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Preface

The past decades have witnessed an enormous development in peptide chemistry
with regard not only to the isolation, synthesis, structure identification, and eluci-
dation of the mode of action of peptides, but also to their application as tools
within the life sciences. Peptides have proved to be of interest not only in bio-
chemistry, but also in chemistry, biology, pharmacology, medicinal chemistry, bio-
technology, and gene technology.

These important natural products span a broad range with respect to their com-
plexity. As the different amino acids are connected via peptide bonds to produce a
peptide or a protein, then many different sequences are possible — depending on
the number of different building blocks and on the length of the peptide. As all
peptides display a high degree of conformational diversity, it follows that many di-
verse and highly specific structures can be observed.

Whilst many previously published monographs have dealt exclusively with the
synthetic aspects of peptide chemistry, this new book also covers its biological as-
pects, as well as related areas of peptidomimetics and combinatorial chemistry.
The book is based on a monograph which was produced in the German language
by Hans-Dieter Jakubke: Peptide, Chemie und Biologie (Spektrum Akademischer
Verlag, Heidelberg, Berlin, Oxford), and first published in 1996. In this new publi-
cation, much of the material has been completely reorganized and many very re-
cently investigated aspects and topics have been added. We have made every effort
to produce a practically new book, in a modern format, in order to provide the
reader with profound and detailed knowledge of this field of research. The glos-
sary, which takes the form of a concise encyclopedia, contains data on more than
500 physiologically active peptides and proteins, and comprises about 20% of the
booKs content.

Our book covers many different issues of peptide chemistry and biology, and is
devoted to those students and scientists from many different disciplines who
might seek quick reference to an essential point. In this way it provides the read-
er with concise, up-to-date information, as well as including many new references
for those who wish to obtain a deeper insight into any particular issue. In this
book, the “virtual barrier” between peptides and proteins has been eliminated be-
cause, from the viewpoint of the synthesis or biological function of these com-
pounds, such a barrier does not exist.
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Preface

This monograph represents a personal view of the authors on peptide chemis-
try and biology. We are aware however that, despite all our efforts, it is impossible
to include all aspects of peptide research in one volume. We are not under the il-
lusion that the text, although carefully prepared, is completely free of errors. In-
deed, some colleagues and readers might feel that the choice of priorities, the
treatment of different aspects of peptide research, or the depth of presentation
may not always be as expected. In any case, comments, criticisms and sugges-
tions are appreciated and highly welcome for further editions.

Several people have contributed considerably to the manuscript. All the graphi-
cal material was prepared by Dr. Katherina Stembera, who also typed large sec-
tions of the manuscript, provided valuable comments, and carried out all the for-
matting. We appreciate the kindness of Professor Robert Bruce Merrifield, Dr.
Bernhard Streb and Dr. Rainer Obermeier for providing photographic material for
our book. Margot Miiller and Helga Niermann typed parts of the text. Dr. Frank
Schumann and Dr. Jérg Schréder contributed Figures 2.19 and 2.25, respectively.
We also thank Dirk Bichle, Kai Jenssen, Micha Jost, Dr. Jérg Schréder and Ulf
Strijowski for comments and proofreading parts of the manuscript.

Dr. Gudrun Walter, Maike Petersen, Dr. Bill Down, and Hans-Jérg Maier took
care that the manuscript was converted into this book in a rather short period of
time, without complications.

Bielefeld Norbert Sewald
and
Dresden-Langebriick Hans-Dieter Jakubke

April 2002
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Abbreviations

aa amino acid

AA antamanide (anti-amanita peptide)
Aad 2-aminoadipic acid

BAad 3-aminoadipic acid

AAP antimicrobial animal peptides
aatRS amino-acyl tRNA synthetase

Ab antibody

Abu aminobutyric acid

A,bu 2,4-diaminobutyric acid

Abz aminobenzoic acid

Ac acetyl

ACE angiotensin-converting enzyme
AChR acetylcholine receptor

Acm acetamidomethyl

ACP acyl carrier protein

ACTH corticotropin

AD Alzheimer’s disease

Ada adamantyl

Adoc adamantyloxycarbonyl

ADP adenosine diphosphate

Aet aminoethyl

Ag antigen

AGaloc tetra-O-acetyl-B-D-galactopyranosyloxycarbonyl
AGE advanced glycation end products
AGloc tetra-O-acetyl-D-glucopyranosyloxycarbonyl
AGRP agouti-related protein

Ahx 2-aminohexanoic acid (norleucine)
eAhx 6-aminohexanoic acid

AHZ alanyl-histidinato zinc ()

Aib a-aminoisobutyric acid

AIDS acquired immune deficiency syndrome
Alle (alle) alloisoleucine

AKH adipokinetic hormone



XIv

Abbreviations

Al
Ala
BAla
Aloc
Alom
AMP
AM-PS
ANF
ANP
Ans
Aoc
AOE
AOQOP

Apa
APM
Apm
AQP
Ar
Arg
Asn
Asp
AB
Asu
At
AT
ATP
AVP

Bac5
BAL
BBB
Bet
BGloc
BGP
BHA
Bip
BK
BLP
BMP
BNP
Boc
BOI

Bom

allyl (used only in 3-letter code names)
alanine

f-alanine

allyloxycarbonyl

allyloxymethyl

adenosine monophosphate

aminomethyl polystyrene

atrial natriuretic factor

atrial natriuretic peptide
anthracene-9-sulfonyl
1-azabicyclo[3.3.0]octane-2-carboxylic acid
(S)-2-amino-8-oxo-(S)-9,10-epoxidecanoic acid
7-azabenzotriazol-1-yloxytris(dimethylamino)phosphonium hexa-
fluorophosphate "

6-aminopenicillanic acid

aspartame

2-aminopimelic acid

aquaporin

aryl

arginine

asparagine

aspartic acid

amyloid-f

aminosuberic acid

azabenzotriazolyl

angiotensin

adenosine triphosphate
8-arginine-vasopressin

bactenecin

backbone amide linker

blood brain barrier

a-betainyl
tetrabenzylglucosyloxycarbonyl
bone Gla protein
benzhydrylamine
biphenyl-4-sulfonyl

bradykinin

bombinin-like peptide

brain morphogenetic protein
brain natriuretic peptide
tert-butoxycarbonyl
2-[(1H-benzotriazol-1-yl)oxy]-1,3-dimethylimidazolidinium hexa-
fluorophosphate
benzyloxymethyl



BOP

Bpoc
BPTI
BroP
BSA
Bsmoc
Bspoc
Bt

Btb
Btm
Bu
tBu
Bum
Bz

Bzl
Bzl(4-Me)

CADD
CaM
Cam
CAMD
CAMM
cAMP
CBD
CCAP
CCK
CD
CD4
CD8
cDNA
CDR
CE
CF;-BOP

CF;-HBTU
CF;-PyBOP

CG
Cg
cGMP
CGRP
Cha
Cho

Abbreviations

benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluo-
rophosphate

2-(biphenyl-4-yl)prop-2-yloxycarbonyl

basic pancreatic trypsin inhibitor
bromotris(dimethylamino)phosphonium hexafluorophosphate
bovine serum albumin
1,1-dioxobenzo[b]thiophen-2-ylmethoxycarbonyl
2-(tert-butylsulfonyl)-2-propenyloxycarbonyl
(benzylsulfanylmethyl)
1-tert-butoxycarbonyl-2,3,4,5-tetrachlorobenzoyl
benzylsulfanylmethyl (benzylthiomethyl)

butyl

tert-butyl

tert-butoxymethyl

benzoyl

benzyl (Bn in contemporary organic synthesis)
4-methylbenzyl

computer-aided drug design

calmodulin

carboxamidomethyl (carbamoylmethyl, aminocarbonylmethyl)
computer-aided molecular design

computer-assisted molecular modeling

cyclic AMP

chitin binding domain

crustacean cardioactive peptide

cholecystokinin

circular dichroism

cell surface glycoprotein 4

cell surface glycoprotein 8

complementary DNA

complementary determining region

capillary electrophoresis
6-(trifluoromethyl)benzotriazol-1-yloxytris(dimethylamino)-
phosphonium hexafluorophosphate
2-[6-(trifluoromethyl)benzotriazol-1-yl]-1,1,3,3-tetramethyluro-
nium hexafluorophosphate ?
6-(trifluoromethyl)benzotriazol-1-yloxytripyrrolidinophospho-
nium hexafluorophosphate

chorionic gonadotropin

chromogranin

cyclic guanosine monophosphate

calcitonin gene related peptide

cyclohexylalanine

choline

XV



XVI | Abbreviations

cHp cycloheptyl

CID chemically ionized desorption

CIEF capillary isoelectric focusing

Cit citrulline

CJD Creutzfeldt Jakob disease

2,6-Cl,Bzl 2,6-dichlorobenzyl

CLIP corticotropin-like intermediate lobe peptide
Clt-Cl 2-chlorotritylchloride

CLTR 2-chlorotrityl resin

Cm carboxymethyl

CM casomorphin or chorionic mammotropin
CN calcineurin

CNBr cyanogen bromide

Cne 2-cyanoethyl

CNP C-type natriuretic peptide

CNS central nervous system

cOc cyclooctyl

COSsYy correlated NMR spectroscopy

Cpa 4-chlorophenylalanine

CP carboxypeptidase

cPe cyclopentyl

CPP cell-penetrating peptide

CPS convergent peptide synthesis

CRF corticotropin releasing factor

CRIF corticotropin release-inhibiting factor
CRL cerulein

CsA cyclosporin A

CSF colony stimulating factor

CSPPS convergent solid-phase peptide synthesis
CST cortistatin

CT calcitonin or charge-transfer

Cy cyclohexyl

Cya cysteic acid

Cyp cyclophilin

Cys cysteine

(Cys)2 cystine

CZE capillary zone electrophoresis

Dab a,y-diaminobutyric acid

DABCO 1,4-diazabicyclo[2.2.2]octane

DABSCL 4-(dimethylamino)azobenzene-4'-sulfonyl chloride
DABITC 4-(dimethylamino)azobenzene-4'-isothiocyanate
DAG diacylglycerol

DAST N,N-diethylaminosulfur trifluoride

DBF dibenzofulvene



DBIP
DBU
Dcb
DCC
DCHA
DCM
DCME
Dcp
DCU
DDAVP
Dde
Ddz
DEA
DEAE
Deg
DEPBT
DEPC
DFIH

Dha
Dhbt
DIC
DIPEA
DKP
DMA
Dmab

DMAE
DMAP
2,4-Dmb
3,4-Dmb
DMBHA
DMF
Dmh
Dmp
DMS
DMSO
Dmt
DNA
Dnp
Dns

Doc
DOPA
Dpa
Dpg

Abbreviations

diazepam-binding inhibitor peptide
1,8-diazabicyclo[5.4.0Jundec-7-ene

dichlorobenzyl

N,N'-dicyclohexylcarbodiimide

dicyclohexylamine

dichloromethane

dichloromethyl methyl ether
a,a-dicyclopropylglycine

N,N’-dicyclohexylurea
[1-deamino,D-Arg®lvasopressin
1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl
a,0-dimethyl-3,5-dimethoxybenzyloxycarbonyl
diethylamine

diethylaminoethanol

C*“diethylglycine
3-(diethoxyphosphoryloxy)-1,2,3-benzotriazine-4(3 H)-one
diethyl pyrocarbonate
2-fluoro-4,5-dihydro-1,3-dimethyl-1 H-imidazolium hexafluoro-
phosphate

a,B-didehydroalanine (more commonly, o,B-dehydroalanine)
3,4-dihydro-4-oxobenzotriazin-3-yl
N,N’-diisopropylcarbodiimide
diisopropylethylamine

diketopiperazine

dimethylacetamide
4-{[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyljami-
no}benzyl

2-(dimethylamino)ethanol
4-(dimethylamino)pyridine

2,4-dimethoxybenzyl

3,4-dimethoxybenzyl

dimethoxybenzhydrylamine
N,N-dimethylformamide

2,6-dimethylhept-4-yl

2,4-dimethoxyphenyl

dimethyl sulfide

dimethyl sulfoxide

2',6'-dimethyltyrosine

deoxyribonucleic acid

dinitrophenyl
5-(dimethylamino)naphthalene-1-sulfonyl (dansyl)
2,4-dimethylpent-3-yloxycarbonyl
3,4-dihydroxyphenylalanine

3,3-diphenylalanine

C*“diphenylglycine
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Abbreviations

Dpm
DPPA
Dpr
DPTU
DSC
DSIP
DSK
Dsu
Dts
DIT
DVB
Dyn

E+

<E

EC
ECD
ECE
ECEPP
ECGF
ECM
ECP
EDso
EDC
EDF
EDFR
EDT
EDTA
EEDQ
EF
EGF
EH
ELAM
ELH
ELISA
EM
EMIT
EMSA
ENK
EPL
EPO
EPR
ER

ES
ESI-MS

diphenylmethyl (benzhydryl)
diphenyl phosphorazidate
2,3-diaminopropionic acid
N,N’-diphenylthiourea
di(N-succinimidyl)carbonate
delta sleep-inducing peptide
drosulfakinin
(25,75)-2,7-diaminosuberic acid
dithiasuccinyl

dithiothreitol
divinylbenzene

dynorphin

electrophile (or E-X)

pyroglutamic acid

ethylcarbamoyl

extracellular domain

endothelin converting enzyme

Empirical Conformational Energy Program for Peptides
endothelial cell growth factor

extracellular matrix

ecdysteroid carrier protein

median effective dosis
N-ethyl-N'-(3-dimethylaminopropyl)carbodiimide hydrochloride
epidermal growth factor or erythrocyte differentiation factor
epidermal growth factor receptor

ethanedithiol

ethylenediaminetetraacetic acid

ethyl 2-ethoxy-1,2-dihydroquinoline-1-carboxylate
elongation factor

epidermal growth factor

eclosion hormone

endothelial leukocyte adhesion molecule

egg laying hormone

enzyme linked immunosorbent assay

electron microscopy

enzyme multiplied immunoassay technology
electrophoretic mobility shift assay

enkephalin

expressed protein ligation

erythropoietin

electron paramagnetic resonance

endoplasmatic reticulum

electrospray

electrospray ionisation mass spectrometry



ES-MS
ESR
ET

Et
ETH
Etm

Fa

Fab
FAB-MS
FACS
FAD
FADH,
Farn
FaRP
Fbg

Fc

Fd
FGF
FITC
FKBP
Fm
FMDV
Fmoc
FN

For

FP

Fpa
FPLC
FPP
FRET
FRL
FS
FSF
FSH
FTase
FTIR

GABA
Gal
GalT
GC
gCSF
GFC
GFP

electrospray mass spectrometry
electron spin resonance
endothelin

ethyl

ecdysis-triggering hormone
ethoxymethyl

3-(2-turyl)acryloyl

antigen binding Ig fragment

fast atom bombardment mass spectrometry
fluorescence-activated cell sorter

flavin adenine dinucleotide, oxidized form
flavin adenine dinucleotide, reduced form
farnesyl

FMRFamide-related peptide

fibrinogen

ferrocenyl

ferredoxin

fibroblast growth factor

fluoresceinyl isothiocyanate

FK506 binding protein

9-fluorenylmethyl

foot-and-mouth disease virus
9-fluorenylmethoxycarbonyl

fibronectin

formyl

fluorescence polarisation
4-fluorophenylalanine

fast protein liquid chromatography
farnesyl pyrophosphate

fluorescence resonance energy transfer
formin-related peptide

follistatin

fibrin-stabilizing factor
follicle-stimulating hormone
farnesyltransferase

Fourier-transform infrared

y-aminobutyric acid

galanin, galactose

galactosyl transferase

gas chromatography

granulocyte colony stimulating factor
gel filtration chromatography

green fluorescent protein

Abbreviations
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Abbreviations

GGTase
GH
GHRH
GHRP
GHS
GHS-R
GIP
Gla
GLC
Glc
GlcNAc
Gln
GLP
Glu
Gly
GMP
GnRH
GPC
GPCR
GPI
GRF
GRP
GRPP
GSF
GSH
GSSG
GT
GTP
Gva

hXaa

h

HA

HAL
HAMDU
HAMTU
HAPipU

HAPyTU

HAPyU

geranylgeranyltransferase

growth hormone

growth hormone releasing hormone
growth hormone releasing peptide
growth hormone secretagogue
growth hormone secretagogue receptor
gastric inhibitory polypeptide
4-carboxyglutamic acid

gas liquid chromatography

glucosyl, glucose
N-acetyl-D-glucosamine

glutamine

glucagon-like peptide

glutamic acid

glycine

guanosine monophosphate
gonadotropin releasing hormone
gel permeation chromatography
G-protein coupled receptor
glycosylphosphatidylinositol or guinea pig ileum
growth hormone releasing factor
gastrin-releasing peptide
glicentin-related pancreatic peptide
glutathion-S-transferase

glutathione reduced

glutathione oxidized

gastrin

guanosine triphosphate
d-guanidinovaleric acid

homoamino acid

human

head activator

5-(4-hydroxymethyl-3,5-dimethoxy)-valeric acid

(derived hypersensitive acid-labile linker)
O-(7-azabenzotriazol-1-yl)-1,3-dimethylimidazolidinium hexa-
fluorophosphate !
O-(7-azabenzotriazol-1-yl)-1,3-dimethyl-1,3-trimethyleneuronium
hexafluorophosphate ')
O-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(pentamethylene)uronium
hexafluorophosphate -2
S-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(tetramethylene)thiouronium
hexafluorophosphate "2
O-(7-azabenzotriazol-1-yl)-1,1,3,3-bis(tetramethylene)uronium
hexafluorophosphate'



hArg
HATTU

HATU

HAV
Hb
HBMDU

HBPyU

HBsAg
HBTU

HBV

Hbz

Hci
HCRT
HCV
hCys
HDCOTU

HDL
HDTU

Hep
Hepes
HEPP
HF
HFBA
HFIP
HG
hGH
HIC
Hip
His
HIV
HMB
Hmb

Abbreviations

homoarginine
S-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethylthiouronium hexa-
fluorophosphate
O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate; correct IUPAC name: 1-[bis-(dimethylamino)methyli-
umyl]-1H-1,2,3-triazolo[4,5-b]pyridin-3-oxide
hexafluorophosphate or 1-[(dimethylamino)-(dimethyliminium)
methyl]-1H-1,2,3-triazolo[4,5-b]pyridin-3-oxide
hexafluorophosphate

hepatitis A virus

hemoglobin
O-(benzotriazol-1-yl)-1,3-dimethyl-1,3-dimethyleneuronium hexa-
fluorophosphate ?
O-(benzotriazol-1-yl)-1,1,3,3-bis(tetramethylene)uronium hexa-
fluorophosphate %

hepatitis B virus surface antigen
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate?;

correct IUPAC name: 3-[Bis(dimethylamino)methyliumyl]-
3H-benzotriazol-1-oxide hexafluorophosphate

hepatitis B virus

2-hydroxybenzyl

homocitrulline

hypocretin

hepatitis C virus

homocysteine
O-(dicyanomethylenamino)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate

high density lipoprotein
0-(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate

heptyl

N-(2-hydroxyethyl)piperazine-N'-2-ethanesulfonic acid

human IgE pentapeptide

hydrogen fluoride

heptafluorobutyric acid

hexafluoroisopropanol

human little-gastrin

human growth hormone

hydrophobic interaction chromatography

hippuryl, hippuric acid

histidine

human immunodeficiency virus

hydroxymethylbenzoic acid

2-hydroxy-4-methoxybenzyl

XXI
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Abbreviations

HMES
HMK
HMP
HMPA
HMPAA
HMPB
HMPPA
HMPT
HMQC
Hnb
HOAt
HOBt
Hoc
HOCt
HODhbt
HOPip
HOPPipU

HOSu
HOTU

HPCE
HPLC

Hpp
HppTU

HPSEC
hPTH
HpyClU
HRMS
HS
HSA
HSAB
Hse
Hsp
HSPS
HSV
HTS
HVE
Hyp
Hyv

iBu
IC
iC

N-[9-(hydroxymethyl)-2-fluorenyljsuccinamic acid

high molecular weight kininogen
4-(hydroxymethyl)phenoxy

hexamethylphosphoric triamide
4-(hydroxymethyl)phenoxyacetic acid
4-(4-hydroxymethyl-3-methoxyphenoxy)butyric acid
3-[4-(hydroxymethyl)phenoxy]propanoic acid
hexamethylphosphorous triamide

heteronuclear multiple quantum coherence spectroscopy
2-hydroxy-6-nitrobenzyl

1-hydroxy-7-aza-1H-benzotriazole
1-hydroxy-1H-benzotriazole

cyclohexyloxycarbonyl

ethyl 1-hydroxy-1H-1,2,3-triazole-4-carboxylate
3-hydroxy-1,2,3-benzotriazin-4(3 H)-one
N-hydroxypiperidine
2-[2-ox0-1(2H)pyridyl]-1,1,3,3-bis(pentamethylene)uronium hexa-
fluorophosphate

N-hydroxysuccinimide
O-[(ethoxycarbonyl)cyanomethyleneaminol-1,1,3,3-tetramethyl-
uronium hexafluorophosphate

high performance capillary electrophoresis

high performance liquid chromatography
5-hydroxy-1-(4"-nitrophenyl)pyrazole
2-[1-(4'-nitrophenyl)-1 H-pyrazol-5-yl]-1,1,3,3-tetramethyluronium
tetrafluoroborate

high performance size exclusion chromatography
human parathyroid hormone
chloro-1,1,3,3-bis(tetramethylene)-uronium hexafluorophosphate
high resolution mass spectrometry

hymenstatin

human serum albumin

hard and soft acids and bases

homoserine

heat shock protein

high speed peptide synthesis

herpes simplex virus

high-throughput screening

high voltage electrophoresis

hydroxyproline

a-hydroxyisovaleric acid

isobutyl
inhibitory concentration
isocapronic



ICAM
IEC
IF
IFN
Ig
IGF
IHB
IIDQ
IL

Ile

im
IMAC
iMds
in
iNoc/iNOC
loa

IP

Ipc
IPL
IPNS
iPr
IRaa
IRMA
IS-MS
U

Iva
IvDde

kB
kDa
KGF
Kum

Lac
Lan
LAP
Lau
LDsq
LDL
LD-MS
LDToF
LEC
Leu
LFA-1
LH

intracellular adhesion molecule

ion-exchange chromatography

initiation factor

interferon

immunoglobulin

insulin-like growth factor

inhibin
1-isobutoxycarbonyl-2-isobutoxy-1,2-dihydroquinoline
interleukin

isoleucine

imidazole

immobilized metal ion affinity chromatography
2-methoxy-4,6-dimethylbenzenesulfonyl

indole

isonicotinyloxycarbonyl (4-pyridylmethoxycarbonyl)
isooctanoic acid

inositol phosphate

isopinocamphenyl

intein-mediated protein ligation

isopenicillin N synthase

isopropyl

internal reference amino acid
immunoradiometric assay

ion spray mass spectrometry

international unit

isovaline
1-(4,4-dimethyl-2,6-dioxocyclohexyliden)-3-methylbutyl

kilo base pair

kilodalton

keratinocyte growth factor
Michaelis constant

lactic acid

lanthionine

leucine aminopeptidase

lauroyl

lethal dose 50%

low density lipoprotein

laser desorption mass spectrometry
laser desorption time-of-flight
ligand-exchange chromatography
leucine

leukocyte function-associated antigen-1
luteinizing hormone

Abbreviations
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LHRH luteinizing hormone releasing hormone

LIF leukemia inhibitory factor

LPH lipotropic hormone

LPS lipopolysaccharide

LSF lung surfactant factor

LSI-MS liquid secondary ion mass spectrometry

LVP 8-lysine vasopressin

Lys lysine

MA mixed anhydride

MAD monoclonal antibody

Mal maleoyl

MALDI-MS matrix-assisted laser desorption/ionization mass spectrometry
MALDI-ToF matrix-assisted laser desorption/ionization time-of-flight
MAP membrane-anchored protein or multiple antigen peptides
MARS multiple automatic robotic synthesizer

Mba 2-mercaptobenzoic acid

Mbc 4'-methyl-2,2"-bipyridine-4-carboxylic acid
Mbh dimethoxybenzhydryl

MBHA methoxybenzhydrylamine

MBHAR methoxybenzhydrylamine resin

Mbom 4-methoxybenzyloxymethyl

MBP maltose binding protein or myelin basic protein
Mbs 4-methoxybenzenesulfonyl

Mca (7-methoxycoumarin-4-yl)acetyl

MCDP mast cell degranulating peptide

MCH melanin-concentrating hormone

MCPBA 3-chloroperoxybenzoic acid

MCPS multiple constrained peptide synthesis

MD molecular dynamics

Mdc 4-methoxy-2,6-dimethylbenzenesulfonyl

MDP maduropeptin

Me methyl

B-ME B-mercaptoethanol

MeBHA methylbenzhydrylamine

Mee methoxyethoxyethyl

Mem (2-methoxyethoxy)methyl

Men menthyl

Menpoc 1-(6-nitro-1,3-benzodioxol-5-yl)ethoxycarbonyl
Menvoc 1-(4,5-dimethoxy-2-nitrophenyl)ethoxycarbonyl
MeO methoxy

MeOSu methoxysuccinyl

Mes mesityl

Met methionine

MGP matrix Gla protein



MHC
MIC
MIF
MIH
MK
MMA
mMIF
Mmt
Mnp
Moa
Mob
Moc
MoEt
Mom
Mot
Mp
MP
Mpa
Mpe
Mpg
MPGF
MPLC
Mpr
MPS
MPTA
MRF
MRH
MRIH
mRNA
MS

Msbs
Msc
MSH
MSNT
Msob
MsOH
Mspoc
Msz
Mtb
MTBE
Mtbs
Mte
Mthp
MTLRP

major histocompatibility complex

minimum inhibitory concentration
melanotropin release-inhibiting factor
melanotropin release-inhibiting hormone
midkine

metamorphisin A

macrophage migration inhibitory factor
4-methoxytrityl
2-methyl-2-(2"-nitrophenoxy)propionyl
6-methyloctanoic acid

4-methoxybenzyl

methoxycarbonyl

2-(N-morpholino)ethyl

methoxymethyl

motilin

4-methoxyphenyl

myelopeptides

3-sulfanylpropanoyl (3-mercaptopropionyl)
3-methylpent-3-yl

3-methoxypropylglycine

major proglucagon fragment

medium pressure liquid chromatography
3-mercaptopropionic acid

multiple peptide synthesis
dimethylphosphinothioyl azide
melanotropin-releasing factor
melanotropin-releasing hormone
melanotropin release-inhibiting hormone
messenger ribonucleic acid

mass spectrometry

mesyl(methanesulfonyl)
4-(methanesulfonyl)benzenesulfonyl
2-(methylsulfonyl)ethoxycarbonyl

melanocyte stimulating hormone (melanotropin)
1-(mesitylenesulfonyl)-3-nitro-1H-1,2,4-triazole
4-(methylsulfinyl)benzyl

methanesulfonic acid
2-(methylsulfonyl)-3-phenyl-2-propenyloxycarbonyl
4-(methylsulfinyl)benzyloxycarbonyl
2,4,6-trimethoxybenzenesulfonyl

methyl tert-butyl ether
3,5-di-tert-butyl-4-methoxybenzenesulfonyl
4-methoxy-2,3,5,6-tetramethylbenzenesulfonyl
4-methoxytetrahydropyran-4-yl-methylthiomethyl
motilin-related peptide

Abbreviations
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Abbreviations

Mtr
Mts
Mtt
Mtz
Mur
MVD
Mwt
Mz

BNA
pNA
NADH
NADPH
Nal
Nbb
Nboc
NBS
Nbs
Nbz
2Nbz
NC
NCA
NCL
Nde
NEM
Neu
NeuNAc
1>N-HSQC
NGF
Nic
NIDDM
NK

Nle

NM
NMA
NMDA
NMM
NMP
NMR
NN

Noc
NOE
NOESY
NOP

4-methoxy-2,3,6-trimethylbenzenesulfonyl
2,4,6-trimethylbenzenesulfonyl (mesitylsulfonyl)
4-methyltrityl

4-(methylthio)benzyl

muramic acid

mouse vas deferens

molecular weight
4-(methoxyphenylazo)benzyloxycarbonyl

B-naphthylamide

4-nitroanilide

nicotinamide adenine dinucleotide (reduced)
nicotinamide adenine dinucleotide phosphate (reduced)
2-naphthylalanine

nitrobenzamidobenzyl
2-nitrobenzyloxycarbonyl
N-bromosuccinimide

nitrobenzenesulfonyl

4-nitrobenzyl

2-nitrobenzyl

nociceptin

a-amino acid N-carboxyanhydride

native chemical ligation
1-(4-nitro-1,3-dioxoindan-2-ylidene)ethyl
N-ethylmaleimide

neuraminic acid

N-acetylneuraminic acid

>N heteronuclear single quantum correlation
nerve growth factor

nicotinoyl

noninsulin-dependent (type II) diabetes mellitus
neurokinin

norleucine

neuromedin

N-methylaniline

N-methyl-D-aspartate

N-methylmorpholin

N-methyl-2-pyrrolidinone

nuclear magnetic resonance

neuromedin N

4-nitrocinnamyloxycarbonyl

nuclear Overhauser effect

nuclear Overhauser enhanced spectroscopy
6-nitrobenzotriazol-1-yloxytris(dimethylamino)phosphonium
hexafluorophosphate



Np
NP
Npa
Npe
NPF
NPFF
NPK
Npoc
Nps
NPY
Npys
NP,
Nsc
NT
3-NT
NTA
Nu/Nuc™
Nva
Nvoc

OAI
OBt
OBzl
OCM
Oct
OEt
OGP
OGp
OMe
ONbz
O2Nbz
ONC
ONdc
ONp
O2Np
ONs
OPA
OPcp
OPfp
OPip
O2Py
Orn
OSu
OtBu
OTcp

4-nitrophenyl

neurophysin

nitrophenoxyacetyl

2-(4-nitrophenyl)ethyl

neuropeptide F

neuropeptide FF

neuropeptide K
(6-nitro-1,3-benzodioxol-5-yl)-methyloxycarbonyl
2-nitrophenylsulfenyl

neuropeptide Y

3-nitro-2-pyridylsulfanyl

neuropeptide y
2-[(4-nitrophenyl)sulfonyl]ethoxycarbonyl
neurotensin

3-nitrotyrosine

N-thiocarboxy anhydride or nitrilotriacetic acid
nucleophile

norvaline
4,5-dimethoxy-2-nitrobenzyloxycarbonyl

allyloxy
1H-1,2,3-benzotriazol-1-yloxy
benzyloxy

oncostatin M

octanoyl

ethoxy

osteogenic growth peptide
4-guanidinophenyloxy
methoxy

4-nitrobenzyloxy
2-nitrobenzyloxy
onconase
5-norbornene-2,3-dicarboximidooxy
4-nitrophenyloxy
2-nitrophenyloxy
2-nitro-4-sulfophenoxy
2-phthaldialdehyde
pentachlorophenyloxy
pentafluorophenyloxy
1-piperidinooxy
2-pyridyloxy

ornithine

succinimidooxy
tert-butoxy
2,4,5-trichlorophenyloxy

Abbreviations
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Abbreviations

Ox
OXT/OT

Pa

Pab
Pac
PACAP
PAGE
Pal
PAL
PAM

PAOB
PAPS
Pbf
PD-ECGF
PDGF
PDH
PDI
PD-MS
Pdpm
PEG
PEGA
Pen
PEt
Pfp
PfPyU

PfTU

PG
PGLa
pGlu
Ph
Pha
Phac
Phacm
Phe
Phen
PhF1
Phg
PHI
Phlac
Phpa
Phth

1,3-oxazolidine
oxytocin

palmitic acid

4-alkoxybenzyl

phenacyl

pituitary adenylate cyclase activating polypeptide
polyacrylamide gel electrophoresis
3-pyridylalanine
4-aminomethyl-3,5-(dimethoxy)phenoxy
4-(hydroxymethyl)phenylacetic acid (resin linker)
or peptidylglycine a-amidating monooxygenase
4-phenylacetoxybenzyl
3’-phosphoadenosine-5"-phosphosulfate
2,2,4,6,7-pentamethyldihydrobenzofuran-5-yl-sulfonyl
platelet-derived endothelial cell growth factor
platelet-derived growth factor

pigment dispersing hormone

protein disulfide isomerase

plasma desorption mass spectrometry
pyridyldiphenylmethyl

poly(ethylene glycol)

poly(ethylene glycol)-dimethylacrylamide copolymer
penicillamine (3-mercaptovaline)

polyethylene

pentafluorophenyl
O-pentafluorophenyl-1,1,3,3-bis(tetramethylene)uronium hexa-
fluorophosphate
O-pentafluorophenyl-1,1,3,3-tetramethyluronium hexafluoro-
phosphate

protecting group

peptidyl-glycyl-leucine carboxamide
pyroglutamic acid

phenyl

phenoxyacetyl

phenylacetyl

phenylacetamidomethyl

phenylalanine

phenanthrene-3-sulfonyl

9-phenylfluoren-9-yl

phenylglycine

peptide histidine isoleucine amide

phenyllactic acid

3-phenylpropanoic acid

phthaloyl



pl
PI3K
Pic
PicCO
Picoc
PIH
Pip
PITC
Piv
PKA
PKS
PL
PLC
Plm
PLR
Pmc
Pme
3-Pn
pNA
PNA
Poc
Pom
POMC
PP
PPIase
PPOA
PPST
Ppt

Pr

Pra
PRH
PRL
Pro
PrRP
PS
PSA
Psec
PS-POE
PS-SCL
PST
PTB
PTC
PTH
PTHrP
PTK

Abbreviations

isoelectric point
phosphatidylinositol-3-kinase
4-picolyl

picolinoyl

4-picolyloxycarbonyl
prolactin-release-inhibiting hormone
pipecolic acid (homoproline)

phenyl isothiocyanate

pivaloyl

proteinkinase A

phytosulfokinin

placenta lactogen

phospholipase C

palmitoyl

peptide leucine arginine amide
2,2,5,7,8-pentamethylchroman-6-yl-sulfonyl
2,3,4,5,6-pentamethylbenzenesulfonyl
pent-3-yl

4-nitroaniline

peptide nucleic acid
cyclopentyloxycarbonyl
pivaloyloxymethyl
proopiomelanocortin

pancreatic polypeptide

peptidyl prolyl cis/trans isomerase
(4-propionylphenoxy)acetic acid
tyrosyl protein sulfotransferase
diphenylphosphorothionyl

propyl

propargylglycine

prolactin-releasing hormone
prolactin

proline

prolactin-releasing peptide
polystyrene

preformed symmetrical anhydride
2-(phenylsulfonyl)ethoxycarbonyl
polystyrenepolyoxyethylene
positional scanning synthetic combinatorial libraries
pancreastatin

phosphotyrosine binding domain
phenylthiocarbamyl
phenylthiohydantoin or parathyroid hormone
parathyroid hormone-related hormone
protein-tyrosine kinase
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Abbreviations

PTP
PVA
Py
PyAOP

PyBOP

PyBroP
PyCloP
PyFOP

PyNOP

Pyoc
Pyr
PYY
Pz

Qal

RAFT
RAMP

rDNA
RER
RET

R¢
RGD
RIA
RLX
RNA
RNase
ROE
ROESY
RP
RPCH
RP-HPLC

SA

Saa
SABR
Sar

SAR
SASRIN
sBu

protein-tyrosine phosphatase

polyvinyl alcohol

pyridine
7-azabenzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate

benzotriazol-1-yloxytripyrrolidinophosphonium hexafluoro-
phosphate

bromotripyrrolidinophosphonium hexafluorophosphate
chlorotripyrrolidinophosphonium hexafluorophosphate
6-fluorobenzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate
6-nitrobenzotriazol-1-yloxytripyrrolidinophosphonium hexa-
fluorophosphate

pyridylethoxycarbonyl

pyrrolidide

peptide tyrosine tyrosine
4-(phenyldiazenyl)benzyloxycarbonyl

5-chloro-8-quinolyl

regioselectively addressable functionalized template
receptor activity modifying protein or (R)-1-amino-2-(methoxy-
methyl)-pyrrolidine

recombinant DNA

rough endoplasmatic reticulum

resonance energy transfer

retention factor (TLC)

fibrinogen binding sequence (-Arg-Gly-Asp-)
radioimmunoassay

relaxin

ribonucleic acid

ribonuclease

rotating frame nuclear Overhauser effect

rotating frame nuclear Overhauser enhanced spectroscopy
reversed phase

red pigment concentrating hormone

reversed phase high performance liquid chromatography

symmetrical anhydride

sugar amino acid

Structure Activity Bioavailability Relationships
sarcosine

Structure Activity Relationship

super acid sensitive resin

sec-butyl



SBzl
SCAL
Scg-MT
SCL
SDB
SDS
Sec
SEC
SEM
Ser
SES
SH2
Shk
SIH
SLC
Sle*
SM
Smc
SMPS
SN

SP

SP5
SPCL
SPOCC
SPPS
SR
SRH
SRTX
ssDNA
SST
Sta
StBu
STH
STI

Su

Suc
Sulfmoc
SVG

Tac
Tacm
TASP
TbFmoc
TBAF

Abbreviations

thiobenzyl

safety catch acid-labile linker or safety catch amide linker
schistomyotropin

synthetic combinatorial libraries

styrene divinylbenzene

sodium dodecylsulfate

selenocysteine (one-letter symbol U)
size-exclusion chromatography
2-(trimethylsilyl)ethoxymethyl

serine

2-(trimethylsilyl)ethanesulfonyl

Src homology 2 domain

stichodactyla toxin

somatotropin release-inhibiting hormone
sublethal concentration

sialyl-Lewis®

somatomedin

S-methylcysteine

simultaneous multiple peptide synthesis
secretoneurin

substance P

splenopentin

synthetic peptide combinatorial library
solid phase organic combinatorial chemistry
solid-phase peptide synthesis
sarcoplasmic reticulum

somatotropin releasing hormone
sarafotoxin

single stranded DNA

somatostatin

statine, (3S,4S)-4-amino-3-hydroxy-6-methylhexanoic acid
tert-butylsulfanyl

somatotropin

soybean trypsin inhibitor

succinimide

succinoyl
2-sulfo-9-fluorenylmethoxycarbonyl
sauvagine

2-toluidinocarbonyl
trimethylacetamidomethyl
template-assembled synthetic protein
tetrabenzo-9-fluorenylmethoxycarbonyl
tetrabutylammonium fluoride
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Abbreviations

TBPipU
TBPyU

Tbs
Thtr
TBTA
TBTU

tBu
t-Bumeoc
TCE

TCL

Tep
TDBTU

TEA
TEMPO
Teoc
TES

Tf

TFA
TFAA
TFE
TFFH
Tfm
TFMSA
TfOH
TGF
TH
thexyl
THF
Thi

Thr
Thx
Thz
Tic/TIC
Tip

TIS
TLE
™
Tmb
TMBHA
™S
TMSBr

2-(benzotriazol-1-yl)-1,1,3,3-bis(pentamethylene)uronium tetra-
fluoroborate
O-(benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate

3-tert-butyl-4-methoxybenzenesulfonyl

4,4’ 4" ris(benzoyloxy)trityl

tert.-butyl trichloroacetimidate
2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium tetrafluoro-
borate

tert-butyl
1-(3,5-di-tert-butylphenyl)-1-methylethoxycarbonyl
2,2,2-trichloroethyl

thin layer chromatography

trichlorophenyl
O-(3,4-dihydro-4-oxo-1,2,3-benzotriazin-3-yl)-1,1,3,3-tetramethyl-
uronium tetrafluoroborate

triethylamine

2,2,6,6-tetramethylpiperidin-1-yloxy
2-(trimethylsilyl)ethoxycarbonyl

triethylsilyl

trifluoromethanesulfonyl

trifluoroacetic acid

trifluoroacetic anhydride

trifluoroethanol

tetramethylfluoroformamidinium hexafluorophosphate
trifluoromethyl

trifluoromethane sulfonic acid
trifluoromethanesulfonic acid

transforming growth factor

thymus hormone

1,1,2-trimethylpropyl

tetrahydrofuran

thienylalanine

threonine

thyroxine

thiazolidine-4-carboxylic acid
1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid
2,4,6-triisopropylbenzenesulfonyl

Triisopropylsilane

thin layer electrophoresis

thrombomodulin

trimethoxybenzyl

4-(benzyloxy)-2',4 -dimethoxybenzhydrylamine
trimethylsilyl

trimethylsilyl bromide



TMSE
TMSOTf
Tmtr

Tn

TNBS
TNF
TNTU

TOAC
TOCSY
Tol
TOPPipU

Tos
TOTU

TP
TPST
TP5
tPA
TPTU

tr
TRCOSY
TRF
TRH
tRNA
Tris
TRNOE
Troc
Trp

Trt

TS

Tse
TSH
Tsoc
TSTU
Tyr

UCN
UF
uHTS
UK
UNCA
uPA

Abbreviations

2-(trimethylsilyl)ethyl

trimethylsilyl trifluoromethanesulfonate
tris(4-methoxyphenyl)methyl

troponin

2,4,6-trinitrobenzenesulfonic acid

tumor necrosis factor
2-(5-norbornene-2,3-dicarboximido)-1,1,3,3-tetramethyluronium
tetrafluoroborate
4-amino-4-carboxy-2,2,6,6-tetramethylpiperidinyl-1-oxyl

total correlation spectroscopy

tolyl
2-[2-0x0-1,2-dihydropyridyl]-1,1,3,3-bis-(pentamethylene)uronium
tetrafluoroborate

tosyl
O-[(ethoxycarbonyl)cyanomethyleneamino]-1,1,3,3-tetramethyl-
uronium tetrafluoroborate

thymopoietin

tyrosine protein sulfotransferase

thymopentin

tissue plasminogen activator
0-(1,2-dihydro-2-oxo-1-pyridyl)-N,N,N’,N"-tetramethyluronium
tetrafluoroborate

retention time

transferred rotational correlated NMR spectroscopy
time-resolved fluorescence

thyrotropin releasing hormone

transfer RNA

tris(hydroxymethyl)aminomethane

transferred nuclear Overhauser effect
2,2,2-trichloroethoxycarbonyl

tryptophan

triphenylmethyl (trityl)

thrombospondin

2-(4-toluenesulfonyl)ethyl

thyroid stimulating hormone (thyrotropin)
2-(4-toluenesulfonyl)ethoxycarbonyl
2-(succinimido)-1,1,3,3-tetramethyluronium tetrafluoroborate
tyrosine

urocortin

ultrafiltration

ultra-high throughput screening

urokinase

urethane protected a-amino acid N-carboxy anhydride
urokinase-type plasminogen activator

XXX



XXXIV

Abbreviations

uT urotensin

uv ultraviolet

Val valine

VIC vasoactive intestinal contractor

VIP vasoactive intestinal peptide

VLDL very low density lipoprotein

Vn vitronectin

VP vasopressin

WSCI water-soluble carbodiimide, e.g. [1-ethyl-3-(3’-dimethylaminopro-

pyl)carbodiimide hydrochloride]

Xaa any amino acid

Xan 9H-xanthen-9-yl

XRP xenopsin-related peptide

Z benzyloxycarbonyl

Z(2-Br) 2-bromobenzyloxycarbonyl

Z(2-Cl) 2-chlorobenzyloxycarbonyl

Z(Br) 4-bromobenzyloxycarbonyl

Z(NOy) 4-nitrobenzyloxycarbonyl

Z(OAc) acetoxybenzyloxycarbonyl

Z(OAcPh) phenylacetoxybenzyloxycarbonyl

Z(OMe) 4-methoxybenzyloxycarbonyl

Z(SMe) 4-(methylsulfonyl)benzyloxycarbonyl

Zte 1-benzyloxycarbonylamino-2,2,2-trichloroethyl

1) The fragment name 7-azabenzotriazole is 2) Many benzotriazole and 7-azabenzotriazole-
used for simplicity, despite the fact that the based uronium salts have been shown to exist
correct [UPAC nomenclature requires it to be as guanidium salts in solution. For simplicity,
named as triazolopyridine (cf. HAT'U) they still are named as uronium salts

(cf. HBTU)
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1
Introduction and Background

Peptide research has experienced considerable development during the past few
decades. The progress in this important discipline of natural product chemistry is
reflected in a flood of scientific data. The number of scientific publications per
year increased from about 10000 in the year 1980 to presently more than 20000
papers. The introduction of new international scientific journals in this research
area reflects this remarkable development.

A very useful bibliography on peptide research was published by John H. Jones
[1]. The Houben-Weyl sampler volume E 22 “Synthesis of Peptides and Peptidomi-
metics” edited by Murray Goodman (Editor-in-Chief), Arthur Felix, Luis Moroder
and Claudio Toniolo [2] represents the most actual and exhaustive general treatise
in this field. This work is a tribute to the 100th aniversary of Emil Fischer’s first
synthesis of peptides and is the successor of two Houben-Weyl volumes in Ger-
man language edited by Erich Wiinsch in 1974 [3].

A number of very important physiological and biochemical functions of life are
influenced by peptides. Peptides are involved as neurotransmitters, neuromodula-
tors, and hormones in receptor-mediated signal transduction. More than 100 pep-
tides with functions in the central and peripheral nervous systems, in immunolo-
gical processes, in the cardiovascular system, and in the intestine are known. Pep-
tides influence cell-cell communication upon interaction with receptors, and are
involved in a number of biochemical processes, for example metabolism, pain, re-
production, and immune response.

The increasing knowledge of the manifold modes of action of bioactive peptides
led to an increased interest of pharmacology and medical sciences in this class of
compounds. The isolation and targeted application of these endogenous sub-
stances as potential intrinsic drugs is gaining importance for the treatment of
pathologic processes. New therapeutic methods based on peptides for a series of
diseases give rise to the hope that diseases, where peptides play a functional role,
can be amenable to therapy.

Peptide chemistry considerable contributes to research in the life science area.
Synthetic peptides serve as antigens to raise antibodies, as enzyme substrates to
map the active site requirements of an enzyme under investigation, or as enzyme
inhibitors to influence signaling pathways in biochemical research or pathologic
processes in medical research. Peptide ligands immobilized to a solid matrix may
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facilitate specific protein purification. Protein-protein interaction can be manipu-
lated by small synthetic peptides. The “peptide dissection approach” uses relatively
short peptide fragments that are part of a protein sequence. The synthetic pep-
tides are investigated for their ability to fold independently, with the aim to im-
prove the knowledge on protein folding.

The isolation of peptides from natural sources often is problematic, however. In
many cases, the concentration of peptide mediators ranges from 107" to 107*?
mol per mg fresh weight of tissue. Therefore, only highly sensitive assay methods
such as immunohistochemical techniques render cellular localization possible.
Although not all relevant bioactive peptides occur in such low concentrations, iso-
lation methods generally suffer from disadvantages, such as the limited availabil-
ity of human tissue sources. Complicated logistics during collection or storage of
the corresponding organs, e.g., porcine or bovine pancreas for insulin production,
additionally imposes difficulties on the utilization of natural sources. Possible con-
tamination of tissue used for the isolation of therapeutic peptides and proteins
with pathogenic viruses is an enormous health hazard. Factor VIII preparations
for treatment of hemophilia patients isolated from natural sources have been con-
taminated with human immunodeficiency virus (HIV), while impure growth hor-
mone preparations isolated from human hypophyses after autopsy have led to the
transmission of central nerve system diseases (Creutzfeld-Jacob disease). Nowa-
days, many therapeutic peptides and proteins are produced by recombinant tech-
niques. Immunological incompatibilities of peptide drugs obtained from animal
sources have also been observed. Consequently, the development of processes for
the synthesis of peptide drugs must be pursued with high priority.

Chemical peptide synthesis is the classical method which has been mainly de-
veloped during the past four decades, although the foundations were laid in the
early 20th century by Theodor Curtius and Emil Fischer. Synthesis has often been
the final structural proof of many peptides isolated only in minute amounts from
natural sources.

The production of polypeptides and proteins by recombinant techniques has
also contributed important progress in terms of methodology. Genetically engi-
neered pharmaproteins verify the concept of therapy with endogenous protein
drugs (endopharmaceuticals). Cardiovascular diseases, tumors, auto-immune dis-
eases and infectious diseases are the most important indications. Classical peptide
synthesis has, however, not been questioned by the emergence of these techni-
ques. Small peptides, like the artificial sweetener aspartame (which has an annual
production of more than 5000 tons) and peptides of medium size remain the ob-
jectives of classical synthesis, not to mention derivatives with non-proteinogenic
amino acids or selectively labeled (**C, ®N) amino acid residues for structural in-
vestigations using nuclear magnetic resonance (NMR).

The demand for synthetic peptides in biological applications is steadily increas-
ing. The new targets do not allow for an isolated position of peptide chemistry ex-
clusively oriented toward synthesis. Modern interdisciplinary science and research
require synthesis, analysis, isolation, structure determination, conformational
analysis and molecular modeling as integrated components of a cooperation be-
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tween biologists, biochemists, pharmacologists, medical scientists, biophysicists,
and bioinformaticians. Studies on structure-activity relationships involve a large
number of synthetic peptide analogues with sequence variation and the introduc-
tion of nonproteinogenic buildings blocks. The ingenious concept of solid-phase
peptide synthesis has exerted considerable impact on the life sciences, whilst
methods of combinatorial peptide synthesis allow for the simultaneous creation of
peptide libraries which contain at least several hundreds of different peptides. The
high yields and purities enable both in-vitro and in-vivo screening of biological ac-
tivity to be carried out. Special techniques enable the creation of peptide libraries
that contain several hundred thousands of peptides; these techniques offer an in-
teresting approach in the screening of new lead structures in pharmaceutical de-
velopments.

Peptide drugs, however, can be applied therapeutically only to a limited extent
because of their chemical and enzymatic labilities. Many peptides are inactive
when applied orally, and even parenteral application (intravenous or subcutaneous
injection) is often not efficient because proteolytic degradation occurs on the locus
of the application. Application via mucous membranes (e.g., nasal) is promising.
Despite the utilization of special depot formulations and new applications systems
(computer-programmed minipump implants, iontophoretic methods, etc.) a major
strategy in peptide chemistry is directed towards chemical modification in order
to increase its chemical and enzymatic stability, to prolong the time of action, and
to increase activity and selectivity towards the receptor.

The synthesis of analogues of bioactive peptides with unusual amino acid build-
ing blocks, linker or spacer molecules and modified peptide bonds is directed to-
wards the development of potent agonists and antagonists of endogenous pep-
tides. Once the amino acids of a protein that are essential for the specific biologi-
cal mode of action have been revealed, these pharmacophoric groups may be in-
corporated into a small peptide. The development of orally active drugs is an im-
portant target. Rational drug design has contributed extensively in the develop-
ment of protease-resistant structural variants of endogenous peptides, and in this
context the incorporation of p-amino acids, the modification of covalent bonds,
and the formation of ring structures (cyclopeptides) must be mentioned.

Peptidomimetics imitate bioactive peptides. The original peptide structure can
hardly be recognized in these molecules, which induce a physiological effect by
specific interaction with the corresponding receptor. Hence, a peptide structure
may be transformed into a nonpeptide drug. This task is another timely challenge
for peptide chemists, because only sufficient knowledge of the biologically active
conformation of a peptide drug and of the interaction with the specific receptor
enable the rational design of such peptide mimetics.

The variety of the tasks described herein renders peptide research an important
and attractive discipline of modern life sciences. Despite the development of gene
technology, peptide chemistry will have excellent future prospects because gene
technology and peptide chemistry are complementary approaches.



4| 1 Introduction and Background

References

1 J.H. JoNEs, J. Pept. Sci. 2000, 6, 201. 3 E. WiNscH, Synthese von Peptiden, in Hou-

2 M. GoobMAN, A. FeLix, L. MORODER, C. ben-Weyl-Methoden der organischen Che-
Ton1o10, Synthesis of Peptides and Peptido- mie, Vol. 15, 1/2, E. MULLER (Ed.),
mimetics in Houben-Weyl-Methoden der or- Thieme, Stuttgart, 1974.

ganischen Chemie, Vol. E 22, K. H. By-
cHEL (Ed.), Thieme, Stuttgart, 2002.



Peptides: Chemistry and Biology. Norbert Sewald, Hans-Dieter Jakubke | 5
Copyright © 2002 Wiley-VCH Verlag GmbH & Co. KGaA
ISBNs: 3-527-30405-3 (Hardback); 3-527-60068-X (Electronic)

2
Fundamental Chemical and Structural Principles

2.1
Definitions and Main Conformational Features of the Peptide Bond

Peptides 1 formally are polymers of amino acids, connected by amide bonds (pep-
tide bonds) between the carboxy group of one building block and the amino
group of the following block.

R 'ﬁ O R SeH
g Ao el oo
! 3
0] R H o}
n o}

1 2

Natural peptides and proteins encoded by DNA usually contain 21 different a-ami-
no acids (including the imino acid proline and the rare amino acid selenocysteine,
2). The different side chains R of amino acids fundamentally contribute to their
biochemical mode of action. A collection of the names, structures, three-letter
code, and one-letter code abbreviations of these proteinogenic amino acids is giv-
en on the inside front cover of this book. Selenocysteine 2, which is found both
in prokaryotes and eukaryotes, is encoded by a special tRNA with the anticodon
UCA recognizing UGA triplets on mRNA, and is incorporated into proteins by ri-
bosomal synthesis. The UGA codon usually serves as a stop codon.

Besides the great variety of linear peptides there are cyclic peptides, macrocycles
composed of amino acids, which occur in different ring sizes. Formally, cyclic
peptides 3 are formed upon formation of a peptide bond between the amino and
carboxy termini of a linear peptide.
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In 1951, Pauling and Corey proved by X-ray crystallography of amino acids, ami-
no acid amides, and simple linear peptides that the C-N bond length in a peptide
bond is shorter than a regular single bond. The resonance delocalization confers
partial double bond character onto the C-N bond. The conformation of the pep-
tide backbone is characterized by the three torsion angles ¢ [C(=0)-N-C"-C(=0)],
y [N-C*-C(=0)-N], and o [C*~C(=0)-N-C-], as depicted in Fig. 2.1.

Fig. 2.1 Torsion angles ¢, v, @, and %' and bond
xR H lengths of the amino acid Xaa' in a peptide.
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The free rotation around the C-N amide bond is drastically restricted because of
the partial double bond character with a rotational barrier of ~ 105 kJ mol ™. Conse-
quently, two rotamers of the peptide bond exist (Fig. 2.2): the trans-configured pep-
tide bond (0=180°) and the cis-configured peptide bond (0=0°). The former is en-
ergetically favored by 8 k] mol™ and is found in most peptides that do not contain
proline. In cases where the amide group of the imino acid proline is involved in a
peptide bond, the energy of the trans-configured Xaa-Pro bond is increased. Conse-
quently, the energy difference between the cis and trans isomers decreases.
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Fig. 22 (A) Resonance stabilization and (B) cis/trans isomerization of
the peptide bond (C) cis/trans Isomers of a Xaa-Pro bond.

The percentage of cis-configured Xaa-Pro bonds (6.5%) is approximately two or-
ders of magnitude higher compared to cis peptide bonds between all other amino
acids (0.05% cis). However, several examples are known where a peptide bond
configuration in proteins has been assigned erroneously to be trans in X-ray crys-
tallographic studies. The cis/trans isomerization of peptide bonds involving the
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imino group of proline usually takes place in many proteins, and has a half-life
between 10 and 1000 s. Peptidyl prolyl-cis/trans isomerases (PPlases) have been
shown to accelerate significantly this conformational transition in cellular sys-
tems. These enzymes catalyze rotation around a C-N bond of the peptide moiety
situated N-terminally to proline (Xaa-Pro). Hence, they catalyze a new type of en-
zymatic reaction which is of enormous importance for cellular functions [1].

Cis peptide bonds are present in the diketopiperazines 4, which can be consider-
ed as cyclic dipeptides. Cyclic tripeptides with three cis peptide bonds are stable.
As proline does not stabilize trans-configured peptide bonds, cyclo-(Pro); and cy-
clo-(-Pro-Pro-Sar-) 5 can be synthesized.

0

2.2
Building Blocks, Classification, and Nomenclature

Peptides are classified with Greek prefixes as di-, tri-, tetra-, penta-, ... octa-, nona-,
decapeptides, etc., according to the number of amino acid residues incorporated. In
longer peptides, the Greek prefix may be replaced by Arabic figures; for example, a
decapeptide may be called 10-peptide, while a dodecapeptide is called 12-peptide.

Formerly, peptides containing fewer than 10 amino acid residues were classified
as oligopeptides (Greek oligos=few). Peptides with 10-100 amino acids residues
were called polypeptides.

From a chemical point of view a differentiation between polypeptides and pro-
teins is ambiguous. According to the currently accepted nomenclature rules, “oli-
gopeptides” are composed of fewer than 15 amino acids, “polypeptides” contain
approximately 15-50 amino acids residues, and the expression “protein” is used
for derivatives containing more than 50 amino acids.

The nomenclature formally considers peptides as N-acyl amino acids. Only the
amino acid residue at the carboxy terminus of the peptide chain keeps the origi-
nal name without suffix, all others are used with the original name and the suffix
-yl (Fig. 2.3). Consequently, peptide 6 is called alanyl-lysyl-glutamyl-tyrosyl-leucine.

A further simplification of a peptide formula is achieved by the three-letter code
for amino acids (see inside cover). Linear peptide sequences usually are written
horizontally, starting with the amino terminus on the left side and the carboxy ter-
minus on the right side. When nothing is shown attached to either side of the
three-letter symbol it should be understood that the amino group (always on the
left) and carboxy group, respectively, are unmodified. This can be emphasized,
e.g., Ala-Ala=H-Ala-Ala-OH. Indicating free termini by presenting the terminal
group is wrong. H,N-Ala-Ala-COOH implies a hydrazino group at one end and
an a-keto acid derivative at the other. Representation of a free terminal carboxy

7
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group by writing H on the right is also wrong, because that implies a C-terminal
aldehyde. Side chains are understood to be unsubstituted if nothing is shown, but
a substituent can be indicated by use of brackets or attachment by a vertical bond
up or down.

In peptide 6 alanine is the N-terminal amino acid and leucine the C-terminal
amino acid. The three-letter code Ala-Lys-Glu-Tyr-Leu represents the pentapeptide
6 independent of the ionization state. If discrete ionic states of peptides should be
emphasized, formulae 7, 8, or 9 may be used for the anion, the zwitterion, and
the cation, respectively.

Ho_ O
H O H O
| i
N N
HZN/'\H/ \,)J\N \.)J\N ° 6
z | : |
0O / H O : H OH
OH

Alanyl—lysyl—glutamyl— tyrosyl—leucine

H-Ala—Lys—Glu—Tyr—Leu—OH 6 @H,— Ala—Lys—Glu—Tyr—Leu—0© 8
H-Ala—Lys—Glu—Tyr—Leu—0© 7 ®H,~Ala—Lys—Glu—Tyr—Leu—OH 9

Fig. 23  Structural formula, nomenclature, and three-letter code of the hypotheti-
cal pentapeptide iupaciubicin 6 in different ionic states (7-9).

The three-letter code usually precludes that trifunctional amino acids with addi-
tional amino or carboxy functions located in the side chains (Lys, Glu, Asp) are
connected by a-peptide bonds. This means, that the peptide bond is regularly
formed between the C-1 (CO) of one amino acid and N-2 (N%) of another amino
acid. Special attention must be paid to abbreviations of isopeptide bonds in the
three-letter code. The biochemically important peptide, glutathione 10 (Fig. 2.4)
comprises, besides an a-peptide bond, also a y-peptide bond. a-Glutamyl-lysine,
N°-g-glutamyl-lysine, and N°-y-glutamyl-lysine are constitution isomers of glu-
tathione.

The side-chain substituents are displayed, if necessary, in the three-letter code
by an abbreviation of the corresponding substituent which is displayed above or
below the amino acid symbol, or in brackets immediately after the three-letter ab-
breviation. The pentapeptide derivative 11 serves as an example of this system of
abbreviations, including protecting groups.
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v-peptide bond a-peptide bond
S_ o /
H O
® . N o°® 10
W5 Ay
O i H O
S SsH
L I I
Glu Cys Gly
Glutathione Glu or I—Cys—Gly
(reduced) l—Cys—GIy Glu
a-Glutamyl-lysine Glu—Lys
Lys
Ne-o-Glutamyl-lysine  Glu— or  Glu—
Lys
1
Ne-y-Glutamyl-lysine Glu Lys or GlulLys or Glu
|_l L)I/s

Fig. 2.4 Different connectivities of amino acids with additional side-chain
functional groups lead to constitutional isomers, as exemplified for glu-

tathione 10.
T
I:i (0] I:I (0]
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(0] H H

H
U
NY |
T
H—Ala—Lys(Boc)—Glu(OtBu)— Tyr({tBu)—Leu—OH

Note that atoms which belong integrally to an amino acid are not shown in the
abbreviation. For example, the amino group in lysine (11) is not displayed in the
three-letter code presentation. An abbreviation Lys(NHBoc) would imply a Boc-
protected € hydrazino group, and the abbreviation Tyr(OtBu) would imply a tert-
butylperoxo substituent. The number and sequence of amino acids that are con-
nected to a peptide or a protein are called the “primary structure”. If the sequence
of a peptide is completely known, the three-letter code symbols are listed sequen-
tially, divided by a hyphen “~”, which symbolizes the peptide bond. Notably, if the
full peptide sequence is given, for instance Ala-Lys-Glu-Tyr-Leu, no dashes are
written at the termini. However, if a partial sequence within a peptide chain, e.g.,
-Ala-Lys-Glu-Tyr-Leu- is written, additional dashes are added at both termini. If

9
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partial sequences of a peptide have not yet been elucidated, or if the presence of
one amino acid in a special position has not been identified unambiguously, the
tentative amino acid present in this position is given in brackets, separated by
commas, as shown in 12.

H-Ala— Lys—Glu—Tyr—Leu—(Tyr,Leu,Lys,Ala,Glu)—Leu— 12
Tyr—Glu—Lys - Ala~OH

Covalent bonds between side-chain functional groups are also possible for the
amino acid cysteine. A disulfide bond between two thiol groups of cysteine is
formed upon oxidation to give a cystine residue. Different types of disulfide
bridges can be distinguished (cf. Section 6.2). Intramolecular (intrachain) disulfide
bridges are formed between two cysteine residues in one peptide chain, while in-
termolecular (interchain) disulfide bonds are formed between two different pep-
tide chains, as shown in 13.

——Glu—GIn—C)lls—Cys—Thr—Ser— IIe—C)Ils—Ser—Leu—Thr—

—GlIn- His—Leu—C)‘Is—GIy—Ser—His—

13

As nonproteinogenic building blocks such as hydroxycarboxylic acids, p-amino
acids, and N-alkyl-amino acids may occur in peptides, an extension of the original
definition for a peptide is required. Primarily, homomeric peptides and hetero-
meric peptides must be distinguished. While the former are composed exclusively
of proteinogenic amino acids, the latter also contain nonproteinogenic building
blocks.

Analogues of peptides, in which the -CO-NH-group that joins residues is re-
placed by another grouping, may be named by placing Greek psi (y), followed by
the replacing group in parentheses, between the residue symbols where the
change occurs. Examples:

Ala-[y](NH-CO)-Ala for H;N*-CHMe-NH-CO-CHMe-COO™
Ala—[y](CH=CH, trans)-Ala for HsN*~CHMe-CH=CH-CHMe-COO™

Further differentiation is made according to the nature of the chemical bond into
homodetic peptides that contain exclusively peptide bonds (N* amide bonds) and
heterodetic peptides that may also contain ester, disulfide, or thioester bonds. The
sequence of a cyclic homodetic homomeric peptide can be written in two different
variants: following the prefix “cyclo-”, the sequence is annotated in the three-letter
code, set in brackets, and backbone cyclization is symbolized by a hyphen “~” be-
fore the first and after the last sequence position given. Gramicidin S can be writ-
ten as shown in 14.



2.3 Analysis of the Covalent Structure of Peptides and Proteins

CyClo—(~Val—Ormn—Leu—D-Phe—Pro— Val— Or—Leu—D-Phe—~Pro—) 14

LVaI—Om— Leu—D-Phe~Pro—Val—Om—Leu— D-Phe—-Pro—I
or 15

I—-VaI—Orn— Leu—D-Phe—Pro—Val—Om—Leu— D-Phe—Proj

‘:Val —» Omn —» Leu — D-Phe — Pro
Pro «— D-Phe «— Leu «— Orn «— Val 16

Alternatively, the sequence of the same peptide may be given as in 15, where cy-
clization is symbolized by a line above or below the sequence. In the case of a
peptide cyclization that occurs via the backbone, this should be symbolized by hor-
izontal lines starting from the N- and C-termini. A third possibility to display a cy-
clic peptide is shown in 16, where the direction of a peptide chain (N — C) has to
be symbolized by an arrow (—) that points towards the amino acid located in the
direction of the C-terminus. Cyclic heterodetic homomeric peptides are treated
similarly in the three-letter annotation.

As analogues of biologically active peptides are very often synthesized in order
to study the relationship between structure and activity, a brief introduction into
the rules for the nomenclature of synthetic analogues of natural peptides should
be given here in accordance with the suggestions by IUPAC-IUB Joint Commis-
sion on Biochemical Nomenclature [2]. The most important rules are detailed in
Tab. 2.1 for the example of a hypothetical peptide with the name iupaciubin with
the sequence Ala-Lys-Glu-Tyr-Leu.

23
Analysis of the Covalent Structure of Peptides and Proteins

According to Linderstrom-Lang, the structural description of proteins can be con-
sidered at four levels of organization (Fig. 2.5).

Primary structure, which is the subject of this chapter, comprises the number
and sequence of amino acids connected consecutively by peptide bonds within the
peptide chain. Secondary structure describes the local three-dimensional arrange-
ment of the peptide backbone. Tertiary structure describes the three-dimensional
structure or overall shape of a single peptide chain resulting from the intramole-
cular interactions between secondary structure elements. The term quaternary
structure (not shown in Fig. 2.5) refers to the spatial arrangement of two or more
polypeptide chains associated by noncovalent interactions, or in special cases
linked by disulfide bonds, forming definite oligomer complexes. The term “do-
main” is applied to describe globular clusters within a protein molecule with more
than ~ 200 amino acid residues.

1
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Tab. 2.1 Important nomenclature rules for peptide analogues.
Description Name/Three-letter code
1. The exchange of amino acid residues in a peptide is Ala-Lys®-Glu®-Phe*-Leu’

symbolized by the trivial name of the correspond-
ing peptide preceded by the full name of the ami-
no acid replacement and its position given in
square brackets. Alternatively, the three-letter code
may be used instead of the full name of the ami-
no acid. Multiple exchange is treated analogously.

. The extension of a peptide may occur N-terminally

(A) as well as C-terminally (B). The modified
name is generated according to the previously dis-
cussed rules.

. An insertion of an additional amino acid residue is

indicated by the prefix “endo” in combination
with the number of the sequence position.

. The omission of an amino acid residue is symbo-

lized by the prefix “des” and the position.

(A)

[4-phenylalanine]iupaciubin
[Phe*Jiupaciubin

Arg-Ala'-Lys-Glu-Tyr-Leu®
Arginyl-iupaciubin
Ala'-Lys-Glu-Tyr-Leu®-Met
Tupaciubyl-methionin
Ala-Lys®-Thr*®-Glu*-Tyr-Leu
Endo-2a-threonine-iupaciubin
Endo-Thr**-iupaciubin
Ala-Lys>Tyr*-Leu
De-3-glutamic acid-iupaciubin
De-Glu*-iupaciubin

5. Substitutions on side-chain amino groups (A) or (A) Val
side-chain carboxy groups (B) are symbolized con- Ala-Lys-Glu-Tyr-Leu
sidering the general nomenclature rules. Ng?-Valyl-iupaciubin
Ne?-Val-iupaciubin
(B) Val

. The nomenclature for partial sequences that are de-

rived from peptides with a trivial name uses the
trivial name, followed by the numbers of se-
quence positions of the first and last amino acid
within the partial sequence in brackets.

Ala-Lys-Glu-Tyr-Leu
N-(Iupaciubin-C3>-yl)-valine
Tupaciubin-C&>-yl-Val
Lys*-Glu>-Tyr*
Iupaciubin-(2-4)-peptide

A pure, homogeneous compound is the precondition for structural or biochem-
ical studies involving peptides. Pharmacologically active peptides for therapeutic
application have to meet even more strict requirements. Before embarking on a
discussion on structural analysis, it is useful to describe a few general methods
that are specific for the separation and purification of peptides and proteins.

2.3.1
Separation and Purification

2.3.1.1 Separation Principles
Analysis and purification of naturally occurring peptides and of synthetic peptides
relies on a series of separation techniques. In general, separation procedures are
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primary structure secondary structure tertiary structure

amino acid

a-helix

Fig. 2.5 Important peptide structures: Primary, secondary, and tertiary structures.

either directed to the preparative level, in order to isolate one or more individual
components from a mixture for further investigations, or to the analytical level,
with the goal of identifying and determining the relative amounts of some or all
of the mixture components. In carrying out any preparative separation, studies on
the analytical level are the initial steps to optimize separation conditions. Separa-
tion methods for peptide mixtures should provide samples of high purity, whereas
analytical methods include not only the evaluation of the final product of peptide
synthesis, but also the monitoring of intermediates with respect to chemical and
stereochemical purity. Nearly all practical procedures in the peptide or protein
field are based on separation of solute components. The partition of components
between a solution and a solid surface is the most often exploited principle, but
due to the existence of charged forms in aqueous solution ion-exchange and elec-
trophoresis also belong to the dominant separation procedures, together with sep-
aration on the basis of molecular size. Additionally, adsorption chromatography
(especially salt-promoted adsorption chromatography) has not lost its importance.
A recent comprehensive review by C.K. Larive et al. [3] focuses on selected ap-
plications of the separation and analysis of peptides and proteins published dur-
ing 1997-1998. The review highlights the state of the art in this field. Selected
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Tab. 2.2 Selected methods for separation and purification of peptides and proteins.

Method Remarks

Reversed-phase HPLC Most popular HPLC variant used for separation of peptides

(RP-HPLC) and proteins; suitable for the assessment of the level of het-
erogeneity.

Ion-exchange chromatography =~ Most commonly practised method for protein purification.
(IEC)

Size-exclusion chromatography Separation is solely based on molecular size; larger molecules
(SEC) elute more rapidly than smaller ones.

Affinity chromatography (AC) A bioselective ligand chemically bound to an inert matrix
retains the target component with selective affinity to the
ligand.

Capillary electrophoresis (CE)  Separation of peptides and proteins is based on their differen-
tial migration in an electric field.

Multidimensional separations 2D gel electrophoresis and multidimensional chromatography
[4-6] approaches are capable of more accurate quantification of the
analyte, and are more compatible with mass spectrometry.

Ultrafiltration (UF) [7, 8] Method for rapid concentration of protein solutions; lack of
selectivity has severely restricted the use of UF for protein
fractionation.

Two-phase systems for protein Hydrophobic partitioning of proteins in aqueous two-phase
separation and purification [9, systems containing poly(ethylene glycol) and hydrophobically
10] modified dextrans.

separation and purification methods are compiled in Tab. 2.2, and methods of
structural analysis will be described in Section 2.5.

Thin-layer chromatography, the simplest technique for peptide analysis, is per-
formed in various solvent systems and uses different detection systems, often fol-
lowed by electrophoresis. In particular, free peptides can be examined by paper
electrophoresis or by thin-layer electrophoresis, either in acidic solvent (dilute
acetic acid) or under basic conditions. In the case of more than trace amounts of
impurities, the product must be further purified prior to final evaluation. Chroma-
tographic methods [11] and countercurrent distribution according to Craig [12] are
the most commonly used methods for the purification of free peptides and of
blocked intermediates. The classical crystallization procedure remains the sim-
plest and most effective approach, but suffers from the low tendency of peptides
to crystallize.

Normal-phase liquid chromatography [13] is used preferentially for the separa-
tion of hydrophilic peptides as they are very often not retained sufficiently on
standard reverse-phase-high performance liquid chromatography (RP-HPLC) pack-
ing material. The introduction of HPLC both on an analytical and a preparative
scale opened a new area in separation and analysis of peptides and proteins [14-
18], and continues to be the method of choice [19-21]. Insoluble, hydrophilic sup-
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port materials are used as the stationary phase in normal-phase HPLC. The major
difference between “high-performance” or “high-pressure” chromatography and
“low-pressure” bench-top chromatography is that HPLC employs columns and
pumps that allow the application of very high pressures, with the advantage that
particles with 3-10 um mean diameter can be used as packing material for the
columns. These conditions allow for superior resolution within relatively short
times (minutes) for HPLC, compared to hours or even days for low-pressure chro-
matography systems. In RP-HPLC, the solid stationary phase is derivatized with
nonpolar hydrophobic groups so that the elution conditions are the reverse of nor-
mal-phase liquid chromatography. Alkylsilanes with between four and 18 carbon
atoms (referred to as C-4 to C-18 columns) are used for derivatization of the sta-
tionary phases. Retention of the solute occurs via hydrophobic interactions with
the column support, and elution is accomplished by decreasing the ionic nature,
or increasing the hydrophobicity of the eluant. Commercially available reversed-
phase columns allow for rapid separation and detection of the components pre-
sent in a mixture.

Ion-exchange chromatography (IEC) is easy to use for protein purification due
to its high scale-up potential [22, 23]. The separation principle of IEC is based on
interaction of the protein’s net charge with the charged groups on the surface of
the packing materials. Polystyrene and cellulose, as well as acrylamide and dex-
tran polymers, serve as the preferred support materials for the ion exchanger.
They are functionalized by quaternary amines, diethylaminoethyl (DEAE) or poly-
ethylenimine for anion exchange, and sulfonate or carboxylate groups for cation
exchange.

Hydrophobic interaction chromatography (HIC) is, besides thiophilic adsorption
chromatography and electron donor-acceptor chromatography, the dominant meth-
od of salt-promoted adsorption chromatography [24].

Size-exclusion chromatography (SEC) [25-28] continues to be an efficient sepa-
ration method for proteins, though in peptide purification its resolving power is
somewhat limited. Although low-molecular weight impurities can be separated
without problems from a crude mixture of peptides, the separation of a target
peptide from a closely related peptide mixture is practicably not possible. In aque-
ous separation systems, SEC is also named gel filtration chromatography (GFC),
whereas the alternative term gel permeation chromatography (GPC) is related to
the application in nonaqueous separation systems.

In affinity chromatography, pioneered by Cuatrecasas [29] a low-molecular
weight biospecific ligand is linked via a spacer to an inert, porous matrix, such as
agarose gel, glass beads, polyacrylamide, or cross-linked dextrans. Monospecific li-
gands (analyte given in brackets) include hormones (receptors), antibodies (anti-
gens), enzyme inhibitors (enzymes), or proteins (recombinant fusion proteins).
Group-specific ligands (binding partner given in brackets) include, for example,
lectins (glycoproteins), protein A and protein G (immunoglobulins G), calmodulin
(Ca**-binding proteins), or dyes (enzymes). In general, affinity chromatography is
useful if a high degree of specificity is required [30, 31], for example in the isola-
tion of a target protein present in a low concentration in a biological fluid or a cel-
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lular extract. Affinity methods have become popular for biological recognition
using peptide combinatorial libraries (see Chapter 8) to optimize affinity-based se-
parations [32]. Antibodies are widely used to isolate and purify the corresponding
antigen. In contrast, it is also possible to isolate specific antibodies using an im-
mobilized antigen on a column.

Capillary electrophoresis (CE) or capillary zone electrophoresis (CZE), pioneered
by Jorgenson and Lukacs [33], has been widely developed for the separation of pep-
tides and proteins, including recombinant proteins [34, 35]. CE separates peptides
and proteins based on their differential migration in solution in an electric field
[36]. In accordance with ion-exchange HPLC, the separation is a function of the
charge properties of the compound to be separated. However, the physical basis of
separation is different in that it is performed in a typical capillary column with a
dimension of 50 pm i.d.x30-100 cm length and a volume of 0.6 2 pL, and the injec-
tion volume is limited to <20 nL. A common set-up for peptide separation uses a
buffer at pH 2.0. All charged peptides are cationic and migrate to the cathode,
and under these conditions the effect of electroendoosmosis is minimized. The
mentioned limited sample injection volume in CE limits the detection of minor
components in complex mixtures, and suitable preconcentration methods are often
needed. Capillary isoelectric focusing (CIEF) can provide high-efficiency separations,
and an improved detection sensitivity for complex peptide mixtures [37].

2.3.1.2 Purification Techniques

The application of a peptide or protein either for scientific investigations or com-
mercial purposes usually requires isolation in a homogeneous state. Purification
is defined as a process where the target molecule is separated from other com-
pounds. Separation and purification formally are different categories, but in prac-
tice they overlap to a great extent. Therefore, methods described in the preceding
section are included in purification schemes. The purity is an essential prerequi-
site both for structural analysis and for reproducible results in biological investiga-
tions. Homogeneity and correct covalent structure must be the main goals as pep-
tides and proteins have become an important class of potent therapeutic drugs
(see Chapter 9).

Purification procedures can take considerable amounts of time and effort. Un-
fortunately, evidence is provided in the literature that insufficient attention is of-
ten paid to the correct evaluation of the final product. Insufficiently pure com-
pounds may lead to totally erroneous conclusions. Residues such as Trp, Met, N-
terminal Gln, and Cys are known to cause potential problems from unwanted re-
actions during synthesis, work-up, handling, or storage. Cys, Met, and Trp are sus-
ceptible to oxidation. Only the oxidation of Cys and Met usually is reversible,
which is generally not true for Trp. Gln in the N-terminal position of a peptide se-
quence is capable of forming a lactam structure, often termed pyroglutamate. In
several publications, peptides have been claimed to be either crude or pure, but
often different categories of purity are used, such as homogeneous, very pure, and
chromatographically pure. Doubtlessly, the different evaluation criteria are applied
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to each of these categories. In practice, the extent of evaluation needed depends
on the peptide’s use. Application as an antigen in the production of polyclonal
antisera requires a smaller degree of peptide purity, compared to a product used
for conformational studies or special investigations on biological activity.

An accurate and specific assay for the component of interest is an essential pre-
requisite for peptide and protein purification. The quantitative result obtained
from an assay is defined as the “activity’. This term is normally used for enzyme
assays, but it can also be applied to the results of other assays. Enzyme assays
generally are based on a specific reaction catalyzed by the enzyme, whilst assays
for other proteins rely on their physical properties. For example, the purification
of proteins bearing highly chromogenic cofactors can be easily monitored using
spectrophotometric methods. A highly specific assay uses antibodies against the
peptide or protein. The specific activity is a quantitative measure for purity, and is
defined as the ratio of the amount of activity in a protein solution to the amount
of total protein in the solution. The specific activity increases during purification
by removing contaminating proteins that lack assay activity. A protein is enriched
during purification, and will be completely pure after attaining the highest speci-
fic activity for that protein.

Most protein-purification protocols involve multiple steps employing various
techniques [38]. To obtain a cell-free solution of an intracellular protein, the cell
must first be broken in order to release its contents. Insoluble particles, including
membranes, can then be removed by centrifugation or other bulk methods. Solu-
ble proteins are separated and purified from the resulting crude solution. The re-
lease of membrane-bound proteins from the membrane can sometimes be per-
formed with the use of detergents.

The purification of bacterial proteins starts with the physical separation of the
protein from other bacterial nonprotein cell constituents. Generally, proteins se-
creted into the extracellular medium can be separated and purified more easily. In
the case of a protein solution, most purification protocols start with a precipita-
tion step by means of alcohols, heat, or salt. Ammonium sulfate precipitations are
often used, since this salt causes precipitation of many proteins without affecting
their biological activity. Most purification methods subsequently involve various
forms of chromatography.

Immobilized metal affinity chromatography (IMAC), pioneered by Porath et al.
[39], continues to be very popular for the large-scale purification of proteins. Imi-
nodiacetic acid or nitrilotriacetic acid (NTA), to which Ni%* is typically chelated,
are the most widely used support materials. IMAC is especially appropriate for re-
combinant proteins where the codons of (usually) six histidine residues (His-tag)
are appended to the cDNA [40, 41]. Small-scale purification of proteins can easily
performed by the attachment of NTA to magnetic beads [42].

Numerous applications of preparative chromatography are cited in reviews for
the purification of both recombinant proteins [43] and unstable proteins [44].
Countercurrent chromatography has also been used for protein purification [45,
46]. Further information on protein purification has been summarized in several
excellent monographs [38, 47-50].
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A variety of methods has found application in the purification of potential pep-
tide drugs, such as crystallization, countercurrent distribution, partition chromato-
graphy, GPC, low-pressure HIC, IEC and RP-HPLC.

As mentioned above, crystallization should be one of the most powerful purifi-
cation methods, but its use is mainly limited to small oligopeptides up to penta-
peptides. Countercurrent distribution and partition chromatography have now
been largely substituted by more powerful purification procedures, such as pre-
parative RP-HPLC. At present, most peptides with 50 residues or less can be puri-
fied using this technique. In practice, purification schemes are very often used
which consist of two complementary techniques. For example, a crude synthetic
peptide should first be liberated from by-products resulting from final deprotec-
tion steps which are mostly uncharged, low-molecular weight compounds. For
this purpose, IEC, GPC, or HIC are the methods of choice. For a necessary final
purification step, RP-HPLC should be applied as a complementary technique.
Such a two-step purification scheme seems to be superior to the application of
various RP-HPLC steps using different mobile phases.

2.3.1.3 Stability Problems

Peptides and proteins differ from most other chemical compounds. Their chemi-
cal [51], physical [52], and enzymatic [53] instability presents a challenge, for ex-
ample in the development of more stable peptide and protein drugs. In most
cases the pure compounds are obtained as amorphous solids, preferentially by lyo-
philization (freeze-drying). Generally, peptides and proteins tend to retain variable
amounts of water and acids (as counterions or residual acid) resulting from the fi-
nal stage of purification or isolation. In addition, peptides are preferably stored as
their corresponding acetates or hydrochlorides. Special stability programs for bulk
peptide drugs are performed by testing their storage behavior at various tempera-
tures for different periods of time [54]. Decomposition or deterioration may occur
as a result of oxidation, absorption or release of moisture, exposure to heat or
light, or interactions with surfaces.

Solid-state formulations are generally more stable compared to the correspond-
ing aqueous formulations. In the latter case, the nature of the solvent, concentra-
tion, pH, and temperature have a great influence on stability. Adsorption to the
container, inactivation, racemization, oxidation, deamidation, chain cleavage, dike-
topiperazine formation, and rearrangements are the most well-known effects caus-
ing instability of peptides in solution. Surprisingly, several cases are known where
protein stability in the solid state is less than or comparable to that observed in
solution [55, 56]. In the solid state, chemical instability is caused similarly to that
in solution (bond cleavage, bond formation, rearrangement or substitution). Typi-
cal reactions are deamidation of Asn and Gln [57], oxidation at sulfur atoms of
Cys and Met, disulfide exchange at Cys, peptide bond cleavage, B-elimination, and
dimerization/aggregation [58]. Peptides and proteins in food, as well as in phar-
maceutical formulations, may undergo reactions with nonprotein compounds.
Loss of Lys in food proteins is primarily attributed to the Maillard reaction
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Fig. 2.6 The Amadori rearrangement as the initial step of the Maillard reaction.

(Fig. 2.6), but other amino acid residues such as Arg, Asn, and Gln are also cap-
able of reacting with reducing sugars.

In the first step, a condensation reaction between the carbonyl group of a reduc-
ing sugar and an amino group forms an N-substituted glycosylamine; this is fol-
lowed by conversion to a Schiff base. This may also be a problem in drug formula-
tions. Subsequent cyclization and Amadori rearrangement yields the typical deriva-
tives which cause discoloration of the formulation [59]. The reasons that these and
other chemical degradation reactions can still occur in “dry” formulations is unclear.
Moisture, temperature, and formulation excipients (e.g., polymers) are the main fac-
tors influencing peptide and protein chemical instability in the solid state. It has
been suggested that proton activity in the solid state may have a similar influence
on stability as does pH in the solution state. Details on the solid-state stability of
proteins and peptides have been recently reviewed by Lai and Topp [60].

2.3.1.4 Evaluation of Homogeneity
After final purification, proof of homogeneity and structural characterization (see
Section 2.5) are necessary to ascertain that the desired product, and not structural
modifications of it, has been isolated. Numerous analytical methods are available
to evaluate homogeneity and the covalent structure.

Fig. 2.7 shows schematically the relative contribution of analytical methods re-
garding the goals to assess homogeneity and structural integrity. Amino acid anal-
ysis (see Section 2.3.2.3) is necessary for the determination of the covalent struc-

‘ sequence analysis lmass spectrometry

homogeneity covalent structure

HPLC and CZE I UV-spectroscopy amino acid analysis

Fig. 2.7 Analytical techniques used for the determination of homogeneity and covalent struc-
ture of peptides.
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ture, whereas sequence analysis (see Section 2.3.2.5) contributes to the evaluation
of both homogeneity and covalent structure. Methods of structural analysis will be
discussed in Section 2.5. Mass spectrometry with the dominant ionization meth-
ods matrix-assisted laser desorption/ionization (MALDI) and electrospray ioniza-
tion (ESI), and the coupling of ESI to separation techniques, is an important tool
in the analysis of peptides and proteins [61]. Nuclear magnetic resonance (NMR)
spectroscopy (Section 2.5.3) is one of the premier analytical tools for structure elu-
cidation. In particular, the use of multidimensional NMR methods for the struc-
ture determination of peptides and small proteins in solution has become routine.
Ultraviolet spectroscopy (UV) is used to monitor the integrity of aromatic amino
acids (particularly Trp), and is a routine tool for monitoring peptide purification.
However, the information on the covalent structure of a peptide is very limited.

232
Primary Structure Determination

Amino acid sequence analysis is an essential component of protein structure de-
termination [62—64]. The elucidation of the primary structure of insulin by Frede-
rick Sanger in the early 1950s was a breakthrough of enormous biochemical sig-
nificance and earned him the first of two Nobel prizes. Since that period, the ami-
no acid sequences of several thousand proteins have been elucidated. Refinement
and automation of the procedures nowadays allow for sequence analysis of pro-
teins on the 10 pmol level, whereas the experimental work involved in determin-
ing the insulin structure by Sanger and his coworkers took more than a decade
and required about 100 g insulin.

In 1980, Sanger earned his second Nobel prize for the development of the tech-
nology for rapid DNA sequencing. Nucleic acid sequencing initially lagged far be-
hind the corresponding techniques for peptides and proteins. Sanger’s chain ter-
mination method (or dideoxy method) [65] and the chemical cleavage method ac-
cording to Maxam and Gilbert [66] proved to be efficient methods for DNA se-
quencing. Nowadays, DNA sequencing is easier and faster than protein sequenc-
ing; furthermore, this new technique allows even the sequence determination of
proteins that have never been isolated. Despite this progress, direct peptide and
protein sequencing remains an indispensable tool for several reasons. Doubtlessly,
the determination of amino acid sequences by degradation methods is a conclu-
sive necessity to confirm the structure of isolated and synthetic peptides. Further-
more, determination of the primary structure from the DNA sequence does not
provide information on post-translational modifications of proteins and the loca-
tion of disulfide bonds. It must also be mentioned that a common error in DNA
sequencing is the inadvertent insertion or deletion of a single nucleotide which re-
quires the need to identify the open reading frame in the DNA structure. In addi-
tion, it is often not easy to identify and isolate the nucleic acid that encodes the
protein of interest. Determining the amino acid sequence of a portion of the pro-
tein allows the chemical synthesis of the corresponding DNA fragment that can
be used to identify and isolate the whole gene.
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2.3.21 End Group Analysis

Before starting sequence analysis it is necessary to determine the number of dif-
ferent peptide chains in a protein by the analysis of N-terminal and/or C-terminal
residues. Of course, this problem may be complicated if the amino group at the
N-terminus and the carboxy group at the C-terminus are chemically blocked, or
the peptide to be analyzed is cyclic.

N-terminal analysis can be performed using several chemical and enzymatic
methods. Chemical methods are mostly based on the transformation or blocking
of the N-terminal a-amino function, followed by hydrolysis, separation and charac-
terization of the terminal amino acid derivative (Fig. 2.8).

The reagent 2,4-dinitrofluorobenzene was first used by Sanger [67], and this di-
nitrophenyl (DNP) method (Fig. 2.8 A) has found widespread application. After la-
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Fig. 2.8 Identification of the N-terminus using (A) 2,4-dinitrophenylfluorobenzene
and (B) dansyl chloride.
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beling the N-terminus of the peptide chains, complete hydrolysis liberates the
DNP amino acids that can be identified by chromatography.

The dansyl (1-dimethylaminonaphthalene-5-sulfonyl) method [68] (Fig. 2.8B) is
more sensitive; dansyl chloride provides dansyl amino acids which are strongly
fluorescent and can be identified chromatographically at the 100 pmol level. In ad-
dition, a number of less important chemical methods for blocking N-terminal
amino acids, such as arylsulfonation, carbamoylation or carboxymethylation, and
aminopeptidases as an enzymatic alternative can be used for N-terminal analysis.
Enzymatic release of the N-terminal amino acid requires the presence of an un-
blocked a-amino function. Although porcine kidney leucyl aminopeptidase (LAP)
hydrolyzes N-terminal 1-amino acids (including glycine), peptide chains that bear
1-leucyl residues are the preferred substrates [69]. Unfortunately, this enzyme does
not release N-terminal arginine and lysine or any amino acid that is followed by
proline. Furthermore, three aminopeptidases from Bacillus stearothermophilus [70]
are suitable for the cleavage of N-terminal amino acid residues. Aminopeptidase I
(API) shows a broad specificity; it releases not only neutral (preferentially aliphatic
and aromatic), but also acidic and basic amino acids, including proline, from the
N-terminus. Aminopeptidase N, which in 1980 was renamed to aminopeptida-
se M, shows a preference for neutral amino acids [71].

Without doubt, Edman degradation (see below) is one of the most powerful pro-
cedures for N-terminal residue identification.

C-terminal analysis can be performed both chemically and enzymatically, but
has not gained as much importance as N-terminal procedures. Using the hydra-
zine method [72] according to Akabori, all amino acids (apart from the C-terminal
ones) are converted into hydrazides on treatment with anhydrous hydrazine for
20-100 h at 90°C in the presence of an acidic ion-exchange resin. Only the C-ter-
minal amino acid residue is released as the free amino acid, and this can be iden-
tified chromatographically (Fig. 2.9).
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Fig. 29 C-terminal group analysis by hydrazinolysis.



2.3 Analysis of the Covalent Structure of Peptides and Proteins

C-terminal Cys, Gln, Asn, and Trp cannot be identified by this method, and Arg
will be partly converted to Orn. Another procedure is based on the treatment of
the peptide with ammonium thiocyanate and acetic anhydride to give 1-acyl-2-thio-
hydantoins by cyclization (cf. Section 2.3.2.6). The 2-thiohydantoin derived from
the C-terminal amino acid is formed after mild alkaline hydrolysis in addition to
the N-acylpeptide containing one residue less.

The carboxypeptidase (CP) approach is more efficient (Fig. 2.10), with CP A and
CP B from bovine pancreas showing different, but complementary, specificities.

carboxypeptidase
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Fig. 210 C-terminal group analysis by carboxypeptidase.

CP A preferentially liberates C-terminal residues with aromatic side chains, but
not Pro, Arg, Lys, and His, whereas CP B releases only C-terminal Arg, Lys, and
His. The serine peptidase CPY is much less specific and removes all residues,
but Gly and Pro only very slowly.

2.3.2.2 Cleavage of Disulfide Bonds

Cleavage of disulfide bonds is necessary to separate disulfide-linked peptide
chains, and also to destroy the native peptide or protein conformation in the case
that it is stabilized by those bonds. The cleavage procedure involves hydrolysis of
the protein under conditions that minimize the risk of disulfide bond exchange.
Intra- or inter-chain disulfide bonds can be cleaved by reduction or oxidation
(Fig. 2.11).
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Fig. 211 Oxidative and reductive cleavage of disulfide bonds.
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Oxidation using performic acid, also pioneered by Sanger, converts all Cys resi-
dues to cysteic acid residues. Since cysteic acid is stable both under acidic and ba-
sic conditions, it is possible to determine the total Cys content as cysteic acid. Un-
wanted oxidation of Met residues to methionine sulfoxide/sulfone, as well as par-
tial degradation of the Trp side chain, are serious disadvantages. The reductive
cleavage of disulfide bonds is mostly achieved by treatment with a large excess of
a suitable thiol, e.g., 2-mercaptoethanol 1,4-dithiothreitol/1,4-dithioerythritol (Cle-
land’s reagent). The resulting free thiol groups should be blocked by alkylation
with iodoacetic acid in order to prevent reoxidation in air. The location of the dis-
ulfide bonds is carried out in the final step of sequence analysis.

2.3.2.3 Analysis of Amino Acid Composition

Before starting the sequence analysis of a peptide chain it is necessary to know its
amino acid composition. This analysis [73, 74] can be performed by complete hydro-
lysis, followed by quantitative analysis of the liberated amino acids. For this purpose
numerous chemical and enzymatic protocols are known, but none of these proce-
dures alone is fully satisfactory. Besides hydrolysis with 6 M hydrochloric acid at
120°C for 12 h, or with dilute alkali (2-4 M NaOH) at 100°C for 4-8 h, mixtures
of peptidases can also be used for complete peptide hydrolysis. Under acidic hydro-
lysis conditions, the polypeptide is dissolved in 6 M HCI and sealed in an evacuated
tube to minimize the destruction of particular amino acids. Tryptophan and cyste-
ine/cystine are especially sensitive towards oxygen. For the complete release of ali-
phatic amino acids, long hydrolysis times up to 100 h are sometimes required. Un-
fortunately, under such harsh conditions hydroxy-substituted amino acids (Ser, Thr,
Tyr) are partially degraded, and Trp will be largely destroyed. Furthermore, Gln and
Asn are converted into Glu and Asp plus NHZ, with the consequence that only the
amounts of Asx (=Asn+Asp), Glx (=Glu+Gln), and NHZ (=Asn+Gln) can be inde-
pendently determined. Although Trp largely survives alkaline hydrolysis and, there-
fore, allows the content of this amino acid to be determined, this procedure causes
decomposition particularly of Ser and Trp, and Arg and Cys might also be damaged.
Pronase consisting of a mixture of relatively unspecific peptidases from Streptomyces
griseus is often used for enzymatic hydrolysis. However, the amount of peptidase
used should not be more than ~1% by weight of the polypeptide to be hydro-
lyzed. Otherwise, self-degrading by-products might contaminate the final digest.
The enzymatic procedure is mostly used for the determination of Trp, Asn and
Gln because of the reasons mentioned above.

Based on the pioneering work of Stein and Moore, amino acid analysis has
been automated. Such automated equipment separates amino acids by IEC, and
the Stein and Moore protocol employs post-column derivatization with ninhydrin
to give the blue color of Ruhemann’s violet (Fig. 2.12).

The intensity of the color can be measured spectrophotometrically, thus providing
quantitative detection of each of the separated components. Nowadays, instruments
are in use for quantitative amino acid analysis which are based on partition chroma-
tography, such as HPLC [75, 76] and gas-liquid chromatography (GLC). The deriva-
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Fig. 212 Principle of automatic amino acid analysis. (A) Ninhydrin reaction.
(B) Analyzer scheme. P=pump, T=Teflon tubing, D=detector, R=recorder. (C)
Cation exchange HPLC amino acid analysis.

tization of amino acids is necessary to introduce fluorophoric groups which conve-
niently permit quantitation of UV/visible absorption or fluorescence characteristics
for HPLC, or to convert amino acids into volatile derivatives for GLC. Various deri-
vatization protocols for HPLC utilize fluorescent and UV-absorbing tags, e.g., dansyl,
Fmoc, fluoresceamine, iso-indolyl [o-phthaldialdehyde (OPA) +2-mercaptoethanol]
condensation products, and Edman’s reagent (see Section 2.3.2.5). The complete
analysis of an amino acid mixture can be performed using a modern automated ami-
no acid analyzer in <60 min, with a sensitivity as low as 1 pmol of each amino acid.

2.3.2.4 Selective Methods of Cleaving Peptide Bonds
Efficient sequence analysis requires fragments of the protein to be analyzed, since
stepwise degradation is limited to 40-80 residues (see Section 2.3.2.5). Therefore,
longer polypeptide chains must be cleaved into fragments suitable for stepwise
analysis by either enzymatic or chemical methods.

25



26

2 Fundamental Chemical and Structural Principles

Several highly specific endopeptidases which allow for complete and specific
fragmentation are used for enzymatic cleavages. Trypsin cleaves at the carboxy
side of lysyl and arginyl peptide bonds, thereby providing fragments with C-termi-
nal Lys or Arg residues. In principle, it is possible to restrict cleavage to arginyl
bonds by blocking the Lys e-amino group. In principle, selective blocking of the e-
amino function can be performed by any acylating agent, as trypsin recognizes its
specific substrate by a positively charged side-chain function. Using citraconic an-
hydride or ethyl trifluoroacetate, the appropriate protecting group can be de-
blocked by morpholine or very mild acid treatment, and this allows exposure of
the Lys side-chain function for a second tryptic hydrolysis. Interestingly, Cys may
be aminoalkylated by a B-haloamine, e.g., 2-bromoethylamine, yielding a positively
charged residue that enables tryptic cleavage. In contrast to trypsin, thrombin is
more specific and only capable of cleaving a limited number of Arg bonds. Unfor-
tunately, hydrolysis by this enzyme sometimes proceeds slowly and results in in-
complete degradation of the substrate. Clostripain from the anaerobic bacterium
Clostridium histolyticum is well known for its selective hydrolysis of arginyl bonds,
but lysyl bonds are cleaved at a lower rate. The V8 protease from Staphylococcus
aureus is highly specific for the cleavage of glutamyl bonds and is, therefore,
widely used in sequence analysis. The less-specific chymotrypsin provides an alter-
native set of peptide fragments bearing aromatic or hydrophobic aliphatic amino
acids at the C-terminus. In general, too many small peptides will be formed, and
this does not facilitate determination of the primary structure of a protein. The
same is also true for other less-specific endopeptidases, e.g., papain, subtilisin or
pepsin, but these enzymes gained importance for isolating small peptide frag-
ments containing disulfide bonds, phosphoserine or glycosyl moieties in their
side chains.

For selective chemical cleavages, cyanogen bromide (BrCN) and N-bromosuccin-
imide are the favorite reagents in common use (Fig. 2.13). Cleavage with BrCN
[77] under acidic conditions (0.1 M HCI or 70% formic acid) denatures the protein
and causes the formation of a peptidyl homoserine lactone from Met residues un-
der release of the aminoacyl peptide. It should be taken into consideration that
the C-terminal homoserine lactone as a reactive species may be used to anchor
the peptide to an insoluble support for solid-phase sequencing (Section 2.3.2.5).

Trp is, like Met, another amino acid that occurs only rarely in proteins. Clea-
vage of tryptophyl bonds will, therefore, also form larger fragments. N-Bromosuc-
cinimide cleaves not only tryptophyl bonds but also tyrosyl bonds [78]. The use of
either 2-(2-nitrophenylsulphenyl)-3-methyl-3-bromoindolenine, which is generated
in situ from 2-(nitrophenylsulphenyl)-3-methyl-indole, N-bromosuccinimide [79],
or 2-iososobenzoic acid [80] allows for a more selective cleavage of tryptophyl

bonds.
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Fig. 2.13 Chemical sequence-specific cleavage of peptide bonds with (A) bromocyan
(BrCN) and (B) N-bromosuccinimide (NBS).

2.3.2.5 N-Terminal Sequence Analysis (Edman Degradation)

The most efficient method for stepwise degradation of a peptide chain starting
from the N-terminus was developed by Pehr Edman in 1949 [81]. This cyclic pro-
cess consists of three steps: coupling, degradation, and conversion. Each cycle in-
volves the reaction of the a-amino group at the N-terminus of a peptide chain
with phenyl isothiocyanate (PITC) under slightly basic conditions, thereby form-
ing the phenylthiocarbamoyl (PTC) adduct (Fig. 2.14).

Extractive removal of excess PITC is followed by treatment with an anhydrous
strong acid such as trifluoroacetic acid to cleave the N-terminal amino acid to give
its 2-anilino-5(4H)-thiazolone derivative, without attacking the rest of the peptide
bonds within the chain. The 5(4H)-thiazolone derivative is extracted and under-
goes rearrangement in hot trifluoroacetic acid to give the more stable 3-phenyl-2-
thiohydantoin (PTH). The PTH-amino acids can be identified by TLC on silica
gel, by RP-HPLC on a column with UV detection (2-anilino-5(4H)-thiazolone can
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Fig. 214 The Edman method for N-terminal stepwise peptide degradation.

be identified and quantified similarly), or by GLC also in combination with MS.
In order to obtain good results, precisely standardized conditions are required.
The repetitive yield is defined as the total yield of one cycle. Unfortunately, the
yield of PTH cannot achieve 100% at every step because of incomplete reactions
and losses during the manipulations. Consequently, small amounts of PTHs cor-
responding to preceding sequence positions will be formed. At a stage when the
yield of PTH from the newly exposed N-terminus is very low and the number of
PTHs resulting from incompletely degraded chains is very high, interpretation of
the results is invalid.

The Edman degradation has been improved by the development of the spin-
ning-cup or liquid-phase sequencer [82]. Using this equipment, the analysis mate-
rial is spread by centrifugal forces as a thin film on the inner wall of a spinning
cup. The reagents and solvents are fed automatically to the bottom of the glass
cup through a valve assembly and a special feeding line. The extracting solvents
reach a groove in the cup, from where they are removed and leave the cup
through an effluent line. All operations such as dissolution, concentration, drying
under vacuum and extraction are carried out in the same system. The truncated
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peptide remains in the reaction vessel. Automated Edman degradation achieves re-
petitive yields of >90%. Nowadays “normal” repetitive yields of approximately 95%
allow 30-40 cycles to be performed, with reliable results.

The amount of material required for analysis can be significantly reduced by
using a polymeric quaternary ammonium salt, called polybrene. This adheres
strongly both to the analyte and to glass, and results in a form of immobilization
of the peptide material.

Another breakthrough in sequence analysis was the development of the gas phase
sequencer by Hewick et al. [83] in 1981. Using this simple principle, the amount of
material used for analysis could be reduced even further. A chemically inert disc
made of glass-fiber, sometimes coated with polybrene, is used for the application
of the analysis sample. Exact quantities of basic and acidic reagents, respectively,
are delivered as a vapor in a stream of argon or nitrogen, and then added to the re-
action cell at programmed times. Under these conditions the peptide loss can be
significantly minimized, and such an instrument is capable of processing up to
one residue per hour. The thiazolinone derivative is automatically removed and con-
verted to the PTH derivative. The pulsed-liquid sequencer is a variant of the gas-
phase sequencer. The acid is delivered as a liquid for very rapid degradation, which
requires an accurately measured quantity sufficient to moisten the protein sample
and to prevent it from being washed out. Such a procedure shortens the cycle by
up to 30 min. Modern sequencers need, on average, as little as 10 pmol peptide or
protein, though this must be free of salts and detergents.

The solid-phase sequencer, described by Laursen et al. [84], is based on a type
of “reversed Merrifield technique” (see Section 4.5). The peptide is covalently im-
mobilized on a suitable support, and this allows for simple separation of excess
phenyl isothiocyanate and 2-anilino-5(4H)-thiazolone. Initially, aminopolystyrene
was applied as the matrix, but neither this material nor polyacrylamide could ful-
fil the requirements for optimum solid supports. Controlled-pore glass treated
with 3-aminopropyltriethoxysilane displays improved properties for covalent at-
tachment of peptides to the free amino groups of the support by different cou-
pling methods. Despite new attempts to use improved coupling methods for cova-
lent fixation of the peptide to membranes, the solid-phase sequencing principle
has not yet achieved the value of the gas-phase sequencer.

2.3.2.6 C-Terminal Sequence Analysis
The identification of C-terminal sequences is a useful complementation to the Ed-
man degradation procedure, especially in the investigation of N-terminally blocked
peptides and proteins. Furthermore, C-terminal sequence information is of general
interest for the control of recombinant protein products, for identification of post-
translational truncations, for the confirmation of DNA sequence data, and for assist-
ing the design of oligonucleotide probes for molecular cloning studies.

According to Schlack and Kumpf [85], the treatment of a N-acyl peptide with
ammonium thiocyanate and acetic anhydride leads to cyclization at the C-termi-
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nus, forming 1-acyl-2-thiohydantoins. Mild alkaline hydrolysis yields the 2-thiohy-
dantoin corresponding to the C-terminal amino acid residue and the N-acyl pep-
tide containing one amino acid residue less (Fig. 2.15).

Further developed instruments [86] with improved chemistry for the activation
and cleavage steps [87, 88] are now in use for C-terminal sequencing. Compared
to Edman chemistry, C-terminal degradation techniques are less efficient and give
rise to various side reactions. In particular, the yields are significantly lower than
those obtained by Edman degradation. Proline normally stops C-terminal degrada-
tion and requires special derivatization. Using a C-terminal sequencer in which
most parameters have been modified has resulted in improved sensitivity, length
of degradation, Pro passage, and combined application with Edman degradation
[89]. C-Terminal sequence analysis is now also possible even on the 10 pmol level.
Efficient combination of N- and C-terminal sequencing using the same analysis
sample and degradation of more than 10 residues is feasible. The present stan-
dard should allow routine analysis of most proteins, and hence C-terminal se-
quence analysis has become a useful complement to N-terminal degradation and
MS.

Enzymatic degradation by carboxypeptidase is an attractive method for C-termi-
nal sequencing, both by determination of the released amino acids and by identi-
fying the truncated peptides with mass spectrometry.

2.3.2.7 Mass Spectrometry

Mass spectrometry has proved to be a very useful tool in the analysis of peptides
and proteins [90], as well as in the rapidly developing area of proteome analysis
[91]. MALDI [92] and ESI [93] currently are the dominant methods for ionization
of biomacromolecules. The latter technique may be also be coupled to separation
techniques such as HPLC and capillary electrophoresis (CE). The different techni-
ques of biomolecular MS enable an exact determination to be made of the molec-
ular mass of a peptide or protein, and with high sensitivity and resolution.
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Nanospray techniques have subsequently pushed the detection limits for pep-
tide sequencing into the attomolar range [94]. The advances of the genome-se-
quencing projects and bioinformatics methods have also changed the position of
MS, which is now becoming a deeply integrated tool in proteomics. Proteins sepa-
rated on two-dimensional polyacrylamide gels can be identified at the subpicomo-
lar level [95]. In this approach, the protein present in the gel is digested by treat-
ment with a protease (e.g., trypsin) and the resulting peptide fragments (peptide
fingerprint, peptide mass map) are identified by searching against databases.
MALDI peptide mapping operates efficiently when a statistically significant num-
ber of peptide peaks is detected and assigned unambiguously in the digest. Alter-
natively, nanoelectrospray MS can be applied if MALDI peptide mapping fails to
identify the protein.

In particular, MALDI-MS and ESI-MS offer an alternative to the classical Ed-
man peptide sequencing. The soft desorption of these techniques does not induce
fragmentation processes, and allows the transfer of high-molecular mass polypep-
tide ions into the gas phase [96, 97]. MALDI often is combined with a very sensi-
tive time-of flight (ToF) detector. As a rule, short peptides can be directly se-
quenced, for example by MALDI-ToF techniques via post-source decay (PSD),
while preceding cleavage to give suitable fragments is an imperative prerequisite
for proteins and longer polypeptides. As indicated above (Section 2.3.2.6), either
the released amino acid or the truncated peptides obtained from C-terminal se-
quencing using carboxypeptidase can be identified by MS coupled with various in-
strumental variations such as fast-atom bombardment [98], plasma desorption
[99], ESI [100], or MALDI-MS.

Tandem mass spectrometry (MS/MS, or MS") was originally developed for the
analysis of the molecular structure of single ions. These ions are selected by mass
and further fragmented by employing collision-induced dissociation (CID) and
subsequent analysis of the resulting fragments. MS/MS is routinely employed to
determine the site and nature of a modification (post-translational or chemical).
Targeted chemical modification of proteins may be detected by MS, and has been
utilized as a probe of protein secondary structure or for the characterization of ac-
tive sites. Coupling to high-performance separation techniques allows quantita-
tion. MS/MS is a suitable method for the sequence analysis of a peptide, and is
proving indispensable for proteome analysis. Peptides are prone to fragment at
amide bonds after low-energy collisions, and this results in a predictable fragmen-
tation pattern. Consequently, sequence information can be obtained by this tech-
nique because most amino acids have unique masses. Only the pairs of leucine/
isoleucine and lysine/glutamine cannot be distinguished. Chemically modified
amino acids have in most cases a molecular mass that is not identical with one of
the naturally occurring amino acids and hence can be readily identified in the
fragmentation pattern. Furthermore, disulfide bond assignment in proteins is pos-
sible using MALDI/MS.

The application of an ion-trap instrument for MS® experiments and a computer
algorithm for automated data analysis have led to a novel concept of two-dimen-
sional fragment correlation MS and its application in peptide sequencing [101].
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Even though the daughter ion (MS?) spectrum of a peptide contains the sequence
information of the peptide, it is very difficult to decipher the MS* spectrum due
to the difficulty in distinguishing the N-terminal fragments from the C-terminal
fragments. This problem can be solved by taking a grand-daughter ion (MS?)
spectrum of a particular daughter ion, since all fragment ions of the opposite ter-
minus are eliminated in this spectrum. The sequence of the peptide can be de-
rived from a two-dimensional plot of the MS” spectrum versus the intersection
spectra (2-D fragment correlation mass spectrum). Using this technique, about
78% of the sequence of a tryptic digest of cytochrome c could be determined. In-
terestingly, this de-novo sequencing approach works with complex mixtures, does
not require any additional wet chemistry step, and should be fully automated in
the near future.

2.3.2.8 Peptide Ladder Sequencing

Peptide ladder sequencing combines ladder-generating chemistry and MS. The
principle of peptide ladder sequencing based on Edman degradation with MALDI-
MS was first developed by Chait et al. [102] in 1993.

N-terminal ladder sequencing requires a modified Edman procedure in which
in every step the peptide is incompletely degraded to yield continuously a mixture
of one amino acid-shortened peptides. Such a peptide ladder is formed when Ed-
man degradation with PITC (cf. Fig. 2.14) is performed in the presence of 5%
phenyl isocyanate (PIC) as terminating reagent.

The phenylthiocarbamoyl peptide is cleaved in the presence of a strong acid to
give the 5(4H)-thiazolone, while the phenylcarbamoyl peptide, formed from PIC,
is stable under these conditions. During the next cycles the content of phenylcar-
bamoyl peptides (PC peptides) increases to a statistical mixture, thereby forming
the peptide ladder. Analysis of the mixture using MALDI-MS allows for direct se-
quence determination from the successive mass differences of the peptide ladder
(Fig. 2.16).

Since, contrary to the classical Edman procedure, quantitative derivatization is
not necessary, one degradation cycle can be performed within approximately
5 min. Furthermore, application of the volatile trifluoroethyl isothiocyanate re-
sulted in a significant optimization of this procedure and allowing for peptide se-
quencing at the femtomole level [103]. The equal masses of Leu and Ile, and the
small mass differences between Glu/Gln and Asp/Asn, represent serious prob-
lems. The latter requires sufficient mass resolution, provided for example by mod-
ern MALDI-ToF spectrometers in a range up to 5000 daltons.

C-terminal ladder sequencing is based on the same principle, and initially was
combined with C-terminal sequence analysis after carboxypeptidase treatment
(Section 2.3.2.6). This procedure was applied both by time-dependent [104,105]
and concentration-dependent [106] CP digestion. Another C-terminal ladder se-
quencing approach uses Schlack-Kumpf chemistry (Section 2.3.2.6) coupled with
MALDI-MS analysis of the truncated peptides [107]. This chemical one-pot degra-
dation procedure is applied without purification steps, and no repetitions must be
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Fig. 2.16 Derivation of the amino acid sequence from
the peptide ladder from mass differences analyzed by
MALDI-MS. PC = phenylcarbamoyl.
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performed to obtain ladders of C-terminal fragments — so-called ragged ends. It
could be demonstrated that the 20 common proteinogenic amino acid residues
are compatible with this technique, but only up to eight residues of C-terminal se-
quences can be determined. MALDI instruments with delayed extraction [108,
109] allow for the discrimination of all amino acids except Leu and Ile. Lys and
Gln, having the same mass, can be distinguished after chemical acetylation with
the formation of N®-acetyllysine.

2.3.2.9 Assignment of Disulfide Bonds and Peptide Fragment Ordering

In order to determine disulfide bond positions present in a peptide or protein, the
latter is hydrolyzed under conditions such that the risk of disulfide exchange is
minimized. The classical approach involves enzymatic cleavage using peptidases
of low specificity, e.g., thermolysin or pepsin. The pairs of proteolytic fragments
linked by disulfide bonds are then separated by diagonal electrophoresis. This
technique includes electrophoretic separation in two dimensions using identical
conditions. After electrophoresis in the first dimension, the electropherogram is
exposed to performic acid vapor in order to oxidize cystine residues to cysteic acid
(see Section 2.3.2.2). Electrophoresis in the second dimension is then carried out
under the same conditions. Those peptide fragments not modified by performic
acid are located on the diagonal of the electropherogram, because their migration
is similar in both directions. In contrast, cystine-containing peptide fragments will
be oxidatively cleaved to give two new peptides that occur off-diagonally. Normally,
fragments with an intrachain disulfide give only one new product, whereas frag-
ments connected by interchain disulfide bonds are transformed to two new pep-
tide products. After isolation of the parent disulfide-linked peptide fragment, the
disulfide bond is cleaved, followed by alkylation and fragment sequence analysis.
Alternative procedures are based on RP-HPLC and MS.
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The strategy for sequence determination of a peptide or protein subsequent to en-
zymatic cleavage requires the correct ordering of the peptide fragments to be se-
quenced individually. This can be performed by comparing the sequences of two
sets of overlapping peptide fragments that result from polypeptide cleavage with dif-
ferent sequence specificities (Section 2.3.2.4). The principle is shown in Tab. 2.3.

Amino acid analysis in the case of Tab. 2.3 gives the result that the polypeptide
consists of 30 amino acids. The peptide has Phe at its N-terminus, as determined
by Sanger’s end-group analysis. Since the absence of Met excludes selective cleavage
with BrCN (Section 2.3.2.4), enzymatic cleavage can be performed with chymotryp-
sin and trypsin, respectively. The pattern of five overlapping fragments leads to the
conclusion that the original sequence corresponds to the B chain of human insulin.

Tab. 2.3 Determination of the primary structure of a polypeptide by comparing the sequences
of two sets of overlapping peptide fragments.

Analytical steps Conclusion

Amino acid analysis

Ala 1 Gln 1 Leu 4 Ser 1

Arg 1 Glu 2 Lys 1 Thr 2 The polypeptide consists of 30
Asn 1 Gly 3 Phe 3 Tyr 2 amino acids.

Cys 2 His 2 Pro 1 Val 3

Determination of terminal groups by Sanger

Phe Phe is the N-terminal amino

acid residue.

Enzymatic cleavage

Cleavage with chymotrypsin
A Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-
Val-Glu-Ala-Leu-Tyr

B Leu-Val-Cys-Gly-Glu-Arg-Gly-Phe
C Thr-Pro-Lys-Thr

D 2 Phe, 1 Tyr

Cleavage with trypsin

E Phe-Val-Asn-Gln-His-Leu-Cys-Gly-Ser-His-Leu-

Val-Glu-Ala- Leu-Tyr-Leu-Val-Cys-Gly-Glu-Arg
F  Gly-Phe-Phe-Tyr-Thr-Pro-Lys
G Thr

Sequence analysis and elucidation

Fragment C forms the C-termi-
nus of the original peptide, be-
cause it does not contain either
an aromatic amino acid (chy-
motrypsin cleavage) or a Lys/
Arg residue (trypsin cleavage)
at the C-terminus.

A B C

|| L 1]

|
|FVNQHLCGSHLVEALYLVCGEIF‘GFFYTPFf

E F

The polypeptide has the se-
quence of human insulin B
chain.
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2.3.2.10 Location of Post-Translational Modifications and Bound Cofactors
Post-translationally modified proteins (see Section 3.2.2) and those with perma-
nently associated prosthetic groups fulfil important functions in biochemical path-
ways. In order to determine the location of modified amino acids, the protein
must be degraded under conditions that are similar to those described for assign-
ment of disulfide bonds (Section 2.3.2.9). Especially mild conditions are required
to detect, for example, y-carboxyglutamic acid (Gla) in various proteins as it is de-
carboxylated very easily under acidic conditions to give glutamic acid. Many pro-
teins (and especially enzymes) contain covalently bound nonpeptide cofactors,
e.g., N*lipoyllysine in dihydrolipoyl transacetylase, 8c-histidylflavin in succinate
dehydrogenase, and biotin linked to the enzyme via the g-amino group of a lysine
residue. Subsequent to specific peptide chain cleavage reactions (as mentioned
above), the resulting fragments containing the modified building block may be ef-
ficiently analyzed using various MS-based techniques (Section 2.3.2.7).

Nonenzymatic post-translational modifications cause protein degradation both
in vivo as well as in vitro. The formation of 3-nitrotyrosine (3-NT), protein carbo-
nyls, advanced glycation end-products (AGE), oxidation of methionine to methio-
nine sulfoxide as well as tyrosine to dityrosine are selected examples that require
exact quantification and characterization. The presence of 3-NT-containing pro-
teins in tissue results from the reaction with reactive nitrogen species that are
formed in vivo [110]. Besides reduction of 3-NT to 3-aminotyrosine, protein tyro-
sine nitration can be characterized directly by MS of a purified full-length or pro-
teolytically digested peptide or protein [111, 112]. Protein carbonyls may be
formed under oxidative stress by direct conversion of an amino acid side chain
into a carbonyl, or by covalent attachment of carbonyl-carrying molecules like 4-
hydroxynonenal. The detection of a protein carbonyl can be performed after deri-
vatization with 2,4-DNP and either spectrophotometric analysis or staining with
an anti-DNP antibody [113]. AGE formation is associated, for example, with aging
and diabetes. Post-translational modifications of proteins (glycosylation, oxidation,
phosphorylation) may be detected by MS. Electrospray and MALDI-ToF mass spec-
trometry have been applied to the direct analysis of, for example, glycosylated pro-
teins. Methylglyoxal-dependent modifications to N°®-carboxymethyllysine could be
detected in human lens proteins as a result of age-dependent reactions [114].
Higher contents of N°®-carboxymethyllysine-protein adducts have also been found
in the peripheral nerves of human diabetics [115]. General strategies for the sepa-
ration and identification of glycated proteins have been reviewed recently [116].
Further oxidative modifications result from the oxidation of methionine to methio-
nine sulfoxide, or tyrosine to dityrosine [117]. Hydroxyl radical oxidation is charac-
terized by the formation of 3-hydroxyvaline and 5-hydroxyvaline, as well as 3,4-di-
hydroxyphenylalanine (DOPA), o- and m-tyrosine, and dityrosine [118]. The oxida-
tion of Met to methionine disulfoxide and of Tyr to dityrosine, as well as the hy-
droxylation of aromatic amino acid side chains in proteins, are often correlated
with pathologic phenomena and can be detected by MS/MS [119]. Deamidation
[120] and diketopiperazine formation [121] complete the nonenzymatic post-trans-
lational modifications.
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2.4
Three-Dimensional Structure

The structural features of a polypeptide and protein chain are described in terms
of primary, secondary, and tertiary structure. This description is, to a limited ex-
tent, also valid for peptides. While the primary structure classifies the number
and sequence of the amino acid residues in a peptide or protein chain, the sec-
ondary structure describes ordered conformations of periodic (helix, sheet) or non-
periodic (turn) nature. Often, these regular structures are stabilized by hydrogen
bonds between hydrogen bond donors (NH) and acceptors (C=O) of peptide
bonds. The three-dimensional arrangement of secondary structure elements is
called the tertiary structure.

2.4.1
Secondary Structure

The peptide chain conformation preferred under physiological conditions is domi-
nated by the energetically favored torsion angles ¢, v, and o, together with addi-
tional stabilizing factors such as hydrogen bonds and hydrophobic contacts. In
comparison to an alkyl chain, the number of accessible torsion angles for each
backbone bond — and hence the number of possible conformations of a peptide
chain - is restricted as a consequence of the partial double bond character of the
amide bond with a significant rotational barrier (see Section 2.1). The accessible
torsion angle regions of ¢ and  are displayed in Ramachandran plots. Substitu-
ents at the amide bond can be positioned to give cis (0=0°) or trans (®=180°)
configuration, respectively.

A hydrogen bond 17 basically is formed between the NH group (hydrogen bond
donor) and the carbonyl oxygen atom (hydrogen bond acceptor) of peptide bonds.

4,
N—H
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The amide bond resonance confers a negative partial charge onto the carbonyl
oxygen, and a neighboring NH proton comes into contact with the orbitals of the
carbonyl oxygen. The distance between the oxygen and the nitrogen atom in a hy-
drogen bond is ~280 pm. The energy of a single hydrogen bond is quite low
(20 k] mol™), compared to a covalent bond (200-400 k] mol™). However, in most
secondary structure elements stabilized by hydrogen bonding it is multiple rather
than single hydrogen bonds that are formed, and it is these multiple interactions
of such a cooperative system that result in considerable stabilization.
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2.4.1.1 Helix

The helix is a widely occurring secondary structure element comprising a screw-
like arrangement of the peptide backbone that is stabilized by intramolecular hy-
drogen bonds aligned in parallel to the helix axis. A helix is characterized by a
well-defined number of amino acid residues per turn (n), the helix pitch (h, re-
peat distance), and the number of skeleton atoms incorporated into the “ring”
formed by the intramolecular hydrogen bond. Helices are chiral objects, the direc-
tion of the helical turn being given by the letters “P” (plus) for clockwise and “M”
(minus) for anti-clockwise helices.

(A)

3.643 helix (a-helix)

R H O R I{-| 0
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340 helix |
4.4, helix (n-helix)

0.15 nm

Fig. 217 Hydrogen bond pattern in a-helical peptides (A) and schematic
view of the hydrogen bond pattern in different helices (B).

The most common form is the o-helix (Fig. 2.17), which was originally proposed
by Pauling and Corey based on theoretical investigations regarding the X-ray diffrac-
tion patterns of a-keratins. The a-helix comprises a spiral arrangement of the pep-
tide backbone with 3.6 amino acid residues per turn (n=3.6), a helix pitch (h) of
540 pm, and the torsion angles ¢=57°, y=47°. It is stabilized by hydrogen bonds
directed backwards from a C-terminal NH to a N-terminal CO (NH"** - CO') form-
ing a 13-membered “ring” (Fig. 2.17). Consequently, the full nomenclature of an a-
helix composed of 1-amino acid residues is 3.613-P-helix. The amino acid side chains
are oriented perpendicularly to the helix axis in order to reduce steric strain. Other,
less prominent helix types are 3j¢-helix (31¢-P-helix, ¢=-60°, y=-30°), n-helix
(4.416-P-helix, ¢=-57°, y=-70°), and y-helix (5.1;7-helix).
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The nature of the amino acid side chain is of crucial importance for helix stability.
Helix compatibility of a series of amino acids has been examined [122]. The amino
acids proline and hydroxyproline as well as other (nonproteinogenic) N-alkylated
amino acids are not able to act as hydrogen bond donors, and display high helix-
breaking properties. However, they do occur in the collagen triple helix. Glycine also
does not have any conformational bias towards helix formation, whereas many other
amino acids (Ala, Val, Leu, Phe, Trp, Met, His, Gln) are highly compatible with he-
lical structures. The general criteria for helix stabilization by amino acid residues
are: (i) the steric requirements of the amino acid side chain; (ii) electrostatic interac-
tions between charged amino acid side-chain functionalities; (iii) interactions be-
tween distant amino acid side chains (i<>i+3 or i« i+4); (iv) the presence of pro-
line residues; and (v) interactions between the amino acid residues at the helix ter-
mini and the electrostatic dipole moment of the helix.

a-Helices can only be formed by peptide chains of homochiral building blocks.
They contain exclusively p- or exclusively 1-amino acids. The right-handed o-helix
(from 1-amino acids) is the preferred conformation, for energetic and stereochemi-
cal reasons. A minimum number of amino acids is required for helix formation.

2.4.1.2 pB-Sheet

The hydrogen bond pattern of B-sheets differs fundamentally from that of helical
structures, with hydrogen bonds being formed between two neighboring polypep-
tide chains. Two major variants of B-sheet structures may be distinguished.

e The parallel B-sheet, where the chains are aligned in a parallel manner
(Fig. 2.18A).

e The antiparallel B-sheet, where two neighboring peptide chains connected by
hydrogen bonds are aligned in an antiparallel manner (Fig. 2.18 B).

An ideal B-sheet structure of a peptide chain is characterized by ¢ and y angles of
+180°.

A hypothetical fully extended oligoglycine chain is characterized by the angles
$=-180° and y=180°. This structure, however, cannot be accommodated without
distortion when side chains are present. In this case, an antiparallel B-pleated
sheet displays torsion angles ¢$=-139° and y=135° (Fig. 2.18). B-Pleated sheets
are found in silk fibroin and other B-keratins, as well as in several domains of
globular proteins. The side chains of amino acids involved in B-sheet formation
are aligned in an alternating manner towards both sides of the B-sheet. B-Sheet
structure is much more complex than a simple ribbon diagram might imply. B-
Sheets may occur in a twisted, curled, or backfolded form [123]. B-Strands may al-
ter the direction of the main chain dramatically by 180° in a B-turn, or more sub-
tly in a B-bulge. B-Sheets usually exhibit a right-handed twist, favored by non-
bonded intrastrand interactions and interstrand geometric constraints. With re-
spect to tertiary structure, layers of f-sheets usually are oriented relative to each
other either at a small angle (-30°) in aligned B-sheet packing, or close to 90° in
orthogonal B-sheet packing [124]. Statistical studies of proteins of known structure
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Fig. 218 Hydrogen bond pattern in parallel (A) and antiparallel (B, C) B-pleated sheets.

revealed that B-branched and aromatic amino acids most frequently occur in -
sheets, while Gly and Pro tend to be poor f-sheet-forming residues. B-Sheets of-
ten occur in the hydrophobic core of proteins. Consequently, the B-sheet-forming
propensities of amino acids may reflect the hydrophobic requirement more than a
real B-sheet-forming propensity. The B-pleated sheet has been postulated as a
structure into which any amino acid could substitute.

2413 Turns

Loops of a polypeptide chain are characterized by an inversion of the chain direc-
tion. The characteristic secondary structure element of a loop is, therefore, the re-
verse turn. A polypeptide chain cannot fold into compact globular structure with-
out involving tight turns that usually occur on the exposed surface of proteins.
Hence, turns provide useful information to defined template structures for the de-
sign of new molecules such as drugs, pesticides, and antigens. Turns are also
found in small peptides. Often, but not necessarily, they are stabilized by a hydro-
gen bond between an amino group located C-terminally and a carboxy group lo-
cated N-terminally. Turns are classified according to the number of amino acid re-
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sidues involved as y-turns (three amino acids), B-turns (four amino acids), o-turns
(five amino acids), or mturns (six amino acids) (Fig. 2.19). The characterization of
a-turns involves dihedral angles of three amino acids (i+1, i+2, i+3). Conse-
quently, nine o-turn types have been classified by Pavone et al. [125] (Tab. 2.4).

A general criterion for the existence of a B-turn is that the distance of the atoms
C (i) and Ca (i+3) is smaller than 7 A.

B-Turns can be further classified according to the characteristic dihedral angles
¢ and y (Fig. 2.20; Tab. 2.4) of the second (i+1) and the third (i+2 amino acid).
Originally B-turns were classified into types I, II, and III and the pseudo-mirror
images (I, II', III') [126]. Subsequently, the definition was broadened and the
number of B-turns types was increased from six to 10 (I, ', I, IT, III, IIT', IV, V,
VI, VII). However, as type III B-turns are the basic structural elements of the 3;o-
helix, type III B-turns have been eliminated from this classification. These loop
structures differ, therefore, in the spatial orientation not only of the NH and CO
functions of the amino acids in positions i+1 and i+2, but also of the side
chains. The three-dimensional side-chain orientation is given by the vectors

Tab. 2.4 Characteristic torsion angles in the most important secondary structures.

Type Piv1 Wiet Pis2 WVis2 Pis3 WVis3
y-turn 75° —64°

y-turn -79° 69°

Bl-turn —60° -30° -90° 0°

BI'-turn 60° 30° 90° 0°

BII-turn -60° 120° 80° 0°

BII'-turn 60° -120° -80° 0°

BIV-turn 61° 10° -53° 17°

BVIa-turn (1) —60° 120° -90° 0°

BVIa-turn (2) -120° 120° 60° 0°

BVIb-turn -135° 135° -75° 160°

BVIII-turn -60° -30° -120° 120°

[-ags-turn -60° -29° -72° -29° -96° -20°
[-a;s-turn 48° 42° 67° 33° 70° 32°
[I-ags-turn -59° 129° 88° -16° -91° -32°
[l-0ys-turn 53° -137° -95° 81° 57°¢ 38°
[-agy-turn 59° -157° —67° -29° —-68° -39°
[-opy-turn -61° 158° 64° 37° 62° 39°
[I-ogy-turn 54° 39° 67° -5° -125° —-34°
-0y y-turn -65° -20° -90° 16° 86° 37°
[-oc-turn -103° 143° -85° 2° -54° -39°
3,0-helix —60° -30°

a-Helix -57° —47°

n-Helix -57° -70°

Polyproline II helix -75° 145°

Antiparallel B-pleated sheet -139° 135°

Parallel B-pleated sheet -119° 113°
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Fig. 220 Characteristic torsion angles in f-turns.

C“— CP. If functional groups are present in the side chain, they may be crucial
for peptide-receptor interactions.

Some types of B-turns are stabilized intrinsically by certain amino acids. Proline
has the highest tendency to occur in a reverse turn. The pyrrolidine ring in r-pro-
line restricts the dihedral angle ¢ to —60°: Therefore, proline with a trans-config-
ured peptide bond is found preferentially in position i+1 of BI- or Bll-turns. Pro-
line with a cis-peptide bond occurs in position i+2 of a BVIa-turn, which is also
named proline-turn. Mainly p-proline, but also p-amino acids, in general have a
high preference to occur in position i+1 of a BII'-turn. Glycine often is consider-
ed as “proteinogenic p-amino acid”, because it is, like p-amino acids, often found
in positions i+1 or i+2, respectively, of a turn.

2.4.1.4 Amphiphilic Structures
Amphiphilic (amphipathic) compounds are at the same time both hydrophilic and
hydrophobic (Fig. 2.21). In amphiphilic helices, one side of the helix mainly pre-
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sents hydrophobic residues, while the other side mainly contains hydrophilic resi-
dues. Interactions between hydrophobic residues in an aqueous environment med-
iate molecular self-assembly of amphiphilic peptides and stabilize the aggregate.

(A) Helix-turn-helix (B) B-sheet

Hydrophilic residues Hydrophilic residues
Hydrophobic residues Hydrophobic residues

() ()
o 0

~
=
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000000000080
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o] le] lo] lo] [o] |

Fig. 2.21 Positioning of hydrophobic and hydrophilic residues within an
amino acid sequence that fold as helix-turn-helix (a-helical hairpin, A) or
B-sheet (B-hairpin, B) motif.

Fig. 2.22 Sequence and Schiffer-Edmundson’s helical wheel re-
presentation of the amphipathic a-helical 18-peptide
LKLLKKLLKKLKKLLKKL [127].

Correct placement of hydrophobic and hydrophilic residues within an amino
acid sequence promotes the formation of amphiphilic helices (Fig. 2.22). Helices
may associate as o-helical hairpins (helix-turn-helix), coiled coils [128], or helix
bundles. The association may be either inter- or intramolecular. In a hydrophilic
surrounding, the hydrophobic residues assist the formation of a secondary struc-
ture (a-helix, B-sheet; Fig. 2.21) and form a stabilizing core between the single sec-
ondary structure elements. The hydrophobic surface areas are not exposed to the
aqueous (hydrophilic) environment because of the association of two or more he-
lices via a hydrophobic interhelix interface.

Amphiphilic B-sheets usually are composed of alternating polar and nonpolar
residues within the B-strand sequence. Consequently, association of the B-strands
gives an amphiphilic B-hairpin or B-sheet where the hydrophobic faces may associ-
ate in a sandwich-like fashion. Amphiphilic helices also interact with lipid mem-
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branes. The 26-peptide melittin is present in a monomeric form at low concentra-
tions in aqueous media of low ionic strength, where it is largely in a random coil
conformation according to circular dichroism (CD) spectroscopy. However, at the
lipid bilayer interface, melittin adopts a highly helical conformation. Peptides
such as melittin belong to the defense system of a variety of species, and enhance
the permeability of the lipid membrane by directly disturbing the lipid matrix.
They usually disrupt the transmembrane electrochemical gradient. Magainins and
cecropins have been shown to adopt a-helical secondary structure in membrane
environments [129]. Many amphiphilic peptides are thought to form transmem-
brane helical bundles, though whether amphiphilic peptides align along the lipid
bilayer plane or whether they form transmembrane helical structures remains a
controversial issue. A lipid bilayer is ~30A thick, which corresponds to the
length of a 20-peptide a-helical structure. Hydrophobic or amphiphilic peptide
segments of about 20 amino acids length are often found in natural ion channel
proteins. These peptides are regarded as being able to penetrate membranes per-
pendicularly [130]. The detergent-like characteristics of amphiphilic helical pep-
tides might provide an alternative explanation for their cytotoxic activity [131].

242
Tertiary Structure

In helices or B-sheets, the conformation of a polypeptide chain is determined not
only by hydrogen bonds but also by additional interactions and bonds that stabi-
lize the chain’s three-dimensional structure (Fig. 2.23). Metal chelation by differ-
ent groups within a protein fold (e.g., zinc finger) is a further stabilizing factor.
The disulfide bond is the second type of covalent bond besides the amide bond
in a polypeptide chain. It contributes sequence-specifically to formation of the so-
called tertiary structure, the conformation of the full peptide chain. A disulfide
bond is formed by oxidation of the SH groups of two cysteine residues. Intramole-
cular disulfide bonds are formed within a single polypeptide chain, while intermo-
lecular disulfide bonds occur between different peptide chains. A torsion angle of

disulfide bond hydrogen bond ionic bond hydrophobic
(salt bridge) interaction
\/\(\/ \N/\ﬂ/\/
|
H O e}
i 2 o H,
e} |I'| 0 3
/\)/\/\ /U\/N\/\
Glu, Asp lle, Leu
Lys, Arg Val, Phe

Fig. 2.23 Stabilizing interchain interactions between amino acid side chains.
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~110° is observed at the disulfide bridge. The disulfide bonds are not cleaved
thermally because of the high bond energy of 200 k] mol™" (cf. C-C: 330 k] mol ™,
C-N: 260 k] mol™", C-H: 410 k] mol™"). However, they can be cleaved reductively
by an excess of reducing agents such as thiols (e.g., dithiothreitol, DTT).

Hydrogen bonds may be formed not only between structural elements of the
peptide bonds (as shown for secondary structures), but also between suitable side-
chain functionalities of trifunctional amino acids.

The functional groups in the side chains of acidic or basic amino acids are com-
pletely or partially ionized at physiological pH. Therefore, electrostatic interactions
are observed between acidic and basic groups. These ionic bonds (salt bridges) be-
tween carboxylate groups (aspartyl, glutamyl or the C-terminus) and N-protonated
residues (arginine, lysine, histidine or the N-terminus) with a bond energy of
~40-85 k] mol™" influence peptide conformation. Electrostatic interactions are
also extended to the hydrate shell. Moreover, ion-dipole and dipole-dipole interac-
tions are observed; these occur because of electrostatic interactions between polar-
izable groups (SH groups, OH groups) with relatively small binding contribu-
tions. Generally, electrostatic interactions are highly dependent on the pH, salt
concentration, and dielectric constant of the medium.

Hydrophobic interactions are eminently important in the stabilization of pep-
tide chain conformations. Amino acids with aliphatic or aromatic side chains are
characterized by apolar regions with uneven electron distribution. Between these
residues, temporary asymmetric electron distribution (temporary dipole forma-
tion) results in van der Waals bonds which contribute slightly to the stabilization
of the conformation. The formation of these hydrophobic bonds can only occur in
the presence of water molecules. Hydrophobic regions are covered in aqueous so-
lution by a molecular layer of highly ordered water molecules. State 1 in Fig. 2.24
is thermodynamically disfavored because of the higher degree of order.

Although both hydrophobic residues in State 2 are ordered to a higher degree,
the degree of order of the water molecules has decreased dramatically. A transi-
tion from State 1 to State 2 depends on a decrease in free enthalpy, AG, of the
system, and is connected with a clear increase of the entropy of the system
(AS >0), as the equation AG=AH-TAS applies. AH in this case is quite small
compared to TAS, and 4G consequently becomes negative. The free enthalpy is,
therefore, influenced crucially by the term TAS. The increase in entropy conse-
quently is the driving force for hydrophobic interactions.

In general, the three-dimensional arrangement of a peptide chain in a globular
polypeptide or protein is characterized by a relatively small content of periodical
structural elements (o-helix, B-sheet) and shows unsymmetrical and irregular
structure. The cooperativity between hydrogen bonds and hydrophobic interac-
tions and other noncovalent interactions basically is the reason for the formation
of stable three-dimensional structures. Under physiological conditions, thermody-
namically stable conformations of a biologically active peptide with a minimum of
free enthalpy occur.

Tertiary structure formation is based on supersecondary structure elements,
these being formed by the association of secondary structures. The helix-turn-he-
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state 1 N e state 2

Fig. 2.24 Hydrophobic interactions between Ala and Leu side chains in an aque-
ous medium.

lix motif (a0, Figure 2.25A), the B-hairpin motif (BB, Figure 2.25B), the Greek key
motif (By), and the Baf motif belong to this type of element. The increasing
amount of protein structural data led to the classification of tertiary protein folds.
To date, more than 500 distinct protein tertiary folds have been characterized, and
these represent one-third of all existing globular folds. The rigid framework of sec-
ondary structure elements is the best defined part of a protein structure. The spe-
cial organization of secondary structure elements (topology) may be characterized
into several classes. Tertiary structure is formed by packing secondary structure
elements into one or several compact globular units (domains). Tertiary fold fami-
ly classification [132] is used in different databases (SCOP [133] and CATH [134]).
The overall agreement between these databases suggests the existence of a natural
logic in structural classification. In the CATH database, structures are grouped
into fold families depending on both overall shape and connectivity of the second-
ary structure. In general, three classes of domains (tertiary structure elements)
can be distinguished (Fig. 2.25):

1. Structures containing only o-helices (e.g., 7-helix bundles, Fig. 2.25C; a-super-
helix, Fig. 2.25F)

2. Structures containing exclusively antiparallel B-pleated sheets (e.g., B-propellers,
Fig. 2.25D)

3. Structures containing o-helices and B-sheets (e.g., TIM barrel, Fig.2.25E; a,f-
superhelix, Fig. 2.25G)

Many efforts have been made to predict protein structural classes. In contrast to
a-helices and B-sheets, very few methods have been reported for predicting tight
turns [135].
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(A)

Fig. 2.25 Examples of tertiary folds.

2.4.2.1 Structure Prediction
Approaches to protein structure prediction are based on the thermodynamic hy-
pothesis which postulates the native state of a protein as the state of lowest free
energy under physiological conditions [136]. Studies of protein folding (structure
prediction, fold recognition, homology modeling, and homology design) generally
make use of some form of effective energy function.

Considering the fact that a protein consisting of 100 amino acids may adopt three
possible conformations per amino acid residue, and that the time for a single con-
formational transition is 107"*s, the average time a protein would need to find
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the optimum conformation for all 100 residues by searching the full conformational
space is 10?7 years. In fact, protein folding takes place on a time scale of seconds to
minutes. This contradiction has been called the Levinthal paradox, which states that
there is insufficient time to search randomly the entire conformational space avail-
able to a polypeptide chain in the unfolded form [137]. Levinthal concluded that pro-
tein folding follows multiply branched pathways where local secondary structure is
formed on the first stage, which is governed by the interaction of neighboring amino
acid side chains. Hence, secondary structure formation is considered to be an early
event in protein folding. Alternatively, it has been proposed that initially a hydropho-
bic collapse takes place to form a partially folded structure from which secondary
structure subsequently forms. Protein structure prediction remains the “holy
grail” of protein chemistry. Until recently, with few exceptions, the prediction of pro-
tein structure has been more of a conceptual than a practical importance. Predic-
tions were rarely accurate enough to deduce biological function or to facilitate the
structure-based design of new pharmaceuticals.

Protein structure prediction basically relies on two strategies: (i) ab initio predic-
tion [138]; and (ii) homology modeling [139, 140]. Homology models are based pri-
marily on the database information. Threading, or fold-recognition methods lie
between these two extremes, and involve the identification of a structural template
that most closely resembles the structure in question. In cases where homologous
(>30% homology) or weakly homologous sequences of known structure are not
available, the most successful methods for structure prediction rely on the predic-
tion of secondary structure and local structure motifs. Secondary structure predic-
tion is gaining increasing importance for the prediction of protein structure and
function [141]. Secondary structures of peptides and proteins are partly predictable
from local sequence information based on knowledge of the intrinsic propensities
of amino acids to form a helix or a B-sheet. The prediction of ambivalent propen-
sities can assist in the definition of regions that are prone to undergo conforma-
tional transitions. Although primary protein sequence information may provide
an educated guess about function (especially when well-characterized homologous
sequences exist), incomplete annotation, false inheritance and multiple structural
and functional domains may disturb the interpretation of database searches based
on primary sequence alone [142].

25
Methods of Structural Analysis

The three-dimensional structure of a peptide or a protein is the crucial determi-
nant of its biological activity. As the various genome projects are steadily ap-
proaching their final goal, attention now returns to the functions of the proteins
encoded by the genes. This will increasingly transform structural biology into
structural genomics [143]. Especially in drug design and molecular medicine, the
mere information of a gene sequence is not sufficient to obtain information about
a corresponding protein on the molecular level.
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Besides the structural analysis methodology discussed in this chapter, techni-
ques for biomolecular interaction analysis such as surface plasmon resonance
[144], fluorescence correlation spectroscopy [145], and microcalorimetry are steadi-
ly gaining importance.

2.5.1
Circular Dichroism

Linear polarized light consists of two circular polarized components of opposite
helicity but identical frequency, speed, and intensity. When linear polarized light
passes through an optically active medium, for instance a solution containing one
enantiomer of an optically active compound, the speed of light in matter is differ-
ent for the left and right circular polarized components (different refractive in-
dices). In such a case a net rotation of the plane of polarization is observed for
the linear polarized light. Consequently, enantiomerically pure or enriched opti-
cally active compounds can be characterized by the optical rotation index and opti-
cal rotatory dispersion.

However, it is not only the speed of the two circular polarized components but
also the extinction by chiral chromophores that may be different. If this is the
case, elliptically polarized light is observed. CD spectroscopy detects the wave-
length dependence of this ellipticity, and positive or negative CD is observed
when either the right- or the left-circular polarized component is absorbed more
strongly.

CD is a method of choice for the quick determination of protein and peptide
secondary structure. Proteins are often composed of the two classical secondary
structure elements, a-helix and B-sheet, in complex combinations. Besides these
ordered regions, other parts of the protein or peptide may exist in a random coil
state. CD spectroscopy is a highly sensitive method that is able to distinguish be-
tween o-helical, B-sheet and random coil conformations. Although the informa-
tion that can be obtained by CD spectroscopy is somewhat limited compared to
NMR or X-ray diffraction, CD data are valuable as a preliminary guide to peptide
and protein conformation and conformational transitions under a wide range of
conditions [146].

Peptides and proteins that lack non-amino acid chromophores (e.g., prosthetic
groups) do not exhibit absorption or CD bands at wavelengths above 300 nm. The
amide group is the most prominent chromophore of peptides and proteins to be
observed by CD spectroscopy. Two electronic transitions of the amide chromo-
phore have been characterized. The n-n* transition is usually quite weak and oc-
curs as a negative band around 220 nm. The energy (wavelength) of the amide n-
n* transition is sensitive to hydrogen bond formation. The n-n* transition usually
is stronger, and is registered as a positive band around 192 nm and a negative
band around 210 nm.

The proportions of o-helical secondary structure, -sheet conformation and ran-
dom coil can be determined by CD spectroscopy. An o-helical conformation usual-

ly is characterized by a negative band at 222 nm (n-n*), a negative band at
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208 nm, and a positive band at 192 nm. Short peptides usually do not form stable
helices in solution; however, it has been shown that the addition of 2,2,2-trifluoro-
ethanol (TFE) leads to an increase in the helix content of most peptides [147]. As
discussed in Section 2.4.1.2, B-sheets in proteins are less well-defined, compared
to the o-helix, and can be formed either in a parallel or antiparallel manner. B-
Sheets display a characteristic negative band at 216 nm and a positive band of
comparable size close to 195 nm. Random coil conformations (unordered confor-
mations) are usually characterized by a strong negative CD band just below
200 nm. Several algorithms are available that allow computational secondary struc-
ture analysis of peptides and proteins by fitting the observed spectrum with the
combination of the characteristic absorption of the three secondary structures
mentioned above. One interesting approach is to deconstruct a protein into a se-
ries of synthetic peptides that are then analyzed by CD [148].

In special cases, aromatic side chains of amino acids and disulfide bridges may
also serve as chromophores that can give rise to CD bands.

2.5.2
Infrared Spectroscopy

Fourier transform infrared spectroscopy (FT-IR) is nowadays commonly applied to
peptides and proteins, and is mainly used to estimate the content of secondary
structure elements. A common approach towards these studies has been to pre-
pare peptides that correspond to protein epitopes, and to examine the structure
under various conditions (solvent systems, biomembrane models). Additionally,
turn-forming model peptides [149-151] and helix models [152, 153] have been in-
vestigated. Furthermore, protein hydration and the structural integrity of lyophi-
lized proteins are often examined by FI-IR. The samples may be investigated in
solution, in membrane-like environments, and in the solid state, for example after
adsorption onto a solid surface. In the latter cases the technique of attenuated to-
tal reflectance (ATR) is often involved [154]; this is especially valuable when the
analyte displays low solubility or tends to associate in higher concentrations. The
sample is applied in the solid state, but may be hydratized as in its natural envi-
ronment.

ATR-FT-IR is one most powerful methods for recording IR spectra of biological
materials in general, and for biological membranes in particular [155]. It can also
be applied to proteins that cannot be studied by X-ray crystallography or NMR.
ATR-FT-IR requires only very small amounts of material (1-100 pg) and provides
spectra within minutes. It is especially suited for studies concerning structure, ori-
entation, and conformational transitions in peptides and membrane proteins.
Furthermore, temperature, pressure and pH may be varied in this type of investi-
gation and, additionally, specific ligands may be added. No external chromophores
are necessary.

The amide N-H stretching band (VNH), the amide I band around 1615 cm™
(vC=0), and the amide II band around 1550 cm™" (§NH) are the characteristic fea-
tures that usually are examined by FT-IR spectroscopy of peptides and proteins.
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Recently, side-chain carboxy groups of proteins (Asp, Glu) and the OH group of
the tyrosine side chain have become targets of FT-IR investigations. Signal decon-
volution techniques are usually applied in order to identify the distinct absorption
frequencies. The formation of hydrogen bonds characteristically influences the
free amide vibrations mentioned above, and allows distinction to be made be-
tween o-helical, B-sheet, and random coil conformation.

IR spectroscopy allows monitoring of the exchange rate of amide protons, and
hence provides collective data for all amino acid residues present in a protein or
peptide. Polarized IR spectroscopy provides information on the orientation of
parts of a protein molecule present in an ordered environment.

The replacement of an amide hydrogen by deuterium is highly sensitive to
changes in the environment. Moreover, the exchange kinetics may be used to de-
tect conformational changes in the protein structure. Protons exposed on the pro-
tein surface will undergo hydrogen/deuterium exchange much more rapidly than
those present in the protein core. Amide protons present in flexible regions bur-
ied in the protein or involved in secondary structure formation are characterized
by medium exchange rates. It has been shown that careful analysis of the amide I
band during the deuteration process provides information that helps to assign the
exchanging protons to a secondary structure type [155].

253
NMR Spectroscopy [156—-158]

NMR spectroscopy is one of the most widely used analytical techniques for struc-
ture elucidation [159]. Nowadays, more-dimensional NMR methods are used routi-
nely for the resonance assignment and structure determination of peptides and
small proteins. While 'H is the nucleus to be detected in unlabeled peptides and
proteins, proteins uniformly labeled with *C and "N provide further information
and allow for the application of heteronuclear NMR techniques. NMR studies di-
rected towards the elucidation of the three-dimensional protein structure rely,
especially for proteins, on isotope labeling with *C and N in connection with
three- and more-dimensional NMR methods [160]. These labeled proteins usually
are provided by the application of overexpression systems utilizing isotope-en-
riched culture media.

For some time, the limit for the elucidation of the three-dimensional protein
structure by NMR with respect to the molecular mass was considered to be
30 kDa. However, recent developments and the construction of ultra-high-field
superconducting magnets have extended the molecular mass range of molecules
to be investigated with NMR well beyond 100 kDa. NMR spectra of such large
proteins usually suffer from considerable line broadening, but this has been over-
come Dby the development of transversal relaxation-optimized spectroscopy
(TROSY) developed by Wiithrich et al. [161]. At molecular masses above
~20 kDa, spin diffusion becomes a limiting problem because of the longer corre-
lation time of the protein. Consequently, the transversal relaxation time becomes
short, which leads to line broadening. These limitations may be overcome by ran-
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dom partial deuteration of proteins [162] and by using the TROSY technique. The
molecular mass is not the only determinant for successful NMR structure deter-
mination. Before NMR studies may be conducted, investigations must be carried
out in order to establish whether the peptide or protein forms aggregates, and
whether the folded state of the protein is stable under the experimental condi-
tions.

NMR studies can be applied either in solution phase or in solid phase. Solu-
tion-phase NMR uses noncrystalline samples. The peptide or protein is dissolved
in aqueous or nonaqueous solvents that may also contain detergents (for the
analysis of proteins in a membrane-like environment). In recent years, solid-state
NMR has been increasingly used in the area of membrane protein structure eluci-
dation [3]. Solid-state NMR spectroscopy is an attractive method to investigate pep-
tides that are immobilized on solid surfaces, or peptide aggregates such as amy-
loid fibrils [131].

Crystallization of the proteins, which remains the major obstacle in X-ray struc-
tural analysis, is not necessary in NMR studies. The solution conditions (pH, tem-
perature, buffers) can be varied over a wide range. Nowadays, even NMR investi-
gations on the folding pathway of a protein are amenable. In such cases, partially
folded proteins are often considered as models for transient species formed dur-
ing kinetic refolding [163]. Moreover, NMR studies provide a dynamic picture of
the protein under investigation.

The chemical shift value is one of the classical NMR parameters used in struc-
tural analysis. Insufficient signal dispersion of larger molecules, however, requires
the application of additional parameters. Typically, scalar couplings (through-bond
connection) and dipolar couplings (through-space connection, nuclear Overhauser
effect, NOE) are used for the assignment of the nuclei. In particular, NOE infor-
mation provides valuable data on the spatial relationship between two nuclei.
These internuclear distances (e.g., interproton) usually are indispensable for eluci-
dation of the three-dimensional structure and are used together with other geo-
metric constraints (covalent bond distances and angles) for the computation of
three-dimensional protein or peptide structure.

To determine the three-dimensional structure of a peptide, initially all signals in
the NMR spectra are assigned to the amino acid residues present. If the peptide
sequence is known — which is usually the case for compounds obtained by synthe-
sis or overexpression — the primary structure can be verified by inter-residue NOE
signals. If the sequence is unknown, it may be established by analysis of NOESY
spectra.

The crosspeak volume integrals of NOESY spectra also provide valuable distance
information for the corresponding nuclei. Calibration of these crosspeak volumes
with those of known internuclear distance (e.g., geminal protons) leads to a direct
conversion of the crosspeak volume values to interproton distances. The sequen-
tial distances d(H*, HY), d(HY, HY), and d(HP, H") depend on the torsion angles
of the bonds involved. Consequently, the coupling constants between two protons
provide information on the torsion angle between these two protons according to
the Karplus equation. Regular secondary structures are also characterized by a
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variety of medium-range or long-range backbone interproton distances that are
sufficiently short to be observed by NOE. Helices and turns usually display short
sequential and medium-range 'H-'H distances, while B-sheets usually display
short sequential and long-range backbone 'H-'H distances. The characteristic in-
ternuclear distances in helices, B-sheets and B-turns are compiled in the classical
monograph by Wiithrich [156].

NMR studies are especially helpful in determining the three-dimensional pep-
tide structure when applied to conformationally constrained peptides. This is the
case either for cyclic peptides or for peptides containing sterically hindered amino
acids. Linear unconstrained peptides usually are too flexible to adopt a preferred
conformation in solution.

The amide N-H exchange rates in D,0O solutions and the temperature coeffi-
cients of the NH proton chemical shift are further valuable data for conforma-
tional analysis of peptides and proteins. An NH proton that is exposed to the sol-
vent will undergo much faster exchange by deuterons in D,0. Plots of the amide
chemical shift versus temperature usually are linear, and their slope is referred to
as the temperature coefficient. In general, the temperature coefficients of amide
proton resonances for extended peptide chain structures are in the order of —6 to
—10 ppb K™', while greater values of the temperature coefficient (>—4 ppb K™') are
correlated with solvent-inaccessible environments or hydrogen bonds. Conse-
quently, higher temperature coefficients should correlate with slowly exchanging
amide protons, and a combination of these data can be used in order to identify
regular secondary structures, especially in the case of small linear or cyclic pep-
tides.

Automation programs and tools for the recognition of spin systems have been
designed on the bases of patterns recognition techniques [164] in order to assist
sequence-specific assignments. Once an ensemble of three-dimensional structures
has been calculated from the NMR data, it has to be refined with respect to geom-
etry and constraint violations. In addition to the determination of three-dimen-
sional protein structures in solution, NMR provides valuable information on local
structure, conformational dynamics and on the interaction of the protein with
small molecules. Consequently, NMR is nowadays a highly versatile tool, for ex-
ample in industrial drug research, because it can detect very weak ligand-protein
interactions that are characterized by only millimolar binding constants [165, 166].
In this context, transferred NOE experiments should be mentioned especially, as
they may reveal the protein-bound conformation of a small-molecular weight li-
gand, provided that a rapid equilibrium between the bound and unbound state ex-
ists [167]. Furthermore, the SAR by NMR technique (cf. Section 7.1) as described
by Fesik et al. has proved to be a valuable tool in drug discovery.

254
X-Ray Crystallography

X-ray crystallography permits determination of the three-dimensional structure of
molecules at very high resolution. Some proteins have been characterized by this
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technique at a resolution <1 A, while the standard resolution of newly determined
protein structures is in the range of 2 A. Meanwhile, more than 15000 structures
of biomolecules have been deposited in the protein structure database (PDB) [168,
169]. X-ray crystallography relies on the diffraction of an X-ray beam at the single
crystal lattice. The wavelength range of X-rays corresponds to the size of the dif-
fracting structures (atomic radii and lattice constants), and the observed diffrac-
tion pattern results from a superposition of the diffracted beams. The rotating-
crystal method uses monochromatic X-rays at a constant wavelength with varia-
tion of the angle of incidence, while the Laue methods apply polychromatic X-rays
of different wavelengths at a constant angle of incidence. The latter method,
when used in combination with a cyclotron beam as the radiation source, pro-
vides sufficient data for structural analysis within a short period of time. Ulti-
mately, this will enable time-resolved X-ray analysis of proteins in order to study
catalytic mechanisms, for example. Nowadays, intense, highly focused X-rays from
integrated cyclotron radiation beamlines facilitate the traditionally tedious and
time-consuming process of structural analysis [170].

The protein to be characterized must first be purified and crystallized. Sequence
analysis prior to X-ray diffraction experiments is helpful to support the assign-
ment. Protein crystallization can be seen as a multi-parameter optimization pro-
cess where the optimum concentration and purity of the protein, the concentra-
tion of the precipitation agent, ionic strength, pH value, buffer, and temperature
may be varied. The presence of detergents is necessary for the crystallization of
some proteins, and consequently protein crystallization is the crucial bottleneck in
structural analysis by X-ray diffraction. Additionally, novel methods for automatic
crystallization and automatic crystallographic data analysis [171] facilitate this
method and will eventually provide methodology for high-throughput determina-
tion of three-dimensional protein structures.

The reflex pattern obtained upon X-ray diffraction provides information on the
crystal lattice constants, the symmetry of the crystal, and its space group. The
number of observed reflexes should be as high as possible. After data scaling, the
phase problem must be solved. The phase determination uses, for example, heavy
metal ions incorporated into the crystal (soaking), but in other cases a known pro-
tein structure with sequence homology >35% to the protein under investigation
may be used as a starting structure for the refinement. Once a suitable molecular
model has been obtained, it is further refined, and then finally validated to pro-
vide a three-dimensional structure that is related as closely as possible to the elec-
tron density map obtained from X-ray diffraction.

In contrast to proteins that are highly hydrated even in the crystalline state, pep-
tide crystals usually display limited hydration. Smaller peptide molecules usually
provide very good crystals, and a resolution of <1 A is observed in X-ray analysis.
On occasion, multiple conformations may be encountered in peptide crystals due
to the flexibility of peptides and to similar conformer energies. These conformers
may be present in the same crystal, or in separate crystals [172].
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2.5.5
UV Fluorescence Spectroscopy

Fluorescence spectroscopy [173] is widely used in peptide and protein chemistry,
either observing intrinsic fluorophors (Trp, Tyr), fluorescent cofactors, or extrinsic
fluorophors that are used to label the protein. As fluorescence spectroscopy in-
volves electronic transitions, it can be applied to study very fast processes. Interac-
tions of proteins with other proteins [173], nucleic acids [174], small ligands, and
membranes can be monitored, as well as protein folding [175] and conformational
transitions [176]. The association of peptides can be monitored by fluorescence
quenching [177]. Usually, fluorescence intensity, anisotropy, and emission wave-
length may be observed. Intracellular processes may be observed by fluorescence
spectroscopy when the protein to be examined is expressed by genetic engineer-
ing as a fusion protein with green fluorescent protein (GFP) [178].

Fluorescence resonance energy transfer (FRET) is one technique involving fluo-
rescence spectroscopy that is applied increasingly [179]. The fluorescence of one
chromophore present in a molecule can be quenched by interaction with other
chromophores. This is not a process that involves collision or complex formation
that is usually required for electronic coupling of the fluorophor and the quench-
er molecule. In FRET, energy is transferred across even bigger distances of up to
10 nm. Efficient energy transfer according to the FRET mechanism is only possi-
ble when the absorption range of the acceptor chromophore corresponds to the
fluorescence range of donor chromophore. The donor must be a fluorescent moie-
ty with a sufficiently long fluorescence lifetime. Moreover, the donor and acceptor
must be oriented correctly with respect to each other. It is noteworthy that FRET
is a radiationless process and proportional to R, where R is the distance between
the donor and the acceptor. Therefore, the distance R can be determined in FRET
experiments. FRET can be used to monitor interactions between biomolecules. In
addition, the cleavage of synthetic substrates by proteases may be easily moni-
tored, even in a highly parallel manner by labeling the substrate with the fluores-
cence donor on one end and the fluorescence acceptor on the other end [180].

Fluorescence correlation spectroscopy (FCS) is a method used to monitor bio-
molecular interactions. Single molecules can be detected because a confocal vol-
ume element in the femtoliter range is observed. Concentrations between 10~°-
10> M can be detected, and the diffusion times of fluorescently labeled mole-
cules will change upon binding to a potential binding partner. The diffusion time
observed is subsequently correlated with the molecular size. This method allows
the determination of kinetic parameters [145].
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3
Biologically Active Peptides

3.1
Occurrence and Biological Roles [1-4]

Although Emil Fischer had already predicted at the beginning of the last century

that organic chemistry and biology would, in the near future, turn to peptide and

protein research, interest in this field was rather poor until the early 1940s. At

that time, the number of known biologically attractive peptides was very limited.
COOH H ©

; N
HZN/\/\r( \:)J\N/\COOH
H |
O igyH

Glu Cys Gly
1

In addition to glutathione 1 (a fascinating compound for people interested in
bioorganic chemistry) and carnosine (B-Ala-His), only gramicidin S and a few
other mold-derived compounds (e.g., enniatins) had been discovered. As early as
1888, glutathione was observed as a reducing agent in yeast by Rey-Pailhade. It
was isolated from liver, yeast and muscle by Hopkins in 1921 and synthesized by
Harington and Mead in 1935 [4]. This remarkable event, and also the synthesis of
carnosine by Sifferd and du Vigneaud [6] in the same year, had profited from the
invention some years earlier of the benzyloxycarbonyl group as an amino-protect-
ing group. The amino acid sequence of gramicidin S 2 was elucidated as early as
1947 as being a cyclic decapeptide with a repeated sequence of two pentapeptides
[7]. An understanding of its biosynthesis was achieved at a much later date, how-
ever [8].

LVa|1—Orr1—Leu—D—Phe—Prof’—Val—Orn—Leu—D—Phe—- Pro“’—|
2

The importance and broad functional role of peptides in life processes became ap-
parent only in the 1950s and early 1960s, when the continuous development of in-
creasingly sensitive analytical methods and techniques for isolation and purification
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Tab. 3.1 Important peptide hormones.

Peptide hormone Natural source Number of aa Reference(s)
Insulin Pancreas 51 12
Glucagon Pancreas 29 13
Corticotropin Adenohypophysis 39 14
a-Melanotropin Adenohypophysis 14 15
f-Melanotropin Adenohypophysis 14 16
Oxytocin Neurohypophysis 9 17, 18
Vasopressin Neurohypophysis 9 19, 20
Angiotensin Blood plasma 10/8 21, 22

signaled the start of a new era in this research field. Size-exclusion chromatography
[9], chromatography on cellulose-based ion-exchangers [10], countercurrent distribu-
tion [11] and other methods developed in various areas of biochemistry complemen-
ted the techniques for peptide isolation that had been developed previously.

The details of several important peptide hormones, the amino acid sequences of
which were elucidated during the 1950s, are listed in Tab. 3.1. The isolation of
peptides from natural sources has been — and will remain in the future — a neces-
sity of peptide research, as was stated by the unforgotten Josef Rudinger at the
Third American Peptide Symposium in 1972:

“In the work on the smaller biologically active peptides, isolation is to my mind
still the most difficult and critical phase and its practitioners have my sincere re-
spect and admiration.”

The deduction of amino acid sequences from the experimentally determined
cDNA sequences of peptides that are synthesized ribosomally has not changed the
importance of peptide isolation. Unexpected post-translational modifications and
uncertainties concerning the cleavage sites of the precursors are, besides other
problems, important points to maintain and to improve the methods of peptide
isolation from natural sources.

Until now, innumerable peptides with a variety of biological and physiological ef-
fects have been detected, isolated, characterized and mostly synthesized. Doubt-
lessly, the sequence determination [17, 18] and, especially, the chemical synthesis
of oxytocin 3 performed by the Nobel prize winner V. du Vigneaud [23], was a his-
torical milestone in peptide research, since the synthetic hormone had a biological
activity indistinguishable from that of the natural hormone isolated from the neuro-
hypophysis.

| ,
H—Cys'— Tyr- lie- GIn—Asnf’—Cyl/s— Pro—Leu~Gly —NH,
3

Peptides and their higher correlates, the proteins, fulfil crucial functions in al-
most all processes of the living cell. The distinction between what constitutes a
peptide and what constitutes a protein should be increasingly only of academic in-
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terest, and becomes increasingly unclear as peptides increase in length, both from
the synthetic and structural points of view. It holds true to state that proteins are
large peptides. With increasing length, peptides have a greater tendency to exhibit
elements of secondary structure forming preferred solution conformations.
Furthermore, the problems connected with the chemical synthesis of proteins in
the range of 100 to 150 amino acid residues are basically the same as in the syn-
thesis of peptides or, in a general sense, of peptide chemistry.

Many of these naturally occurring bioactive molecules act as enzymes [24-27].
These biocatalysts mediate very precisely and effectively all chemical reactions
within and outside the cells. Enzymes differ from ordinary chemical catalysts by
having higher reaction rates, greater reaction specificity, milder reaction condi-
tions, and last — but not least — the capacity of regulation. The capability of bind-
ing their substrates specifically through geometrically and physically complemen-
tary interactions permit enzymes to act absolutely stereospecifically in substrate
binding and catalysis.

Complex chemical signaling systems by hormones [28, 29] and neurotransmit-
ters forms the basis of the biochemical communication [30] used by all living or-
ganisms to coordinate their activities at any level of their organization. In the
early days, it was essential when working with peptide hormones to avoid degra-
dation by proteolytic enzymes that might be co-extracted from the appropriate tis-
sues. Without doubt, the extraction technique using ethanol containing hydrochlo-
ric acid that was first employed in the extraction of insulin from pancreatic tissue
was a major breakthrough. Alternatively, in the case of relatively thermostable
peptides the proteolytic tissue enzymes could be inactivated by brief boiling and
subsequent extraction with cold 0.2 M HCI. The simultaneous isolation of gastrin
by Gregory and Tracy in Liverpool and secretin by Jorpes and Mutt in Stockholm
was described in the early 1960s. Human secretin was sequenced after its isola-
tion from 181 g of intestinal tissue obtained after surgery. The isolation of a spe-
cies variant of a known peptide hormone is much easier to perform when guided
by radioimmunoassay — a highly sensitive technique introduced by Yalow and Ber-
son [31].

Peptides and proteins are responsible for the regulation of biochemical pro-
cesses in complex organisms. Fig. 3.1 outlines such regulation by peptides. Auto-
crine hormones (A) act on the same cell that released them as demonstrated, for
example, by the T-cell proliferation stimulating interleukin 2. Paracrine hormones
(B), which are also named local mediators, are directed to surrounding cells by
diffusion. Endocrine hormones (C) are synthesized and transported to distant
cells via the bloodstream; examples include insulin and glucagon. Furthermore,
neurotransmitters (D) — many of which are also peptides (e.g., f-endorphin, enke-
phalins, somatostatin) — elicit chemically transmitted nerve impulses across most
synapses. Neurohormones (E) act as mediators on nerve cells. The brain contains
many neuroactive peptides with complicated relationships, though to date only a
fraction of these have been discovered [32]. Various peptides originally considered
to be brain peptides exerting multiple effects in the central nervous system (CNS)
have also been found in the gut, and in other locations. In other words, peptides



64

3 Biologically Active Peptides

(A) (B) . (C) .
autocrine paracrine endocrine

monocells intestinal section intestinal section
tissue cells hypophysis
(D) (E)
synaptic neurohumoral

e Sade
5000 o°o°° m

o3

0
0% 8 °§°%o°o 0% 85208
nerve system hypothalamus

suprarenal glands

Fig. 3.1 Biochemical communications exerted by peptides and proteins.

occurring in one place exert effects in other places. An interactive blood-brain bar-
rier (BBB) helps to regulate the passage of numerous peptides from the periphery
to the CNS and vice versa [33]. Based on their lipophilicity and other physico-
chemical properties, many peptides are capable to cross the BBB by simple diffu-
sion, whereas other peptides cross by saturable transport systems. Without doubt,
the BBB provides a regulatory system involved in controlling the communication
between the CNS and the rest of the body.

Biological membranes [34-36] contain a large number of proteins, such as inte-
gral proteins with nonpolar surface regions which allow hydrophobic association
with the bilayer core, and peripheral proteins which bind to integral proteins on
the membrane surface by polar interactions. For example, membrane proteins are
involved in controlling the permeability of the membrane and supporting the
transport of solutes across it against thermodynamic gradients. Due to the pres-
ence of these nonpolar cores, biological membranes are highly impermeable to
most ionic and polar molecules; hence, the transport of these substances requires
the action of specific transport proteins. For the transport of various ions (e.g.,
Na*, K¥, Ca**, CI", and metabolites, for example amino acids, pyruvate, nucleo-
tides, and sugars), specific transmembrane transport proteins are required. Chan-
nel-forming ionophores, for example gramicidin A, H-CO-Val-Gly-Ala-p-Leu-Ala-p-
Val-Val-p-Val-Trp-p-Leu'*-Trp-p-Leu-Trp-p-Leu-Trp-NH-CH,-CH,-OH, permits the



3.1 Occurrence and Biological Roles | 65

Fig. 3.2 Schematic representation of a Gramicidin A dimer

=
iy

gramicidin A dimer.

passage of protons and alkali cations, but this channel is blocked by Ca®*. The
transmembrane channel is formed by dimerization of gramicidin A in a head-to-
head fashion (Fig. 3.2).

The bacterial porins are trimeric transmembrane proteins each consisting
mainly of a 16-stranded antiparallel B-barrel forming a solvent-accessible channel
along its barrel axis. Special carrier proteins transport smaller metabolic inter-
mediates from one location to another. Electrons generated (e.g., by oxidation of
NADH +H" and FADH, in the citric acid cycle) pass through four protein com-
plexes, termed the electron-transport chain. The free energy released by the elec-
tron transport is conserved by the generation of an electrochemical proton gradi-
ent across the inner mitochondrial membrane. The energy stored in the proton
gradient is utilized by the proton-pumping F;F,-ATPase, an oligomeric protein, in
the synthesis of ATP [37]. The tetrameric protein hemoglobin is a very important
oxygen delivery system which transports the required amount of oxygen from the
lungs, gills, or skin to the tissue for use in respiration [38].

Very specialized proteins are involved in the immune system used by vertebrates
to defend themselves against other organisms [39—42]. Cellular immunity which tar-
gets parasites, fungi, virally infected cells, and foreign tissue is mediated by T lym-
phocytes or T cells, whereas humoral immunity directed against bacterial infections,
and the extracellular phases of viral infections is mediated by a huge and diverse
collection of antibodies or immunoglobulins. The latter are produced by B lympho-
cytes or B cells. Antibodies are glycoproteins consisting of two identical light (L)
chains and two identical heavy (H) chains. There are two types of light chain
(L=x or A), each of which can be associated with any of five types of heavy chains
(o, 8, € v, 1). Secreted human immunoglobulins (Ig) consist of the following
classes, in which the Greek letter designates the type of heavy chain corresponding
to the class of Ig [IgA: (Ly0n)n—1-3, IgD: L,8,, IgE: L&y, IgM: (Ly1y)s, IgG: Lyy,]. Four
IgG subclasses (IgG_4) exist, differing in their y chains. Each heavy chain contains a
N-linked oligosaccharide. The four subunits of the Ig associate by disulfide bonds as
well as by noncovalent interactions, thereby forming a Y-shaped symmetric dimer as
confirmed by electron microscopy and X-ray diffraction.

As shown schematically in Fig. 3.3, each light (L) chain and heavy (H) chain
consists of a variable (V) region (Vy and Vy) and the remaining constant region.
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Fig. 3.3 Schematic diagram of a IgA antibody molecule.

The two identical F,, segments form with their terminal variable regions the two
antigen-binding sites of the antibody. Papain cleaves the IgG molecule in its
hinge region, yielding two F,, fragments and one F. fragment. A virtually unlim-
ited variety of antigen-binding sites are generated from the immune system by so-
matic recombination as well as somatic mutation. This generation of antibody di-
versity provides a shield against almost any antigen attacking the organism.

An antigenic determinant that is commonly (but not very precisely) called an
epitope characterizes the portion of an antigen that makes contact with a particu-
lar antibody or T-cell receptor. There is a fundamental difference between epitopes
recognized by T cells and those recognized by antibodies or B cells. T cells recog-
nize protein antigens in a fragmented form on the surface of antigen-presenting
cells. The cellular immune response begins when a macrophage engulfs and par-
tially digests a foreign antigen and then displays the resulting antigenic frag-
ments on its surface.

Two types of cell-surface proteins, known as major histocompatibility complex
(MHC) proteins, are engaged in the immune response [43]. The MHC proteins
function as markers of individuality; they are the antigen-presenting markers that
allow the immune system to distinguish body cells from invading antigens and
cells of the immune system from other cells, respectively. MHC proteins are the
products of the major histocompatibility gene complex; they are integral mem-
brane glycoproteins with the biological function to bind peptides and present
them as T-cell epitopes to T-cell receptors. In order to indicate their function in
the discrimination between own and foreign, the products of the MHC gene clus-
ter are also termed antigens. Class I MHC molecules occur on most cells,
whereas class MHC II molecules are found on macrophages and B lymphocytes
(Fig. 3.4). The peptide fragments are presented to the T-cell receptor either via a
class I or class II MHC molecule. As a rule, class I MHC molecules present pep-



3.1 Occurrence and Biological Roles | 67

extracellular space

NH
B,-micro- NH, HN ’
i S
globulin o, o, 3 B,
HOOC
membrane

ey
448 %?%? j

cytoplasm

i
644

COOH

HOOC COOH

class | MHC-protein class Il MHC-protein

Fig. 3.4 Major histocompatibility complex (MHC) proteins.

tides to CD8 (predominantly cytotoxic) T cells, and class II MHC molecules to
CD4 (mainly helper) T cells. Since MHC proteins have domains which structu-
rally resemble immunoglobulins and T-cell receptors, the genes encoding these
proteins form a gene superfamily.

The complement system serves as an essential biological defense system. It is
directed against foreign invaders by eliminating foreign cells via complement fixa-
tion — that means killing foreign cells by binding and lyzing their cell mem-
branes, by inducing the phagocytosis of foreign particles (opsonization), and trig-
gering local acute inflammatory processes. The complement system consists of
approximately 20 plasma proteins and is characterized by two related activation
pathways: the antibody-dependent classical pathway; and the antibody-independent
alternative pathway. Similar to the blood clotting system, both pathways mainly
comprise the sequential activation of a series of serine proteases. Each activated
protease acts only on the next component of the cascade. Most of the complement
proteins names bear the upper-case letter “C” followed by a component number,
and active proteases are indicated by a bar over the component number [44]. The
classical pathway consists of the recognition unit (Clq, Clr, Cls) assembling on
cell surface-bound antibody-antigen complexes, the activation unit (C2, C3, C4)
amplifying the recognition event via a proteolytic cascade, and the membrane at-
tack unit (C5-C9) that punctures the antibody-marked plasma membrane of the
cell; this results in cell lysis and death. The alternative pathway is thought to pro-
vide the initial response to the invasion of microorganisms since it is activated in
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the absence of antibodies. It uses a couple of the same components as the classi-
cal pathway. The alternative pathway leads to the assembly of the membrane at-
tack unit, but it proceeds via a series of reactions which are activated by whole
bacteria, polymers of bacterial origin, and virus-infected host cells.

Blood clotting (blood coagulation) involves a double cascade of proteolytic reac-
tions resulting in the formation of a gel (blood clot, thrombus) which is suffi-
ciently dense to prevent bleeding from a wound [44]. In this bifurcated cascade,
nearly 20 different blood coagulation factors are involved. Most of these sub-
stances are plasma glycoproteins which are synthesized in the liver. The human
blood coagulation factors are historically designated by Roman numerals, and the
activated form is indicated by the subscript “a”, e.g., XII, for the activated form of
factor XII. With exception of fibrin, the active clotting factors are serine proteases.
The human blood coagulation factors are listed in Tab. 3.2. The primary stages of
the human blood clotting cascade is formally divided into the so-called intrinsic
and extrinsic pathways. In the intrinsic pathway, the protein components are con-
tained in the blood, whereas in the extrinsic pathway one of its important factors
(VII) occurs in the tissues. The Stuart factor (X) may be activated by factor IX, (a
product of the intrinsic pathway) or by factor VII, (a product of the intrinsic path-
way). The initiation of blood clotting in the intrinsic pathway is performed by the
contact system in which XII (in the presence of high-molecular weight kininogen,
HMK) is activated by adsorption to a negatively charged surface such as glass or
kaolin in vitro. Collagen and platelet membranes cause the same effect in vivo. In
the last two steps, which require a phospholipid membrane surface and Ca**, fac-
tor XI, activates factor IX, and the latter activates factor X in the presence of fac-
tor VIIL,. The start of the extrinsic pathway is characterized by proconvertin (VII)
activation either by factor XII, or thrombin. The VII, formed promotes the activa-
tion of X in the presence of Ca®*, phospholipid membrane, and tissue factor III.

Fibrous proteins are responsible for the mechanical properties of bone, hair, skin,
horn, tendon, muscle, feather, tooth, and nails. Keratin which forms protofibrils con-
sists of two pairs of a-helices [45]. The members of each pair are twisted together
into a left-handed coil. Silk fibroin [46] exists as a semicrystalline array of antiparal-
lel B-sheets. Collagen — the major protein component of connective tissue — forms a
triple helical structure, and the molecules aggregate in a staggered array forming
fibrils which are additionally cross-linked [45]. Last, but not least, elastin [47] — a pro-
tein with elastic properties — forms a three-dimensional network of fiber cross-linked
by allysine aldol, lysinonorleucine, desmosine, and isodesmosine.

Toxic peptides and proteins are used by various species for defense purposes, or
are employed in struggles for limited resources. Several venoms (e.g., of bees,
wasps, and snakes) contain well-characterized peptides and proteins. Both in Eu-
rope and in the United States, the notorious toadstool Amanita phalloides is re-
sponsible for 95% of the casualties occurring after ingestion of poisonous fungus.
After World War II, Theodor Wieland and coworkers were engaged in the elucida-
tion of the constituents of the poisonous Amanita mushrooms. At the very end of
these research activities, the formulae and three-dimensional structures of the
toxic constituents of the green death cap Amanita phalloides and of the destroying



Tab. 3.2 Blood coagulation factors.

3.1 Occurrence and Biological Roles | 69

No.

Properties and functions

1T

111

v

VII

VIII

IX

XI

Common name M, (kDa)
Fibrinogen ~ 340
Prothrombin ~72
11, is Thrombin

Tissue factor or ~ 30
thromboplasmin

Calcium ions

Proaccelerin ~ 350
V, is accelerin

Proconvertin ~ 50

Antihemophilic factor ~ 265

Christmas factor ~ 56

Stuart factor ~ 55

Plasma thromboplas- ~ 136
tin antecedent (PTA)

(Aa)2(BB)2; A and B represent the N-terminal
16- and 14-residue fibrinopeptides which are
cleaved by thrombin, forming the fibrin
monomer 0,03,Y,

Zymogen of thrombin; glycoprotein with

579 aa, several disulfide bonds; three-domain
structure (N-terminal 40-residue Gla-domain
with 10 Gla residues, and two ~ 115-residue
kringle domains); Factor X, cleaves between
Arg” - Thr*’? and Arg**-1le*?! releasing the
N-terminal propeptide 1-271 and thrombin
connected with the A and B peptides linked
by one of the disulfide bonds

Membrane glycoprotein occurring in many
tissues; involved in the intrinsic pathway
Promote the binding of the factors IX, X, VII
and IT to acidic phospholipids of cell mem-
branes where activation is performed. Stabi-
lizing functions for I, V, and other factors
during activation, and for the subunit disso-
ciation of XIII

V. promotes the binding of X and II to plate-
lets, where the activation of X is performed,
II is converted to II,

Involved in the extrinsic pathway; VII, med-
iates the activation of X significantly in pres-
ence of Ca**, phospholipid membrane and
IIT; VII, activates also IX

Activated VIII acts as an accessory factor dur-
ing the activation of X by activated Christ-
mas factor (IX,); VIII forms a complex with
the von Willebrandt factor during circulation
in blood

Single-chain Gla-containing glycoprotein; IX,
activated by XI, and VII,, respectively, acti-
vates factor X proteolytically, and X, cleaves
II in the preceding step of the clotting cas-
cade

X may be activated via either the intrinsic
pathway (IX,+ VIII,+Ca**) or the extrinsic
pathway (VII,+IIT+Ca®")

Two-chain glycoprotein joined by disulfide
bond(s); XI belongs to the four glycoproteins
of the so-called contact system
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Tab. 3.2 (continued)

No. Common name M, (kDa) Properties and functions

XII Hageman factor ~75 Single-chain glycoprotein acting as the first
factor in the intrinsic pathway; XII is acti-
vated by plasmin, kallikrein, and the high-
molecular weight kininogen (HMK); XII be-
longs to proteins of the contact system

XIII Fibrin-stabilizing ~ 300/ FSF is a transamidase present both in plate-

factor (FSF) ~ 160 lets and plasma; platelet FSF consists of two
a chains (~ 75 kDa), whereas plasma FSF
has two additional b chains (~ 88 kDa); XIII,
cross-links the rather fragile soft clots to the
more stable hard clots

Prekallikrein ~ 69 Zymogen of the serine protease kallikrein

which activates the Hageman factor (XII)
High-molecular ~70 Activation yields a kinin that is involved in
weight kininogen the activation of XII; HMK belongs to the
(HMK) proteins of the contact system

angels, Amanita virosa and their relatives, could be characterized as peptides and
were named phallotoxins and amatoxins [48]. The basic formulae of the most im-
portant peptides of poisonous Amanita mushrooms are shown in Fig. 3.5. More
details are given in Section 3.3.4 and in the Glossary.

Interestingly, antamanide 4, which is a cyclic decapeptide of A. phalloides, pro-
tects experimental animals from intoxication by Amanita-derived phalloidin.

O ﬁ

5
/No
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Frog skin has been used for medical purposes for centuries, and indeed is still
used today in some South American countries. Amphibian skin is a rich source
of various bioactive compounds, including various peptides which are produced
by holocrine-type serous glands in the integument. The peptides are stored as
granules in the lumen of the cells and are released upon specific stimulation.
They are involved in the regulation of physiological functions of the skin, or in de-



3.1 Occurrence and Biological Roles | 71

(A)

R' R R R* R®
a-Amanitn - NH, OH CH,OH OH OH
H p-Amanitin  OH OH CH,OH OH OH

N
y-Amanitin  NH; OH CH, OH OH
®  cAmantn OH OH CH, OH OH
ey Amanin OH OH CHOH OH H
R' R R° R* R® R®
Phalloin ~ CHs CH; OH OH CH;  CH,
Phalloidin ~ CHs CH; OH OH CH,OH CHs
s Phallisin ~ CHj CH, OH OH CH,OH CH,OH
z Prophalloin  CH3 CH; OH H CH, CH;

Oﬁe Phaflacin  CH(CHz), OH CO,H OH CH;  CHs

Fig. 3.5 Selected naturally occurring toxic peptides of Amanita mushrooms. (A) amatox-
ins; (B) phallotoxins.

fense against predators or microorganisms. A systematic study on the occurrence
of bioactive peptides in more than 100 amphibian species was performed in the
early 1970s by Vittorio Erspamer [49], and led to the discovery of a huge number
of peptides with a range of pharmacological activities. Normally, peptides originat-
ing from ribosome-mediated biosynthesis contain only r-amino acids, whereas
peptides occurring p-amino acids are very rare. The first example of a p-amino
acid-containing peptide discovered in an animal was dermorphin 5, which was
isolated from the skin of the South American frog Phyllomedusa sauvagei by Erspa-
mer and his colleagues in 1981.

H—Tyr'—D-Ala- Phe— Gly— Tyr*— Pro—Ser—NH,
5

Further examples are the neuroexcitatory peptide achatin-I (H-Gly-p-Phe-Ala-Asp-
OH) from the ganglia of the African giant snail Achatina fulica; fulicin (H-Phe-b-
Asn-Glu-Phe-Val-NH,) was also found in A. fulica.
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During the past decades, over 500 peptides have been detected in microorgan-
isms, with Bacillus sp. and Actinomyces sp. the main sources. In contrast, only a
few plants and animals are yet known as sources of these types of peptides.

Peptide antibiotics [50-52] have found applications in various fields ranging
from the classical B-lactam antibiotics to immunosuppressors such as cyclosporin
to teichoplanin or daptomycin, for example. Peptide antibiotics can be classified
into nonribosomally synthesized peptides (e.g., bacitracins, polymyxins, gramici-
dins) and ribosomally synthesized peptides, such as the lantibiotics and related
peptides [53]. The first totally chemical synthesis of a natural lanthionine peptide
— nisin — was described by Tetsuo Shiba and coworkers in 1987 [54]. Nonriboso-
mally synthesized peptides are very often drastically modified, and are largely pro-
duced by bacteria. Ribosomally synthesized peptide antibiotics act as a major com-
ponent of the natural host defense molecules of the producing species. In 1962,
Kiss and Michl [55] noted for the first time the occurrence of antimicrobial and
hemolytic peptides in the skin secretions of Bombina variegata, and this led to the
discovery of the antimicrobial peptide bombinin [56]. A database of antimicrobial
peptides from amphibian skin [57] is available at: http://www.bbcm.univ.trieste.it/
“tossi/search.html.

During the late 1980s, the magainins were isolated from the African clawed
frog Xenopus laevus by Michael Zasloff [58]. These antimicrobial peptides, which
are obtained from various amphibian species, represent the best-studied class of
peptide antibiotics [59]. They are considered as effector molecules of innate immu-
nity acting as the first line of defense against bacterial infections [60, 61]. The
most studied mammalian peptides are the defensins [62]. The o-defensins (also
known as “classical defensins”) and B-defensins are predominantly B-sheet struc-
tures stabilized by three disulfide bonds, and contain a high arginine content [63].
The human o-defensins, HNP-1 (30 aa), HNP-2 (29 aa), and HNP-3 (30 aa) are
constituents of the microbicidal granulae of neutrophils [64]. Thionins were the
first antimicrobial peptides to be isolated from plants [65] and were found to be
toxic against both Gram-positive and Gram-negative bacteria, yeast, fungi and var-
ious mammalian cell types [66]. Plant defensins consisting of 27 to 84 amino acid
residues have eight disulfide-linked cysteines comprising a triple-stranded antipar-
allel B-sheet structure with only one a-helix. They have a high antifungal activity
[67]. Cecropins [68] are insect-derived linear peptides found in the hemolymph of
the giant silk moth (Hyalopora cecropia), and form a-helices in solution. These
positively charged peptides form voltage-dependent ion channels in planar lipid
membranes, but are not lethal to mammalian cells at microbicidal levels. Surpris-
ingly, a porcine cecropin has been discovered in the upper intestinal tract.

Last — but not least — it should be mentioned that during the course of chemi-
cal evolution, peptides were produced ahead of all other oligomer precursors of
biomolecules [69]. The formation of peptides under primordial Earth conditions
have been simulated experimentally to investigate the real chances for the forma-
tion of precursor molecules under such conditions. Based on the results obtained,
it might be interesting to seek the connection between self-organizing and self-re-
producing processes in terms of biological evolution. It is well known that the for-
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mation of peptides from amino acids in aqueous solution is a thermodynamically
and kinetically unfavorable process. Various condensation reactions have been pro-
posed which can be categorized into melt processes, heterogeneous systems in-
volving mineral catalysis, and condensation reactions induced by various reagents
in homogeneous phase, respectively. In particular, “salt-induced peptide forma-
tion” (SIPF) seems to be the simplest way of obtaining peptides in aqueous solu-
tion, and the possible combination of SIPF with clay mineral catalysis might pro-
vide insight into the chemical evolution of peptides on the primitive Earth.
Although at present highly speculative, when combined with the finding that pep-
tides can self-replicate [70], further research in this area might lead to the vision
of a “protein world” as the first steps leading to life on Earth.

3.2
Biosynthesis

3.2.1
Ribosomal Synthesis

Although the formation of a peptide bond is known to be a relatively simple chem-
ical reaction, the biosynthesis of polypeptides is a very complex process. Ribosomal
peptide synthesis involves deoxyribonucleic acid (DNA) encoding genetic informa-
tion, and two different types of ribonucleic acids which convey (as messenger
RNA, mRNA) the genetic information from the nucleus to the ribosome, and carry
(as transfer RNA, tRNA) the specific amino acids appended enzymatically to the site
of peptide bond formation of the ribosome [71]. The sequence of amino acid resi-
dues for each polypeptide is like a blueprint stored in the encoding DNA of the
genes in the chromosomes [72]. Each of the 21 proteinogenic amino acids in a poly-
peptide is encoded by a triad of codon bases in the gene [73, 74].

In the first step of ribosomal synthesis, named transcription, mRNA is synthe-
sized enzymatically under the direction of the DNA template by copying the en-
coded sequence of deoxyribonucleotides onto a molecule of mRNA with the com-
plementary sequence of ribonucleotides. RNA polymerase initiates transcription
on the antisense strand of a gene at a position designed by its promoter.
Although prokaryotic mRNA transcripts do not require additional processing, eu-
karyotic mRNAs bear an enzymatically appended 5’ cap and very often an enzy-
matically generated poly(A) tail. In addition, the introns of primary eukaryotic
mRNA transcripts are removed by splicing mechanisms.

Amino acid activation is the first step in the aminoacylation process of tRNA,
catalyzed by aminoacyl-tRNA synthetases (aatRS). An amino acid reacts with aden-
osine triphosphate (ATP) under elimination of pyrophosphate to yield a mixed an-
hydride, the aminoacyl adenylate, which normally remains tightly bound to the
enzyme (Fig. 3.6 A).

In the second step, the highly activated aminoacyl moiety is transferred to the
appropriate tRNA, thereby forming the aminoacyl-tRNA and liberating adenosine
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Fig. 3.6 Two-step process of tRNA aminoacylation catalyzed by aminoacyl-tRNA
synthetases (aatRS).

monophosphate (AMP) (Fig. 3.6 B). The reaction is driven to completion by the py-
rophosphatase-catalyzed hydrolysis of inorganic pyrophosphate generated in the
first step. At least one specific tRNA and one aminoacyl-tRNA synthetase exist for
every amino acid. Two classes of these enzymes are known, each containing ten
members. The accurate translation process requires two exact recognition steps.
The first step is the choice of the correct amino acid for the covalent attachment
to a tRNA, this being catalyzed by the appropriate aatRS. The second step is re-
cognition of the amino acid-loaded tRNA, as specified by the mRNA sequence. A
proofreading or editing step by the appropriate aatRS enhances the fidelity of
tRNA loading with its cognate amino acid at the expense of ATP hydrolysis. The
tRNA vary in length from 60 to 95 ribonucleotides (M, ~ 18-28 KDa) and contain
up to 25% of modified bases. In all tRNA the acceptor group for the amino acid
is terminated by the sequence CCA with a free 3-OH group. In aminoacyl-tRNA
the amino acid is esterified to the 2'- or 3-OH group of their 3'-terminal ribose
moiety.

In the translation process, the appropriate tRNA is selected only through codon-
anticodon interactions, without any participation of the aminoacyl group. The
tRNA can recognize several degenerate codons through wobble base pairing, ac-
cording to the wobble hypothesis suggested by Crick. He proposed that the first
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two codon-anticodon pairs show normal Watson—Crick geometry, whereas the
third codon-anticodon pairing allows limited conformation adjustments in its pair-
ing geometry based on a small amount of flexibility or “wobble” in the third co-
don position.

Ribosomal peptide synthesis proceeds stepwise from N- to C-terminus by read-
ing the mRNAs in the 5 — 3’ direction. The ribosome consists of a small and a
large subunit, and contains (e.g., in the simple E. coli version) three rRNA mole-
cules and 52 protein molecules. Eukaryotic ribosomes are larger and more com-
plex than prokaryotic ribosomes, however. The ribosomes that are active in pro-
tein synthesis are tandemly arranged on the mRNA like beads on a string, named
polyribosomes or polysomes.

In prokaryotic peptide synthesis, N*-formylmethionine (fMet) is the N-terminal
residue in the chain initiation process. The appropriate tRNAM differs from
tRNA,,,M" which is bearing internal methionine residues. Initiation is a complex
three-stage process requiring the two ribosomal subunits, Met-tRNAM®, and the
initiation factors IF-1, IF-2, and IF-3. The ribosome has various tRNA binding
sites. The P site, which normally binds the peptidyl-tRNA, is in the initiation step
occupied with fMettRNA{M®" whereas the A site binds the incoming aminoacyl-
tRNA. Furthermore, the ribosome contains a third t-RNA-binding site, the E site
(derived from exit), which temporarily binds the outgoing tRNA.

Chain elongation is a three-stage process adding amino acid residues step by
step, starting from the carboxy group of fMet at a rate of up to 40 residues per
second. Three elongation factors (EF-Tu, EF-Ts, and EF-G) and GTP are involved
in the elongation cycle. Peptide bond formation occurs in the second stage of this
cycle by nucleophilic attack on the ester moiety of the peptidyl-tRNA in the P site
by the amino group of the aminoacyl-tRNA in the A site (Fig. 3.7).

peptidyl
tRMNA
peptidyl :
tRMNA H=N
:2—R
= amino acyl unloaded o
N ’ tRNA N—-H
R tRMA R
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H—N
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0
OH 8]
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|
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Fig. 3.7 Schematic view of the ribosomal peptidyl transferase reaction
forming new peptide bond in translation process.
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This process does not require ATP, and is catalyzed by the peptidyl transferase.
Since the catalytic activity appears to be resident on the 23S rRNA, this process is
probably catalyzed rather by a ribozyme than by an enzyme. The resulting un-
loaded P site tRNA is then transferred to the E site (not shown in Fig. 3.7) and, si-
multaneously, in the so-called translocation process the peptidyl-tRNA from the A
site is transferred together with its bound mRNA to the P site, thus preparing the
ribosome for the next elongation cycle.

Chain termination in E. coli starts when the termination codons UAA, UGA, or
UAG are recognized by the release factors RF-1 (UAA and UAG) and RF-2 (UAA
and UGA). In addition, RF-3, which is a GTP-binding protein, stimulates together
with GTP the binding process of the other two releasing factors. As a result of the
binding process the peptidyl transferase hydrolyzes the ester bond of the peptidyl-
tRNA, and the synthesized polypeptide is released. The resulting unloaded tRNA
and the release factors dissociate from the ribosome with concomitant hydrolysis
of the RF-3-bound GTP to GDP and P;. The translation process in eukaryotes re-
sembles that in prokaryotes, but differs from it in certain details.

3.2.2
Post-Translational Modification

Post-translational covalent modifications occurring in nature include acetylation,
hydroxylation, methylation, glycosylation, sulfatation, iodination, carboxylation,
phosphorylation, nucleotidylation, ADP-ribosylation, and numerous other types.

This post-translational processing is an essential prerequisite for mature poly-
peptides or proteins. Normally, the translation product cannot be considered as a
functional protein. After the assembly of the complete sequence of a protein,
some of the amino acid building blocks may be involved in post-translational
modifications. Most modifications are performed after release of the polypeptide
from the ribosome, but modifications such as disulfide bridge formation or N-ter-
minal acetylation very often occur in the nascent polypeptide chain. Enzymes cata-
lyzing processing reactions are mainly located in the endoplasmic reticulum (ER)
and Golgi apparatus; among these are enzymes which catalyze disulfide bridge
formation, iodination, and glycosylation. Peptide chain folding is stabilized mainly
by noncovalent interactions, and in many cases the association of subunits form-
ing oligomeric proteins is an important event after translation. In general, many
proteins are modified by limited proteolysis and/or by derivatization of specific
amino acid residues.

3.2.2.1 Enzymatic Cleavage of Peptide Bonds

Limited proteolytic cleavage by specific peptidases is a common process in post-
translational modification. Although it seems to be a waste of cellular resources,
proteolytic reactions belong to the most important types in the maturation of pro-
teins.
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Proteolytic removal of the N-terminal fMet or Met (in eukaryotic proteins) resi-
dues most likely occurs in all synthesized polypeptides shortly after their release
from the ribosome. Only few mature proteins contain the formyl or even the N-
terminal methionine residue.

e FEukaryotic membrane-bound ribosomes synthesize transmembrane proteins
and proteins that are destined for secretion. The question arises how these pro-
teins are differentiated from soluble and mitochondrial proteins assembled by
free ribosomes. According to the signal hypothesis, established by the Nobel
laureate Giinter Blobel, all secreted proteins are synthesized with N-terminal
signal peptide sequences of 13 to 36 predominantly hydrophobic amino acid re-
sidues. Immediately after the signal peptide sequence of the preprotein enters
the lumen of the rough endoplasmic reticulum (RER), it is specifically cleaved
by a membrane-bound signal peptidase, thereby releasing the signal peptide
(pre-sequence). Likewise, many proteins are synthesized as inactive precursors —
termed proproteins — that must be activated by limited proteolysis that cleaves
the so-called propeptide sequence. Normally, the initial biosynthesis product is
termed a prepro-protein. The activation of proenzymes (zymogens) of the com-
plement system and proteolysis in the cascade system of blood coagulation
should be mentioned in this context. Some polypeptides are synthesized as seg-
ments of so-called polyproteins containing the sequences of two or more poly-
peptides. This applies to polypeptide hormones, ubiquitin, and virus proteins
(such as those causing AIDS or poliomyelitis):

¢ Ubiquitin is synthesized as several tandem repeats, termed polyubiquitin.

¢ Proopimelanocortin (POMC) is a prototype of a polyprotein with a cleavage pat-
tern that varies among different tissues, yielding a different set of peptide hor-
mones.

e The hormone insulin is derived from an inactive single-chain, 84-residue pre-
cursor termed proinsulin. Correct formation of the disulfide bonds is performed
efficiently in vivo by assembly of the longer chain of proinsulin containing the
A and B chains, together with an internal segment known as the C chain. The
active hormone is formed after proteolytic excision of the C chain from proinsu-
lin.

Another example is the biosynthesis of collagen, a fibrous triple-helix protein that
forms the major extracellular component of connective tissue. N- and C-terminal
sequences each containing about 100 residues are constituents of the polypeptide
chains of procollagen. These propeptide sequences direct the formation of the col-
lagen triple helix, and they are removed by amino- and carboxyprocollagen pepti-
dases after folding of the triple helix. In addition, collagen assembly requires
chemical modification of Pro and Lys residues, and this will be discussed below.

77
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3.2.2.2 Hydroxylation

The assembly of collagen in the course of collagen biosynthesis is a very good ex-
ample of protein maturation by post-translational modification. When the nascent
polypeptides of procollagen move into the RER of the fibroblasts, the sequence-
specific enzymes prolyl hydroxylase and lysyl hydroxylase catalyze the regioselec-
tive hydroxylation of proline and lysine residues to give 4-hydroxy- or 3-hydroxy-
proline (Hyp) and 5-hydroxylysine (Hyl), respectively. Furthermore, glycosyl trans-
ferases catalyze the attachment of sugar residues to Hyl residues. These modifica-
tions occur prior to triple helix formation, because the hydroxylases and glycosyl
transferases involved do not act on the helical structure.

Besides the examples mentioned above, polypeptides and proteins of biological
interest often include structural elements exceeding the 21 genetically encoded
amino acid residues. Both the side-chain functionalities and the terminal amino
and carboxy groups of proteins are covalently modified. More than 150 different
types are known. Thirteen of the encoded amino acids contain functional groups
at the side chain as possible modification sites.

3.2.2.3 Carboxylation

Carboxylation of glutamate building blocks in certain proteins to give y-carboxy-
glutamate (Gla) residues is catalyzed by vitamin K-dependent carboxylases. Some
proenzymes in the blood-clotting cascade undergo this type of modification. Hu-
man prothrombin contains in its Gla domain sequence 6-32 no fewer than 10
Gla residues. The synthesis of Gla from Glu, known as the liver reaction cycle
[75], requires vitamin K hydroquinone as an essential cofactor that is transformed
into vitamin K-2,3-epoxide during Gla synthesis. This epoxide is converted to vita-
min K in two sequential reactions. Proteins containing Gla residues involved in
Ca®* binding have been detected also in other tissues following the discovery of
Gla residues in clotting factors.

3.2.2.4 Glycosylation
Glycosylation of proteins is more abundant than all other types of post-transla-
tional modifications taken together. Glycoproteins contain covalently linked carbo-
hydrate moieties in proportions between <1 and >70 mass %, and can be found
both in soluble and membrane-bound forms in all cells, but also in the extracellu-
lar matrix and in extracellular liquids. They are characterized by microheterogene-
ity with respect to the carbohydrate portion. Glycoproteins occur naturally in a
variety of forms (glycoforms [76]) that share the same sequence, but differ in both
the nature and site of glycosylation. These microheterogeneous mixtures compli-
cate the determination of the exact function in structure-activity relationships.
Especially in eukaryotic cells, many secreted and membrane-associated proteins,
as well as those located inside membranous organelles, are glycosylated. Protein
glycosylation plays an important role in biological processes [77-81], for example
in protein folding, cellular differentiation, cell-cell communication, and the slimi-
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ness of mucosa. The hydrophilic carbohydrate moieties exert considerable influ-
ence on the structure, polarity, and solubility of the proteins. The addition of large
glycan structures to the protein backbone may dramatically alter its conformation
and consequently influence the protein functions. Furthermore, it may substan-
tially affect the thermal stability and targeting/clearance properties of the glycosy-
lated protein. Co- or post-translational modification of proteins with oligosacchar-
ide moieties may also change the folding pathway of the polypeptide chain by in-
teractions between the protein and the oligosaccharide part.

The higher steric requirements, shielding of potential cleavage sites, and charged
oligosaccharide groups confer higher stability towards proteolytic degradation of the
protein. While native coeruloplasmin has a half-life of 54 h, the enzymatic degrada-
tion of the terminal N-acetylneuraminic acid with neuraminidase reduces the half-
life to 5 min [82]. A galactose-recognizing receptor system (asialoglycoprotein recep-
tor) is responsible for rapid degradation in the liver. This receptor system recognizes
the terminal galactose residue exposed by cleavage of N-acetylneuraminic acid and
initiates lysosomal degradation. By contrast, ribosomal enzymes in the Golgi com-
plex are addressed for transport into the lysosomes by the attachment of man-
nose-6-phosphate units to the terminus of the oligosaccharide chains [83].

The carbohydrate proportion of glycoproteins in tumor cells is often changed
significantly in comparison with regular cells. The investigation of so-called tu-
mor-associated antigens provides promising starting points for diagnostics and
immune therapy [84].

Carbohydrate moieties on cell surfaces can be considered as molecular codes.
Although often only seven or eight monosaccharide units occur in a single glyco-
syl residue of a mammalian cell [85], the multifunctionality of these monomers
results in an unusually high number of possible complex structures. Considering
the possibility of branched derivatives, the stereochemistry of the glycosidic bond,
together with modifications of hydroxylic and amino groups of the protein, mil-
lions of different structures are possible even for tetrasaccharides. These many dif-
ferent ways of encoding information may all lead to different biological functions.

On the cell surface many carbohydrate groups of glycoconjugates are involved
in different types of biochemical recognition processes responsible for growth, de-
velopment, infection, immune response, cell adhesion, formation of metastases,
and different events of signal transduction. Viral invasion also may involve mem-
brane-bound glycoproteins. Erroneous glycosylation is thought to be associated
with autoimmune diseases, infectious diseases, or cancer. Such compounds often
occur in minute concentrations and are very difficult to isolate, to characterize,
and to synthezise. The carbohydrate portions of glycoproteins are of major impor-
tance in the realm of cell-cell and cell-matrix recognition. Cells utilize glycopro-
teins for encoding information on the protein-folding pathway, the localization
(intracellular organels, cell surface, or protein export), or on the recognition of
other proteins. Carbohydrate-mediated cell adhesion is also of major biological im-
portance and may be induced either by tissue damage or infections [86]. The in-
teraction of the glycoprotein E-selectin (endothelial leukocyte adhesion molecule,
ELAM-1) and an oligosaccharide on the surface of neutrophilic cells represents
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such an adhesion process. E-selectin is expressed on the surface of endothelial
cells and recognizes the tetrasaccharide sialyl-Lewis™ (Sle*), that forms the termi-
nus of a glycolipid on the surface of neutrophilic cells [87, 88]. Cell adhesion is in-
itiated by cytokines or other inflammatory compounds (e.g., leukotrienes, toxins,
lipopolysaccharides) that induce the formation of E-selectin. The interaction be-
tween E-selectin on the endothelial cell and the complementary receptor on leuko-
cytes present in the bloodstream leads to retardation of the leukocyte in the so-
called rolling process on the surface of the endothelium. In addition, adhesion be-
tween the leukocytes and the endothelial cells is mediated by interaction of integ-
rins present on the leukocyte and proteins such as intercellular adhesion mole-
cule 1 (ICAM-1) containing an RGD sequence (-Arg-Gly-Asp-), or the protein
VCAM-1 containing the recognition sequences LDV (-Leu-Asp-Val-) or IDSP (-Ile-
Asp-Ser-Pro-). As a consequence of these interactions, the leukocyte is attached to
the endothelium, undergoes extravasation, and resolves the inflammatory process.

The tetrasaccharide sialyl-Lewis® is also found on the surface of several tumor
cells. Cancer cells clearly utilize this type of adhesion for metastasizing processes,
and spread with the bloodstream throughout the body. Synthetic sialyl-Lewis™ deri-
vatives compete in solution with leukocytes for binding of E-selectin. As a conse-
quence, these derivatives may act as antiadhesive agents and are regarded as po-
tential antitumor or anti-inflammatory agents.

In eukaryotes, the protein portion of glycoproteins is synthesized ribosomally,
and the attachment of the carbohydrate moieties occurs either co- or post-transla-
tionally. The saccharide residues in glycoproteins are covalently linked to the pro-
tein backbone either across N- (via asparagine 6) or O-glycosidic bonds (via serine,
or threonine 7 and 8).

Asn Xaa Ser/Thr
H O R" H ©

R2 = H (Ser) or CH, (Thr)
Ser/Thr

OH ~OH
7 8
R = H (Ser) or CH5 (Thr)
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The carbohydrate moiety of N-glycosides is attached to the amide side chain of as-
paragine via a B-glycosidic bond. The first monosaccharide unit usually is an N-
acetylglucosamine residue 6. At least three different types of N-glycosides can be
distinguished: complex, high-mannose, and hybrid (Fig. 3.8).

These types are all characterized by a Man;GlcNAc;, core sequence attached to the
protein via an N-glycosidic bond to an Asn residue within the sequence Asn-Xaa-
Ser/Thr, where Xaa is any amino acid residue except Pro (and sometimes Asp)
[89]. On occasion, C° of the first GIcNAc residue is glycosylated with o-1-fucose.

The biosynthesis [90] of N-linked glycoproteins begins in the ER with the multi-
step formation of a lipid-linked precursor that consists of dolichol pyrophosphate
linked to a common 14-residue core oligosaccharide of the composition (N-acetyl-
glucosamine),(mannose)o(glucose);. Each of the 14 monosaccharide units is
added stepwise to the dolichol pyrophosphate carrier, catalyzed by a unique glyco-
syltransferase. The saccharide moiety is then transferred to an Asn residue of the

Man-a(1,2)-Manw
—

Man-a(1,2)-Man"a(1,3)

Man-a(1,2)-Man-a(1,2

NeuNAc-o(2,3)-Gal-B(1,4)-GlcNAc-B(1,2)

a(l,
NeuNAc-a(2,3)-Gal-B(1,4)-GlcNAc-B(1,2)

GlcNAc

a(1,6)

\

Man-a(1 ,2)—Man{,3)

Man-a(1,2)-Man

NeuNAc-a(2,6)-Gal-B(1,4)-GIcNAc
B(1,4)
NeuNAc-a(2,6)-Gal-§(1,4)-GIcNAc™B(1,2)

GlcNAc

Fig. 3.8 Structural motifs of N-glycopeptides.
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growing peptide chain. Processing begins in the ER by enzymatic removal
(“trimming”) of three glucose residues and one mannose residue. The glycopro-
tein is then transported in membranous vesicles to the Golgi apparatus in order
for processing to be continued. Trimming of further mannose residues followed
by attachment of various other monosaccharide units finally provides the typical
primary structures of N-linked oligosaccharides as shown in Fig. 3.8.

The saccharide moiety of the different core types in O-linked glycoproteins
(Fig. 3.9) is attached via an a-O-glycosidic bond between N-acetylgalactosamine
and Ser or Thr (7), or between xylose and Ser (8). Tyrosine O-glycosylation has
been reported; 5-hydroxylysine residues in collagen may also be glycosylated.
Other less-common linkage types are known, including surprising C-linkages to
the C2 position of the tryptophan indole group. Some noncoded amino acids
(e.g., 4-hydroxyproline, 5-hydroxylysine, and t-histidinoalanine) have also been
found at the linkage site in glycopeptides. The carbohydrate moiety can be a sin-
gle monosaccharide or a more complex, sometimes branched, oligosaccharide con-
sisting of up to about 20 monosaccharide units.

Gal-B(1,4)-GlcNAc . 2(1.6)

Gal-B(1,3)-GleNAc-(1,3)-Gal-B(1,3)-GalNAc-Sex(Thr)
Gal-B(1,3)-GleNAc ¢(1,3)

core 2

Gal-B(1,4)-{GIcNAC-B(1,3)-Gal-p(1,4)],-GleNAc.P(1:6)
GalNAc-Ser(Thr)
Gal B(1,3)

core 3

Gal-p(1,4)-GlcNAc._ B(1.6)
Gal-B(1,4)-GIcNAc-B(1,3)-GalNAc-Ser(Thr)
Gal-B(1,4)-GIcNAC”™ g4 3)

Gal-B(1,4)-GlcNAc._B(1,6)
GalNAc-Ser(Thr)

Gal-B(1,4)-GlcNAc™ B(1,3)
Fig. 3.9 Structural motifs of O-glycopeptides.
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Synthesis of O-linked oligosaccharides is carried out in the Golgi apparatus by
sequential coupling of specific monosaccharide units to certain Ser or Thr resi-
dues [91].

The urgent need for alternative sources of homogeneous glycoproteins is a chal-
lenge for chemical glycoprotein and glycopeptide synthesis (see Section 6.3).

3.2.2.5 Amidation

Amidation of bioactive peptides is performed using the bifunctional enzyme pepti-
dylglycine a-amidating monooxygenase (PAM, EC 1.14.17.3) by N-oxidative clea-
vage of a glycine-extended precursor [92]. The N-terminal domain of PAM is the
ascorbate-dependent peptidylglycine o-hydroxylating monooxygenase (PHM) that
catalyzes the stereospecific hydroxylation of the glycine C* in peptidylglycine sub-
strates, whereas the peptidyl-a-hydroxyglycine o-amidating lyase (PAL) is responsi-
ble for generation of the o-amidated peptide product and glyoxylate (Fig. 3.10).
The isolation of peptide amides with all 20 amino acid amides underline the
broad substrate specificity of PAM.

3.2.2.6 Phosphorylation
Nature widely uses the phosphorylation and dephosphorylation of serine, threo-
nine, and tyrosine residues in polypeptides and proteins as a universal mecha-
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Fig. 3.10 Amidation reaction catalyzed by the bifunctional enzyme pepti-
dylglycine o-hydroxylating monooxygenase (PAM). PAL=peptidyl-a-hydroxy-
glycine a-amidating lyase; PHM=peptidylglycine a-hydroxylating monooxy-
genase.
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nism in the regulation of many cellular processes, for example in the activation or
deactivation of enzymes in signal transduction and protein trafficking. Protein
phosphorylation in prokaryotic systems mediates chemosensing of extracellular
signals which eventually leads to chemotaxis.

Protein kinases and protein phosphatases respectively effect the phosphoryla-
tion and dephosphorylation of serine, threonine, and tyrosine residues present in
proteins. All organisms utilize this phenomenon for the regulation of a variety of
intracellular processes. Protein-tyrosine kinases (PTK) convert an extracellular sig-
nal (binding of a ligand to a membrane-bound receptor) into an intracellular sig-
nal (phosphorylation of tyrosine residues situated on specific proteins) [93-95].
Covalent protein phosphorylation is important for many purposes, including con-
trol of the cell cycle, regulation of cell growth and proliferation, regulation of tran-
scription, and signal transduction. Furthermore, the biological functions of many
receptors for hormones, neurotransmitters, peptide-derived drugs, and growth fac-
tors are known to be regulated by reversible phosphorylation. The phosphoryla-
tion of a single Ser residue is sometimes sufficient to regulate the enzyme activ-
ity, a classical example being the control of glycogen synthase and glycogen phos-
phorylase. These enzymes are regulated by phosphorylation/dephosphorylation in-
tegrated in amplifying cascades controlled by the hormones insulin, glucagon,
and epinephrine, and also Ca®*. Other phosphoproteins include casein, ovalbu-
min, phosphovitin, and vitellin.

Phosphorylated tyrosine residues (pTyr) serve for example as recognition sites
for binding by other signaling proteins. These are often assembled in a modular
fashion like the Src homology 2 (SH2) domain or phosphotyrosine-binding do-
mains (PTB). Both of these display high affinity towards ligands containing pTyr.
SH2 domains are clusters of approximately 100 amino acids binding to peptides,
phosphorylated on tyrosine residues, with an affinity in the range of 10-100 nM
[96]. In principle, two categories of SH2 domains can be distinguished according
to the recognition motif:

1.Class 1 SH2 domains recognize sequences of the type pTyr-Xaa-Xaa-Ile/Pro
(Xaa: hydrophilic amino acids).

2. Class 2 SH2 domains bind with high affinity to the motif pTyr-Yaa-Zaa-Yaa (Yaa:
hydrophobic amino acid, Zaa: any amino acid).

pTIyr phosphate groups are removed by protein tyrosine phosphatases (PTPase).
Consequently, physiological or pathological events in this type of signaling cas-
cade may involve either phosphorylation (protein tyrosine kinases), recognition
and binding of phosphorylated proteins (SH2 and PTB domains), and dephos-
phorylation (protein tyrosine phosphatases). All three phenomena may be ad-
dressed in order to influence possible pathological events [97]. While tyrosine
phosphorylation only represents a minor subset of protein phosphorylations of a
cell, it profoundly influences signal transduction and, hence, cellular responses
such as differentiation, mitogenesis, migration, and survival [98]. Inappropriate
tyrosine phosphorylation is closely connected with pathological phenomena, in-
cluding oncogenesis. While only 0.03% of protein-bound phosphate is found on
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tyrosine residues in normal cells, this percentage is significantly (10- to 20-fold)
increased in some malignant tumors.

3.2.2.7 Lipidation

Lipidation of proteins is performed by the enzyme-catalyzed covalent attachment
of different types of lipid groups (prenylation, acylation with fatty acids, and glyco-
sylphosphatidylinositol groups). Lipid-modified proteins are very often attached to
cell membranes, with the lipid moiety anchoring the protein to membranes and
mediating protein-protein interactions. In many cases these lipid-linked proteins
are involved in the transduction of extracellular signals across the plasma mem-
brane and into the nucleus.

Prenylation of polypeptides and proteins with polyisoprenoids belongs to the
functionally most important post-translational modification [99-101]. S-Farnesyla-
tion and S-geranylgeranylation — the two different types of prenylation — are prin-
cipally similar in their behavior, but they differ in specificity with regard to the C-
terminal sequence of proteins. Prenylation can be performed via a covalent attach-
ment of either a C;5 farnesyl or Cyo geranylgeranyl moiety to the cysteine residue
of CAAX motif present in the protein to be modified (A: aliphatic amino acid, X:
variable residue). Farnesylation, catalyzed by the farnesyltransferase (FTase), is
preferred for proteins with the CAAX motif where X is either Met, Ser, Gln or
Ala, whereas proteins with X=Leu are geranylgeranylated under the catalysis of
the geranylgeranyltransferase (GGTase-I). FTase catalyzes transfer of the C;s farne-
syl moiety from farnesyl pyrophosphate (FPP) to a protein containing the C-termi-
nal CVLS motif yielding the farnesylated protein 9.

X A X
S
e
H O
9

When the prenyl moiety has been attached to the Cys residue of the protein via a
thioether linkage, the VLS tripeptide is proteolytically cleaved and a methyl ester
is formed by a protein methyltransferase at the new C-terminal Cys residue. This
modification pattern was identified in Ras proteins [102]. Ras proteins are plasma
membrane-bound GTP-binding proteins that influence numerous signal transduc-
tion processes and play a crucial role as a molecular switch involved in tumor for-
mation [103].

Acylation with fatty acids is performed either co- or post-translationally in various
protein families that cover important functional properties [104]. The acyl moieties
are linked either via thioesters or via amide bonds. N-Acylation has been found
either in the form of myristoyl (C;4) groups linked to a N-terminal glycine of a pro-
tein 10 [105], or on occasion as palmitoyl moieties attached to lysine e-amino groups.
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N-Terminal acetylation via common biochemical acetylating agents leads to N-
acetylated peptides such as a-melanotropin (a-MSH), or some proteins. In histone
H4, the N-terminal Ser is N-acetylated and may be O-phosphorylated. Some other
Lys residues in positions 5, 8 and 12 of this protein are N®-acetylated. Interest-
ingly, the side-chain amino function Lys* is either mono- or dimethylated. N°-Pal-
mitoyl-lysine has been found in adenylate cyclase from Bordatella pertussis, where
it is formed enzymatically by a specific enzyme [106]. Palmitoyl (Cq6) groups are
most commonly linked to specific cysteine residues in protein S-acylation [107],
this modification occurring post-translationally in the cytosol. Palmitoylated pro-
teins are occasionally also prenylated. Thioester-linked palmitoic acid may under-
go acylation/deacylation cycles due to the labile nature of the thioester bond. In
addition, only a few O-acylated peptides or proteins have been elucidated [108].

In GPI-linked proteins 11 the glycosylphosphatidylinositol moieties anchor the
protein to the exterior surface of the eukaryotic plasma membrane.
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GPI-linked proteins belong are associated with, for example, enzymes, recognition
antigens, receptors, and immune system proteins. The glycan is a core tetrasac-
charide that varies with the identity of the protein. In addition, diversity in the
fatty acid residues (R' and R?) must be stated.

3.2.2.8 Pyroglutamyl Formation

Pyroglutamic acid (<Glu, pGlu, Pyr, or Glp) formation via intramolecular cycliza-
tion of N-terminal Gln residues is another example of post-translational modifica-
tion. The aminolytic cyclization of a N-terminal glutamine (R=NH,) in peptides
irreversibly gives terminated pyroglutamyl peptides 12.
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In addition, a N-terminal y-alkyl ester of glutamic acid (R=0Alkyl) may be con-
verted into the same derivative. Naturally occurring pyroglutamyl peptides include
eisenin (<Glu-Gln-Ala-OH), pelvetin (<Glu-Gln-Gln) from algae, or the liberins
thyrotropin-releasing hormone (TRH) (<Glu-His-Pro-NH,;) and gonadoliberin. In
contrast, pyroglutamyl formation is a serious side reaction in peptide synthesis.

3.2.2.9 Sulfatation
Sulfatation of tyrosine residues 13 is performed in cholecystokinin, gastrin, and
related peptide hormones.

0
~SO4H

13

Protein tyrosine sulfatation is emerging as a widespread post-translational modifi-
cation in multicellular eukaryotes. Today, proteins of different types and different
modes of action are known to be sulfated at tyrosine residues, among them o-
choriogonadotropin, heparin cofactor II, and gastrin II. Secretory proteins are the
most abundant, but not exclusive, in-vivo substrates for tyrosine sulfatation [109].

Proteins that contain tyrosine residues sulfated at the phenolic hydroxy function
participate in protein-protein interactions, mediated by recognition of the sulfate
group. Tyrosine sulfatation is clearly one of the key modulators mediating inflam-
matory leukocyte adhesion. Furthermore, chemokine receptors may undergo tyro-
sine sulfatation, which seems to be crucial for the recognition by other proteins.

The modification is generated by tyrosyl protein sulfotransferases (ITPST) in the
Golgi apparatus using 3’-phosphoadenosine-5-phosphosulfate (PAPS) as the sul-
fate donor (Fig. 3.11).

This does not seem to be a comparable system of dynamic regulation, as in tyr-
osine phosphorylation. However, the functional significance of tyrosine sulfatation
remains the subject of many ongoing investigations.
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Fig. 3.11 Tyrosyl protein sulfotransferase (TPST) catalyzed sulfation.

3.23
Nonribosomal Synthesis

A vast number of structurally diverse linear, cyclic and branched cyclic peptides, li-
popeptides, depsipeptides and peptidolactones are produced by microbial organ-
isms via the nonribosomal pathway. Nonribosomal peptide synthesis occurs with-
out predetermination of the amino acid sequence by nucleic acids, and is mechan-
istically performed according to the template-directed peptide synthesis. The exis-
tence of a poly- or multienzymatic pathway to peptides was first suggested by
Fritz Lipmann in the mid-1950s [110], and this idea was later defined as being
template-directed peptide synthesis catalyzed by large multifunctional enzymes
(peptide synthetases). The peptide synthetases show a unique modular arrange-
ment of functional units composed of individual domains catalyzing the succes-
sive condensation of their substrates by adenylation, thiolation, modification, and
transpeptidation (for selected reviews, see [111-113]). The nonribosomal multien-
zyme thiotemplate mechanism is shown in simplified form in Fig. 3.12.
According to this mechanism, peptide bond formation is performed on multien-
zymes in a two-step process that includes ATP-dependent aminoacyl adenylation
with similarities to the amino acid activation procedure catalyzed by aminoacyl-
tRNA synthetases, and aminoacyl thioesterification at specifically reactive thiol
groups of the multienzyme. The initially formed unstable aminoacyl adenylate is
subsequently transferred to a thiotemplate site, where it is bound as a thioester to
the cysteamine moiety of an enzyme-bound 4'-phosphopantetheine (4'-PP), which
is covalently bound to each thiolation domain. It has been demonstrated that pep-
tide synthetases require post-translational modifications in order to become cataly-
tically active. The active holoforms are formed from the inactive apoproteins by
post-translational transfer of the 4-PP residue of coenzyme A to the hydroxy
group of a highly conserved serine residue. This is located at the C-terminal re-
gion of each substrate activating unit, and is defined as the acylation or thiolation
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Fig. 3.12 Simple scheme of nonribosomal peptide synthesis.

domain. In this binding state, the thiol-activated amino acid derivative can under-
go modifications such as epimerization (as shown in Fig. 3.12) or N-methylation.
Transfer of the thioester-activated carboxy group of one residue to the adjacent
amino group of the next amino acid results in a stepwise elongation in a series of
transpeptidation reactions. This biosynthesis system can be described as a tem-
plate-driven assembly. A series of very large multifunctional peptide synthetases
characterized by a modular arrangement perform the synthesis in an ordered
fashion. Only the protein template is genetically encoded. A single peptide synthe-
tase gene contains four to six modules, allowing the addition of four to six build-
ing blocks. Each module is capable of recognizing a residue, followed by its activa-
tion (if necessary), its modification, and its addition to the growing peptide chain.
Such a minimal module can activate both amino acid or hydroxy acid residues.
This model, which involves multiple carriers at multifunctional templates, was de-
rived from investigations of the gramicidin S synthetase multienzyme complex.
Based on this mechanism, various peptide products containing either encoded
amino acids, or hydroxyamino acids, p-configured amino acids, or other unusual
derivatives, or amino acids with further modifications such as acylation, glycosyla-
tion, N-methylation, heterocyclic ring formation, can be formed. There is evidence
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that more than 300 different building blocks have been found in nonribosomally
synthesized peptide structures. Nonribosomally synthesized peptides are produced
exclusively by microorganisms, and the structural diversity is immense. Gram-pos-
itive bacteria of the species Bacillus, Actinomyces and Streptomyces belong to the
most important producers.

Gramicidin S and the tyrocidin peptides produced by Bacillus brevis strains re-
present best-investigated examples related to the biochemistry of nonribosomal
peptide synthesis. In gramicidin S 2, two identical pentapeptides are linked via
head-to-tail linkage. In contrast, the tyrocidins contain the sequence Val-Orn-Leu-
Phe-Pro only as one copy, while the second pentapeptide of tyrocidins A, B, C,
and D is assembled from a different set of amino acid building blocks with varia-
tion in specific positions. Gramicidin S and tyrocidin underline the relationship
between peptide structure and multienzyme assembly of cyclic peptides in Bacil-
lus brevis strains. Both peptides share a pentapeptide sequence that is encoded by
two and three multienzymes, respectively.

The cyclosporin synthetase from the fungus Beauveria nivea is one of the largest
known integrated enzyme structure, with a molecular weight of ~ 1400 KDa. This
synthetase catalyzes at least about 40 reaction steps during the final assembly of
the undecapeptide chain of cyclosporin A and its cyclization [114].

33
Selected Bioactive Peptide Families

3.31
Peptide and Protein Hormones

Living organisms require a highly complex chemical signaling system in order to
coordinate activities at any level of their organization. Intercellular biochemical
communication is mainly based on the action of hormones and neurotransmit-
ters. The relationship between the hypothalamus, hypophysis, and target glands
or target tissues in humans is shown schematically in Fig. 3.13.

The chemically heterogeneous group of hormones contains a vast number of
peptides, proteins, and amino acids.

Peptide and protein hormones exert their action via binding to specific receptors.
As a rule, the receptor (R) is a membrane-bound protein that is capable of binding its
ligand (L) according to the law of mass action (R+L — [RL]). The binding parameter
of a radiolabeled ligand to a receptor can be determined from a plot of bound ligand
(B)/free ligand (F) versus bound ligand (B/F=(B.—B)/Ky). This is known as a
Scatchard plot, named after its originator, George Scatchard. K; is operationally de-
fined as the ligand concentration at which the receptor is half-maximally occupied by
ligand, and can be determined from tangential slope —1/K;.

The hormone-receptor interactions stimulate the synthesis and activation of
specific enzymes via signaling cascades involving second messengers such as
cAMP, cGMP, diacylglycerol (DAG), inositol triphosphate (IP;), and Ca**. Many
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Fig. 3.13 Relationship between hypothalamus, hypophysis and target tissues includ-
ing the action of the hormones of the second and third level.

peptide and protein hormone receptors mediate adenylate cyclase activation and
inhibition, respectively, via membrane-bound G-proteins. The release of prosta-
glandins, steroid hormones, thyroid hormones, peptides, and glycoproteins can
also be stimulated by peptide and protein hormones. Sometimes, internalization
of a receptor is induced by an excess of a peptide hormone which leads to disap-
pearance of the receptor — described as receptor down-regulation. This results in
temporary stimulation followed by inhibition of the target cells. The term peptide
agonist is given for analogues of native peptide hormones that trigger the hor-
mone signal in the same manner. Peptide antagonists are analogues that act as
competitive inhibitors, occupy the appropriate receptor, displace the agonist from
the receptor, but do not transmit the hormone signal.
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3.3.1.1 Liberins and Statins

A group of peptide hormones synthesized in the neurons of various distinct nu-
clei of the hypothalamus were initially named as releasing factors and release-in-
hibiting factors. Nowadays, these molecules are called releasing hormones or, ac-
cording to an ITUPAC-IUB recommendation, liberins. Moreover, the release-inhib-
iting factors are better designated as release-inhibiting hormones or statins
(Tab. 3.3). The hypothalamus is the lowest part of the midbrain, and in certain nu-
clear areas nervous excitation is transformed into hormonal signals, for example
releasing hormones and neurohypophyseal hormones. The releasing hormones,
which are stored in the eminence of the hypothalamus in nanogram quantities,
have a half-life in the order of a few minutes. The hormones are delivered via a

Tab. 3.3 Hypothalamic-releasing hormones (liberins)® and release-inhibiting hormones (sta-
. b)
tins) .

Name" Synonym Abbreviation Major effects
Thyroliberin Thyrotropin-releasing hor- TRH Stimulates TSH release
mone
Gonadoliberin Gonadotropin-releasing GnRH Stimulates both lutro-
hormone pin and follitropin
release
Luliberin Luteinizing hormone-releasing LH-RH
hormone
Folliliberin Follicle stimulating hormone- FSH-RH
releasing hormone
Corticoliberin Corticotropin-releasing CRH Stimulates corticotro-
hormone pin (ACTH) release
Prolactoliberin Prolactin-releasing hormone =~ PRH Stimulates prolactin
release
Prolactostatin Prolactin-release inhibiting PIH Inhibits prolactin
hormone release
Somatoliberin Somatotropin-releasing SRH Stimulates somatotro-
hormone (Growth hormone- pin (growth hormone)
releasing hormone, GRH) release
Somatostatin Somatotropin-release inhibit-  SIH Inhibits somatotropin
ing hormone (growth hormone)
release
Melanotropin Melanotropin-releasing MRH Stimulates melanotro-
hormone pin release
Melanostatin Melanotropin-release inhibit-  MIH Inhibits melanotropin

ing hormone

release

a) Instead of releasing hormone and release-inhibiting hormone, the terms releasing factor (RF) and
release-inhibiting factor (RIF) are also in use.
b) According to IUPAC-IUB recommendation.
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direct circulatory connection to the anterior pituitary (adenohypophysis), where
they stimulate or inhibit the release of the appropriate trophic hormone into the
bloodstream. In most cases the trophic hormones stimulate the appropriate endo-
crine glands to secrete the corresponding endocrine hormones.

Fig. 3.14 shows as a representative example the hormone control circuit for the
synthesis of adrenocorticotropin (ACTH), including the feedback regulation. The
corticotropin-releasing hormone (CRH) formed in the hypothalamus is released
into the capillaries of the portal vessels and transported to the anterior pituitary
where it stimulates the production of POMC, a polyprotein containing the se-
quences of ACTH and several other hormones. The post-translationally released
ACTH is secreted into the plasma, interacts with receptors at the surface of the
adrenal lobe, and stimulates especially the synthesis of glucocorticoids. ACTH in-
hibits the release of CRH, and the glucocorticoids inhibit the release of both
ACTH and CRH. Furthermore, dopaminergic neurons originating in the hypotha-
lamus have major regulatory function on the synthesis and release of POMC.
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Thyroliberin 14 was initially discovered in the nervous system (brain), pancreas, in-
testine, and the prostate gland. It is formed as prepro-TRH which, in the rat, consists
of 225 residues and contains five copies of the TRH sequence. After release of the
TRH sequences by limited proteolysis, the N-terminal glutamine is cyclized to pyr-
oglutamic acid, whilst the C-terminal glycine is converted to the amide function un-
der catalysis of peptidylglycine-amidating monooxygenase. TRH stimulates the ante-
rior pituitary to produce and secrete the trophic hormone thyrotropin, which in turn
stimulates the thyroid gland to synthesize and secrete thyroxine (T,) and triiodothyr-
onine (T3). The latter two hormones cause a negative feedback on the secretion of
TRH and thyrotropin. Further biological effects of TRH are the secretion of prolac-
tin, the inhibition of glucagon in the pancreas, contraction of the urinary bladder,
vasodilatation in the cardiovascular system, and action as a neurotransmitter in
the CNS, with various specific effects. TRH has found application as a diagnostic
for thyroid and hypophyseal functions. Some TRH preparations for oral, parente-
ral, and intranasal application are available commercially to treat spinal injury, schi-
zophrenia, epilepsy, motor neuron disease, depression, and circulatory shock. Some
analogues are more effective than native TRH; for example, [2-(N-Me-His)]TRH and
the corresponding N-amylamide possess eight- and ten-fold the potency of the native
hormone, respectively. In contrast, a higher number of analogues which have central
activity but which do not release TSH have been described. Pyroglutamyl-peptidase
IT (thyro-liberiase), which cleaves specifically the pGlu-His bond, is an important en-
zyme in the breakdown of TRH. Metabolites of TRH, such as cyclo-(His-Pro) and
pGlu-His-Gly-OH show a central appetite-inhibiting effect. The latter compound,
named anorexigenic peptide, was found in the urine of women suffering from an-
orexia nervosa. Furthermore, a correlation between increased cyclo-(His-Pro) plas-
ma levels with weight loss in bulimia and anorexia nervosa has been reported.
TRH was the first releasing hormone to be isolated, and its structure was elucidated
independently in 1969 by the groups of Andrew Schally [115] and Roger Guillemin
[116] using extracts of hypothalami from approximately 3 million animals (sheep
and pigs).

Gonadoliberin (gonadotropin-releasing hormone, GnRH) 15 stimulates the ade-
nohypophysis in a Ca**-dependent process to release the gonadotropins, for exam-
ple lutropin (luteinizing hormone, LH) and follitropin (follicle-stimulating hor-
mone, FSH).

<Glu'—His—Trp—Ser— Tyr®—Gly—Leu— Arg—Pro—Gly'%—~NH,
15

The sequence of gonadoliberin is formed initially as a part of the precursor pro-
tein (prepro-GnRH) consisting of 92 amino acid residues. The release of GnRH
from the precursor requires C-terminal amidation by peptidylglycine a-amidating
monooxygenase. GnRH occurs not only in the hypothalamus but also in the
brain, liver, heart, pancreas, kidneys and adrenal glands, gonads, and small intes-
tine. Many thousands of analogues have been synthesized and tested biologically.
Several superagonists (e.g., leuprolide, nafarelin, buserelin) have found clinical ap-
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plication for disorders such as prostate cancer or endometriosis, and many antago-
nists are undergoing evaluation as both male and female contraceptive agents.

H-sSer'— Glu— Glu—Pro~ Pro®-lle— Ser- Leu- Asp—Leu'®—~ Thr—Phe- His - Leu—
Leu'5—Arg—Glu—Val—-Leu-Glu2’—Met- Ala— Arg— Ala— Glu?®- GIn- Leu—
Ala— GIn— GIn®— Ala—His- Ser—- Asn—Arg®*- Lys— Leu-Met-Glu-lle—lle-NH,

16

Corticoliberin (CRH) 16 occurs in nerve fibers throughout the brain, but it has
been also found in the adrenal medulla, pancreas, placenta, and testes. It stimu-
lates the synthesis and release of POMC in the adenohypophysis and placenta,
which is subsequently degraded to form, for example, corticotropin (ACTH), B-en-
dorphin, and melanotropins. The 41-polypeptide amide shows structural similari-
ties to sauvagine from the skin of Phyllomedusa sauvagii, and urotensin I from the
urophysis of the white sucker (Catostomus commersoni), respectively.

Three of the seven adenohypophysis hormones (somatotropin, prolactin, and
melanotropin) do not act on endocrine glands, but rather influence tissue mecha-
nisms directly. Due to the lack of feedback mechanisms, control is performed by
the action of appropriate release-inhibiting hormones.

Somatoliberin (somatotropin-releasing hormone, SRH; also known as growth
hormone-releasing hormone, GRH) 17 is a 44-polypeptide amide which is re-
leased proteolytically from prepro-SRH, followed by post-translational amidation.

H—Tyr—Ala— Asp—Ala—lle®~Phe— Thr— Asn—Ser— Tyr'%— Arg—Lys— Val—Leu-

Gly'5~ GIn- Leu~ Ser—Ala—Arg?°- Lys — Leu—Leu— GIn— Asp?°—lle- Met—Ser—

Arg- GIn®%- GIn- Gly—Glu—Ser— Asn®®— GIn—Glu— Arg— Gly— Ala**— Arg— Ala—
Arg—Leu—NH,

17

SRH stimulates the release of somatotropin (growth hormone) from the anterior
pituitary. Somatostatin is the corresponding release-inhibiting hormone (somato-
tropin release-inhibiting hormone, SIH) 18 which is formed primarily as prepro-
SRIH and processed to a heterodetic cyclic 14 peptide.

H- Ala'= Gly— Cys— Lys—Asn5~Phe— Phe—
|

Trp—Lys — Thr'®~ Phe—Thr- Ser—C)I/s—OH

18

SIH inhibits the secretion of somatotropin, but also shows inhibitory activity, for
example on the release and action of thyrotropin, prolactin, insulin, glucagon, gas-
trin, cholecystokinin, and motilin.

The secretion of prolactin from the hypophysis is regulated by the hypothalamic
peptide hormones prolactoliberin and prolactostatin, which are of unknown struc-
ture. Melanoliberin most likely corresponds to the enzymatic degradation product
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of oxytocin (H-Cys-Tyr-Ile-Gln-Asn-Cys-OH), whereas melanostatin should be iden-
tical with the C-terminal tripeptide of oxytocin (H-Pro-Leu-Gly-NH,).

3.3.1.2 Pituitary Hormones

The hypophysis or pituitary gland is a vertebrate endocrine gland located at the
base of the brain, and connected to the midbrain by the hypophyseal stalk. The
hypophysis consists of the anterior pituitary (adenohypophysis), the middle part,
and the posterior pituitary (neurohypophysis). As shown above (cf. Fig. 3.13), the
secretion of pituitary hormones (also termed trophic hormones) is controlled by
the hypothalamus. The pituitary hormones (Tab. 3.4) are released into the blood-
stream and stimulate their corresponding glands or tissues (adrenal cortex, thy-
roid, testes/ovaries, liver, and other special tissues) to secrete the appropriate en-
docrine hormones. Alternatively, they may exert their biological effect directly, as
shown by somatotropin (growth hormone).

The binding of human growth hormone (hGH), a 191-residue protein, activates its
receptor (620 aa) to stimulate growth and metabolism in muscle, bone, and cartilage
cells. The receptor consists of a N-terminal extracellular ligand binding domain
(hGHbp, 238 aa), a single (probably helical) transmembrane segment, and a C-ter-
minal cytoplasmic domain. The X-ray structure analysis of a complex of hGH with
the extracellular domain of its receptor revealed that this complex consists of two
molecules of hGHbp with one molecule of bound hGH. The ligand-induced recep-
tor dimerization is important for the specific mechanism of signal transduction,
which might also be verified for other growth factors. GH promotes the longitudinal
growth and regeneration of bone, and a mainly tumor-promoted overproduction of
GH causes excessive growth (gigantism). In adults GH influences only the growth of
soft tissues, and this results in enlarged hands and feet, as well as thickened facial
features (acromegaly). Insufficient growth (dwarfism) based on GH deficiency in the
period before skeletal maturity can only be treated by application of human GH, as
animal GH is without effect in humans. Nowadays, Met-h-GH and h-GH are pro-
duced by recombinant DNA techniques and used in the therapy of hypophyseal
dwarfism. Last, but not least, it should be mentioned that GH stimulates the liver
and kidneys to synthesize somatomedins, these being polypeptide growth factors
(M, ~ 7-10 KDa) with growth-promoting activity. In particular, recombinant somato-
medins are important in the treatment of hypophyseal dwarfism.

POMC synthesized both in the anterior and intermediate lobe contains seven
different peptide hormones, among them corticotropin (ACTH) and melanotro-
pin. The tissue-specific post-translational processing of POMC in the anterior and
intermediate lobes of the pituitary provides the signal sequence, the N-terminal
fragment, corticotropin, and P-lipoprotein (B-LPH), whereas in the intermediate
lobe only further proteolytic cleavage occurs, yielding y-MSH (from the N-termi-
nal fragment), a-MSH and corticotropin-like intermediate lobe peptide (CLIP
from corticotropin), as well as B-endorphin together with y-lipotropin (y-MSH
from B-LPH). Further information regarding hypophyseal hormones is available
in Tab. 3.4; general information on hormones is also available in the Glossary.
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Name? Synonyms Abbrev. Major effects Structure
Thyrotropin Thyroid-stimulat- TSH Synthesis and secretion Glycoprotein® a
ing hormone of the thyroid chain: 96 aa
hormones B chain: 112 aa
Lutropin Luteinizing LH Acts together with FSH  Glycoprotein®
hormone in stimulation growth o chain: 96 aa
of the gonads and the B chain: 121 aa
synthesis of the sex
hormones
Follitropin Follicle-stimulat-  FSH Responsible for devel-  Glycoprotein®
ing hormone opment and function of o chain: 96 aa
male and female B chain: 111 aa
gonads; promotes sper-
matogenesis in male
testes, and controls ma-
turation of female folli-
cle
Prolactin Lactotropin PRL Increases in female Single-chain
Lactogenic mammals the milk pro- protein®
hormone duction, and initiates (198 aa)
Luteotropic LTH materal behavior
hormone
Luteotropin
Somatotropin  Somatotropic STH Promotes species-specif- Single-chain pro-
hormone GH ic longitudinal growth  tein®
Growth hormone and bone regeneration; (191 aa); two dis-
stimulates synthesis of ulfide bonds
somatomedins
Lipotropin Lipotropic LPH Stimulates lipid meta-  Single-chain pro-
hormone bolism, especially, fatty  tein
acid mobilization from  B-LPH: 91 aa
lipid depots
Corticotropin ~ Adreno- ACTH Stimulates in the adre-  Single peptide
corticotropic nal cortex the synthesis chain: 39 aa
hormone of glucocorticoids and
mineralocorticoids
Melanotropin ~ Melanocyte- MSH Causes dispersion of Mammalian
stimulating melanin in the melano- a-MSHY:
hormone phores of the skin of 13 aa

cold-blooded verte-
brates; o-MSH is pre-
sent extensively in the
CNS of humans and
other animals

B-MSH: 18-22 aa

a) Not included: oxytocin and vasopressin which are formed in hypothalamus and stored in the pos-
terior pitiutary.

b) According to IUPAC-IUB recommendation.

¢) Human proteins.

d) Occurs primarily in the hypophyseal pars intermedia and in the hypothalamus.
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3.3.1.3 Neurohypophyseal Hormones

The neurohypophysis is the posterior lobe of the pituitary, and is anatomically dis-
tinct from the adenohypophysis. It secretes oxytocin (OT) 3 and vasopressin (VP)
19, two homologous heterodetic cyclic peptides that are primarily synthesized in
the hypothalamus.

H-C)|Is1— Tyr— Phe— GIn—AsnS—C)|/s— Pro—Arg—Gly —NH,
19

Oxytocin is synthesized in the nucleus paraventricularis, and vasopressin in the
nucleus supraopticus, of the hypothalamus in the form of appropriate neurophy-
sin precursor proteins (neurophysin I and neurophysin II). They are transported
in neurosecretory vesicles via the tractus paraventriculo-hypophyseus to the poste-
rior pituitary. The latter acts as a storage and release facility for both peptide hor-
mones. Stimulation causes proteolytic release of the prohormone form and secre-
tion into the blood. Oxytocin mediates contraction of the smooth muscle of the
uterus and milk ejection by contraction of the breast glands. Vasopressin, also
known as antidiuretic hormone, stimulates the kidneys to retain water and in-
creases blood pressure. Vasopressin release is mainly controlled by osmoreceptors
that monitor the osmotic pressure of the blood. Bovine and other mammalian pi-
tuitaries contain [Arg®lvasopressin (AVP), whereas porcine pituitary has
[Lys®Jvasopressin (LVP). From phylogenetic investigations could be concluded that
vasotocin (Cys'-Tyr-Ile-Gln-Asn®-Cys-Pro-Arg-Gly-NH, (disulfide bond: Cys'-Cys®)
is the evolutionary precursor of the neurohypophyseal hormones. The latter is re-
sponsible for the regulation of water and mineral metabolism of lower verte-
brates. During the transition from the cyclostomata to fish, a gene duplication oc-
curred which resulted in the formation of oxytocin and vasopressin. Only the re-
placement of Ile* in vasotocin by Phe led to vasopressin as the mammalian hor-
mone. The number of evolutionary precursors for oxytocin is much more de-
manding with the naturally occurring vertebrate hormones aspartocin, valitocin,
glumitocin, isotocin, and mesotocin.

Many analogues of the neurohypophyseal hormones have been synthesized in
the course of extensive investigation into their structure and activity [117]. Some
selected examples are given below. The commercially produced 1-deamino-[p-
Arg®Jvasopressin (DDAVP) shows 400 times the effect of VP on the kidneys,
whereas its effect on blood pressure is practicably negligible. The most widely
used AVP antagonists of vasopressor responses are [(l1-mercaptocyclohex-1-yl)-
acetic acid, 2-O-methyltyrosine]AVP, and [1-deamino-penicillamine, 2-O-methyltyr-
osine]AVP. One of the most potent oxytocin antagonists in the uterine receptor is
the bicyclo analogue, cyclo-(1-6,4-8)[Mpa',Glu* Lys®joxytocin. [Pen',n-Pen? Thr?,
Orn®|OT is a potent, long-lasting antagonist both in vitro and in vivo.
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3.3.1.4 Gastrointestinal Hormones

At present, more than 30 peptide hormone genes are known to be expressed
throughout the digestive tract. Consequently, the gut is the largest endocrine hor-
mone-producing organ in the body, both in terms of the number of endocrine
cells and the number of hormones [118, 119]. According to the classical concept
of gastrointestinal hormones which prevailed until the 1970s with only three
known hormones of secretin, gastrin, and cholecystokinin (CCK), a gut hormone
was defined as a substance produced by one type of endocrine cell dispersed in a
relatively well-characterized region of the gastrointestinal tract. From here, it is re-
leased to the bloodstream upon an appropriate stimulus, and reaches its target or-
gan in order to elicit an acute response. Modern developments in cellular and mo-
lecular biology demand a new definition of gastrointestinal hormones, however
[120]. In fact, the well-known widespread expression of gastrointestinal hormone
genes outside the gastrointestinal tract makes these peptide hormones multifunc-
tional regulators of general physiological and biochemical interest, whilst acting
simultaneously as acute metabolic hormones, local growth factors, neurotransmit-
ters, and fertility factors. The resulting complexity has been further increased by
the fact that individual genes for gut peptides encode various peptides, which re-
lease in a tissue- and cell-specific manner a very large number of different, biolo-
gically active peptides. Originating from one common ancestral gene, the gastroin-
testinal hormones form structural homology groups.

Since several peptide genes are expressed both in the gut and in the pancreas,
it has been assumed that in onto- and phylogenetic terms the pancreas is of in-
testinal origin. The major gastroenteropancreatic peptide families according to a
proposal of Rehfeld [120] are listed in Tab. 3.5. The degree of homology varies
from family to family. In the gastrin family, the decisive homology is concentrated
in and around the common C-terminal tetrapeptide amide (Trp-Met-Asp-Phe-
NH;). O-Sulfated tyrosyl residues adjacent to this conserved active site character-
ize this family. In the PP-fold family, the three members PP, PYY, and NPY dis-
play sequence similarities between 45 and 70%. The characteristic three-dimen-
sional PP fold consists of a polyproline-like helix (residues 1-8) and an amphiphi-
lic a-helix (residues 15-30). Both helices are joined together by a type I B-turn
(residues 9-12), supported by hydrophobic interactions.

Secretin was long believed to exist only as a 27mer peptide amide, until three
additional secretins — which have 28, 30, and 71 residues and are released from
prepro-secretin (132 residues) and show full biological activity — were identified.

The CCK gene encodes a prepro-peptide (115 residues) which is processed to
six CCK peptides with 8, 22, 33, 39, 58, and 83 amino acid residues, respectively.
All of these have the same C-terminal bioactive 8-peptide sequence.

The endoproteolytic cleavage of prepro-glucagon occurs cell specifically. Pancrea-
tic A cells form glucagon, and intestinal L cells the glucagon-like peptides GLP-I
and GLP-IL

To summarize briefly, in vertebrates gastrointestinal hormones should not be re-
garded as local hormones; rather, they participate in the coordination and regula-
tion of many functions. More than 100 bioactive peptides are involved in intercel-
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Tab. 3.5 Gastroenteropancreatic peptide families according to Rehfeld [120].

Secretin family Gastrin family

Secretin Gastrin

Glucagon? Cholecystokinin (CCK)

Glucagon-like peptides (GLPs)? Cerulein®

Growth hormone-releasing hormone Cionin®

Pituitary adenylyl cyclase-activating hormone  PP-fold family

Gastric inhibitory polypeptide (GIP) Pancreatic polypeptide (PP)

Vasoactive intestinal polypeptide (VIP)® Peptide tyrosine tyrosine (PYY)

Peptide histidine isoleucine (PHI)? Neuropeptide Y (NPY)

Insulin family Tachykinin family

Insulin Substance P

Insulin-like growth factor I Neurokinin A

Insulin-like growth factor II Neurokinin B

Relaxin

Somatostatin family EGF family

Somatostatin Epidermal growth factor (EGF)

Corticostatin Transforming growth factor a (TGF «)
Amphiregulin

a) Encoded by one gene, respectively.
b) Nonmammalian peptide.

lular regulation, ranging from local control of growth and differentiation to acute
systemic effects. Indeed, as cell biology techniques advance, it is likely that appli-
cations in clinical oncology, neurobiology, and psychiatry will be developed from
studies of gastrointestinal endocrinology. Further information related to gastroin-
testinal hormones is provided in the Glossary.

3.3.1.5 Pancreatic Islet Hormones

Pancreatic islet hormones are responsible for regulating not only the storage of
glucose and fatty acids, but also their release. Three different types of cells are
found in the pancreatic islets of Langerhans, and each secretes a specific polypep-
tide hormone. The o-cells secrete glucagon, the B cells insulin, and the § cells so-
matostatin.

Insulin acts together with its counterpart glucagon (which has largely opposing
effects) to maintain the correct concentration of blood glucose. An increased blood
glucose level (hyperglycemia) is the physiological signal for the synthesis and secre-
tion of this hormone. Insulin increases cell permeability for glucose and other
monosaccharides, as well as fatty acids and amino acids. Furthermore, it stimulates
liver, muscle, and adipose cells to store these metabolites for further use in the form
of glycogen, protein, and fat. In diabetes mellitus, insulin is either not secreted in
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sufficient concentrations or does not efficiently stimulate its target cells, and an ab-
normally high concentration of ketone bodies (ketosis) is one of the most dangerous
effects. Two major forms of diabetes mellitus are known:

e Insulin-dependent (type I) diabetes mellitus (IDM) is caused by a deficiency of
pancreatic B cells. IDM (also termed juvenile-onset diabetes mellitus) often
strikes suddenly in childhood. In genetically susceptible individuals an autoim-
mune response selectively destroys the pancreatic B cells. Daily postprandial in-
sulin injections are required in order for these individuals to survive. It is
known that certain genetic variants of the class II major histocompatability
complex (MHC) proteins are particularly common in IDM. It has been sug-
gested that autoimmunity against B cells may be induced by a foreign antigen
with immunological resemblance to the B-cell component. The class II MHC
protein binds the antigen and initiates a vigorous and prolonged immune re-
sponse, attacking also the B cells of the pancreas.

¢ Noninsulin-dependent (type II) diabetes mellitus (NIDDM) is strongly corre-
lated with obesity, and may be associated with loss of fully active insulin recep-
tors on normally insulin-responsive cells. Individuals with NIDDM have a nor-
mal or even greatly elevated insulin level resulting from malnutrition which
may suppress the biosynthesis of the insulin receptor.

Insulin was discovered in 1921 by Banting (Nobel Prize 1923) and Best, and was
purified and crystallized by Abel five years later. The elucidation of the primary
structure was described in 1955 by Frederic Sanger, who was awarded the Nobel
Prize in 1958for this pioneering work. He obtained this award a second time for
the development of the chain-terminating method for DNA sequence analysis in
1980. Insulin consists of the A chain (acidic chain) containing 21 residues, and
the B chain (basic chain) with 30 residues. The two chains are connected by two
interchain disulfide bridges (Cys’s-Cys’g, and Cys®°;-Cys'?g). One more intrachain
disulfide bond is located between Cys®-Cys'' within the A chain (Fig.3.15).
Although most species have only one type of insulin, three rodents (laboratory rat,
mouse, spiny mouse) and two fish (toadfish, tuna) have two distinct insulin types.

In biosynthesis, the mature mRNA transcript encodes prepro-insulin bearing a
N-terminal hydrophobic, 16-residue signal sequence. The latter is removed by a
signal peptidase when prepro-insulin traverses the membrane into the lumen of
the ER. The resulting proinsulin containing the disulfide bonds is transported to
the Golgi complex, where insulin is formed after enzymatic excision of the con-
necting peptide (C-peptide) between the C-terminal A chain and the N-terminal B
chain. Insulin secretion as a response to elevated blood glucose levels is triggered
by an increase in the concentration of free cytosolic Ca”*. Inositol triphosphate as
the messenger releases Ca”* from internal stores. As a rule, the biosynthesis of in-
sulin is stimulated at glucose concentrations >2-4 mM, whereas glucose concen-
trations 4-6 mM are required for the stimulation of insulin secretion. The normal
concentration of circulating insulin in human blood, which can be determined
radioimmunologically, is 1 ng mL™. The liver is the major site of insulin degrada-
tion, but most peripheral tissues also contain insulin-degrading enzymes.

101
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Glucagon

H'SQGTFTSDY'°SKYLD'SSRRAQ®DFVQWZLMNT
Insulin
1
G'IVEQSCCASV'°CSLYQ'SLENYC?’N

FI'VNQHSLCGSH'LVEAL'SYLVCG®PERGFF25YTPKAS®

| metabolic influence of

Glucagon Insulin
@ glycogen breakdown (liver) ® absorption of glucose (muscles)
© glycogen synthesis (liver) @ absorption of glucose (liver)
o glycolysis (liver) ® glycogen synthesis
@ gluconeogenesis (liver) © degradation of glycogen (liver, muscles)
@® mobilization of fatty acids (fatty ® glycolysis and production of
tissue) acetyl-CoA (liver, muscies)

® fatty acid synthesis (liver)
@ triacylglycerine synthesis (fatty tissue)

Fig. 3.15 Primary structures of the peptide hormones insulin (bovine) and gluca-
gon, and their metabolic influence.

The insulin receptor is an integral membrane glycoprotein (M, ~ 300 KDa)
comprising two o and two B subunits joined together by disulfide bridges: [B-sub-
unit-S-S-a-subunit]-S-S-[a-subunit-S-S-B-subunit]. The o subunit consists of 719 re-
sidues (M, ~ 82.5 KDa), and the B-subunit contains 620 residues (M, ~ 69.7 KDa).
The extracellular insulin-binding domain is located in the cysteine-rich domain
between Asn?**® and I11e?®®. The B subunits span through the membrane, whereas
each o subunit binds one molecule of insulin externally on the membrane sur-
face. Insulin binding activates a tyrosine kinase in the intracellular domain of the
B subunit, which catalyzes tyrosine phosphorylation in the B subunit itself, and
also in other proteins. The structure of the tetrameric insulin receptor is derived
from a single biosynthesis protein precursor. Proteolytic processing, formation of
disulfide linkages, and glycosylation occur both in the ER and Golgi apparatus,
followed by transport to the plasma membrane. The insulin receptor, and espe-
cially the receptor tyrosine kinase of the B subunit, shows similarities to receptors
of other protein growth factors, such as IGF-1 receptor, EGF-receptor, PDGF-re-
ceptor, and NGF-receptor.

Glucagon is a single-chain 29-peptide (Fig. 3.15) that acts as a hormone antago-
nist of insulin. It controls glycogen metabolism in the liver, whereas in muscles
and various tissues this is controlled by insulin and the adrenal hormones epi-
nephrine and norepinephrine. A blood glucose level <5 mM causes the pancreatic
a cells to secrete glucagon into the bloodstream. Glucagon receptors located on
liver cell surfaces bind glucagon, thereby activating adenylate cyclase. The result-
ing increase in cAMP concentration inside the cells triggers glycogen breakdown.
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The increasing intracellular concentration of glucose-6-phosphate is adjusted by
glucose-6-phosphatase-catalyzed hydrolysis to give glucose, which enters the blood-
stream and maintains the blood glucose level. The glucagon gene encodes prepro-
glucagon which is processed by cell-specific proteolytic cleavages in pancreatic o
cells either to the genuine pancreatic glucagon or to glucagon-like peptides (GLPI
and II) in intestinal L cells.

Somatostatin secreted by the & cells of the pancreatic islets is synthesized by
the neurons of the hypothalamus as the growth hormone release-inhibiting hor-
mone (see Section 3.3.1.1). Inhibition of the release of both insulin and glucagon
from the B cells and a cells, respectively, underlines a paracrine function of soma-
tostatin in the pancreas.

3.3.1.6 Further Physiologically Relevant Peptide Hormones

Three hormones are involved in maintaining Ca®" homeostasis, the normal extra-
cellular calcium concentration being ~ 1.2 mM. Ca®" is an essential ion that is in-
volved in many biological processes, for example as a second messenger mediat-
ing hormone signals, as a necessary cofactor for a number of extracellular en-
zymes, as a structure-stabilizing factor for proteins and lipids in cell membranes,
cytoplasm, organelles and chromosomes, and as a constituent of bone as hydroxy-
apatite, Cas(PO4)3OH. Indeed, bones are the main Ca®* reservoir of the body. Be-
sides vitamin D, two peptide hormones are implicated in controlling Ca** metabo-
lism.

Parathyroid hormone (PTH) is a 84-aa polypeptide which is secreted by the
parathyroid gland. PTH increases the Ca** serum level by promoting its resorp-
tion from bone and kidney, as well as increasing its dietary absorption from the
intestine. PTH stimulates bone resorption by osteoclasts, and also inhibits col-
lagen synthesis by osteoblasts. Furthermore, it promotes the production of the ac-
tive form of vitamin D in the kidney that, in turn, increases the export of intest-
inal Ca®* to the blood. PTH displays essentially the opposite effect of calcitonin.

Calcitonin (CT) 20 is a 32-peptide amide formed in the parafollicular gland of the
mammalian thyroid, and in the ultimobranchial gland of nonmammalian species.

H-c)l/s1 — Gly—Asn—Leu—Ser5-Thr C)'Is— Met—Leu—Gly'®—The—Tyr- Thr—
Gln—Asp'®—Phe—Asn —Lys—Phe—His?°— Thr- Phe— Pro—GIn—Thr?>- Ala— lle—
Gly—Val— Gly%°—Ala—Pro—NH,

20

CT acts as an antagonist of PTH and is released in response to a rising Ca®* level.
CT causes the serum Ca®* concentration to be reduced by inhibiting Ca®* resorp-
tion from bone and kidney and promoting the incorporation of Ca®* into bones.
Chorionic gonadotropin (CG) is an important proteohormone formed in the pla-
centa during pregnancy. Human CG (hCG) is a glycoprotein (M, ~ 30 KDa) con-
sisting of two subunits (a/B), and stimulates the ovaries to produce the progester-
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one necessary to maintain pregnancy. As hCG may be detected using monoclonal
antibodies both in maternal urine or plasma, an immunoassay is feasible as a
pregnancy test.

Chorionic mammotropin (CM) — also known as placenta lactogen (PL) or human
lactogen - is formed in increasing concentrations during pregnancy. CM is a single-
chain proteohormone (M, ~ 22 KDa; 191 aa) which acts in a similar manner (albeit
more weakly) to human somatotropin (growth hormone); it also appears to play an
important role in fetal development. CM also stimulates the development of breast
tissue, without any effect on milk secretion. The secretion of CM decreases after
childbirth, at which time human prolactin stimulates milk secretion.

Relaxin is a peptide hormone formed primarily in the serum and tissues of
pregnant mammals. Two different genes (H1 and H2) have been identified for
human relaxin. Relaxin-2 (Fig. 3.16) is synthesized in the ovaries during preg-
nancy, and is the main source of plasma relaxin. The two relaxins are heterodetic
cyclic peptides consisting of an A chain (24 aa) and a B chain (32 aa) that are con-
nected by disulfide bridges. Relaxin-1 and -2 differ in sequence from each other
and both show structural similarity to insulin. The biosynthetic precursor is the
single-chain protein, prorelaxin. In the advanced stages of pregnancy relaxin
causes contraction of the uterus, leading to childbirth.

The insulin-like growth factors (IGF) are structurally related to both insulin and
relaxin. These earlier termed somatomedins display insulin-like activities and stim-
ulate cartilage growth. Their synthesis in the liver is induced by somatotropin
(growth hormone). IGF-1 like proinsulin is a single-chain, 70-peptide molecule
(M, ~ 7.6 KDa) with three intrachain disulfide bridges. In contrast to insulin and
relaxin, the C-peptide (connecting peptide) is not cleaved. IGF-2 is also a single-
chain polypeptide (M, ~ 7.5 KDa) containing 67 residues and three intrachain disul-
fide bridges. The action of the somatomedins is mediated by the IGF-1 receptor
(M; ~ 400 KDa) and the IGF-2 receptor (M, ~ 250 KDa), respectively. The IGF-1 re-
ceptor (IGF receptor type I) structurally resembles the insulin receptor (0,f,). The
extracellular o subunit contains a cysteine-rich region and 11 glycosylation sites.
The B subunit is glycosylated in its extracellular region, and contains a transmem-
brane domain with 24 amino acid residues together with an intracellular domain
exhibiting tyrosine kinase activity. In contrast, the IGF-2 receptor (IGF receptor type
II), like the mannose-6-phosphate receptor, is a single-chain protein with a larger
extracellular domain and 19 glycosylation sites. The much shorter intracellular, hy-
drophilic domain can be phosphorylated at various sites.

Blood pressure-regulating peptides possess a wide variety of physiological ac-
tions. Various peptide hormones, including endothelins, angiotensin II, and

<ELYSASLANKC'CHVGC*TKRSLZLARFC

S'WMEESVIKLC''GRELVPRAQIAZICGMSZ TWSKR¥SL

Fig. 3.16 Primary structure of human relaxin-2.
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[Arg]vasopressin stimulate vasoconstriction and thus increase blood pressure.
They are involved in homeostasis together with vasodilators such as plasma ki-
nins, substance P, and atrial natriuretic peptide.

Endothelins (ET) released from endothelial cells are peptides with vasoconstric-
tor potency. They are found in the kidneys, hypophysis, hypothalamus, and also
in human milk. Three different human ETs have been found.

H—Cys'— Ser—Cyl/s—Ser-—Ser5—Leu—Met—Asp— Lys—Glu“’—C)I/s-

Val—Tyr-Phe—Cys'*—His — Leu—Asp—Ille—[le?°~ Trp- OH
21

Endothelin-1 21 is a 21-peptide which was first isolated in 1988 from cultivated en-
dothelial cells [121] and which is ten-fold more potent than angiotensin II. Endothe-
lin-2, ([Trp®,Leu’]ET-1) and endothelin-3 ([Thr*®,Phe* Tyr®** Lys’|ET-1) were discov-
ered one year later in other tissues (brain, suprarenal glands, kidneys, intestine). ET-
1 is synthesized as prepro-endothelin (212 residues) and released via proendothelin
(38 residues). The latter bears the sequence of ET-1 in the N-terminal region, and the
release of the active peptide involves scission of a Trp-Val bond by the endothelin-
converting enzyme (ECE). The nature of this phosphoramidon-sensitive protease
has not yet been precisely elucidated, but it should be similar to enkephalinase
(EC 3.4.24.11) or related to neprilysin. Big endothelin II and III contain 37 and 41
amino acids, respectively. From the two classes of known receptors, ET, receptors
occur primarily in peripheral tissues (e.g., lung, heart, aorta) which mediate vasocon-
striction. On the other hand, ETp receptor subtypes are found in the CNS and endo-
thelial cells, and appear to be linked to vasodilatation. Endothelin analogues (selec-
tive agonists or antagonists) with selected affinity to ET, and ETjp receptors as dem-
onstrated by structure-activity relationships studies, should be valuable in the devel-
opment of antihypertensive drugs.

The angiotensin-kinin system plays an important role in the regulation of blood
pressure. The tissue hormones belonging to the classes of the angiotensins and
kinins are released into biological fluids from precursor proteins by the action of
proteases. Kinins — which lower blood pressure — are formed from a-globulin frac-
tions of the plasma (kininogens) by proteases called kallikreins. These proteases
have various substrate specificities, occur in the plasma (and also in the pancreas,
kidneys, and other organs), and are released from inactive precursors. The plasma
kinins comprise bradykinin (kinin 9) 22, kallidin (kinin 10) 23 and methionyl-ly-
syl-bradykinin (kinin 11) 24. There are only quantitative differences in the phar-
macological effects of the three plasma kinins.
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H-Arg'— Pro~ Pro— Gly— Phe5—Ser- Pro- Phe- Arg— OH 22
H—Lys"'— Arg— Pro- Pro— Gly5—Phe—Ser- Pro— Phe— Arg'®— OH 23

H-Met'—Lys—Arg— Pro- Pro®— Gly— Phe—Ser— Pro— Phe'0~Arg—OH 24

Kinins are also found in lower animals, for example in the skin of various amphi-
bia (bradykinin, [Thr®Jbradykinin, C-terminally shortened or extended bradyki-
nins).

H-Asp'—Arg—Val-Tyr— lle>—His— Pro— Phe—His — Leu'%~ Val-Tyr- Seramww
Angiotensinogen

| ()

H- Asp'— Arg—Val—Tyr— lle®~His— Pro— Phe—His — Leu'®-OH

Angiotensin |

l ACE

H-Asp'—~Arg—Val-Tyr—ile>~His— Pro—Phe—OH

Angiotensin Il

Fig. 3.17 Two-step formation of the active angiotensin Il. ACE=angiotensin-con-
verting enzyme.

Angiotensins (AT) occur both in the periphery and in the brain. Angiotensin I
is proteolytically released by renin from angiotensinogen, a plasma protein of the
ay-globulin fraction (Fig. 3.17). The inactive angiotensin I (AT I) in turn is trans-
formed into the highly active octapeptide angiotensin II by angiotensin converting
enzyme (ACE). AT II causes elevation of blood pressure in mammals. AT II is pri-
marily formed in the lungs, but also in the kidneys, hypophysis, hypothalamus,
adrenal cortex, ovarian follicle, and testes. AT II exerts its action by binding to the
AT1 and AT?2 receptors, respectively, in a variety of target tissues. Structure-activity
relationships studies have led to a vast number of agonists and antagonists being
identified, though only two are worthy of mention at this point. The agonist
[Asn',Val’JAT II (Hypertensin®, CIBA) is administered in collapse or shock situa-
tions in order to restore normal blood pressure as quickly as possible. In contrast,
the antagonist Saralasin® (Sarenin), H-Sar-Arg-Val-Tyr-Val-His-Pro-Ala-OH, has
found application in the diagnosis of AT Il-dependent forms of hypertonia; it is
also used to treat donor kidneys before transplantation in order to minimize loss
of function of the transplanted organ as a result of ischemia.
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25

The atrial natriuretic peptide (ANP) 25 (also named cardionatrin I, atrial natriure-
tic factor (ANF), or atriopeptin) is a 28-peptide produced by the atrial heart mus-
cle. It belongs to the family of natriuretic peptides that exerts natriuretic, diuretic,
and vasodilating effects. Besides ANP, the family of natriuretic peptides com-
prises mainly the brain natriuretic peptide (BNP) and the C-type natriuretic pep-
tide (CNP). Human ANP is primarily synthesized as prepro-ANP (151 aa) and as
pro-ANP (126 aa) stored within specific granules of the atrial cardiocytes. It is as-
sumed that circulating human ANP is secreted from the atria and then cleaved
proteolytically to the 28 peptide. Specific receptors are located in blood vessels,
kidneys, and adrenal cortex. The binding of ANP at the extracellular domain of a
transmembrane protein guanylate cyclase stimulates intracellular synthesis of
c¢GMP that in turn activates protein kinase G. ANP is a potent hypotensive and
diuretic (natriuretic) agent.

3.3.2
Neuropeptides

As shown above, peptides are ubiquitous bioactive compounds that occur through-
out the body, and in almost every type of organism. Several peptides previously
considered to be brain peptides have also been found in the gut. Other peptides,
which in the past were considered to be gut peptides are now known to be lo-
cated also in the brain, and hence it is difficult to make a clear-cut definition of
neuropeptides. CCK has long been known as a gastrointestinal hormone that
mediates digestive functions and feeding behavior, but in 1975 it was also identi-
fied in rat brain. In particular, CCK-8 is the most abundant form in the brain act-
ing as a neuromodulator and/or neurotransmitter. The definition of neuropep-
tides based on putative physiological effects is normally based on historical obser-
vations rather than on a detailed understanding of the general significance of the
biological effect. The appearance of separate pools of a peptide in two (or more)
discrete biological compartments is of evolutionary significance.

Neuropeptides are synthesized in the form of large protein precursors
(Fig. 3.18) that undergo proteolytic processing to yield the bioactive peptides. The
signal peptide sequence is required for vectorial transport across the membranes
of the ER. The conformation of the signal peptide, typically a B-turn, is important
for the recognition of the exact cleavage site. The eukaryotic signal peptidase is an
integral membrane protein with strong sequence similarity to the related enzyme
isolated from bacteria. Precursor proteins of opioid peptides, tachykinins, and
some releasing hormones have been characterized. Prior to the release of the
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Fig. 3.18 Polyproteins as precursors of neuropeptides.

bioactive peptide, propeptides may be modified by amidation, acylation, or glyco-
sylation. The cleavage of propeptides at pairs of basic amino acids or single basic
residues is catalyzed by trypsin-like endopeptidases (prohormone converting en-
zymes). Post-translational processing can generate a number of active peptides
from a single precursor protein [122] which has for example been demonstrated
for POMC [123], this being the common precursor for ACTH, B-endorphin, MSH,
corticotropin-like intermediate lobe peptide (CLIP), and related peptides.
Neuropeptides are stored in intracellular vesicles and act as neurohormones
upon release into the bloodstream. Neuropeptides released into the synaptic cleft
are neuromodulators that inhibit the action of excitatory neurotransmitters, or
neuromediators which prolong the action of neurotransmitters. In the extracellu-
lar space, neuropeptides are involved both in pharmacodynamic and pharmacoki-
netic cascades. Neuropeptides interact with selective receptors on the target cells.
The homeostasis of neuropeptides is characterized by the equilibrium between ac-
tive regulation of cellular function via receptor interactions and their own catabo-
lism. Opioid 8-, p-, and k-receptors, as well as receptors for bradykinin, tachyki-
nins, angiotensin, neuropeptide Y, vasointestinal peptide, and somatostatin have
been cloned and characterized. These G-protein-coupled receptors (GPCR) share
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as a common feature seven transmembrane helices. An extracellular signal is
transmitted into the cell and amplified by coupling to G proteins [124].

Peptides are capable of exerting multiple effects in the CNS and elsewhere. The
important effects of peptides in the CNS have been underlined by increasing
numbers of publications that have been reviewed for the years 1980-1985 [125],
1986-1993 [126], and 1994-1999 [127, 128]. Examples of CNS effects caused by
peptides (selected members in brackets) in humans and experimental animals are
involved, for example, in:

o feeding (B-endorphin, motilin, corticotropin-releasing hormone, NPY, CCK, gala-
nin, GLP-1, neuropeptide FF, bombesin, amylin, somatostatin, galanin, B-caso-
morphin, angiotensin II, enterostatin, oxytocin, gastrin-releasing peptide, pitui-
tary adenylate cyclase-activating peptide);

e behavior (a-MSH, calcitonin gene-related peptide, NPY, melanin-concentrating
hormone, vasopressin, neurotensin, CCK-8, oxytocin, ACTH);

e stress (atrial natriuretic factor, opioid peptides, NPY, substance P);

o thermogenesis (NPY);

o thermoregulation (dermorphin, NPY, delta sleep-inducing peptide, vasopressin,
a-MSH, neurotensin, cyclo-(His-Pro);

o sleep (delta sleep-inducing peptide, vasopressin, corticotropin-like intermediate
lobe peptide);

e learning (substance P);

e memory (vasopressin, galanin, CCK);

e aggression (a-MSH);

e alcohol uptake (tachykinin);

e anorectic effects (amylin, calcitonin gene-related peptide);

e anxiety (0-MSH, motilin, melanin-concentrating hormone, NPY);

e drinking (angiotensin II, tachykinins, opioid peptides);

e pain (neurotensin, vasopressin, CCK);

e sexual behavior (0-MSH, melanin-concentrating hormone); and

¢ locomotion (neurotensin, NPY, amylin, vasopressin, melanin-concentrating hor-
mone).

3.3.2.1 Opioid Peptides
Opiates such as morphine 26 have been widely used by clinicians both for the
blockade of severe pain and for anesthesia.

26 27
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Although at present synthetic or semisynthetic morphine analogues such as the
phenylpiperidine derivative fentanyl 27 are used [129], opium extracts have been
the natural source for morphine for several thousand years. Indeed, it was surpris-
ing to find that nature provided morphine not only as a plant product but also (as
structurally related opiates) in mammals, albeit in very small amounts and (pre-
sumably) during certain metabolic periods [130].

Collier first postulated the existence of “endogenous morphine” in 1972 at the
International Congress of Pharmacology in San Francisco:

“The receptor for a foreign drug is really the receptor for a humoral substance
with which the foreign molecule also interacts... . We do not yet know the natu-
ral function of the macromolecule(s) with which morphine interacts.”

The binding of endogenous opioid receptor ligands was independently demon-
strated one year later by three groups [131-133], and in 1975 the first endogenous
peptide ligands were discovered by Hughes et al. [134], followed by the character-
ization of four major types (1, 8, x, and o) of opioid receptors some years later
[135, 136].

The opioid peptides first isolated from porcine brain were named methionine
enkephalin (Met-enkephalin) 28 and leucine enkephalin (Leu-enkephalin) 29.
These compounds were found to occur naturally and bind as physiological ago-
nists to the opioid receptors in the brain.

H—Tyr'~ Gly- Gly—Phe—Met>~0OH  H-Tyr' - Gly- Gly—Phe—Leu®—OH
28 29

Besides the enkephalins (enkephalos=brain), which were the first opioid peptides
to be discovered, the endorphins and dynorphins are the most important of these
compounds. They have also been termed “typical” opioid peptides that originate
from three large precursor proteins, as shown in Fig. 3.19. These typical opioid
peptides share the N-terminal sequence H-Tyr-Gly-Gly-Phe-, and most of the
members bind to more than one type of opioid receptors, though certain selectiv-
ities are clear (see below). The so-called “atypical” opioid peptides originate from a
variety of precursor proteins with different N-terminal amino acid sequences and
a conserved N-terminal tyrosine residue [137].

The proenkephalin sequence contains four copies of Met-enkephalin, one of
Leu-enkephalin, and two extended forms of Met-enkephalin. Prodynorphin
(proenkephalin B) is the precursor for a-neoendorphin and the dynorphins, and
contains three copies of Leu-enkephalin. Prepro-opimelanocortin, which is trans-
formed into POMC by cleavage of the signal sequence, is the source of ACTH
and B-lipotropin. These hormones are cleaved to give smaller bioactive peptides in
a tissue-specific manner (Fig. 3.20).

POMC is proteolytically cleaved in the anterior lobe, yielding the N-terminal
fragment, ACTH, and f-lipotropin (B-LPH). However, the latter polypeptide hor-
mones are further cleaved to yield y-MSH, a-MSH, CLIP, y-LPH, and B-endor-
phin in the intermediate lobe only. The resulting range of hormones (Tab. 3.6)
shows different activities, underlining the fact that the peptides formed both in
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Fig. 3.19 Schematic representation of the sequences of opioid peptide precur-
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Fig. 3.20 Tissue-specific processing of proopiomelanocortin (POMC) in the anterior

pituitary and intermediate pituitary.
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Tab. 3.6 Different sets of opioid peptides released from polyprotein precursors.

Proopiomelanocortin Proenkephalin Prodynorphin

ACTH Met-enkephalin Dynorphin A (1-17)
B-Lipotropin® Leu-enkephalin Dynorphin A (1-8)

v-MSH Met-enkephalin-Arg®-Phe’ o-Neoendorphin ®

a-MSH Met-enkephalin-Arg®-Gly’-Leu®  Dynorphin B (Rimorphin)
Corticotropin-like Dynorphin B29 (Leumorphin)
intermediate lobe peptide Leu-enkephalin

(CLIP)

a) B-Lipotropin contains B-MSH and the endorphins (o, B, v, 9).
b) a-Neoendorphin contains p-neoendorphin.

the anterior and intermediate lobes and the corresponding cleavage products of
the proenkephalins are physiologically distinct.

The N-terminal tyrosine of the opioid peptides is indispensable for binding to
opioid receptors. However, the activation of the peptide receptor complex requires
the N-terminal dipeptide sequence which is directly related to the tyramine moi-
ety of morphine 26 or other opiate alkaloids. Besides this dipeptide “message
part”, the opioid peptides contain — according to the proposal of Schwyzer — the
“address” sequence which is composed of Gly-Phe or Phe that is responsible for
their high affinity to opioid receptors. The C-terminal sequence part differentiates
the affinity of opioid peptides toward the receptor types.

Morphine 26 shows relatively high affinity toward p-receptors, where two sub-
types (M1, H2) have been proposed. Fentanyl 27 similarly binds with high selectiv-
ity to the p-receptor. Naloxone 30, naltrexone 31, and nalorphine 32 are the most
commonly used opioid antagonists with selectivity toward the p-receptor.

However, they also show affinity toward 6- and k-receptors, reversing the effects
of agonists on these receptors. d-Receptor subtypes have been classified into 9,
and §, or into 8., and 8, Whereas for the k-receptor the subtypes «;, K, K3, K1a,
K1b, K2a, and Ky, have been described [138]. Until now, only one single gene has
been identified for each of the three opioid receptor types. Alternative splicing
and post-translational modifications are responsible for receptor subtype expres-
sion, but this remains to be verified with suitable pharmacological data. Although
B-endorphin (Fig. 3.21) has been suggested as the endogenous agonist ligand for
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Fig. 3.21 Primary structure of -endorphin (sequence 61-91 of B-lipotropin) and
related sequences of the other endorphins. The N-terminal sequence 61-65 of f3-
lipotropin corresponds to methionine enkephalin.

the p-receptor, its affinities for p- and &-receptor are almost equal. Dermorphin 5
appears to be the most p-selective endogenous opioid peptide, but it also shows
some affinity for the §-receptor.

Since the first discovery of endogenous opioid peptides, the search for new
opioid ligands with improved selectivity has remained a major target for many
pharmaceutical companies. The main problem is to identify an opioid ligand that
does not have the typical, well-known adverse side effects of addiction, intoler-
ance, respiratory depression, and constipation. The opioid drugs currently in use
exert their analgesic effect primarily via interaction with p opioid receptors.
Although these p-type drugs are highly effective in alleviating severe pain, the ad-
verse side effects outlined above represent serious disadvantages. Furthermore,
whilst k opioid agonists are potent analgesics, they are known to cause psychoto-
mimetic and dysphoric effects. Based on the fact that k- and p-selective opioids
produce many of their side effects via interactions with central opioid receptors,
the development of peripheral- rather than central-acting analgesics might seem
useful. Furthermore, it could be shown that & agonists produce analgesic effects
with fewer side effects, and it has been suggested that opioids with a mixed p-ago-
nist/d-antagonist profile might be analgesic compounds with a low propensity for
addiction and intolerance. New opioid peptide analogues with interesting activity
profiles could be obtained based on the concept of conformational restriction [139,
140]. For example, H-Tyr-p-Phe-Phe-NH, (DALDA) and H-Tyr-b-Phe-Phe-Phe-NH,
show both quite high p-agonist potency and p-receptor selectivity. Following the
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discovery of the prototype d-opioid antagonists TIPP (H-Tyr-Tic-Phe-Phe-OH) and
TIP (H-Tyr-Tic-Phe-OH) containing 1,2,3,4-tetrahydroisoquinoline-2-carboxylic acid
(Tic) in position 2, extensive investigations of structure-activity relationships have
led to the development of further members of the TIPP opioid peptide family
comprising § antagonists, § agonists, and mixed p agonist/d antagonists [141]. In
particular, the p agonist/8 antagonist H-Dmt-Ticy[CH,NH]Phe-Phe-NH, (DIPP-
NH,[y]) with N-terminal 2’,6'-dimethyltyrosine (Dmt) was expected to be a potent
analgesic with a low propensity for intolerance and physical dependence.

Opioid peptides and the corresponding receptors are also present in the heart
and nerves, where they can easily be involved in the modulation of cardiac func-
tion. Indeed, the heart may be considered as a complex neuroendocrine (opioid
peptides, NPY, VIP) or mechanoendocrine (atrial natriuretic peptide) organ [142,
143]. It is assumed that cardiac opioid peptides may have autocrine, paracrine,
and endocrine functions.

Exorphins are opioid peptides produced from food upon digestion. The first ex-
ample of a peptide with opioid activity derived from food proteins was B-casomor-
phin-7 (B-CM-7) 33, which was isolated from commercial casein peptone [144].

H- Tyr'—Pro—Phe—Pro—Gly®—Pro—Ille—OH
33

B-CM-7 corresponds to the partial sequence 60—66 of bovine-B-casein A,. Morphi-
ceptin (B-CM-4 amide), H-Tyr-Pro-Phe-Pro-NH,, which had already been synthe-
sized prior to isolation from commercial enzymatic digest of casein, is a much
more potent p opioid agonist than B-CM-7 [145]. The B-CM show various effects
on the CNS and cardiovascular, endocrine, and gastrointestinal systems. Further
milk protein-derived opioid peptides and other exorphins, such as hemorphins
and gluten exorphins, have been isolated and appropriate analogues synthesized
and tested.

Interestingly, hemoglobin might serve as a source not only of the hemorphins
but also of endogenous bioactive peptides, according to the so-called concept of
the tissue-specific peptide pool which has been proposed to describe a novel sys-
tem of peptidergic regulation [146]. Besides hemoglobin, a huge variety of other
functional proteins should generate proteolytically derived fragments that contrib-
ute to tissue homeostasis.

3.3.2.2 Tachykinins

The term tachykinins describes a family of peptides that shares a common C-ter-
minal sequence (-Phe-Xaa-Gly-Leu-Met-NH,). They exist both in mammalian and
nonmammalian species. Substance P (SP) has for a long time been the only pep-
tide of the tachykinin family to be detected in mammals [147]. In 1931, von Euler
and Gaddum discovered a hypotensive substance in brain extracts that stimulated
smooth muscle. The name substance P was derived from the dried powder ob-
tained from the alcoholic extract, and the sequence was elucidated in 1970 by Lee-
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man et al. In the early 1980s, several groups described the existence of novel
mammalian members of the tachykinin family [148]. However, the different
names used by different authors to label the new members of the family and the
appropriate receptors initiated a troublesome story of “nomenclature mismatch”
which creates problems to this day [149].

The most important structurally related mammalian tachykinins SP, neurokinin
A (NKA), and neurokinin B (NKB) that are widely distributed within the central
and peripheral nervous systems are listed in Tab. 3.7. The prepro-tachykinin gene
gives rise via alternative splicing of its primary transcript to the mRNA for either
a-prepro-tachykinin containing substance P as the only tachykinin, or else for B-
prepro-tachykinin or the shortened y-prepro-tachykinin. The latter contain two SP
as well as NKA separated by intervening peptides of different length. In addition
to the main members of the mammalian tachykinins listed in Tab. 3.7, neuropep-
tide K (NPK), a N-terminally extended form of NKA (extension: DADSSIEKQV'®
ALLKALYGHG?QISHKR) and neuropeptide y (DAGHGQISHK'’RHKTDSFV
GL**Ma), which corresponds to the amino acid sequence of y-prepro-tachykinin,
also belong to this family.

The biological response of the tachykinins is mediated by specific G protein-
coupled receptors (GPCR) with distinct pharmacological features connected with
several chronic diseases such as asthma, rheumatoid arthritis, inflammatory bow-
el disorders, pain, and psychiatric disorders. Three tachykinin receptors (NKj,
NK,, and NK3) have been identified based on marked differences of agonist poten-
cies in different tissues. SP is the preferred agonist for the NK; receptor, NKA for
the NK, receptor, and NKB for the NKj receptor. Today, it is accepted that NKA is
also a high-affinity endogenous ligand for the NK; receptor at various synapses
and/or neuroeffector junctions [150]. A novel member of the tachykinin receptor
family, termed NK,, might be a subtype of the NK; receptor. Since the mamma-
lian tachykinins have been implicated in a wide variety of biological functions,
nonpeptide antagonists of the receptor types may provide opportunities for the
treatment of diseases mentioned above [151].

Nonmammalian tachykinins [152, 153] that occur in cold-blooded animals also
show a wide spectrum of pharmacological activities in certain mammalian tissue
preparations. Selected members are listed in Tab. 3.8. In 1952, Erspamer isolated
a substance subsequently named eledoisin from extracts of salivary glands of the
cuttlefish (Eledone moschata). Ten years later its structure was elucidated, starting

Tab. 3.7 Primary structures of the most important mammalian tachykinins.

Name Sequence

Substance P (SP) H-Arg-Pro-Lys-Pro-Gln-Gln-Phe-Phe-Gly-Leu-Met-NH,
Neurokinin A (NKA)? H-His-Lys-Thr-Asp-Ser-Phe-Val-Gly-Leu-Met-NH,
Neurokinin B (NKB)® H-Asp-Met-His-Asp-Phe-Phe-Val-Gly-Leu-Met-NH,

a) Also known as substance K, neurokinin o, and neuromedin L.
b) Also known as neurokinin B, and neuromedin K.
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Tab. 3.8 Primary structures of selected nonmammalian tachykinins.

Name Orign Sequence

Eledoisin Eledone moschata <EPSKDAFIGLMa
Uperolin Uperoleia rugosa <EPDPNA FYGLMa
Physalaemin Physalaemus fuscumaculatus <EADPNKFYGLMa
Phyllomedusin Phyllomedusa bicolor <ENPNR FIGLMa
Kassinin Kassina senegalesis DVPKSDQFVGLMa
Scyliorhinin I Scyliorhinus caniculus AKFDKFYGLMa
Scyliorhinin II Scyliorhinus caniculus SPSNSKCPDGPDCEFVGLMa®

a) Disulfide bond between C’-C'.

from 10000 pairs of posterior salivary glands of 1450 kg of the eight-armed cepha-
lopod [154]. Eledoisin causes contraction of smooth muscle preparations and
marked peripheral vasodilatation, resulting in a blood pressure decrease. Physalae-
min acts similarly, but is three to four times more potent. Five tachykinins have
been isolated from the skin of the Australian frog Pseudophyrne giintheri. Whereas
three of these are similar to kassinin, the two other peptides are similar to SP. Lo-
custatachykinin I (GPSGFYGVRa) and locustatachykinin II (APLSGFYGVRa)
from the insect Locusta migratoria are characterized by significant changes in the
C-terminal sequence part compared with the other tachykinins.

3.3.2.3 Further Selected Neuroactive Peptides
The dipeptide kyotorphin 34 has been isolated from bovine brain.

HO,

H O

|
H, N\/lJ\OH

N
o,
H

H—Tyr—Arg—OH
34

The sequence is part of neokyotorphin, H-Thr-Ser-Lys-Tyr-Arg-OH, which has also
been found in bovine brain and seems to be the propeptide of kyotorphin. It has
been shown that angiotensin-converting enzyme (ACE) is capable of cleaving neo-
kyotorphin, yielding kyotorphin. Kyotorphin shows analgesic activity and pro-
motes the release of Met-enkephalin.
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H-Arg'-Tyr—Leu—Pro— Thr*—OH
35

In 1975, 180 pg of a pentapeptide called proctolin 35 were isolated from the proc-
todeal muscles of 125000 cockroaches (~ 125kg) Periplaneta americana [155].
Proctolin acts as an excitatory neurotransmitter and initiates strong contractions
at the proctodaeum at a concentration of only 10~ mol L™

In 1972, a crustacean color-change hormone, the so-called red pigment-concen-
trating hormone (RPCH) 36, was described as the first neuropeptide from inverte-
brates [156], having been discovered in the eye stalks of the prawn Pandalus borealis.

<Glu'- Leu—-Asn- Phe—Ser®—Pro- Gly— Trp—NH,
36

<Glu'- Leu—Asn- Phe— Thr:-Pro—Asn—Trp—Glu—Thr—NH,
37

Some years later, the isolation of adipokinetic hormone (AKH) 37 from the cor-
pora cardiaca of the locust was described [157]. AKH has a sequence similar to
the prawn RPCH, but it is important for insect flight. Interestingly, RPCH/AKH
form a group of peptides with widespread occurrence in arthropod species [158].

Coelenterates contain a multitude of neuropeptides. Two different neuropep-
tides were isolated from the simple sea anemone species Anthopleura elegantissi-
ma; these partly contained N-terminal amino groups acylated by a phenyllactyl
moiety, e.g., antho-Kamide 38, antho-RIamide I (r-3-phenyllactyl-Tyr-Arg-Ile-NH,),
and antho-RNamide I (1-3-phenyllactyl-Leu-Arg-Asn-NH,) [159].

0 H O
N\')LNJ}(NHZ
1 N |
: H o]

N

OH H ©
H2
38

In 1975, the delta-sleep-inducing peptide (DSIP) 39 was isolated from the blood of
sleeping rabbits. Intraventricular infusion of DSIP into the brain of rats causes -
slow-wave sleep.

H—Trp- Ala- Gly- Gly— Asn®— Ala— Ser— Gly—Glu— OH 39

H- Gin™ Ala— Thr- Val—Gly®— Asn— Val— Asn—Thr— Asp'%— Arg—Pro—Gly—
40
Leu— Leu' Asp- Leu—Lys—OH
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In 1984, the diazepam-binding inhibitor peptide (DBIP) 40 was isolated from
brain extracts. In contrast to the 1H-benzo-1,4-diazepines (e.g., diazepam, chlor-
diazepoxide), interaction of DBIP with the benzodiazepine receptors exerts anxi-
ety, hence this “anxiety peptide” acts as an endogenous antagonist.

<Glu'- Leu—Tyr- Glu— Asn®—Lys— Pro—Arg— Arg—Pro %~ Tyr—lle—Leu—OH
41

Neurotensin (NT) 41, which occurs in the brain and gastrointestinal tract, was
originally isolated from calf hypothalamus in 1971 [160]. NT acts as a neuromodu-
lator of dopamine transmission and on anterior pituitary hormone secretion. NT
exerts potent hypothermic and analgesic effects in the brain. Furthermore, it is a
paracrine and endocrine modulator of the digestive tract and the cardiovascular
system of mammals. NT is synthesized together with neuromedin N and the neu-
rotensin-like peptide (H-Lys-Leu-Pro-Leu-Val-Leu-OH) as a larger precursor. Neuro-
medin N (NN) 42 exhibits a biological activity profile similar to that of NT,
mediated by the same NT receptor subtypes [161, 162].

H—Lys'— lle- Pro—Tyr—|le5%Leu—OH
42

Processing of pro-NT/NN in the brain gives rise to NN and NT, whereas in the
gut processing mainly leads to the formation of NT and large NN, a large peptide
containing the NN sequence at its C-terminus [163]. Neuropeptide FF (NPFF) 43
has been initially detected in bovine brain using antisera directed against the mol-
luscan peptide FMRFamide.

H—Phe'- Leu—Phe—GIn—Pro*~GIn—Arg— Phe—NH,
43

NPFF is involved in opiate-induced analgesia, morphine tolerance, and abstinence.
For these reasons NPFF has been referred to as a morphine-modulating peptide [164].

H—Tyr'- Pro- Ser—Lys—Pro°—Asp—Asn — Pro—Gly — Giu'%— Asp—Ala— Pro—
Ala- Glu'5— Asp—Leu— Ala— Arg— Tyr?°— Tyr—Ser—Ala— Leu— Arg?—His— Tyr—
lle— Asn— Leu®®—lle— Tyr— Arg— GIn— Arg®5- Tyr—NH,

44

Neuropeptide Y (NPY) 44 belongs to the PP fold family, the name being given be-
cause of the two tyrosine residues at the C- and N-termini. NPY, which is widely
distributed throughout the central and peripheral nervous systems, is processed
from a 97 aa prepro-polypeptide. Four human NPY receptor subtypes (Y1, Ya, Y4/
PP1, and Y;s) are known, and an additional Y4 receptor has been characterized in
mice. The main actions of NPY are stimulation of food uptake via the Y5 receptor
and increase of intracellular Ca®* concentration in vascular smooth muscle cells,
though many other biological effects of NPY have been described [165, 166].
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Peptide Antibiotics

Antibiotics, derived from the Greek antibios which means “against life”, are a che-
mically heterogeneous group of substances produced by microorganisms (bacteria
and fungi) which kill or inhibit the growth of other microorganisms. Initially, pep-
tide antibiotics [50-52] can be classified according to their chemical structure into
linear and cyclic compounds, which can further subdivided into homomeric pep-
tide antibiotics exclusively composed of amino acids, and heteromeric ones addi-
tionally containing nonamino acid-derived building blocks. Furthermore, homode-
tic and heterodetic peptide antibiotics can be distinguished based on the character
of the covalent bonds. For example, tyrocidins, gramicidin S, bacitracins, cyclo-
sporins, viomycin, and capreomycin belong to the homomeric homodetic cyclic
peptide antibiotics. Linear peptides, such as gramicidins A-C, bleomycin, and pe-
plomycin are found in the family of heteromeric peptide antibiotics. The represen-
tatives of cyclic peptides can be either homodetic (polymyxins, colistines, etc.) or
heterodetic (vancomycin, dactinomycin, ristocetin A, etc.). The hundreds of
known peptide antibiotics can additionally be classified according to the mode of
their biosynthesis (cf. Sections 3.2.1 and 3.2.2, respectively) into nonribosomally
synthesized peptides and ribosomally synthesized peptides [52, 167].

3.3.3.1 Nonribosomally Synthesized Peptide Antibiotics

Nonribosomally synthesized peptide antibiotics are largely produced by bacteria,
though a few representatives are produced by Streptomyces or lower fungi. They dis-
play some unusual structural features which may in part account for their antibiotic
properties. Peptide antibiotics often contain nonproteinogenic amino acids. In gen-
eral, building blocks with p-configuration, N-methylation or nonstandard structural
features are incompatible with ribosomal synthesis. Many peptide antibiotics are cy-
clic and branched-cyclic peptidolactones and depsipeptides. Such peptide structures
are not found in animal cells. Because of the cyclic structures and the high content
of nonproteinogenic constituents, these antibiotics are resistant to proteolysis.

The antibiotic action targets various metabolic areas, including nucleic acid and
protein biosynthesis, energy metabolism, cell-wall biosynthesis, and nutrient up-
take. The streptogranins, for example, act as protein synthesis inhibitors, while
the Gram-positive bacteria-specific bacitracin inhibits the transfer of peptidoglycan
(cell wall) precursors to bactoprenol pyrophosphate. Although traditionally grami-
cidin S has been considered to be selective against Gram-positive bacteria, it has
been shown also to have high activity against Gram-negative bacteria and the fun-
gus Candida albicans. Most peptide antibiotics are relatively toxic, and so few are
used clinically:

e Bacitracin and polymyxin B have been used in antibacterial chemotherapy.
o Thiopeptin, thiostrepton, and enduracidin are used as stock feed additives and
veterinary drugs.
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o The cationic lipopeptide colistin (polymyxin E) was modified in order to reduce
its systemic toxicity; the resultant product, the methosulfate derivative colimy-
cin, has been used as an aerosol formulation against Pseudomonas aeruginosa
lung infections.

The modification of existing peptide antibiotics represents one approach to in-
crease the potential of therapeutic applications. For example, the semisynthetically
modified water-soluble compounds dalfopristin and quinupristin are derived from
the potent, but rather insoluble, streptogranins — which were first discovered in
the 1950s. They have been clinically tested in combination as a parenteral agent
against resistant Gram-positive bacteria.

A second interesting approach comprises a combination of peptide synthesis
modules to yield novel structures. These can, for example, be used as templates
for chemical synthesis and diversity, and analogues of gramicidin S with varia-
tions in amino acid sequence, ring size, charge, etc., have been designed and
synthesized in this way. Such compounds display enhanced selectivity towards
bacteria than towards mammalian cells.

Although clearly not a peptide antibiotic, penicillin should be mentioned in this
context, as the biosynthesis of penicillin N 45 and cephalosporin C 46 in Cephalo-
sporium acremonium starts from cysteine and valine, together with o-aminoadipic
acid, catalyzed by the ACV synthetase.

H H
HZN\’/\/\[(N S HZN\/\/\/I{J S
COOH 0 :l;l\r\/ EOOH j—:;\r/ o
0 o 0 e
o ©0"~o °
45 46

The enzyme involved not only catalyzes the formation of the two peptide bonds
but also epimerizes the valine residue, yielding the tripeptide &-(1-a-aminoadi-
poyl)-1-Cys-p-Val (ACV) 47 as an intermediate.

SH
COOH © H
‘T: |
szN N.__COOH S/L—(jzys~D-Va|
|
/ H O 2
8 peptide bond
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The next step in the biosynthesis of 45 involves oxidative cyclization of 47 by the
enzyme isopenicillin N synthase (IPNS) in the presence of Fe®" ions, ascorbate,
and oxygen [168].
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The growth-inhibitory properties of penicillins were first observed in 1928 by
Alexander Fleming, in a Staphylococcus culture, and the application of penicillin
against bacterial infections was first tested in humans in 1941.

All penicillins are characterized by the bicyclic B-lactam-thiazolidine structure,
while the acyl moiety of the 6-aminopenicillanic acid (6-APA) 48 is variable. The
latter has no antibiotic activity, and can be isolated as a fermentation product of
Penicillium chrysogenum, though it is also available via enzymatic hydrolysis of ben-
zylpenicillin (penicillin G) 49 using a bacterial acylase.

H
H,N s N S
l:N\~>{r [::j//\g/ ;L:N\;y:
o L 0
eO/QO G)O/QO
48 49

Thousands of new penicillin derivatives have been prepared in a semisynthetic
approach using the enzymatic conversion of 49 into 6-aminopenicillanic acid 48
followed by acylation of the free amino group.

The structural diversity within the nonribosomally synthesized peptide antibio-
tics is extremely high, and does not permit strict definition of the families of re-
lated peptide antibiotics. These compounds vary in size, ranging from modified
dipeptides (e.g., bacilysin or the phosphopeptide alaphosphin 50) to peptides con-
taining 16 to 17 amino acid residues (e.g., thiostrepton and enduracidin).

0
HZN\V/H\V/I\PcO

: |~ OH
: OH

50

For this reason, only some well-investigated examples of peptide antibiotics have
been selected for description in this chapter and in Chapter 4, or are compiled in
the Glossary.

e Gramicidins A-C and alamethicin are linear membrane active peptide antibio-
tics. They form well-defined transmembrane channels and, therefore, are inter-
esting model systems for the study of both peptide membrane interactions and
mechanisms of voltage-gated transmembrane channel formation. The valine-
rich gramicidin A 51 consists of alternating p- and 1-amino acids, and is
blocked at both termini. Monovalent cations (alkali ions, NH,", and H") perme-
ate through the channel, formed by a dimer of 51 (left-handed antiparallel dou-
ble-stranded helix, cf. Fig. 3.2).
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H
)—Val'= Gly— Ala—D-Leu— Ala’—D-Val— Val - D-Val- Trp— D-Leu'*—
o

Trp~D-Leu— Trp—D-Leu— Trp'5— NHx
OH

51

Ac-Aib'— Pro— Aib— Ala— Ajb®— Ala— GIn— Aib—Val— Ajb 10—
Gly—Leu— Aib—Pro- Val'®— Aib— Aib- Glu—Gln~Pheo2°
52

Alamethicin 52 contains several aminoisobutyric acid (Aib) residues and 1- phe-
nylalaniol (Pheol) at the C-terminus. It is produced by the fungus Trichoderma
viride. Alamethicin shows a o-helical structure with a bend in the helix axis at
the proline residue, and spontaneously inserts into lipid bilayers.

Valinomycin, a cyclic dodecadepsipeptide, has a high affinity for the K* ion
which is coordinated by six valine carbonyl oxygen atoms (Fig. 3.22). Since the
amino acid side chains provide an overall exterior, valinomycin is capable of
crossing the hydrophobic core of the membrane.
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° © /- Fig. 3.22 Valinomycin.

Bacitracin A 53 is the main component of a mixture of branched-cyclic dodeca-
peptides produced by Bacillus licheniformis. Bacitracin has been used as a com-
ponent of various antiseptic combinations, and is also included in diagnostic
agar formulations used for growth-inhibition assays of Gram-positive bacteria.
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e Polymyxins consist of ten amino acids, six of them being t-,a,y-diaminobutyric
acid (Dab). The N-terminus is always acylated with methyloctanoic acid (Moa)
or isooctanoic acid (Ioa). Bacillus polymyxa is the producer of these branched-cy-
clic peptide antibiotics. Polymyxin B exists in the modifications B; 54 and B,
(Ioa instead of Moa). Further polymyxins contain serine in position 3, leucine
in position 6, and isoleucine or threonine in position 7. The polymyxins act pre-
ferentially against Gram-negative bacteria. Polymyxin B is characterized by a
strong synergistic effect on the activity of many other antibiotics as it promotes
their access to bacterial cells.
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Dab D-Phe
Thrl? Dab®
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e Surfactin 55 is a biodetergent produced from Bacillus subtilis. It shows some
structural similarities to the previously mentioned branched-cyclic lipopeptides.

W\I(GIU_ Leu—D-Leu
o)

~Leu—D-Leu—Asp—Val
55

e Cyclosporin A (CsA), the main component of the 25 naturally occurring cyclospor-
ins, is shown in Fig. 3.23 [169-171]. CsA is a cyclic undecapeptide which exerts
antifungal, antiparasitic, anti-inflammatory, and immunosuppressive activities.
CsA has been used therapeutically after organ transplantation, and in the treat-
ment of autoimmune diseases. The cyclosporins are produced by the fungus Beau-
veria nivea (previously known as Tolypocladium inflatum). The cellular cyclosporin-
binding protein, designated as cyclophilin, the activity of which is inhibited by
CsA, is identical to the peptidyl-prolyl cis/trans isomerase (PPlase). Based on the
first total chemical synthesis by Wenger [172], several hundred CsA analogues
have been synthesized since 1984. The biosynthesis of CsA is carried out by a non-
ribosomal mechanism catalyzed by the multienzyme cyclosporin synthetase [114].
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Fig. 3.23 Primary structure of cyclosporin A. MeBmt=(4R)-4[(E)-
2-butenyl]-4-N-dimethyl-1-threonine; Abu=L-a-aminobutyric acid.

3.3.3.2 Ribosomally Synthesized Peptide Antibiotics

This class of peptide antibiotics plays a major role in natural host defenses. In
general, these peptides do not exceed 50 amino acid residues, they are rich in pos-
itively charged amino acids, and are distinctly amphiphilic. -Structures stabilized
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by disulfide bonds, amphipathic a-helices, extended structures and loops are char-
acteristic structural features. A short survey of important families and representa-
tives of defense peptides of eukaryotes was provided in Section 3.1. Hence, only
some well-studied examples have been selected for a further short description.
More detailed information is available in the Glossary.

Boman suggested the classification of these structurally heterogeneous peptides
into five different groups [173]. The cecropins [68] and the magainins [59, 60] are
prototypes of linear, preferentially helical peptides lacking cysteine. Linear proline-
and arginine-rich peptides form an extremely heterogeneous group which are
found for example in bovine neutrophils, pig intestine, honeybee, Drosophila, and
other insects. Representatives are Bac5, RFRPPIRRPP'’IRPPFYPPFR*°PPIRPPIF
PP*IRPPFRPPLGPFPa, indolicidin, ILPWKWPWWP'°WRRa, and apidaecin Ia,
GNNRPVYIPQ'’PRPPHPRI. The peptides of this group are equally active against
Gram-negative and Gram-positive bacteria. The magainin-related brevenins and
bactenectin, RLCRIVVIRV'°CR (disulfide bond: C3—C11), from bovine neutrophils
belong to the group of peptides containing one disulfide bond. These peptides
show highly specific activity against bacteria, but are also toxic towards eukaryotic
cells. Peptides with more than one disulfide bond and B-sheet structures comprise
a large group, including the best-studied families of animal and insect defensins
[62—64]. Doubtlessly, S-S bond formation is very important in restricting the con-
formational freedom of smaller peptides and stabilizing certain conformations
essential for biological activity. However, the thioether bridges in lantibiotics (see
below) may fulfil the same function and should represent another version of sul-
fide-derived bridges influencing peptide conformations. Finally, peptides originat-
ing from nonantibiotic proteins form the fifth group in the Boman classification
that includes GIP(7-42) and DBI(32-86), these being proteolytic fragments of gas-
tric inhibitory polypeptide (GIP) and the diazepam-binding inhibitor (DBI), re-
spectively.

In general, eukaryotic defense peptides that are produced constitutively are tar-
geted to either secretory glands or to storage in granulae. This mainly applies to
frog skin peptides, tachyplesins, and mammalian defensins. In contrast, the bio-
synthesis of many insect peptides (e.g., cecropins) occurs in response to an acute
challenge Dby living bacteria or macromolecules (peptidoglycan or lipopolysacchar-
ides) derived from bacteria. In both cases, the defense peptides are synthesized as
inactive prepro-peptides like the gene encoded bacterial peptides (see below).
There is generally only one processing step in bacteria to remove the propeptide
part or leader peptide sequence, whereas the usual two-step maturation process is
observed for eukaryotic defense peptides.

Bacteriocins are antimicrobial peptides produced by bacteria either without or
with post-translational modification. The bacteriocins of Gram-positive bacteria
[174] are divided into five groups according to structural features. Lantibiotics
form one of these groups, the name being derived from “lanthionine-containing
antibiotic peptides” [175-177]. Although the existence of the lantibiotic nisin has
been known since 1928, and subtilin (another group member) was discovered in
1944, it was not until the early 1970s that the complete structure of these two lan-
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prepeptide

signal peptide
HN— K6

1. dehydratation
2. formation of lanthionin

HoN—

3. transport COOH
4. cleavage

Subtilin COOH

Fig. 3.24 Schematic representation of lantibiotic biosynthesis demonstrated
for subtilin.

tibiotics was elucidated in the pioneering studies of Erhard Gross. The lantibiotics
consist of a minimum 19 and a maximum 38 amino acids. In biosynthesis, the
precursor peptides are first modified and then proteolytically activated, as shown
schematically for subtilin in Fig. 3.24.

The gene organization for the biosynthetic machinery is performed in clusters,
including information for the antibiotic prepeptide, the modifying enzymes, and ac-
cessory functions (e.g., special proteases and ABC transporter, immunity factors and
regulatory peptides). According to Jung, the lantibiotics are subdivided into type A
lantibiotics (e.g., nisin and subtilin), and type B lantibiotics (e.g., cinnamycin, anco-
venin, and duramycins). Type A lantibiotics are elongated, helical amphiphiles, the
action of which is directed to pore formation in the cytoplasmic membrane of sus-
ceptible bacteria. In contrast, the type B peptides are more compact, form globular
structures, and generally interfere with a variety of membrane-bound enzymes.

334
Peptide Toxins

During evolution, toxic peptides and proteins have been developed by many spe-
cies, either for defense against predators or for attack in aggressive competition
for limited nutrient resources. Peptide and protein toxins are mostly low-molecu-
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Fig. 3.25 Primary structure of a-bungarotoxin.

lar weight, single-chain compounds produced by snakes and invertebrates, as well
as by virulent strains of bacteria and some plants.

The isolation of toxic peptides from venoms of various snakes was first at-
tempted in the late 1960s. After elucidation of the amino acid sequence of a neu-
rotoxin from the cobra Naja nigricollis [178], the primary structure of a-bungarotox-
in (Fig. 3.25) was described in 1971 [179]. The latter toxin was isolated from the
venom of the Chinese krait Bungarus multicinctus. a-Bungarotoxin strongly binds
to the nicotinic acetylcholine receptor, and has been a useful tool in the character-
ization of this receptor [180]. The neurotoxic 71-peptide a-cobratoxin from the ve-
nom of the Thai cobra Naja naja siamensis [181] shows similar activity, and binds
specifically to the acetylcholine receptor, thereby inhibiting its opening.

Conotoxins comprise the peptide neurotoxins of the venom of the fish-hunting sea
snail (genus Conus) [182]. The conotoxins contain on average 9-29 amino acid resi-
dues, with a cysteine content between 22 and 50%, as shown for a-conotoxin GI 56.
During biting, the toxin is injected into and paralyzes the prey fish very quickly.

H-Glu'-Cys— C)I/s—Asn—PrOS—AIa— Cys— GIy~Arg—His“’—Tyr—Ser—C;lls—NHz
[ J

56

These toxic peptides have been classified into o-, p-, ®-conotoxins, sleep conotox-
ins, convulsant conotoxins, conotoxins K, and the conopressins. The conopressins
are basic 9-peptide amides with structural similarity to vasopressin. Furthermore,
the sea snail contains the neurotoxic conantokins, also known as sleeper peptides,
based on their sleep-inducing action after injection into mice. Conantokin G 57,
which contains several y-carboxyglutamic acid (Gla) residues, and other members
of this group are antagonists of the NMDA receptor in the brain, this being a sub-
type of the glutamate receptor.
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H-Gly'- Glu- Gla~- Gla—Leu®—GIn- Gla— Asn—GIn~ Gla'® - Leu—lle— Arg—
Gla—Lys'5- Ser- Asn—NH,

57

More than 700 scorpion species produce venoms from which about 40% are ca-
pable to damage mammals, including human beings. The primary neurotoxic
components of scorpion venoms are basic peptides (M, ~ 8 KDa). Independent of
chain length, all the toxins contain four intrachain disulfide bridges. For example,
toxin V from Leiurus quinquestriatus quinquestriatus (LppV, Middle East), and toxin
II from Androctonus australi Hector (AaH, North Africa) are both 64 peptides that
cause membrane potential-dependent slackening of Na* channel activation. This
effect results from a voltage-dependent high-affinity binding of the scorpion toxin
on the Na® channel. In contrast to the o-toxins, B-toxins bind voltage indepen-
dently on the Na* channel.

Spider peptide toxins paralyze insects by blocking the neuromuscular transmis-
sion mediated via glutamate receptors. Argiotoxin from Argiope lobata was the
first spider venom to be structurally elucidated. The curtatocins from the venom
of Hololena curta are cysteine-rich peptide amides with 36-38 amino acid resi-
dues. The toxic effect of these peptides results from an irreversible presynaptic
neuromuscular blockade.

Sea anemone toxins are divided into type I and type II toxins that cause neuro-
toxicity by binding on neural and muscular Na® channels, respectively. The 49-
peptide anthopleurin A (Ax-I) is a type I toxin, whereas the 48-peptide toxin Sh-I
from Stichodactyla helianthus is a type II toxin.

Bee venom contains various neurotoxic and cytolytic peptides in addition to the
enzymes hyaluronidase and phospholipase A2 [183]. The 26-peptide amide mellitin
corresponds to the sequence 44—69 of prepro-mellitin of the queen-bee. Mellitin oc-
curs in the venom in 50-fold molar excess over other constituents. The hemolytic
and surface tension-decreasing activity of mellitin is based on the distribution of hy-
drophobic amino acid residues in the N-terminal sequence part, and hydrophilic
building blocks in the C-terminal part. Despite lacking similarity in the primary
structure, the bombolitins from bumblebee venom and the 14-peptide amide masto-
paran from wasp venom (Vespula lewisii) show mellitin-like effects on cell mem-
branes. Mastoparan induces the release of catecholamines and serotonin from spe-
cific tissues, and has also mast cell-degranulating activity. The mast cell-degranulat-
ing peptide (MCDP) is a 22-peptide amide containing two disulfide bridges. Accord-
ing to the name, it causes degranulation of mast cells and the release of high hista-
mine concentrations into the tissue. Additionally, MCDP shows anti-inflammatory
activity that is 100-fold that of hydrocortisone. The 18-peptide amide apamin is
the third peptide component of bee venom (besides mellitin and MCDP) and, to-
gether with MCDDP, is responsible for the venom’s neurotoxicity. Since apamin spe-
cifically blocks both one type of Ca®*-dependent K* channel and one type of Ca**
channel, it serves as a valuable tool in neurophysiological studies.



3.3 Selected Bioactive Peptide Families

In contrast to the peptide toxins described above, the poisonous constituents of
the notorious toadstool Amanita phalloides are complex cyclic peptides. Doubtless,
most fatal intoxications by mushrooms occur after ingestion of the Amanita spe-
cies. The structural elucidation, synthesis, structure-activity relationship studies
and biochemical studies were mainly carried out by Theodor Wieland and co-
workers [48]. This team was able to explore the molecular events by which the
amatoxins and phallotoxins exert their biological and toxic activities.

Bicyclic 8-peptides, called amatoxins — from which up to nine individuals have
been isolated so far — are solely responsible for such effects. The naturally occur-
ring amatoxins (a-amanitin, f-amanitin, y-amanitin, e-amanitin, amanin, amanin
amide, amanullin, amanullinic acid, proamanullin), are derived from one parent
molecule (cf. Fig. 3.5), and differ only by the number of hydroxy groups and by an
amide carboxy exchange. As an example, a-amanitin is termed systematically cy-
clo-(r-asparaginyl-trans-4-hydroxy-1-prolyl-( R)-4,5-dihydroxy-1-isoleucyl-6-hydroxy-2-
mercapto-L-tryptophyl-glycyl-1-cysteinyl-)-cyclo-(4-8)-sulfide-(R)-S-oxide. The lethal
dose of amatoxins in humans could be estimated from accidents to be about
0.1 mg kg™ body weight, or even lower. Wieland et al. [184] have developed a sim-
ple test for the discrimination between poisonous Amanita (except A. visosa speci-
mens) and edible fungi as follows:

e Press a piece of the mushroom (cap or stalk) onto crude paper (news-print).

e Mark the spot with a pencil, and after drying moisten the spot with a drop of
concentrated hydrochloric acid.

o A greenish-blue color developing within 5-10 min indicates the presence of al-
most all amatoxins.

A second group of less-toxic peptides, termed phallotoxins, occurs beside the ama-
toxins in all toxic Amanita species. The lethal doses are generally higher com-
pared with those of the amatoxins. The basic structural formula of the phallotox-
ins is also shown in Fig. 3.5. All seven naturally occurring members (phalloidin,
phalloin, phallisin, prophalloin, phallacin, phallacidin, phallisacin) of this group
are derived from the same cyclcopeptide backbone consisting of seven amino
acids and cross-linked from residue 3 to residue 6 by tryptathionine. For example,
the systematic name of phalloidin (R', R, R®*=CHj; R?, R*=OH; R*=CH,0H) is
cyclo(r-alanyl-p-threonyl-1-cysteinyl-cis-4-hydroxy-1-prolyl-1-alanyl-2-mercapto-1-tryp-
tophyl-4,5-dihydroxyleucyl)cyclo(3-6)-sulfide. As mentioned above, the cyclic 10-
peptide antamanide 4, which is also found in Amanita phalloides, protects experi-
mental animals from intoxication by phalloidin. Based on their strongly specific
potential of inhibiting eukaryotic RNA polymerase II (B), the amatoxins have im-
portance as diagnostic tools for recognizing whether a cellular process is depen-
dent on the function of those enzymes. The binding of phallotoxins to F-actin sta-
bilizes filamentous structures of the cytoskeleton; therefore, by conjugation with
fluorescent molecules the phallotoxins can be used to visualize such cellular struc-
tures.
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4
Peptide Synthesis

4.1
Principles and Objectives

As the biosynthesis even of complicated proteins in vivo occurs within seconds or
minutes, the relatively tedious classical chemical synthesis of peptides and pro-
teins in the laboratory appears to be a somewhat hopeless enterprise, especially
with regard to speed. The first chemical synthesis of insulin during the early
1960s took over two years to complete. Today, peptide and protein synthesis have
become much more efficient, not only by the use of recombinant DNA tech-
niques but also with the advent of automated solid-phase peptide synthesis and
multiple peptide synthesis.

Peptides and proteins can be considered as encoded biomolecules. The transla-
tion products are determined genetically and synthesized for highly specific func-
tions. The above-mentioned seemingly hopeless competition between a peptide
chemist and nature takes on a completely new aspect when peptides and proteins
can be synthesized which are not available by using biosynthetic mechanisms.
Hence, the initial quest is to identify the main targets of peptide synthesis.

4.1.1
Main Targets of Peptide Synthesis

4.1.1.1 Confirmation of Suggested Primary Structures

There is a general chemical principle that total synthesis is the most convincing
structural proof. Despite application of the latest techniques, misinterpretations in
the sequence determination of peptides have in the past led to incorrect sugges-
tions of primary structures, most notably for corticotropin, human growth hor-
mone, and motilin. Erroneous sequences have been identified upon comparison
of products obtained by total syntheses and by isolation from natural sources.
Moreover, in some cases the final structural proof has been obtained only by
chemical syntheses.

135



136

4 Peptide Synthesis

4.1.1.2 Design of Bioactive Peptide Drugs

Numerous analogues of peptides have been synthesized in order to identify the
structural parameters for biological activity. In the case of oxytocin 1, early efforts
succeeded in obtaining an analogue by the exchange of glutamine in position 4
with threonine, the analogue subsequently displaying much higher biological ac-
tivity compared with the native hormone. [Thr*joxytocin is thought to undergo a
much more efficient interaction with the receptor compared with the native hor-
mone, and hence this phenomenon has been considered a “chemical mutation”
which would have succeeded in evolution, but probably only in the distant future.

l
H—Cys'— Tyr- lIe—GIn—Asn5—C)|/s—Pro— Leu—Gly—NH,

1

A systematic amino acid exchange is hampered by the variety of possible combina-
tions of proteinogenic amino acids in bioactive peptides; however, combinatorial
chemistry has today opened a series of completely new perspectives. In addition
to the exchange of amino acids by other proteinogenic buildings blocks, the modifi-
cation by isofunctional or isosteric amino acids is also a viable approach. An isofunc-
tional amino acid exchange, for example of lysine by ornithine or diaminobutyric
acid, of arginine by homoarginine, or the replacement of hydroxy acids (serine by
threonine) and amino dicarboxylic acids (aspartic acid by glutamic acid) and vice ver-
sa has revealed information concerning the influence of side-chain length on biolog-
ical activity. The role of amino acid side-chain structure, or of its chemical function-
ality, can be examined by using directed exchange with isosteric amino acids, for
instance, Val/Thr, Leu/Asp, Met/Nle, Cys/Ser, Arg/Cit, Asn/Asp, GIn/Glu or His/
B-(pyrazolyl)alanine. Extensive investigations on the influence of the side chain on
biological activity have been performed, and it has been observed that peptide drugs
with a biologically active N-terminal (e.g., corticotropin, parathyrin) or C-terminal
partial sequence (e.g., eledoisin, angiotensin, secretin) occur in nature. Nonethe-
less, some peptides exist in which the complete sequence is required for biological
activity (e.g., calcitonin, bradykinin, oxytocin, vasopressin). Modifications of the C-
and N-terminal amino and carboxy groups, of functional groups in side-chain posi-
tions, and of the configuration of the peptide backbone are of central interest in
structure-activity relationships. All such chemical modifications of a bioactive pep-
tide drug have a major influence on the conformation, so that conformational stud-
ies of native drugs in comparison with their modified analogues are central targets
of timely research.

In general, peptides are much more soluble and flexible than proteins. Usually,
small acyclic peptides do not prefer certain conformations in solution. Longer pep-
tides that are able to form stable secondary structures often occur in equilibrium with
partially folded structures. Structural concepts and theoretical methods have consid-
erably influenced peptide research during the past years, and only the broad meth-
odological spectrum of peptide synthesis has made such concepts evident. The con-
formational analysis of linear peptides and analogues with modified structure is not
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only very difficult but also is often ambiguous, because linear peptides are rather
flexible unless stable secondary structures such as helices, B-sheets, turns, and other
folds are present. As a result, conformational studies are usually performed with cyclic
oligopeptides (often using NMR spectroscopy) because these materials display a great-
er degree of conformational homogeneity. Most chemical modifications of bioactive
compounds are directed towards the design of new peptide drugs. In principle, pep-
tides would be ideal drugs as they often interact in a highly specific manner with the
corresponding receptor. However, peptides are rapidly degraded in vivo by the action of
luminal, pancreatic, cytosolic, or lysosomal proteases, and are then processed and
excreted by the liver. In addition, many body barriers demonstrate a high diffusional
resistance towards the uptake of larger molecules, and suitable carrier systems rarely
exist. Consequently, the main disadvantages of using a peptide drug are the low bio-
availability and short half-life, especially after oral administration. Possibilities exist by
which peptide degradation by proteases can be reduced, and uptake enhanced. For
example, chemical modification (e.g., cyclization, p-amino acid substitution, or the
incorporation of peptide mimetics) leads to the production of compounds with higher
stability in vivo. Other strategies aimed at stabilizing peptides in vivo in order to in-
crease their half-life include the coadministration of protease inhibitors, or the use of
specific formulation such as emulsions, liposomes, or nanoparticles. Another alter-
native is to use a pro-drug to alter the peptide’s physico-chemical properties.
Peptides may be used as lead structures in order to create nonpeptidic bioactive
compounds, the process often being supported by conformational studies and mo-
lecular modeling. In the course of this structure-based design, an amino acid se-
quence of a bioactive peptide is transformed into a nonpeptide lead compound.
Here, functional and structural information is combined and the peptide back-
bone topography with respect to the pharmacophoric groups is reproduced in the
small nonpeptide lead compound. These substances must display pharmacological
activity, especially after oral administration, and must imitate the peptide in terms
of its receptor interaction (agonist activity); alternately, it may block this interac-
tion (antagonist activity). Peptide mimetics may also act as enzyme inhibitors.

4.1.1.3 Preparation of Pharmacologically Active Peptides and Proteins

Based on economic considerations, pharmacologically active peptides, such as oxyto-
cin 1, corticotropin 2, and secretin 3, have been synthesized chemically. Synthetic
secretin costs about 10% less than the natural product isolated from porcine intes-
tine, and a similar situation applies to many other peptide drugs. In addition to eco-
nomic reasons, the better accessibility via a synthetic approach is important because
many peptide drugs occur naturally only in nanogram quantities. Moreover, chem-
ical synthesis is often preferred in the case of peptides and proteins that occur spe-
cifically in humans, as isolation following autopsy is generally not a viable route.
In the case of corticotropin 2, secretin 3, and glucagon 4, the products synthe-
sized chemically are characterized by a higher purity than those isolated from nat-
ural sources. Often, the separation of peptides with similar sequences and antago-
nist or other activity is not possible using standard isolation and purification
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methods. With the development of recombinant techniques, the industrial produc-
tion of pharmacologically active proteins using biotechnological methods has be-
come a viable route on a preparative scale. In particular, immune modulators and
tissue proteins represent the focal point of promising new concepts in tumor ther-
apy. In addition, diagnostics are being directed increasingly towards enzymes and
monoclonal antibodies, while vaccines based on specialized proteins and peptides
are also under development. Today, pharmacological research and medicine stand
on the brink of a series of completely new developments, with the most impor-
tant therapeutic areas likely to be those of cardiovascular conditions, tumors, and
autoimmune or infectious diseases.

4.1.1.4 Synthesis of Model Peptides

Tailor-made model peptides serve to study conformational behavior, using a variety of
physico-chemical methods. Peptide substrates may also be used in studies of enzy-
mology, while investigations into the antigenicity of larger proteins can be made
using specialized multiple peptide synthesis techniques (see Chapter 8). Peptide epi-
tope mapping especially is directed towards diagnostic targets and vaccine develop-
ment. Protein-protein interactions often rely on the specific recognition of surface-
exposed amino acid residues, which may be presented in either of two ways (Fig. 4.1):

e as a continuous epitope, where the amino acids involved occur consecutively in
the primary structure;

e as a discontinuous epitope, where the crucial amino acids are located in differ-
ent positions within the protein sequence.

An overlapping series of short peptide sequences (6-15 amino acids) is synthe-
sized on the basis of the protein primary structure. Binding studies then reveal se-
quences necessary for protein-protein recognition.

In future, model peptides will serve as valuable tools in investigations of the ter-
tiary structure of polypeptide chains. The question of whether the general rules of
protein folding derived from the primary structure (amino acid sequence) can be
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Fig. 41 Schematic view of the in-
teraction between two proteins A
and B via continuous or discon-
tinuous epitopes.

continuous epitope | | discontinuous epitope |

maintained remains a controversial issue. Synthetic model peptides imitating pro-
tein surfaces can also be synthesized, and the flexibility of the peptide backbone
can be reduced by conformational restrictions.

4.1.2
Basic Principles of Peptide Bond Formation

The formation of a peptide bond — resulting in a dipeptide —is seemingly a very
simple chemical process. The two component amino acids are connected by a
peptide (amide) bond with the elimination of water (Fig. 4.2).

The synthesis of a peptide bond under mild reaction conditions can only be
achieved after activation of the carboxy component (A) of one amino acid. The sec-
ond amino acid (as the amino component, B) attacks the activated carboxy compo-
nent in a nucleophilic attack, with formation of the dipeptide (A-B, Fig. 4.3). If the
amino function of the carboxy component (A) is unprotected, then formation of
the peptide bond occurs in an uncontrolled manner (Fig. 4.3, lower part). Linear
and cyclic peptides are formed as undesired by-products, together with the target
compound A-B. Consequently, during the course of peptide synthesis all func-
tional groups not involved in peptide bond formation must be blocked, both tem-
porarily and reversibly.

Peptide synthesis — the formation of each peptide bond —is therefore a three-
step procedure (Fig. 4.4).

peptide bond

R’ ) H,0 R1 }Ti o}
OH H
O U\ - o
] R2 o0 |R?2
dipeptide

Fig. 4.2 Simplified scheme of peptide bond formation.
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Fig. 43 Schematic view of possible side reactions of a peptide synthesis involv-
ing an activated N*-unprotected carboxy component (A). Linear and cyclic oligo-

mers are formed besides the desired dipeptide A-B. X=activating group; R’,
R?=amino acid side chains.
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Fig. 44 The multi-step process of peptide synthesis. Y' =amino-protecting group;
Y?=carboxy protecting group; R', R*=amino acid side chains.
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.In the first step, the preparation of a partially protected amino acid is required.
After this protection, the zwitterionic structure of the amino acids is no longer
present.

2. The second step, the formation of the peptide bond, occurs in two partial steps.
The N-protected amino acid must be activated at the carboxy function in order
to be converted into a reactive intermediate. Subsequently, the formation of the
peptide bond occurs. This coupling reaction can be performed either as a one-
pot reaction or in two separate, consecutive steps.

3.In the third reaction step, selective or total cleavage of the protecting groups is
carried out. Although total deprotection is required only when the peptide chain

has been fully assembled, selective cleavage of the protecting groups is usually

necessary in order to continue the peptide synthesis.

Peptide synthesis becomes further complicated by the fact that ten of the proteino-
genic amino acids (Ser, Thr, Tyr, Asp, Glu, Lys, Arg, His, Sec, and Cys) have func-
tional groups in the side chain which need to be selectively protected. Because of
the different requirements with respect to selectivity, a distinction must be made
between the intermediary (temporary, or transient) and semipermanent protecting
groups. The intermediary groups are used for temporary protection of the amino
or carboxy function involved in subsequent bond formations. These groups must
be cleaved selectively under conditions that do not interfere with the stability of
peptide bonds already present, or that of semipermanent protecting groups at
amino acid side chains. The semipermanent protecting groups are usually cleaved
only at the end of the peptide synthesis or, occasionally, also at an intermediate
stage. The different types of protecting groups will be described in Section 4.2.

Activation of the carboxy component and subsequent bond formation (the cou-
pling reaction) should, under ideal conditions, occur at a high reaction rate and
without racemization or formation of by-products. High yields are required upon
application of equimolar amounts of both components, but unfortunately no such
chemical coupling method yet exists which meets these requirements. The num-
ber of appropriate methods applicable to practical synthesis is rather small com-
pared to the high number of coupling methods described. Further details will be
provided in Section 4.3.

During the course of peptide synthesis, a number of reactions occur which in-
volve functional groups that are usually connected to a chiral center (glycine is
the only exception), and consequently there is a potential risk of racemization (see
Section 4.4).

Cleavage of the protecting groups is the last step in the peptide synthesis cycle.
Except for the synthesis of dipeptides, where total deblocking is required, the se-
lective cleavage of protecting groups in order to extend the peptide chain is of ma-
jor importance. The synthetic strategy requires thoughtful planning, which is de-
scribed as the “strategy and tactics of peptide synthesis” (see Chapter 5). Depend-
ing on the strategy chosen, either the protecting group of the N*-amino function
is cleaved selectively, or the protecting group of the carboxy function is cleaved.
The term “strategy” refers to the sequence of condensation reactions between sin-
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gle amino acids to produce a peptide. Usually, a distinction is made between step-
wise synthesis and segment condensation (fragment condensation). When peptide
synthesis is performed in solution (also referred to as “conventional synthesis”),
for example with difficult sequences, the stepwise peptide