies on ANF(7-23), suggesting a loop in the
region comprising residues 18-21. In the residue 7-10 region, where the previous
analyses produced differing conclusions, we could find no clear evidence for
either a looped or a linear conformation. Our series of side-chain replacements
led us to the conclusion that, while positions 8 and 13 contained functionality
critical for the vasorelaxant response, no critical residues were contained within
the 18-21 loop.

These studies led us to postulate that we might be able to shrink the size
of our ANF analogs further by excising this 18-21 loop entirely; removing,
in addition, the adjacent glycine residues at positions 16 and 22, which our
deletion studies had shown to be expendable, produced the decamer, Cysl6
ANF(7-16). This compound relaxed rabbit aortic rings with a pD2 (=5.42)
only slightly lower than that recorded for ANF(7-23).

245



T.W. Rockway et al.
References

la. Budzik, G.P., Firestone, S.L., Bush, E.N., Devine Jr., E.M., Rockway, T.W., Sarin,

V. and Holleman, W.H., Fed. Proc., 46(1987) 1133.
b. Budzik, G.P., Firestone, S.L., Bush, E.N., Connolly, P.J., Rockway, T.W., Sarin,

V. and Holleman, W.H., Biochem. Biophys. Res. Comm.,144 (1987)422.

2.  Olejniczak, E.T., Gampe Jr., R.T., Rockway, T.W. and Fesik, S.W., Biochemistry,
27(1988)7124.

3. Craven, T.G., Kem, D.C. and Schiebinger, R.J., Endocrinology,122 (1988) 826.

4. Freidinger, R.M., Perlow, D.S. and Veber, D.F., J. Org. Chem., 47 (1982) 104.

246



UK-69,578: A potent selective inhibitor of E.C.3.4.24.11
which potentiates ANF in vivo

David Brown, Paul L. Barclay, Ian T. Barnish, Simon F. Campbell,
John C. Danilewicz, Peter Ellis, Keith James, Gillian M.R. Samuels,
Nicholas K. Terrett and Martin J. Wythes
Pfizer Central Research, Sandwich, Kent CT13 9NJ, UK.

Introduction

Atrial Natriuretic Factor (ANF) is a 28-amino-acid peptide secreted by the
heart which induces natriuresis and diuresis, lowers blood pressure, and decreases
renin and aldosterone in animals and man. However, the potential utility of
ANF in hypertension and congestive heart failure is limited by poor oral
bioavailability and short plasma half-life. As an alternative approach, we sought
a non-peptide agent that would potentiate the physiological actions of ANF
via inhibition of the enzyme responsible for ANF degradation in vivo.

Results and Discussion

We have demonstrated that ANF is degraded in vitro by the endopeptidase
E.C.3.4.24.11 from human and rat kidney, and that prototype inhibitors protect
ANF from degradation, a result which has been subsequently reported by others
[1]. Stepwise modification of the endopeptidase inhibitor (1) (Fig. 1) [2]
demonstrated that conformational restraint is well tolerated in the P,’ and the
Py’ residue (2, 3). Replacement of the backbone aza link by a methylene group
gave a substantial increase in potency (4). The cis-4-aminocyclohexane carboxylate
system (5) confers similar inhibitory potency to the 3-isomer (4) and removes
a chiral center. In contrast to the aza series (1 and 2), the aminocyclohexane
carboxylate moiety gives a clear potency advantage (5, 6 and 7) in the glutaramide
series.

Compound 8 (UK-69,578) was selected for more detailed evaluation. UK-
69,578 blocks degradation of human ANF by human kidney homogenate
(complete inhibition at 10-6 M); increases the half-life of rat APIII from 0.96
to 2.5 min in nephrectomized rats(3 mg/kg i.v.); and potentiates the natriuretic
(250%) and diuretic (300%) action of rat APIII in anaesthetized rat (3.0 mg/
kg i.v.), with no significant change in urinary potassium excretion. UK-69,578
does not inhibit angiotensin converting enzyme, trypsin, chymotrypsin, leucine/
aminopeptidase, carboxypeptidase A or renin.

Clinical trials in hypertension and congestive heart failure are currently in
progress with UK-73,967 (S(+)-enantiomer, 9) and with UK-79,300, an orally
active 5-indanyl ester prodrug.
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Fig. 1. Inhibition of rat kidney endopeptidase 24.11.
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Introduction

Atrial natriuretic factor (ANF) is a 28 amino acid peptide exhibiting a variety
of biological functions, including vasorelaxation, natriuresis and diuresis. Initial
investigations from this laboratory of the SAR of analogs of ANF,_,3 sought
to determine the relationship of individual amino acids and observed biological
activity. We reported (1] a recent investigation that provided evidence that several
amino acid residues and amino acid segments can be deleted from the full size
peptide while maintaining agonist activity. The series of small peptide analogs,
whose parent is [Cys!6]ANFs_, Phe-Arg, exhibited ANF-like agonist activity