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Preface 

The literature on amino acids, peptides and proteins arrives in a variety of ways 
at the desktops of those maintaining current awareness of these topic areas. 
Whether our readers choose to read the online version of the chapters in this 
volume or have the traditional book format in front of them, we offer this latest 
volume on the 2001 literature, with the hope that new leads and further clarity 
will be conveyed through browsing these chapters. During the production of this 
volume, proceedings',2 of two major international symposia were published, 
reflecting the wealth and spread of work currently being researched in this area. 
We wait with interest for the contents of these proceedings to work their way to 
edited journal presentations for further review. 

The policy for Specialist Periodical Reports published by the Royal Society of 
Chemistry continues to require in-depth and critical coverage of the literature. 
The endeavours of the team of authors are focussed by this policy on to major 
trends in current research. Although an approach to comprehensive coverage of 
narrow topics can be seen here and there, in this volume the subject areas are 
now vast and have called for compression and selectivity, particularly in the 
proteins area. 

For this volume we welcome new authors for a wide ranging chapter on 
analogue and conformational studies on peptides and peptide hormones, now 
under the authorship of Botond Penke, Gabor Toth and Gyorgyi Varadi from 
the Medical University of Szeged, Hungary. We offer a warm welcome to them 
and look forward to having their company in future volumes. Authors that have 
been involved with previous volumes in this series have penned the other 
chapters. So we are very grateful for the unstinting efforts of Donald Elmore, 
Graham Barrett and John Davies, and for their commitment to the continuation 
of this series of reports. Unfortunately the usual chapter on amino acids failed to 
make the deadline for publication, but will appear in the next volume as a 2-year 
compilation. 

In order to preserve good practice in the use of abbreviations in peptide 
science, we once again reproduce by permission from J. Wiley and Sons the 
publishers, John Jones's 'Short Guide to Abbreviations' as published in J .  
Peptide Science, 1999,5,465-471. 

' Peptides 2002 Proceedings of the 27th European Peptide Symposium, Sorrento, Italy. Eds. E. 
Benedetti and C. Pedone, Edizioni Ziino, S.a.s, 2002, 1057pp. 
Peptides: The wave of the Future. Proceedings of the 2nd International and 27th American Peptide 
Symposium, San Diego, USA. Eds. M. Lebl and R.A. Houghten, American Peptide Symposium, 
2001, l l l l pp .  

V 



vi Preface 

As always, the reporters are sincerely grateful to RSC personnel who have 
overseen the project, and who have ensured that their manuscripts are tran- 
scribed efficiently to the document you are now reading. 

Graham Barrett John Davies 
Oxford Swansea 
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A Short Guide to Abbreviations and Their Use 
in Peptide Science 

Abbreviations, acronyms and symbolic representations are very much part of the 
language of peptide science - in conversational communication as much as in its 
literature. They are not only a convenience, either - they enable the necessary but 
distracting complexities of long chemical names and technical terms to be 
pushed into the background so the wood can be seen among the trees. Many of 
the abbreviations in use are so much in currency that they need no explanation. 
The main purpose of this editorial is to identify them and free authors from the 
hitherto tiresome requirement to define them in every paper. Those in the tables 
that follow - which will be updated from time to time - may in future be used in 
this Journal without explanation. 

All other abbreviations should be defined. Previously published usage should 
be followed unless it is manifestly clumsy or inappropriate. Where it is necessary 
to devise new abbreviations and symbols, the general principles behind estab- 
lished examples should be followed. Thus, new amino-acid symbols should be of 
form Abc, with due thought for possible ambiguities (Dap might be obvious for 
diaminoproprionic acid, for example, but what about diaminopimelic acid?). 

Where alternatives are indicated below, the first is preferred. 

Amino Acids 

Proteinogenic Amino Acids 
Ala Alanine 
Arg Arginine 
Asn Asparagine 
ASP Aspartic acid 
Asx Asn or Asp 
CYS Cysteine 
Gln Glutamine 
Glu Glutamic acid 
Glx Gln or Glu 
GlY G1 ycine 
His His tidine 
Ile Isoleucine 
Leu Leucine 

A 
R 
N 
D 

C 

E 
Q 

G 
H 
I 
L 

Copyright 0 1999 European Peptide Society and John Wiley & Sons, Ltd. Reproduced with 
permission from J. Peptide Sci., 1999,5,465-471. 

... 
X l l l  



xiv Abbreviations 

LYS 
Met 
Phe 
Pro 
Ser 
Thr 
TrP 
TYr 
Val 

Other 
Aad 
PAad 
Abu 
Aib 
PAla 
Asu 
Aze 
Cha 
Ci t 
Dha 
Gla 
GlP 
HPh 

Lysine 
Met hionine 
Phen ylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
Tyrosine 
Valine 

K 
M 
F 
P 
S 
T 
W 
Y 
V 

Amino Acids 
a- Aminoadipic acid 
f3- Aminoadipic acid 
a-Aminobutyric acid 
a- Aminoisobutyric acid; a-methylalanine 
fl- Alanine; 3-aminopropionic acid (avoid Bal) 
a-Aminosuberic acid 
Aze tidine- 2-car box ylic acid 
f3-c yclo hex ylalanine 
Citrulline; 2-amino-5-ureidovaleric acid 
Dehydroalanine (also AAla) 
X-Carboxyglutamic acid 
pyroglutamic acid; 5-oxoproline (also pGlu) 
Homophenylalanine (Hse = homoserine, and so on). Caution is 
necessary over the use of the use of the prefix homo in relation to 
a-amino-acid names and the symbols for homo-analogues. When the 
term first became current, it was applied to analogues in which a 
side-chain CH2 extension had been introduced. Thus homoserine 
has a side-chain CH2CH20H, homoarginine 
CH2CH2CH2NHC( = NH)NH2, and so on. In such cases, the conven- 
tion is that a new three-letter symbol for the analogue is derived from 
the parent, by taking H for homo and combining it with the first two 
characters of the parental symbol - hence, Hse, Har and so on. Now, 
however, there is a considerable literature on p-amino acids which 
are analogues of a-amino acids in which a CH2 group has been 
inserted between the a-carbon and carboxyl group. These analogues 
have also been called homo-analogues, and there are instances 
for example not only of ‘homophenylalanine’, 
NH2CH(CH2CH2Ph)C02H, abbreviated Hph, but also 
‘homophenylalanine’, NH2CH(CH2Ph)CH2C02H abbreviated Hph. 
Further, members of the analogue class with CH2 interpolated be- 
tween the a-carbon and the carboxyl group of the parent a-amino 
acid structure have been called both ‘a-homo’- and ‘P-homo’. Clearly 
great care is essential, and abbreviations for ‘homo’ analogues ought 
to be fully defined on every occasion. The term ‘P-homo’ seems 
preferable for backbone extension (emphasizing as it does that the 



Abbreviations xv 

HYl 
HYP 
aIle 
Lan 
MeAla 

Nle 
Orn 

Pip 
Sar 
Sta 
Thi 
Tic 
aThr 
Thz 
Xaa 

Phg 

residue has become a p-amino acid residue), with abbreviated sym- 
bolism as illustrated by PHph for NH2CH(CH2Ph)CH2C02H. 
6-H y drox yl y sine 
4-H ydroxyproline 
allo-Isoleucine; 2S, 3R in the A-series 
Lanthionine; S-( 2-amino-2-carbox yet hy1)cys teine 
N-Methylalanine (MeVal = N-methylvaline, and so on). This style 
should not be used for a-methyl residues, for which either a separate 
unique symbol (such as Aib for a-methylalanine) should be used, or 
the position of the methyl group should be made explicit as in 
aMeT yr for a-me t h yl tyrosine. 
Norleucine; a-aminocaproic acid 
Ornithine; 2,5-diaminopentanoic acid 
P hen ylgl ycine; 2-aminop hen ylace t ic acid 
Pipecolic acid; piperidine-s-carboxylic acid 
Sarcosine; N-methylglycine 
Statine; (3S, 4S)-4-amino-3-hydroxy-6-methyl-heptanoic acid 
P-Thien ylalanine 
1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid 
do-Threonine; 2S, 3S in the A-series 
Thiazolidine-4-carboxylic acid, thiaproline 
Unknown or unspecified (also Aaa) 

The three-letter symbols should be used in accord with the IUPAC-IUB 
conventions, which have been published in many places (e.g. European J .  Bio- 
chern. 1984; 138: 9-37), and which are (May 1999) also available with other 
relevant documents at: http://www.chem.qnw.ac.uk/iubmb/iubmb.html#03 

It would be superfluous to attempt to repeat all the detail which can be found 
at the above address, and the ramifications are extensive, but a few remarks 
focussing on common misuses and confusions may assist. The three-letter sym- 
bol standing alone represents the unmodified intact amino acid, of the A- 
configuration unless otherwise stated (but the A-configuration may be indicated 
if desired for emphasis: e.g. A-Ala). The same three-letter symbol, however, also 
stands for the corresponding amino acid residue. The symbols can thus be used 
to represent peptides (e.g. AlaAla or Ala-Ala = alanylalanine). When nothing is 
shown attached to either side of the three-letter symbol it is meant to be 
understood that the amino group (always understood to be on the left) or 
carboxyl group is unmodified, but this can be emphasized, so AlaAla=H- 
AlaAla-OH. Note however that indicating free termini by presenting the ter- 
minal group in full is wrong; NH2AlaAlaC02H implies a hydrazino group at one 
end and an a-keto acid derivative at the other. Representation of a free terminal 
carboxyl group by writing H on the right is also wrong because that implies a 
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. Thus an 0-methylserine residue could be shown as 1,2, or 3. 



xvi 

-Ser(Me)- 1 

--s r- 

Me 
7 3  

Abbreviations 

Note that the oxygen atom is not shown: it is contained in the three-letter symbol 
- showing it, as in Ser(OMe), would imply that a peroxy group was present. 
Bonds up or down should be used only for indicating side-chain substitution. 
Confusions may creep in if the three-letter symbols are used thoughtlessly in 
representations of cyclic peptides. Consider by way of example the hypothetical 
cyclopeptide threonylalanylalanylglutamic acid. It might be thought that this 
compound could be economically represented 4. 

Tpr--Afa 4 
Glu-Ala 

But this is wrong because the left hand vertical bond implies an ester link 
between the two side chains, and strictly speaking if the right hand vertical bond 
means anything it means that the two Ala a-carbons are linked by a CHzCHz 
bridge. This objection could be circumvented by writing the structure as in 5. 

Thr-Ma 
G l u - M a l  

But this is now ambiguous because the convention that the symbols are to be 
read as having the amino nitrogen to the left cannot be imposed on both lines. 
The direction of the peptide bond needs to be shown with an arrow pointing 
from CO to N, as in 6. 

Thr+Ala 
&*u*Ala3 ti 

Actually the simplest representation is on one line, as in 7. 

Substituents and Protecting Groups 
Ac Acetyl 
Acm Acetamidomethyl 
Adoc 1-Adamantyloxycarbonyl 
Alloc Allyloxycarbonyl 
Boc t-Butoxycarbonyl 
Bom n-Benzylox ymeth yl 
Bpoc 2-(4-Biphenylyl)isopropoxycarbonyl 



Abbreviations xvii 

Btm 
Bum 
Bu' 
Bun 
But 
Bz 
Bzl 
Cha 
Clt 
Dcha 
Dde 
Ddz 
DnP 
DPP 
Et 
Fmoc 
For 
Mbh 
Mbs 
Me 
Mob 
Mtr 
NPS 
OAll 
OBt 
OcHx 
ONP 
OPcp 
OPfp 
osu 
OTce 
OTcp 
Tmob 
Mtt 
Pac 
Ph 
Pht 
Scm 
Pmc 
Pr' 
Pr" 
Tfa 
Tos 
Troc 
Trt 
Xan 

Benz ylt hiomet h yl 
Jc-t-Butoxymethyl 
i-Butyl 
n-Butyl 

Benzoyl 
Benzyl (also Bn); Bzl(0Me) = 4-methoxybenzyl and so on 
Cyclohexylammonium salt 
2-Chlorotrit yl 
Dicyclo hex ylammonium salt 
1 -(4,4-Dimethyl-2,6-dioxocyclohex- 1 -ylidene)ethyl 
2-(3,5-Dimet hoxyphen y1)-isopropoxycarbonyl 
2,4-Dinitrophenyl 
Diphen ylphosphinyl 
Ethyl 
9-Fluorenylmethoxycarbonyl 
Formyl 
4,4'-Dimet hoxydiphenylmet hyl, 4,4'-Dimethoxybenzhydryl 
4-Methoxybenzenesulphonyl 
Methyl 
4-Methoxybenzyl 
2,3,6-Trimet hyl,4-methoxybenzenesulphonyl 
2-Nitrophen ylsulphen yl 
Ally1 ester 
I-Benzotriazolyl ester 
Cyclohexyl ester 
4-Nitrophenyl ester 
Pmtachlorophenyl ester 
Pentafluorophenyl ester 
Succinimido ester 
2,2,2-Trichloroethyl ester 
2,4,5-Trichlorophenyl ester 
2,4,5-Trimethoxybenzyl 
4-Methyltrit yl 
Phenacyl, PhCOCH2 (care! Pac also = PhCH2CO) 
Phenyl 
Ph t halo yl 
Methoxy car bonylsulphenyl 
2,2,5,7,8-Pentamethylchroman-6-sulphonyl 
i-Prop yl 
n-Propyl 
Trifluoroacet yl 
4-Toluenesulphonyl (also Ts) 
2,2,2-Trichloroethoxycarbonyl 
Trityl, triphenylmethyl 
9-Xanthydryl 

t -B ut yl 



xviii Abbreviations 

z Benzyloxycarbonyl (also Cbz). Z(2C1) = 2-chlorobenzyloxycarbonyl 
and so on 

Amino Acid Derivatives 
DKP Diketopiperazine 
NCA N-Carboxyanhydride 
PTH P henylt hiohydant oin 
UNCA Urethane N-carboxyanhydride 

Reagents and Solvents 
BOP 

CDI 
DBU 
DCCI 
DCHU 
DCM 
DEAD 
DIPCI 
DIPEA 
DMA 
DMAP 
DMF 
DMS 
DMSO 
DPAA 
EEDQ 
HATU 

l-Benzotriazolyloxy-tris-dimethylamino-phosphonium hexafluoro- 
phosphate 
Carbon yldiimidazole 
Diazabicyclo[ 5.4.01-undec-7-ene 
Dicyclohexylcarbodiimide (also DCC) 
Dicyclohexylurea (also DCU) 
Dichloromethane 
Diethyl azodicarboxylate (DMAD =the dimethyl analogue) 
Diisopropylcarbodiimide (also DIC) 
Diisopropylethylamine (also DIEA) 
Dimet hylacetamide 
4-Dimethylaminopyridine 
Dimethylformamide 
Dimeth ylsulphide 
Dime t h ylsulp ho xide 
Diphenylphosphoryl azide 
2-Ethoxy- 1 -ethoxycarbonyl- 1,2-dihydroquinoline 
This is the acronym for the ‘uronium’ coupling reagent derived from 
HOAt, which was originally thought to have the structure 8, the 
Hexafluorophosphate salt of the 0-(7-Azabenzotriazol-lyl)-Tet- 
ramethyl Uronium cation. 

b m e 2  K 
PF: S N M t z  

In fact this reagent has the isomeric N-oxide structure 9 in the 
crystalline state, the unwieldy correct name of which does not con- 
form logically with the acronym, but the acronym continues in use. 
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HMP 
HOAt 
HOBt 
HOCt 
NDMBA 
NMM 
PAM 
PEG 
PtBOP 

SDS 
TBAF 
TBTU 
TEA 
TFA 
TFE 
TFMSA 
THF 
WSCI 

Techniques 
CD 
COSY 
CZE 
ELISA 
ESI 
ESR 
FAB 
FT 
GLC 
hplc 
IR 
MALDI 
MS 
NMR 
nOe 
NOESY 
ORD 
PAGE 
RIA 
ROESY 
RP 

Similarly, the corresponding reagent derived from HOBt has the 
firmly attached label HBTU (the tetrafluoroborate salt is also used: 
TBTU), despite the fact that it is not actually a uronium salt. 
Hexamethylphosphoric triamide (also HMPA, HMPTA) 
1 -Hydroxy-7-azabenzotriazole 
1-Hydroxybenzotriazole 
1 -Hydroxy-4-ethoxycarbonyl- 1,2,3-t riazole 
N,N’-Dimethylbarbituric acid 
N-Methylmorpholine 
Phenylacetamidomethyl resin 
Polyethylene glycol 
1-Benzotriazolyloxy-tris-pyrrolidinophosphonium hexafluoro- 
phosphate 
Sodium dodecyl sulphate 
Tetrabutylammonium fluoride 
See remarks under HATU above 
Trie t h ylamine 
Trifluoroacetic acid 
Trifluoroethanol 
Trifluoromethanesulphonic acid 
Tetrahydro furan 
Water soluble carbodiimide: 1-ethyl-3-(3’-dimethylaminopropyl)- 
carbodiimide hydrochloride (also EDC) 

Circular dichroism 
Correlated spectroscopy 
Capillary zone electrophoresis 
Enzyme-linked immunosorbent assay 
Electrospray ionization 
Electron spin resonance 
Fast atom bombardment 
Fourier transform 
Gas liquid chromatography 
High performance liquid chromatography 
Infra red 
Matrix-assisted laser desorption ionization 
Mass spectrometry 
Nuclear magnetic resonance 
Nuclear Overhauser effect 
Nuclear Overhauser enhanced spectroscopy 
Optical rotatory dispersion 
Polyacrylamide gel electrophoresis 
Radioimmunoassa y 
Rotating frame nuclear Overhauser enhanced spectroscopy 
Reversed phase 



xx Abbreviations 

SPPS Solid phase peptide synthesis 
TLC Thin layer chromatography 
TOCSY Total correlation spectroscopy 
TOF Time of flight 
uv Ultraviolet 

Miscellaneous 
Ab 
ACE 
ACTH 

AIDS 
ANP 
ATP 
BK 
BSA 
CCK 
DNA 
FSH 
GH 
HIV 
LHRH 
MAP 
NPY 
OT 
PTH 
QSAR 
RNA 
TASP 
TRH 
VIP 
VP 

Ag 

Antibody 
Angiotensin-converting enzyme 
Adrenocorticotropic hormone 
Antigen 
Acquired immunodeficiency syndrome 
Atrial natriuretic polypeptide 
Adenosine t riphosphat e 
Brad ykinin 
Bovine serum albumin 
Cholecys t o kinin 
Deoxyribonucleic acid 
Follicle stimulating hormone 
Growth hormone 
Human immunodeficiency virus 
Luteinizing hormone releasing hormone 
Multiple antigen peptide 
Neuropeptide Y 
Oxytocin 
Parathyroid hormone 
Quantitative structure-activity relationship 
Ribonucleic acid 
Template-assembled synthetic protein 
Thyrotropin releasing hormone 
Vasoactive intestinal peptide 
Vasopressin 

J. H. Jones 



1
Peptide Synthesis

BY DONALD T. ELMORE

1 Introduction

As in the previous Report,1 many reviews have been published. Some2—7 relate to
several sections of this article whereas others are cognate to particular sections as
follows: Section 2.1,8 Section 2.3,9 Section 2.4,10 Section 2.5,11-15 Section 2.6,15-23

Section 2.7,24-29 Section 3.1,30-32 Section 3.2,33 Section 3.3,34,35 Section 3.4,36 Section
3.5,37-41 Section 3.6,41-42 Section 3.8,43,44 Section 3.945-51 and Section 3.9.52,53.

2 Methods

2.1 Amino-group Protection. — It often happens in chemistry that a technique
that has been regarded as passé for some years, is slightly modified and resumes
its former status in the literature. Protection of the a-amino group by the
phthaloyl group is a recent example. The need for rather vigorous conditions in
order to effect removal with hydrazine led to discontinuance of its use. An
improved method of phthaloylation using monomethyl phthalate54 would hard-
ly have stayed its abandonment, but the discovery that tetrachlorophthaloyl
groups, while stable to piperidine and to acids, are removed with
N2H4/CHONMe2 (3:17) at 40°C for 1 hr55 has offered a fresh orthogonal substitu-
ent. Moreover, preparation of tetrachlorophthaloyl amino acids under micro-
wave irradiation56 is straightforward. Microwave irradiation also permits rapid
synthesis of phthaloyl derivatives with no loss of chiral purity,57 but this develop-
ment has probably come too late for modern peptide synthesis. New variations
in the conditions for removal of the Boc group have been reported. A fast
selective method uses 4M-HCl in dioxan.58 Deprotection is complete in 30 min.
at room temperature. The method is selective in the presence of But esters and
alkyl esters and also But thioethers but not in the presnce of But phenolic ethers.
Nitrolytic removal of Boc groups has been reported59 and Z-groups and But

esters are unaffected, but oxidation of susceptible groups is a hazard. Boc groups
can be removed from substituted peptides on Wang resin using conc. H2SO4 in
dioxan (1:9 v/v) at 8°C for 2 hr.60 Cleavage of the peptide from the resin is quite
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limited. Lipidated peptides are often very labile to acids and bases and it is
valuable that Boc groups can be removed using trimethylsilyl triflate in the
presence of a tertiary base such as lutidine or EtMe2N.61 The use of silica gel
under microwave irradiation for the detachment of acid-labile groups was
disappointing.62 Strong irradiation for long periods was required and this gave
unacceptable amounts of byproducts. A precolumn method of preparation of
Fmoc-amino acids and -peptides can be carried out with Fmoc-Cl after adsorp-
tion on silica gel.63 Excess reagent is washed away with EtOAc. The Fmoc-
derivatives are then eluted for analysis; much less byproduct is present than with
earlier protocols and Fmoc-Cl is completely absent. Details for the synthesis on a
large scale of Fmoc-4-aminomethyl benzoic acid, Fmoc-trans-4-
(aminomethyl)cyclohexane carboxylic acid and Fmoc derivatives of cis-b-amino
acids have been described.64 Fmoc- and Z-derivatives of N-methylserine and
N-methylthreonine can be accessed by the general method in Scheme 1.65 Poly-
mer-bound N-hydroxysuccinimide can be prepared from commercial styrene-

maleic anhydride copolymer by reaction with 50%w/v aqueousNH2OH. Treat-
ment of the product with Fmoc-Cl/aq. K2CO3 gives rise to polymer-bound
Fmoc-OSu. This is a convenient reagent for the preparation of Fmoc amino
acids and the unused and reacted polymer can be filtered off and reused.66

Fmoc-Amino acids can also be directly synthesised67 using organo-zinc chemis-
try. For example, Fmoc-3-iodoalanine-OBut (obtained in 7 steps from L-serine)
is converted into the organo-zinc derivative and then into a substituted Phe
derivative ready for SPPS after appropriate deprotection (Scheme 2). An inter-

esting method of preparing Fmoc- and Z-derivatives of amino acids uses the
chloroformate at neutral pH in presence of activated Zn powder.68 An improved
method for the acidolytic removal of protecting groups from thionopeptides
used aqueous CF3CO2H (<80% w/v) for about 2h.69 This procedure minimises
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the acid-catalysed cleavage at the peptide bond immediately following the
-CSNH- moiety. The (2-nitrofluoren-9-yl)methoxycarbonyl group offers inter-
esting possibilities.70 Not only does it possess enhanced lability to bases, but it
also undergoes photo-chemical cleavage under appropriate conditions. a-Fmoc
groups have been employed inter alia for the synthesis of cyclic peptides involv-
ing ring closure on a specially synthesised backbone amino acid.71 This pro-
cedure has been recommended for combinatorial synthesis of potential peptide
drug candidates. The Alloc group can be used to protect a-amino groups in the
synthesis of lipopeptides since Pd(0) rather than acid can be used for deprotec-
tion as an alternative to that mentioned above.72 The same paper recommends
the use of But groups for the protection of carboxy and thiol groups. Neutral
conditions can be used to release protected amino groups if the 2-nitrobenzyl
group is used.73 A low cathodic potential converts the nitro group into a
hydroxyamino group that undergoes ring closure to benzisoxazolone with re-
lease of the amino group. The 2-[phenyl-(methyl)sulfonio]ethoxycarbonylgroup
ensures that, after protection of the amino group, the product will be soluble in
water and Leu enkephalin has been synthesised using it.74 This could be useful in
syntheses employing enzyme-catalysed steps and it could also simplify the pro-
duction of crystals for X-ray diffraction studies. A base-labile group, 2-(2,4-
dinitrophenylsulfonyl)ethoxycarbonyl, has been recommended for solid-phase
peptide synthesis, but does not appear to offer any special advantages.75 A novel
side reaction was discovered when anO-silyl group was removed from protected
pyroglutaminol.76 The expected product was formed admixed with an isomer in
which a Boc group had migrated (Scheme 3). The use of enzymes in peptide

synthesis is still limited to a few workers. Immobilised penicillin G acylase in
toluene has been used to acylate amino acids,77 but attempts to effect esterifica-
tion and trans-esterification failed. It is not surprising that an enzyme will not
operate on both ends of an amino acid molecule. If it did, a jumble of polymers
would be the outcome. The established PhAcOZ group, which is enzyme-labile,
has been used to synthesise acid- and base-labile nucleo-peptides.78

2.2 Carboxy-group Protection. — Although trifluoromethyl esters are not
much used in peptide synthesis, it may be useful to know that these derivatives of
N-acylamino acids are accessible using catalysis by 4-dimethylamino pyridine.79

2,2,2-Trichloro-t-butyl (Tcb) esters are of interest because they are deprotected in
slightly acidic or neutral conditions in the presence Zn2� or Cd2� ions with the
super nucleophile cobalt(I) phthalocyanine.80 Preparation of Tcb esters so far
described involve the use of acyl chlorides, but unsymmetrical anhydrides might
be a suitable alternative starting material. The esterification of amino acids can
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be effected in the presence of ‘triphosgene’ (CCl3OCOOCCl3) in tetrahydrofuran
at 55-60°C.81 Amino acids have been esterified withMeOHunder pressure and in
the presence of an ultrastable zeolite as catalyst.82 There has been a further report
for the esterification of acylamino acids with 3,4,5-tris(octadecyloxy)-benzyl
alcohol before peptide synthesis.83 The product is purified by size-exclusion
chromatography on Sephadex LH-20. Using Fmoc amino acids, subsequent
deprotection could be effected using 4M-HCl in EtOAc. This could alternatively
be achieved under milder conditions using a lipase for deprotection in the
presence of activated charcoal to retain the liberated alcohol with filtration or
centrifugation to isolate the product. Treatment of Boc-Ala-OBut with
CeCl3.7H2O/NaI removed both protecting groups.84 If the CeCl3.7H2O were
heated in MeCN under reflux, then cooled to room temperature and added to
the substrate, the ester groupwas removed but the Boc group survived. Obvious-
ly further work is required to delineate conditions for selective deprotection. The
b-CO2H of Asp in peptides prepared by SPPS can be isotopically enriched by
hydrolysis with Na17OH in MeOH/CH2Cl2.85 The peptide is detached from the
support using acid.

2.3 Side-chain Protection. — An efficient synthesis of N-Boc-O-cyclohexyl-L-
tyrosine has been described.86 Boc-Tyr-OHwas treated withNaH in CHONMe2
and then with 3-bromocyclohexene. The product was hydrogenated over PtO2.
The highest yield was obtained when a byproduct from the previous step was not
removed because the yield then was almost quantitative. A problem has been
encountered when the hydroxyl group of Thr was protected by tosylation.87 A
mixture of O-tosyl- and dehydro-Thr was formed. The ratio of the two products
depended strongly on the choice of groups for protecting the amino and carboxy
groups. In the case of Fmoc-Thr-OBzl, only the unsaturated product was
formed. In order to obtain fluorescent enzyme substrates, a-Fmoc-e-[(7-
methoxycoumarin-4-yl)acetyl]-L-lysine was used as starting material.88 Strictly
speaking, the fluorescent substituent is not a protecting group, since it can not be
detached without destroying the peptide. Further examples of this type of
fluorescent substrate are cited in Section 3.3. For protection of the thiol group in
the side chain of an amino acid, 4-methoxytrityl chloride is appropriate.89 The
S-(4-methoxytrityl) group can be retained if the peptide is detached from the
resin using CH3CO2H/CF3CH2OH/CH2Cl2 (1:2:7) for 15 min. at room tempera-
ture, but is cleaved with 1-5% CF3CO2H in CH2Cl2/Et3Si (95:5). Allylic protec-
tion of cysteine is possible with the S-[N-{2,3,5,6-tetrafluoro-4-(phenylthio)-
phenyl}-N-allyloxycarbonyl]-aminomethyl (Fsam) group (1)90, which can be
removed by oxidation with I2 with concomitant formation of disulphide bonds
or the allylic moiety can be removed with Pd(PPh3)4 in the presence of an allyl
scavenger to give the peptide with free thiol groups.
The side-chain ofMet, normally protected as the sulfoxide, can be regenerated

by using Bu4NBr in CF3CO2H as a reducing agent.91 Nucleophilic attack of
halide at the S atom of the protonated sulfoxide is proposed. The tetracovalent S
intermediate undergoes release of water after further protonation to give a
halosulfonium ion and this is the rate-determining step.
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Protection of the imidazole ring of His with the Bum group has been re-
examimed.92 Byproduct formation during deprotection could be diminished by
scavenging the HCHO formed using MeONH2.

2.4 Disulfide Bond Formation. — There has been a surprising report that a
cyclic disulfide is formed from a peptide with cysteine at both termini in degassed
water under reduced pressure.93 Cyclisation occurred even when the amount of
oxygen present in the sytem was only 1/16 of that theoretically required. The
authors maintain that disulfide formation does not necessarily require an
oxidant such as elementary oxygen or iodine. The report last year that exposure
to trans-[Pt(en)2Cl2] effects intramolecular disulfide bond formation from pept-
ides containing two cysteinyl residues has been amplified by the discovery that
fully reduced a-conotoxin GI and SI are similarly converted into the oxidised
form with 3 disulfide bonds in one step at pH values between 3 and 7.94

Water-soluble reagents containing Se such as (2) are quite powerful oxidising
agents, although these have not been applied to the formation of peptide cyclic
disulfides.95 Based on appropriate model experiments, it was shown that Fmoc-
Cys-b-Ala-Cys-OMe, which was immobilised on a resin through a benzyl
thioether link involving the side chain of the C-terminal cysteine residue, under-
went detachment and intramolecular cyclisation in the presence ofN-chlorosuc-
cinimide (Scheme 4).96 A library of amphipathic bicyclic peptides in which one of

the rings contained a disulfide has been assembled. The first cyclic structure was
produced by intramolecular thioester ligation while attached to a solid support
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and the second ring was closed by oxidation withMeSOMe of the side chains of
two cysteinyl residues after detachment from the resin.97

2.5 Peptide Bond Formation. — Boc2O is commonly used in the unsymmetrical
anhydride synthesis of peptides or for protecting -OH or -NH- groups.
Imidazole or trifluoroethanol are convenient scavengers to react with excess
reagent.98 Pentafluoro-, 2,4,5-trichloro- and pentachloro-phenyl esters of Fmoc
amino acids are conveniently prepared using a 2-phase system in which 3%
NaHCO3 solution is the aqueous phase. Good yields are obtained in 2-3 h.99

Pentafluorophenyl 4-nitrobenzenesulfonate is a useful reagent for peptide coup-
ling and HOBt strongly promotes synthesis.100 4-NO2-C6H4-SO2OBt is a prob-
able intermediate. No loss of chiral purity was detected when Boc amino acids
were coupled but not surprisingly there was extensive loss when Bz amino acids
were used. N-Protected amino acid bromides have not previously been used for
peptide synthesis because they are unstable and difficult to purify. They have
now been obtained from N-protected amino acids using 1-bromo-N,N-2-
trimethyl-1-propenylamineundermild and neutral conditions.101 They are useful
for coupling very hindered amino acids and are used in the presence of collidine.
Carbodiimides have not been completely abandoned as coupling agents. Spar-
ingly soluble protected peptides have been coupled in CHCl3/PhOH using
EtN�C�N(CH2)3NMe2 in the presence of 3,4-dihydro-3-hydroxy-4-oxo-1,2,3-
benzotriazine (HOOBt) with no loss of chiral purity.102 Similarly, Z-Gly-Phe-OH
and H-Phe-OBzl were coupled in the same solvent but using PriN�C�NPri

with a combination of HOOBt and its Bu4N� salt as additive.103 There has been
another paper extolling the value of Cu(II) derivatives for retaining chiral purity
during SPPS.104 The use of the Cu(II) derivatives of HOBt and HOAt seem to be
particularly effective. Another group has adduced further supporting evidence.
For example, the use of HOBt and CuCl2 minimises loss of chiral purity when
PyBOP is the coupling agent.105 Again, CuCl2 and HOAt eliminates enantiomer-
isation in segment coupling reactions.106 It really is quite surprising that this
technique is not routinely used in the light of reports in recent years. It has been
reported that HOBt, HOOBt andHOSu react with CH2Cl2 and ClCH2CH2Cl to
form respectively di- and mono-substituted derivatives.107 In the light of the
successful use of CHCl3/PhOHmentioned above, it would be useful to determine
if CHCl3 reacts with the above additives. Carpino has synthesised the 4,5- and
5,6-benzo derivatives of HOAt.108 Both can be converted into coupling reagents
with (Me2N)2C�ClPF6

-. The 4,5-derivative gives a uronium derivative (3) where-
as the 5,6-derivative gives a guanidinium derivative (4). Although neither pos-
sesses any special advantage over HOAt, the former caused coupling faster than

Amino Acids, Peptides and Proteins6



the latter. Li and Xu have described a battery of onium-type peptide coupling
agents.109 Some of these (e.g. BOMI, BDMP, BEP, BEMT) have been reported
by these workers before and have been mentioned in vols. 32 and 33 of this series
of publications. Li and Xu have summarised their conclusions about the poten-
tial value of some of these and earlier reagents. Reagents based on HOBt and
incorporating phosphonium and uronium structural components (e.g. BOP,
HBTU) are regarded as satisfactory for syntheses involving coded amino acids.
For segment coupling, however, where loss of chiral purity may occur, reagents
based on HOBt and incorporating immonium structural components (e.g.
BOMI, BDMP) would be a better choice, because of their ability to limit loss of
chiral purity and on account of their reactivity. Although reagents based on
HOAt are acknowledged as the strongest candidates for the synthesis of hin-
dered peptides, Li and Xu cite the disadvantage of high expense of reagent. They
suggest, however, that 2-halopyridinium (e.g. BEP,5) and 2-halothiazolium (e.g

BEMT,6) reagents are also suitable and can be synthesised from cheaper starting
materials. The original paper should be consulted for a list of structures of other
potential coupling reagents. Prop-2-ynyl triphenylphosphonium bromide is an-
other onium-type coupling agent that has been used to synthesise a number of
small peptides.110Microwave radiation has been used to promote the synthesis of
Aib peptides using PyBOP or HBTU in CHONMe2 as solvent.111 A one-pot
method for deprotecting Alloc amines and coupling toN-Boc orN-Fmoc amino
acids uses Pd(PPh3)4 and 1,8-diazabicyclo[2,2,2]-cyclooctane (DABCO) as scav-
enger and a carbodiimide to effect coupling involves a reaction time of 10-20
min.112 Although derivatives of 1,3,5-triazine have been used as coupling agents
in the past,there has been a further development in this area.113 When racemic
N-protected amino acids were used in peptide synthesis in the presence of a
chiral tertiary amine such as strychnine, brucine or sparteine and 2-chloro-4,6-
dimethoxy-1,3,5-triazine, the coupling proceeded enantio-selectively. Kagan en-
antioselectivity parameters were derived and were in the range 1.6-195. Strych-
nine gave the best results (s � 98-195). The authors postulated that chiral
triazinyl-ammonium chlorides were formed as intermediates. Another coupling
method merits further assessment. Instead of using N-protected amino acids,
a-azido acids, prepared by Wong’s Cu2�-catalysed diazo transfer method, were
the starting material.114 There was negligible loss of chiral purity and peptides
that are prone to formation of diketopiperazines were obtained in good yield by
a solid-phase method.
When synthesising peptides of Pro, the ratio of cis/trans conformations of the

prolyl peptide bond is strongly influenced by the chirality of the acyl residue
immediately preceding the Pro residue. Acyl moieties from (2S)-2,6-dimethyl-3-
oxo-3,4-dihydro-2H-1,4-benzoxazine-2-carboxylic acid and (2R)-3-methoxy-2-
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methyl-2-(4�-methyl-2�-nitrophenoxy)-3-oxopropionic acid in the acylproline
moiety constrains the dihedral angle to the trans orientation.115 These are
promising chiral peptidemimetic units that strongly favour the trans structure. A
special method is available for coupling a peptide with an N-terminal Ser
residue, the amino group of which is unprotected.116 Selective oxidation with
NaIO4 gave a a-N- glyoxylyl peptide and this was reductively aminated using
4,5-dimethoxy-2-tritylthiobenzylamine. After removal of the Trt group, the
product was condensed with a peptide thioester. The remaining protecting
group, 4,5-dimethoxy-2-mercaptobenzyl-, was removed with trifluoromethane-
sulfonic acid. Note that theN-terminal Ser residue of the C-terminal fragment is
converted into a Gly residue. Another special coupling method is exemplified by
allowing the complex of Gly-Gly-OMe and [(h6-p-cymol)RuCl2]2 or [(h6-
C6Me6)RuCl2]2 to react withNH2(CH2)nCO2Me to give the tripeptide complex.117

A total synthesis of (-)-hemiasterlin has been described that used only the
N-benzothiazole-2-sulfonyl (Bts) protecting group for the following reasons;- (a)
Bts-Cl requires no additive for coupling, (b) purification of products was ex-
pected to be easy and (c) Bts-amino acids should be easy to methylate and there
are twoN-methyl groups in the peptide.118 During a reaction involving coupling
with an oxazolone derivative and in the presence of an azacrown ether, the latter
underwent ring opening (Scheme 5) and this led to the authors developing a

theory (Scheme 6) for the loss of chiral purity of oxazolines during peptide
synthesis.119 During the synthesis of long peptides by fragment condensation
changing the phase of synthesis from solid to liquid or vice versa was found to be
beneficial in difficult couplings.120 In the synthesis of monobiotinylated rat
relaxin, Hmb protection of the B chain was found to prevent chain aggrega-
tion.121 In the synthesis of chaperonin 60.1 (195-217), ordinary SPPS was unsuc-
cessful and replacement of one of the two Pro residues by (yMe,Me)Pro was also
unsatisfactory. When both Pro residues were similarly replaced, synthesis pro-
ceeded satisfactorily.122 A different ploy has been introduced for synthesising
long peptides.123 Partial acetylation of amino groups in the resin decreased the
capacity for interaction of chains and peptides containing >90 residues were
satisfactorily assembled. AcylationwithN-protected iminoacetic acid in solution
can give mono- or di-substituted derivatives, but if the nucleophile is attached to

Amino Acids, Peptides and Proteins8



an insoluble support, only monosubstituted products are formed.124 Synthesis of
amyloid peptides can be complicated by difficulty in removing Fmoc groups and
a solution involves using diazabicyclo[5.4.0]-undec-7-ene (DBU)(2%w/v).125 Be-
cause of the medical importance of amyloid proteins, there are further citations
below (see refs. 139, 162, 163, 191, 210 and 513). Pyroglutamic acid can be readily
introduced into a pseudopeptide as a replacement for Pro.126 Benzyl (S)-pyro-
glutamate can be acylated with pentafluorophenyl esters in the presence of a
strong base such as NaH or the Li derivative of hexamethyl-disilazide.
The method of native chemical ligation using peptide thioesters continues to

attract much attention.127,128 The alkane sulfonamide safety-catch resin is useful
for the synthesis ofC-terminal peptide thioesters and it has now been shown that
addition of e.g. LiBr increases the swelling of the resin.129 In addition, the yield is
increased if cleavage of the peptide is carried out in 2M LiBr in tetrahydrofuran.
The usual method for native chemical ligation involves a peptide thioester and a
peptide possessing an N-terminal Cys residue. If desired, the latter can subse-
quently be converted into Ala by desulfurisation with Pd/Al2O3, Pd/BaSO4 or
Pd/C.130 The method was illustrated by the synthesis of three proteins. If the
desulfurisation was carried out in 6M guanidine at pH 7.5, a small amount of
disulfide dimer was formed, but this complication can be avoided by working at
pH 4.5. A variation uses a removable N-(1-phenyl-2-mercaptoethyl) auxiliary131

(Scheme 7). This results in the replacement of what would have been Cys by Gly.
Selenocysteine peptides can also participate in native chemical ligation reac-
tions.132,133 (Scheme 8) Glycopeptides can also be synthesised by native chemical
ligation.134,135 There is no doubt that this technique offers an important alterna-
tive to recombinant DNA methodology because any number of uncoded amino
acids could be incorporated into appropriate synthetic targets.
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2.6 Peptide Synthesis on Macromolecular Supports and Methods of Combina-
torial Synthesis. — The chloromethyl groups of Merrifield resin can be converted
into aminomethyl groups by reaction with a non-nucleophilic base such as
lithium hexamethyldisilazide in high yield.136 The use of polystyrene-based sup-
ports cross-linked with methylacrylate esters of diols, especially 1,4-butanediol,
continues to be popular because the open structure markedly diminishes steric
problems that can interfere with peptide syntheses. The latter employ well-
known chemistry such as attachment of the C-terminal residue using the Cs
salt137 and N-protection with the Boc138-140 or Fmoc140 groups. As a token of the
success possible with this kind of support, the synthesis of an extremely insoluble,
hydrophobic antiparallel b-sheet peptide, LMVGGVVIA, the C-terminal frag-
ment of b-amyloid peptide, is cited.139 In a further development, this type of
support has been fitted with a 2-nitrobenzyl group (7). The assembled peptide

can then be detached photolytically.141 Several other new supports have been
designed. A cheap support can be prepared from a cation-exchange resin bearing
carboxy groups. Esterification of these followed by reduction to polymeric
benzyl alcohols gives a product that has been tested in the synthesis of two
peptides,142 but the close structure of the resin is unlikely to permit the synthesis
of long or difficult peptides. More promising is a development of the extended
cross-linking moiety near the beginning of this section. Using O,O�-bis(acryl-
amidopropyl)-PEGas the crosslinker for polystyrene, a support was obtained on
which the notorious (65-74) sequence of acyl carrier protein was successfully
assembled.143 It remains to be determined if this support offers any marked
advantage over those supports obtained with 1,4-butanediol dimethylacrylate
cross-linking.N-Fmoc aminoxy-2-chlorotrityl polystyrene has been simply pre-
pared and used for the synthesis of hydroxamic acids.144 The latter can be
detached by mild acidolysis. Starting from Tris, an extended dendrimer was
synthesised and repeatedly coupled to a core-shell type resin.145 The dendrimer
structure of the resin ensured a high capacity for peptide synthesis. This may or
may not be an advantage; high capacity might promote physical interaction
between chains resulting in difficult couplings. A new silyl linker has been
designed for NÆC assembly of peptides.146 Chiral purity of product is at con-
siderable risk when using this tactic and it is probably best avoided except under
special circumstances e.g. when the residue at theC-terminus is itself the product
of a long and/or difficult synthesis. Even then, the best ploy may be to synthesise
most of the structure by the conventional CÆN assembly and then to attach a
small segment at theC-terminus by a method that precludes loss of chiral purity,
e.g. enzyme-catalysed coupling, formation of a Gly-Xaa bond or native chemical
ligation in one of its modes.
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Several new linkers for the conventional CÆN approach to SPPS have been
described. 5-[(9-Aminoxanthen-2-yl)oxy]valeric acid (8) is an acid-labile linker.
It has been used to synthesise CCK-8 sulfate and a phosphorylated fragment of
the T-cell receptor complex. The products were detachedwith 50%CH3CO2H in
CH2Cl2 in the presence of scavengers in 15 min. at room temperature.147 A useful
linker based on the Dde-derived protecting group (9) is stable to acid and base
conditions but releases a synthetic peptide attached to the benzylic hydroxy
group on treatment with hydrazine (Scheme 9)148 Another linker that relies on a
1,6-elimination process to release the product is depicted in Scheme 10. In this
case, the quinone moiety is left attached to the resin149 Note that the N-Boc
group acts as a safety catch. This method was used in the synthesis of the
antibacterial squalamine. Another safety-catch method uses Boc chemistry to
assemble libraries of cyclic peptides.150 The C-terminal residue is attached to the
resin as an ester and when the peptide has reached the appropriate length,
removal of the Boc group causes the intramolecular formation of an amide
group. The use of dimethyl 2,3-O-isopropylidene-D-tartrate attached to a pep-
tide, after removal of the isopropylidene group and oxidation with periodate,
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can give rise to a-oxoaldehydes as potential proteinase inhibitors.151 A backbone
amide linker has been designed in order to construct an addition at the C-
terminus.152 It may prove to be a more flexible approach to attach a Lys residue
at the e-amino group and with protection of either the a-amino or carboxy
group, further assembly could continue at either end. The 4-alkoxy-2-hy-
droxybenzaldehyde linker has been used to synthesise a dimeric peptide via a
N2H4 moiety.153 A new avenue in SPPS has opened, is presently free from
congestion, but may not retain this freedom from competition much longer. The
conventional route for SPPS has hitherto involved immobilising the N-pro-
tected C-terminal residue on a support by forming a s-bond using a reactive
derivative of the C-terminal carboxy group.N-Deprotection and coupling steps
follow alternately until the peptide is detached from the support. The new
approach154 involves p-bonding between unsaturated moieties in substrate and
support through an appropriate transition element. A convenient support is
polystyrene containing triphenylphosphine groups. Hexacarbonyl-chromium(0)
was complexed with an unsaturated group in the amino acid (e.g. Phe) to give
(10) as an example. Reaction with polymer-bound phosphine under irradiation
then afforded (11). Deprotection of the amino group and peptide coupling then

followed uneventfully and the protected peptide was detached from the support
by aerial oxidation. Much remains to be done to test and assess the method as a
possible viable alternative to conventional SPPS. For example,N-protection of
the amino acids with aromatic groups (e.g.Fmoc) was shown to give rise to
complexation at one of two sites. Again, the use of a polystyrene support instead
of polyacrylamide might give rise to problems of adsorption of products. De-
tachment of product by aerial oxidation could also cause difficulties with pep-
tides containing Cys and Met. In the event that the use of enzymes increases in
peptide synthesis, it would be essential to discover if the enzymes would be
irreversibly adsorbed or even inactivated by the use of transition elements.
Nevertheless, this new branch of peptide chemistry is to be welcomed. It might be
useful in combinatorial syntheses. Even if it proves essential to have an aromatic
amino acid at the C-terminus, this could be removed at the end of the synthesis
by exposure to carboxypeptidase A.
This section concludes with a miscellany of preparative and analytical

methods pertaining to SPPS. A detailed study of the cleavage of peptides from
resins using CF3SO3H/CF3CO2H/PhSMe has been made.155 Not surprisingly,
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the ease of product detachment depends on several factors including the type of
support used, the size and composition of the peptide and temperature. PAM
resin and its attached peptide generally part company most readily. [Gly8]-
Angiotensin II was much more easily detached from any resin examined than
was the [Phe8]-derivative. All this work was carried out using Boc chemistry.
Polymer-bound N-hydroxysuccinimide has been used as an additive for car-
bodiimide-mediated peptide synthesis.156 For the synthesis of C-terminal thioes-
ters of peptides, Fmoc chemistry can be used and the peptide can be detached
using AlMe3, the latter improvement leading to diminished production of by-
products.157 TheN-terminal fragment (1-37) of bovine pancreatic trypsin inhibi-
tor was assembled and this was used to synthesise the complete protein by native
chemical ligation. Analytical construct technology has been applied to the
single-bead analysis of a split-mix combinatorial library.158 Cleavage at orthog-
onal sites permits biological assay of one fragment and electrospray mass spec-
trometry of an alternative fragment. Micro-reactors have been designed to
permit SPPS to be carried out in a 4-compartment apparatus.159 The four
reservoirs are separated by microfrits. The first contains Fmoc amino acid, the
second a carbodiimide coupling reagent, the third the amino component and the
fourth CHONMe2 to collect the product. Each reservoir contains a Pt electrode
and an external voltage (usually 700v) is applied to induce electroosmotic flow of
reagents. The progress of peptide assembly in SPPS can be monitored by time of
flight static secondary ion mass spectrometry on individual beads.160 If the
linkage of the peptide to the resin is through an ester or amide bond, this is
orthogonally cleaved in the bombardment and the main peptide structure sur-
vives for identification. The technique is sensitive at the femtomole level. A quite
differentmethod formonitoring continuous-flowSPPS involvesmeasurement of
pressure changes.161 The latter are monitored with a resistance strain gauge
attached to the inlet. This technique can detect structural changes in the peptide
resin conjugate such as those that occur during aggregation.
Amylin is a 37-residue peptide formed in type 2 diabetes and it displays some

homology with the insoluble peptide that is formed in Alzheimer’s disease.
Amylin deposits on the b-cells of the pancreas causing apoptosis. Two fragments
of amylin (17-37) and (24-37) circulate in patients with type 2 diabetes and both
are amyloidogenic. Both fragments have been synthesised162 and pose problems
of aggregation and insolubility similar to those found with ACP(65-74).
1,1,1,3,3,3-Hexafluoropropanol was found to be the best solvent. Di-b-peptoids
have been synthesised using Fmoc chemistry.163 N-Alkyl-b-amino acids can be
used and these offer scope for exercises in the synthesis of insoluble peptides. An
abbreviated prion protein has been synthesised.164 Difficult sequences were syn-
thesised using Boc chemistry and HATU as the coupling agent. Presumably, if
the complete protein is to be made, native chemical ligation or enzyme-catalysed
fragment condensatiion would be suitable routes avoiding undesirable decreases
in solubility due to the use of hydrophobic protecting groups, a problem that is
likely to occur ever more frequently.

2.7 Enzyme-mediated synthesis and Semisynthesis. — Esters of amino acids and
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peptide derivatives have long been accessible by enzyme catalysis. Aminoacyl
derivatives of glycerol can be obtained using a variety of proteinases and lipases
in glycerol containing 0-10% v/v of aqueous buffer at 50°C.165 There was no
regiospecificity displayed towards the hydroxy groups of glycerol, but with Asp
and Glu derivatives, the a-carboxy group of the amino acid is selectively esteri-
fied. a-Methylglucose undergoes regioselective thermolysin-catalysed trans-
esterification with vinyl esters of N-protected amino acids (Phe is best) to give
esters at the 6-hydroxy group.166 N-Protected amino acids or peptides can be
esterified with aw-dihydroxyalkanes in presence of subtilisin and the product
can undergo aminolysis with peptide alcohols using either papain or genetically
modified subtilisin (‘subtiligase’).167 Although no reaction occurred between IgG
and cysteine in the presence of carboxypeptidase Y, when cysteine methyl ester
and IgG methyl ester were used as substrates, the former was attached at the
C-terminus of the protein.168 Moreover, when cysteine isobutyl ester was used,
both light and heavy chains of IgG were labelled. The use of V8 proteinase from
S. aureus catalysed reaction at the b-carboxy group of Z-Asp or the g-carboxy
group of Z-Glu.169

The use of organic solvents in enzyme-catalysed peptide synthesis continues to
attract considerable interest. Esters of Z-Aspartame were synthesised in almost
quantitative yield in toluene at controlled activity of water using thermolysin
adsorbed on Celite R-640.170 It was suggested that the porous support controls
the hydration of the enzyme. Isolated yields were >90% and no purification was
required if equimolar amounts of substrates were used. The synthesis of Z-Ala-
Ala-Leu-Phe-NHC6H4NO2 from Z-Ala-Ala-Leu-OMe and H-Phe-
NHC6H4NO2 catalysed by subtilisin in ternary mixtures of CHONMe2, MeCN
and water has been studied in some detail.171,172 Yields peaked at 95% when the
concentration of CHONMe2 was 60%v/v. In view of the work of Halling et al.
reported below, the high yields could be attributed to the low solubility of the
product. Similar results were obtained in ethanol. Longer peptides have been
synthesised by attaching the C-terminal tripeptide to an insoluble support and
using subtilisin in the presence of SDS to effect coupling.173 Again, the reaction is
presumably driven by the disappearance of the soluble acylating peptide from
solution. A proteinase fromClostridium thermo-hydrosulfuricamhas been used to
catalyse the coupling of N-protected amino acids (especially Asp) with amino
acid esters at pH 6.5 and 45°C in a solution saturated with EtOAc. Yields were
onlymodest andmay be attributed to the solubility of the product.174 Z-Ala-Phe-
OMe has been synthesised in a 2-phase membrane reactor and the transfer of
product to the organic phase probably explains the high yields obtained.175

Another example has been reported of the preferential formation of peptide
containingD-amino acids using inverse substrates such as 4-amidinophenyl and
3- and 4-guanidinomethyl esters with trypsin as the catalyst.176 The products,
after removing basic moieties released during coupling, were resistant to hy-
drolysis by trypsin.
Early reports from about 1993 of the use of solid-to-solid enzymatic syntheses

of peptides, in which hydrated salts provided the small amount of water for
reaction, did not precipitate a massed foray into this field, but occasional
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applications have been reported since then. For example, some small peptides
have been made recently by this method.177 This situation is likely to change very
significantly as a result of two papers published by Halling et al.178,179 Practical
studies on the choice of added salt, substrates, enzymes and physical conditions
have been supplemented by considering factors that favour the reaction proceed-
ing in a forward direction as a result of precipitation of the product. Only a brief
account of these papers can be given here and a more detailed study is strongly
recommended. The thermolysin-catalysed synthesis of Aspartame is greatly
accelerated by the addition of KHCO3 or K2CO3 and less so by addition of the
corresponding Na salts. These effects are attributed to adjustment of acid-base
equilibria, but the liquid phase was trapped between reactants and product and
pH measurements were not possible. A theoretical treatment of the effects of
reaction conditions that favour precipitation of product is advanced. It requires
a comparison of the equilibrium constant, Keq, and the saturated mass action
ratio, zsat. The latter can be predicted from a knowledge of the mps. of reactants
and product and, in some cases, the pKa values of ionisable groups. One feature
of solid-to-solid systems is the high substrate concentration that is operative.
High substrate concentration is also possible in systems that contain much more
water. The coupling of Ac-Phe-OEt andH-Leu-NH2 under chymotryptic cataly-
sis has been intensively studied.180 Water-in-oil emulsions were used as reaction
media. The reaction performance was independent of the emulsion system and
yields of 90-94% were obtained at high substrate concentration. a-Chymotryp-
sin showed superactivity in systems containing non-ionic detergents (0.2 — 0.8%
w/v). High yields of Z-Tyr-Arg-NH2, a kyotorphin precursor, were obtainedwith
a-chymotrypsin as catalyst in eutectic mixtures of substrate and solvent.181

Finally, in the study of medium effects on peptide synthesis, reactions catalysed
by bovine trypsin and chymotrypsin were studied in aqueous ethanol, dioxan
andMeCN.182 TheKm decreased as the fraction of organic solvent was increased,
but then increased as high solvent concentrations were used. Both enzymes had
good stability in the presence of organic solvents.
The use of mutant forms of proteolytic enzymes has advanced to only a

disappointing extent. A deletion mutant of tyrocidine synthetase comprising the
adenylation domain as an independent unit that catalyses adenylate formation
was used to investigate its possible ability to catalyse peptide bond formation.
Several Phe dipeptides were synthesised.183 Mutants of B. lentus subtilisin were
earlier shown to catalyse the formation of both D- and L-peptides. It has now
been demonstrated that these mutant enzymes catalyse syntheses from non-
coded amino acids such as b-alanine and the b-homologue of phenylalanine.184

The D189E mutant of trypsin catalysed syntheses using mimetics of trypsin
substrates similar to the work described above,176 but the mutant enzyme permit-
ted the use of nucleophilic acyl acceptors such as derivatives of Lys or Arg
without causing product hydrolysis.185 For example, coupling of Bz-Gln-OGp
and H-Ala-Ala-Arg-Ala-Gly-OH gave 69% of the expected hexapeptide. The
site-selective glycosylation of residue 166, a component of the primary specificity
pocket of B.lentus subtilisin, gave a mutant enzyme that is capable of catalysing
the synthesis of both L- and D-peptides.186
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Enzymes other than proteinases are useful in amino acid and peptide chemis-
try. Lipases from Candida antarctica, Thermomyces lanugenosus and
Pseudomonas alcaligenes catalyse the enantio-selective ammonolysis of
aminoacid esters.187 This selectivity could be enhanced by lowering the tempera-
ture of reaction. Esters of Boc amino acid esters gave products of almost total
chiral purity. Enantiomerically enriched D- and L-silylated alanines were ob-
tained by deracemisation of DL-silylmethylated hydantoins.188

There is one example of the use of an abzyme, a disappointing outcome for a
technique that looked so promising. N-Z-4-Phosphotyrosine as a hapten was
conjugated on to bovine serum albumin. This was used to immunise mice and
fusion of the spleen cells produced hybridomas that catalysed the hydrolysis of
O-benzoyl-L-tyrosine derivatives in a reaction189 that was acccelerated by a
factor of 104.
As a final example of the use of enzymes in peptide synthesis, the chemoenzy-

matic attachment of mannose units to the a- and e-amino groups is cited.
4-Isothiocyanato-b-D-gluco-pyranoside is linked to the reducing end of an
oligosaccharide rich in mannose by the transglycosylation activity of endo-b-N-
acetylglucosaminidase A.190 The product can then be coupled via the iso-
thiocyanato group to free amino groups in nonglycosylated proteins.

2.8 Miscellaneous Reactions Related to Peptide Synthesis. — Fluorescent labell-
ing of peptides and proteins is an important technique. Fluorescein isothiocyan-
ate has been used many times and it has recently been selected again for labelling
peptides in solution.191 With b-amyloid peptides, some of which tend to aggre-
gate, a physical property that accounts for neuronal death in Alzheimer’s disease
and of pancreatic b-cells in type 2 diabetes, fluorescent labelling is carried out in
a high concentration of Me2SO to prevent this behaviour. 5(6)-Carboxy-fluor-
escein or 7-amino-4-methyl-3-coumarinylacetic acid were used. The introduc-
tion of guanidino groups at w-amino groups has also received considerable
attention before. A new reagent (12) has been designed;192 it reacts quickly in
tetrahydrofuran at room temperature. Conjugation of unprotected peptide to
dauno- and doxo-rubicin has been effected (a) by coupling BocNHOCH2CO2H
to the N-terminus of the peptide, and (b) introducing a >C�O into the drug.193

After removal of the Boc group from the modified peptide, oxime formation
occurs between thw >C�O group in the drug and the peptide derivative. A new
method for modification of Phe peptides in order to assemble combinatorial
libraries has been proposed.194 A Suzuki-Miyaura coupling reaction is carried
out using a 4-iodo-Phe derivative and an aryl or hetero-cyclic boronic acid
(Scheme 11). Michael addition of thiols, carbon nucleophile and amines to
dehydropeptide derivatives is a suitable method for introducing e.g. an alkylthio
group at the b-carbon atom of the unsaturated amino acid.195 Amide formation
with an a-hydroxy-b-aminoacid can give rise to a homobislactone (13) as a
byproduct.196 b-Lactams can be prepared by SPPS using a b-hydroxyacid and
resin-bound hydroxylamine. Ring closure is effected under Mitsunobu condi-
tions (Scheme 12). Reductive cleavage from the resin is achieved with SmI2.197

Peptide conjugates bearing thiofarnesyl or thioglycoside substituents can be
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obtained by first synthesising a peptide containing a dehydroalanine residue.
Addition of the desired thiol on the alkene side chain produces the desired
product.198. Using a small peptide containing a Gly residue, a xanthyl group can
be introduced on the latter by irradiation of the peptide andN-bromosuccinim-
ide with a 150w uv lamp, adding potassium xanthate and allowing to stand for
several hours. The xanthate product could be subjected to a free radical reaction
with e.g. allyl ethyl sulfone in the presence of dilauryl peroxide. The product is a
peptide in which the Gly residue has been converted into a peptide containing
2-allylglycine.199 a-Aminoketones can be obtained fromN-protected amino acid
chlorides by the Friedel-Craft reaction and these can be converted into peptidyl
ketones by conventional peptide synthesis.200 There has been a warning201 about
the possible occurrence of a side reaction when 2-amino-thiolane is used to cross
link peptides. One of the products (14) is stable at acid pH but cyclises to (15)

under basic conditions. The existence of the thiol (14) was demonstrated by
reaction withN-ethylmaleimide. The feasibility of using the Diels-Alder reaction
for covalently linking two peptides has been demonstrated202 by the sequence of
reactions outlined in Scheme 13. Presumably, it would be possible to synthesise
cyclic peptides by attaching a diene at one end of a peptide and a dienophile at
the other end. Intermolecular reactionmight possibly be prevented by having the
diene as a detachable linker on an insoluble support. There appears to be
considerable possible mileage as an attractive journey to be made. A new amino
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acid derivative with a diol side chain, L-2-amino-4,5-dihydroxypentanoic acid,
has been prepared from L-allylglycine as the Fmoc derivative.203 After synthesis
of a peptide from this compound, the vicinal diol moiety can be oxidised with
NaIO4. Conversion into the corresponding oxime offers the possibility of
producing new inhibitors of metalloproteinases. Peptides containing from 17 to
33 residues and terminating with a 4-iodobenzoyl moiety have been coupled to a
trialkyne nucleus under Pd(0) catalysis in aqueous solution at pH values ranging
from 5.0-7.5.204 It would be interesting to know if all three peptide chains have to
be identical or if there can be two or three different peptide chains. Finally, there
is a report of an unexpected isomerisation (Scheme 14) of thioanilides of peptides
with Aib at the C-terminus.205 This reaction proceeds with retention of chiral
purity.

3 Appendix: A List of Syntheses in 2001

The syntheses in Section 3.1 are listed under the name of the peptide/protein to
which they relate, but no arrangement is attempted under the subheading. In
some cases, closely related peptides are listed together.
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Peptide/Protein Ref.

3.1 Natural Peptides, Proteins and Partial Sequences. —
Activin

Analogues of human activin bA (12-116) by SPPS 206
Adaptor protein Grb2

Inhibitors of Grb2-SH2 domain 207
Albumin

Analogues of N-terminus of bovine serum albumin and coordination
with Cu(II) ions 208

Allium chemistry
Se-alk(en)ylselenocysteines and g-glutamyl derivatives 209

Amyloid proteins
b-Amyloid precursor peptide and presenilin segments 210
Simulation of the lipophilic and antigenic sites of Ab(1-42) peptide
of Alzheimer’s disease 211

Angiotensin
Analogues of angiotensin II 212,213

Anorectic peptide
Cocaine- and amphetamine-regulated transcript (CART) (55-102) 214,215

Antibiotics
Gramicidin S analogues 216-218
Model of binding site of vancomycin 219
Solid- and solution-phase synthesis of vancomycin 220
Symmetrical dimeric form of temporin A 221
Conjugate of temporin A and cecropin A 222
Analogues of trichogin GAIV 223
Antifungal analogue of echinocandin-like lipopeptide 224
Antifungal macrocyclic lipopeptidolactones 225
Antifungal analogues of pseudomycin 226
Library of nikkomycin analogues 227
Fragments of Raphanus sativus antifungal protein 2 228
A 15-residue fragment of lactoferricin 229
Cholesterol conjugates of analogues of distamycin 230
Apicidin, an antimalarial fungal metabolite 231
All-D-stereoisomer of leucocin A 232
Analogues of mureidomycin 233
Fragments of esculentin-1 234
Peptaibolin and analogues 235
Magainin 2 derivatives 236
Antiviral activity of peptides of unnatural amino acids 237
Peptides from subunit A of E.coli DNA gyrase 238

ATP synthase
Subunit c of F1F2 ATP synthase 239

Bacterial peptides
Pheromone of Enterococcus faecalis inducing gelatinase biosynthesis 240
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Bombesin
99Tc-chelated to a peptide derived from bombesin 241

Bradykinin
Analogues 242,243
Cyclic analogues 244
Analogues containing 1-cycloalkane-1-carboxylic acid 245

Calcitonin
Salmon calcitonin I 246
Analogue of eel calcitonin (1-9) 247

Casein
Analogues of human b-casein fragment (54-59) 248

Cecropin
All-D-cecropin B 249

Chemotactic peptides
fMLP analogues 250-252
MIFL derivatives as partial agonists of human neutrophil
formylpeptide receptors 253

Chemotactic peptide containing a 1,2-dithiolane ring 254
Cholecystokinin and gastrin

Fragment (26-33) analogues of CCK 255
Porphyrin-CCK8 conjugate 256
CCK receptor antagonists 257
Human big gastrin II and an analogue 258

Collagen
Collagen model containing FeII(bipyridine)3 complex 259
Collagen models labelled with 13C and 15N 260
Collagen models having a pyrene group at theN-terminus 261

Didemnins
Structure-activity relationships of didemnin derivatives 262

Elastin
Crosslinked poly(KGGVG) 263

Endothelin
Endothelin receptor antagonists 264-266

Enolase
Peptides of small domain of P. falciparum enolase 267,268

Fertilin
Dimyristoylated peptides as polyvalent fertilin mimics 269

Fibrinogen
Analogues of g-fragment containing RGD moiety 270

Fungal pathogens
Alternariolide, phytotoxin affecting apple trees 271

Galanin
Analogue of galanin (1-19) 272

Gla proteins
Human matrix Gla protein 273

Glucagon
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Cyclic analogue containing 24 amino-acid residues 274
GnRH/LHRH

Long-acting analogue 275
Antagonists 276
Conjugate of [D-Lys6]GnRH and emodin 277

Growth-hormone releasing factor
Analogues of human GHRF 278

Heat-shock proteins
Cyclic analogue of fragment of human protein 70 279

Immunosuppressants
Total synthesis of stevastelin B 280

Insect peptides
Analogues of cockroach tachykinin; SARP studies 281
Neuropeptides containing phenylglycine derivatives 282
Proctolin analogues containing phenylglycine 283
Proctolin analogues containing oxazole ring 284
Pheromone biosynthesis activating neuropeptide 285
Analogues of oostatic peptide of Neobellieria bullata 286

Insulin
The insulin-like 4 gene product 287
2 Photoprobes of insulin-like factor (IGF) selective for photoaffinity
labelling of proteins binding IGF 288

B19-Gly-B20 human insulin 289
Rat insulin 3 and its biological activity 290

Integrins
Analogue of a potent inhibitor of integrin a4b1 291
Sulfonylated dipeptides as inhibitors of integrin VLA-4 292
Integrin ligand conjugates 293

Ion-channel peptides
Sequence dependence of peptides containing Aib 294
N-Terminal modification of channel-forming peptide 295
Antagonists of ATP-induced K�-ion efflux from cells 296

Laminin
Hydrophobic laminin-related peptides 297
Peptide-PEG hybrids related to laminin 298

Lysozyme
Conformationally restricted analogues of HEL(52-61) 299

Marine organism peptides
Minalemine A from Didemnum rodriguesi 300
SPPS of trunkamide A 301

Melanotropins
Active cyclic peptides lacking a His residue 302

Motilin
Cyclic peptides related to theN-terminus 303

Moult-inhibiting hormone (MIH)
MIH of American crayfish (Procambarus clarkii) 304
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Neuropeptides
Antagonist of molluscan neuropeptide APGW 305
Neuropeptide Y (NPY) receptor antagonists 306
Tc-labelled NPY analogues for tumour imaging 307

Opioids, antinociceptive peptides and receptors
SPPS of deltorphin 308
Deltorphin analogues 309,310
Glycopeptide derivative of enkephalin 311
Enkephalin analogues 312-317
Analogues of endomorphin 318,319
Incorporation of (2S)-2-methyl-3-(2�,6�-dimethyl-4�-hydroxyphenyl)
propionic acid into an opioid peptide 320

Dynorphin A analogues 321
Specifically tritiated endorphins 322
Potent d-opioid receptor antagonist 323
Endomorphin-1 324
Nociceptin/orphanin FQ receptor antagonist 325,326

Orexin
Truncated analogues of orexin-A 327

Phytochelatins
Cysteine-rich peptides as analogues of phytochelatins 328

Posterior pituitary hormones
C-terminal tetrapeptide of oxytocin 329,330
Analogues of oxytocin and D-Har-vasopressin 331
Oxytocin analogues modified at position 2 332
Oxytocin antagonists 333-335
Conjugates of oxytocin analogues and penicillamine 336
SPPS of tocinoic acid derivatives 337

RGD peptides
Peptides containing the RGDS sequence 338
RGD scaffolds and binding to integrin receptor 339
Bivalent PEG hybrid containing RGD and PHSRN 340
Peptides related to fibronectin fragments 341,342
RGD analogue containing carnosine 343
Arg-Gly-Asp-b-Ala-His 344
126 Glycoside mimetics based on the RGD sequence 345
Cyclic RGD analogue containing (E)-alkene dipeptide isostere 346

Sleep-inducing peptide
3H-Labelled d-sleep-inducing peptide 347

Somatostatin
Heptapeptide analogues with C-terminal modifications 348
Octapeptide analogues 349
Receptor antagonists 350,351
Cyclic peptide library of somatostatin analogues 352
Analogue labelled with 99mTc 353
Analogues that induce apoptosis in various tumour cells 354
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Substance P
Substance P receptor antagonists 355
Conjugates with litorin 356
Substance P bearing an oligosaccharide on Gln residue 357
1,1�-Ferrocenophane lactam mimetic of substance P 358

Tachykinins
[Aib16]Scyliorhinin II and [Sar16]scyliorhinin 359

Thrombin
Analogues of SFLLR motif of thrombin receptor 360
Thrombin receptor antagonists 361
Analogues of the peptide tethered to thrombin receptor 362

Thymosin
Thymosin a1 363

Thyroid proteins
Transthyretin via regioselective chemical ligation 364

Thyrotropin
TRH analogues 365

Toxic peptides
a-Conotoxins and analogues 366
m-Conotoxin analogues 367
Peptides having high affinity for a-bungarotoxin 368
Spider toxin fromNephila madagascariencis 369

Tuftsin
Tuftsin receptor-binding peptide labelled with Tc(V) 370

Viral proteins
The Tat(49-57) domain of HIV-1 protein and analogues 371
Epitopic peptides from protein p24 of HIV-1 372
Envelope protein fragments of human hepatitis B virus 373,374

3.2 Seqential Oligo-and Poly-peptides. —
Anti-HIV activity ofN- and O-sulfated Tyr oligomers 375,376
Heparin-like activity of homopoly(N-acroyl)amino acids 377
Conformation of peptides with repeated Xaa-Pro sequences 378
Photoresponsive elastin-like polymer 379
Elastomeric polypentapeptides 380
Optically active poly(b-peptides) 381
Poly(g-benzyl-a-L-glutamate) of defined length 382
Surface grafting of poly(L-glutamates) 383,384
Poly(Asp-co-Lys) by thermal condensation 385
a-N-Substituted hydrazinoacetic acid oligomers 386
Polymer containing sulfonylated pyrrolidine residues 387
Copolymer of Ala and 3-hydroxybutanoic acid 388
Copolymer of L-Asp and L-Glu 389

3.3 Enzyme Substrates and Inhibitors. —
Efficient synthesis of peptide 4-nitroanilides 390
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Peptide a-keto-b-aldehyde inhibitors of Ser proteinases 391
SPPS of peptide aldehydes on acetal resin 392
Inhibitors of human neutrophil elastase 393
Epoxypeptidomimetics as inhibitors of thiol proteinases 394
Analogue of Bowman-Birk proteinase inhibitor 395
Bicyclic peptide inhibitor of trypsin from sunflower 396
Fragments of Cucurbita maxima trypsin inhibitor III 397
Eglin C mutants as inhibitors of kexin and furin 398
Fluorescent farnesylated Ras heptapeptide 399
Ras Farnesyltransferase inhibitors 400
Tripeptide derivative containing Phe-Arg isostere 401
S-Aminoacyl-N-acetylcysteamines thioesters are substrates for
nonribosomal peptide synthases 402

Inhibition of human cytomegalovirus proteinase 403
Inhibitors of matrix metalloproteinases 404-406
Tyropeptins A and B, new proteasome inhibitors 407
Inhibitors of catalytic b-subunits of proteasomes 408
Tripeptide of NG-nitroarginine as inhibitor of nitric oxide synthase 409
Dipeptide photoisomeric inhibitor of chymotrypsin 410
Benzamidine carboxamides containing phenylglycine as inhibitors of
factor Xa 411

Potent inhibitors of factor Xa 412
Peptidyl phosphonate diphenyl ester inhibitors of serine proteinases
from peptide amides 413

Fluorogenic substrates of cathepsin B 414
Tetrapeptide 4-nitroanilides containing dehydroamino acids and
behaviour towards cathepsin C 415

New cathepsin k inhibitors 416
N-Nitrosoanilines as inhibitors of caspase-3 peptidases 417
a-Ketohydroxamate inhibitors of human calpain I 418
1,2-Benzothiazine-1,1-dioxide peptide inhibitors of calpain I 419
Chromogenic substrates of Glu,Asp proteinases 420
2-Substituted statines as Asp proteinase inhibitors 421
Unsymmetrical peptidyl ureas inhibitors of aspartic proteinases 422
Pepstatin analogue with 2 trifluoromethyl hydroxymethylene
isosteres 423

Computer-designed inhibitors of aspartic proteinases 424
Inhibitors of tyrosine tRNA synthase 425,426
Proteinase substrate specificity using membrane-bound peptides 427
Long-lasting prodrugs that inhibit enkephalin-degrading enzymes 428
Thrombin inhibitors 429,430
Inhibitors of cysteine proteinase from hepatitis A 431
Inhibitors of proteinase from hepatitis C virus 432
Peptidyl diazomethylketones as cysteine proteinase inhibitors 433
Inhibitors of recombinant cysteine proteinase from Leishmania
mexicana 434
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Specificity of cysteine proteinase of L. mexicana 435
Cyclic alkoxyketones as inhibitors of cathepsin K 436,437
Inhibitors of HIV proteinase 438-441
Conjugate of HIV proteinase inhibitor and nucleoside reverse
transcriptase inhibitor 442

Inhibitors of HIV proteinase containing pyrrolidin-3-ol or
pyrrolidin-3-one moieties 443

Inhibitors of HIV proteinase containing alophenylnorstatine 444
Water-soluble prodrugs of HIV proteinase inhibitors 445
Inhibitors of Zn b-lactamase of B. cereus 446
Inhibitors of trypanothione reductase 447,448
Inhibitors of guinea-pig liver transglutaminase 449,450
Inhibitors of folylpoly-g-glutamate synthase 451
Intramolecularly quenched substrates for cathepsin D 452
Internally quenched fluorogenic substrate of g-glutamyl hydrolase 453
Dipeptide amide inhibitors of neuronal NO synthase 454
Dimer formed from 25-residue fragment of bovine pancreatic trypsin
inhibitor 455

3.4 Conformations of Synthetic Peptides. —
Conformationally constrained reverse turn mimetics 456
Oligomers of trans-(4S,5R)-4-carboxybenzyl-5-methyl-
oxazolidin-2-one 457

Conformation of peptides containing an a-ethylated-aa-disubstituted
amino acid 458

Conformation of a peptide linked between i and i�4 positions 459
Helical peptides with cavity for fluorescent ligand 460
Rate of helix-coil transition in 19-residue peptide 461
Helical peptides containing Asn and Lys that bind to
A-T base pairs of oligonucleotides 462

a-Helical peptide library 463
Amphipathic control of 310/a-helical equilibrium 464
10-Helices in oxetane b-amino acid hexamers 465
Oligomers of oxetane-2-carboxylate 466
Copper centres in 4-helix-bundle proteins 467
Coiled-coil formation by peptides containing unnatural hydrophobic
amino acids 468

Self-sorting of coiled-coils containing Leu or hexafluoroleucine cores 469
b-Hairpin peptides 470,471
b-Hairpin peptide containing a thioamide group 472
An azatripeptide containing a bVI-like turn 473
Imidazoline pseudodipeptides as reverse turn mimics 474
Phenylisoserine in b-turn constructs 475
Bicyclic b-turn peptidomimetics 476,477
Coupling helices and hairpins in peptides 478
Peptides containing an a-tetrasubstituted amino acid 479
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Tetracosapeptide containing 8 different amino acids 480
b-Heptapeptide with a 314-helix stabilised by a salt bridge 481
Medium-dependent self-assembly of amphiphilic peptide 482
Peptides of 1-aminocyclodecane-1-carboxylic acid 483
Peptides of 1-aminocycloundecane-1-carboxylic acid 484
bII�-type turn from N-acyl-g-dipeptide amides 485
Triply-templated artificial b-sheet 486
Homotrimeric bba peptide 487
Solvent-induced transition from b- to helical structure 488
Conformation of peptides containing APP repeats 489
Conformation of short Ser peptides 490
Helical dehydropeptides with b-substituents 491
Increased helical content of PrPc mutated protein in Creutzfeld-Jakob
disease 492

Turn-forming peptides from a-tetrasubstituted amino acids 493
Conformation of di-N-propylglycine residue in a Gly-rich sequence 494
Peptidomimetics containing a carbocyclic 1,3-diacid 495
b-Barrels with interior His residues having ion-channel and esterase
activity 496

Conformation of peptides containing 2,2,6,6-tetramethylpiperidine-
4-amino-4-carboxylic acid 497

3.5 Glycopeptides. —
Fluorobenzoyl groups in glycopeptide synthesis 498
Protecting group for hydroxyl groups in glycopeptide synthesis 499
Galactosyl fluoride for trans-glycosylation 500
Glycosyl-a-amino acid derivatives 501
Antitumour activity of muramoylpeptide-acridine and -acridone
conjugates 502

Multiple muramoyldipeptide:4-branched structure on Lys 503
Glycosides of muramoyldipeptides and chromone aglycones 504
Synthesis of glycopeptides from Asn linked to free oligosaccharides;
isolation by Et2O precipitation 505

Galactosyl derivatives of Ser and Thr 506,507
SPPS of an antifreeze glycoprotein 508
SPPS of glycopeptides using a novel silyl linker 509
20(S)-Camptothecin glycoconjugates 510
Glycosylation at a thiol group with a bivalent glycan 511
Combinatorial SPPS of cyclic neoglycopeptides 512
Protected chitobiose-asparagine; amyloidogenic peptides 513
Enzymatic galactosylation of C-glycoside analogues 514
Chemoenzymatic synthesis of neoglycopeptides 515
Chemoenzymatic synthesis of sialylated glycopeptides from mucins
and T-cell stimulating peptides 516

Cyclic sialyl Lewis X mimetic inhibits P-selectin 517
Stable helical conjugate of a peptide, cyclodextrin and cholic acid 518
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4-a-Helix bundle assembled on a galactopyranoside template 519
Glycopeptide mimetics from Asn surrogates by chemoselective
ligation 520

Automated synthesis of glycoproteins 521
Antifreeze glycoprotein analogues 522
Effect of glycosylation on conformation of folded oligopeptides 523
Use of hexafluoroacetone in synthesis of N-linked glycopeptoids 524
Carbopeptoids incorporating the anomeric centre of mannopyranose 525
C-terminal glycopeptide of human salivary mucin 526
Ig domain I of Emmprin linked to chitobiose 527
Ester-linked carbohydrate-peptide conjugates 528
Solid-phase glycosylation of peptide templates 529
SPPS of glycoconjugate biomolecules 530
Gel-phase synthesis of 43-mer peptide from CD-4 binding domain
of HIV envelope glycoprotein 531

Glycopeptide fragments of serglycin 532
Chemoenzymatic synthesis of a 2,3-sialyl-threonine and the
N-terminal sequence of leukosialin 533

Enzymatic synthesis of glycopeptides using endo-a-N-
acetylgalactosaminidase from Streptomyces sp. 534

3.6 Phosphopeptides and Related Compounds. —
SPPS of a O-phosphopeptide 535
Phosphoramidite as an O-phosphitylation agent 536
O-Ethyl 1-azidoalkylphosphonic acids for synthesising protected
phosphonamidate peptides 537

Coupling of phosphopeptides with dichlorotriphenyl-phosphorane 538
SPPS of a-hydroxyphosphonates and hydroxystatine amides 539
SPPS of phosphopeptides using ammonium t-Bu phosphonate 540
Phosphorylated p21Max protein 541
Phosphopeptide derived from an expressed E.coli peptide 542
Peptides from CF2- or CHF-substituted phosphoamino acids 543
Protected phosphinic pseudopeptide blocks for SPPS 544
Staudinger ligation of phosphinothioester and azide to form a
peptide 545

Phosphinodipeptide analogues 546
Reactivity of peptidyl phosphinic esters 547
Phosphinic dipeptide as inhibitor of human cyclophilin 548
N-Phosphonomethylglycine dipeptides 549
Phosphonopeptides from pyridylomethylphosphonate diphenyl
esters 550

Phosphonopeptides containing uracil or thymine 551

3.7 Immunogenic and Immunosuppressant Peptides. —
Mannosylated peptide constructs with 3 branched epitopes 552
Peptide immunogens related to sperm tail protein type-1 553
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Immunodominant regions of hepatitis C viral proteins 554
Antibody hypervariable loop mimetics 555
Plasmodium falciparum antigenic dendrimers 556
Antigenic properties of analogues of a melanoma protein 557
Diepitopic sequential oligopeptide carrier mimic of the Sm
autoantigen synthesis 558

Peptide that stimulates T-cells and carries tumour-associated
carbohydrate antigens 559

Peptides from V3 region DNA-mutants of AIDS patients 560
Peptide containing epitopes of B- and T-cell epitopes 561
Immunogenicity and antigenicity of glycopeptide fragments of
tick-borne encephalitis virus 562

Peptides containing up to 4 copies of a T cell epitope 563
Different methods for coupling peptides to carriers 564
Antamanide analogues as immunosuppressants 565
Conjugate of N-terminus of b2GPI and anti-b2GPI antibodies 566

3.8 Nucleopeptides. —
Peptide nucleic acids (PNAs) containing a psoralen unit 567
SPPS of a PNA monomer 568
PNA oligomers using Fmoc/acyl-protected monomers 569
Novel peptide nucleic acid monomers 570-573
Thymine mimetics in PNAs 574
Polycationic analogue of oligothymidylic acid 575
Flavin-tethered peptide nucleic acid 576
Aminoethylprolyl PNA: PNA/DNA duplex formation 577
2-Stranded helical peptides containing L-a-nucleobase amino
acids 578

SPPS of DNA-peptide conjugates 579,580
Sequence fidelity of template-directed PNA-ligation 581
SPPS of peptide-oligonucleotide phosphorothioate conjugates 582
Large scale synthesis of oligonucleotide-peptide conjugates 583
Native ligation for peptide-oligonucleotide conjugation 584,585
PNA-related oligonucleotide mimics 586
Backbone modifications of aromatic PNA monomers 587
Boc/acyl chemistry in PNA synthesis 588
(3R,6R) and (3S,6R)-piperidone PNA 589
N-Boc and -Fmoc dipeptoids as PNA monomers 590
PNA monomers using the Mitsunobu reaction 591
Chiral PNA using Fmoc chemistry 592
PNA fragments containing 5-methylcytosine derivatives 593
Liver cells specifically take up lactose-PNA conjugates 594
Analogues of peptides from HIV-1 rev containing nucleobase amino
acids 595

A PNA containing hydrophilic Ser residues 596
Peptide-PNA conjugates containing anthracene probe 597
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PNA-DNA duplexes containing 3-nitropyrrole 598
PNA monomers containing fluoroaromatics 599
Cr coordination by peptide-oligonucleotides 600
Pyrrolidinyl PNA containing b-amino acid spacers 601
PNA containing cis-4-adeninyl-L-prolinol unit 602
PNA synthesis via oxime and thiazolidine formation 603
DNA-3�-PNA chimeras using Bhoc/Fmoc PNA monomers 604
Loss of chiral purity during SPPS of PNA analogues 605
5�-Aminoacylated oligouridylic acids 606

3.9 Miscellaneous Peptides. —
Synthetic technology of Aspartame 607
L-Asp-D-Ala-fenchyl esters 608
H-L-Ala-Gln-OH 609
SPPS of peptides containing ab-dehydroamino acids 610
Peptidocalix[4]arenes 611,612
Oligourea peptidomimetics 613
Peptide conjugates of 2,6-dimethoxyhydroquinone-3-mercaptoacetic
acid 614,615

Antibiotic and cytotoxic conjugates of indolecarbazole and peptides 616
Anthraquinone peptides as inhibitors of AP-1 transcription factor 617
Peptides containing b-alanine: self assembly 618
3-Aminopiperid-2,5-dione as a surrogate of -Ala-Gly- 619
Di- and tri-peptides containing two quaternaryN-groups 620
Solid-phase synthesis of chemokines 621
Tat-peptides as chelates for Tc99m and Re 622
Peptide labelling with Tc99m in a diphosphine ligand 623
Boronated peptides for boron neutron capture therapy 624
Synthesis and properties of ferrocenyl-peptides 625-627
Redox properties of ferrocenoyl-dipeptides 628
Peptides containing a fullerine amino acid 629
Pseudopeptides containing sulfoximines in the backbone 630
b-Peptides containing guanidino groups 631
Interaction of ferrocenyl dipeptides and 3-amino-pyrazole
derivatives 632

Peptides labelled with In115 633
Peptide diazeniumdiolate conjugates as prodrugs 634
Polyamides containing pyrrole and imidazole amino acids 635
Imide and lactam derivatives of N-benzyl pyroglutamyl-Phe 636
SPPS of peptide hydroxamic acids 637
Retro-y[NHCH(CF3)]peptidyl hydroxamates 638
Functional Ras lipoproteins and fluorescent derivatives 639
Fluorescent bahaviour of tripeptides containing 9-amino-fluorene-9-
carboxylic acid 640

Amphiphilic b-structure of a peptide-porphyrin conjugate 641
Multiporphyrinic helices: light-harvesting possibilities 642
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Peptides containing ruthenium tris(pyridine) complexes 643
Metal complexing by tripeptides containing a,a-substituted Gly with
pyridine rings 644

Co(II) complexation by plastocyanin peptides 645
Peptides containing nucleobases that bind RNA 646
Peptides that bind to DNA 647,648
Incorporation of L-4-[sulfono(difluoromethyl)phenylalanine into a
peptide 649

Peptides with rigid or unnatural structures 650
Boc-(Leu-Leu-Lac)3-Leu-Leu-OEt 651
Triazine conjugates for multiple specific-site labelling of peptides 652
Peptides of N-Fmoc-N,N�-bis-Boc-7-guanyl-1,2,3,4-tetrahydro-
isoquinoline-3-carboxylic acid 653

2H-Azirin-3-amine as a dipeptide synthon (Aib-Hyp) 654
Antitumour prodrug of cytarabine linked to peptide 655
Anthracycline-peptide conjugates as antitumour drugs 656
2,3-Disubstituted poly(b-peptides) 657
9-Amino-4,5-diazafluorene-9-carboxylic acid (Daf ) and
peptides thereof 658

Synthetic chlorophyll proteins 659
Inhibitor of primitive haematopoietic cell division 660
Peptides containing DOPA 661
Antimicrobial peptides of b-amino acids 662
Lipidated fragment of endothelial NO-synthase 663
Dipeptide mimics based on a-ketotetrazoles 664
Diketopiperazine-based receptors for small peptides 665
Receptors for acylated amino acids and peptides 666
‘Carbadipeptides’ with basic amino acid at C-terminus 667
Synthetic peptides that inhibit HIV infection 668,669
DNA cleavage by tripeptide-cytotoxic drug conjugates 670
31-residue peptide with oxaloacetate decarboxylase activity 671
Fragment (106-126) of prion peptide and its properties 672
Solution-phase synthesis of H-Arg8-OH, a molecular transporter 673
Peptide derivatives of (S)-4-oxoazetidine-2-carboxylate 674
Peptides containing cyclohexylether d-amino acids 675
Organisation of peptide nanotubes into bundles 676
Antibacterial conjugates of peptides and 1,4,5,8-naphthalene-
tetracarboxylic diimide 677

Phe mimetics by alkylation of 6-benzylpiperazine-2,3,5-trione 678
Conjugate of albumin and doxorubicin active against murine renal
cell carcinoma 679

b-Ala-Leu-Ala-Leu-doxorubicin: a tumour-activated drug 680
Glycoprotein III/IIIa receptor antagonists 681
Solution-phase synthesis of tripeptide derivatives 682
Large-scale automatic synthesis of small peptides 683
SPPS of peptide amides from unnatural amino acids 684
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Ferrocenes bearing podand dipeptide chains 685
Fragment (649-654) of retinoblastoma as a dendrite 686

3.10 Purification Methods. —
Peptide separation by solid-phase precipitation and extraction 687
SDS-polyacrylamide gel electrophoresis of small peptides 688
Chiral stationary phases and their resolution efficiency 689
N-Hydroxysuccinimidyl-fluorescein-O-acetate for labelling peptides
before liquid chromatography 690

Covalent capture: tool for purification of polypeptides 691
Isolation and purification of thymosin a1 692
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541. T. Kawakami, K. Hasegawa, K. Teruya, K. Akaji, M. Horiuchi, F. Inagaki, Y.

Kurihara, S. Uesugi and S. Aimoto, J. Pept. Sci., 2001, 7, 474.
542. T. Kawakami, K. Teruya, K. Hasegawa, K. Akaji, M. Horiuchi, F. Inagaki, Y.

Kurihara, S. Uesugi and S. Aimoto, Pept. Sci., 2001, 21.
543. A. Otaka, E. Mitsuyama, H. Watanabe, H. Tamamura, T. Hayashi, K. Nakao and

Amino Acids, Peptides and Proteins48



N. Fujii, Pept. Sci., 2001, 17.
544. D. Georgiadis, M. Matziari and A. Yiotakis, Tetrahedron, 2001, 57, 3471.
545. B. L. Nilsson, L. L. Kiessling and R. T. Raines, Org. Lett., 2001, 3, 9.
546. H. J. Cristau, A. Coulombeau, A. Genevoie-Borella and J. L. Pirat, Tetrahedron

Lett., 2001, 42, 4491.
547. D. Georgiadis, V. Dive and A. Yiotakis, J. Org. Chem., 2001, 66, 6604.
548. L. Demange and C. Dugave, Tetrahedron Lett., 2001, 42, 6295.
549. Z. Ziora, P. Kafarski, J. Holband and G. Wojcik, J. Pept. Sci., 2001, 7, 466.
550. B. Boduszek, Phosphorus, Sulfur, Silicon Relat. Elem., 2001, 176, 119.
551. X.-J. Liu and R.-Y. Chen, Phosphorus, Sulfur, Silicon Relat. Elem., 2001, 176, 19.
552. G. Kragol and L. Otvos, Tetrahedron, 2001, 57, 957.
553. H. H. Keah, M. K. O’Bryan, D. M. De Kretser and M. T. W. Hearn, J. Pept. Res.,

2001, 57, 1.
554. K. S. Kumar, M. Roice, P. G. Sasikumar, C. D. Poduri, V. S. Sugunan, V. N. R.

Pillai and M. R. Das, J. Pept. Res., 2001, 57, 140.
555. M. Favre, K. Mohle and J. A. Robinson, Proc. ECSOC-3, Proc. ECSOC-4, 1999,

2000, 1582.
556. F. Chaves, J. C. Calvo, C. Carvajal, Z. Rivera, L. Ramirez, M. Pinto, M. Trujillo, F.

Guzman and M. E. Patarroyo, J. Pept. Res., 2001, 58, 307.
557. A. Quesnel, A. Zerbib, F. Connan, J.-G. Guillet, J.-P. Briand and J. Choppin, J.

Pept. Sci., 2001, 7, 157.
558. C. Alexopoulos, V. Tsikaris, C. Rizou, E. Panou-Pomonis, M. Sakarellos-Dait-

siotis, C. Sakarellos, P. G. Vlachoyiannopoulos and H. M. Moutsopoulos, J. Pept.
Sci., 2001, 7, 105.

559. S. K. George, B. Holm, C. A. Reis, T. Schwientek, H. Clausen and J. Kihlberg, J.
Chem. Soc., Perkin Trans. 1, 2001, 880.

560. K. Nokihara, S. Shimizu, R. Pipkorn, T. Yasuhara and T. Shioda, Pept. Sci., 2001,
13.

561. L. J. Cruz, R. Padron, L. J. Gonzalez, J. C. Aguilar, E. Iglesias, H. E. Garay, V.
Falcon, E. Rodriguez and O. Reyes, Lett. Pept. Sci., 2000, 7, 229.

562. T. D. Volkova, O.M. Vol’pina,M. N. Zhmak, V. T. Ivanov,M. F. Vorovich andM.
F. Timoveev, Russ. J. Bioorg. Chem., 2001, 27, 151.

563. J.Mack,K. Falk,O. Rotzschke, T.Walk, J. L. Strominger andG. Jung, J. Pept. Sci.,
2001, 7, 338.

564. L. J. Cruz, E. Iglesias, J. C. Aguilar, D. Quintana, H. E. Garay, C. Duarte and O.
Reyes, J. Pept. Sci., 2001, 7, 511.

565. P. Zubrzak,K.Kaczmarek,M. L. Kowalski, B. Szkudlinska and J. Zabrocki,Pol. J.
Chem., 2001, 75, 1869.

566. D. S. Jones, K. A. Cockerill, C. A. Gamino, J. R. Hammaker, M. S. Hayag, G. M.
Iverson, M. D. Linnik, P. A. McNeeley, M. E. Tedder, H.-T. Ton-Nu and E. J.
Victoria, Bioconjugate Chem., 2001, 12, 1012.

567. A. Okamoto, K. Tanabe and I. Saito, Org. Lett., 2001, 3, 925.
568. R. D. Viirre and R. H. E. Hudson, Org. Lett., 2001, 3, 3931.
569. G.Kovics, Z. Timar, Z. Kele and L. Kovacs,Proc. ECSOC-3,Proc. ECSOC-4, 1999,

2000, 1240.
570. Y. Wu and J.-C. Xu,Huaxue Xuebao, 2001, 59, 1660.
571. J.-Q. Bai, Y. Li and K.-L. Liu, Chin. J. Chem., 2001, 19, 276.
572. B. Folkiewicz,W.Wisniowski, A. S. Kolodziejczyk andK.Wisniewski,Nucleosides,

Nucleotides Nucleic Acids, 2001, 20, 1393.
573. A. Slaitas and E. Yeheskiely,Nucleosides,NucleotidesNucleic Acids, 2001, 20, 1377.

1: Peptide Synthesis 49



574. A. B. Eldrup, B. B.Nielsen, G.Haaima,H. Rasmussen, J. S. Kastrup, C. Christensen
and P. E. Nielsen, Eur. J. Org. Chem., 2001, 1781.

575. C. K. Kwan, Vestn. Mosk. Univ., Ser. 2: Khim, 2001, 42, 128.
576. H. Ikeda, K. Yoshida, M. Ozeki and I. Saito, Tetrahedron Lett., 2001, 42, 2529.
577. M. D’Costa, V. Kumar and K. N. Ganesh, Org. Lett., 2001, 3, 1281.
578. S. Matsumura, A. Ueno and H. Mihara, Pept. Sci., 2001, 363.
579. T. Kubo, K. Dubey and M. Fujii, Pept. Sci., 2001, 23.
580. T. Kubo, K. Dubey and M. Fujii,Nucleosides,Nucleotides Nucleic Acids, 2001, 20,

1321.
581. A. Mattes and O. Seitz, Chem. Commun., 2001, 2050.
582. M. Antopolsky and A. Azhayev, Nucleosides,Nucleotides,Nucleic Acids, 2001, 20,

539.
583. S. O. Doronina, A. P. Guzaev and M. Manoharan, Nucleosides, Nucleotides and

Nucleic Acids, 2001, 20, 1007.
584. D. A. Stetsenko and M. J. Gait, Nucleosides, Nucleotides Nucleic Acids, 2001, 20,

801.
585. M. C. De Koning, D. V. Filippov, N. Meeuwenoord, M. Overhand, G. A. van der

Marel and J. H. van Boom, Synlett, 2001, 1516.
586. V. Efimov,M. Choob, A. Buryakova, D. Phelan andO. Chakhmakhcheva,Nucleo-

sides,Nucleotides Nucleic Acids, 2001, 20, 419.
587. L. D. Fader, M. Boyd and Y. S. Tsantrizos, J. Org. Chem., 2001, 66, 3372.
588. T. Kofoed, H. F. Hansen, H. Orum and T. Koch, J. Pept. Sci., 2001, 7, 402.
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Analogue and Conformational Studies on
Peptides, Hormones and Other Biologically
Active Peptides

BY BOTOND PENKE, GÁBOR TÓTH AND GYÖRGYI VÁRADI

1 Introduction

The subject matter included this year is similar to that of last year, despite a
change of authorship: the basic structure of the chapter remains unchanged
compared to last year’s chapter in Volume 331. Scientific papers published during
2001 have been sourced mainly from CA Selects2 on Amino Acids Peptides and
Proteins and in increasing number from the Web of Science databases3,4 on the
Internet. Some sub-chapters are new (e.g. proteasome inhibitors, NO-synthase
inhibitors) and the sub-chapter ‘Advances in Delivery Technology’ returns.
Papers from Conference Proceedings were cited sporadically but no patents

have been used as source material.

2 Peptide Backbone Modifications and Peptide Mimetics

2.1 Aza, Oxazole, Oxazolidine and Tetrazole Peptides. — A general method to
azadepsipeptides, a novel class of peptidomimetics, has been established and was
applied to the synthesis of analogues of an antiparasitic cyclooctadepsipep-
tide5(1). X-ray crystallography showed conservation of the 3D structure of the
natural compound. Linear azadepsipeptides were prepared by reaction of a
hydrazidewith 3-t-butoxycarbonylphenyl chlorocarbonate and hydrolysis of the
product was examined6. Aza-b3-peptides (2), a new class of pseudopeptides with
pyramidal nitrogen atoms as chiral centers, were assembled from Na-substituted
hydrazine acetic acid monomers7. Oxazole analogues of the insect neuropeptide
proctolin were prepared and tested for myotropic activity8. The trimer and
tetramer of trans-(4S,5R)-4-carboxybenzyl 5-methyl oxazolidin-2-one as a new
class of pseudoprolines which fully control the formation of a Xaa(i-1)-Pro(i)
peptide bond formation in the trans conformation, have been synthesized9.
Monophenyl and diphenyl pseudooxazolone derivatives of glycine and alanine
(3) were prepared and found to be cysteine protease inhibitors10. Insertion of the
tetrazole ring in the tetraalanine sequence led to a very effective peptide chelating
agent towards Cu(II) ions11. The synthesis and crystal structure of Boc-Phe-
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[COCN4]-Gly-OBn, a novel cis-dipeptide mimic containing the non-hydrolys-
able a-keto tetrazole isostere has been reported12.

2.2 Y[CH2CH2], Y[Z-CF�CH], retro-Y[NHCH(CF3)], Y[epoxy],
Y[CONHNR], Y[CSNH], Y[oxetane], Y[CH2NH], Y[CHOH-cyclopropyl-
CONH], Y[PO2R-CH]. — A new approach to ‘carba’ dipeptides through a
malonate intermediate resulted in the first synthesis of enantiopure Boc-D-Phe-
Y[CH2CH2]-L-Arg(NO2)-OHandBoc-D-Phe-Y[CH2CH2]-D-Arg(NO2)-OH13.
A new route to a-substituted fluoroalkene dipeptide isosteres using reduction-
oxidative alkylation reactions with organocopper reagents was developed14. The
synthesis of a novel family of partially modified retropeptidyl hydroxamates
incorporating a [CH(CF3)CH2CO] unit (4) was achieved by using the Michael-
type addition of free or polymer bound a-amino hydroxamates to 3-(E-enoyl)-
1,3-oxazolidin-2-ones15. Dipeptide analogues containing an oxirane ring in the
place of the peptide bond were prepared and used on solid-phase to generate a
small library of epoxy peptidomimetics16. Some of the products were found to be
cysteine protease inhibitors. Hydrazino peptides in which the b-carbon atoms in
the b-amino acids of b-peptides are replaced by nitrogen atoms have been the
subject of a 113-reference review17. Conformational analysis of thiopeptides
provided force field parameters for sp2 sulfur and showed that thio-substitution
restricted the conformations of the amino acids in peptides18,19. Synthesis of cis-
and trans-3-azido-oxetane-2-carboxylates as a new family of foldamers and of
hexamers of cis-b-amino acids containing the oxetane structural motif was
reported20. The key steps in the syntheses of oxetane amino acids are efficient
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nucleophilic substitutions of 3-O-triflates of oxetanes by trifluoroacetate and
azide. Detailed NMR study of oxetane b-amino acid hexamers revealed a
well-defined left-handed helical structure stabilized by 10-membered hydrogen-
bonded rings21. A series of fully reduced linear oligolysines has been synthesized
on solid-phase and proved to form tight complexes with plasmid DNA making
these molecules potential candidates for DNA carriers in gene delivery22. The
deletion of the carbonyl group from the amide bond of neuronal Nitric Oxide
Synthase inhibitors (5) greatly improved the selectivity over the endothelial and
inducible variants of the enzyme23. Synthesis of cyclopropane-derived pep-
tidomimetics using a new method for introducing side chains onto the C-
terminal amino acid of the peptides via the opening of an N-Boc-aziridine with
an organocuprate was reported24. All of these pseudopeptides were less potent
inhibitors of Ras farnesyltransferase than the tetrapeptide parent suggesting the
importance of the amide linkage. Phosphinic alanyl-proline surrogates (6) have
been prepared via three- or four-step procedures and evaluated as inhibitors of
the human cyclophilin hCyp-18 peptidyl-prolyl isomerase25.

2.3 Rigid Amino Acid, Peptide and Turn Mimetics. — Structure-based rational
design of nonpeptide ligands for peptide receptors has been reviewed in the
context of drug delivery26. High-throughput synthesis of peptide mimetics has
been the subject of a review of the literature from 1999 to March 2001 demon-
strating the ability to produce a large number of compounds rapidly27. Com-
pounds (7) and (8), illustrating a novel concept for constraining torsion angles in
glycopeptides, have been synthesized through a convergent strategy and fully
characterized28. Solution and solid-phase synthesis of hetarylene-carbopeptoids,
a new class of compounds for combinatorial chemistry in glycopeptidomimetic
design has been reported29. Optically pure 4,5-dihydro-3(2H)-pyridazinones (9)
have been prepared by the asymmetric g-alkylation of a,b-unsaturated glutamic
acid derivatives, followed by cyclization, as a novel entry to these conformation-
ally restricted glutamic acid derivatives30. Synthesis of optically active 4,5-
dihydro-1,2,4-triazin-6(1H)-ones as a new series of small conformationally con-
strained peptides have been reported31.
Combinatorial turn mimetic synthesis and scaffold design, in addition to the
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screening of these libraries towards biological targets have been reviewed in 47
references32. Solid-phase syntheses and preferred conformations of b-turnmimics
that are designed to mimic or disrupt protein-protein interactions have been
reviewed33. The importance of dimeric turn mimics and some new approaches to
these have been also described. An 80-reference review discusses tethering stra-
tegies that lead to the development of variousmimetics and antagonists, and also
the application of aminocaproic acid as a tether in cyclic peptide b-turnmimics34.
Strong intramolecular forces stabilize the conformation of a new type of spiro
b-lactams (10) with a geometry very close to the ideal type II b-turns35. A library
of urea type 6,6-bicyclic b-turn mimetics (11) has been successfully generated by
solid-phase chemistry, with diversity at the i position, in good yield and purity36.
A tripeptide-derived, 6,6-fused bicyclic scaffold (12) has been prepared and
incorporated into peptides, through condensation of an aldehyde to form a
thiazinone ring37. The bicyclic moiety represents a constrained b-turn mimetic in
linear and macrocyclic peptide-heterocycle hybrids. A conformationally restric-
ted Ala-Gly analogue (13) has been synthesized in multigram quantities38. The

b-turn characteristics of the molecule were examined bymolecularmodeling and
NMR spectroscopy. Aza-amino acid residues have been used to induce b-turn
structure in model peptides. The dipeptide Ac-Aib-azaGly-NH2 has been design-
ed39 to adopt specific torsion angles of the b-I turn and an azaamino acid residue
induced40 b-II turn conformation in the tetrapeptide Boc-Ala-Phe-azaLeu-Ala-
OMe verified by IR, NMR and molecular modeling techniques. The aza-tripep-
tide Boc-Ala-AzaPip-Ala-NHiPr has been synthesized in seven steps and proved
to adopt a b-IV-like turn around the N-terminal sequence41. An efficient ap-
proach to the enantiopure synthesis of b-turn mimetic azabicyclo[X.Y.0] alkane
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amino acids (14-17) has been developed42. Novel RGD mimetics (1-aza-
bicyclo[5.2.0]nonan-2-ones) as scaffolds for b-turn structures have been pre-
pared by photochemical rearrangement of oxaziridines and nitrones43. A new
molecular entity of an all-cis 4,5-dihydroxy-1,3-cyclopentanedicarboxylic acid
induced b-turn-like structures in compounds (18) and (19)44.

Compounds (20) and (21) have been designed and synthesized as newGly-Pro
turn mimetics45. Both of the enantiomers (2R, 7aR) and (2S, 7aS) were shown to
be potentially useful reverse turn mimics. An imidazoline dipeptide (a 4,5-
dihydroimidazole-carboxylic acid) was prepared and reported to display an
intramolecular hydrogen-bond consistent with a turn-conformation in sol-
ution46. A five-step synthesis of [5.5]-bicyclic reverse turn dipeptide mimetics
(22) with side chain functional groups at the i�1 and i�2 positions has been
developed47. Dihedral angles Y2 and F3 were greatly restricted in the bicyclic
structure. A convenient method for the synthesis of both of the cis- and trans-
fused stereoisomers of N-Boc-L-octahydroindole-2-carboxylic acid methyl ester
(23) and (24), as reverse turn mimetic precursors, has been reported48. This novel
route, that has as the key step the ring-closing metathesis of a diallylated proline
derivative, provides the first reported preparation of the trans-fused isomer. The
new dipeptide isostere 7-endo-BtA (25) induced a reverse turn in an 11-residue
peptide derived from the Bowman Birk Inhibitor class of serine protease inhibi-
tors49.
Novel constrained L-phenylalanine analogs have been synthesized50. The

benzazepinone analogue (26) was comparable in potency to the unconstrained
analogue (27) as a VCAM/VLA-4 antagonist. However, the spirocyclic aza-
pinone derivative (28) showed 100-fold less potency than the unconstrained
compound (29) in the same ELISA assay. The large-scale asymmetric synthesis
of novel sterically constrained tyrosine and phenylalanine derivatives (30) and
(31) has been reported51. A series of 5-vinyl substituted proline derivatives has
been prepared using a hydroboration-Swern oxidation sequence52. None of the
novel non-proteinogenic amino acids (32) and (33) showed activity on the
glycine site of the NMDA receptor complex53. Selective alkylation of (34) at N4,
C6 and N1 led to a range of conformationally constrained phenylalanine deriva-
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tives54. In addition, constrained analogues of the dipeptides Phe-Gly (35, 36, 37,
38) and Phe-Ala (39) were prepared.
Enantiopure 7-[3-azidopropyl]indolizidin-2-one amino acid (40) as an Ala-

Lys dipeptide mimetic has been synthesized from its 7-hydroxypropyl counter-
part (41) with sodium azide and subsequent ester hydrolysis55. Indolizidin-9-one
amino acid (42) has been used successfully as a constrained surrogate of the
Gly-Gly dipeptide in Leu-enkephalin56. Organozinc chemistry was used to pre-
pare 3-aminopiperidin-2,5-dione, a new Ala-Gly dipeptide mimic57. A 1,1�-ferro-
cenophane lactam Phe-Phe dipeptide mimetic (43) has been synthesized and
incorporated into Substance P, giving a conformationally constrained or-
ganometallic analogue58.
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The terminally blocked homotrimer of (2S,4R)-4-amino-5-oxopyrrolidine-2-
carboxylic acid has been characterized by a unique, alternating cis-trans amide
sequence59. A versatile procedure (Scheme 1) to prepare both 6,5- [routes (a) and
(b)] and 7,5- [route (c)] bicyclic lactam peptidomimetics based on a chemo-
selective reduction of the pyroglutamate ring carbonyl, followed by an intra-
molecular trapping of an N-acyliminium ion by side-chain hydroxyl groups has
been developed60. The structure-activity relationship of a novel class of farnesyl-
transferase inhibitors based on the benzophenone scaffold (44) has been de-
scribed61. A combinatorial library of 3-alkylated-1,4-benzodiazepines was syn-
thesized on solid-phase and tested for CCK-B receptor binding62. A novel,
secondary amide-linked resin-based solid-phase synthesis has been developed
for the construction of a library of indole-based peptide mimetics (45) as PAR-1
antagonists63. Screening of the library led to the identification of a potent and
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selective PAR-1 antagonist. Three conformationally constrained didemnin B
analogues and their total syntheses have been published by a research group64,65.
While the isostatine residue in one of them was replaced by 2-hydroxy-3-
cyclohexenecarboxylic acid as in compound (46), the two other analogues (47,
48) contain L-1,2,3,4-tetrahydroisoquinoline or L-1,2,3,4-tetrahydro-7-
methoxyisoquinoline instead of N,O-dimethyltyrosine. In order to better under-
stand the relationships between conformations and functional properties of
b-homo-amino acids, crystal-state conformation of peptides containing Ca,a-
dialkylated and b-homo-amino acid residues has been investigated66.

3 Cyclic Peptides

As in last year’s chapter in volume 33, the comprehensive coverage of this topic
can be seen in Chapter 4. In addition to the discussion of new synthetic routes,
this sub-section is confined to cyclic pseudopeptides and peptidomimetics.
A new safety-catch linker has been developed for the Boc solid-phase synthesis

of libraries of cyclic peptides using a protected catechol derivative (49) in which
one of the hydroxyl groups is masked with a benzyl group during the synthesis
making the linker deactivated to aminolysis67. After the synthesis of the linear
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peptide, the linker is activated and the peptide deprotected. Neutralization of the
N-terminal amine results in cyclization and cleavage from the resin. A library
containing over 400 cyclic peptides was successfully prepared by the method. A
general and rapid synthesis of a number of cyclic peptides, in which two cysteine
sides chains are joined by an alkyl linker, was reported68. A Weinreb amine was
introduced to the C-terminus of the peptides and transformed to an activated
carbonyl function late in the synthetic sequence in order to avoid epimerization
at the corresponding a-position. A triply orthogonal protecting group was used
in the novel synthesis of cyclic peptides constrained by an aliphatic bridge
between the a-carbons of the i and i�4 residues69. Contrary to the expected
helical conformation, the model alanine-rich peptide adopted a b-turn confor-
mation as shown by CD spectroscopy. Ring-closing metathesis was used to
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Figure 1

prepare an eight-membered cyclic dipeptide for peptidomimetic research70. New
molecular platforms with marine cyclopeptide related structure (Figure 1) have
been synthesized on a gram scale71. Their rigid, almost planar heterocyclic
ring-system and functionalized side-chains make these molecules ideal candi-
dates for studies in molecular recognition and combinatorial chemistry. Total
synthesis of dendroamide A (50), that reverses multiple drug resistance in tumor
cells, has been accomplished72. The method can be applied to the synthesis of
further analogues whose small size, hydrophobic character and lack of charge
make them cell permeable. Furthermore, the oxazole- and thiazole rings in the
place of the peptide bonds and the unnatural D-stereochemistry of the amino
acids used in the synthesis protect them from proteases. Total synthesis of
trunkamide A (51), a doubly prenylated cyclic peptide of marine origin, has been
published73. The thiazoline ring was produced from the heptapeptide thioamide
at the end of the synthesis, followed by macrocyclization that led to the cyclo-
peptide structure. The cyclic tetrapeptide cyclo[Lys-Trp-Lys-Ahx] (whereAhx is
6-aminohexanoic acid) has been found to be a novel DNA nicking agent with a
higher binding constant and a nicking rate than the parent linear peptide74. A
selenated alanine as an anchoring residue was designed and prepared for the
solid-phase synthesis of the cyclic dehydrodepsipeptide, AM-toxin II (52)75. The
synthesis of a novel class of Na(w-thioalkyl) amino acid building units (53, 54 and
55) and their incorporation into backbone cyclic peptides have been presented76.
The general method was reductive alkylation of the appropriate amino acids
with w-protected thioaldehydes. NMR spectroscopy coupled with computa-
tional analysis of a novel cyclic angiotensin II analogue cyclo(3,5)-[Sar1-Lys3-
Glu5-Ile8] ANG II revealed that p*-p* interactions in the C-terminal aromatic
residue are essential for agonist activity77. Novel cyclic peptide analogues based
upon the minimal structural motif which has been found to exhibit biological
activity at the thrombin receptor have been designed and synthesized78. Struc-
ture-activity studies showed that the Phe and Arg residues along with a primary
amino group form an active recognition motif. This proposition was confirmed
by the fact that the compound, cyclo(Phe-Leu-Leu-Arg-eLys-Dap) in which the
Phe and Arg residues are in spatial proximity, has been found to be more active
than the D-Phe analogue. Four nonpeptide thrombin receptor mimics were
designed based upon these results using a piperazine template. Compounds (56)
chosen from a small library of cyclic pseudopeptides led to two of the most active
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known inhibitors of the anb3 receptor79. A new approach for the design and
synthesis of pheromone biosynthesis activating neuropeptide (PBAN) cyclic
agonists and antagonists has been described80. Two backbone cyclic peptide
libraries based on either the active C-terminal hexapeptide sequence Tyr-Phe-
Ser-Pro-Arg-Leu-NH2 of PBAN (1-33)NH2 or the PBAN linear antagonist
Arg-Tyr-Phe-Dphe-Pro-Arg-Leu-NH2 were synthesized (Figure 2). Several
agonists and antagonists of the insect neuropeptide have been discovered by
testing these libraries for biological activity. A family of cyclic pentapeptides (57)
which adopt a type-II� b-turn conformation has been designed and synthesized
as antagonists of the human bradykinin B2 receptor81. Despite the structural
homogeneity confirmed by NMR, the binding affinity of ten analogues of the
series was strongly influenced by the actual side-chains in positions i and i�3.

4 Biologically Active Peptides

4.1 Peptides Involved in Alzheimer’s Disease. — The b-amyloid (Ab), a 39-43
residue peptide, seems to play a central role by initiating neuronal cell death
during the long period of the Alzheimer’s disease. The chemical synthesis of this
peptide on solid phase is rather tedious owing to solubilization problems inside
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the solid phase and aggregation of the growing peptide chains (‘on-resin aggrega-
tion’). Use of a stonger and more efficient base, DBU, at a concentration of 2% in
DMF for Na-Fmoc deprotection allowed substitutionally improved continuous
flow solid phase synthesis of Ab 29-40/42 fragments82. (Amylin, another difficult
peptide, which also shows spontaneous aggregation, was synthesized on solid
phase using NMP as the main solvent and hexafluoro-isopropanol for solubiliz-
ing the crude peptides83.) Different segments of 10 to 40 amino acids of amyloid
precursor protein (APP) were synthesized on solid phase by Boc chemistry84.
Fluorescent labelling of Ab 25-35, 1-40 and some short fragments was performed
using 5(6)-carboxyfluorescein and 7-amino-4-methyl-3-coumarinylacetic acid85.
At the root of the Alzheimer’s disease we found changes in Ab conformation
where normal innocuous polypeptides transform to insoluble amyloid fibrils and
deposit in the brain. The aggregation process has been reviewed with the focus
on advancements made in elucidating the molecular structures of the Ab
amyloid fibril and alternate aggregation of the Ab peptide formed during fibril-
logenesis86. The most probable molecular interaction site of Ab peptide was
identified by using a fluorescence assay and was found to be the Ab 16-20
sequence, KLVFF87. A new fluorescent method, time-resolved anisotropy
measurement (TRAMS) has been used to study the aggregation of Ab peptide.
This sensitive technique detects the presence of preformed ‘seed’ particles in
freshly prepared solutions of Ab88. The method is suitable for early detection of
Ab aggregation before complexation becomes apparent in more conventional
methods such as thio-flavin T fluorescence assay. A heptapeptide dimer
(ALEQKLA)2 was designed and synthesized, this compound undergoes a self-
initiated structural transition from an a-helix to a b-sheet conformation and
self-assembly into the amyloid fibrils89. An amyloidogenic peptide fragment of
the protein amphoterin is homologous with Ab and forms amyloid fibrils in vitro
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as well as binding to Ab90. As the complete description of Ab self-association
kinetics require identification of the oligomeric species present at the pathway of
association, a mathematical model of the kinetics of Ab fibril formation was
worked out91. The utility of the model for identifying toxic Ab oligomers was
demonstrated and might be useful for designing b-sheet breaker (BSB) com-
pounds. The aluminium-hypothesis returned: it was found that Al3� induced
conformational changes in Ab (a-helix Æ b-sheet) and enhanced its aggregation
in vitro92. The mechanism of Ab aggregation was studied by molecular modelling
and found, that all Ab domains (N-domain: 1-16; median domain: 17-22 and
C-domain: 29-40/42) were crucial for intermolecular interaction and aggrega-
tion93. Ab 1-40 fibrillogenesis can be inhibited by short Ab congeners containing
N-methyl amino acids at alternate residues, the most potent of these inhibitors is
H2N-K(Me-L)V(Me-F)F(Me-A)E-CONH2

94. This inhibitor appears to act by
binding to growth sites of Ab nuclei and/or fibrils and preventing propagation of
the network of H-bonds that is essential for the formation of an extended b-sheet
fibril. Two short reviews summarize the significance of Ab aggregation in the
physiopathology of Alzheimer’s disease with special emphasis on physiological
and synthetic, peptidic and non-peptidic Ab-aggregation inhibitors95,96. Another
publication deals with structure-function relationships for inhibitors of Ab ag-
gregation containing the recognition sequence KLVFF. Both the anionic
(KLVFFEEEE) and cationic (KLVFFKKKK) peptides were effective by inhibi-
ting fibril formation, while the neutral polar peptide (KLVFFSSSS) was ineffec-
tive97. Curcuninoid compounds like calebin-A proved to be neuroprotective
against Ab 25-35 (in vitro experiments, on pheocromocytoma and human neur-
oblastoma cells)98. One nanosecond molecular dynamics simulation was used to
examine the structural stability of Ab 25-35 and its analogue, (Ala31,32,34,35) Ab
25-35; calculations were performed using the modified GROMOS-87 force field.
Bivalent cations (Ca2�, Mg2�, Zn2�) stabilized the helix structure99.
The mechanism of neurotoxicity of Ab peptides has been intensively studied.

Ab peptides are capable of activatingmicroglial cells in vitro and in vivo. Fibrillar
amyloid peptide could maintain a chronic microglial activation, ultimately
leading to the progressive neurodegeneration associated with Alzheimer’s dis-
ease100. According to another hypothesis the interactions between Ab-aggregates
and cell membranes mediate Ab toxicity. Membrane fluidity measurements
show that exposed hydrophobic patches on the surface of Ab aggregates interact
with the hydrophobic core of the lipid bilayer leading to a reduction in mem-
brane fluidity101. Decreases in membrane fluidity could hamper functioning of
cell membrane receptors and ion channel proteins, such decreases might cause
cellular toxicity. Reduction in cholesterol and sialic acid content protect cells
against the toxic affect of Ab-peptides: these results indicate the importance of
interaction between Ab-aggregates and cell membranes in the mechanisms of
Ab-toxicity102.
Multiple caspases are involved in Ab 25-35-induced neuronal apoptosis103.

Ionic homeostasis is an important apoptotic effector and Ab causes disruption of
ionic homeostasis. Disruption of ionic balance by aggregated Ab correlates with
the toxic potential of the peptide104.
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Induction of learning andmemory disfunction caused by different Ab peptides
(Ab 25-35105 and Ab 1-42106) has been studied in rats. For a better understanding
of the pathophysiology of Alzheimer’s disease, APP transgenicmice were created
that overexpress APP107. These transgenic mouse lines exhibit a deficit in spatial
reference and working memory. For the early diagnosis of Alzheimer’s disease in
the future, a ligand was developed for imaging amyloid plaques in the brain108.
The thioflavin derivative compound IBOX (2-(4-dimethylaminophenyl)-6-iod-
obenzoxarole was radioiodinated (105I) and has high binding potency for Ab-
plaques.
Formation of Ab form APP can be decreased by inhibition of secretase

enzymes. Memapsin 2 (b-secretase) can be controlled by an inhibitor OM99-2
(58), the X-ray crystal structure being critical for designing and synthesizing a
series of potent b-secretase inhibitors109. Well known enzyme inhibitors like
pepstatin A, peptide difluoroketone and peptide aldehydes inhibited Ab 1-40
production in a dose-dependent fashion110, probably by allosteric modulation of
g-secretase activity. Calcium ionophore A23187 specifically decreases the cleav-
age of APP by b-secretase in a caspase-dependent manner111.

4.2 Antimicrobial Peptides. — The functional and structural features of the
naturally occurring antimicrobial peptides as well as their potential as thera-
peutic agents are reviewed in a 206-reference report112. The parameters that
control activity and cell specificity of native antimicrobial peptides have been
summarized113. Based on the ‘carpet’ mechanism and the role of the peptide
oligomeric state, a novel class of diastereomeric antimicrobial peptides was
developed. A 102-reference report has appeared on the molecular basis of
peptide resistance, and the potential therapeutic applications of peptides in
animal models of staphylococcal disease114.

4.2.1 Antibacterial Peptides. Reviewing the cystine knot motif of toxins, the
potential antibacterial applications of this uniquely stable structural feature have
also been described115. Bacterial peptide deformylase (PDF), a novel target for
the discovery of antibacterial drugs has been the subject of a 50-reference
report116. Among others BB-3497 (59), a novel PDF inhibitor117, an assay for
detection of PDF inhibitors118, and identification and characterization of novel
deformylase inhibitors119 have been discussed.
Six- and eight-residue cyclic D,L-a-peptides have been found to act preferen-

tially on Gram-positive and/or Gram-negative bacterial membranes, increasing
membrane permeability, collapsing transmembrane ion potentials, and causing
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rapid cell death120. The rapid action of these peptides and the fact that they act on
membrane integrity rather than on vital biosynthetic processes suggests that
resistance to these agents could be slower to develop. A new approach to
antibacterial agents has emerged from the combination of a positively charged
naphthalene tetracarboxylic diimide unit with various sequences of amino acids,
generally lysine and glycine121. New generation cell-free systems were used for the
biosynthetic production of antibacterial peptides such as the 31-residue cecropin
P1122. Two-dimensional 1H-NMR study of RTD-1, an antimicrobial defensin
from Rhesus macaque leukocytes and its open chain analogue showed a similar
extended b-hairpin structure with turns at one or both ends123. In contrast to
many other antimicrobial peptides, RTD-1 did not display any amphiphilic
character. Two novel insect defensins (Val-Thr-Cys-Asp-Leu-Leu-Ser-Phe-Glu-
Ala-Lys-Gly-Phe-Ala-Ala-Asn-His-Ser-Ile-Cys-Ala-Ala-His-Cys-Leu-Ala-Ile-
Gly-Arg-Lys-Gly-Gly-Ser-Cys-Gln-Asn-Gly-Val-Cys-Val-Cys-Arg-Asn and
Val-Thr-Cys-Asp-Leu-Leu-Ser-Phe-Glu-Ala-Lys-Gly-Phe-Ala-Ala-Asn-His-
Ser-Ile-Cys-Ala-Ala-His-Cys-Leu-Val-Ile-Gly-Arg-Lys-Gly-Gly-Ala-Cys-Gln-
Asn-Gly-Val-Cys-Val-Cys-Arg-Asn) were purified and characterized from
larvae of the cupreous chafer, Anomala cuprea and showed slightly different
activity against Gram-positive bacteria124. Cyclization of magainin 2 and melit-
tin analogues altered their binding to phospholipid membranes125. Biological
activity studies revealed that the linearity of the peptides is not essential for the
disruption of the membrane, but rather provides the means to reach it. Modifica-
tion of cationic charges from�3 to�7 of magainin peptides led to an optimized
analog (Gly-Ile-Gly-Lys-Phe-Ile-His-Ala-Val-Lys-Lys-Trp-Gly-Lys-Thr-Phe-
Ile-Gly-Glu-Ile-Ala-Lys-Ser) whose selectivity is based on both reinforcement of
activity against bacteria and reduction of the hemolytic effect126. Although
all-D-cecropin B adopted identical a-helical structure compared to the natural
peptide, the isomers differed in their interaction with lipopolysaccharide127.
Pyrrhocoricin made of L-amino acids diminished the ATPase activity of recom-
binant DnaK and also reduced enzyme activities of alkaline phosphatase and
b-galactosidase128. The pyrrhocoricin-binding site on Escherichia coliDnaK has
also been determined.
Vancomycin analogues with activity against vancomycin-resistant bacteria

have been synthesized in the solid- and solution-phase129. A number of in vitro
highly potent antibacterial agents emerged from the biological evaluation of
these libraries. Another effort in this area resulted in the synthesis of potent
vancomycin or vancomycin derivative dimers using either disulfide formation or
olefin metathesis ligation methods130.
Substitution of Pro-9 in the a-helical antibiotic peptide P18 (Lys-Trp-Lys-

Leu-Phe-Lys-Lys-Ile-Pro-Lys-Phe-Leu-His-Leu-Ala-Lys-Lys-Phe-NH2) mark-
edly reduced the antibacterial activity and increased hemolysis, suggesting that a
proline kink in P18 serves as a hinge region to facilitate ion channel formation on
bacterial cell membranes131. The presence of Arg residues at or near the N-
terminus as well as a chain length exceeding 15 residues proved to be essential for
the antibacterial activity of bactenecin 5, a 43mer peptide isolated from bovine
neutrophils132. Structure-activity analysis of SMAP-29 (Arg-Glys-Leu-Arg-Arg-
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Leu-Glly-Arg-Lys-Ile-Ala-His-Gly-Val-Lys-Lys-Tyr-Gly-Pro-Thr-Val-Leu-
Arg-Ile-Ile-Arg-Ile-Ala-NH2), a sheep leukocytes-derived antimicrobial peptide
of the cathelicidin families, suggested that the N-terminal amphipathic a-helical
region and the C-terminal hydrophobic region are responsible for antimicrobial
and hemolytic acitivities, respectively, and the central Pro-19 in SMAP-29 plays
a critical role in showing improved antibacterial activity133. The two Trp residues
were found to be essential for antibacterial activity of a 15-residue fragment
(Phe-Lys-Cys-Arg-Arg-Trp-Gln-Trp-Arg-Met-Lys-Lys-Leu-Gly-Ala) of bovine
lactoferrin. Replacing Trp with natural and unnatural amino acids, the size,
shape and aromatic character of Trp seemed to be the most important features
for the activity134. In addition, it turned out that bulky aromatic amino acids
increased the antibacterial activity of the 15-mer fragment, and that the peptides
contained larger hydrophobic amino acids were generally more active against
Staphylococcus aureus than against Escherichia coli135. Oligoalanyl substitution
of polymixin B nonapeptide (PMBN) (60), the deacetylated amino derivative of
polymixinB did not effectmost of PMBN’s activities136. However, a hydrophobic
aromatic substitution led to an analogue (Fmoc-PMBN) with high antibacterial
activity and significantly reduced toxicity. Symmetrical dimeric derivative (61) of
antimicrobial peptide temporin A (TA) has been synthesized using a novel

branching unit 3-N,N-di(3-aminopropyl)amino propanoic acid137. TA and Tad
(a dimeric analogue) showed similar antimicrobial effects against Staphylococcus
aureus, a Gram-positive test strain. However, only the dimeric derivative had
antimicrobial effect against Escherichia coli, the Gram-negative test strain. The
synthesis and analyses of 11 new temporinA analogs, and a cecropin A-temporin
A hybrid peptide has also been described138. A series of model amphipathic all
L-amino acids peptides and their diastereomers with the sequence
KX(3)KWX(2)KX(2)K, where X is Ala, Val, Ile, or Leu were synthesized and
tested in order to investigate the initial stages leading to the binding and
functioning of membrane-active polypeptides139. While hemolytic activity was
drastically reduced, the antibacterial activity was preserved or increased upon
substituting L-amino acids by their D-isomers. A correlation was found in the
diastereomers between hydrophobicity and propensity to adopt helical/dis-
torted helix structure and activity.
Four peptide fragments with bacteriocidal activity were isolated after pro-

teolytic digestion of bovine b-lactoglobulin and their sequences were as follows:
Val-Ala-Gly-Thr-Trp-Tyr, Ala-Ala-Ser-Asp-Ile-Ser-Leu-Leu-Asp-Ala-Gln-Ser-
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Ala-Pro-Leu-Arg, Ile-Pro-Ala-Val-Phe-Lys and Val-Leu-Val-Leu-Asp-Thr-
Asp-Tyr-Lys140. The peptides were synthesized and found to be effective against
the Gram-positive bacteria only. Modifications of the last one yielded the
peptide Val-Leu-Val-Leu-Asp-Thr-Arg-Tyr-Lys-Lys which enlarged the bac-
teriocidal activity spectrum to the Gram-negative bacteria Escherichia coli and
Bordetelle bronchiseptica, and showed a high homology with the residues 55-64
of human blue-sensitive opsin. Beside antimicrobial lactoferrin fragments, a new
peptide antibiotic corresponding to residues 63 to 117 of human casein-k (Tyr-
Gln-Arg-Arg-Pro-Ala-Ile-Ala-Ile-Asn-Asn-Pro-Tyr-Val-Pro-Arg-Tyr-Tyr-Tyr-
Ala-Asn-Pro-Ala-Val-Val-Arg-Pro-His-Ala-Gln-Ile-Pro) was purified from hu-
manmilk which inhibited the growth of Gram-positive, Gram-negative bacteria,
and yeasts141. These results confirmed that antimicrobial peptides were liberated
from human milk proteins during proteolysis and might play an important role
in the host defense system of the newborn. Ser(P)149k-casein(106-169) designated
as kappacin exhibited growth-inhibitory activity against the oral opportunistic
pathogen Streptococcus mutans142. The nonphosphorylated peptide, however,
did not inhibit growth at all. Peptides 5.11.1 (Asp-Ile-Gln-Ile-Pro-Gly-Ile-Lys-
Lys-Pro-Thr-His-Arg-Asp-Ile-Ile-Ile-Pro-Asn-Trp-Asn-Pro-Asn-Val-Arg-Thr-
Gln-Pro-Trp-Gln-Arg-Phe-Gly-Gly-Asn-Lys-Ser) and 8.4.1 (Glu-Asn-Phe-Phe-
Lys-Glu-Ile-Glu-Arg-Ala-Gly-Gln-Arg-Ile-Arg-Asp-Ala-Ile-Ile-Ser-Ala-Ala-
Pro-Ala-Val-Glu-Thr-Leu-Ala-Gln-Ala-Gln-Lys-Ile-Ile-Lys-Gly-Gly-Asp)
have been purified from the hemolymph of the moth Galleria mellonella and also
biochemically characterized143. While peptide 8.4.1 is a member of the cecropin
family, peptide 5.11.1 is rich in proline and has a unique sequence in which the
arrangement of proline residues does not fit to the consensus sequence of insect
proline-rich peptides. Fifteen novel peptides, named ponericins, were isolated
from the venom of the antPachycondyla goeldii and classified into three different
families according to their sequence similarities144. Ten of these peptides were
synthesized and further analysed. The high concentrations of each in the venom
suggest that they may serve to protect against internal pathogens arising from
alimentation, as in the case of peptides in some spider and snake venoms.
Dicynthaurin, a novel homodimeric antimicrobial peptide fromhemocytes of the
solitary tunicate, Halocynthia aurantium showed broad-spectrum activity en-
compassing several Gram-positive andGram-negative bacteria, but notCandida
albicans, a fungus145. A new antimicrobial peptide, c(Thr-Ser-Tyr-Gly-Asn-Gly-
Val-His-Cys-Asn-Lys-Ser-Lys-Cys-Trp-Ile-Asp-Val-Ser-Glu-Leu-Glu-Thr-
Tyr-Lys-Ala-Gly-Thr-Val-Ser-Asn-Pro-Lys-Asp-Ile-Leu-Trp), referred to as
MMFII, was purified from lactic acid bacteria Lactococcus lactis146. Molecular
modeling showed three b-strands and an a-helical domain which did not exhibit
an amphipathic structure. Seven peptides with antimicrobial activity were iso-
lated from skin secretions of the diploid frog, Xenopus tropicalis147. The C-
terminally amidated peptide XT-7 (Gly-Leu-Leu-Gly-Pro-Leu-Leu-Lys-Ile-Ala-
Ala-Lys-Val-Gly-Ser-Asn-Leu-Leu-NH2) showed the lowest inhibitory concen-
trations against different microorganisms. The peptide was, however, hemolytic
against human erythrocytes. The extract of the skin of the paradoxical frog
Pseudis paradoxa was the source of four structurally related peptides and their
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sequences were as follows: Gly-Leu-Asn-Thr-Leu-Lys-Lys-Val-Phe-Gln-Gly-
Leu-His-Glu-Ala-Ile-Lys-Leu-Ile-Asn-Asn-His-Val-Gln (pseudin-1), Gly-Leu-
Asn-Ala-Leu-Lys-Lys-Val-Phe-Gln-Gly-Leu-His-Glu-Ala-Ile-Lys-Leu-Ile-
Asn-Asn-His-Val-Gln (pseudin-2), Gly-Ile-Asn-Thr-Leu-Lys-Lys-Val-Ile-Gln-
Gly-Leu-His-Glu-Val-Ile-Lys-Leu-Val-Ser-Asn-His- Glu (pseudin-3), and Gly-
Ile-Asn-Thr-Leu-Lys-Lys-Val-Ile-Gln-Gly-Leu-His-Glu-Val-Ile-Lys-Leu-Val-
Ser-Asn-His-Ala (pseudin-4)148. Pseudins belong to the class of cationic, am-
phipathic a-helical antimicrobial peptides. Amino acid sequences of them did
not show similarity to any previously characterized peptides from frog skin. The
precursor of a novel peptide from a cDNA library prepared from pharyngeal
tissues of the tunicate, Styela clava has been cloned149. Its sequence predicted
clavaspirin, a histidine-rich amidated peptide that among other effects killed
Gram-positive as well as Gram-negative bacteria and permeabilized the outer
and inner membranes of Escherichia coli. The minimum inhibitory concentra-
tions and mode of action of the 1-23 fragment of the a chain of bovine hemoglo-
bin towardsMicrococcus luteus strain A270 were determined150.
The interactions of the antimicrobial peptides magainin 1, melittin and the

C-terminally truncated melittin analog with hybrid bilayer membrane systems
were studied using surface plasmon resonance151. The results demonstrated that
these antimicrobial peptides bind to the lipids initially via electrostatic interac-
tions which enhances the subsequent hydrophobic binding. Several methods
such as CD, FT-IR, 31P-NMR spectroscopies have been used to investigate the
effect of cholesterol on the interactions of the antimicrobial peptide gramicidin S
with phosphatidylcholine and phosphatidylethanolaminemodel membrane sys-
tems152. The presence of cholesterol attenuated but did not abolish the interac-
tions of gramicidin S with phospholipid bilayers.

4.2.2 Antifungal Peptides. A 53-reference review summarizes the development
of new generation azoles that are active against clinically relevant, drug-resistant
fungal pathogens, and that have advanced to late-stage clinical trials153. A study
reported that antibacterial peptides such as cecropin A and B from the silk moth
Cecropia as well as the porcine cecropin P1 are capable of inhibiting the growth
of and to kill yeast-phaseCandida albicans154. Increasin the charge on an antimic-
robial peptide (Lys-Lys-Val-Val-Phe-Lys-Val-Lys-Phe-Lys-NH2) improved
antifungal activity without changing the antibacterial activity suggesting that the
net positive charge must play an important role in the specificity between
Candida albicans and Gram-positive bacteria155.
The structure of a novel antifungal antibiotic, FR901469 (62), a 40-membered

macrocyclic lipopeptidolactone isolated from an unidentified fungus No. 11243
was determined156. A versatile synthesis of the lactam analogue (63) of (62)
including efficient formation of the ring by macrocyclization under high-dilution
conditions has also been published157. Besides, a series of acylated analogues of
FR901469 were designed and prepared, and several derivatives with comparable
in vivo antifungal efficacy but reduced hemolytic potential. were identified158.
Conformational analysis of short-chain analogues of the lipopeptaibol anti-

biotic trichogin GA IV showed folded, but not helical structure159. Membrane
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activity was found to increase from the shortest tetrapeptide up to the unde-
capeptide. The synthesis, bioconversion and antifungal activity of a series of
N-acyloxymethyl carbamate linked triprodugs of pseudomycins have been de-
scribed160. Two of these (64 and 65) showed excellent in vivo efficacy against
systemic Candidiasis. Similar derivatives of 3-amido bearing pseudomycin ana-
logues exhibited good in vivo efficacy against murine Candidiasis161.
Secondary structure of PAFP-S, c(Ala-Gly-Cys-Ile-Lys-Asn-Gly-Gly-Arg-

Cys-Asn-Ala-Ser-Ala-Gly-Pro-Pro-Tyr-Cys-Cys-Ser-Ser-Tyr-Cys-Phe-Gln-Ile-
Ala-Gly-Gln-Ser-Tyr-Gly-Val-Cys-Lys-Asn-Arg), a peptide isolated from seeds
ofPhytolaccaAmericana and bearing a broad spectrum of antifungal activity has
been examined by 1H-NMR162. The results show that the molecular scaffold of
PAFP-S features a triple-stranded b-sheet stabilized by a typical disulfide bridge
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motif which is characteristic for the knottin fold. PAFP-S is the first antifungal
peptide that adopts the knottin-like fold. Investigation of conformation and
biophysical properties of cyclic peptide antibiotics based on gramicidin S ex-
plained the direct relation between structure, amphipathicity and hydrophobic-
ity of the peptides and their hemolytic activity but the relation with the antimic-
robial activity is of a more complex nature163.
Two novel antifungal peptides, designated a- and b-basrubrins (Gly-Ala-Asp-

Phe-Gln-Glu-Cys-Met-Lys-Glu-His-Ser-Gln-Lys-Gln-His-Gln-His-Gln-Gly
and Lys-Ile-Met-Ala-Lys-Pro-Ser-Lys-Phe-Tyr-Glu-Gln-Leu-Arg-Gly-Arg),
were isolated from seeds of the Ceylon spinachBasella rubra164. After purification
the antifungal potency of the peptides was determined. The antifungal activity
and mechanism of action of PMAP-23, a 23-mer peptide with the sequence Arg-
Ile-Ile-Asp-Leu-Leu-Trp-Arg-Val-Arg-Arg-Pro-Gln-Lys-Pro-Lys-Phe-Val-
Thr-Val-Trp-Val-Arg-NH2 isolated from porcine myeloid was tested165. PMAP-
23 prevented the regeneration of fungal cell walls and induced release of the
fluorescent dye trapped in the membrane vesicles. Unguilin, a 18kDa cyclo-
philin-like protein was isolated166 from seeds of the black-eyed pea (Vigna
unguiculata) and its sequence is as follows: Phe-Asp-Met-Thr-Ala-Gly-Pro-Gln-
Pro-Ala-Gly-Arg-Ile-Val-Phe-Glu-Gly-Phe-Ala-Asp-Met-Val-Gly-Arg-Thr-
Ala-Val-Asn. Among several biological effects, unguilin exerted an antifungal
activity toward fungi including Coprinus comatus, Mycosphaerella arachidicola,
and Botrytis cinerea.

4.3 ACTH Peptides. — A new analogue of ACTH 4-10 (Met-Glu-His-Phe-Pro-
Gly-Pro, Semax) was investigated as neuroprotective nitric oxide generating
agent167. The peptide proved to be a novel nootropic substance.

4.4 Angiotensin II Analogues and Non-peptide Angiotensin II Receptor
Ligands. — The amide-linked angiotensin II cyclic analogue, cyclo(3,5)-[Sar1,
Lys2, Glu5, Ile8] angiotensin II has been synthesised168. This analogue was found
to be an inhibitor of the parent peptide. NMR data and molecular modelling
revealed structural similarities between losartan, EPRosartan, irbesartan and
the above cyclic analogue. Cyclic 12-, 13- and 14-membered ring angiotensin II
analogues have been synthesised169. For the ring closure, different Cys, Hcy and
thioacetal (S-CH2-S) containing analogues were prepared. Interestingly, com-
pound (66), a 13-membered analogue proved to be a full agonist. Conforma-
tional analysis suggested that some of these compounds adopted inverse g-turn
conformation. Several shorter fragments of angiotensin and their analogues have
been prepared170. These short peptides were used for the determination of their
binding affinity to AT4 receptor. Angiotensin derived peptides were also used to
characterise the specificity of a lysosomal tripeptidyl peptidase I171.

4.5 Bombesin/Neuromedin Analogues. — A potent and selective agonist (D-
Phe-Gln-Trp-Ala-Val-ß-Ala-His-Phe-Nle-NH2) of the gastrin releasing peptide
preferring bombesin receptor (BB2) and its truncated fragments have been syn-
thesized172. In order to determine the key structural features, an alanine scan of
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the above peptide was made. The D-Phe6, Val10, Phe13 residues seemed to be the
most responsible for the receptor selectivity. The mechanism of the G-protein
mediated action of substance P analogues and bombesin was studied173. Orphan
receptor (bombesin receptor subtype 3) selective bombesin analogues have been
synthesized174. The incorporated conformationally constrained amino acids in-
cluded: b-alanine (b-Ala), (R) and (S)-3-carboxypiperidine (Cpi), (R)- and (S)-
trans-2-amino-1-cyclohexane-carboxylic acid (Achc), (R)- and (S)-cis-2-amino-1-
cyclohexane-carboxylic acid (Achc), (R)- and (S)-3-amino-butyric acid (Aba), (R)-
and (S)-3-amino-isobutyric acid (Aia), (R)- and (S)-3-amino-3-phenylpropionic
acid (Apa), (R)-amino-3-(4-Cl-benzyl)-propionic acid (Acpb4), (R)-3-amino-3-(2-
Cl-benzyl)-propionic acid)(Acpb2). The peptides Ac-[(R)-Aba11,Phe13,Nle14]Bn-
(8-14) and Ac-[(S)-Aba11,Phe13,Nle14]Bn-(8-14) showed the highest selectivity for
the hBRS-3 over the mammalian Bn receptors and did not interact with recep-
tors for other gastrointestinal hormones/neurotransmitters. Molecular
modelling demonstrated a unique b conformation at the 11th amino acid residue.
A bombesin analogue (D-Phe-Gln-Trp-Ala-Val-ß-Ala-His-Phe-Nle-NH2) was
used to investigate the signal transduction mechanism of bombesin receptor
subtype 3175. A 99Tc chelate-bombesin conjugate (67) has been synthesised and
used for 1H-NMR investigations176. The above compound can be used as a
receptor selective radiopharmaceutical. The activity of a bombesin antagonist

(D-Tpi6-Leu13 y[CH2NH]Leu14 BN 6-14, RC 3095) and an LHRH antagonist
(Ac-D-Nal1-D-Cpa2-D-Pal3-D-Cit6-D-Ala10 LH-RH, Cetrorelix) against ovarian
carcinoma was evaluated177. The synthesis of four bombesin analogues (H-Asn-
Gln-Trp-Ala-Val-Gly-His-Cfa-Met-NH2,H-Asn-Gln-Trp-Ala-Val-Sar-His-
Leu-Met-NH2, H-Asn-Gln-Trp-Ala-Val-ß-Ala-His-Leu-Met-NH2, H-Asn-Gln-
Nal-Ala-Val-Gly-His-Leu-Met-NH2) and their effect on food intake has been
described178.

4.6 Bradykinin Analogues. — A series of cyclic pentapeptides based upon the C
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terminal fragment of the known B2 kinin receptor antagonist (H-D-Arg-Arg-
Pro-Hyp-Gly-Thi-Ser-D-Tic-Oic-Arg-OH) has been designed with the aim at
obtaining a type-II� b-turn around the Tic and Oic residues179. The general
structure of these peptides is shown in Figure 3. The most potent analogue was
the c[Pro-Orn-D-Tic-Oic-Arg], which exhibited 86% inhibition. Two lipopept-
ide agonistic analogues of bradykinin (Pam-Lys-Arg-Pro-Pro-Gly-Phe-Ser-
Pro-Phe-Arg-OH, PKD and Pam-Gly-Lys-Arg-Pro-Pro-Gly-Phe-Ser-Pro-
Phe-Arg-OH, PGKD) were synthesized and characterised by NMR and binding
to human B2 receptor180.
A series of analogues of desArg9-Lys-bradykinin, Lys-Arg-X-Acnc-X-Ser-Pro-

Phe, in which the spacer X-Acnc-X replaces the central tetrapeptide Pro-Pro-
Gly-Phe of bradykinin has been synthesized and characterized by NMR spec-
troscopy and binding to bradykinin B1 receptor181. The ten 1-aminocycloalkane-
1-carboxylic acid containing analogues are as follows:
H-Lys-Arg-Ado-Ser-Pro-Phe-OH, H-Lys-Arg-Ac7c-Ser-Pro-Phe-OH, H-

Lys-Arg-Gly-Ac7c-Gly-Ser-Pro-Phe-OH, H-Lys-Arg-bAla-Ac7c-bAla-Ser-Pro-
Phe-OH, H-Lys-Arg-gAbu-Ac7c-gAbu-Ser-Pro-Phe-OH, H-Lys-Arg-Gly-Ac6c-
Gly-Ser-Pro-Phe-OH, H-Lys-Arg-Gly-Ac8c-Gly-Ser-Pro-Phe-OH, H-Lys-Arg-
Gly-Ac9c-Gly-Ser-Pro-Phe-OH, H-Lys-Arg-Gly-Ac12c-Gly-Ser-Pro-Phe-OH,
and H-Lys-Arg-Gly-Gly-Gly-Ser-Pro-Phe-OH.

Eight new, ethylene-bridged dipeptide containing bradykinin analogues have
been prepared182. The structures of the conformationally constrained dipeptide
as well as the analogues are shown in Figure 4. All analogues were characterized
by their antagonistic potencies (blood pressure, antiuterotonic and uterotonic
activities).
Branched peptides (68 and 69) containing the N-terminal part of bradykinin

were synthesized and investigated as thrombin inhibitors183. MAP4-RPPGF at
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35.5 mM inhibits g-thrombin- induced platelet aggregation 100% and a-throm-
bin-induced calcium mobilization in fibroblasts 84%. The stable metabolic
fragment of bradykinin (RPPGF) was radioiodinated and used for radioim-
munoassay184. Three linear Thr6-bradykinin analogues in which either one or
both of the two phenylalanine residues in the sequence have been substituted by
N-benzylglycine, and their head-to-tail cyclic analogues, were prepared and
tested on isolated rat duodenum185.

4.7 Cholecystokinin Analogues, Growth Hormone-Releasing Peptide and Ana-
logues. — An improved solid-phase method was described for the synthesis of
sulfated tyrosine containing peptides including CCK-12 (Ile-Ser-Asp-Arg-Asp-
Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH2), mini-gastrin-II (H-Leu-Glu-Glu-
Glu-Glu-Glu-Ala-Tyr(SO3H)-Gly-Trp-Met-Asp-Phe-NH2), little gastrin-II
(Pyr-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-Ala-Tyr(SO3H)-Gly-Trp-Met-
Asp-Phe-NH2), big gastrin-II (Pyr-Leu-Gly-Pro-Gln-Gly-Pro-Pro-His-Leu-
Val-Ala-Asp-Pro-Ser-Lys-Lys-Gln-Gly-Pro-Trp-Leu-Glu-Glu-Glu-Glu-Glu-
Ala-Tyr(SO3H)-Gly-Trp-Met-Asp-Phe-NH2), CCK-33 (H-Lys-Ala-Pro-Ser-
Gly-Arg-Met-Ser-Ile-Val-Lys-Asn-Leu-Gln-Asn-Leu-Asp-Pro-Ser-His-Arg-Ile-
Ser-Asp-Arg-Asp-Tyr(SO3H)-Met-Gly-Trp-Met-Asp-Phe-NH2) and CCK-39
(H-Tyr-Ile-Gln-Gln-Ala-Arg-Lys-Ala-Pro-Ser-Gly-Arg-Met-Ser-Ile-Val-Lys-
Asn-Leu-Gln-Asn-Leu-Asp-Pro-Ser-His-Arg-Ile-Ser-Asp-Arg-Asp-Tyr(SO3H)-
Met-Gly-Trp-Met-Asp-Phe-NH2)186. In this approach the growing peptide chain
was assembled on 2-chlorotrityl resin using Fmoc-Tyr(SO3Na)-OH as the key
building block. The conditions for the final deprotection were optimised using
trifluoroacetic acid. The synthesised CCK peptides were tested on isolated
pancreatic islets for insulin release.
Analogues of the cholecystokinin 26-30 fragment (H-Asp-Tyr(SO3H)-Met-

Gly-Trp-Met-Asp-Phe-NH2) were synthesised by the solid-phase method187. The
phenylalanine in position 33 was replaced with phenylglycine, naphthylalanine,
p-fluorophenylalanine, cyclohexylalanine and O-methyltyrosine. The peptides
were tested in vivo for decreasing the food uptake of rats.
A porphyrin ring containing derivative of CCK-8 (CCK 26-33) and its indium

complex have been synthesised188. The natural sequence of CCK-8 (without the
sulfate moiety on the tyrosine) was elongated with a lysine residue. The Negroup
of the completed peptide was acylated with a porphyrin derivative of its indium
complex. The steric structure of the resulting molecules was investigated using
NMR spectroscopy and molecular dynamics simulations. These investigations
revealed that the original peptide conformation does not change after the attach-
ment of the bulky heterocyclic ring, and the metal complexes could be used in
different nuclear medicine techniques. In a project aimed at the search for
selective CCK1 receptor antagonists numerous peptidomimetic analogues have
been synthesised based on the structure of (70) and (71)189.
The steric structure of human ghrelin (H-Gly-Ser-Ser(octanoyl)-Phe-Leu-Ser-

Pro-Glu-His-Gln-Arg-Val-Gln-Gln-Arg-Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-
Lys-Leu-Gln-Pro-Arg-OH) and its six truncated analogues (H-Gly-Ser-Ser(oc-
tanoyl)-Phe-Leu-Ser-Pro-Glu-His-Gln-NH2, H-Gly-Ser-Ser(octanoyl)-Phe-
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Leu-Ser-Pro-Glu-His-Gln-Arg-Val-Gln-Gln-OH, H-Gly-Ser-Ser(octanoyl)-
Phe-Leu-Ser-Pro-Glu-His-Gln-Arg-Val-Gln-Gln-Arg-Lys-Glu-Ser-NH2,H-
Gly-Ser-Ser(octanoyl)-Phe-Leu-Ser-Pro-Glu-His-Gln-Arg-Val-Gln-Gln-Arg-
Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-NH2, H-Gly-Ser-Ser-Phe-Leu-Ser-Pro-Glu-
His-Gln-Arg-Val-Gln-Gln-Arg-Lys-Glu-Ser-Lys-Lys-Pro-Pro-Ala-Lys-Leu-
Gln-Pro-Arg-OH andH-Gly-Ser-Ser(octanoyl)-Phe-Leu-NH2) has been inves-
tigated190 by 1HNMRmeasurements and CD spectroscopy. These investigations
proved that the presence or absence of the octanoyl group made no difference in
the structure of these peptides in solution.

Hexarelin (H-His-D-2MeTrp-Ala-Trp-D-Phe-Lys-NH2), another GH releas-
ing peptide and several analogues were synthesized and investigated for the
intestinal permeability191 and on penile erection192. The analogue EP 91073
(Aib-D-Trp(2-Me)-D-Trp(2-Me)-Lys-NH2) prevented the effect of EP 80661
(GAB-D-Trp(2-Me)-D-Trp(2-Me)-Lys-NH2) and other EP peptides.

4.8 Integrin-related Peptide and Non-Peptide Analogues. — 4.8.1 IIb/IIIa An-
tagonists. Conformationally constrained analogues of the GPIIb/IIIa antagonist
elarofiban (RWJ-53308) using the novel 1,2,4-triazolo[3,4-a]pyridine scaffold
have been synthesized193. Compounds (72) and (73) exhibited enhancement in
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oral bioavailability, t1/2, and duration of inhibition of adenosine-5�-diphosphate
(ADP)-induced platelet aggregation relative to elarofiban. Structural modifica-
tions of the RGDS binding motif of fibrinogen led to the discovery of a non-
peptide RGD mimetic GPIIb/IIIa antagonist (74) which inhibited platelet ag-
gregation as well as 125I-fibrinogen binding to ADP-activated human platelets
and isolated GPIIb/IIIa with Ki values of 9 nM and 0.17 nM, respectively194. A
series of the TAK-029 GPIIb/IIIa antagonists have been synthesized through
modification on the glycine moiety195. The (3S, 2S)-4-methoxyphenylalanine
derivative inhibited in vitroADP-induced platelet aggregationwith an IC50 value
of 13 nM. Compound (75), a lowmolecular weight RGDmimic based on a novel
sterically constrained 2-imino-3H-thiazoline scaffold proved to be a highly
potent fibrinogen receptor antagonist196. Novel glycoprotein IIb-IIIa antagon-
ists containing either the 3,9-diazaspiro[5.5]-undecane197 or 3-azaspiro[5.5]un-
dec-9-yl198 nucleus have been described. However, none of these potent and
specific antagonists showed good pharmacokinetic properties. As a continuation
of the efforts made on the GPIIb/IIIa receptor antagonist XR299, a series of
potent N-substituted benzamidine isoxazolines have been explored199. The sub-
stitution of the amidine presented a possibility for the modulation of duration of
actionwithin the sulfonamide series. Intravenous infusion of TAK-024 (76) at 1.6
mg/mL/min completely prevented arterial thrombus formation induced by en-
dothelial injury in guinea pigs200. The dose of it that prolonged the bleeding time
to three times the control value was 5.8 mg/mL/min. A series of RGD analogs
have been synthesized as potential delivery vectors of pharmaceutical agents201.
The analogs could tolerate side chain modifications fairly well as shown by
platelet aggregation studies and confirmed by the fact that compound (77)with a
side chain modification of poly(ethylene glycol) retained high affinity for glyco-
protein IIb/IIIa (IC50 � 150 nM). A bivalent poly(ethylene glycol) hybrid con-
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taining an active site (RGD) and its synergistic site (PHSRN) of fibronectin has
been prepared202. The PHSRN-aaPEG-RGD hybrid strongly promoted cell
spreading activity compared with aaPEG-RGD suggesting that the PHSRN
sequence synergically enhances the activity of the RGD sequence, and that the
bivalent aaPEGhybridmethodmay be useful for conjugating functionally active
pep-tides. An efficient synthesis of compound (78), a nonnatural glycopeptide
that interacts with both selectins and integrins, has been described203. In addition
to its high affinity with P-selectin, this compound also inhibited a specific
interaction between human integrin b1 and its monoclonal antibody. A novel
synthetic route to SB214857, a potent GPIIb/IIIa receptor antagonist, has been
developed using the CuI-catalysed coupling reaction of b-amino acids with aryl
halides204. The reaction has been completed at 100 °C showing an accelerating
effect of the b-amino acid for the Ullmann-type aryl amination reaction.

4.8.2 avb3 Antagonists. A new class of potent and selective avb3 antagonists
based on a central thiophene scaffold and the acylguanidine Arg-mimetic has
been discovered205. Compound (79), the adamantyl group-containingmember of
this series, showed a dose dependent effect in the in vivo TPTX rat model
suggesting the possible application of these substances for the treatment of
osteoporosis. Diketopiperazine- and hydantoin-based constrained RGD mi-
metics were synthesized on the solid-phase206. The binding affinities to the avb3

receptor were in the low micromolar range for both families. The aza-RGD
mimetic 80 was identified by an on-bead screening assay of a combinatorial
library and showed good affinity and selectivity toward the avb3 integrin recep-
tor (IC50: 150 nM)207. Optimization of this compound by the substitution of an
amide bond led to a library of highly active and selective RGD mimetics208. IC50

values for the most potent 4-chloro substituted compounds (81 and 82) were 0.1
and 0.3 nM respectively. Novel malonamide derivatives as avb3 antagonists have
been identified by modification of the glycine part of SC65811209. The most
potent among them exhibited inhibitory activity with an IC50 value of 0.42 nM. A
convenient synthetic access to various conjugates of the cyclopeptide
(-RGDfK-), a potent and selective avb3/avb5 ligand, through the regioselective
derivatisation of lysine side chains, either in solution or on the solid support, was
described210. Cyclo(-RGDf�V-) (83), a newly developed RGDpeptide proved to
be a potent inhibitor of tumor-induced angiogenesis in vivo, and therefore might
be a useful agent preventing distant metastasis of the solid tumor211. A combina-
torial library of stereodiverse RGD mimetics has been rationally constructed
using molecular modeling212. The use of a single substituted carbohydrate scaf-
fold proved to be an excellent way to mimic different conformations of the same
peptide chain. The screening of small molecule libraries led to the identification
of compounds which disrupt the MMM2-avb3 interaction so can serve as anti-
angiogenic agents213. The synthesis of a photoreactive analogue of echistatin, a
potent RGD-containing avb3 antagonist both in vitro and in vivo has been
reported214. Cross-linking data achieved by using radiolabeled compounds sup-
ported the hypothesis that the ligand-bound conformation of the integrin b3

subunit differs from the known conformation of integrin domains.
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4.8.3 a4b1, a4b7 and a5b1 Antagonists. Isoxazolyl, ozazolyl and thiazolyl-
propionic acid derivatives derived from LDV were examined as a4b1 antagon-
ists215. Compound (84) showed nanomolar in vitro binding affinity and proved to
be effective in an in vivo allergic mouse model. Selective inhibitors of VLA-4
based on the known bisarylurea series of LDV peptidomimetics that retain
nanomolar potency, but are structurally simpler than the original leads have
been generated216. Directed screening of a combinatorial library and subsequent
optimization by solid-phase synthesis led to a series of sulfonylated dipeptide
inhibitors of a4b1

217. Pharmacokinetic parameters determined for the most po-
tent representatives which showed an IC50 value lower than 100 pM suggested
rapid degradation (t1/2 < 2.5 min). Compound (85) was discovered as a selective
and potent piperidinyl carboxylic acid-based inhibitor of the a4b1 integrin and
the vascular cell adhesion molecule 1 (VCAM-1) with a promising phar-
macokinetic profile218. Several related peptides with the general formula cyclo(-
Leu-Asp-Thr-Xaa--Pro-Xbb-), which include the LDT motif of the mucosal
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addressin cell adhesion molecule-1 (MAdCAM-1) have been developed219. Re-
placement of the peptidic backbone by a sugar scaffold led to a small library of
mimetics with b--mannose as the rigid core220. This class of peptidomimetics
has all the requirements for orally available drugs and compound (86) fulfills
Lipinski’s rules for bioavailability. A cellular solid-phase binding assay for
screeninga4b7 integrin antagonists attached via photolinker to TentaGel macro-
beads has been developed221. The resin bound compounds were identified by
mass spectrometry. The a4b7 — MAdCAM interaction was shown to be antag-
onized by an SVVYGLR-OH peptide which is a structural motif of osteopontin
that binds integrins a4b1 and a9b1

222. Inhibition studies revealed that Leu167 and
the free C-terminal carboxylic acid of Arg168 have crucial roles in the interaction
with a4 integrins.

4.9 LHRH and GnRH Analogues. - Structurally new analogues of GnRH
receptor antagonist cetrorelix (Ac-D-Nal(2)1-D-Cpa2-D-Pal(3)3-D-Cit6-D-Ala10

GnRH) as well as conformationally constrained cyclized deca- or pentapeptides
have been synthesized223. Receptor affinity measurements of these peptides were
evaluated and the potential clinical use of them was discussed.

In an attempt to develop an efficient chemotherapeutic agent targeted at
malignant cells that express receptors to GnRH, [D-Lys6]GnRH was coupled
covalently to emodic acid to yield [D-Lys6(Emo)]GnRH (87)224. The synthesis,
electron-transfer and photochemistry of (87) were demonstrated. In another
article the biological evaluation of the upper derivative was discussed225. The
prolonged activity of the [D-Lys6(Emo)] GnRH can be caused by the high
binding affinity of the emodic acid moiety to serum proteins.
The inhibition of human ovarian carcinoma cell-line by cetrorelix was inves-

tigated226. A delivery system for a GnRH analogue (Leuprolide) [Des-Gly10,(D-
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Leu6),Pro9]GnRH-ethylamide was prepared and evaluated227. This formulation
resulted in a 120 day controlled release, which was potentially useful for test-
osterone suppression.
The low oral bioavailability, which is characteristic for GnRH and its ana-

logues can be increased by protection of the peptides from their degradation by
peptidases228. In this article the activity of different pancreatic endopeptidases
towards GnRH was described. A GnRH analogue (des-Gly10,(D-Ala6)-LH-RH-
ethylamide) was used to stimulate spermiation in paddlefish229.

4.10 a-MSH Analogues. — Several analogues of a-MSH and its fragments have
been synthesised230. The synthesised analogues were the following: Ser-Tyr-Ser-
Ahx-Glu-His-Phe-Arg-Trp-Gly-Lys-Pro-Val, Ser-Tyr-Ser-Ahx-Glu-His-D-
Phe-Arg-Trp-Gly-Lys-Pro-Val, Ahx-Asp-His-D-Phe-Arg-Trp-Lys, Ahx-Asp-
Gln-D-Phe-Arg-Trp-Lys, Ahx-Asp-Trp-D-Phe-Arg-Trp-Lys, Ahx-Asp-Asn-D-
Phe-Arg-Trp-Lys, Ahx-Asp-Arg-D-Phe-Arg-Trp-Lys, Ahx-Asp-Lys-D-Phe-
Arg-Trp-Lys, Ahx-Asp-Tyr-D-Phe-Arg-Trp-Lys, Trp-D-Phe-Arg-Trp-Lys, and
Trp-D-Phe-Arg-Trp. One of them (Ahx-Asp-Gln-D-Phe-Arg-Typ-Lys) proved
to be 10 000 times less potent than the corresponding a-MSH fragment for the
MC1R receptor subtype, while its potency on MC3R and MC4R was compar-
able to the parent peptide. In addition to the receptor binding measurements,
NMR experiments and molecular modelling were performed.

A potent and long acting analogue of a-MSH (Nle4 D-Phe7 a-MSH) was
labelled231 with the paramagnetic amino acid probe 2,2,6,6-tetramethyl-
piperidine-N-oxyl-4-amino-4-carboxylic acid (Toac, 88). The resulting analogue
displays full biological activity of the parent peptide and was used for compara-
tive electronparamagnetic resonance studies. A phospholipid containing a-
MSH analogue (89) was synthesised232 and used as melanoma specific non-viral
gene delivery agent. Several analogues of a-MSH ( Ser-Ser-Ile-Ile-Ser-His-Phe-
Arg-Trp-Gly-Leu-Cys-Asp, Ser-Ser-Ile-Ile-Ser-His-Phe-Arg-Trp-Gly-Lys-Pro-
Val, Ser-Tyr-Ser-Met-Glu-His-Phe-Arg-Trp-Gly-Leu-Cys-Asp) were syn-
thesised233 and used as highly selectiveMC1 receptor selective ligands. Numerous
selective antagonists of the human melanocortin receptor 4 have been syn-
thesised (Figure 5)234. An in vitro system was used for the evaluation of their
biological potency. The most interesting compound (cyclo(6bÆ10e)-succinyl6-
D-(2�)Nal7-Arg8-Trp9-Lys10)-NH2 showed 125-fold selectivity over hMC-3R and
>300-fold selectivity over MC-1RB receptor.

4.11 MHC Class I and II Analogues. — Lipopeptides, which are currently being
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Figure 5

evaluated as candidate vaccines in human volunteers, provide a model system to
define the pathways that lead exogenous proteins to associate with MHC class I
molecules. One study investigated the presentation pathway of lipopeptides
derived from an HLA-A2.1-restricted HIV-1 Reverse Transcriptase epitope in
human dendritic cells235.
HGP-30, a 30-amino acid peptide, homologous to a conserved region of HIV-

1SF2p17(86-115), is known to elicit both cellular and humoral immune responses
when conjugated to KLH. Peptide conjugates consisting of a modified HGP-30
and the 38-50 region of human b-2-microglobulin, or a peptide from theMHC II
b chain were evaluated in mice236. The new conjugates generated comparable or
better immune responses to modified HGP-30 than KLH conjugates. In addi-
tion to that, minimal antibody responses were observed to the ‘carrier’ peptide
while KLH conjugates induced significant anti-KLH antibody titers.
The peptide binding specificity of various common A2-supertype molecules

has been investigated using single substitution analogue peptides or peptide
libraries237. The data demonstrated that A2-supertype molecules recognize simi-
lar features at their peptide ligands, and also share largely overlapping peptide
binding motifs.
A disulfide-linked octameric homodimer (90) that bears four copies of the

influenza virusM2 protein ectodomain (M2) and two copies each of T-helper cell
hemagglutinin epitopes, the I-Ed restricted S1 (S1) and the I-Ad restricted S2 (S2)
fragments has been synthesized via intermolecular disulfide formation238.
The C-saccharide analogue of the GalNAc (Tn epitope) has been covalently

linked to a T cell epitope peptide using a chemoselective convergent synthetic
approach and providing a non-hydrolysable synthetic vaccine239. The glycopep-
tide could bind to extracellular MHC molecules without internalization and
processing and the C-glycoside part did not interfere with TCR recognition.
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4.12 Neuropeptide Y (NPY) Analogues. — Nonapeptide fragments and their
dimeric analogues have been synthesized based on the sequence of the 36-mer
peptide, neuropeptide Y (NPY)240. A systematic investigation starting with
[Pro30, Tyr32, Leu34]NPY(28-36)-NH2 (BW1911U90) has resulted in the develop-
ment of highly selective and potent Y1 receptor antagonists (Figure 6).

Figure 6

99mTc containing derivative of neuropeptide Y was synthesized as potential
tumor imaging agent241. For complex formation, the 2-picolylamine-N,N-dia-
cetic acid (PADA) containing neuropeptide derivatives were used. Both full
length (91) and centrally truncated (92) analogs were synthesized in which His26

was replaced by alanine to avoid binding of 99mTc to the side chain of His. In an
other approach daunorubicin and doxorubicin containing neuropeptide Y ana-
logues ([Cys15]-NPY-Dauno-HYD (93), [Cys15]-NPY-Dauno-MBS (94) and
[Cys15]-NPY-Doxo-MBS (95)) were prepared and characterized242. According
to biological investigations, only the biodegradable analogue (93) liberating the
free antineoplastic agent is capable of displaying its cytotoxicity. A set of neur-
opep-tide Y analogues having 6-amino hexanoic acid moiety in position 8 were
synthesized and used for the characterisation of the human, rat and guinea pig
Y4 receptor243.

4.13 Opioid (Neuropeptide FF, Enkephalin, Nociceptin, Deltorphin and Dynor-
phin) Peptides. — Four Leu-enkephalin analogues containing 2�,6�-dimethyl-
phenylalanine in position 4 were prepared and tested for their receptor bind-
ing244. The Tyr-Gly-Gly-D-Dmp-Leu analogue was found to be an antagonist
toward m and d opioid receptors with pA2 values of 6.90 and 5.57, respectively.
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The enkephalin analogue (2S)-2-methyl-3-(2�,6�-dimethyl-4�-hydroxyphenyl)-
propionyl-D-Ala-Gly-Phe-Leu-NH2 proved to be a quite potent d opioid antag-
onist245.
A theoretical conformational study has been performed on native enkephalins

and their cyclic analogues246. The influence of solvents and Leu configuration on
the conformation of cyclic enkephalin analogues has been studied by fluor-
escence decay of tryptophan247, while the relationship between the conformation
and biological activity of Leu-enkephalin has been studied using (2S,6R,8S)-9-
oxo-8-N-(Boc)amino-1-azabicyclo[4.3.0]nonane-2-carboxylic acid as a con-
strained Gly2-Gly3 dipeptide surrogate248. Enkephalin analogue (96) exhibited
low affinities for the m and d opioid receptors, while the duration of action was
significantly enhanced indicating an increased metabolic stability.
An enzymatically stable analogue of YGGFMKKKFMR-Famide, a chimeric

peptide of Met-enkephalin and FMRFa, was synthesised. The antinociceptive
effects of intracerebroventricular injections of this analog — [D-Ala2]YAG-
FMKKKFMRFamide - was then investigated249. According to these investiga-
tions the analogue causes modest to good antinociception effect in mice follow-
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ing i.c.v. administration. Biphalin (97), the dimeric analogue of enkephalin
showed high antinociceptive activity, while the side-effects were significantly
descreased250.
A set of constrained dipeptide analogues were synthesized and tested for

binding to opioid receptors251. The general formula of the Dmt-Tic analogues is
shown in Figure 7, where R is Ac, acetate; Me, methyl; All, allyl;Bn, benzyl; t-Bu,
tert-butyl; Et, ethyl; adam, 1-adamantyl; Ph, phenyl. Some of these compounds
proved to be potent and selective agonists/antagonists to various opioid recep-
tors. Peptide analogues of the above pharmacophore display inhibition activity
to the human multidrug resistance P-glycoprotein252.
A set of pseudoproline containing analogues of morphiceptin and endomor-

Figure 7

Figure 8
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phin-2 was synthesized253 (Figure 8). The peptide analogues were used for
conformational and binding studies, with several analogues showing good po-
tency. Further proof was obtained that the cis Tyr-Pro bond is crucial for a
bioactive conformation.
A highly potent and selective m-opioid peptide (H-Dmt-D-Arg-Phe-Lys-NH2)

was pharmacologically characterised254. Four analogues of deltorphin I (Tyr-D-
Ala-Phe-Asp-Val-Val-Gly-NH2) were prepared using b-isopropyl phenylalanine
isomers (98, 99, 100 and 101)255. The biological evaluation of these analogues
resulted in exceptional selectivity. NMR conformational studies and molecular
modeling suggested a model for the possible bioactive conformation. The role of
backbone conformation in deltorphin II (Tyr-D-Ala-Phe-Gln-Val-Val-Gly-
NH2) was studied by QSAR method256.
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Orphanin/nociceptin 1-6 (Phe-Gly-Gly-Phe-Thr-Gly) and their C-terminally
modified analogues have been tested257. The C-terminal glycine proved to be
crucial for the hyperalgesic activity. A set of orphanin/nociceptin 1-13 analogues
have been synthesized in order to investigate the role of the N-terminal amino
acid in the biological activity which proved to be crucial258. Thirty two analogues
of orphanin 1-13 were synthesized with substitution of the 4th amino acid (Phe)
by varions unnatural aromatic amino acids259. Cyclic disulfide containing ana-
logues of orphanin (Phe-Gly-Gly-Phe-Thr-Gly-Ala-Asn-Gln) were syn-
thesized260.
The role of the d-opioid receptor in the antinociceptive actions was studied

with a synthetic analogue of neuropeptide FF (D-Tyr-Leu-(Nme)Phe-Gln-Pro-
Gln-Arg-Phe-NH2)261. A structure-activity study was carried out to determine
the importance of the C-terminal amino acids in neuropeptide FF262. The se-
quence of the C-terminal dipeptide seems to be responsible for the high affinity. A
neuropeptide FF analogue, (D-Tyr1-(NMe)Phe3)neuropeptide FF, was used in
three different studies to investigate the mechanism of the action of neuropeptide
FF263,264,265.

4.14 Somatostatin Analogues. — A bicyclic (backbone bridged and disulfide
bridged) somatostatin analogue (102) was designed and synthesized266 by Fmoc
SPPS methodology. The 3D structure of this analogue was investigated by
1HNMR spectroscopy. Biological assay revealed that this molecule displayed
high selectivity toHsst2 receptor subtype. AnotherHsst2 receptor selective small
molecule somatostatin analogue (103) based on the structure of (104) and (105)
with good receptor binding affinities was prepared by Boc methodology267.
Compound (103) antagonized the somatostatin action with IC50�29 nM. The
use of different agonistic and antagonistic analogues of somatostatin and their
receptor binding to different somatostatin receptors (Hsst 1-5) have been re-
viewed268. Compounds (106-110) were considered as the most important ana-
logues in the development of clinically useful compounds. In the same review
several nonpeptide analogues of somatostatin and their potential use as chemo-
therapeutic agent was discussed. Another approach showed the possibility of the
use of Tc-99m labelled somatostatin analogue (RC 160) as a peptide-based
radiopharmaceutical269.
Interesting and promising work has shown the possibility of the use of

b-peptides as selective and potent ligands to Hsst4 receptor270. Molecular
modelling and NMR investigations have revealed271 the bioactive conformation
of somatostatin analogues necessary for displaying high affinity to somatostatin
receptor subtype Hsst2 and Hsst5. From an N-methylation scan of a potent
somatostatin analogue (Cpa-cyclo(DCys-Pal-DTrp-Lys-Thr-Cys)-Nal-NH2),
several highly selective and potent antagonists were discovered272.
The long time biokinetics and the possible therapeutic use of the radiolabelled

somatostatin analogue (111In-DTPA-D-Phe1-ocreotide) have been investigated
in mice transfected with the human carcinoid tumor, GOT1273. Lanreotine, an
octapeptide analogue of somatostatin has been labelled with a commonly avail-
able radionucleotide 99mTc274.
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Cytotoxic somatostatin analogues (e.g. D-Phe-Cys-Tyr-D-Trp-Lys-Val-Cys-
Thr-NH2, covalently linked to 2-pyrrolinodoxorubicin) were investigated for the
inhibition of the growth of small-cell lung a carcinoma275. The apoptotic effect of
the somatostatin analogue TT-232 (D-Phe-Cys-Tyr-D-Trp-Lys-Cys-Thr-
NH2)was further investigated276.The anti-inflammatory effect of several somatos-
tatin analogues has also been described277. Several octapeptide analogues of
somatostatin with N-terminal modifications (D-Nal, D-3(2-naphthyl)alanine;
D-Pal, D-3-(3-pyridyl)alanine; D-Qal, D-3-(3-quinolyl)alanine; D-Cl-Phe, D-3-
(4-chlorophenyl)alanine, and D-Cl2-Phe, D-3-(3,4-dichlorophenyl)alanine) have
been synthesized and tested for inhibitory effect on GH release278. The best
results were found in case of the 3-pyridylalanine containing analogue which was
84 times more potent than RC-160.

4.15 Tachykinin (Substance P and Neurokinin) Analogues. � Two analogues of
scyliorhinin II, a tachykinin family peptide modified at position 16 were syn-
thesized and characterized by NMR spectroscopy and their binding to the NK3
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Figure 9

receptor279. A spirolactam containing substance P receptor ligand was designed
and prepared280. The structure of the incorporated constrained molecule is
shown in Figure 9. Photoreactive amino acid (p-benzoylphenylalanine)-contain-
ing substance P analogues havew been prepared and used for the characterisa-
tion of neurokinin-1 receptor281. The 4-10 fragment of neurokinin A (H-Asp-Ser-
Phe-Val-Gly-Leu-Met-NH2) was used to investigate the importance of natural
residues and their chirality for affinity and efficacy at the NK2 receptor282. Octa-
to undecapeptide analogues of substance P with the same C-terminal hexapep-
tide as those of Tyr8-substance P, in which amino acids in positions 1-4 were
replaced with each of 19 common amino acids have been prepared and inves-
tigated for their sialogogic activity283.
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A bicyclic glycopeptide NK2 receptor antagonist and its by-products were
synthesized, and characterised284 by NMR spectroscopy. The appearance of the
observed by-products was mainly caused by isomerization of the sugar moiety in
the process of ring opening. Molecular models for the interaction of substance P
with its G-protein-coupled receptor, the neurokinin-1 receptor have been devel-
oped285. Glycosylated analogues of substance P (111 and 112)were prepared by a
chemo-enzymatic synthesis286. The pharmacological properties of MEN 11467
(113), a selective and orally-effective peptide-mimetic NK1 receptor antagonist
have been investigated287.

4.16 Vasopressin and Oxytocin Analogues. — 4.16.1 Oxytocin Peptide and Non-
peptide Analogues. Three conformationally constrained analogues of oxytocin
containing an ethylene-bridged dipeptide unit (114) at positions 2 and 3 and two
other peptides with N-Me-D-Phe residues were synthesized and tested for
vasopressor and uterotonic activities in vitro288. The structures of these analogues
are as follows: Xxx-DPhe-DPhe-Gln-Asn-Cys-Pro-Leu-Gly-NH2, where Xxx:
Cys, Mpa or Mcp. The pharmacological tests revealed that these analogues
exhibited no pressor or antipressor activity, while two of them displayed weak,
but very selective anti-uterotonic activity.

A set of oxytocin analogues modified on the aromatic ring of amino acids in
position two, [Cys-D-Phe(m-OMe)-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2, Cys-L-
Phe(m-Me)-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2, Cys-L-Phe(m-OMe)-Ile-Gln-
Asn-Cys-Pro-Leu-Gly-NH2, Cys-L-Tyr(o-Me)-Ile-Gln-Asn-Cys-Pro-Leu-Gly-
NH2, and Cys-D-Tyr(o-Me)-Ile-Gln-Asn-Cys-Pro-Leu-Gly-NH2] were pre-
pared and tested289. The biological measurements were carried out in vitro in the
presence of Mg2� or in vivo in the absence of Mg2�. These results suggested the
theory concerning the importance of Mg2� ion for the antagonistic properties of
oxytocin analogues. The role of the 6th and 7th amino acid in oxytocin (Cys-Pro)
was investigated290. The synthesized analogues were the following: [Pen6]oxy-
tocin, [Pen6, 5-t-BuPro7]oxytocin, [Mpa1, Pen6]oxytocin, [Mpa1, Pen6, 5-t-
BuPro7]oxytocin, [dPen1, Pen6]oxytocin, and [dPen1, Pen6, 5-t-BuPro7]oxy-
tocin.
The synthesis of the partially protected 1-6 fragment of oxytocin (tocinoic

acid) was optimised291. A solid-phase approach applying combined Boc and
Fmoc chemistry on 2-chlorotrityl resin proved to be optimal. Twelve new
oxytocin antagonists were designed and synthesized292 during the search for
more selective analogues than Atosiban. The structures of these peptides are
as follows: Atosiban (d[D-Tyr(Et)2,Thr4]OVT), desGly(NH2),d(CH2)5 [Tyr(Me)2,
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Thr4]OVT, desGly(NH2),d(CH2)5[Thi2,Thr4]OVT, desGly(NH2),d-(CH2)5[D-
Thi2,Thr4]OVT, d(CH2)5[Tyr(Me)2,Thr4,Tyr-(NH2)9]OVT, d(CH2)5[Thi2,Thr4,
Tyr-(NH2)9]OVT, d(CH2)5[D-Thi2,Thr4,Tyr-(NH2)9]OVT, d(CH2)5[Tyr(Me)2,
Thr4,Eda9]OVT, d(CH2)5[Thi2,Thr4,Eda9]OVT, d(CH2)5[D-Thi2,Thr4,Eda9]
OVT, d(CH2)5[Tyr(Me)2,Thr4,Eda9¨Tyr10]OVT, d(CH2)5[Thi2,Thr4,Eda9¨
Tyr10]OVT, d(CH2)5[D-Thi2,Thr4,Eda9¨Tyr10]OVT. Approximately half of the
peptides displayed much better selectivity of anti oxytocin activity comparing to
the parent peptide.

4.16.2 Vasopressin Analogues. The 4-8 fragment of the arginine vasopressin
analog (pGlu4, Cyt6) was investigated for its activity on the central nervous
system293. This peptide proved to be 100 times more effective than the whole
molecule. The results suggested that this shorter fragment of AVPmight have an
enhancing effect on general cognitive abilities.

4.17 Insulins and Chemokines. — 4.17.1 Insulins. A nonapeptide fragment of
the insulin B chain (H-Arg-Gly-Phe-Phe-Tyr-Thr-Pro-Lys-Ala-OH) was found
to inhibit dopamine uptake by rat dopamine transporter294. A deletion analogue
of insulin (missing the amino acids 28 to 30 from the B chain) has been inves-
tigated by X-ray crystallography295. According to the investigation, the C ter-
minal part of the B chain plays a crucial role in the polypeptide association. The
recently discovered insulin 3 (Figure 10) has been chemically synthesized by
solid-phase technique using continuous flow Fmoc methodology296.

Figure 10

4.17.2 Chemokines. The inhibition of the CXCR4 chemokine receptor can lead
to anti-HIV activity and cytotoxicity. A set of shorter analogues of T140, a
14-residue long specific CXCR4 inhibitor was prepared for the investigation of
serum stability and cytotoxicity297. One of the CC chemokine receptors (CCR3)
can be antagonized298 by phenylalanine derivatives (Figures 11, 12 and 13). These
derivatives are considered as anti inflammatory agents. The most active antag-
onist was a p-nitrophenylalanine derivative (115) which had an IC50 value of
5nM299. Based on their lead structure numerous analogues were designed and
synthesized. Some of them proved to be potent and selective CCR3 receptor
antagonists. HIV-1 Tat protein plays one of the central roles in AIDS pathogen-
esis, and a recently synthesized neomycin B-hexaarginine conjugate (116) in-
hibited the Tat actions, partially by competing with Tat for the binding to
CXCR4 receptor300.

4.18 Peptide Toxins. For many years, scorpion venoms have provided the neur-
obiologists with a rich and varied source of toxins that act as selective ion
channel blockers. Recently numerous new peptide toxins were isolated and
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identified. A brief summary of them:. tamulustoxin, a novel 35-amino acid
peptide (cyclo[Arg-Cys-His-Phe-Val-Val-Cys-Thr-Thr-Asp-Cys-Arg-Arg-Asn-
Ser-Pro-Gly-Thr-Tyr-Gly-Glu-Cys-Val-Lys-Lys-Glu-Lys-Gly-Lys-Glu-Cys-
Val-Cys-Lys-Ser]) found in the venom of the Indian red scorpion (Mesobuthus
tamulus) having potassium channel blocker properties301; Centruroides sculp-
turatus Ewing peptides that recognize Na�-channels302. Altogether 16 different
genes were cloned which code 22 different, 63-66 amino acid-long mature pep-
tides; slotoxin (cyclo[Thr-Phe-Ile-Asp-Val-Asp-Cys-Thr-Val-Ser-Lys-Glu-Cys-
Trp-Ala-Pro-Cys-Lys-Ala-Ala-Phe-Gly-Val-Asp-Arg-Gly-Lys-Cys-Met-Gly-
Lys-Lys-Cys-Lys-Cys-Tyr-Val]) a new peptide blocker of MaxiK channels iso-
lated fromCentruroides noxiusHoffmann303. This peptide belongs to the charyb-
dotoxin sub-family; OsK2, a novel inhibitor of voltage-gated K� channels from
the black scorpionOrthochirus scrobiculosus304. This peptide is characterized as a
28-residue peptide having six cysteine residues (cyclo[Ala-Cys-Gly-Pro-Gly-
Cys-Ser-Gly-Ser-Cys-Arg-Gln-Lys-Gly-Asp-Arg-Ile-Lys-Cys-Ile-Asn-Gly-Ser-
Cys-His-Cys-Tyr-Pro]); four K�-toxin-like peptides (BmKK1, BmKK2, BmKK3

and BmKK4) were isolated from the Chinese scorpion Buthus martensii
Karsch305. The upper toxins are 31-mer, three disulfide containing peptides;
BmTXKS1, a 31-mer, six cysteine containing peptide was isolated from the same
animal306; two novel 66-mer a-like-toxins were cloned and characterized from
the same Chinese scorpion307; a b-toxin-like peptide and twoMkTx I homologue
63-mer toxins were cloned and sequenced from scorpion Buthus martensii
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Karsch308; BmTX2, a 37 amino acid- and three disulfide bridge-containing K�

channel toxin was also cloned309; the functional site of bukatoxin, an a-type
neurotoxin was identified310; a new peptide named Bmk dITAP3 from scorpion
Buthus martensii Karsch has been identified as possessing dual bioactivity, a
depressant neurotoxicity and analgesic effect311; maurotoxin, a 34-residue long,
four-disulfide bridged scorpion toxin (117) was isolated from the venom of
Scorpio maurus palmatus and chemically synthesized312; the cystine knot motif
which is relatively common in small, cysteine-rich toxins was discussed in an
article, including their potential use in drug design115; the conformation of the
P-type cardiotoxin from the cobra snake venom was investigated by NMR
spectroscopy313; the role of Arg13 in m-conotoxin GIIIA, a peptide toxin isolated
from the marine snailConus geographuswas investigated314; AM-toxin II (118), a
host-specific phytotoxin produced by Alternaria alternata, the fungus causing
leafspot disease of apple trees, has been chemically synthesized315.

4.19 Miscellaneous. — Chimeric peptides (galanin 1-12 attached to Pro-brady-
kinin(2-9)-amide or Pro-spantide-amide) were investigated as galanin receptor
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antagonists on rat exorcine pancreas316. An analogue of glucagon-like peptide-1
(7-36)amide containing His-glucitol in position seven was investigated for its
glycemic effect and its degradation317. Two shorter analogues of CGRP ([Asp31,
Pro34, Phe35]CGRP 27-37 and [Asn31, Pro34, Phe35]CGRP 27-37) have been
investigated for their modulatory effect318.

Two conformationally constrained PACAP27 analogues have been syn-
thesized and characterized319. The incorporated constrained amino acids (119
and 120) were carboline derivatives. The sequence of the resulting peptide
analogues were as follows: His-Ser-Asp-Gly-Ile-Phe-Thr-Asp-Ser-[S-IBTM10,11]
-Arg-Tyr-Arg-Lys-Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-NH2

and His-Ser-Asp-Gly-Ile-Phe-Thr-Asp-Ser-[R-IBTM10,11]-Arg-Tyr-Arg-Lys-
Gln-Met-Ala-Val-Lys-Lys-Tyr-Leu-Ala-Ala-Val-Leu-NH2. The conformation
and binding affinity of these peptides were investigated. PACAP27 analogues for
photoaffinity labelling were prepared and used for the characterization of the
PACAP type I receptor320.
Several fMLF-OMe analogues containing alkyl spacers (Figure 14) were

synthesized and characterized321. A set of TRH analogues (121) has been design-
ed and prepared by modification of the N-terminal pyroglutamic acid residue322.
Several (S,S)-[Pro-Leu]-spirolactam containing short peptides (122) as E2F-
1/Cyclin A antagonists have been synthesized and characterized323.
The synthesis of salmon I calcitonin has been optimized324, and the total

chemical synthesis of the 105 amino acid containing human activin bA[12-116]
described325. The 99mTc-containing complex derivative (123) of the tuftsin recep-
tor binding peptide has been prepared326. Eleven new bioactive dahlein peptides
were isolated and sequenced from the skin of the Australian aquatic frog Litoria
dahlii327, and the a-aminosuberic acid containing deamino-dicarba analogue of
eel-calcitonin 1-9 was prepared328.
The octadecaneuropeptide (ODN, Gln-Ala-Thr-Val-Gly-Asp-Val-Asn-Thr-

Asp-Arg-Pro-Gly-Leu-Leu-Asp-Leu-Lys) and its C-terminal octapeptide were
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prepared and used for conformational and biological studies329. The cyclic
analogues of these peptides proved to be more potent than their parent peptides.
The phosphorylated p21Max protein (1-101) has been synthesized using an

expressed peptide as building block330. The N-terminal region was synthesized
chemically as a phosphorylated thioester and successfully coupled to the ex-
pressed part.

5 Enzyme Inhibitors

A number of reviews dealing with enzyme inhibitors were published in 2001. The
developments in the field of transmembrane proteases as disease markers and
targets for therapy have been discussed331. More specialized reviews on the
discovery and the clinical development of HIV-protease inhibitors332, 333, on the
strategies for the inhibition of serine proteases334 and on recent strategies in the
development of new human cytomegalovirus inhibitors335 have been published.

5.1 Aminopeptidase and Deformylase Inhibitors. — A radiolabeled inhibitor of
aminopeptidase A was synthesized in order to investigate the localization of the
enzyme in the central nervous system and peripheral organs336. This compound,
[3(R)-amino-2(S)-sulfhydryl-5-sulfonate]-pentanoyl-(S)-3-[125I]-iodotyrosyl-(S)-
aspartic acid (124), exhibited a Kivalue of 4.8 nM for aminopeptidase A and had
a specific activity of about 2 000 Ci/mmol at the end of the synthesis. Peptides
containing 3R-amino-2S-hydroxy heptanoic acid (AHHpA) residue may inhibit
methionine aminopeptidase-1 with IC50 values in the low micromolar range337.
Methionine aminopeptidase (MetAP), a divalent cobalt metalloprotease essen-
tial to the processing of proteins, cleaves the N-terminal methionine from the
growing polypeptide chains. Two types of MetAP are known: MetAP-1 and
MetAP-2. Prokaryotes have only MetAP-1 and inhibitors of this enzyme could
have potential antibacterial activity. (MetAP-2 inhibitors currently show poten-
tial use as anti-angiogenesis agents in cancer treatment).
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A very concise review summarizes the most effective and most promising
inhibitors of Leu-aminopeptidase338. A facile and rapid synthesis of naturally
occuring aminopeptidase inhibitor tyramycin A has been described339. Prodrugs
of phosphinic dual inhibitors of the enkephalin degrading enzymes, neutral
endopeptidase and aminopeptidase-N were synthesized to improve the poor
central bioavailability of their precursors340. As expected, these compounds
induced long-lasting (�2h) antinociceptive responses in the hot plate test in
mice.

Deformylation of the polypeptide chain by the metalloenzyme deformylase
after the ribosomal protein biosynthesis is a crucial step in bacteria. Very
recently a human peptide-deformylase was identified which is presumed to be
involved in deformylation in the mitochondrion. By screening a library of
metalloenzyme inhibitors, an N-formyl-hydroxylamine derivative was identified
as a potent inhibitor ofE. coli peptide deformylase (PDF)341. Potent, selective and
structurally new inhibitors (125, 126) were synthesized and evaluated342. Al-
though these compounds showed good selectivity for PDF, their antibacterial
acitivity was weak. Screening of a compound collection using Staphylococcus
aureus PDF afforded a very potent inhibitor of hydroxamic acid structure with
an IC50 in the low nanomolar range343. This compound did not exhibit antibac-
terial activity.

5.2 Calpain Inhibitors. — Calpains, calcium-activated cysteine proteases widely
distributed in mammalian cells, exist in two major forms: calpain I and calpain
II. Calpain I is believed to be activated during a biochemical cascade that leads
to a delayed degeneration of neurons following ischemia. Potent, membrane
permeable calpain I inhibitors are pharmacological targets for putative treat-
ment of neurological diseases. A series of potent dipeptide and tripeptide a-
ketohydroxamic esters was prepared as inhibitors of recombinant human cal-
pain I344. A dipeptide derivative, Z-Leu-Phe hydroxamate (127) displayed the
greatest potency against calpain I (IC50 � 6 nM), while two tripeptide deriva-
tives, both possessing the Z-Leu-Leu-Phe sequence, were the most potent (IC50

� 0.2 mM) in a whole-cell MOLT-4 assay. In another series of experiments, 16
derivatives of the 3,4-dihydro-1,2-benzothiazine-2-carboxylate-1,1-dioxidewere
synthesized345 (Figure 15) and the effect of 2-, 6- and 7-benzothiazine substituents
on the inhibitory effect was examined. The potency of these calpain I inhibitors is
particularly dependent upon the 2-substituent, with methyl and ethyl being
generallymore potent than hydrogen, isopropyl, isobutyl or benzyl. The potency
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of the best inhibitors in this series (IC50� 5-7 nM) compares favourably with that
of the classical Z-dipeptide aldehyde inhibitors bearing L-Leu or L-Val residues.
Some negative results: the diketopiperazine calpain inhibitor isolated form
Streptomyces griseus, cis-L,L-3,6-bis-(4-hydroxybenzyl)-1,4-dimethylpiperazine-
2,5-dione (128) was synthesized and showed no inhibitory activity in an assay
with the porcine erythrocyte calpain I346. Analogues with a similar structure (129,
130) containing N-methylphenylalanine were also unable to inhibit calpain I in
the same assay.

5.3 Carboxypeptidase Inhibitors. — Carboxypeptidase A (CPA), that cleaves
the C-terminal amino acid residue having a hydrophobic side chain, has been
most intensively studied, and serves as a prototypic Zn-peptidase. Phos-
phonopeptides (phosphonate analogues of peptides in which an amide linkage
has been replaced with a phosphonate ester or phosphonamide) and thiophos-
phono-peptides have been prepared as CPA-inhibitors347. There have been many
examples of phosphonopeptides that strongly inhibit metalloproteases, however,
the effectiveness of thiophosphonopeptides as inhibitors of the CPA is demon-
strated for the first time. A new inhibitor design strategy was used for CPA, and
N-(2-chloroethyl)-N-methylphenylalanine proved to be a potent inhibitor348

(131). It was hypothesized that the chloroethylamino moiety of the CPA-bound
inhibitor undergoes an intramolecular SN2 reaction and generates a reactive
aziridinium ion which reacts with the carboxylate of Glu-270 of the enzyme,
leading to covalent modification of the carboxyl groups (irreversible inhibition).
The (R)-enantiomer of (131) was more potent than the (S)-isomer. b-Lactone-
bearing phenylalanine derivatives (e.g. (3S,1�S)-3-(1�-Carboxy-2�-phenyl)
ethylamino-2-oxetanone) were designed, synthesized, and evaluated also as in-
hibitors for CPA349. This compound inactivates the enzyme irreversibly while the
3R,1�S diastereomer proved to be a weak competitive inhibitor for CPA. From
the same research group, a novel class of inhibitor for CPA, N-(hy-
droxyaminocarbonyl) phenylalanine (132) was designed, synthesized and evalu-
ated in enzyme assay350, exploiting the metal chelating property of hydroxyurea.
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The designed inhibitor was readily prepared from phenylalanine benzyl ester in
two steps. The racemic mixture of (132) inhibits CPA in a competitive fashion
with the Ki value of 2.09 mM, the D-enantiomer of (132) is 3-fold more potent (Ki

� 1.54 mM) than its antipode.
N-Acetyl-L-aspartyl-L-glutamate, the peptide neurotransmitter ligand at

metabotropic glutamate receptors and a mixed agonist/antagonist at the
NMDA receptor, is hydrolysed by the neuropeptidase glutamate carboxypep-
tidase II. This dipeptidase enzyme is a metalloprotease and can be inhibited by
unsymmetrical ureas351 of general structure 133. Several of the novel compounds
act in IC50 of 6-30 nM range and provide significant (up to 69%) neuroprotection
by blocking NMDA toxicity in vitro.
2-Benzyl-3,4-iminobutanoic acid has been evaluated as a novel class of car-

boxypeptidase A inhibitor352.

5.4 Caspase Inhibitors. — The family of caspases, a highly conserved family of
cysteine proteases, can be subdivided into 3 groups: a) caspases involved in
inflammation (caspase 1, 4, 5 and 13); b) initiator caspases (6, and 8 to 10); and c)
effector caspases (2, 3 and 7).

5-Dialkylaminosulfonylisatins have been identified as potent, nonpeptide in-
hibitors of caspases 3 and 7353. The most active compoundwithin this series (134)
inhibited both enzymes in the 2-6 nM range and exhibited approximately
1000-fold selectivity for caspases 3 and 7 versus five other caspases (1, 2, 4, 6 and
8). These apoptosis inhibitors are active in three cell-based models. In another
laboratory a series of compounds was designed and prepared as inhibitors of the
interleukin-1b converting enzyme (ICE), also known as caspase-1354. Inhibitors
have a diphenyl ether sulfonamide structure (135). The structure-based design
and X-ray crystallographic analysis of a new class of active site caspase-1
inhibitors, which contain a biphenyl sulfonamide-aspartic acid aldehyde scaf-
fold, have been reported from the same laboratory355. An X-ray crystal structure
of a diphenyl ether sulfonamide derivative bound to the active site of caspase-1
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shows that the catalytic residue (Cys285) forms a standard covalent bond with
the aspartic acid aldehyde of the inhibitor, having a Ki value of 0.62 mM.
Structure-based design of a combinatorial library was carried out in order to
identify non-peptidic thiomethylketone inhibitors of caspase 3 and 8, and this
strategy has proved useful for identifying caspase inhibitors356. N-Nitrosoaniline
derivatives as NO donors form a new class of caspase-3 inhibitors: NO inhibits
the activity of the enzyme by S-nitrosylation357.

5.5 Cathepsin and Other Cysteine Protease Inhibitors. — Cathepsin C, a dipep-
tidyl-peptidase, removes dipeptides sequentially from the unsubstituted N-ter-
mini of polypeptide substrates with broad specificity. Three dehydrotetrapep-
tides (e.g. 136, Gly-DPhe-Gly-Phe-pNA) were prepared and tested as affectors of
cathepsin C358. These compounds appeared to be substrates of the enzyme, thus
the replacement of an amino acid in a short peptide by the corresponding
dehydroamino acid does not prevent cathepsin C in recognizing the dehyd-
ropeptide as its substrate.
Using solid phase peptide synthesis, a library of cyclic alkoxyketones (137)

was prepared as potent inhibitors of cathepsin K359. The best compounds show
Ki values of some ten nM. In another laboratory, peptidomimetic aminomethyl
ketones (138) have been identified360. Structure-activity relationships were estab-
lished and certain analogues were characterized with IC50 values in the range of
200-500 mM.
The synthesis, in vitro activities and pharmacokinetics of a series of

azepanone-based inhibitors of cathepsin K are described361. These compounds
show improved configurational stability. Compound (139) is a potent, selective
inhibitor of human cathepsin K (Ki � 0.16 nM), and pharmacokinetic studies in
the rat, show (139) to be 42% orally bioavailable. From small-molecule X-ray
crystallographic analysis and molecular modelling studies it is concluded that
the introduction of a conformational constraint has served the (dual) purpose of
increasing inhibitor potency by locking in a bioactive conformation as well as
locking out available conformations which may serve as substrates for enzyme
systems that limit oral bioavailability.
Two series of cyclic ketones have been designed and identified as cathepsin K

inhibitors362. One of the inhibitors, a 3-aminotetrahydrofuran-4-one analogue
was cocrystallized with the cathepsin K. The inhibitor occupies the unprimed
side of the enzyme active site. Compounds containing a 1-cyanopyrrolidinyl ring
were identified as potent and reversible inhibitors of cathepsin K and L363.
Dipeptidyl nitriles have been identified as potent and selective inhibitors of

cathepsin B. Compound (140) has an IC50 of 7 nM of the enzyme, with excellent
selectivity over other Cys-cathepsins364. Cathepsin B plays a role in apoptotic
neuronal cell death: inhibition of cathepsin B contributes to the neuroprotective
properties of caspase inhibitor Tyr-Val-Ala-Asp-chloromethyl ketone365.
Six new peptidyl diazomethylketones have been synthesized as cysteine pro-

tease inhibitors structurally based upon the inhibitory centers of cystatins366.
Inhibitory activities of these compounds against papain and bovine cathepsin B
were tested. Dipeptide analogues containing an oxirane (epoxide) ring instead of
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the peptidic bondwere also prepared, some of them proved to be time-dependent
reversible inhibitors of cysteine protease but with poor inhibition potency367.

5.6 Cytomegalovirus and Rhinovirus 3C Protease Inhibitors. — A pep-
tidomimetic library for inhibiting human cytomegalovirus (HCMV) protease
was designed based on the interactions between the protease active site and its
peptidomimetic inhibitors368. The library was synthesized in the liquid phase by
the Ugi four-component condensation reaction from four kinds of building
blocks: carboxylic acids, amino, oxo compounds and isocyanides and then
oxidation performed. No biological data were given.
Selective nonpeptidic inhibitors of herpes simplex virus type 1 and HCMV

protease have been synthesized369. For treatment of the common cold, the human
rhinovirus (HRV) protease inhibitor drug candidate AG7088 was developed370

(141). An efficient synthetic route to a key intermediate for the preparation of
AG7088 has been developed employing a key asymmetric dianionic cy-
anomethylation of N-Boc-L-glutamic acid dimethyl ester. This methodology
enables the preparation of AG7088 in kilogram quantities with an overall yield
of 30%.
Depsipeptide-based inhibitors with an ester replacement of an amide bond

were designed and synthesized against the HRV 3C protease371. These inhibitors
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(e.g. 142) act irreversibly on the enzyme but may not be ideal therapeutic
candidates due to their lack of in vitro stability.

5.7 Converting Enzymes and Their Inhibitors. — 5.7.1 ACE and Related En-
zyme Inhibitors.Novel tetra-, penta- and hexapeptides as angiotensin converting
enzyme (ACE) inhibitors are given in the bulky patent literature, which has not
been reviewed here. A new software package, ‘Pseudo Atomic Receptor Model’
(PARM) has been developed for drug design in situations in which the 3D
structure of the target receptor/enzyme is not available372. PARM was used for
known ACE inhibitors, with favourable cross-validation statistics. A new thioes-
terase enzyme, isolated from a strain ofAlcaligenes sp. ISH108, chemoselectively
hydrolyses thiol esters and can be applied for the preparation of the ACE-
inhibitor captopril373. An antihypertensive nonapeptide, with a possible ACE-
inhibitor activity was purified from trypsin hydrolysate of hog bone collagen374.
The nonapeptide contains Ile, His, Ser, Gly, Ala, Pro, Tyr, Leu and Asp and has
an IC50 value of about 2.6 x 10�2 mM. Similarly to these results, two ACE-
inhibitory peptides were purified and isolated from thermolysin digest of porcine
skeletal muscle protein myosin375. The sequences of these inhibitory peptides,
named myopentapeptides A and B, are Met-Asn-Pro-Pro-Cys and Ile-Thr-Thr-
Asn-Pro and were found in the myosin heavy chain. IC50 for ACE-inhibition of
these pentapeptides were 945 and 549 mM, respectively. Six other tripeptides of
similar sequence (Met-Asn-Pro, Asn-Pro-Pro, Pro-Pro-Lys, Ile-Thr-Thr, Thr-
Thr-Asn and Thr-Asn-Pro) showed ACE-inhibitory activity.

5.7.2 Endothelin Converting Enzyme. Endothelin converting enzyme-1(ECE-1),
a zinc metalloprotease, catalyses the post-translational conversion of big en-
dothelin-1 to endothelin-1 (ET-1), one of the most potent vasoconstrictive pept-
ides. Potent inhibitors of ET-1 biosynthesis is thus envisaged as an attractive
potential therapeutic approach for the treatment of diseases linked with elevated
ET-1 levels. Through directed screening of metalloprotease inhibitors, CGS
30084 (143) has been identified as a potent ECE-1 inhibitor in vitro (IC50 � 77
nM). This compound served as a lead compound and after various modifications
carried out at the thiol-end and at the biphenyl-portion of CGS 30084, a series of
new inhibitors has been synthesized376. The thioacetate methyl ester prodrug
derivative of compound (144) was found to be an orally active and a potent
inhibitor of ECE-1 activity in rats.

5.8 Elastase Inhibitors. — The current status and perspectives of elastase in-
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hibitors have been reviewed377. Human neutrophil elastase (HNE) is involved in
a series of diseases, and despite intensive research work orally active inhibitors
with clinical potential are very rare. The low molecular weight HNE inhibitor
ONO-6818 (145) served as lead compound for identifying new orally active
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inhibitors378. Peptidic derivatives showing more potent inhibitory activity than
nonpeptidic inhibitors (Figures 16, 17 and 18) have also been discovered. Among
these, N-aryl derivatives showed oral activity, and this activity is in good
correlation with the metabolic stability. Macrolide antibiotics like erythromycin
and flurythromycin show inhibition of HNE379.
Human leukocyte elastase (HLE) is a serine protease involved in several

degenerative lung and tissue diseases. A series of b-lactam derivatives were
synthesized and tested to detect the structure-activity relationship for inhibition
of HLE380. The most potent IC50 values were obtained with neutral hydrophobic
7a-methoxy cephalosporanic acid derivatives. Tryptophanyl-9-fluorenylmethyl
ester (146) and N-benzhydryl piperazine (147) derivatives of 7a-methoxy
cephalosporanic acid represent two long (beyond 24h) acting novel HLE-inhibi-
tors. New HLE inhibitors, 6-acylamino-2-[(ethylsulfonyl)oxy]-1H-isoindol-
1,3diones have also been reported 381.

5.9 Farnesyltransferase Inhibitors. — Because of the involvement of farn-
esylated Ras-proteins in oncogenesis, the inhibition of the protein-modifying
enzyme farnesyltransferase is considered as a major emerging strategy in cancer
therapy. A novel class of peptidomimetic farnesyltransferase inhibitors based on
the benzophenone scaffold is described382. The best compounds like 148 have an
IC50 value in the 70-80 nM range. 4�-Methyl, 4�-chloro, 4�-bromo, and 4�-nit-
rophenylacetic acid as substituents at the 2-amino group of the benzophenone
core structure yield active farnesyltransferase inhibitors; using diphenylacetic
acid in this position further improves activity. Flex X docking of 148 confirms the
good fit of the molecule into the peptide binding site of farnesyltransferase. The
syntheses of new farnesyl diphosphate analogues (149 and 150) containing
photoactive benzophenone groups has been described383. These new analogues
can be enzymatically incorporated into Ras-based peptide substrates allowing
the preparation of molecules with photoactive isoprenoids that may serve as
valuable probes for the study of prenylation function. Trisubstituted cyclo-
propane-derived pseudopeptides were also designed and synthesized384. These
peptidomimetics like (151) were found to be competitive inhibitors of Ras
farnesyltransferase with IC50 of 320 nM, but less potent than the tetrapeptide
parent C Abu FM. A novel class of highly potent, selective, and nonpeptidic
inhibitors, of Ras-farnesyltransferase, based on (152), has been found385.
The binding of farnesyltransferase inhibitors to the enzyme has been studied

with computational chemistry386. Employing flexible docking of several non-
thiol farnesyltransferase inhibitors known from the literature as well as some
new model compounds and performing also GRID searches, two regions in the
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enzyme’s active site were identified as aryl binding regions. On the basis of these
results, new inhibitors were designed and synthesized. Compound (153) is a
non-thiol inhibitor with an IC50 of 35 nM. The synthesis, structure-activity
relationships, and biological properties of a novel series of imidazole-containing
inhibitors of farnesyltransferase have also been described387. Systematic modifi-
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cations has also provided the compound (154), a non-peptide enzyme inhibitor
with excellent bioavailability and with an IC50 of 1.9 nM. The farnesyltransferase
inhibitor, RPR 115135 (155) and two of its analogues with oxa-bridges (156 and
157) have been synthesized by different routes388. The parent compound has low
enzyme-inhibition profile with an elevated cellular potency as well as moderate
in vivo activity. A conformationally restricted inhibitor of farnesyltransferase,
3,8-diazabicyclo[3.2.1]octan-2-one was synthesized389 and this chemistry was
used for producing a conformationally constrained enzyme inhibitor, which
aided the elucidation of the enzyme-bound conformation.

5.10 HIV-Protease Inhibitors. — The currently available chemotherapeutic
agents for the treatment of AIDS include nucleotide reverse transcriptase inhibi-
tors (AZT, ddI, ddC, 3TC, d4T, etc.), nonnucleotide reverse transcriptase inhibi-
tors (e.g. nevirapine) and protease inhibitors (e.g. ritonavir, indinavir, am-
prenavir). The recent trend toward early and aggressive intervention with
combination chemotherapy requires new and new enzyme inhibitors with low
toxicity.
HIV-1 encodes an aspartic acid protease (HIV-1 PR). This enzyme has been an

attractive target for the design of inhibitors for effective antiviral therapy. Dimer-
ization of HIV-1 PR is one of the essential events to attain the main structure,
which is an enzymatically active C2-symmetric homodimer. Two new non-
peptide inhibitors were designed and synthesized that effectively inhibit dimeriz-
ation, by a dissociative and also through an active-site directed mechanism390.
The compounds contain a b-strand mimetic part as shown in (158).
Two stereoselective routes to a series of diastereomeric inhibitors of HIV-

protease, monofluorinated analogues of the known Merck inhibitor indinavir,
have been described391. The most potent inhibitor (159) has about the same
inhibitory activity as indinavir (Ki � 2.0 nM).
Derivatized carbohydrates as C2-symmetric HIV-1 protease inhibitors have

been previously described. A series of fluoro substituted P1/P1� analogues have
been synthesized and evaluated for antiviral activity392. The potency of the
analogues characterized with the general structure (160) was moderate, with Ki

values ranging from 1 to 7 nM. A compound with a very similar structure (161)
was prepared by a straightforward synthesis involving a thiol nucleophilic ring
opening of a diepoxide393. Compound (161) was found to be a potent inhibitor of
HIV-1 PR, showing good antiviral activity in a cell-based assay. The same
research group have described the synthesis of novel potent, diol-based HIV-1
PR inhibitors via intermolecular pinacol homocoupling of (2S)-2-ben-
zyloxymethyl-4-phenylbutanal394. Compound (162) was found to be a potent
inhibitor of HIV-1 PR. The stereochemistry of the central diol of (162) was
determined from the X-ray crystallographic structure of its complex with the
enzyme. An enantioconvergent synthesis of new pyrrolidin-3-ol and pyrrolidin-
3-one peptide conjugates was used to prepare new HIV-1 PR inhibitors395. The
compounds are mimicking the Phe-Pro dipeptide. Di- and tripeptide analogues
containing a-ketoamide as a new core structure and incorporating allophenyl
norstatine (Apns) [(2S, 3S)-3-amino-2-hydroxy-4-phenylbutyric acid] as a
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transition state mimic, were designed and synthesized for obtaining a novel
structural type of HIV-1 PR inhibitors396. A preliminary evaluation of the
inhibitory activity of the synthesized derivatives was determined as the percen-
tage of enzyme inhibition at 5 mMand 50 nM levels. Thea-ketoamides displayed
a significantly enhanced potency relative to their parent isosteres as inhibitors of
HIV-1 PR. Another series of allophenyl norstatine containing HIV-1 PR inhibi-
tors were studied and proved also to be potent against the feline immunodefi-
ciency virus protease (FIV PR), which has been shown to be a useful model for
drug — resistant HIV PRs397. The most effective compound (VLE776, 163)
showed an IC50 value of 8 nM for HIV-PR and 48 nM for FIV-PR. Anomalous
tetrapeptides called Mer-N5075A, a- and b-MAPI produced from a species of
Streptomyces have a potent HIV-1 PR inhibitory effect398.
The first total synthesis of tetrapeptide inhibitors have been described,

achieved simply by a route connecting two dipeptides. The synthetic method is
applicable for synthesis of Mer-N5075A analogues such as GE20372A and B
(164 and 165). The inhibitory activity of all the compounds (IC50) is in the 10 to
100 mM range. Two series of peptidomimetics containing an N-hydroxyamino
core structure have been prepared399 and tested for inhibitory activity against
HIV-1 PR. In the N-hydroxy Phe derivatives, Fmoc-Phe-Y[CO-N(OH)]-Phe-
Pro-NHtBu was the best inhibitor of the series (IC50 � 144 nM) showing
satisfactory inhibition of HIV replication in cell culture (ED50 � 98 nM) and
remarkable stability against cell culture and plasma enzymes.
Cyclic tripeptides (166, 167) were synthesized in a ring-closing metathesis

reaction using Grubb’s catalyst as mimics for the constrained conformation of
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structural analogues of HIV-1 PR inhibitors400. Fully N- and O-sulfated
homooligomers from octamer to nonadecamer of Tyr have been obtained as
their sodium salts (NaO3S-[Tyr(SO3Na)]n-ONa, n � 8-19] from the reaction
mixtures of Tyr with SO3-triethylamine and SO3-pyridine complexes401,402. These
compounds have a definite polyanionic structure and their anti-HIV activity
increased along with the increase of the chain length up to dodecamer.
Based on the ‘double-drug’ strategy, a potent prodrug-type anti-HIV agent

KNI-1039 (168) was developed in which an excellent HIV-1 PR inhibitor
KNI-727 was coupled through a glutaryl-glycine linker to the nucleoside reverse
transcriptase inhibitor AZT403,404. MNB161 exhibited extremely potent anti-HIV
activity compared to that of individual components. Compound (168) is stable in
culture medium but generates the active compounds KNI-727 and AZT in cell
homogenate. New water-soluble prodrugs have been synthesized as HIV-1 PR
inhibitors. As self-cleavable spacers, succinamide or glutaramidewere employed,
releasing the parent drug spontaneously via intramolecular cyclization-elimin-
ation reaction through imide formation405, 406. As an example, KNI-727 (169), a
water insoluble HIV-1 PR inhibitor was coupled through a spacer to a solubiliz-
ing moiety resulting in a water-soluble prodrug (170).
On the basis of substrate transition-state mimic concept of HIV-protease, a

series of small-sized dipeptide inhibitors containing a hydrophilic carboxyl
group were designed and synthesized407. These dipeptide inhibitors such as
KNI-357 (171) showed good HIV-1 PR inhibitory activity, but their anti-HIV
activity was poor, probably due to their inadequate cell membrane permeability
caused by the presence of hydrophilic groups.
The HIV-1 PR inhibitor Lopinavir is metabolised rapidly by an oxidative

pathway. Three of the major metabolites have been identified and synthesized,
their antiviral (HIV) activities also determined408. Ritanovir (ABT-538), ap-
proved in 1996, is a potent and effective peptidomimetic inhibitor of HIV-1 PR
with high oral bioavailability. A new synthesis of the diaminoalcohol core of
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Ritanovir was performed, based on regioselective reduction of amino acid-
derived epoxyalcohols409.
The commonly used HIV-1 protease assays rely on measurements of the effect

of inhibitors on the hydrolysis rate of synthetic peptides. Recently, an assay
based on surface plasmon resonance was introduced. Two new competition
assay methods with improved efficiency were developed using either biotin
labelling or direct immobilization of the inhibitor to the biosensor surface
matrix410.
A trifluoromethyl analogue of Asp-protease inhibitor pepstatin was syn-

thesized containing g-trifluoromethyl-g-amino-b-hydroxy butyric acid units in-
stead of statine units411. The new analogue was tested as inhibitor of HIV-1 PR,
but the compound did not show any inhibition up to 150 mM concentration.

5.11 Matrix Metalloproteinase Inhibitors. — The matrix metalloproteinase
(MMP) family of endopeptidases represent a group of tightly regulated metal-
loproteases mediating turnover of the extracellular matrix proteins proteo-
glycan, collagen and gelatin. MMPs are involved in rheumatoid arthritis, osteo-
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arthritis, certain cancers, and are implicated in metastasis.
A series of compounds with a free carboxyl group were prepared from Na-

substituted 2,3-diaminopropionic acid and were tested for efficacy as MMP
inhibitors412. Computer aided molecular modelling was performed by 3D struc-
ture modelling softwares (Insight II/Discover). Some of the carboxylate com-
pounds, such as carbamate and sulfonamide derivatives proved to be effective
MMP-1 inhibitors with IC50 values of the order of 10�6M. On the basis of the
structure of known MMP inhibitors, an N-hydroxyformamide-class of inhibi-
tors were designed and synthesized, which have a potent broad-spectrumactivity
towards MMP and TNF-a converting enzyme (TACE)413. Compound (172)
proved to be a good inhibitor of MMP-1 (Ki � 20 nM) and possesses good oral
and intravenous pharmacokinetics in the rat and the dog. Design of potentially
selective and constrained MMP inhibitors was performed by using the fully
automated docking programs AutoDock and DOCK414. A comparative study of
the two programs in closely approximating the X-ray crystal structures of ten
selected MMP inhibitors has shown, that the AutoDock program is highly
reliable, efficient and predictive for a set of inhibitors. 3DQuantitative structure-
activity relationship (QSAR) models have been obtained using comparative
molecular field analysis (CoMFA) for a novel series of piperazine-based MMP-
inhibitors415. The crystal structure of stromelysine (MMP-3) was used to identify
regions of the enzyme and inhibitors where steric and electrostatic effects corre-
late strongly with biological activity. A complementarity was found between the
inhibitors’ substituent conformations and the structural characteristics of the
MMP-3 S1-S2� binding pockets.

Potent, selective and orally bioavailable inhibitors have been designed and
synthesized against aggrecanase, an enzyme which plays a pivotal role in the
catabolism of aggrecan in human arthritic disease416. Selective aggrecanase in-
hibitors may prevent the progression of joint destruction. A pharmacophore
model of the P1� site, specific for aggrecanase, was defined using the specificity
studies of the MMPs and the similar biological activity of aggrecanase and
MMP-8. A cis-(1S)(2R)-amino-2-indanol scaffold was incorporated as tyrosine
mimic at P2� position, optimisation resulting in compound (173), a potent and
selective inhibitor of aggrecanase (K50 � 12 nM).
The rational design of MMP inhibitors has been facilitated through the

examination of X-ray crystal structures of enzyme-inhibitor complexes. A new
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generation of heterocyclic nonpeptideMMP inhibitors derived from a 6H-1,3,4-
thiadiazine scaffold have been described417. Screening of 6-methyl-1,3,4-
thiadiazine compounds resulted in a lead, which on further optimisation of the
new compounds, produced the selective inhibitor (2R)-N-[5-(4-bromophenyl)-
6H-1,3,4-thiadiazin-2-yl]-2-[(phenylsulfonyl)amino]propanamide (174) with
high affinity for MMP-9 (Ki � 40 nM). X-ray crystallographic data obtained for
CDMMP-8 cocrystallized with N-allyl-5-(4-chlorophenyl)-6H-1,3,4-thiadiazin-
2-amine hydrobromide gave detailed information on binding interactions for
designing thiadiazine-basedMMP inhibitors.

A novel series of anthranilic acid-basedMMP inhibitors of MMP-1,MMP-9,
MMP-13 and TACEwas prepared and evaluated418. Among the new compounds
(substituted anthranilate hydroxamic acids) a potent and orally active MMP-13
inhibitor (175) was found (IC50 � 4 nM). Sulfonamide based hydroxamic acids
were found to be potent and selective MMP inhibitors419. Design of this new
series of compounds was based on a scaffold containing a central ring of
six-membered hexahydropyrimidines or seven-membered [1,4] diazepines. An
X-ray structure of a stromelysin-inhibitor complex confirmed the predicted
arrangement of the inhibitor in the enzyme active site.
A new class of MMP inhibitors, 2,4,6-pyrimidine triones (e.g. 176) has been

identified simply by screening a collection of compounds against stromelysin420.
AnX-ray crystal structure of one representative compound bound to the catalyt-
ic domain of stromelysin shows that the compounds are bound in an orientation
that places the hydrophobic moiety in the deep S1� pocket. The N3 nitrogen
atom in the pyrimidine trione ring approaches the active-site zincmost closely, at
2.17Å, and completes a tetrahedral arrangement of nitrogen ligands about the
zinc. The pyrimidine triones mimic substrates in forming H-bounds to key
residues in the active site.
Macrocyclic biphenyl ether hydroxamic acid inhibitors of collagenase 1 and
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gelatinases A and B were prepared by intramolecular O-arylation of phenols
with phenylboronic acids421. The macrocyclization reaction proceeds under mild
conditions with copper acetate catalysis.

5.12 NO-synthase Inhibitors. — A family of 3 isoform enzymes, collectively
known as nitric oxide synthases (NOS), catalyses the oxidation of a terminal
guanidium-N of Arg resulting in NO-biosynthesis. Selective inhibition of the
isoforms of NOS could be beneficial in the treatment of certain disease states
arising from the overproduction of nitric oxide by NOS. Therefore NOS is an
important drug target and isoform-selective inhibitors are needed to block the
uncontrolled production of NO in disease states. X-ray crystallographic struc-
tures of inducible NOS (iNOS) and endothelial NOS (eNOS) oxygenase do-
mains with both inhibitors and substrates have been previously published and
provided more detailed active site information. Now the crystal structure of the
catalytic heme domain of̀ eNOS̀ complexed with a small molecule inhibitor
3-bromo-7-nitroindazole (7-NIBr) at 1.65 Å resolution has been described422.
Glu-363 of eNOS was known to be critical for NOS function prior to the crystal
structures which show that Glu-363 forms specific H-bonding interactions with
L-Arg. In the 7-NIBr-enzyme complex, eNOS shows an altered conformation, in
which the key Glu-363 residue swings out toward one of the heme propionate
groups. New putative NOS inhibitors containing w-nitro-Arg were synthesized.
The tripeptide Arg(NO2)-Lys-Arg(NO2) was prepared for inhibiton of iNOS423

and proved to be more potent than the reference standard L-NNA. In another
experiment new dipeptide amides containing Arg(NO2) and D-2,4-dia-
minobutyric acid (Dbu) were synthesized and evaluated424. They are all modest
inhibitors of nNOS and only poorly inhibit eNOS and iNOS. L-Canavanine, a
unique amino acid from leguminous plants, represents an L-Arg analogue in
wich the d-CH2 group is replaced by oxygen and inhibits NO-production. The
new derivatives of L-canavanine (177, 178) were prepared by total chemical
synthesis and evaluated as inhibitors of iNOS425. The structure-activity analysis
suggests that the presence of an electron withdrawing group (here oxygen) in the
side chain of Arg-derived NOS-inhibitors produces dramatic effects in the inter-
action with the enzyme whichmust be considered during future inhibitor design.
The potency and selectivity of a series of 2-iminohexahydroazepines have been

examined as inhibitors of the 3 humanNOS isoforms426. Potencies (IC50’s) for the
inhibitors are in the low micromolar range. Some peptidomimetic analogues of
Arg(NO2)-dipeptide amides containing reduced amide bonds proved to be po-
tent and selective inhibitors of nNOS427. The deletion of the CO group from the
amide bond either preserves or improves the potency for nNOS. Themost potent
nNOS inhibitor compound (179) [(4S)-N-(4-amino-5-[aminoethyl]aminopen-
tyl)-N-nitroguanidine] has a Ki value of 120 nM and shows a very high selectiv-
ity (greater than 2500-fold) over eNOS and 320-fold selectivity over iNOS. The
reduced amide bond is an excellent surrogate of the amide bond and it may
facilitate the design of new potent and selective inhibitors for nNOS. 7-
Methoxyindazole and related substituted indazoles represent a new class of
inhibitors of nNOS428, the indazole nucleus containing an electron-donating
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substituent. Although 7-methoxyindazole is less potent than 7-nitroindazol, the
bioassays show that the nitro-substitution is not indispensable to the biological
activity of the indazole ring.
5-substituted 7-amino-4,5-tetrahydrothieno [2,3-c] pyridines (180) and 6-

substituted 4-amino-6,7-dihydrothieno[3,2-c]pyridines (181) are described as
exceptionally potent inhibitors of iNOS and nNOS429. Selectivity and potency
could bemodulated by variation of the 5- or 6-substitutent. IC50values of the best
inhibitors are in the 50-100 nM range.

5.13 Proteasome Inhibitors. — The 26S proteasome, a large cytosolic protease
complex, is implicated in many biological processes, including degradation of
most cytosolic proteins in mammalian cells. The precise role of the individual
enzyme activities in cytosolic proteolysis has remained unclear, however, it is
known that proteosomes play a central role in the generation of antigenic
peptides presented by MHC I molecules. Proteasome inhibitors (lactacystin,
epoxomicin, as well as peptide vinyl sulfones) have proven essential to the study
of proteasome activity in living cells. Most proteasome inhibitors are based on
short oligopeptidic sequences. Important goals are the development of inhibitors
that are subunit-specific and cell-permeable.
Mammalian proteasomes possess three distinct catalytically active species, b1

(‘peptidyl-Glu-peptide hydrolysing’), b2 (‘tryptic like’) and b5 (‘chymotryptic
like’) individual subunits. Extended size peptide-based inhibitors have been
synthesized and evaluated430. A set of highly potent proteasome inhibitors that
target all individual active subunits were found. Modification of the most active
compound adamantane-acetyl (6-aminohexanoyl)3-(Leu)3-vinyl-(methyl)sulfone
(AdaAhx3L3VS), itself capable of proteasome inhibition in living cells, afforded a
new set of radio- and affinity labels. The extended size peptide inhibitors are
more potent in living cells than their shorter peptide vinyl sulfone counterparts.
The natural products TMC-95 A-D (Figure 19) are potent proteasome inhibi-
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tors isolated from the fermentation broth of Apiospora montagnei. These natural
products are unique cyclic peptides containing L-Tyr, L-Asp, an L-Trp derived
oxindole, 1-propenylamine, and 3-methyl-2-oxopentanoic acid units. Synthesis
of the functionalised macrocyclic core of TMC-95 compounds is a difficult task
and several publications are dealing with this problem. One solution is to couple
7-iodoisatin and a Tyr-derived arylboronic acid via a Pd(OAc)2-catalysed
Suzuki-coupling reaction to the biaryl moiety of TMC-95431. Potassium fluoride
serves as a base in this reaction. The construction of the biarylmoiety of TMC-95
can be achieved also via a Pd-catalysed Stille cross-coupling reaction432. The fully
functionalised macrocyclic core of TMC-95 was synthesized using as key steps,
aldol condensation, Suzuki cross-coupling reaction and macrolactamization to
the macrocycle433. In other experiments only the protected version of the upper
(‘northern’) part of TMC-95Awas synthesizedwith full stereochemical control434.
Another natural product for selective and potent inhibition of proteasome

function is the b-lactone of lactaxystein, omuralide (182). Four building blocks
shown in Figure 20 can be combined to a simplified omuralide analogue in nine
steps, with the use of (R)-atrolactic acid as a recoverable chiral controller435.
Identification and in vitro characterization of a series of 2-aminobenzylstatine
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derivatives that inhibit non-covalently the chymotrypsin-like activity of the 20S
proteasome have been described436. Compound (183), originally synthesized to
target HIV-proteinase, was identified as non-covalently bound proteasome in-
hibitor by high throughput screening437; it inhibits the 20S proteasome with an
IC value in the micromolar range. Using an X-ray structure of the human
proteasome in complex with (183) helped to design a new inhibitor with one
order of magnitude in inhibitory potency.
The structure of tyropeptins A and B, new proteasome inhibitors produced by

Kitasatospora sp. MK993-dF2, were determined by analysis of various NMR
experiments. The structures of tyropeptins A and B were found to be isovaleryl-
L-Tyr-L-Val-DL-tyrosinal and n-butyryl-L-Tyr-L-Leu-DL-tyrosinal, respect-
ively438. Four related compounds called phepropeptins A, B, C and D were also
isolated as new proteasome inhibitors produced by Streptomyces sp.439. Phe-
propeptin-B is a cyclopeptide with the structure cyclo (-L-Leu-D-Phe-L-Pro-L-
Phe-D-Leu-L-Val-). The crystal structure of the 20 S proteasome core particle
(CP) complexed with the natural non-covalent inhibitor TMC-95A has been
described440. The inhibitor is bound to the main-chain atoms of the protein.

5.14 Protein Phosphatase Inhibitors. — Three Cdc25 dual specificity phos-
phatases exist in humans: Cdc25A, Cdc25B and Cdc25C. These enzymes play
central roles in coordinating cellular signalling processes and cell proliferation.
Cdc25A and B have oncogenic properties and are overexpressed in many human
tumors. A new family of potent inhibitors of Cdc25 was discovered after experi-
mental examination of the ‘1990 compound National Institute of Cancer Insti-
tute Diversity Set’ and computational selection from 140 000 compound441. Eight
out of these compounds had an in vitromean inhibitory concentration of < 1mM,
the most potent was (184), 6-chloro-7-(2-morpholin-4-ylethylamino)quinoline-
5,8-dione (NSC 663284). The first total synthesis of coscinosulfate (185), a
metabolite isolated form sea sponge with selective inhibitory effect on Cdc25 has
been described442.
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Protein-tyrosine phophatases (PTPase) form another large family of enzymes
that serve as key regulatory components in signal transduction pathways. A
novel affinity-based high-throughput assay procedure is described that can be
used for PTPase-inhibitor screening443, on the basis of a combinatorial library.
The high throughput/combinatorial library screening protocols furnished a very
potent (Ki � 2.4 nM) and selective PTP1B inhibitor (186). Utilization of a
peptide in the lead (Ac-Asp-Ala-Asp-Glu-Xxx-Leu-amide) resulted in the dis-
covery of a novel PTP1B binding motif, 6-carboxy-1-naphthoic acid444. A series
of novel tetronic acid derivatives were synthesized and evaluated as inhibitors of
the PTPs and dual-specificity protein phosphatases (VHR)445. The best com-
pounds have an IC50 value of 4.0 to 10 mM against VHR. The molecular
mechanism of VHR inhibition by a known natural product, RK-682 (187) has
been investigated446. Inhibition was competitive and two molecules of RK-682
were required to inhibit one molecule of VHR. A novel dimeric derivative of
RK-682 was designed and synthesized, showing increased inhibition of VHR.
Protein phosphatase-1 (PP1) plays a key role in dephosphorylation of very

important biological processes. The crystal structure of themolecular complex of
the tumor promoter okadaic acid (a C38 polyether fatty acid) bound to PP1 to a
resolution of 1.9 Å has been described447. The inhibitor-bound enzyme shows
very little conformational change when compared with two other PP1 struc-
tures, except in the inhibitor-sensitive b12-b13 loop region. Nodularin and
microcysteins are complex natural cyclic isopeptidic hepatotoxins that serve as
subnanomolar inhibitors of the eukaryotic PP1 and PP2A. New PP-inhibitors
were designed and prepared, based upon the structures of nodularin and micro-
cystin448. The structure-activity correlation of nodularin-based PP1 inhibitors
and the role of the 3-methyl and 3-diene groups in the Adda [(2S, 3S, 4E, 6E, 8S,
9S)-3-amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoicacid] residue
was studied449.
Two new PP inhibitors, oscillamide B and C (188, 189), were isolated from the

cyanobacteria Oscillatoria agardhii and O. pubescens. The structures of the
inhibitors were elucidated by analysis of HR-FAB MS, 1D and 2D NMR
spectra, and chemical degradation450. An interesting review summarizes the
inhibition of phosphatase 1 and 2A enzymes as new targets for rational cancer
drug design 451.

5.15 Renin and Other Aspartyl Proteinase Inhibitors. — The future of renin
inhibitors and the development programs of renin inhibitors have been high-
lighted452. At the moment it appears that almost all the development programs
have been closed, probably owing to the remarkable success of the competitor
angiotensin II antagonists. A convergent synthesis of the highly potent human
renin inhibitor SPP-100 (190), selected for clinical investigation, was performed
using a nitrone intermediate453. Non-peptidomimetic renin inhibitors of the
piperidine type represent a novel structural class of compounds potentially free
of the drawbacks seen with peptidomimetic compounds so far454. Synthetic
optimisation in two structural series focusing on improvement of potency and
metabolic stability, has led to the identification of two candidate compounds
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(191) and (192). In vivo experiments suggest that treatment of chronic renal
failure patients with a renin inhibitor might result in a significant improvement
of the disease status.
3-Alkoxy-4-arylpiperidine inhibitors of aspartyl proteinases have been design-

ed by use of a structure generating program but only after the enzyme active site
conformation was modified in a mechanistically related fashion455. New enan-
tioselective syntheses of 3-alkoxy-4-arylpiperidine analogs were described.
Cross-linked polystyrene has been used as polymer matrix for simulating aspar-
tyl proteases: three salicylate residues were coupled in close proximity to the
polystyrenematrix456. The immobilized carboxyl groups can act as the active site
of Asp-proteases and effectively hydrolysed albumin into many small fragments.
The artificial protease manifested optimum activity at pH 3 the same as Asp-
proteases.
Using the known 1.8 Å X-ray crystal structure of pepstatin bound to Rhizopus

pepsin as the starting point, Asp-protease inhibitors were designed with the
structure-generating program GrowMol457. The program generated over 20 000
structures. Some of them were selected and synthesized (e.g. 193). Cocrystalliz-
ation of (193) with Rhizopus pepsin resulted in a conformation of inhibitor
closely related to that predicted by GrowMol. Unsymmetrical ureas form a new
class of Asp-protease inhibitors458. The design, synthesis, and enzyme inhibition
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of these compounds was described. Design was performed using the de novo
generation of novel structures by GrowMol. The best inhibitors possess a Ki

value of 0.3-1 nM for porcine pepsin. 2-Substituted statins as one of the most
common transition-state isosteres utilized in Asp-protease inhibitors have been
synthesized in a stereocontrolled manner459. Peptides containing 2-substituted
statins inhibit porcine pepsin with nanomolar IC50 values.
Generation of Ab-peptides in Alzheimer’s disease (AD) occurs by proteolysis

of amyloid precursor protein (APP) with b- and g-secretase. Inhibitors against
these two enzymes are target compounds of drug development for treating AD at
the early stage. Several peptide inhibitors have been developed containing a
hydroxyethylene residue against memapsin 2 (b-secretase), the most potent
inhibitor possesses a Ki of 3.1 x 10�10 M460. Peptide aldehyde MG132, which
inhibit proteases and proteasomes, prevented b-secretase cleavage461 of APP,
probably due to a block in APP maturation. Potent b-secretase inhibitors with
hydrophobic structure were designed and synthesized462.
Aspartyl protease pepstatin binds to the presenilins that may play a pivotal

role in the pathology of Alzheimer’s disease463. A novel g-secretase inhibitor of a
very hydrophobic structure has been synthesized and evaluated464. A novel
g-secretase assay based on detection of the C-terminal fragment-gamma (CTF-
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gamma) of 57-59 amino acid residues has been described465. Known g-secretase
inhibitors reduced the yield of CTF-gamma.

5.16 Thrombin and Factor-Xa Inhibitors. — Thrombosis is a major cause of
mortality in the industrialized world, therefore the control of blood coagulation
has become a major target for new therapeutic agents. A set of computer-aided
molecular design strategies was reported for developing novel ligands for the
study of thrombin inhibitor study466. It includes docking simulation by DOCK
3.5 and use of the FRAGMENT�� program. Bicyclic piperazinone-based
selective thrombin inhibitors of general structure (194) were prepared and
evaluated in vitro and in vivo467. These inhibitors, having in common, an elec-
trophilic basic trans-cyclohexylamine P1 residue, diplayed high thrombin affin-
ity, high selectivity against trypsin and good in vivo efficacy in the rat arterial
thrombosis model. The lead argatobran (195) is a known potent competitive
inhibitor of thrombin with an IC50 of 9 nM and has clinical potential in mainte-
nance anticoagulation therapy468. Argatobran was synthesized in seven steps
from 4-methylpiperidine. The condensation of (�)trans-benzyl 4-methyl-pipe-
colic acid ester with Na-Boc-Nw-nitro-L-arginine led to two diastereomers. One
of them is the precursor of argatobran.
Seven non-natural analogues of Arg and Lys have been substituted in an

established Arg-based thrombin inhibitor (196). Four of the new compounds
exhibited significant thrombin inhibition with a Ki between 0.53-3.95 mM and
were subsequently tested for selectivity against trypsin. The best compound (197)
gave a selectivity ratio of 962 (trypsin/thrombin), improving upon the parent
compound469.
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An azapeptide scaffold was incorporated into the central part of the classical
tripeptide D-Phe-Pro-Arg inhibitor structure, thus eliminating one stereogenic
center from the molecule470. A series of compounds (198) has been designed and
synthesized to optimise occupancy of the S2 pocket of thrombin. Increased
hydrophobicity at P2 provides an enhanced fit into this active site S2 pocket. The
solution structure and conformational analysis of the inhibitors were also re-
ported.
A simple and economical method was developed for the preparation of biotin

derivatives of the thrombin specific inhibitor D-Phe-Pro-Arg-CH2Cl471. This
chloromethyl ketone has ideal properties for specific labeling of the catalytic sites
of thrombin and other Ser-proteases. Specific, weakly basic thrombin inhibitors
were designed and synthesized472 incorporating sulfonyl dicyandiamide moieties
in their structure. The best compound, tosyl-D-Phe-Pro-sulfanilyl-dicyandiam-
ide showed an inhibition constant of 9 nM against thrombin.
Factor Xa (FXa) plays a critical role in the coagulation cascade and in the

regulation of intravascular thrombus development. FXa has become a target for
inhibition as a strategy for the invention of novel antithrombotic agents. A new
series of potent and selective inhibitors of this enzyme was designed and syn-
thesized473. Inhibitors have a phenylglycine containing benzamidine carboxam-
ide structure (199). The best compounds showed an inhibition constant of 13-15
nM against FXa. A review summarizes the FXa inhibitory drug development
process from a lead containing isoxazoline ring up to DPC 423 (200), a drug
selected for clinical evaluation474, 475. In another review the discovery process of
the FXa-inhibitor 2K807834 has been summarized476.
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A series of potent and selective FXa inhibitors, based on the general formula
(201), was synthesized using various readily available amino acids as central
templates477. The most potent compound displays an IC50 of 3 nM. 1-Arylsul-
fonyl-3-piperazinone derivatives such as compound M55113 (4-[6-chloro-2-
naphthalenyl)sulfonyl]-1-[[1-(4-pyridinyl)-4-piperidinyl]methyl]piperazinone)
proved to be potent FXa inhibitors (IC50 � 0.06 mM) with high selectivity for
FXa over trypsin and thrombin478. A neutral inhibitor of FXa was identified via a
high-throughput screen of a commercial library479. The initial lead (202) showed
reversible and competitive inhibition kinetics for FXa and possessed a high
degree of selectivity versus other related Ser-proteases. A series of analogues was
synthesized and evaluated.

5.17 Trypsin and Other Serine Protease Inhibitors. — Isothermal titration
calorimetry and protein crystallography have been used for binding studies of
low molecular mass ligands towards trypsin and thrombin480. New synthetic
peptide analogues bearing a C-terminal basic a-keto-b-aldehyde moiety have
been prepared as novel inhibitors of the trypsin-like Ser-proteases481. Three
compounds (Ac-Leu-Leu-Arg-COCHO, Ac-Arg-Glu-Arg-COCHO and Boc-
Val-Leu-Cys-COCHO) were evaluated kinetically against trypsin and 3 other
enzymes (tryptase, plasmin and thrombin). Results show that a-keto-b-al-
dehydes are potent inhibitors, with similar potency to comparable peptide
aldehydes and provide a useful new template for the development of new
therapeutic agents. The synthesis of a 14-amino acid long cyclopeptide called
sunflower trypsin inhibitior (SFT-1) has been reported482. The cyclopeptide has a
bicyclic structure with Cys3 and Cys11 bound with a disulfide bridge. SFT-1 is a
very potent inhibitor, with a Ki of 0.92 nM of the recently identified epithelial
type-II transmembrane serine protease, termed ‘matripase’.
The design, synthesis, photoisomerism and biological testing of two peptide-

based photoswitchable inhibitors of a-chymotrypsin have been described483.
Complex chromatographic methods were used for isolation of a 7.5 kDa peptide
from Vicia faba (broad beans), which proved to be a trypsin-chymotrypsin
inhibitor of the Bowman-Birk-type484. The peptide possesses antifungal activity.
Peptidyl phosphonate diphenyl ester type irreversible inhibitors for serine

proteases have been synthesized from amide compounds, triphenylphosphite
and phenylacetoaldehyde485. New 4-amino-isothiazolidinone oxide derivatives,
designed as bacterial serine protease inhibitors, were prepared using a
stereoselective pathway486. Crystal structures of the Pseudomonas serine-car-
boxyl proteinase (PSCP) complexed with a number of inhibitors have been
solved and refined at high-to atomic-level resolution487. Inhibitors form covalent
bonds to the active site Ser287 through their aldehyde moieties, while their side
chains occupy subsites S1-S4 of the enzyme. Amidine-type inhibitors, highly
selective for the S1 sites of Ser190 trypsin-like Ser-proteaseswere selected as drug
targets for urokinase and trypsin488. Recently Kunitz-type serine protease inhibi-
tors were isolated from Bauhinia seeds, and more recently the interaction of
human plasma kallikrein with fluorogenic and non-fluorogenic peptides based
on Bauhinia inhibitors’ reactive site has been described489. A novel series of active
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inhibitors against hepatitis C virus (HCV)-NS3 serine protease have been design-
ed, based on the structure of known Zn2� dependent bisbenzymidazole-type
inhibitor APC-6336490.
Therapeutic strategies based on Ser-protease inhibition might be useful in

preventing neuronal cell death. It was shown that inhibitors of trypsin-like
Ser-proteases (e.g. N-tosyl-L-Lysine chloromethylketone, TPCK) preventDNA-
damage induced neuronal death by acting upstream of the mitochondrial check-
point and of p53 induction491. The inhibitors do not act at the level of caspases
but prevent apoptosis. Other experiments show dramatic contrast to these
results: chymotrypsin-like serine proteases (CSP) may serve an endogeneous
neuroprotective role possibly by modulating necrotic cell death492. In the latter
experiments the inhibitor TPCKwas cytotoxic in all cell cultures tested, in 10 to
100 mM concentration.

5.18 tRNA Synthetase Inhibitors. — The increasing emergence of pathogenic
bacteria resistant to conventional antibiotics requires the development of novel
agents against bacterial targets such as tRNA synthetases. The structure of
the natural product SB-219383, a potent and selective inhibitor of bacterial
tyrosyl tRNA synthetase (YRS) was the basis for the design of novel YRS-
inhibitors493, 494. Novel pyranosyl analogues of SB-219383 have been synthesized
and highly potent stereoselective and bacterioselective inhibitors of YRS have
been identified.
Methionyl- and isoleucyl- tRNA are inhibited with ester and hydroxamate

analogues of methionyl and isoleucyl adenylate495. The ester analogue (203) was
found to be a potent inhibitor of E. coli Met-tRNA synthetase. Following this
series of compounds, another series of methionyl and isoleucyl phenolic ana-
logues containing bioisosteric linkers mimicking ribose have been inves-
tigated496. Isoleucyl isovanilloid containing ribose bioisostere (204) was found to
be a potent inhibitor of Ile-tRNA synthase. Amolecularmodelling study demon-
strated that in (204), isovanillate and hydroxamate served as proper surrogates
for adenine and ribose in isoleucyl adenylate.

5.19 Miscellaneous. — Topoisomerase II is a ubiquitous nuclear enzyme adjust-
ing and stabilizing DNA during replication, transcription, and recombination.
The synthesis and biological activity of amino acid functionalized b-carboline
derivatives, which are structurally related to the established topoisomerase
inhibitors azatoxin and tryprostatins, were reported497. New seco-cyclothialidine
derivatives containing a dioxazine moiety (e.g. 205 RO-61-6653) were syn-
thesized through a new concise pathway498. Despite promising in vitro antibac-
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terial activity, only poor activity was found in the neurine infection model.
Chymase possesses a wide variety of actions, including promotion of angioten-

sin II production and histamine release from mast cells. Human chymase also
has exoproteolytic activity. However, due to a lack of effective inhibitors the
pathophysiological role of chymase has not yet been fully elucidated. A series of
non-peptidic 5-amino-6-oxo-1,6-dihydropyrimidine-containing trifluoromethyl
ketones has been designed as putative chymase inhibitors499. The most potent
compound has a Ki of 50 nM. From the same laboratory the synthesis and
structure-activity relationship studies of nonpeptidic difluoromethyl ketones as
novel inhibitors of human chymase have been described500, the most potent
compound had a Ki of 2.26 nM. The total synthesis of the natural human
chymase inhibitor methyllinderone has been achieved in only four steps501.
2-sec-Amino-4H-3,1-benzoxazine-4-ones have been evaluated as acyl-enzyme
inhibitors of human recombinant chymase502.

Solid phase synthesis of peptidomimetic inhibitors for the hepatitis C virus
NS3-protease has been described503, 490. A short stereoselective synthesis was
reported for the fusarium toxin equisetin (206), a potent inhibitor of HIV-1
integrase504.
The results of irreversible inhibition of guinea pig liver transglutaminase by a

series of 24 novel dipeptides containing either an a, b-unsaturated amide or an
epoxide functional group have been reported505. Phosphinic acid pseudopeptide
analogues to glutamyl-g-glutamate have been described, the synthesis and coup-
ling to pteroyl azides leading to potent inhibitors of folyl poly-g-glutamate
synthetase506.
Ribonucleotide reductase (RR) catalyses the reduction of ribonucleotides to

2�-deoxyribonucleotides, the rate limiting step of DNA biosynthesis. Mam-
malian RR is a chemotherapeutic target, so a structural model of the enzymewas
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constructed from the structure of E.coli RR enzyme507.
Telomerase inhibitors are expected to be new candidates as therapeutic agents

for cancer. Solid phase synthesis was applied to construct a library of inhibitors
having aromatic phosphate, long alkyl chain and tryptophan components for the
identification of telomerase inhibitors508. From this library a D, D-ditryptophan
derivative has been identified as a new potent inhibitor with IC50 values of 0.3
mM for telomerase.
A concise total synthesis of the prolyl — endopeptidase inhibitor eurystatin A

(207)was achieved via a novel Passerini reaction — deprotection — acyl migration
strategy509.
Several Cys-dipeptides have been synthesized and shown to be reversible

competitive inhibitors of the Bacillus cereus metallo-b-lactamase. The thiol
anion of the inhibitor displaces hydroxide ion from the active site zinc(II). D,
D-Peptides bind to the enzyme better than other diastereoisomers, which is
compatible with the predicted stereochemistry of the active site510.

6 Phage Library Leads

The combinatorial approach offered by phage display has proved to be powerful
in obtaining novel variants of canonical inhibitors of Ser-proteinases that show
new binding patterns. This strategy was used to search for variants of basic
pancreatic trypsin inhibitor (BPTI) that would be strong inhibitors of two
enzymes: bovine a-chymotrypsin and porcine pancreatic elastase511. A represen-
tative library of 3.2 � 104 BPTI variants, randomised at P1, P1�, P2� and P3�
positions of the proteinase binding loop, was displayed on the surface of phage
M13. After four to five rounds of the selection of the target proteinase, consensus
sequences of the inhibitor binding loop were obtained. At the final stage a new
potent inhibitor of the target enzymes was found with association constants up
to 1.9 x 10�9/M and 3.7 x 10�10/M for elastase and chymotrypsin, respectively.
Thus, the inhibitory properties of BPTI were improved by 7 x 106-fold towards
elastase and 420-fold towards chymotrypsin.
Random peptide phage display libraries have been employed widely to ident-

ify protein-protein interactions, using as targets either purified proteins, intact
cells, or organs. Thus neuroblastoma tumor cell binding peptides were identified
through a random peptide phage display512. A phage display peptide library was
used for targeting plasmodium ligands on mosquito salivary glands and
midgut513. Highly structured peptide antagonists of the interaction of insulin-like
growth factor 1 (IGF-1) and IGF binding protein 1 (IGFB-1) have recently been
discovered by phage display of peptide libraries. Detailed analysis of this turn-
helix peptide necessary for IGFBP-1 binding proved the importance of hydro-
phobic patch on one face of the helix514. Ala-scanning substitutions confirmed
that the hydrophobic residues are necessary for binding. A semi-synthetic library
of intrinsically stable antibody fragments derived from a single-framework scaf-
fold was composed515. The library allows the isolation of new stable binding
specificites. Epitope mapping for four monoclonal antibodies against human
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plasminogen activator inhibitor type-1 has been performed516. A DNA-binding
peptide with the amino acid sequence of SVSVGMKPSPRPwas selected from a
random peptide phage display library517, and peptides possessing aldolase activ-
ity were selected from a phage library using 1,3-diketones designed for the
covalent selection of an enamine-based reaction mechanism518. A cyclic peptide
with the KCHFEECLAY sequence was selected as an a-glucosidase inhibitor by
working with phage display519. The cyclodecapeptide competitively inhibited
Aspergillus niger glucoamylase (Ki � 0.2 nM) and rat intestinal a-glucosidase.
An attempt has beenmade for phage-display identification of linear peptides that
have high binding specificity to tumor cells520. Peptides isolated to date do not
bind with high retention to sites in vivo. An improved selection procedure for the
screening of phage display peptide libraries has been described521. Combined use
of polystyrene beads and a stepwise decrease in the pH of the elution buffer in the
final round of biopanning resulted in the elimination of non-binding clones and
an increase in the efficiency in isolating high affinity binding clones. A new
method called ‘mRNA display’, an in vitro selection technique to identify peptide
aptamers to a protein target, has been reported522. mRNA display allows for the
preparationof polypeptide libraries with greater complexity than is possible with
phage display.

7 Protein-Protein Interaction Inhibitors

7.1 SH2 and SH3 Domain Ligands. — Within the last few years, therapeutic
intervention into signal transduction cascades have attracted the interest of
pharmaceutical research. A review summarizes the SH2 domain-targeted drug
design approach, including new peptidomimetic and non-peptide SH2 domain
antagonists for targeting signal transduction523. The Scr family of Tyr-kinases
play an important role in regulating intracellular signalling. Detailed analysis of
Src SH2 binding by peptides containing a novel tricarbonyl-modified phos-
photyrosine (pTyr) moiety has been described524. Selective inhibition of the SH2
domain of the enzyme by novel thiol-targeting inhibitors was performed. Pep-
tidyl as well as nonpeptidyl inhibitors possessing a 4-a,b-diketoester-modified
pTyr mimic, exhibited micromolar affinity to Src SH2. SH2 competitive binding
assays serve to identify and characterize SH2 ligands. Two conceptually different
biochemical methods were designed to discover Src-SH2 inhibitors: scintillation
proximity assay (SPA) and surface plasmon resonance (SPR) have been de-
scribed525.
Grb2 SH2 domains, which have been associatedwith breast cancer, are among

the important targets for development of antiproliferative agents. N-Terminal
carboxyl- and tetrazole-containing amides such as (208) were designed as ad-
juvants to Grb2 SH2 domain ligand binding526. Macrocyclization of a linear
Grb2 SH2 domain antagonist resulted in a conformationally constrained com-
pound which showed a 100-fold enhancement to its linear counterpart in ex-
tracellular Grb2 SH2 domain binding assay527. A diphosphonomethyl
phenylalanine-containing Src SH2 inhibitor (209) was synthesized and when
evaluated has an IC50 of 0.35 mM528.
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8 Advances in Formulation/Delivery Technology

Lipoamino acid glycoconjugates have been synthesized for peptide and drug
delivery529. Lipoamino acid and liposacharide derivatives of the tumor-selective
somatostatin analogue TT-232 were also synthesized to modify the
physicochemical properties of the parent peptide530. Several new lipophilic a-
aminophosphonates including macrocyclic (on calyx[4]arene platform) and
chiral forms were synthesized by the Kabachnik-Fields reaction531. Transport
measurement showed that these compounds exhibited remarkable efficiency and
selectivity of the transport of hydrophilic substances such as amino acids and
amino alcohols across lipophilic membranes. Calix[4]-arene derivatives proved
to be new carriers for the membrane transport of a-hydroxy and a-amino
acids532. The ability of lipopeptides to passively cross the cell membrane opens
new opportunities for the intracellular delivery of bioactive peptides. A model
peptide, the pseudosubstrate sequence of protein kinease C-z(PKC-z) was linked
to the pentapeptide vector Gly-Arg-Gly-Arg-Lys(Pam)-NH2 through a
thiazolidine linkage, and the conjugate was translocated into the cells533. Novel
analogues of the cell-penetrating peptides transportan and penetratine have
been synthesized534. Fluorescence studies show that penetratin and transportan
do not enter the cell by related mechanisms. The synthesis and cell translocation
of a new peptide derived from the third a-helix homeo-domain of Antennapedia
has been described535. Short oligomers of Arg function as efficient molecular
transporter of drugs, so a scalable solution-phase synthesis of octaarginine (Arg)8
has been developed536 for large-scale synthesis of this peptide vector. Transport
characteristics of peptides and peptidomimetics have been studied using N-
methylated537 and hydroxy-ethylamine bioisostere peptidomimetics538 as sub-
strates for the oligopeptide transporter and P-glycoprotein in the intestinal
mucosa. Peptide molecular transporters have been designed, synthesized and
evaluated539. In the basic domain of TAT (TAT 49-57, RKKRRQRRR) the
cationic residues play a principal role in cellular uptake. The guanidinium
groups of TAT play a greater role in facilitating cellular uptake than either
charge or backbone structure. Based on these results, a class of polyguanidine
peptide derivatives were designed and synthesized and a new peptoid transporter
has been developed that is superior to TAT 49-57, protease resistant and easily
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and economically prepared. Cellular uptake and tumor-targeting of oligonuc-
leotides was reached by synthesizing somatostatin-oligonucleotide conjugates540,
the conjugates retain specific binding with nanomolar affinities to somatostatin
receptors which are overexpressed in various tumors. Conjugation of different
drugs and model compounds with L-glutamic acid can improve their penetra-
tion through the brain microvessel endothelial cell monolayers541. The blood-
brain barrier transport of L-Tyr conjugates, by the large neutral amino acid
transport carrier, has been studied542. Graft polymers were designed and syn-
thesized for gene delivery, with the pH-sensitive cationic polymer containing
N-acetyl-poly-L-histidine and poly-L-lysine543. Model prodrugs have been ap-
plied to the study of the human intestinal di/tripeptide carrier, hPep T1544.
Carbohydrate-based templates were synthesized for drug delivery and prepara-
tion of synthetic vaccines545. A new macromolecular prodrug, denoted T-0128,
containing the anti-cancer agent camptothecin (CPT) bound to dextran through
a Gly-Gly-Gly- or similar tripeptide linker was prepared giving a molecular
mass of 130 kDa. The triglycine linker exploits lysosomal cathepsin B to liberate
CPT slowly and steadily, resulting in improved therapeutic efficacy546. Conjuga-
tion of camptothecin to poly-(L-Glu) with a molecular mass between 37 and 50
kDa, display enhanced efficacy compared with nonconjugated camptothecins547.
The design, synthesis, characterization and self-assembling properties of a new
class of amphiphilic peptides, constructed from a bifunctional polar core at-
tached to totally hydrophobic arms, have been described548. Longer peptides
form a continuous channel-like structure. The channel is totally hydrophobic in
the interior and can selectively encapsulate lipophilic stubstances.
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3
Cyclic, Modified and Conjugated Peptides

BY JOHN S. DAVIES

1 Introduction

The sub-divisions of this Chapter have again worked out to be similar to
previous volumes, and in the absence of a detailed index, it is hoped that this
continuity will aid researchers wishing to carry out year by year reviewing of a
particular sub-topic. Core references for the Chapter were again obtained from
the databases of the Chemical Abstracts Service, as compiled in their publica-
tion, CA Selects on Amino Acids, Peptides and Proteins (up to issue 12, 2002)1.
However with the expansion in the availability of journals in electronic format,
computer scanning of published titles has become very much easier, and a great
aid to this has been the Web of Science databases2. Another efficient way of
communicating knowledge is the International Conference and the fruits of the
26th European Peptide Symposium at Montpellier, published3 as a 1050 page
tome contains many accounts of direct relevance to this Chapter. But as in the
past, conference reports are not reviewed in these Reports. The ever-increasing
discoveries of new cyclic structures tend to saturate the mind as to the correla-
tion between names and structures. Therefore a useful glossary of structures and
names for the more established structures published within a new monograph4 is
a reference base to be welcomed.

Based on the number of references retrieved for reviewing, there has been
increased activity in this subject area this year. Quite significant themes have
been the subject of a number of authoritative reviews. A most welcomed update
on the synthesis of cyclic peptides covering the 1997-2000 era has been pub-
lished5, and the role of enzymes in peptide cyclisation has also been reviewed6. A
comprehensive compilation7 of natural products found in marine cyanobacteria
reveals that they are a rich source of cyclic structures, while b-turn mimetics have
been shown8 to be a very productive endeavour in the enkephalin, somatostatin
area, as well as targeting many receptors associated with a number of diseases.
The synthesis of cyclic peptidomimetics often requires special reagents and
reactions, and the contributions to this area by Murray Goodman and his group
have been reviewed9. Designer hybrid cyclopeptides for membrane ion transport
and tubular structures has been the subject of a short review10, mainly concen-
trating on the author’s own work. A 406-reference update11 of new trends in
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peptide coupling reagents is of direct relevance to the continuing demands for
efficient synthetic routes to cyclic peptides.

2 Cyclic Peptides

2.1 General Considerations. — Another addition to the armoury of solid phase
resin linkers for on-resin cyclisation is based on a phenyl hydrazide12 as sum-
marised in Scheme1. Excellent purity of product has been obtained, although the
yields depend on the steric demands of the amino acid residues. Isolated thio-
esterase domains have been shown13 to catalyse the cyclisation of synthetic
peptide thioester substrates. Tyrocidine non-ribosomal peptide synthetase not
only coped well with the cyclisation of the tyrocidine linear precursor peptide (as
its N-acyl thioester), but could also cyclise linear precursors of gramicidin S and

a lipopeptide analogue of surfactin A. The Ugi four-component condensation
method has been used as a strategy14 for the synthesis of orthogonally protected
diaminoglutaric acid containing peptides, to replace cystine in the somatostatin
analogues, Sandostatin and TT-232. Hplc aided the separation of the four
diastereomeric peptides produced via the Ugi strategy. A rapid method15 for
producing a diverse set of cyclopeptidomimetics based on side chain alkyl linkers
(summarised in Scheme 2), also uses as C-terminus the Weinreb amide, which
will yield aldehydes or ketones, useful as serine protease inhibitors.

The journey from g,d-unsaturated amino acid synthesis to the preparation of
cyclic peptides by ring closing metathesis has been reviewed16, while an example
of this ring closing process has been used17 to make macrocyclic helical peptides
as exemplified in Scheme 3. Conformational studies showed that the cyclic
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compounds exist as right handed 310 helices up to the 5th residue. The Heck
reaction (Scheme 4) has been chosen18 for the construction of cyclic RGD
libraries and uses a side-chain attachment of a chlorotritylchloride resin to the b-
carboxyl of the aspartyl residue as anchorage. The SNAr cyclisation method,
well-developed in the solution phase for the formation of biphenyl ether links in
the synthesis of compounds related to vancomycin has been adapted19 to the
solid phase as exemplified by the synthesis of (1) in a single cyclisation step.
Sequential SNAr reactions of e.g. 2,4,6-trichloro[1,3,5]-triazine on cellulose
membranes have effected20 the synthesis of cyclic di- to deca-peptides having
structures such as (2).

The impetus towards making cyclic peptide libraries has spawned many new
approaches to synthesis. An allyl/allyloxycarbonyl strategy21 for the preparation
of side chain-to-side chain cyclic peptides has been used in the construction of a
small library with lactam bridges. Removing the Allyl/Alloc groups under speci-
fic neutral conditions [Pd(PPh3)/PhSiH3/DCM] was key to the success of the
process. Further advantages over the conventional lactam bridge construction
has been claimed22 for the method of Gilon and co-workers, wherein any two
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backbone nitrogens can be connected through bridges of various sizes. There is a
requirement that building units containing N-alkylated moieties such as (3)
should be prepared in advance of their incorporation into a range of cyclic
peptides with general structure (4). A backbone amide linker strategy has been
optimised23 for head to tail cyclisation to give a series of cyclic peptides targeted
at the somatostatin receptor as summarised in Scheme 5. A new safety-catch
linker has been developed24 which utilises a protected catechol derivative, which
allows Boc-type solid phase assembly of linear precursors on-resin, and just
before cyclisation, the linker is activated, and after neutralisation of the N-
terminal amino group, cyclisation with concomitant cleavage from the resin
takes place as summarised in Scheme 6. A 400-member library of cyclic
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peptides was assembled using this linker technology. A polymethylene bridge has
been incorporated25 into a variant (5) of the AK peptide, by using the orthogonal
protection offered by the di-amino acid derivative (6). While the aim for this i to
i�4 link was to stabilise helicity, it turned out that the cyclic peptide showed a
strong b-turn propensity. An efficient approach26 to an amphipathic bicyclic
peptide involves on-resin intramolecular thioester ligation, followed by an off-
resin disulfide formation, while intracellular libraries of small cyclic peptides27

(ranging from 4 to 9 residues) can be generated using DnaE intein from
Synechoeystis sp. PCC6803.

2.2 Cyclic Dipeptides (Including Dioxopiperazines). — On many occasions in
the past this sub-section has been the preserve of the 2,5 dioxopiperazines, but
whilst they still remain the predominant structures, the thrust towards pep-
tidomimetics, has generated an interest in other structural variants which can be
accommodated by the term cyclic dipeptide. However nature sticks loyally to the
2,5 dioxopiperazine forms, as shown by the presence28 of lumpidin (7) in the
food-spoiling fungus Penicillium nordicum. The culture broth of Streptomyces sp.
(strain GT 051237) has yielded29 the new dioxopiperazines, maremycins C1 (8),

C2 (9), D1 (10) and D2 (11), while the broth from Aspergillus ochraceusCL41582
has given the antibiotic30, CJ-17,665 (12). This antibiotic inhibits the growth of
multi-drug resistant S. aureus, S. pyogenes and Enterococcus faecalis with MIC
values of 12.5, 12.5 and 25 mg/ml. The enzyme, cyclic dipeptide oxidase, which
specifically catalyses the dehydrogenation (Scheme 7) of the cyclic dipeptide
precursor of the antibiotic, albonourisin (13) has been purified and partially
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characterised31 and found to be able to catalyse a wider variety of dehydrogena-
tions than first thought. Cyclic dipeptides containing hydrophobic amino acids,
have been shown to interact32 with hepatic cytochrome P450 and the anti-fungal
action of cyclic dipeptides such as cyclo (Phe-Trp) and cyclo (Phe-Phe) has been
rationalised33 as involving membrane disruption, and mediation/activation of
intracellular signalling.

Enantioselective total syntheses34 have been achieved for ditryptophenaline
(14) and ent-WIN 64821 (15), using the ready availability of a bisoxindole system
as the starting point. In the syntheses of circumdatin F and sclerotigenin, a
photolabile nitrobenzyl group on the amide nitrogen of the dioxopiperazine35

has enabled an aza-Wittig procedure to be used for the intermediate
fumiquinazoline G (16). Fluoroisosteres of gypsetin and brevianamide E have
been prepared36 via a fluorination/cyclisation process, as exemplified in Scheme 8
for the formation of fluorogypsetin in 77% yield.

The role of dioxopiperazines as enzyme inhibitors have been investigated. But
it was disappointment that awaited the researchers that synthesised37 (17), believ-
ing it to be an inhibitor of calpain. The crystalline product synthesised, contras-
ted with the active oil originally isolated form S. griseus, in that it showed no
calpain inhibitory activity. Better luck was obtained38 with a series of dioxo-
piperazine-based inhibitors of plasminogen activator inhibitor PAI-1, with (18)
having an in vitro IC50 of 2 mM. Topoisomerase inhibitors have little or no
antineoplastic activity unless they are topoisomerase poisons as well. It has been
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shown39 that meso-2,3-bis(2,6-dioxopiperazin-4-yl) butane (ICRF-193) gives sig-
nificant topoisomerase II poisoning, consistent with b-isozyme selectivity. A
series of amide arylpiperazine derivatives have been designed and synthesised40

to assess their 5-HT1A/a (1) adrenergic receptor affinity. Of the series examined,
the best profile was attained by (19), which turns out to be a hydantoin. ‘Two-
armed’ dioxopiperazine structures such as (20), derived from 4-OH-Pro can
function41 as highly selective receptors for small peptides, while the diox-
opiperazine ring can also function as a scaffold42 for constructing dimeric struc-
tures, e.g. (21) a N-terminal cholecystokinin tetrapeptide dimer. Diox-
opiperazines can be incorporated43 on-resin for the formation of constrained
RGD scaffolds such as (22). The best binding efficiency for the avb3 receptor was
obtained for (22, X and Y not being present) having an IC50 value of ca. 4mM.
Solid phase syntheses44 of imidazoline-tethered 2,3-dioxopiperazines (23) have
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been described as part of a broader series of compounds based on cyclic ureas
and thioureas.

Synthetic protocol, which gave a versatile route to 3-unsubstituted 4-alkyl-4-
carboxy-2-azetidinones from amino acid derivatives, when applied45 to dipep-
tides gave dioxopiperazine (24) according to Scheme 9. Aminoxydioxopiperazine
(25) has performed46 a key role in the stereospecific synthesis of 2(S)-amino-6(R)-
hydroxy-1,7-heptanedioic acid dimethyl ester hydrochloride, while cyclo -(Leu-
Leu), -(norLeu-nor Leu), -(Val-Val) and -(Phe-Phe) have been converted47 by
POCl3 to dichlorodihydropyrazines which then condense to form polyethers
such as (26). N-Terminal aldehydes have been synthesised48 on a solid support,
and on reductive amination with amino esters led to N-terminal dioxopiperazine
peptides such as (27). Anomeric mannopyranose amino acid derivatives such as
(28) have been synthesised49 via N-acylated bicyclic [2.2.2] lactones, while (S)-N,
N’-bis-(p-methoxybenzyl)-3-isopropylpiperazine-2,5-dione, as a glycine enolate,
exhibited50 high levels of enantiodiscrimination towards racemic 2-bromo-
propionate esters. The related chiral auxiliary (29), on 1,4-conjugate addition of
organocuprates, affords51 homochiral a — amino acids in excellent yields.

The term ‘cyclised dipeptides’ defines work in the peptidomimetic field, which
does not necessarily involve cyclisation to the homodetic dioxopiperazine ring.
For example Gly-Gly units can be tethered52 via aminocaproic acid linkers to
form macrocycles such as (30). This model secured a b-turn conformation for the
dipeptide sequence and was further explored through substitution of benzyl
groups in turn into position R2 — R6. The highest yielding macrocyclisation
conditions were DECP(diethylcyano phosphate)/Et3N/DMF which gave an
yield of 26%. Ring closing metathesis of a diallylglycine precursor has pro-

Amino Acids, Peptides and Proteins156



duced53 a cyclic derivative, which on deprotection gave cyclic dipeptide (31)
which may be useful as a scaffold for more peptidomimetic work. Cyclisation54 of
a linear protected N-Ala-b-amino acid sequence using BOP/DIEA/DMF yiel-
ded the 2,5-imidazolidinedione (32), believed to have involved a 7-membered
cyclodipeptide ring on its way to the final product. Methodology developed in
the solution phase has now been adapted55 for use in the solid phase synthesis of
1,3-disubstituted 2,6-dioxopiperazines (33), which are of interest in inhibitor and
anti-cancer research. The potential of 3-aminopiperidin-2,5-diones, such as (34)
has been explored56 as conformationally — constrained surrogates of Ala-Gly
dipeptides.

The possibility of 2,5-diketopiperazine formation from commercially import-
ant dipeptide derivatives has been a subject of intense discussion for a number of
years. The sweetener aspartame (Asp-Phe-OMe), undergoes different degrada-
tion pathways depending on the pH of the solution57. The major degradation
product found in the pH range 7-10 was the corresponding 2,5-dioxopiperazine,
which is also the main product detected by X-ray powder diffractometry58, if
aspartame is heated in powder form to 180°C. The solid state degradation of the
pharmaceutical, enalapril (35) as its maleate salt, studied59 using FT-IR micro-
spectroscopy in the range 120-130°C proceeds via intramolecular cyclisation to
its dioxopiperazine. An activation energy of 195 � 12 kJ was required for the
cyclisation. A pre-dissociation cis-trans isomerisation of the N-terminal amide
bond of protonated triglycyl units has been subjected to detailed quantum-
mechanical and RRKM modelling60, which came to the conclusion that the mass
spectral fragmentation process via the dioxopiperazine pathway is kinetically
controlled. Glyco-conjugates based on D-glucosyl esters of the carboxy groups
of peptides61 such as Tyr-Pro, Tyr-Pro-Phe or Tyr-Pro-Phe-Val can undergo
intramolecular transformations, including the formation of cyclo (Tyr-Pro). Uv
absorption spectra and chromatographic techniques have
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been assessed62 as methods for identifying dioxopiperazine alkaloids of the
roquefortine type from the fungus Penicillium chrysogenum VKM F-1987. Zinc
complexation of a series of cysteine-containing dioxopiperazines, e.g. cyclo-(Gly-
Cys), -(His-Cys), and -(Cys-Cys) showed63 that cyclisation of the peptides did not
enhance the complex stabilities over and above their linear counterparts. Stu-
dies64 on the gas phase fragmentation ions [M�H]� of the methyl esters of
histidine and histidine-containing di- and tri-peptides have revealed that the
side-chain protonated dioxopiperazine unit is thermodynamically favoured over
all other isomeric structures. The histidyl residue appears to play a key role in the
cleavage of the peptide bonds via neighbouring group participation.

2.3 Cyclotripeptides. — Since homodetic cyclic tripeptides are difficult to make,
this year again enlarging the ring has produced examples, which can be reviewed
under this heading. Thus replacement of a- by b-amino acid residues has
produced65 useful analogues in the form of cyclo [b3- HSer(OBn)]3, and cyclo (b3-
Hmet)3. Pentafluorophenyl esters of linear precursors were used in the cyclisa-
tion steps, but required trifluoroethanol as solvent due to the inherent insolubil-
ity of the b-peptides. When these two analogues were tested, together with
previously synthesised analogues, in cancer cell lines, their cytotoxic activity
were much lower (LC50>100mM) than their antiproliferative activity (GI5070nM).
Cyclotripeptides with benzyl esters and benzyl ethers in the side-chains gave the
strongest activity. In the synthesis66 of building blocks such as cyclic peptide
conjugates to 2-N-alkyl-1,2,3,4-tetraisoquinoline, cyclisation with only a tri-
glycyl unit in the peptide portion P in (36) failed but was made possible by
increasing the number of b-Ala units. A g-turn induced cyclisation of tripeptides
has been performed67 via a ring-closing metathesis reaction using Grubb’s cata-
lyst [Cl2(Cy3P)2Ru�CH2Ph]. Cyclisation was made easier by the presence of a
turn-inducing Pro residue as in the sequence shown in (37).

2.4 Cyclotetrapeptides. — Work on the apicidin family dominate this sub-sec-
tion. Apicidin (38), was first isolated by the Merck research group, and identified
as a histone deacetylase inhibitor with in vitro and in vivo efficacy against
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Plasmodium begheimalaria at less than 10mg/Kg. Two new syntheses of (38) and
apicidin A (39) have been reported. Both involve macrocyclisation between the
carboxyl group of the pipecolinic acid residue and the amino group of 2-amino-
8-oxodecanoic acid. Scheme 10 summarises the synthetic pathways, path A being
taken by one research group68 to form (38) and path B by the other group69 to
form (39). Path A gave an overall yield of 44% over the four steps, while the
pentafluorophenyl ester approach for cyclisation via path B was the only suc-
cessful method, with DPPA, PyBOP and DCC/HOBt proving unsuccessful. The

biosynthetic machinery of the original producing organism has also been modi-
fied70 to produce apicidins B [with Pro replacing the pipecolinic acid residue in
(38)] and C [with Ile residue replaced by Val in (38)]. Apicidins B and C inhibited
the binding of [3H] apicidin A toEimera tenella parasite histone deacetylase with
IC50 values of 10 and 6nM respectively. The structural requirements associated
with the 8-oxo-decanoic acid side chain have been explored71 through the
synthesis of analogues with changes in the side chain. Picomolar activity as
histone deacetylase inhibitors was achieved in this way and a similar SAR study72

on Trp residue replacements deduced that the indole region is a key area for
enzyme binding, and modifications in this region can give rise to analogues with
between 20 and 100-fold parasite selectivity.

The potent inhibitors of histone deacetylase, trichostatin A and trapoxin,
inhibit either by blocking catalytic action via chelation of a zinc ion in the active
site pocket through a hydroxamic acid group (trichostatin A), or using an
epoxyketone (trapoxin) moiety to alkylate the enzyme. A novel hybrid trapoxin
analogue (40) has now been synthesised73 which has a hydroxamic moiety instead
of an epoxyketone, but still inhibits histone deacetylase at the low nanomolar
concentrations. The change however makes it a reversible inhibition in contrast
to the irreversibility of trapoxin inhibition. Cyclic tetrapeptide, cyclo (Tyr-Asp-
Pro-Ala) and a pentapeptide analogue cyclo (Tyr-Asp-Pro-Ala-Pro), were
amongst analogues74 synthesised to investigate their insect development inhibi-
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tory (oostatic) activity. Linear precursors were assembled on a chlorotrityl
chloride resin, cleaved off the resin and cyclised in solution using HOBt/TPTU.
Both analogues had only low oostatic activity. Two novel 6-aminohexanoic acid
(Ahx) containing cyclic tetrapeptides, cyclo (Lys-Tyr-Lys-Ahx) and cyclo (Lys-
Trp-Lys-Ahx) have been synthesised75 using the pentafluorophenyl esters at the
hexanoic acid residue of the linear precursors. The former analogue was devoid
of DNA-nicking properties, while the latter possessed DNA-nicking activity on
supercoiled wX174 DNA with a rate of 50.7 pM min�1.

The cyclic tetrapeptides (41), when surveyed76 in solution and in the solid
phase, showed a cis conformation at the Pro amides and followed the cis-trans-
cis-trans pattern usually found in such peptides. However they had a significantly
smaller cation affinity when compared to similar hexapeptides. A theoretical
conformational study77 using a CICADA programme package on the cyclic
enkephalin (42) and a smaller ring analogue has been carried out, and the results
compared with spectroscopic data. Spectroscopically-derived H-bonding prop-
erties and the different conformational behaviour of aromatic rings were con-
firmed by the calculations. A series of nine lactam-bridged cyclic peptide inhibi-
tors of mammalian ribonucleotide reductase, previously synthesised, have been
sequenced78 using an ion-trap mass spectrometer with an ESI source.

2.5 Cyclopentapeptides. — Although not strictly homodetic in structure, the
protein phosphatase inhibitors, oscillamides B (43) and C (44) isolated79 from
Planktothrix agardhii and P. rubescens still have five residues in the ring. The
most effective inhibitor against protein phosphatases PP1 and PP2A was C (44)

Amino Acids, Peptides and Proteins160



with IC50 values of 0.90 and 1.33mM respectively. The Arg and N-methyl
homotyrosine residues seem to be associated with their activity. Stripped-down
versions of the protein phosphatase inhibitors nodularin and microcystin, have
been synthesised80 in both solution and solid phase, using strategies that allow
further elaboration after macrocyclisation. Analogues (45) and (46) were found to
be weak inhibitors of PP1 with IC50 values of 2.9 and 2.7mM respectively. The
role of the 2-methyl and 3-diene groups in the Adda (2S,3S,4E,6E,8S -3-amino-9-
methoxy,2,6,8-trimethyl-10-phenyldeca-4,6-dienoicacid ) residue found in nodu-
larins at the equivalent of position 1 in structures (47) and (48), has been explored
through the synthesis81 of (47) and (48) and an analogue with Pro replacing Sar.
All three analogues were competitive inhibitors.

A novel motilin antagonist has emanated from studies82 on cyclic N-terminal
motilin partial peptides. The best antagonists amongst the structures synthesised
were (49, n � 1 or 2). Linear precursor peptides were synthesised on a PAM-
resin, with the final cyclisation carried out between the azide of the Tyr residue
and the side-chain amino group in the solution phase. In order to further clarify
the characteristics of the proteolytic cleavage site of pro-oxytocin, the relation-
ship between the secondary structure and enzyme recognition has been ex-
plored83 using type-II b-turn proline-containing cyclic pentapeptide rings as seen
in (50). The cyclisation to form the ring was performed off-resin using
HATU/DIEA, and the NMR studies showed a 1Æ4 H-bonded type II b-turn
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with an H-bond detectable between Gly2CO and Asp5NH. b-Turn antagonists of
the human B-2 kinin receptor were amongst the ten analogues synthesised84

within the structure cyclo (Pro-aai-D-Tic-Oic-aai�3), where Oic is octahydroin-
dole-2-carboxylic acid. The best antagonist (pKi � 6.2) was doubly-charged at
positions i and i�3. It has been proven85 that the His residue in the melanocortin
receptor-binding peptide, cyclo (His-D-Phe-Arg-Trp-Gly) does not participate
in binding at the receptor since cyclo(Asn-D-Phe-Arg-Trp-Gly), and cyclic tet-
rapeptides lacking His are equally active. Cyclic tetra- and penta-peptides de-
rived from the N-terminal sequence of the oostatic decapeptide H-Tyr-Asp-Pro-
Ala-Pro-Pro-Pro-Pro-Pro-Pro-OH have been synthesised86 and assayed in their
effect on reproduction of the flesh flyNeobellieria bullata. Cyclisation decreased
the oostatic activity by one order of magnitude, implying from NMR studies that
the space structure of the cyclic analogues is too restricted to adopt the receptor-
binding conformation.

The well-documented cyclo (Arg-Gly-Asp-D-Phe-Lys) which is selective for
avb5 and avb3 integrin receptors has been modified87 to include increased
lipophilicity via the modified Lys side chain as in (51). Selective adhesion of
endothelial cells to artificial membranes incorporating this analogue has been
observed. The Lys side chain has also has been the focus of other derivatisations.
Thus regioselective derivatisation of Lys has yielded88 cyclo [Arg-Gly-Asp-D-
Phe-Lys(X)], where X � NH2-O-CH2CO-, OCHCO- or biotin (b-Ala)n - with n
� 0 to 5, and in cyclo [Arg-Gly-Asp-D-Tyr-Lys (SAA)], the Lys side chain has
been conjugated89 with SAA, 3-acetamido-2,6-anhydro-3-deoxy-b-O-glycero-D-
gulo-heptonic acid and radio-iodinated by the iodo-Gen method. Specific bind-
ing of this radio-analogue to avb3 integrin was shown, and proof was obtained of
high tumour uptake due to the favourable bio-kinetics of the analogue. The
widely used metal chelator, DTPA (diethylene triamine pentaacetic acid has
been attached90 to the Lys side chain to give cyclo (Arg-Gly-Asp-D-Phe-
Lys)DTPA, and [cyclo (Arg-Gly-Asp-D-Phe-Lys)]2 DTPA which have then
been used to complex with 90Y. The rate of 90Y chelation to the conjugated
vitronectin receptor antagonist 2-(1,4,7,10-tetraaza-4,7,10-tris(carboxymethyl)-
1-cyclododecyl)acetyl-Glu-(cyclo[Lys-Arg-Gly-Asp-D-Phe])(cyclo[Lys-Arg-
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Gly-Asp-D-Phe]) has been studied91 while the same cyclic peptide system at-
tached to a hydrazinonicotinamide conjugate92 has been further chelated with
99mTc, the final complex showing comparable binding affinity for the vitronectin
receptor to that of the uncomplexed form.

2.6 Cyclohexapeptides. — Three new antimitotic bicyclic peptides, celogentins
A(52), B(53) and C(54), all related to moroidin, have been isolated93 from the
seeds of Celosia argentea. All three inhibited the polymerisation of tubulin, with
(54) being four times more potent than moroidin in inhibitory activity. Phepro-
peptin B , a new proteasome inhibitor from Streptomyces sp has been found 94 to
have the structure, cyclo(Leu-D-Phe-Pro-Phe-D-Leu-Val), while its congeners,
phepropeptins A, C, and D differ in two of the six amino acid residues. They
inhibit proteasomal chymotrypsin-like activity but not a — chymotrypsin. Neur-
oprotectins A (55) and B (56) together with the known complestatin have been
isolated and characterised95 from Streptomyces sp. Q27107. Their structures
possess an oxindolylalanine moiety in place of the Trp present in complestatin.

The first synthesis of segetalin A, cyclo (Gly-Val-Pro-Val-Trp-Ala), and ana-
logues has been reported96. Linear peptide precursors were assembled on Sasrin
resin, and the protected linear precursor cyclised off-resin by activating the Ala
carboxyl with DPPA, which gave a 45% yield of cyclised material. PyBrop only
gave a 10% yield of cyclic product, while the pentafluorophenyl ester gave no
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results. D-Amino acid analogues of the anti-tumour bicyclic hexapeptide RA-
VII have been produced97 using selective epimerisation of L-analogues through
their conversion into oxazole intermediates. Using the previously known conver-
sion of RA-VII to [Tyr3Y[CSNH]Ala4] RA-VII using Lawesson’s reagent, this
thioamide was treated with AgBF4 or Hg(OAc)2 to produce isomers(57) and (58),
convertible to [D-Ala4] RA-VII and [D-Ala2] RA-VII respectively on treatment
with BF3 etherate. The analogues showed much weaker cytotoxic activity than
the parent molecules. The bridged 14-membered cyclodityrosine residue in this
family of compounds RA-I to RA-XVI represents the pharmacophore. A first
synthesis of the 14-membered ring of RA-IV has been accomplished98 via an
intramolecular SNAr reaction to give (59). Horseradish peroxidase/hydrogen
peroxide have provided the phenolic oxidation conditions99 necessary to form
dimers such as (60) in low yield. The cyclic peptide (61), cyclo (Phe-Leu-Leu-
Arg-eLys-Dap) and a D-Phe analogue, both having the minimal peptide se-
quence Phe-Leu-Leu-Arg needed to exhibit activity at the thrombin receptor,
have been synthesised100. Cyclisation was carried out via a C-terminal Leu
residue using TBTU/DIPEA, and it turned out that (61) was a 100-fold more
active in the rat aorta relaxation assay than its D-analogue. Nepadutant, a NK2
receptor antagonist has been synthesised101 and fully characterised as bicyclic
cyclohexapeptide (62). NMR studies confirmed a bI and bII turn arrangement,
with the active dipeptide unit Trp-Phe occupying the i�1 and i�2 positions of
the bI turn.

As interactions between integrin a4b7 and mucosal addressin cell adhesion
molecule-1 (MAdCAM-1) play a crucial role in many situations e.g. development
of mucosa-associated lymphoid organs, generation of mucosal immune re-
sponses, chronic inflammatory bowel disease and type I diabetes, it is not
surprising that finding antagonists would be highly prized. A lead antagonist
molecule, cyclo (Leu-Asp-Thr-Ala-D-Pro-Ala) has been found102 in a library of
cyclo penta- and hexa-peptides, and this has been followed up with further
cyclohexapeptides, cyclo (Leu-Asp-Thr-Ala-D-Pro-Phe), cyclo (Leu-Asp-Thr-
Asp-D-Pro-Phe), cyclo (Leu-Asp-Thr-Asp-D-Pro-His), and cyclo (Leu-Asp-Thr-
Asp-D-Pro-Tyr) with enhanced activity towards inhibiting a4b7 integrin me-
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diated cell adhesion to MAdCAM-1. It has also been suggested103 that integrins
at the cell surface may be connected with the immunomodulatory activity of
HLA-DQ fragments, which has been corroborated by the cyclodimeric peptide
cyclo (Arg-Gly-Asp-Arg-Gly-Asp), a known selective avb3 inhibitor, strongly
suppressing both the humoral and cellular immune response.

A library of cyclohexapeptides designed to be selectin antagonists, as sum-
marised (63), has been constructed104 through attaching the hydroxy group of
HOPro to a polymer via a linker based on tetrahydropyrenyl chemistry. Cyc-
lohexapeptides with alternating Pro and 3-aminobenzoic acid units substituted
in the manner represented in (64-66), have been shown105 to bind monosacchar-
ides, with compound (65) showing the greatest affinity. Pro residues alternating
with 6-aminopicolinic acid as in (67) have been shown106 to bind halide and
sulfate anions, by holding them via H-bonds in a cavity formed through aggrega-
tion of two cyclopeptide molecules. Conformational studies107 confirm that it is
easier to fine-tune the complexing properties of these series of cyclopeptides, if
the substituents are in the 4-position on the aromatic ring as in compounds
(68-72). With this orientation the compounds lose their anion complexation
characteristics and become better cation complexation agents with a range of
stability constants from Ka � 140 to 10,800 M�1 for (68) and (72) respectively, in
the presence of n-butyltrimethylammonium picrate. The interaction of cyclic
peptides with model peptides covalently bonded to silicon surfaces, has been
investigated108 by ATR-FTIR spectroscopy. Within the series cyclo (Lys-X1-Lys-
X2-Lys-X3), with X1, X2 and X3 permutated between Phe(NO2), Glu, Gln, Ala and
Leu, cooperative effects, strong bonding between functional groups or no inter-
action were detected. Based on the success of cyclo (Arg-Lys-Tyr-Pro-Tyr5-bAla)
as a chiral selector in capillary electrophoresis109 further analogues with various
substitutions for Tyr5 have been assessed. Increased electron-withdrawing power
at position 5 improved the separation properties. e-(3-Hydroxy-1,4-dihydro-2-
methyl-4-oxo-1-pyridyl), norleucine and Gly or b-Ala containing cyclohexapep-
tides have been shown110 to form 1:1 iron (III) complexes, while alkali and
alkaline earth metal picrate complexes with cyclo (Pro-Gly)n ionophores with n
� 3 or 4, facilitate111 the migration of metal ions across a bulk liquid dich-
loromethane membrane. Cyclic hexapeptides ranging form cyclo (Ala)6 to cyclo
(Gly)6 have been used112 in the analysis of the transferability of atomic multipoles
for amino acids, in modelling macromolecular charge distribution fragments.
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2.7 Cycloheptapeptides. — The cyanobacterium Nostoc sp ATCC53789 from a
lichen collected on the Isle of Arran, Scotland, contains113 the nostocyclopeptides
A1 (73) and A2 (74). An unusual feature is the imino linkage found in the
macrocycle, but neither compound showed any significant activity in many
biological assays attempted. A Fijian marine sponge Stylotella aurantium has
yielded114 wainunuamide, cyclo (Phe-Pro-His-Pro-Pro-Gly-Leu). The His-Pro
bond is trans while the Pro-Pro bond is cis, but it only has weak cytotoxic
activity. Mahafacyclin B, cyclo (Gly-Thr-Phe-Phe-Gly-Phe-Phe) from the latex
of Jatropha mahafalensis has anti-malarial activity (IC50 � 2.2 mM), and has been
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synthesised115 in the solution phase by cyclisation at the Gly-Thr bond using
TBTU under high dilution conditions. A b-bulge conformation, with two b-turns
around Phe4-Gly and Phe7-Gly1 typical of cycloheptapeptides, has been con-
firmed by NMR, although it does not contain a Pro residue. When the marine
cyclopeptide, hymenamide C, cyclo (Leu-Trp-Pro3-Phe-Gly-Pro6-Glu) was syn-
thesised116 on-resin using the side chain of Glu as a link to the resin (PAC-PEG-
PS), the major product was identical to hymenamide C which has a cis -Pro3 and
a trans -Pro6 bond geometry, but an isomer with a cis -Pro3 and a cis -Pro6

conformation was present as a minor product. Macrocyclisation was achieved in
27% overall yield using HBTU/HOBt. Hymenamide C caused 52% inhibition of
the elastase degranulating release at 10 mM concentration, while its isomer
caused 45% inhibition.

An X-ray structural and thermodynamic analysis117 of the binding between the
monoclonal antibody tAb2 and selected peptides which include cyclic peptides
(75) and (76) has been reported. Compound (75) was bound in a loop conforma-
tion, with its cyclic structure counteracting the exchange of aspartate in the
epitope sequence to glutamate. High energy tandem mass spectrometry
(MS/MS) has been helpful118 in the elucidation of the structure of members of the
surfactin family from Bacillus subtilis, while purification schedules119 have been
reported for the purification of the microcystins.

2.8 Cyclooctapeptides/Cyclononapeptides. — The roots of the Chinese herb,
Brachystemma calycinum D. don is a source120 of four new cyclic octapeptides,
brachystemins A, cyclo (Pro-Phe-Leu-Ala-Thr-Pro-Ala-Gly), B cyclo (Pro-Ala-
Phe-Trp-Asp-Pro-Leu-Gly), C cyclo (Pro-Ile-Gly-Pro-Val-Ala-Ala-Tyr) and D
cyclo (Pro-OMet-Trp-Ile-Gly-Ala-Leu-Asp). In a separate study121 the same
herb and a relative Cucubalus baccifer have yielded a fifth, brachystemin E cyclo
(Pro-Leu-Ile-Gly-Pro-Ile-Trp-Asn). Polycarponins B, cyclo (Gly-Ile-Val-Leu-
Val-Gly-Leu-Pro) and C, cyclo (Pro-Thr-Leu-Pro-Pro-Val-Leu-Phe) have been
identified122 in the whole plants of Polycarpon prostratum while the seeds of
Goniothalus leiocarpus have yielded123 leiocyclocins A cyclo (Leu-Phe-Ser-Ala-
Pro-Gln-Ile-Gly) and B cyclo (Ala-Leu-Pro-Pro-Ala-Pro-Trp-Val). A methanol
extract of the whole plant, Schnabelia oligophylla, has produced124 a new cyclo-
peptide, schnabepeptide, cyclo (Ile-Val-Trp-Pro-Val-Pro-Ser-Gly) which shows
immunosuppressive activity on T/B lymphocytes. Linseed seeds (Linum usitatis-
siman) have been shown to be a source125 of cyclolinopeptides CLF-CLI and
found to have the structures, cyclo (Pro-Phe-Phe-Trp-Val-Mso-Leu-Mso), cyclo
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(Pro-Phe-Phe-Trp-Ile-Mso-Leu-Mso), cyclo (Pro-Phe-Phe-Trp-Ile-Mso-Leu-
Met), and cyclo (Pro-Phe-Phe-Trp-Val-Met-Leu-Mso), respectively, where Mso
� methionine sulfoxide. In contrast to the previously studied CLB, these four
analogues did not show any immunosuppressive activity.

Solid phase methodologies126 have been shown to be superior to solution
phase techniques for the synthesis of phakellistatin 11, cyclo (Ile-Phe-Pro-Gln-
Pro-Phe-Pro-Phe). On-resin cyclisation was carried out with PyAOP in 17%
overall yield, the resin assembly having started from the PAL resin attachment
(77), utilising the side-chain of Glu. With the synthesis127 of pure stereoisomers of
4-amino-3-hydroxy(and 3-oxo)-1-cyclohexane carboxylic acids, there has been
an opportunity to insert them into cyclinopeptide A analogues (78) and (79) as
twisted cis - amide bond mimetics. Only the cis-substituted cyclohexane versions
could be synthesised since they are backbone turn inducers in contrast to the
trans-forms, which induce extended conformations. Because increases in in-
tracellular Ca2� in rat astrocytes, through activation of a metabotropic receptor
coupled to phospholipase C, is a property of the C-terminal octapeptide (Arg-
Pro-Gly-Leu-Leu-Asp-Leu-Lys) of octadecaneuropeptide, cyclic analogues128

have been sought to increase activity. Cyclo (Arg-Pro-Gly-Leu-Leu-Asp-Leu-
Lys) synthesised by on-resin cyclisation was shown to be three times more potent
and 1.4 times more efficacious than its linear analogue in increasing Ca2� in rat
astrocytes. A g-turn over Pro2-Leu4 and a type III b-turn over Leu5-Lys8 were
features seen in its conformation. The N-terminal sequence of deamino-dicarba-
eel calcitonin (80) has been synthesised129 by condensing suitable pentapeptide
fragments with Asu (aminosuberic acid) tripeptides in the solution phase, fol-
lowed by the zipping up of the macrocycle between Ser and Asu using HBTU at
high dilution. Strong binding affinities to somatostatin hsst 2 and hsst 5 receptor
sub-types (5.2 and 1.2 nM respectively) have been realised130 through the syn-
thesis of a heterodetic cyclic somatostatin analogue (81). Cyclisation was accom-
plished through formation of a disulfide bond between Cys1 and thioethyl
N-alkylated Gly8. In an effort131 to stabilise the conformation of nonapeptide
analogues of the N-terminus of human growth hormone hGH (6-14), side chain
cyclisation between Lys9 and Glu13 or betweenGlu9 and Lys13, was more efficient
using DIC/HOBt rather than Castro’s reagent.

X-Ray studies132 have been used to assess aryl-aryl interactions in cyclo
(Phe-D-MeAla)4 as compared to cyclo (Phe-D-MeAla-hPhe-D-MeAla)2. The
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one carbon homologation of Phe in the latter completely altered the packing,
probably by increasing mobility of the aromatic residue. The electronic struc-
tures and conformational analysis of the toxic cyclopeptides a-amanitin (82) and
congeners ((83-86) have been obtained133 from semiempirical AM1 and ab initio
parameters. The molecules are shaped like a ‘bean’ with concave and convex
sides, with the indole ring above the carbocyclic moiety. An inner hole or cavity
of fixed dimensions is present, but may show slight distortions owing to the
changes in oxidation state of sulfur. The conformation of bicyclic nonapeptide
BCP2, cyclo (Glu1,Lys5) (Glu-Ala-Pro-Gly-Lys-Ala-Pro-Gly-Gly) has been in-
vestigated134 by NMR spectroscopy. The cyclic peptide itself in CD3CN solution
exists in at least four conformational forms, but on complexing with Ca2� a new
set of resonances appeared, believed to be due to the more symmetric structure of
the Ca complex, with four CO’s from the main ring pointing towards Ca, and an
involvement also from two carbonyls from the bridged section.

2.9 Cyclodecapeptides and Higher Cyclic Peptides. — The structures of strep-
tocidins A-D have been elucidated135 as cyclo (Val-Orn-Leu-D-Phe-Pro-Leu-X7-
Asn-Gln-X10) with X7� D-Trp (for A, B and C) or D-Phe for D and X10 � Tyr (in
A), Trp (in B and D) or D-Trp (in C). NMR studies on streptocidins C and D
showed that they had molecular topology similar to those of tyrocidine A and
gramicidin S. Topological similarity to gramicidin S has also been seen136 in
solution for a series of cyclodecapeptides having the structures, cyclo (Pro-Phe-
Phe-Ala-Xaa)2 where Xaa can be Glu(OBut), Lys (ClZ), Leu or Ala. The confor-
mation of the Ca2� complexes of these peptides changed to saddle shape struc-
tures with two b-turns and two cis peptide bonds, similar to those observed for
antamanide and analogues. Replacement137 of the Val and Leu residues in
gramicidin S (GS) forming the analogues [Asn1,1’, Trp3,3’] GS, [Asn1, Asp1’, Trp3,3’]
GS, [Asp1,1’, Trp3,3’] GS and [Gln1,1’, Trp3,3’] GS gave an increase in H-bonding
potential for binding to carbohydrates. Nuclear Overhauser effects were ob-
served between [Gln1,1’, Trp3,3’]GS and mannose indicating that the interaction
of the peptide with the sugar occurred in the hydrophobic environment created
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by Trp and Phe residues. Surprisingly, up to this time, there has been no report of
a solid state structure of gramicidin S cyclo (Val-Orn-Leu-D-Phe-Pro)2 itself
being determined by X-ray diffraction , although complexes with urea have been
studied. To fill this gap, an X-ray crystallographic determination138 of N, N-
bis(trichloroacetyl) and N, N-bis(m-bromobenzoyl) gramicidin S has shown that
the conformations are based on antiparallel pleated b-sheets , with pseudo
two-fold symmetries, and b-turns over the fragments D-Phe-Pro. Biophysical
data139 accumulated for the gramicidin S analogues, GS 10 cyclo (Val-Lys-Leu-
D-Tyr-Pro)2, GS 12 cyclo (Val-Lys-Leu-Lys-D-Tyr-Pro-Lys-Val-Lys-Leu-Tyr-
Pro), GS 14 cyclo (Val-Lys-Leu-Lys-Val-D-Tyr-Pro-Leu-Lys-Val-Lys-Leu-Tyr-
Pro) and [D-Lys4]-GS 14 have shown that they were mainly monomeric struc-
tures in aqueous buffer, but GS 14 tended to aggregate in higher concentration
conditions. Good correlation was found between conformational structures,
amphipathic and hydrophobic properties and their haemolytic activity, but
correlation with antimicrobial activity is more complex. Gramicidin S ana-
logues140 bearing a pyrenyl and a p-nitrophenyl group at different positions,
when subjected to photoinduced electron transfer from an excited pyrenyl group,
showed a complex dependence on the number of spacer units, or the edge-to-
edge distance, between two aromatic groups. After rationalisation, however, the
results correlate with the tunnelling pathway model on both a-helix and b-sheet
model peptides.

The prototype141 for a new generation of regioselectively addressable function-
alised templates (RAFT) for use in protein de novo design, has the structure,
cyclo [Phe(p-NO2)-D-Pro-Gly-Phe(p-NO2)-Ala-Phe(p-NO2)-D-Pro-Gly-Phe(p-
NO2)-Ala], and the conformation determined by X-ray diffraction, and NMR
techniques consists of an antiparallel b-sheet spanned by heterochirally-induced
type II’ b-turns. Bicyclic decapeptide (87) has been synthesised142 on a gram scale
by solid phase techniques, and incorporates four quasi-orthogonal protecting
groups on lysines, to allow site selective assembly of building blocks for combi-
natorial work in the solution phase.

In a review143 of bioactive compounds from coral reef invertebrates, reference
has been made of the discovery, in 2000, of the cyclic undecapeptides barangam-
ides A-D, which were discussed in this Chapter in Vol 33. It has been reported
from China144 that cyclosporin H can be isolated from cultures Fusarium solani
sp. No. 4-11. A review145 to update knowledge on the conformations of cyclo-
sporins determined in the solid state, and their correlation with biological
activity has appeared. Using ion trap mass spectrometry, it has been found146

that the MeBmt1 residue (88) in protonated cyclosporins, [cyclosporin A is
(MeBmt1-Abu2-Sar3-MeLeu4-Val5-MeLeu6-Ala7-D-Ala8-MeLeu9-MeLeu10-
MeVal11)] undergo NÆO acyl shifts, which is a useful initiation for further
sequencing by tandem mass spectrometry. The presence of the N-Me group in
MeBmt is essential for rearrangement to proceed. A biotinylated derivative of
cyclosporin A has been synthesised147 that retains the capacity of binding to
cyclophilin A.

Cyclotides is now a well recognised term to define a group of large macrocyclic
peptides, cyclised via disulfide links to form a ‘cysteine knot’ and isolated from
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the Rubiaceae and Violaceae families. A new example containing 30 amino acids
has now been identified148 from Hybanthus (Violaceae), named Hypa A, and
found to have the structure cyclo (SCVYIPCTITALLGCSCKNKVCYNGIP-
CAE), with Cys-Cys bridges occurring at C2-C17, C7-C22 and C15-C28. Attempts
have been made to understand the biosynthesis149 of the cyclotides from Olden-
landia affinis by isolation of the cDNA that encodes the cyclotide kalata E11.
Evidence suggests that the cyclotide domains are excised and cyclised from
predicted precursor proteins, with the processing sited on the N-terminal side of
the strongly conserved Gly-Leu-Pro or Ser-Leu-Pro sequence that flanks both
sides of the cyclotide domain. Two novel cyclotridecapeptides, tolybyssidins A
(89) and B (90) have been isolated150 from the cyanobacterium Tolypothrix
byssoidea (EAWAG 195) and both contain dehydrohomoalanine (Dhha). Both
compounds showed quite moderate antifungal activity againstCandida albicans.
In investigations relating to the development of peptide vaccines, the central part
(residues 42-61) of the N-terminal parasitic Merozoite Surface Protein1 (Peptide
1513) has been chosen151 as a candidate to achieve specificity in peptide receptor
interactions. Cyclisation was achieved using the backbone cyclisation method
built up through aminoethyl glycine linked via diacids to give cyclic analogues
(91-94). Analogues (91-93) showed increased specificity in ligand-receptor inter-
actions with a 19kDa receptor on the RBC membrane. A series of cyclic ana-
logues of the inhibitory sequence of the protein tendamistat have been pre-
pared152 and their porcine pancreatic a-amylase (PPA) inhibitory activity
measured. Cyclic analogue (95) provided the strongest inhibitory activity with a
Ki value of 0.27 mM, and cd studies showed that the g-hairpin structure had been
stabilised in this analogue. NMR data have been accumulated153 on two cyclic
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peptides formed by disulfide bridges linking two Cys units at the termini of
tandem repeat units from the C-terminal domain of RNA polymerase II. Data on
cyclo (CRDYSPTSPSYSRDC) and cyclo (CRDYSPTSPSYSPTSPNYSRDC)
were consistent with the existence in water at pH 4 of b-turns at both SPTS and
SPSY in the former, and the two SPSTS sequences, SPSY and SPNY in the
latter.

Cyclo (Trp-Dap-Leu-D-Ala-Trp-Ser-Val-D-Ala-Trp-Ser-Ile-Gly) where Dap
� diaminopropionic acid has shown evidence of creating an artificial ion
channel in lipid bilayer membranes154. The pH dependence of ion conductance
showed that the b-amino group of Dap may play a role in the conductance of the
peptide channels.

2.10 Peptides containing Thiazole/Oxazole Rings. — Many synthetic feasts have
been derived from studies in this area on biologically active peptides of aquatic
origin. Some of these have been reviewed155 by active participants in the field,
who conclude that while their own DPPA coupling agent works well in most
circumstances, FDPP (96) will sometimes give a better result. Recent studies on
cyclic peptides from marine sponges have been reviewed156, while oxazole and
thiazole peptides are part of the coverage in a recent Report157.

The marine spongeHaliclona sp. has yielded158 haliclonamides A (97) and (B)
(98) which were found to have Fe(III) binding properties that could explain why
the sponge’s tissue had a significantly higher than average Fe(III) concentration.
A second component originally isolated159 with nostocyclamide from Nostoc 31,
has been identified as nostocyclamide M (99) which has the D-Val residue of
nostocyclamide replaced by D-Met. Yet another member of the patellamide
family, prepatellamide A (100), has been identified160 from the ascidian Lisso-
clinum patella. As its structure differs from patellamide A, only in the way that
Thr is present instead of an oxazole ring, it is suggested that (100) might be a
biosynthetic precursor of patellamide A. Although not cyclic in structure, it is
worth noting here, that the cyanobacterium Lyngbya majuscula produces161 six
dysideaprolines A-F (e.g 101, dysideaproline A) and barbaleucamides A (102)
and B (103).

The powerful cytotoxic qualities of diazonamide A (104) and the difficulties of
accumulating significant amounts from the natural resource, has initiated world
wide efforts on its synthesis. One research group162 after a demanding 16-step
synthesis managed to synthesise structure (104), only to find that there were
differences in physical data and biologically activity between the synthesised and
natural form. On re-assessment163 of the data the authors now believe that the
structure should be re-assigned to be (105), confirmed by no valine being found in
the hydrolysates, and from a re-assessment of X-ray data. Synthesis of the oxygen
analogue (106) of (105) does give a product with equivalent activity to the natural
diazonamide A. Another variation, named seco diazonamide A (107) was also
synthesised by the same research group164 from its benzofuran diol precursors,
but did not have the same mechanism of cellular action as diazonamide A.
Taking the original published structure (104) for diazonamide A as their syn-
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thetic challenge, a number of synthetic studies have aimed at the core structure.
Thus a hetero pinacol macrocyclisation cascade reaction165 using SmI2, sum-
marised in Scheme 11, has provided the complete aromatic core. Irradiation
causing a Photo-Fries Rearrangement was the last step used166 in the synthesis of
the macrocycle (108), while the indole-oxazole fragment (109) was prepared167 by
cyclodehydration with p-toluene sulfonic acid, after a Chan-type rearrangement
of a tertiary amide. A Dieckmann-type cyclisation, following on from a Suzuki
coupling of fragments has been used168 to construct macrocyclic ketone (110).
Hennoxazole A (111), although not a macrocyclic compound, does contain the
bisoxazole unit seen in the diazonamides, which was constructed169 via an
oxidation/cyclodehydration step.

Dendroamide A (112), known for its ability in reversing multiple drug resis-
tance in tumour cells, has been synthesised170 from three fragments derived from
junctions (a), (b) and (c) in the structure, with the final macrocyclisation occur-
ring at (b) in 56% yield using DPPA. Two stable isomers, (cis, cis and trans, trans
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around the Pro bonds) of ceratospongamide (113) have been isolated from the
red alga Ceratodictyon spongiosum and it is the cis, cis form (113) that was the
first to be synthesised171 using a (5�2) convergent strategy to form a linear
precursor which allowed cyclisation by activation of the thiazole carboxyl group.
Macrocyclisation with DPPA gave a 31% yield, while FDPP gave 63% with
cyclodehydration to form the oxazoline kept to the last step and achieved using
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bis(2-methoxyethyl)aminosulfur trifluoride. Macrocyclisation172 with amide for-
mation at the thiazole carboxyl group using DPPA (58% yield) was also the
strategy used for the total synthesis of lyngbyabellin A (114), the novel peptolide
from the marine cyanobacterium Lyngbya majuscula. Trunkamide A (115), cur-
rently in preclinical trials has been synthesised173 using solid phase techniques on
chlorotrityl resin. Assembly was carried out starting with Pro linked to the resin,
with the final two residues being D-PheY[CSNH]Ser added as the precursor to
the thiazole ring which was obtained via dehydration using diethylaminosulfur
trifluoride. A total synthesis of nostacyclamide (116) and analogues has been
accomplished successfully174 using cyclisation with FDPP. The presence of metal
ions in the cyclisation mixture greatly influences the proportion of (116) ob-
tained, relative to other cyclic analogues.
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In order to improve on a previous synthesis of molecular platforms relating to
dolastatins and dendroamides, insertion of Me groups into the oxazole or
thiazole rings creates more rigidity, and an increased yield at macrocyclisation to
(117) is obtained175 using PyBOP. In a totally different context176 an oxazole ring
has served as an activator of a terminal carboxyl group to enable a macrocyc-
lodepsipeptide ring to form according to Scheme 12. Synthesis177 of the linear
precursor (118) of the antibiotic GE 2270 A has been achieved, with the next
challenge being the cyclisation between the thiazole methyl ester position and
the amino group (protected by Boc). The tetradehydro segment (119) has been
constructed178 to be a precursor of the main skeleton of the macrocyclic anti-
biotic, berninamycin B.

Two research groups have succeeded in synthesising interesting tubular and
cage structures by utilising cyclic thiazole peptides. Thus (120) and (121) have
been condensed179 together in the presence of FDPP/Pri

2NEt under high dilu-
tion to form (122) in 30% yield. Condensation180 of (121) with (123) using
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BOP/DIPEA gave rise to (124) which showed potential for forming host-guest
pairs based on the evidence of trapping HMPA and hydroxybenztriazole mol-
ecules during synthesis. When the trithiazole cyclopeptide skeleton was conden-
sed with 1,4,7-triazacyclononane a conical cage formed which was capable of
interaction with Cu2� ions.

The application of ion-trap-electrospray ionisation mass spectrometry (ESI
MS) to the structural analysis of lissoclinamides 9 and 10 has been reviewed181.
These lissoclinamides182 and related metabolites183, patellamides A, and C, and
ulithiacyclamide A have been subjected to metal binding studies. It was found
that lissoclinamide 10 , patellamide C and ulithiacyclamide A were selective for
Cu2� whereas lissoclinamide 9 and patellamide A were less selective. Absolute
stereochemistry and solution conformations have been worked out184 for promo-
thiocins A (125) and B (126). The Ala and Val residues were found to be L-form,
and the oxazole and thiazole residues were in the S-form. The dehydroalanine
units in the side chain have an effect on activity but they do not seem to be
essential. X-ray crystal structures have been obtained185 for four cyclic octapept-
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ide analogues of ascidiacyclamide, lacking the oxazoline ring. Thus for cyclo
(Ile-aThr-D-Val-Thz)2, cyclo (Ala-aThr-D-Val-Thz-Ile-aThr-D-Val-Thz), cyclo
(Val-aThr-D-Val-Thz-Ile-aThr-D-Val-Thz) and cyclo (Ile-aThr-Val-Thz-Ile-
aThr-D-Val-Thz), all four had a folded structure, and modifications at positions
1 and 3 introduced local conformational changes in agreement with the greater
conformational flexibility in these desoxazoline analogues. A dimeric analogue
of desoxazoline ascidiacyclamide has also been synthesised186, and its structure
was not folded, but possessed the flat conformation of a b-sheet, stabilised by
H-bond interactions between thiazole and carbonyl oxygen atoms.

2.11 Cyclodepsipeptides. — The novel structures found under this category has
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revealed once more the diversity of Nature, especially the variety found in the
marine environment. The Vanuatu marine sponge Haliclona sp produces hali-
clamide (127)187, which exhibited cytotoxicity in bronchopulmonary, non-small-
cell-lung carcinoma cell lines with an IC50 value of 4.0 mg/mL. The same sponge
also can claim188 the first reported source of units based on 1,2 oxazetidine-4-
methyl-4-carboxylic acid, 3-hydroxy-2, 2, 4-trimethyl-7-methoxy(and 7-hy-
droxy)decanoic acid, and N-methyl-d-hydroxyisoleucine as assembled in the
halipeptins A (128) and B (129). Halipeptin A caused about 60% inhibition of
edema in mice at a dose of 300mg/Kg. The sponge Sidonops microspinosa is a
source189 of microspinosamide (130), which is the first example of a peptide
containing a b-hydroxy, p-bromophenylalanine residue. Microspinosamide in-
hibited the cytopathic effect of HIV-1 infection in an XTT-based in vitro assay
with an EC50 value of 0.2mg/mL. Clavariopsins A and B (131) have been extracted
and identified190 from an aquatic hyphomycetes,Clavariopsis aquatica and found
to be related to the aureobasidins and cyclopeptolides. Apratoxin A from the
marine cyanobacterium Lyngbya majuscula Harvey ex Gomont has been
shown191 to have the structure (132). Of mixed peptide/polyketide biogenesis,
apratoxin A possessed good in vitro cytotoxic IC50 values (0.36-0.52 nM), but it
was only marginally active in vivo against a colon tumour and ineffective against
a mammary tumour. From the mouth of an Australian river bearing a cyanobac-
terium species, evidence has been accumulated192 that the cyanobacterium’s main
secondary metabolite is the cyclodepsipeptide, georgamide (133).

Strong antibacterial activity against MSRA and VanA-type vancomycin-
resistant enterococci with MIC’s ranging from 0.39-3.13 mg/mL have given
notice193 of the potential of katanosin B (134) and plusbacin A (135) as inhibitors
of peptidoglycan biosynthesis via a mechanism different from that of van-
comycin. Pseudodestruxins A (136) and B (137) have been isolated194 from the
cultures of the corophilous fungus, Nigrosabulum globosum , their structures
having been derived from 2D NMR and X-ray crystallography. No great bio-
logical activity could be associated with these cyclodepsipeptides. Novel anti-
tumour depsipeptides termed SW-163C (138) and E (139) have been shown195 to
belong to the quinomycin family, while the non-toxic metabolites scyptolin A
(140) and B (141), appear196 to be related to the microcystins, both exhibiting
selective inhibition of porcine pancreatic elastase with IC50 values of 3.1 mg/mL.

Previously established structures in this field have become major synthetic
challenges in many laboratories. Thus linear precursors (142) and (143) were
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successfully synthesised197, before macrocyclisation using HATU/DIEA (63%
yield) to give the core cyclic structure of tamandarins A and B, which was further
elaborated through side chain attachment of (144). It was also established
through testing analogues, that the tamandarins mimic didemnin B. A previous-
ly used macrocyclodimerisation step, starting with (145) has been successful in
synthesising198 luzopeptin C (146), with the quinaldic acid moieties being added
as the final stage. A new solid phase synthesis199 of AM toxin II (147) has been
achieved by cyclisation of deprotected (148) using FDDP/DIEA, followed by
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oxidative cleavage of the selenyl link to generate the dehydro residue. Previous
syntheses of kahalalide F, now in clinical trials for treatment of prostate cancer,
have aimed at two possible diastereoisomeric structures (149) and (150). A solid
phase assembly200 of a linear precursor, followed by off-resin cyclisation between
D-Val and Phe using PyBOP/DIEA confirmed that it was (149) that represented
the natural product. Small differences in the NMR data between synthetic and
natural samples of micropeptin T-20 (151) have been revealed from its total
synthesis201. The 3-amino-6-hydroxy-2-piperidone residue, which is critical to the
conformation of the molecule, was introduced as the final step through oxidation
and cyclisation of a homoserine unit. Completion of the macrocycle took place
by activation (with FDPP) of the Phe carboxyl, which linked on to the
homoserine amino group in 84% yield. The spectral anomalies were associated
with the glyceric acid residue and could be a pH effect.

Destruxin A (152), of interest because of its insecticidal properties, together
with analogues having variable allyl groups, have been synthesised202 using solid
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phase techniques for the first time. The Pro residue was directly linked to a trityl
resin and the linear precursor assembled on-resin including the depside link
where the hydroxy acid was incorporated as 2-(3-Fmoc-aminopropionyloxy)
pent-4-enoic acid. Macrocyclisation was achieved using PyBOP or PyAOP, but
was not possible using DPPA. Syntheses203 of destruxin B (153), and both natural
and synthetic analogues (154-157) have been useful in probing the host selective
phytotoxicity of the destruxins. The MeAla-b-Ala linkage was chosen as the
cyclisation point, utilising in a novel way a Boc hydrazide protecting group on
the MeAla carboxyl, which on activation with nitrous acid did not allow the
formation of dioxopiperazines. Yields of 58-65% were achieved in this way, and
of the analogues synthesised, (154) proved to be the most phytotoxic. A synthetic
strategy204 based on a [2�2�2] fragment condensation, has been worked out to
achieve the assembly of the cyclodepsipeptide core (158) of the antitumour
antibiotic verucopeptin. Macrolactamisation between Gly and Sar to form (158)
was achieved in 67% yield using 10eq HATU for 48hr.

Another synthesis of hapalosin (159), which is capable of reversing multidrug
resistance in tumour cells, has been achieved205 mainly by solid phase, although
macrolactamisation was carried out off-resin. The latter was achieved between
the hydroxy acid carboxyl group and the amino group of valine using
TBTU/HOBt, and when analogues centred on changes in R1, R2 and R3 were also
included, yields ranging from 33-64% were recorded. A review206 has also re-
corded the chemical and biological studies carried out on hapalosin. The potent
antitumour depsipeptide doliculide (160) has been synthesised207 using a strategy
of separately forming fragments based on the points (a) (b) and (c) in (160). The
final step was the cycloamidation at point (a), using BOP/DMAP, achieved in
82% yield. In order to overcome the pH-dependent instability of the depside
bond in the antifungal depsipeptide FR901469 (161) an amide analogue (162) has
been synthesised208 via a biotransformation of (161) using the organism, Ac-
tinolanes utahensis IFO-13244 at pH 7.8, which created a linear derivative which
could be re-condensed with fragment (163) after the necessary deprotection of
groups. Final macrolactamisation to make (162) occurred in 83% yield using
WSC/HOBt. A similar approach209 has also been used to replace the ornithinyl
residue at position 1 in (161) as this residue is implicated in the instability of the
depside link. Reduced potency of the cytotoxic depsipeptide arenastatin A (164)
in blood has been associated with the metabolic degradation of the depside links,
so syntheses of non-depside analogues (165-168) have been reported210, as well as
a rationalised synthesis of the parent (164). The best stability in blood was found
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with the two analogues (166) and (167). In a survey211 of which functional groups
are required for activity in the immunosuppressant sanglifehrin A (169), chemical
removal of CO at 53 using borohydride and phenylchlorothionocarbonate gave
an analogue with no loss of immunosuppressive ability nor in binding with
cyclophilin. However removal of the phenol group at 61, by first totally hydro-
genating the phenolic ring, did destroy its immunosuppression.

By far the most efficient way for cyclising linear depsipeptides is via the
formation of amide links. This has been borne out by the failure of two lactonisa-
tion attempts from linear precursors in a synthetic study on stevastelin B (170).
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Many naturally occurring cyclodepsipeptides have quite complicated non-pep-
tidic chiral components, which are quite demanding to synthesise. Examples in
this review year include: the synthesis of (7S, 15S)- and (7R, 15S)-dolatrienoic
acids for incorporation213 into dolastatin 14; protected (2R, 3R, 4S)-4,7-diamino-
2, 3-dihydroxy heptanoic acid for callipeptin A (171)214; (3S, 4R)-3,4-dimethyl-S-
glutamine and the equivalent pyroglutamic acid for incorporation into papuam-
ides and callipeltins215, 216. In studies217 on the cardiac sodium-calcium exhanger,
callipeltin A (171) induces a positive inotropic effect, which has been linked to the
inhibition of the Na�/Ca2� exchanger. The potential clinical utility of the
pseudomycins is compromised by the undesirable irritation, which occurs at the
injection site, so the synthesis218 of pro-drug versions (172-174) was aimed at
overcoming this problem. The analogues retained the original activity and were
free of tail vein irritation. By using re-combinant enzyme Vgb from Staphylococ-
cus aureus it has been deduced219 that the deactivation of the streptogramin B
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antibiotics occurs via an elimination (lyase) mechanism rather than hydrolysis of
the depside bond as depicted in the diagrammatical scheme 13.

Cyclodepsipeptides (175) and (176) were very surprisingly made220, by just
heating the linear amide precursors with HCl in toluene as in scheme 14. No
doubt the steric restrictions associated with the a,a,-dialkyl substitution, assem-
bled via the azirine methodology, influence the ease of macrolactonisation. A
conformational analysis on the cyclodepsipeptide (177), using X-ray diffraction
and other techniques221 confirmed the presence of two H-bonds, stabilising two
b-turns. Dehydrodidemnin (Aplidine) (178) the potent anti-tumoral natural
product, currently in Phase II clinical trials, is known to exist as two slowly
interconverting conformations (1:1 mixture). NMR spectroscopy222 has shown
that these two forms are due to restricted rotation around the pyruvyl-Pro bond
in the side chain. The overall 3D-structures are similar despite the conforma-
tional change, with each structure stabilised by a H-bond between the pyruvyl
carbonyls (different one for each isomer) and the Thr6 residue. The characteristic
ions produced by electrospray ionisation/ion trap mass spectrometry of ring-
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opened LI-F cyclodepsipeptide antibiotics could be useful in the characterisa-
tion of the sequences223.

3 Modified and Conjugated Peptides

This continually expanding section of these annual reports is dedicated to a
discussion of molecules that bear non-peptidic conjugate groups, which often
have a significant bearing on the biological activity of the molecules. They
demand special attention as they often contain links that can be lost in less than
delicate conditions.

3.1 Phosphopeptides. — Since phosphorylation of Ser, Thr and Tyr residues is
an extremely important modulator of protein function there has been increasing
demand for ways and means of locating these phosphorylated residues within
proteins. While full characterisation of phosphoproteins is still a formidable task,
techniques allied to mass spectrometry, seem to be emerging as a possible answer
to the challenges. But as yet the analysis is far from routine. The methodologies
available have been the subject of a review224 which highlights the combination of
techniques necessary to reach an understanding of the sequence and location of
phosphorylation. To overcome the complexity of using mass spectrometry with
mixtures of peptides, pre-treatment with barium hydroxide has been sugges-
ted225, which produces dehydroamino acid residues that then can be further
derivatised with alkane thiols. Alkaline hplc/ electrospray ionisation skimmer
collision-induced dissociation mass spectrometry226 is a rather cumbersome label
for a rapid on-line method for identifying phosphorylated peptides in enzyme
digests. The pH10.5 conditions enhanced the generation of phophopeptide-
specific fragment ions from the phosphorylated residues. Chemical modification
and affinity purification prior to mass spectral analysis have been investigated227

and involve b-elimination/1,2 -ethanedithiol addition followed by reversible
biotinylation. Being able to use mass spectrometry in chiral recognition is
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something of a surprise, but enantio-discrimination of O-phosphoserine in bio-
logical specimens has been used228 successfully in quantifying the enantiomeric
excess of phosphoserine in proteomic analysis. Key to the technique is the
generation of charged trimeric clusters generally referred to as [M(ref )2A]� with
ref � S-(�)-(1-aminoethyl)phosphonic acid or O-phospho-L-threonine as typi-
fied by the ion [Na.(O-phospho-L-Thr)2.O-phospho-Ser]�. Some of the complex-
ity of the mass spectra of phosphoproteins, can be better clarified if elastase
digestion to produce smaller peptide fragments is carried out229 which can then
be followed by tandem mass scans concentrating on the loss of phosphoric acid
from specific residues. Scanning of tryptic digests has also been investigated230 by
applying a 4-s IR laser pulse at 7-11W to the digest, and then monitoring the
phosphopeptide signature ions formed using ESI-FITCR-MS in the negative
mode with infrared multiphoton dissociation.

A multitude of advanced mass spectrometric techniques, without ancillary
support have been checked out for possible application. These include, a multi-
dimensional ES-MS approach231, positive and negative ion matrix-assisted laser
desorption/ionisation MS232, ion scanning of the immonium ion of phos-
photyrosine using TOF(Time of Flight)-MS in the positive mode233, quadrupole
TOF-MS234 and MALDI-TOFMS235, the latter benefiting from a further analysis
with nanoelectrospray quadrupole TOF-MS.

Methods for the synthesis of phosphopeptides have been reviewed236, with the
main emphasis on the preparation of phosphoamino acid building blocks. A
comparison 237 of the Fmoc protected building block approach to that of
post-assembly global phosphorylation (with N,N-diethyl-dialkyl phos-
phoramidite) has been made. The longer the peptide, the lower the phosphorylat-
ing efficiency, and the stepwise phosphorylation strategy worked best for tyrosyl
residues. Ammonium t-Bu H-phosphonate has been used238 for phosphorylation
of Tyr- and Ser-containing peptides derived from an Fmoc synthetic strategy.
Good quality monoprotected peptide phosphates were made, without pyrophos-
phate formation or b-elimination catalysed by piperidine. N-Phosphodipeptides
have been synthesised239 by coupling N-phosphoamino acids and amino acid
methyl esters with dichlorotriphenylphosphorane, conditions and methodology
which could be more generally applicable. Studies towards the synthesis of the
antibiotic alafosfaline have been recorded240 in a Journal not accessible to the
reviewer, but the abstract indicates that both N- and O-protected alafosfaline
have been made starting from 2-alkylphosphonopropanoic acid.

3.2 Glycopeptide Antibiotics. — The challenge to overcome antibiotic resis-
tance continues, with the hope that synthesis of many of the complicated
structures will lead eventually to improved or re-engineered molecules. A review
of the most recent synthetic and mechanistic studies on vancomycin, teicoplanin
and ramo-planin by the D.L. Boger group has appeared241. Some of the formi-
dable difficulties in the synthesis of glycopeptide antibiotics, such as atro-
pisomerism, formation of biphenyl and biaryl ether linkages have been high-
lighted242 in the context of the potential of the Suzuki coupling methodology.

In a major contribution to synthetic studies in this area, Evans et.al 243 have
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achieved the total synthesis of teicoplanin aglycone (181) by a route whose last
stages are summarised in Scheme 15. Key to their approach was the synthesis of
subunits (179) and (180) in their correct oxidation states before further coupling.
The fully functionalised DEFG ring system (182) of teicoplanin has also been
synthesised244 using an alternative methodology. Atropisomerism between the M
and P forms of (182) was also studied. A novel selenium safety catch linker245 has
been useful in the solid phase semi synthesis of vancomycin aglycone(183) and in
the synthesis of libraries. A number of useful antibacterial leads against van-
comycin — resistant bacteria were obtained.

For some years now, ‘reconnaissance’ reports on the partial synthesis of
difficult coupling fragments in this field have been periodically released. This
year is no exception as exemplified by, (i) the ruthenium-promoted biaryl ether
coupling between rings C and D to make246 the BCDF ring system (184) of
ristocetin A, (ii) the stereoselective synthesis247 of the axially chiral A-B ring
system of vancomycin aglycone (183) using a planar chiral tricarbonyl (aryl
halide) chromium complex, (iv) a Ugi reaction incorporating the components
illustrated in Scheme 16248, (v) the thallium(III) trinitrate construction249 of the

Amino Acids, Peptides and Proteins190



cyclic isodityrosine derivative (185), and (vi) the O-arylation of phenols with
phenyl boronic acids to produce metalloproteinase inhibitors250 such as (186).

In last year’s Chapter in this series (Vol.33, p 269), details of the synthesis of
dimers of vancomycin were revealed. Further syntheses of dimers using disulfide
formation and olefine metathesis have now been adapted251 for target-acceler-
ated combinatorial synthesis, which on assay were found to have generated
useful antibiotics against vancomycin-resistant bacteria. On allowing van-
comycin, eremomycin and avoparcin to be exposed to neutral aqueous solutions
containing traces of formaldehyde or acetaldehyde, tandem mass spectrometry
has revealed252 that derivatisation occurs at the N-terminus with formation of a
4-imidazolidine moiety. Hydrophobic N�-C10H21 and N�-p-(p-chlorophenyl)ben-
zyl derivatives of eremomycin have been found253 to be the most active against
vancomycin-resistant enterococci. The role of the sugar residues in
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molecular recognition by vancomycin has been assessed254 by comparing X-ray
crystal structures of the aglycone (183) to structures of intact vancomycin:ligand
complexes. It was shown that the aglycone binds acetate anions and forms
back-to-back dimeric complexes similar to intact vancomycin, but it is argued
that the sugar residues would enlarge and strengthen the dimer interface, and
limit the molecule to a relatively small number of productive conformations.
Cloned glycotransferases have been produced255 to make novel carbohydrate
derivatives of vancomycin and teicoplanin aglycones, and their substrate speci-
ficity is in the process of being ascertained. In order to be more compatible with
lipid membrane environments, NMR techniques have been applied256 to CD3OD
solutions of the aglycone of antibiotic ramoplanin (187) and show that it exists as
a dimer, in contrast to its existence as a monomer in D2O. The dimerised
structure might provide the clefts necessary for binding to Lipid II. A triazacyc-
lophane scaffold has been used to produce a library of receptor molecules that
were tested against D-Ala-D-Ala and D-Ala-D-Lac ligands. After screening and
validation, the bio-inspired mimic that came closest to vancomycin was (188).

With the long-term aim of making vancomycin analogues, studies on the
biosynthesis of sections of the molecule continue. Thus the order of the oxidative
bridging of the aromatic side chains has been studied258 through the isolation of
aglycone intermediates from culture filtrates. The observations support the
hypothesis that b-hydroxylation and chlorination occur before the oxidative
ring formation of the aglycone, with glycosylation and N-methylation occurring
subsequently. O-Linked bridging between C and D rings is the first ring closure
in the biosynthesis. The 3,5-dihydroxyphenyl acetate precursor of 3,5-dihyd-
roxyphenylglycine has been shown259 to be derived by catalysis by a type III
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polyketide synthase using a malonyl-CoA starter unit. Of four proteins ex-
pressed260 in E.coli, onlyDpgA, a type III polyketide synthase in association with
protein DpgB, was able to catalyse the formation of 3,5-dihydroxyphenyl-
glycine.

Of the eight conformationally rigid inserts that were investigated261 as replace-
ments for the methylvalerate (boxed) section of bleomycin (189) the isomer (A)
(shown with 189) proved to have the best characteristics. Structurally related to
the bleomycins are the tallysomycins, and an intermediate (190) on the synthetic
pathway to tallysomycin has been assembled262.

Chiral separations using glycopeptide antibiotics as stationary phases have
recently gained popularity and this interest has been placed in context by a
review263. Many of the antibiotics are complementary to one another, so that if a
partial enantioresolution is obtained by one glycopeptide, there is a high prob-
ability that a baseline or better separation can be obtained with another. Reten-
tion and selectivity of teicoplanin stationary phases have been studied in a
number of situations: in the separation of amino acids after copper complexation
and isotopic exchange264; in separation of amino acids on silica gel modified with
teicoplanin265; in LC-MS as a chiral stationary phase for amino acid separation
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followed by ion spray mass spectrometry for ionisation and detection266; in the
separation of dansyl amino acid enantiomers267. Several unnatural amino acids
have been chirally separated using hplc separation of the underivatised acids on
ristocetin A-bonded chiral stationary phase268.

3.3 Glycopeptides. — The sub-division of this section into work associated with
O-, N- and C-linked glycopeptides can again be justified. However a few of the
lead reviews cover the whole breadth of the subject, as for example the coverage
of recent trends in glycopeptide synthesis269. The link between complex carbohy-
drates and glycoproteins has been discussed270, and the efficient synthesis of
oligosaccharides and glycopeptides by chemoenzymatic approaches has been
reviewed271. The synthesis of long-chain glycopeptides and the coupling of frag-
ments by thioesters or by chemical ligation has been reviewed272 in the context of
the synthesis of diptericin and emmprin.

Dehydroalanine units in peptides can be the focal point for chemoselective
conjugate addition of farnesyl thiolate and thioglycosides273, while S-linked
glycosyl amino acids are formed274 from a reaction between protected serine and
a sodium thiolate salt of a variety of unprotected 1-thiosugars. A combination of
acid labile protecting groups, acid sensitive resins and two orthogonal
chemoselective ligation reactions have been used275 to create the model (191) of
post translational tyrosine sulfation and O-glycosylation. A Tentagel solid sup-
port functionalised with a protected 2-amino sugar has been proposed276 for the
preparation of glycopeptides and nucleo-glycopeptides. 2-Bromoethyl glyco-
sides corresponding to the Tn (GalNAc a Ser/Thr) and T [Gal (1Æ3) GalNAc a
Ser/Thr] antigens have been prepared277, starting from N-acetylgalactosamine.
These were used to alkylate a homocysteine residue in a peptide that is able to
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bind to class I MHC molecules on antigen-presenting cells, and further pro-
cessed into glycopeptides which carry the sialyl-Tn and 2,3-sialyl-T antigens by
using recombinant sialyltransferases.

3.3.1 O-Glycopeptides. Lipid II is the ultimate monomeric intermediate of bac-
terial cell wall peptidoglycan biosynthesis, and as part of the synthetic effort
towards its synthesis, the core NAG-NAM disaccharide unit (192) has been
assembled278. In the synthesis279 of the hen egg lysozyme 52-61 sequence (193), it
has been shown that when the R protecting groups are either 3-fluorobenzoyl or
2,5-difluorobenzoyl the extent of b-elimination during synthesis decreased from
80% to 10% and from 50% to 0% respectively. The first synthesised examples
(e.g. 194) of natural-type glycoconjugates that simultaneously contain phosphate
and sulfate as well as carboxylic acids have been reported280. Phosphate was
introduced using (Pri)2NP(OBn)2/1H-tetrazole and sulfate using SO3.NMe3. A
facile route to preparing homogeneous antifreeze glycoproteins (composed of
repeating Ala-Thr-Ala units) has used281 solid phase techniques using TF antigen
building blocks to form (195).

The chemoenzymatic approach overcomes some of the chemical problems
and poor control of anomeric configuration in this demanding synthetic area. As
discussed in an earlier reference above (Ref. 276), once the T and Tn antigens are
obtained by chemical synthesis, further elaboration to sialyl-Tn and 2,3 sialyl-T
can be catalysed by recombinant sialyltranferases282 as applied to the tandem
repeat domain of mucin MUC 1, and neoglycosylated derivatives of a T-cell
stimulating viral peptide. As part of the effort to design inhibitors to target the
polysaccharide backbone synthesis of bacterial cell walls, the precursor UDP-
MurNAc (196) and its vancomycin-resistant analogue depsipeptide (197) have
been synthesised by chemoenzymatic approaches283. The key enzyme-catalysed
step was the coupling of the Thr side chain to the sugar using glucose dehyd-
rogenase. Endo a-N-acetylgalactosaminidase from Streptomyces sp. has
catalysed284 the transfer of Gal b-(1Æ3)-GalNAc to the hydroxyl group of a
serine within a hexapeptide using Gal b-(1Æ3)-GalNAcb-pNP as donor. The
yield285 in transglycosylation to form the conjugate [Gal(b1-3) Gal(b1-4) Xyl(b1-
O)-L-Ser] was much improved by using galactosyl fluoride as a donor.

A strategy to replace the critical b (1Æ3) link to the core GalNAc in mucin-
type oligosaccharides with thioether analogues, has been brought about286 via
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the key synthesis of (198), which was incorporated into the synthesis of (199). The
key to synthesis287 of antigen -bearing residues such as (200) was attachment to
the amino acid residue via a Horner-Emmons olefination with a suitably pro-
tected glycine-derived phosphonate, followed by catalytic asymmetric hydro-
genation. Twenty-two enkephalin glycopeptide analogues of the general struc-
ture (201) have been synthesised288 using Fmoc-protected glycosylated amino
acid building blocks. The glycosides tested were Xyl, Glc, Gal, Man, GlcNAc,
GalNAc, lactose, cellobiose and melibiose, and each were linked to the amino
acid via AgOTfl-catalysed condensation of acetobromosugars. The acetate-
protected sugars gave poorer yields than their benzoate counterparts, but prod-
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ucts were purer. The muramyl dipeptide (202) has been obtained via solid phase
synthesis289 and linked via an ethane thiol spacer to form neoglycopeptide
polymers. The products were shown to stimulate TNF-a (tumour necrosis
factor). An allyl ester type linker (cleaved by Pd(0) catalysis), used in combination
with an acid labile Sieber amide resin, has enabled290 glycopeptide blocks consist-
ing of [O-(2,3,4-tri-O-acetyl-D-xylosyl)-L-seryl-glycine]n with n�1-8, to be pro-
duced in good yields. These are prototypes for making serglycin a proteoglycan
with repeating Ser-Gly sequences. Glycosyl trichloroacetimidate donors have
achieved291 high yields in the solid phase glycosylation of Ser and Thr residues.
Also developed in this work was a photolabile linker to facilitate analysis by both
MALDI TOF mass spectrometry and magic angle NMR.

Interest in glyco-amino acid building blocks continues, and includes (203)
formed using isopropyl thioglycosides as donors. This derivative has been suc-
cessfully used292 in the preparation of a glycopeptide derivative related to Lycium
barbarum L. Further application of the Michael addition of nitroglycals as
summarised in scheme 16, has been reported293 in the synthesis of neuraminic
acid glycopeptide synthons. Three different routes294 to building block (204) has
allowed the incorporation of lipophilic side chains where R � (CH2)5Me or
(CH2)9Me.
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There is increasing discussion on the effect sugar units have on the conforma-
tion of the peptide or protein segments in glycoconjugates, and whether they
have an influence on recognition and binding properties. Calcitonin has been
used295 as a model for such studies, and on N-glycosylation, the peptide back-
bone did not change, but biological activity was affected by the nature of the
carbohydrate. On O-glycosylation, the carbohydrate affected both the 3D struc-
ture and the biological activity in a binding site-dependent manner. A detailed
NMR investigation296 in aqueous solution of the glycopeptide H-Val-[b-Gal
(1Æ3)-a-GalNAc(1O)]-Thr-His-Pro-Gly-Tyr-OH showed that the 2-OH group
of Gal had reduced contact with water due to interference from the 2-acetamido
group of GalNAc, and there was restricted rotation around the sugar-peptide
linkage. In a 17-residue O-linked glycopeptide model incorporating the a-
mannosyl-serine link CD and NMR studies297 showed that the glycopeptide
retained its helicity in the presence of SDS micelles, whereas the native peptide
lost secondary structure in the presence of micelles. A range of physical data298

has also been accumulated on a series of O-glycosylated Thr peptides rich in Aib
residues. The presence of glycosylated threonine residues tends to discourage
formation of a 310 — helical structure in Aib-rich peptides, but in antifreeze
peptides, where the much less helicogenic Ala residues are found, the helical
structure should still be regarded as a remote possibility.

The enzymic digestion of glycopeptides with endoglycosidases, prior to analy-
sis by MALDI-MS has been modified299 to take place in the presence of the
MALDI matrix, which has reduced the digestion time to between 5 and 15 mins.
The determination of glycosylation sites in the unusual post-translational O-
fucosylation of proteins has been helped by the development300 of nanoelectros-
pray quadrupole time of flight mass spectrometry (nano-ESI Q-TOF). In a single
measurement of chemically untreated O-fucosylated peptides from thrombos-
pondin—1, it was possible to determine the glycosylation sites and the glycan
structure. Pre-treatment301 with methylamine transforms glycosylated Ser and
Thr residues into stable methylamine derivatives via b-elimination and addition
of 13 Da to each residue. These changes can be picked up by CID-MS/MS to
locate the original O-glycosylated sites.

3.3.2 N-Glycopeptides. With the aim of replacing the fucoside bond of sialyl
Lewisx with b-D-arabino-pyranoside having the same, but unnatural, hydroxy
configuration, the building block (205) was synthesised302 in seven steps. This was
then incorporated using solid phase techniques as the Asn(R) residue in Gly-
Asn(R)-Leu-Thr-Glu-Leu-Glu-Ser-Glu-Asp, which corresponds to residues 672-
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681 of ESL-1, and used as a synthetic E-selectin ligand stabilised against enzyme
degradation. In in vitro tests of inhibition of adhesion of 32Dc3 cells to an
E-selectin IgG-construct IC50 values of 0.12mM were obtained. Some demanding
synthetic sequences303 have been assembled for (206), which has a high mannose
core but bears the full H-type 2 human blood group specificity. The carbohy-
drate structure was first put together before a final step of coupling to the Asn
residue. Technology has been evolved304 to make N-linked glycopeptides from
glycosyl asparagines containing unprotected oligsaccharides, as in the key build-
ing block Fmoc-Asn(NGlnNAc)-OBut (207). Three N-linked glycopeptides, e.g.
the N-terminal glycosylated sequence of CD52 of the immune system, Ac-Gly-
Gln-Asn(NGlnNAc)-OH were made using this method which depended on
precipitation of the products at critical stages.

N-Acetylmuramyl-L-alanyl-D-isoglutamine aryl b-glycosides have also been
synthesised305. The starting point was the glycosylation of phenols with
peracetylated a-glucosaminyl chloride, before condensation of these derivatives
with a dipeptide.

The enzyme transglutaminase has been shown to use as substrate306 a number
of saccharides with amino-terminated thioether spacers, which can be trans-
aminated on to Z-Gln-Gly at point (a) in structures (208). The trans-glycosyla-
tion activity of endo-b-N-acetylglucosaminidase of Mucor hiemalis (Endo-M)
has been made use of in the further glycosylation307 of N-acetylglucosaminyl
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peptides, e.g. addition of sialo-complex-type oligosaccharide to N-acetyl-
glucosaminyl peptide T, glycosylation of calcitonin , and glycosylation of the
glutamine residue of substance P. New derivatives of a muramoyl dipeptide with
chromone aglycones have been described308 following condensation of the
methyl ester of N-acetylmuramoyl-Ala-D-isoglutamine with b-aryl-4,6-O-iso-
propylidene-N-acetyl muramic acids. N-4-(b-GlcNAc)-2-substituted succinamic
acid isomers have been synthesised309 as analogues of N-4-(2-acetamido-2-
deoxy-b-D-glucopyranosyl)-L-asparagine.

A new, preparatively simple, access to N-linked glycopeptoids (N-substituted
oligoglycines with alkylated amino groups) has been reported310 using hexa-
fluoroacetone as both protecting group and activating agent. A general sum-
mary of the stages appears in Scheme 17. The building block, Fmoc-Asn[b-
chitobiose(TBDMS)5]-OH (209) has been synthesised311 and has been success-
fully incorporated into a glycosylated amyloidogenic peptide representing the
175-195 fragment of the mouse prion protein. Hydroxylamine and hydrazide
links as shown in (210) have been developed312 as asparagine surrogate groups in
the assembly of N-linked glycopeptide mimetics for testing as substrates of
oligosaccharyl transferase. 2-Nitrobenzenesulfonamides have been successfully
used313 to couple primary alcohol groups of saccharide and nucleoside deriva-
tives under Mitsunobu reaction conditions, to form fully protected hybrids as
exemplified by (211). Carbohydrate-based templates of the type represented by
(212) have been produced314 which are suitable for the preparation of dendrimers
by solid-phase synthesis. The Ugi reaction has been used315 to prepare the
divalent galactose derivative (213) via the reaction summarised in Scheme 18.

3.3.3 C-Linked and Other Linked Glycopeptides. The hydrolytically stable C-
glycoside analogue (214) of the Tn antigen has been synthesised316 via a Wittig-
Horner reaction of a C-linked aldehyde with Gly-derived phosphonate followed
by asymmetric hydrogenation. Methylene isosteres of O-glycosyl serine have
been obtained317 using ethynyl ketoses as key intermediates. b-Linked ethynyl
glycosides were transformed into N-Boc C-glycosyl a-aminobutyric acids by
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reduction of the triple bond using H2/Pd(OH)2 and oxidative cleavage of the
oxazolidine ring. A stereocontrolled synthesis318 of a-C-mannosyltryptophan
has been achieved by Sc(ClO4)3 mediated coupling between a-C-mannosylindole
and 2-aziridine carboxylate as a key step. A one step procedure319 has been
worked out for the conversion of a-D-galacto-2-deoxy-oct-3-ulopyranosonic
acid into unnatural glycopeptides based on the structure (215).
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The potent and selective inhibitor SB-219383 (216) of bacterial tyrosyl t-RNA
synthetase has undergone further C-glycosidation reactions320 to form com-
pounds such as (217) via a sugar nitrone intermediate. Cross metathesis of vinyl,
allyl and butenyl C-glycosides with N-Boc-vinyloxazolidine using the Grubbs
carbene has been reported321 and is summarised in Scheme 19 for the preparation
of the isostere of glycosyl asparagines. C-Glycosyl glycines, e.g 2-(4,6-di-O-

benzyl-2, 3-dideoxy-a-D-erythro-hex-2-enopyranosyl)-2 (R,S) glycine have been
formed322 starting from a Pd(0)-catalysed alkylation of 2,3-unsaturated aryl
glycoside with ethyl nitroacetate or N-(diphenylmethylene)glycine ethyl ester.
Perbenzylated amino a and b allyl glucosides have been shown323 to be moder-
ated substrates in the Sharpless asymmetric aminohydroxylation to form C-
glycosyl- amino acids and -peptides. C-Linked mimetics e.g. (218) of the anti-
freeze glycoproteins have been synthesised324 by introducing a methylene car-
boxylic acid unit on to the glycoside before coupling on to the side chain amino
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group on the peptide. Synthesis of new stable glycosyl amino esters has been
achieved325 by linking up the a-carbon of glycine moieties to C-6 position of
pyranoses, or to C-5 positions of pentoses.

The reaction between amino acid vinyl ester acyl donors, and minimally or
unprotected carbohydrate acyl acceptors, when catalysed by serine protease
subtilisin at 45°C, yields amino acid esters of carbohydrates326. The enzyme labile
phenylacetoxy benzyloxycarbonyl (PhAcOZ) has been useful for the synthesis of
nucleopeptides based on (219). Coupling between nucleotide and peptide at the
thioether link was used328 to prepare analogues such as (220), of interest in the
study of chromium-DNA-protein cross-links. The conjugation of oligonucleot-
ide phosphorothioates with antennapedia peptide has been optimised329 and can
be used for large scale preparations.

3.4 Lipopeptides. —A secondary metabolite, antillatoxin B (221) has been char-
acterised330 from the marine cyanobacterium Lyngbya majuscula, and was shown
to exhibit significant sodium channel-activating (EC50 �1.77mM) and ich-
thyotoxic (LC50 � 1 mM) properties. The crystal structure of the lipoundecapept-
ide amphisin (222) fromPseudomonas sp strainDSS73 has been published331. The
peptide, a close analogue of cyclic lipopeptides tensin and pholipeptin, is mainly
310 helical and amphiphilic in character. The water soluble echinocandin-like
lipopeptide FR131535 (223) was produced by cleaving off the lipophilic side
chain of FR901379 and replacing it with the p-alkoxybenzoyl side chain332. The
product inhibited 1,3 b-glucan synthase (IC50 � 2.8mg/mL) and had broad
spectrum activity against a variety of fungal species.

A biotinylated, farnesylated Ca1a2X peptide [1-N-biotinyl-(13-N-succini-
midyl(S-(E,E-farnesyl)-cysteinyl)-Val-Ile-Ala)-4,7,10-trioxatridecanediamine]
containing a polyethylene glycol linker has been prepared by solid phase syn-
thesis333on a Kaiser oxime resin. Radio-label was added in the penultimate step,
and the product when tested on cloned yRce1p proved to be a good substrate
(KM � 1.3 � 0.3 mM). The total synthesis of trunkamide A (224) has been
reported334. Initial attempts to close the macrocycle from thiazole or thioamide-
containing precursors proved to be a stereochemical burden, so cyclisation at
point (a) in (224) was carried out on an all-amide precursor with the thiazole ring
being generated after cyclisation. The epimer at C-45 was also synthesised.
Hydrazino groups at the N-terminal position of peptides, e.g. H2NNH-Lys-Val-
Gly-Phe-Phe-Lys-Arg-NH2 can be selectively acylated335 at the N-terminus with
Me(CH2)14COOSu in citrate buffer to form lipopeptides. N-Terminal modifica-
tions336 at the fatty acid section of the potent antibacterial lipopeptide polymyxin
B have shown that oligoalanyl substitutions do not affect antibacterial activity,
but hydrophobic aromatic substitution generated high antibacterial activity and
significantly reduced toxicity.

Conformational features of palmitoyl-Lys and palmitoyl-Gly-Lys analogues
of bradykinin have been subjected to an NMR337 study in zwitterionic lipoid
environment. The results indicate that the palmitic acid and N-terminal residues
were embedded into the micelles, while the rest of the polypeptide chain was
closely associated with the water-micelle interface. Significant resolution enhan-
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cement has been achieved338 in the NMR spectra of a Ras lipopeptide [H-Gly-
Cys (Pal)-Met-Gly-Leu-Pro-Cys (hexadecyl)-OMe] incorporated into 1,2-
dimyristol-sn-glycero-3-phosphocholine, if the instrument is run using the magic
angle spinning technique. A modular approach339 has been used to produce a
large series of cell-permeable lipopeptides. It involves linking a model peptide,
the pseudo-substrate sequence of protein kinase C-zeta (labelled the cargo e.g.
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X-SIYRRGARRWRKL-NH2) to a shuttle system (labelled the vector, Gly-Asp-
Gly-Arg-Lys-NH2) via a series of ligands Optimal results were seen with the
thiazolidine ligation product (225). Signal transduction pathways involved in
leucocyte activation have been explored340 using the synthetic lipopeptide N-
palmitoyl-S-[2,3-bis(palmitoyloxy)-(2R,S)-propyl]-(R)-cysteinyl-seryl-(lysyl)3-ly-
sine. This lipopeptide activated mitogen-activated protein kinases ERK1/2 and
MAP kinase MEK1/2 in bone-marrow-derived macrophages, and in macro-
phage cell line RAW 264.7.

4 Miscellaneous Structures

Cyclopeptide alkaloids have found an honourable place in this sub-section over
many years, and this year again nature has sourced a few more members to this
family. Thus the bark of Discaria Americana has been shown341 to contain
discarenes C (226) and D (227), whose structures were elucidated by NMR and
chiral chromatography. Paliurines G (228), H (229) and I (230) have been
identified342 together with six other known alkaloids from the stems of Paliurus
ramossisimus.

Quite large 22-32 membered macrocycles (231) have been obtained343 by
dimerisation of cysteine-based precursors, while coupling of Z-Ala-ONSu with
1,5-diamino-3-oxapentane and appropriate deprotection and reduction steps
have yielded344 (232) and (233). Molecular design and synthesis345 of ‘artificial
peptides’ containing rigid unnatural amino acids, such as 3-aminobenzoic acid
provide opportunities for ion-channelling/chelation. The series of analogues
shown under (234) form channels which are cation selective, these channels being
formed from a dimer of the peptide. The peptide ring constructs the channel
entrance and the alkanoyl chains line across the membrane to form the channel
pore, and hence determine the rate of ion conduction. Acid catalysed cyclisa-
tion346 of 4-[(MeO)2CH]C6H4CO-Pro-Phe-NHNH2 in the presence of LiI, gener-
ated a dynamic combinatorial library, with a peptide hydrazone trimer account-
ing for 98% of the library. This trimer bound to lithium in a 1:1 stoichiometry.
Cyclic trimers such as (235) have been synthesised347 and show supramolecular
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nanotubular stacked structures when crystallised. A flexible method348 of syn-
thesising cyclic peptides with unnatural aliphatic bridges has been proven
through the synthesis of (236). A triply-orthogonal protecting strategy was used
to incorporate the bridging unit. The constrained peptide, contrary to expecta-
tion, adopted a left-handed type II b-turn in aqueous media and a right-handed
type I b-turn conformation in trifluoroethanol. Ester-linked glycopeptides have
been synthesised349 by linking the carboxy groups of simple peptides, as well as
enkephalin, to the C-6 hydroxy group of D-glucose. Their properties indicate
that some products formed from them may be similar to those formed as part of
the Maillard reaction.
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4
Proteins

BY GRAHAM C. BARRETT

1 Introduction*

The aim of this Chapter has remained unchanged over the years: the coverage of
a year’s protein literature with emphasis on studies that uncover links between
protein function and molecular structure. Routine biochemical studies are ex-
cluded, as are data compilations and reviews that do not reflect the aim of the
Chapter. However, the contributions that can be made to descriptive biological
topics, through the interpretation of molecular structures of proteins, have been
illustrated regularly in this Chapter over the years. A striking example this year
in this context, is the conclusion that the actin cytoskeleton had evolved before
eukaryotes had developed (Ref. 42).

All too often, descriptions of studies deserving a place in this Chapter have had
to be excluded. This is an inevitable restriction on the coverage that has had to be
imposed, because protein science is now an area of phenomenal growth that this
Chapter can only sample. But in the process of selection, papers have been
chosen so that details of major current themes can be given, to provide a
description of the frontiers of the topic. In other words, the general thrust of the
year’s protein literature is thought to be represented in the papers that have been
cited here.

Graphics styles by which protein structures and mechanistic schemes are
depicted in current research papers, are represented in this Chapter. It is hoped
that this display of the extraordinary range of graphics techniques that have been
developed for protein studies may be informative in its own right. Perhaps the
display may help to introduce the techniques to new authors reporting results in
the proteins field, and also to reveal the possibilities of these graphics techniques
to authors reporting other areas of structural chemistry.

* Most of the protein structures reproduced in this Chapter are in colour in the original sources.
Authors have usually chosen to use colour to help the reader to appreciate the discussion of their
work, and the on-line version of this Chapter reproduces the colour versions. This can be found at
http://pubs.rsc.org/ebooks/CONTENTS/AA034004figures.pdf.
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2 Structure of this Chapter

Last year’s Chapter set out a structure for the coverage on Proteins in this
Specialist Periodical Report. This structure has been largely followed in this
year’s review. Of course, active topics that have been worked out to completion
within the time covered by this review have been given only brief mention, and
conversely, rapidly developing topics that were barely recognised last year have
been given more space. So the structure for this Chapter will be understood to be
flexible, in accordance with the ebb and flow of protein topics as determined by
the research groups involved.

2.1 Cross-Referencing in This Chapter. — The papers discussed in this Chapter
are frequently wide-ranging, and many of them could be located under more
than one heading in the different Sections of this Chapter. The opportunity has
been taken in each Section to alert the reader to the presence of relevant papers
elsewhere in the Chapter. Reference back to an earlier volume of this Specialist
Periodical Report is made with e.g. ‘Volume 33, p. 378’.

3 Textbooks and Monographs

In addition to a listing of textbooks and monographs published in 2001, a
number of books that have escaped mention in this Chapter in earlier Volumes
are cited here since they represent a resource of continuing usefulness. Although
these titles will be familiar to regular readers of this Specialist Periodical Report,
new researchers in protein science will welcome information about textbooks
and monographs as a time-saving initiation to the field, and may therefore find it
helpful to have a listing of recommended primary literature of Protein Science in
this Specialist Periodical Report.

Titles added this year, to supplement listings in preceding Volumes, are:
Protein — Protein Interactions: A Molecular Cloning Manual,1 Modern Protein
Chemistry: Practical Aspects,2 The Physical Foundation of Protein Architecture,3

Perspectives in Amino Acid and Protein Geochemistry,4 Protein Ligand Interac-
tions (Practical Approach Series),5 Guide to Cytochrome P450: Structure and
Function,6 Cloning, Gene Expression, and Protein Purification: Experimental Pro-
cedures and Process Rationale,7 Nature’s Robots: A History of Proteins,8 Protein —
Protein Recognition,9 and Advances in Protein Chemistry: Protein Modules and
Protein-Protein Interactions.10

Books published in earlier years, that have escaped mention in preceding
Volumes of this Specialist Periodical Report, are: Biological Sequence Analysis:
Probabilistic Models of Proteins and Nucleic Acids, by R.Durbin, S.R.Eddy,
A.Krogh and G.Mitchison, The Protein Protocols Handbook, ed. J.M.Walker,
The Chaperonins, ed. R.J.Ellis, Protein Folding, eds. C.M.Dobson and
A.R.Fersht, Fundamentals of Enzymology, by N.C.Price and L.Stevens, Protein —
Solvent Interactions, by R.B.Gregory, Biotechnology: Proteins to PCR: A Course
in Strategies and Laboratory Techniques, by D.Burden and D.Whitney, and
Protein Analysis and Purification: Benchtop Techniques, by I Rosenberg.11
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Later Sections of this Chapter provide titles of further recent textbooks.

3.1 Literature Searching in Protein Science. — The textbooks noted in the
preceding section, and at the start of many other sections of this Chapter, are
valuable as starting points for researching the status of a protein topic.

The online literature in protein science continues to expand, through the
increased range of internet access to established Journals and the secondary
literature. Background literature searching is well supported by this resource.
Useful new portals have been set up (Ref. 90), which will help readers who seek
more background on the topics described in this Chapter.

3.2 Protein Nomenclature. — No additional recommendations from interna-
tional organisations have appeared in the period under review, and the primary
literature reflects the continuing application of approved nomenclature that
mostly has been in use for many years.

A glossary of abbreviations is usually lacking in reviews presenting protein
results that involve many acronyms and other abbreviations,12 which are a
source of frustration for many readers. The usual freedom to introduce new
names for individual proteins and families of proteins has been taken on board
by authors of journal papers, as the opportunities arise, and especially the
freedom to use more or less logical abbreviations and neologisms. There is some
logic to many of the choices of abbreviations, for example the use of Protein Data
Bank conventions, but some unravelling of abbreviations to provide the full
protein name will be seen in the present Chapter. This seems especially necessary
for achieving and maintaining communication with readers who are approach-
ing protein science from the direction of classical organic chemistry.

4 Structure Determination of Proteins

Major techniques employed in structure determination of proteins are illustrated
well in the studies selected for this Section. The most widely applicable technique
continues to be X-ray crystallography, and this occupies the last place in this
Section, partly because it is now a relatively routine technique, and generates
little in the way of monographs and textbooks, or reviews. Also, copious cross-
referencing would be needed between papers on X-ray crystallography in the text
of this Chapter, if attention is given to the interests of some readers of this
Chapter. However, routine use of the technique underpins most of the papers
cited this year, and cross-referencing on this scale would be a tedious, space-
consuming exercise. By being placed last in this Section, particularly interesting
applications of X-ray crystallography are brought close to the main descriptive
part of the Chapter.

4.1 Proteomics and Genomics. — The growth of the general field of protein
structure determination, and links between structure and function has been
supported by a large range of texbooks. Recent additions to the range are:

4: Proteins 221



Proteome Research: New Frontiers in Functional Genomics,13 Proteome Research:
Mass Spectrometry,14 Post-Translational Modification of Proteins: Tools for
Functional Proteomics (Methods in Molecular Biology, Vol. 194),15 Proteomics in
Practice: A Laboratory Manual of Proteome Analysis,16 Protein Structure Predic-
tion: Bioinformatic Approach,17 Proteome Research: Two-Dimensional Gel Elec-
trophoresis and Detection Methods (Principles and Practice),18 Discovering
Genomics, Proteomics, and Bioinformatics,19 Proteomics,20 Proteins and Pro-
teomics: A Laboratory Manual,21 The Proteome Revisited: Theory and Practice of
All Relevant Electrophoretic Steps,22 Proteomics Reviews 2001,23 Proteins: Bio-
chemistry and Biotechnology,24 Introduction to Bioinformatics,25 Bioinformatics,
Sequence, Structure, and Databanks,26 and Introduction to Bioinformatics.27

4.2 Mass Spectrometry. — A recent textbook deals with Interpreting Protein
Mass Spectra,28 and MS For Biotechnology29 deserves a repeat mention. Several
textbooks listed in the preceding section cover the important role of mass
spectrometry in protein structure determination.

Mass spectrometric methods are a major source of new results that assist
structure determinations for proteins. The technique is now applied widely, and
has not been given detailed coverage here. However, it must be said that the
literature demonstrates that the contribution of mild ionization methods to the
mass spectrometric analysis of large molecular complexes continues to undergo
astonishing development. One new example is the complete amino acid sequence
of the coat protein of Brome Mosaic Virus.30 This is one of the first RNA plant
viruses to have had its genome completely sequenced, its importance being its
capacity to infect grasses and cereals, causing occasional crop destruction and
therefore financial loss. The point is well made in this paper, that protein
sequencing derived from interpreting the DNA sequence will not reveal post-
translational changes that may take place. In the present example, the proteins
studied were found to carry an N-terminal acetyl group, readily identified from
the mass spectrum after the researchers had found difficulty in matching likely
amino acid and peptide moieties with masses of fragments liberated in the mass
spectrometer.

For other examples of detailed structure elucidation involving current mass
spectrometric techniques see also Refs. 136, 141.

Complex protein structures are rarely solved by the use of only one physical
method (unless that method is X-ray crystallography), and current methodology
involving combinations of physical methods is featured in later sections of this
Chapter.

4.3 NMR Spectroscopy. — Textbook coverage of the major role played by
NMR spectroscopy is extended significantly by new or recent offerings: Protein
NMR for the Millennium (Biological Magnetic Resonance),31 and Biomolecular
NMR Spectroscopy.32

High-pressure 15N/1H-NMR spectroscopy of ubiquitin (750 MHz for 1H; the
pressure range involved was 30 to 3500 bar)33 has revealed the existence at
equilibrium of two folded conformers at pH 4.5 at 20oC at 2000 bar. Sigmoid-
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Figure 1 (A) Location of residues showing anomalous amide 15N pressure shifts in the
three-dimensional X-ray structure of ubiquitin. The residues showing anomal-
ous amide nitrogen shifts are marked by colours according to their deviation
from the average pressure shift. (B) Location of residues showing anomalous
amide 1H pressure shifts on a representative NMR structure of ubiquitin.
Cavities with a probe radius of 1.0 A� are represented by green spheres.
Isoleucine36, whose cross-peak preferentially broadens and disappears at 3000
bar, is drawn in stick format. The internally hydrogen-bonded amide groups
that show anomalous 1H pressure shifts are marked by colours according to
their deviation from the average pressure shift. The NH and CO groups are
represented in thick and thin stick format, respectively
(Reproduced with permission from Kitahara et al.33)

shaped pressure-induced chemical shift relationships were diagnostic features
from which this conclusion was reached. In Figure 1, (A) shows the location of
residues showing anomalous amide 15N pressure shifts in the three-dimensional
X-ray structure of ubiquitin.

There are several points of interest, for example the cross-peak of isoleucine36
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Figure 2 The 1:1-complex formed between yeast iso-1-cytochrome c (light regions of this
Figure) and cytochrome c peroxidase (black regions of this Figure)
(Reproduced with permission from Worrall et al.36)

preferentially broadens and disappears at high pressures (3000 bar), thus reveal-
ing a particular sensitivity of conformational parameters for this residue.

High-pressure 15N/1H- NMR spectroscopy of the complex of a GTPase
Rap1A/Ra1GDS (its effector) shows unusually large non-linear chemical shifts
that occur as the pressure is changed, for the Ras-binding domain of Ra1 guanine
dissociation stimulator. The data reveal the presence of an increasing proportion
of a higher energy conformer at higher pressures.34 Cdc42, a Rho-related member
of the Ras superfamily, is a GTP-binding protein, functioning as a molecular
switch to control a wide range of cellular processes. Its role in the slowing of
Fas-induced apoptosis has now been established.35

1:1-Complex formation between yeast iso-1-cytochrome c and its physiologi-
cal redox partner, cytochrome c peroxidase, has been probed by 15N/1H-hetero-
nuclear NMR spectroscopy.36 Thirty-four amide bonds, corresponding to resi-
dues at the front face of the protein, are affected by complex formation with the
diamagnetic ferrous cytochrome c; this agrees with the interface amino acids
identified by X-ray crystallographic analysis (Figure 2).

However, for the paramagnetic ferric cytochrome c, 56 amide bonds are
affected by complex formation. These are generally the same bonds that are
affected for the ferrous form, but also include several amide bonds at the rear of
the structure as viewed in Figure 2. The authors suggest that this is due either to a
different binding mode for the two forms with the enzyme, or a consequence of
the greater flexibility of the ferric protein compared with the ferrous analogue.

A combined 1H/15N-NMR and X-ray study of methylglyoxal synthase (MGS)
complexed with its competitive inhibitor phosphoglycolohydroxamic acid
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Figure 3 Methylglyoxal synthase (MGS) complexed with its competitive inhibitor phos-
phoglycolohydroxamic acid (PGH), showing water molecules involved in the
catalytic mechanism
(Reproduced with permission from Marks et al.37)

(PGH) has been reported.37 The structure established in this way reveals the
locations of water molecules that are important in the catalysis mechanism
(Figure 3). A point of interest is the fact that PGH is already known to be a
competitive inhibitor of triosephosphate isomerase and therefore the new results
link these two enzyme systems.

For an application of heteronuclear NMR spectroscopy to assess conforma-
tional mobility of localities in proteins, see Ref.133; Solid-state NMR results are
discussed in a low temperature study with a similar objective (Ref. 63), and a
combination of NMR with other physical measurements (see next Section) is
illustrated in Ref. 200.

129Xe NMR focussed on an encrypted Xe atom bound to avidin (an egg white
protein) has involved the biotin probe shown in Figure 4.38 This effectively
demonstrates the preparation of an NMR-based biosensor that exploits the
enhanced signal-to-noise response of laser-polarized xenon leading to spectral
simplicity and chemical-shift sensitivity. Detection of specific biomolecules at the
level of tens of nanomoles is claimed to be potentially achievable by this ap-
proach.

4.4 Structures of Proteins Determined using Physical Methods in Combination
with Structural Derivatization. — The role of NMR spectroscopy in protein
structure determination continues to gain importance and competes with, and
complements, the scope of X-ray crystallography in this respect. Taken with
mass spectrometry studies that contribute to this endeavour, also often in a
complementary role, the scenario of currently-used methods is nearly fully
covered by just these three physical techniques.

However, significant progress continues to depend on other techniques, circu-
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Figure 4 A cryptophane-A xenon biosensor for 129Xe protein NMR
(After Ref. 38)

lar dichroism (CD) spectroscopy (Refs. 52, 53, 80, 200) and EPR measurements
(Refs. 50, 149) in particular, as well as on routine spectrometric methods (UV —
visible; Refs. 71, 149, 160), Fourier-transform IR spectroscopy (Ref. 76), and on
various subdivisions of fluorescence techniques (Refs. 68, 71, 79, 96, 107, 194,
200).

4.5 Molecular Modelling. — The role of molecular modelling is becoming more
widely accepted as contributing usefully to structure determination and interpre-
tation. It is a relatively routine exercise undertaken with the help of ‘off the shelf ’
packages, and is mentioned in connection with studies throughout this Chapter
where it is a subsidiary element of the investigations (Refs. 81, 144, 148, 181, 198).

4.6 Other Structural Features Established for Proteins by Physical Methods:
Crosslinks. — There are post-translational modifications to proteins to be sought
out by standard methods, including mass spectrometry (Ref. 30), as soon as the
overall structure of the native protein has been established.

Discovery of the location of intramolecular crosslinks has often been a de-
manding enterprise in the past. The determination of other modifications to
amino acid side-chain functional groups is generally more routine. This year’s
literature provides examples of both familiar crosslinks (disulfide bonds) and less
familiar, sometimes unique, covalent bonding patterns.

4.6.1 The Disulfide Bond. The determination of the location of disulfide bonds
is featured in several current studies, concentrating on the distinction between
multiple locations in proteins containing several cysteine residues and the role of
this crosslink in determining conformation (Refs. 53, 177).

4.6.2 Other Crosslinks. Lysine-derived pyrrole crosslinks found in collagen
some years ago have received attention for the obvious interest in their physio-
logical roles. Uncertainty concerning their precise structures and genesis has
lingered for the intervening time, but a detailed mass spectrometry-supported
study of model collagen derivatives using a biotinylated Ehrlich’s reagent to
generate the crosslink (Scheme 1) has put the topic into clearer focus. The
outcome of this study supports one of the structures proposed earlier.39
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4.7 X-Ray Crystallographic Studies of Proteins. — Many of the new interpreta-
tions of protein behaviour that have been cited in this Chapter, have depended
on detailed molecular structures derived by X-ray crystal analysis. X-Ray data
underpinning studies described in other sections of this Chapter are covered in
many of the references cited.

An overview of the year’s literature suggests that classical single X-ray crystal
structure determinations of proteins are now less common than corresponding
studies of complexes between proteins and their physiological partners. This is a
sign of the increasing sophistication of current physical techniques, and the ease
of their implementation, although interpretation of the data is less easy in some
respects (for example, the mis-identification of alkali metal cations in structures
on the assumption that the data revealed water molecules has been discussed in
Volume 33, p. 378). It is also a sign of inspiration received by researchers seeking
novel problems for X-ray study that can lead to new insights into protein
behaviour.

4.7.1 Case Studies: Photosystems I and II. As an indication of the impressive
scope of some current studies, the picture that has emerged of multiply-interac-
ting components in photosystems I and II (Figures 5 — 9) can hardly be bettered
as an example of the achievements of current physical techniques.40

The crystal structure of photosystem I from the thermophilic cyanobacterium
Synechococcus elongatus reveals 12 protein subunits and 127 cofactors (compris-
ing 96 chlorophylls, 2 phylloquinones, 3 Fe4S4 clusters, 22 carotenoids, 4 lipids, a
putative Ca2� ion, and 201 water molecules). The structural information pro-
vides a basis for understanding how the efficiency of photosystem I in light
capturing and electron transfer is achieved.

In Figure 5, the structure of photosystem I trimer obtained at 2.5A� resolution
is shown in schematic form. Monomers are labelled I, II, and III, and different
structural elements are shown in each of the three monomers. Figure 6 (view
parallel to the membrane plane) shows the cofactors of the electron transfer
chain (ETC) and of PsaC. Figures 7 — 9 give further relevant details.

Novel modes of chlorophyll binding are revealed in this study, which is also
likely to account for the role of the carotenoids in this system. Not least, a better
picture of exciton transfer and electron transport in plants and cyanobacteria
can now be contemplated.

Work on photosystem II is reported by the same research group, with inter-
pretation of an X-ray analysis at 3.8A� resolution (Figures 10, 11).41 This descrip-
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Figure 5 Structure of photosystem I trimer at 2.5 A� resolution. a, View along the
membrane normal from the stromal side. In I, the arrangement of the transmem-
brane a-helices (cylinders) is shown (six helices in extra-membranous loop
regions are drawn as spirals); II shows membrane-intrinsic subunits, and III
shows the complete set of cofactors with the transmembrane �-helices (the side
chains of the antenna Chla molecules have been omitted). Electron transfer
chain (ETC): quinones and chlorophylls are shown in blue, and iron and sulfur
atoms of the three Fe4S4 clusters as orange and yellow spheres, respectively.
Antenna system: chlorophylls in yellow, carotenoids in black, lipids in turquoise.
b, Side view of the arrangement of all proteins in one monomer of photosystem I
(colours as in a), including the stromal subunits PsaC (pink), PsaD (turquoise),
PsaE (green) and the Fe4S4 clusters. The view direction is indicated by the
arrow at monomer II in (a). The vertical line (right) shows the crystallographic
C3 axis. c, View as in (a) showing stromal subunits PsaC, PsaD and PsaE.
These cover some of the loop regions and helices of PsaA and PsaB (light grey).
The dashed ellipse is the putative docking site of ferredoxin, which covers loops
of PsaA
(Reproduced with permission from Jordan et al.40 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 6 View parallel to the membrane plane showing the electron transfer chain
(ETC). The chlorophyll pairs are arranged in two branches A and B. Phyl-
loquinones are labelled QK-A and QK-B and Fe4S4 clusters are labelled FX,
FA, and FB
(Reproduced with permission from Jordan et al.40 and Nature, copyright
2001, Macmillan Magazines Ltd)

tion complements the earlier report in a number of respects, giving special
attention to the mechanism of water oxidation and the location, for the first time,
of the manganese cluster within the complex.

4.7.2 Other Protein Studies. Bacterial MrcB protein assembles into filaments
with a subunit repeat similar to that of F-actin, the physiological polymer of
eukaryotic actin, part of the cytoskeleton.42 A point of interest arising from this
result lies in discovering something about the distant past; it shows that the actin
cytoskeleton had evolved before eukaryotes had developed.

A ‘quorum sensing protein’ is a constituent of Gram-positive bacteria that
shows altered behaviour in response to autoinducer compounds operating in the
same cell.43 The explanation of such behaviour based on molecular structure is
clearly an attractive challenge. LuxS is an enzyme of this type, that has been
shown to possess a catalytic metal site, possessing structural similarities to the
active site of well-studied metalloproteases such as thermolysin (cf Ref. 161). The
zinc atom in LuxS, located by X-ray crystal analysis, is shown in the structures
depicted in Figures 12-14.

The interest in this system lies not only in the role of protein ligands His54,
His58, and Cys126 (Figure 12) but also in the remarkably polar active site cavity.
This includes an oxidized cysteine residue, Cys84, near the zinc atom. This is a
sulfonic acid moiety (or a mixture of sulfonic and sulfinic acids), based on
interpretation of the X-ray data. The significance of this for the catalytic mechan-
ism is not clear, but the discovery of oxidized cysteine side-chains in catalytic
sites of enzymes is not new (cysteine sulfenic acid is a particularly interesting
example, involving a functional group considered to be fleeting and unstable
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Figure 7 Local environment of P700 (view perpendicular to the chlorin planes). A,
eC-A1 (Chla�) and eC-B1(Chla), with surrounding transmembrane �-helices
(grey). All possible hydrogen bonds between eC-A1, water (red sphere) and
amino acids of PsaA (turquoise) are shown as dashed lines. These residues are
strictly conserved between subunits PsaA of many organisms, but none of them
is conserved between PsaA and PsaB. The corresponding amino-acid side
chains in PsaB (pink) cannot form hydrogen bonds to eC-B1. His A680 and His
B660 coordinating eC-A1and eC-B1, respectively, are also shown. B, As in A,
but viewed along the pseudo-C2 axis
(Reproduced with permission from Jordan et al.40 and Nature, copyright
2001, Macmillan Magazines Ltd)

until recently).44 LuxS possesses the Cys-His pair that is found in the active site of
papain and some amidotransferases.

The N-terminal two-domain fragment of human CD4 coreceptor (hCD4),
which is expressed on the surface of all helper T cells, has been probed through
X-ray crystal analysis of the complex of this protein with murine I-Ak class II
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Figure 8 Local environment of membrane-intrinsic cofactors of the electron transfer
chain. (A), Chlorophylls of the A branch of the ETC, with axial ligands and
hydrogen bonds involving chlorophylls eC-B2 and eC-A3. In the B branch,
eC-A2 and eC-B3 show similar interactions, as these amino acids are conserved
between PsaA and PsaB. (B), Loops A-hi of PsaA (turquoise) and B-hi of PsaB
(pink) surround the inter-polypeptide iron sulfur cluster FX, coordinated by
cysteine residues A578, A587 and B565, B574. Pseudo-C2 axis shown as grey
vertical line. (C), Phylloquinone QK-A (yellow) in its binding pocket. QK-B
bound similarly by PsaB. Main chain of PsaA as ribbon and a carotenoid (car)
in grey. Trp A697 stacks with QK-A. Only one hydrogen bond, Leu A722 NH
to carbonyl-oxygen 4 of QK-A, is formed. A carotenoid (car) is located in the
vicinity of QK-A. (D), View of the quinone binding site normal to the quinone
plane
(Reproduced with permission from Jordan et al.40 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 9 Spatial organization of the cofactors of the ETC and the antenna system in one
monomer of PSI. (A), View from the stromal side onto the membrane plane.
The C3 axis is indicated (triangle). Ring substituents of all chlorophylls omitted
for clarity, putative nine excitonically coupled ‘red’ chlorophylls in red, chloro-
phylls coordinated by PsaA/PsaB in yellow, those bound to peripheral subunits
in the colour of the coordinating subunits (Figure 5), chlorophylls of the ETC in
blue. Asterisks denote ‘connecting chlorophylls’ (see text). The 22 carotenoids
are arranged in clusters 1 to 6. Four lipids (turquoise) labelled with roman
numerals. (B), Side view of PSI antenna rotated 90° about the horizontal axis
with respect to (A). Two vertical lines indicate separation of the antenna Chlas
coordinated by PsaA/B into a central part and two peripheral parts. (C),
Schematic view of the chlorophyll positions represented by their central Mg2�

ions; view direction as in (A). Chlas belonging to the ETC in blue, those of the
antenna in grey and red. Some of the chlorophylls referred to in the text are
named by a capital letter indicating the subunits involved in axial liganding and
numbered from N to C; PL1 is the single Chla bound to a phospholipid
(Reproduced with permission from Jordan et al.40 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 10 The Photosystem II complex showing the location of the manganese cluster.
The chlorophyll units are represented by porphyrin ring systems, and the Fe
atoms as grey spheres. Other aspects can be appreciated by referring to
information given with Figure 5
(Reproduced with permission from Fromme et al.41)

major histocompatibility complex (pMHCII). Structural information about the
CD4 receptor — ligand interaction involved in such events is of prime importance
in understanding immune processes. Particularly, development of methods to
block CD4 — pMHCII interactions might lead to valuable new classes of im-
munosuppressive compounds. Results shown in Figures 15 and 16 reveal specific
new details of contacts involving CD4.45

The structure of a human gd T-cell antigen receptor (gdTCR) from a T-cell
clone has been determined at 3.1A� resolution.46 The background to this work lies
in the need to account for the different behaviour of gdTCRs, abTCRs, and
antibodies that constitute the main types of immune system receptors. The first
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Figure 11 A region of the Photosystem II complex in the vicinity of the manganese cluster
(indicated as an electron density globule near the C-terminal loop), also show-
ing a tyrosine residue used to bind a water molecule, from which it is hy-
pothesized that the manganese cluster extracts a proton
(Reproduced with permission from Fromme et al.41)

Figure 12 The zinc-ligand cluster and active site of LuxS, with the helix carrying the
HXXE57H54 motif at the left. The chain from Ala118 to Ala132 underpins the
zinc-binding site in this view. The N-terminal 310 helix that may control entry to
the active site is shown in dark blue
(Reproduced with permission from Hilgers and Ludwig,43 copyright 2000,
National Academy of Sciences, USA)
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Figure 13 As in Fig (previous) but rotated aproximately 180° about the vertical. This
shows better the cavity and the channel to solvent, outlined in the red mesh
(Reproduced with permission from Hilgers and Ludwig,43 copyright 2000,
National Academy of Sciences, USA)

Figure 14 Comparison of the LuxS binding site (yellow) with that of thermolysin (silver)
(Reproduced with permission from Hilgers and Ludwig,43 copyright 2000,
National Academy of Sciences, USA)

two types differ in their constitution, the former carrying g- and d-polypeptide
chains, the latter carrying a- and b-polypeptide chains.

Figures 17-19 show views of the two receptors, and the interest in gdTCRs
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Figure 15 Ribbon diagram of the CD4-pMHCII complex. Interaction involves the �2
(red) and �2 (yellow) domains of pMHCII and domain 1 of hCD4 through
residues Lys35, Phe43, Lys46, and Arg59 on CD4. The CD loop on the b2
domain has no direct interactions with CD4
(Reproduced with permission from Wang et al.,45 copyright 2001, National
Academy of Sciences, USA)

Figure 16 The ternary CD4-pMHCII-TCR complex has a V-shaped conformation. The
complex is depicted with the T-cell membrane at the top, and the antigen-
presenting cell membrane (APC) at the bottom of the model
(Reproduced with permission from Wang et al.,45 copyright 2001, National
Academy of Sciences, USA)

(carried by about 5% of peripheral blood T-cells) lies in their recognition of
intact proteins or non-peptide phosphorylated antigens (in contrast to abTCRs).
These antigens are rather simple organic compounds; an example is 3-formyl-1-
butylpyrophosphate, produced by Mycobacterium tuberculosis, and responsible

Amino Acids, Peptides and Proteins236



Vγ

Cγ

Vδ

Cδ

Vδ Vγ

Cγ

Cδ

D E B

C

A

G

C'C''

A'
F C'

D

E

BC
A

G
F

C''

C'

F

D

C
E

B

G
A'

A

D
E

B
A

C

F
G

a b

Figure 17 Views of the G115 V�9V�2 TCR. (a), View of V� and C� (red) and V� and C�
(gold) domains. CDR loops are at the top. (b), View after a 90° rotation around
the vertical axis.
(Reproduced with permission from Allison et al.46 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 18 Overall structure of ��TCR, ��TCR and Fabs. (a), ��TCR G115 (red); (b),
��TCR (green); and (c) — (e), three Fabs (blue) aligned using both V domains.
Note the atypical position of the �� C domains. The pseudo two-fold symmetry
axes (dyads) within the V and C domains are shown (solid lines). The �-, �- and
H chains and the �-, �- and L chains are in lighter and darker shades,
respectively
(Reproduced with permission from Allison et al.46 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 19 Comparison of the ��TCR and ��TCR C domains. Superpositions of C� with
C� (left) and C� with C� (right) are shown. Differences between the domains are
highlighted; the locations of these differences within the G115 structure are also
shown. C� and C� are shown in red. C� and C� from a particular receptor are
shown in green. The outer face of C� contains �-strands C, F and G, which form
a regular �-sheet. C� has a much shorter FG loop
(Reproduced with permission from Allison et al.46 and Nature, copyright
2001, Macmillan Magazines Ltd)

for T-cell activation in the human host.
As a result of this study, a special role for gdTCRs in immunity is suggested.

The fact that the C-domains of the two receptor types are very different (Figures
17-19) while the V-domains are rather similar, indicates a structural basis for the
differing response of the two classes of receptor.

In Figure 17, the nine b-strands of the V domains are labelled A-G, including
A9, C9, and C0. The seven b-strands of the C domains are labelled A-G. In each
domain, strands A, B, E, and D form one b-sheet, and strands G, F and C
(including A9, C9 and C0 in the V domains) form the other b-sheet. The Vg-Vd
interface involves the A9GFCC9C0 b-sheets. The Cg-Cd interface involves the
ABED b-sheets.

The B7-1/CTLA-4 complex that inhibits human immune responses (Figures
20-23) continues to be the target of structural studies, by X-ray crystallography,47

and by details of the CTLA-4/B7-2 binding sites established in parallel work
(Figure 24).48 These papers give an excellent illustration of current research
activity in the general protein — protein interaction field (covered mainly in
Section 6) with key references to the general accumulated knowledge of in-
teratomic distances and interacting amino acid side-chains. In particular, the
opportunities that are offered through knowledge of T-cell — antigen interactions
offer considerable scope for immunotherapeutic applications. Figure 20 displays
b-sheets involved in the receptor-ligand interaction. Glycosylation sites on
sCTLA-4 (Asn78 and Asn110) and on sB7-1 (Asn19, Asn55, Asn152, Asn173 and
Asn192) are all surface exposed. None of the ordered glycosides is involved in the
receptor-ligand recognition. Two hydrogen bonds formed at the elbow of the
homodimer are indicated as dashed lines. Spatial proximity of the C termini
(Glu120) would enable a formation of disulfide bond between cysteines at
positions 122. Asn110 is the only strictly conserved glycosylation site in CTLA-4
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Figure 20 Structural comparison of sCTLA-24/sB7-1 complex with uncomplexed forms of
sCTLA-4 and sB7-1. (a), Ribbon diagram of the sCTLA-4/sB7-1 complex
showing two sB7-1 (purple) and two sCTLA-4 (cyan) molecules in the asym-
metric unit. Disulfide bonds (green) and sugar moieties (yellow) are also shown.
(b), Superposition of the ligand-binding V-set domains of complexed (purple
ribbons) and uncomplexed (cyan ribbons) forms of sB7-1. (c), Detailed view of
the sCTLA-4 homodimer interface. Residues involved in hydrophobic interac-
tions between the two monomers are shown in green. (d), Superposition of
human sCTLA-4 dimer (cyan) on murine sCTLA-4 dimer (red) reveals the
contradiction between the two dimerization modes. The FG loop of sCTLA-4 in
the complex is displaced by 2.5A� towards sB7-1
(Reproduced with permission from Stamper et al.47 and Nature, copyright
2001, Macmillan Magazines Ltd)

Figure 21 Receptor — ligand system discussed in Ref. 47: T-cell — antigen interactions
(Reproduced with permission from Stamper et al.47 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 22 Crystal arrangement of the antigen — receptor pairs. The complexes are evenly
spaced along the membrane surfaces with a separation of 105A� . APC � antigen
presenting cell
(Reproduced with permission from Stamper et al.47 and Nature, copyright
2001, Macmillan Magazines Ltd)

and CD28. Located between the two monomers, N-glycans in these positions
might stabilize the homodimer.

For CTLA-4, the strands are labelled A-E: A (residues 4-8), A9 (residues 11-13),
B (residues 19-26), C (residues 33-42), C9 (residues 45-54), C0 (residues 56-60), D
(residues 67-72), E (residues 75-81), F (residues 90-99) and G (residues 105-109;
112-115). For B7-2, the strands are labelled A (residues 3-7), B (residues 9-11), C
(residues 27-35), C9 (residues 38-45), C0 (residues 47-49), D (residues 60-64), E
(residues 67-73), F (residues 81-91) and G (residues 94-108).

4.8 Structural Information for Proteins from Other Physical Techniques. —
Textbook coverage has been extended recently by the publication of Protein-
Ligand Interactions: Structure and Spectroscopy (A Practical Approach).49

The redox state dependence of rotamer distributions in tyrosine and the neutral
tyrosyl radical generated in proteins has been investigated by electron paramag-
netic resonance (EPR) techniques applied to 2H-labelled substrates.50 At 170K,
UV photolysis generates trapped 2H4-tyrosyl side-chains which adopt one of a
range of C1-Cb and other rotamers (e.g., the amine-gauche Cb-Cg rotamer;
Figure 25) in proportions that are influenced by the structural environment of
these residues.

Recombinant and native soybean b-conglycinin b homotrimers (Figure 26)
have been determined by X-ray crystal analysis. Glycinin constitutes nearly half
the seed protein of soybean, and clearly the role of this plant in food presentation
(good gel-forming properties; useful emulsifier) and health terms (hypocholes-
terolemic properties) justifies the extensive literature on this protein.
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Figure 23 Electron density map of the receptor-ligand binding site. Colour coding is as in
Figures 20, 21
(Reproduced with permission from Stamper et al.47 and Nature, copyright
2001, Macmillan Magazines Ltd)

Figure 24 The CTLA-4/B7-2-binding interface. (a), Ribbon diagram of the CTLA-4/B7-2
monomers that form the binding interface. The A9GFCC9 (front) and
ABEDC0 (back) sheets are coloured pink and red, respectively. The CDR3-like
loop of CTLA-4 is labelled. The AGFCC9C0 (front) and BED (back) sheets
are coloured dark blue and blue, respectively. All inter-sheet disulfide bonds are
shown in yellow. (b), Detailed view of the human CTLA-4/B7-2 interface. The
interface is formed by residues from the front sheets of CTLA-4 (CDR3 and the
C and C9 strands) and a concave surface on B7-2 (the G, F, C, C9 and C0
strands and the CC9, C0D and FG loops)
(Reproduced with permission from Schwartz et al.48 and Nature, copyright
2001, Macmillan Magazines Ltd)
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Figure 25 The amine-gauche Cb-Cg rotamer of the side-chain tyrosyl radical
(After Ref. 50)

Figure 26 Recombinant (A and B) and native (C and D) �-homotrimers of �-conglycinin.
The three monomers in the recombinant and native �-homotrimers are coloured
differently. The carbohydrate moieties are shown in yellow as a ball-and-stick
model. A and C are at right angles to the threefold symmetry axis and B and D
are side-on views
(Reproduced with permission from Maruyama et al.,51 Eur.J.Biochem.,
Blackwell Science)

The results reveal structures consistent with those of canavalin and phaseolin,
which are similar proteins within the vicilin class.51 Thus, it can be concluded that
the presence of N-linked glycans does not have an effect on the structure of the
b-homotrimer, which resembles canavalin rather than phaseolin, and that
canavalin and phaseolin differ the most amongst the members of this class.
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4.9 Circular Dichroism Spectroscopy. — Circular dichroism (CD) spectroscopy
continues to be exploited for the provision of information on the secondary
structure of proteins and polypeptide fragments. The contributions made in this
way are often not feasible with any other technique, but the information does not
generally bring local structural features of proteins into sharp focus.

Limited proteolysis of horse heart cytochrome c�, and CD spectroscopic data
for the resulting fragments, reveal interactions within the intact protein deduced
from the ease of proteolysis of the protein and properties of its fragments.52

[Figure 28 (Ref. 61) shows the structure of cytochrome c�, and Figure 2 shows the
structure of the cytochrome c/peroxidase complex].

Bovine a-lactalbumin fragment 53-103 carries two disulfide bonds within the
helix that covers residues 86 — 98, released intact by pepsin-catalysed hydrolysis
of the protein at low pH. This polypeptide has been shown to undergo 30%
aqueous trifluoroethanol-assisted recovery of its original structure, in almost
quantitative yield, with correctly-located disulfide bonds, after reduction and
re-oxidation.

CD spectroscopy reveals such details by unambiguous interpretation of easily-
obtained data. The reduced polypeptide is largely unfolded in aqueous solution,
but becomes helical in aqueous trifluoroethanol.53

5 Folding and Conformational Studies

Textbook coverage of this topic continues to expand: Protein Folding in the Cell
(Advances in Protein Chemistry, Vol. 59),54 Protein Flexibility and Folding (Bio-
logical Modelling Series),55 Protein Stability and Folding: A Collection of Ther-
modynamic Data,56 and Protein Stability and Folding: A Collection of Ther-
modynamic Data: Supplement.57

5.1 Background to Protein Folding Studies. — The significance of this topic
continues to be more widely appreciated, and examples in this year’s literature
give good examples of the ways the topic has infiltrated the traditional sub-
divisions of protein science.

The contortions that a protein molecule is called upon to undergo, for trans-
port through a membrane (Ref. 73) is a newer thought-provoking topic; more
mainstream are the studies aiming to reveal the folding pathways available to a
protein molecule, on the way from genesis to maturity, essential for the develop-
ment of the protein’s function.

5.1.1 General Considerations and Theoretical Studies. The assignment of sec-
ondary structure to a protein often focusses on the identification of hydrogen-
bond donor/hydrogen-bond acceptor frameworks. A new predictive approach
has been proposed that will assist the process of working from primary structures
towards the prediction of three-dimensional proximities of amino acid residues
within proteins.58

A thoughtful study of the pathways of protein folding stresses the need to start
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from an accurate description of the denatured state.59 Although this may seem
obvious, there is real scope for building a sequence of steps to assign an incorrect
pathway, if starting from a false foundation.

5.1.2 Protein Design. A ‘search of sequence space for protein catalysts’ is the
description used by some of those researching the de novo design of catalytic
proteins. A successful outcome can only be achieved if folding steps that lead to a
uniquely tailored structure are available to the protein under consideration.

The creation of proteins that are tailored to function as enzymes is far from
being a routine task. Knowledge of the relationship between sequence, structure
and function is incomplete, and the demands of optimized active site dimensions
are severe constraints. The accumulation of knowledge, from site-directed
mutagenesis in particular, shows that misplacement of catalytic residues by even
a few tenths of an angstrom can mean the difference between full activity, and
none at all.

The opportunity exists, to create pools of random polypeptides, and select
catalysts out of these pools, as has been done for the creation of RNA catalysts
for a variety of chemical reactions. A moment’s reflection on the nature of this
opportunity, given that a 100-residue protein has 20100(1.3 x 10130) possible
sequences, leads to the conclusion that a way of cutting down the global number
of members of such a library would be needed. It is concluded60 that this sort of
narrowing down can be achieved by using basic stuctural knowledge, such as the
sequence preferences of helices and sheets, and the tendency of hydrophobic
residues to be buried in the protein interior.

Binary patterning of polar and nonpolar amino acids has successfully led to
structures that fold as four-helix bundle proteins. In this work, a large library of
binary patterned structures, using the AroQ-class chorismate mutase from
Methanococcus jannaschii (Figure 27) as a model, has been shown to contain a
number of different sequences that are compatible with a catalytically active
helical bundle fold. The enzyme catalyses the Claisen rearrangement of choris-
mate to prephenate with rate accelerations greater than 106, and is shaped as
three intertwined helices that are separated by two loops.

Mixing the two fragments of proteolysed horse heart cytochrome c (Figure 28;
the heme contains N-terminal sequence, residues 1 — 56, and the C-terminal
fragment, residues 57 — 104), gives a 1:1-complex with a compact conformation,
in which the a-helical structure and the native Met80-Fe(III) axial bond are
recovered.61 The fragments themselves are substantially unstructured in solution
at neutral pH. This work provides another simple example to add to many
reports over the years, illustrating the control by primary sequence on three-
dimensional structure.

5.1.3 Mechanics of Protein Folding. The 50th anniversary of the recognition of
the right-handed a-helix as a feature of molecular structures has been celebrated
with a review of the history of the topic.62 It was actually drawn by Pauling in the
left-handed configuration at first, an arbitrary choice at the time, though this
configuration was later discovered to be represented in polypeptides.
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Figure 27 (A) The AroQ active site carrying a transition state inhibitor. (B) An array of
polar active site residues (black) provides extensive hydrogen bonding and
electrostatic interactions with the bound inhibitor (red)
(Reproduced with permission from Taylor et al.,60 copyright 2001, National
Academy of Sciences, USA)

Figure 28 Fragment of horse cytochrome c with N-terminal fragment shown as dark grey
and the C-terminal fragment in light grey. The cleavage site targetted in Ref.61
is shown with an arrow
(Reproduced with permission from Sinibaldi et al.,61 Eur.J.Biochem., Black-
well Science)

All proteins undergo a structural change near 200K that has become known as
a ‘glass transition’. Consistent with this is the fact that below about 220K,
enzyme function ceases63 (but see Vol.33, p.409, for reports of substantial enzymic
activity at 173K involving beef liver catalase and calf intestine alkaline phos-
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phatase). The important link between these simple observations, and any expla-
nation that brings in structural factors, must be presumed to be the embedded
solvent. A role probably exists for solvent to freeze internal motion within
protein structures at low temperatures. Previous NMR studies of 2H-water in
lysozyme, ribonuclease, and crambin, showed the existence of mobile — station-
ary transition at about 180K. Particularly, crambin was an ideal testbed for this
work since it possesses a remarkably ordered set of water molecules within its
structure.

An amino acid code for protein folding has been developed, in which a native
structure is envisaged to generate its own folding pathway. Not only does the
amino acid sequence of a protein determine its final folded state, but it also
determines the existence of a small set of discrete partially folded intermediates,
that between them bear features of the final native state. The conclusions are
drawn mainly from hydrogen exchange-based methods, and other kinetic studies
that determine the first step to be a free-energy uphill conformational search
followed by a folding regime that is free-energy downhill. Of course, this estab-
lishes the existence of an initial transition state; the time taken to find this sets the
maximum possible overall folding rate.64

5.1.4 T- and R-Allosteric States. Tetramethyl orthosilicate sol-gels have been
shown to trap T and R allosteric states of pig kidney fructose-1,6-biphosphatase,
so reducing the rate of allosteric transition of the enzyme.65 Further recent work
giving attention to allosteric states is covered in Refs. 82, and 152-154.

5.1.5 Misfolding and Unfolding of Proteins. High-pressure unfolding of the
33-KDa protein from the spinach photosystem II particle is promoted by
elevated temperatures; added sodium chloride tends to protect the protein from
unfolding at elevated pressures.66 Other recent work has addressed the effect of
elevated pressures on protein structure (Refs. 33, 34), and consequences of
temperature change on conformation are usually minor details within general
protein studies (but see Ref. 177 for unusual effects of site-directed mutagenesis
on thermodynamic stability).

Stepwise proteolytic removal of the b-subdomain of a-lactalbumin leaves the
protein folded and capable of adopting the molten globule state. This is one of
several reports during 2001, of protein studies depending on circular dichroism
spectroscopic data, emerging from this research group (see also Refs. 52, 53).67

Many proteins adopt a partially folded conformation, termed the molten
globule state, under physiological or mildly denaturing conditions. This possibly
represents an intermediate state in protein folding generally. This has been a
feature of the structure of a-lactalbumin, studied by time-resolved fluorescence
anisotropy decay, which gives information on the relative dynamic properties of
the three tryptophan residues in this protein. On the basis of fluorescence arising
from Trp104 (the signals for Trp60 and Trp118 are significantly quenched by
adjacent disulfide bonds) the order of solvent access to these residues is Trp104 >
Trp60 > Trp118 in the native state, but Trp60 > Trp104 > Trp118 in the molten
globule state (Figure 29).68
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Figure 29 Human �-lactalbumin showing the location of the three tryptophan residues
Trp60, Trp104, and Trp118
(Reproduced with permission from Chakraborty et al.68)

An insulin analogue lacking the A7-B7 disulfide linkage has been shown to
undergo asymmetric unfolding (the B-subdomain provides a template to guide
the folding of the A-chain).69 The analogue is one of a set prepared by pairwise
substitution of the cysteine residues of insulin by serine, the result of which being
substantial disordering and loss of biological activity of the protein. The loss of
the intrachain A6-A11 disulfide bridge through the replacement of cysteine
residues results in a much smaller loss of thermodynamic stability than that
which occurs through the loss of the inter-chain disulfide bridge.

5.2 Effects of Metal Complexation on Protein Structure. — Metal ions contrib-
ute to the conformational stability of ribonuclease T1, which was known for
many years to show remarkably enhanced stability in salt solutions of high ionic
strength. However, the search for an explanation for the contribution of divalent
metal ions to the stabilization of this enzyme was not initiated until recently. This
property is now shown by X-ray crystal analysis to be the result of unusually
efficient binding at Asp49, particularly of Mg2�, Ca2� and Sr2� ions. Figure 30
shows calcium ions located in the vicinity of acidic side-chains (Asp15, Asp29,
and Asp49).70

Acquisition of Mn2� by apo-fosmycin-resistance protein (FosA) is shown by
UV — intrinsic fluorescence spectroscopy, to be a multi-step process.71 The
protein catalyses Mn2�-dependent addition of glutathione to the antibiotic
fosmycin, (1R,2S)-epoxypropylphosphonic acid, rendering it inactive. A possible
coordination structure is shown in Scheme 2, and other possibilities depicted in
the cited paper are obvious variants of this structure.

The cadmium-sequestering metallothionein from Helix pomatia (Roman snail)
has been concluded to possess the same Cd3Cys9 cluster (Scheme 3) as other
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Figure 30 Ribonuclease T1 with acidic side-chains shown in ball and stick form, and Ca2�

ions as blue spheres
(Reproduced with permission from Deswarte et al.,70 Eur.J.Biochem., Black-
well Science)

The FosA — Mn2� complex
(After Ref. 50)

metallothioneins.72 Circular dichroism data were crucial in reaching this con-
clusion.

Results elsewhere in this Chapter deal with metal — protein interactions (Refs.
82, 84, 91, 92, 96, 142, 187) including metal-dependent enzymes (Refs. 168, 187,
195).

5.3 Membrane Proteins and Channel Proteins. — The importance of the cell
membrane in controlling the integrity of an organism can hardly be overstated.
This control must be exerted in obvious ways, permitting the release through
channels of molecules, both large and small, at a crucial stage in each individual
case, after a function of the molecule has been completed, or after the synthesis of
a functional protein ready for export to a site of action elsewhere. The signalling
involved in this process is much less obvious and is a topic of continuing study.

The TolC family of proteins embedded in the outer membrane of E.coli are
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involved in the export of various molecules, ranging from large protein toxins,
such as a-hemolysin, to small toxic compounds, such as antibiotics. The TolC
proteins therefore play important roles in conferring pathogenic bacteria with
both virulence and multidrug resistance.73

Studies dealing with membrane proteins are also located elsewhere in this
Chapter (Refs. 40, 47, 129, 133, 189).

5.3.1 The Principal Transport Processes Involved in Secretion Through the Cell
Membrane. The general schemes by which proteins move out of the cell after
biosynthesis, are shown in Figures 31-36. This topic may seem to be only for the
specialist’s enjoyment, but clearly there are contributions to be made to this topic
by those with an understanding of protein structure at the molecular level.
Conversely, knowledge of membrane structure and of transport mechanisms is
clearly able to suggest topics for study in mainstream protein science.

Figure 31 illustrates ‘type I secretion’, in which proteins travel directly from
the cytoplasm to the extracellular medium. The complexity of this simple-sound-
ing process is clear from the example of a-haemolysin in E.coli (A in Figure 31).
Transport of this protein is mediated by an inner membrane transport ATPase
(HlyB), the outer membrane protein TolC, and a membrane fusion protein HlyD
that is anchored to the inner membrane. In ‘type II secretion’ (B in Figure 31),
proteins sharing a particular N-terminal sequence are first translocated across
the inner membrane into the peroplasm by the SecA and SecYEG proteins
(yellow).

Folding may occur in the periplasm and then the proteins are translocated
across the outer membrane. There are 12 to 15 proteins involved in this process,
most of which are located in the inner membrane.

In ‘type III secretion’ (C in Figure 31), activation signals are required to initiate
the process, and this requires about 20 proteins to function. Of particular
interest, is the conclusion that a protein forms a bridge across the periplasmic
space that connects protein secretion channels in the inner and outer mem-
branes.

In ‘type IV secretion’ (D in Figure 31), at least five membrane-spanning or
membrane-associated proteins are involved.

In ‘type V secretion’ (E in Figure 31), the protein that is secreted organises its
own transport. Proteins of this type share a particular N-terminal signal se-
quence required for transport across the inner membrane (as in ‘type II secre-
tion’) and a b-domain located at the C-terminus that, upon translocation across
the periplasmic space, inserts into the outer membrane and mediates the trans-
port of the pasenger domain.

Figures 31 — 36 show other aspects of the criteria for membrane-crossing
mechanisms.

This work73 proposes new constraints on previously-adopted principles, e.g.
that large proteins can only be handled by the ‘type I secretion’ pathway if the
periplasmic component has an a-helical barrel that envelopes the bottom por-
tion of the outer membrane protein TolC as part of the transport sequence.

The newly-discovered protein CaT1 is a constituent of the ion-conducting
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Figure 31 (A), Type I secretion. The individual components are differently coloured. (B),
Type II secretion. (C), Type III secretion. (D), Type IV secretion. (E), Type
V secretion. (F), A new proposal to account for ‘Type I secretion’ of large
proteins
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

pore of a capacitative calcium-entry channel. The structure emerging from this
study may lead to a better understanding of the cellular and molecular mechan-
ism by which this channel is controlled.74

The structure of the gating domain of a Ca2�-activated K� channel complexed
with Ca2�/calmodulin originating in the rat has been determined. The detail that
has been derived in this work can be appreciated from Figures 37-39, and is fully
delineated in the text of this paper.75

The structure provides an improved view of both calcium-dependent and
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Figure 32 (A), The outer membrane protein, TolC, in its trimeric form. (B), Schematic
depiction of secondary structural elements of the protomer. (C), Ribbon struc-
ture showing structural repeats illustrated in (B)
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

Figure 33 (A), The TolC channel opening viewed along the three-fold axis from the cell
interior; it is sealed in the resting state. (B), The open state of the channel
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

calcium-independent calmodulin — protein interactions. In the context of this
study, the calmodulin-binding domain (CaMBD) is concluded to be crucial in
eliciting channel opening and channel closing, through the transmission of
conformational changes in CaMBD to the sixth transmembrane helix (S6) of the
channel. This conclusion is based on the finding that S6 is immediately adjacent
to the calmodulin-binding domain.

Calcium binding to calcineurin B, a calcium- and calmodulin-dependent
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Figure 34 The �-helical barrel mentioned in the text. (A), the top portion of the periplas-
mic domain, (B) the path of �-helices embedded in the surface of the barrel. (C)
packing of the �-helical barrels
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

serine/threonine protein phosphatase with a crucial role for T-cell activation in
all eukaryotic cells, has been studied in detail.76 All four calcium binding sites in
the enzyme are in communication; what is meant by this rather cryptic state-
ment, is that mutation of glutamic acid residues at these sites into glutamine
causes changes in the affinity for calcium ions at the the other binding sites.
Fourier-transform IR spectroscopy was crucially helpful in this study.

5.4 Prion Proteins. — Textbook coverage of this topic, e.g., Prion Proteins
(Advances in Protein Chemistry),77 is starting to appear.

Amino Acids, Peptides and Proteins252



Figure 35 Crystal structure of the ATPase of the Helicobacter pylori type IV secretion
system (A) viewed down the sixfold axis, (B) viewed in the perpendicular
direction. Bound ADP is shown in orange space-filling representation
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

Oxidative folding of the fragment of murine prion fragment (residues 23-231)
involves formation of a single disulfide bond (Cys179 — Cys214). This is only one
of several folding features identified from this study for the reduced form of this
protein. The optimum pH for folding in the absence of denaturant was 4 — 5, and
folding is almost absent at pH 8, conditions under which disulfide bond forma-
tion is not favoured. An important finding is that the prion protein is capable of
adopting various stable conformations separated by energy barriers, a unique
property of a prion protein that has been predicted for some time, and is now
verified.78

However, a peptide that has sequence 195-213 of human prion protein (PrP)
forms fibrils without passing through a stable intermediate folding stage.79 This is
a region of Prp within which a cluster of mutations is represented in samples of
the protein from patients with Geistmann-Straussler-Scheinker disease, and
those with the well-publicized familial CJD disease. A study of a small part of a
protein, especially this one, does not necessarily give a conclusion that can be
extended to the total protein, but this section-by-section approach can be useful
in showing the constraints offered by various parts of the molecule. Fluorescence
resonance energy transfer methods were shown to be well suited to the monitor-
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Figure 36 Model of docked coiled-coil from colicin Ia, to show the width of the channel.
The size of the channel must force larger proteins to adopt elongated helical
conformations, and to restrict proteins from entering into a globular structure
during the folding process within the periplasmic space
(Reproduced with permission from Sharff et al.,73 Eur.J.Biochem., Blackwell
Science)

ing of fibrillogenesis of the peptide in this study.
Folding of recombinant mouse prion protein PrPC has been a test-bed for

current investigations in this area. The b-sheet-rich conformation is ther-
modynamically more stable, but CD spectroscopic and size exclusion chromato-
graphic studies demonstrate its refolding into its native a-helical conformation, a
process that is therefore a clear example of kinetic control.80

Molecular modelling approaches that design a series of mutations in all
regions of the b-amyloid protein (Ab) have proved useful. It has been assumed,
and supported in this study, that the C-domain (residues 29-40), the median
region (residues 17-22) and the N-domain (residues 1-16) are all crucial as origins
of Ab - Ab interactions in the initial stages leading to fibril formation. This
study’s conclusion, in other words, is that sequence specific Ab - Ab interactions
are the initiating steps in b-amyloid peptide nucleation.81

Binding of copper and zinc by the b-amyloid peptide leads to an allosterically-
ordered membrane-penetrating structure containing superoxide dismutase-like
sub-units.82 Thus, the general picture displaying the properties of this peptide,
currently at the centre of intensive research, is filling with detail. Clearly, some of
this detail is found to be quite unexpected, when considered against prior
assumptions.

A novel b-amyloid peptide-binding protein (BBP) that contains a G-protein-
coupling module adds to the two other proteins containing this conserved
structure.83 The significance of this is the induction of caspase-dependent vulner-
ability to b-amyloid peptide toxicity and therefore, BBP is a target of the
neurotoxic b-amyloid peptide. Perhaps this is an important insight into the
molecular pathophysiology of Alzheimer’s disease.
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Figure 37 (a) Ribbon diagram of the dimeric calmodulin-binding domain (CaMBD)
complexed with Ca2� and calmodulin (CaM). CaMBD subunits are in blue
and yellow, CaM molecules are in green, and the Ca2� ions are in red. (b) View
as in (a) but rotated through 90°, showing the orientation of the complex
relative to the membrane
(Reproduced with permission from Schumacher et al.75 and Nature, copy-
right 2001, Macmillan Magazines Ltd)

5.4.1 Prion Proteins in Alzheimer’s Disease. A role for amyloid precursor pro-
tein and presenilins 1 and 2 in Alzheimer’s disease continues to be sought. A
number of current studies give an indication of good progress that is being made
in this area.

Calsenilin is a member of the recoverin family of neuronal calcium-binding
proteins, previously shown to interact with presenilin 1 (PS1) and presenilin 2
(PS2) holoproteins. The expression of calsenilin can regulate the levels of a
proteolysis product of PS2 and reverse the presenilin-mediated enhancement of
calcium signalling.84 Calsenilin is now shown to have the ability to interact with
endogenous 25-kDa C-terminal fragment (CTF) that is a product of regulated
endoproteolytic cleavage of PS2, and that the presence of the N141I PS2
mutation does not significantly alter the interaction of calsenilin with PS2.
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Figure 38 (a) Ca2� dependent interactions between CaMBD and the CaM N-lobe (col-
ours as in Figure 37). Hydrogen bonding between the constituents is shown as
medium thickness lines. (b) Contacts between the CaM N-lobe and the second
CaMBD dimer (blue). (c) Ca2� independent interactions between the CaMBD
and the CaM N-lobe. The van der Waals surface (cyan) is shown for the three
distinct prongs, Ala425, Leu428, and Trp432, that interact with this lobe
(Reproduced with permission from Schumacher et al.75 and Nature, copy-
right 2001, Macmillan Magazines Ltd)

Figure 39 The CaM lobes on the in the CaMBD/Ca2�/CaM complex. Left in (a): C�
superimposition of N-lobe residues 10-67 of the CaMBD/Ca2�/CaM complex
(blue) on to those of the Ca2�/CaM complex (yellow). Ca2� ions are shown as
spheres. Right in (a): C� superimposition of C-lobe residues 81-146 of the
CaMBD/Ca2�/CaM complex (blue) and the apoCAM C-lobe structure (ma-
genta) on to that of the Ca2�/CaM complex (yellow). (b) Comparison of the
C-lobe EF hand regions of the Ca2�/CaM complex and the
CaMBD/Ca2�/CaM complex. Ca2�-coordinating residues are shown as sticks.
Residues Asp95, Asp131, and Glu104 are displaced out of the Ca2�-coordina-
tion sphere of the CaMBD complex
(Reproduced with permission from Schumacher et al.75 and Nature, copy-
right 2001, Macmillan Magazines Ltd)
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When the 25-kDa PS2 CTF and the 20-kDa PS2 CTF are both present,
calsenilin preferentially interacts with the 20-kDa CTF.

Since increases in amounts of the 20-kDa fragment are associated with the
presence of familial Alzheimer’s disease-associated mutations, a start is being
made in this type of study, towards a better understanding of the problems
presented by this condition. However, the finding that the production of the
20-kDa fragment is regulated by the phosphorylation of PS285 suggests that it is
a regulated physiological event that also occurs in the absence of the familial
Alzheimer’s disease-associated mutations in PS2. The results give a good indica-
tion of points at which the pathways to development of Alzheimer’s disease
might be blocked.

Calsenilin is a substrate for caspase-3, and site-directed mutagenesis has been
used to locate the caspase-3 cleavage site next to the calcium binding domain of
calsenilin.86

Further results have been reported on the a-helix — b-sheet transition PrPc —
PrPsc of recombinant prion protein, showing that partially-unfolded intermedi-
ates may be involved in the early stage in which the monomer, PrPc, changes
towards the oligomeric scrapie-like form.87

Interactions of viral nucleic acids with ovine and human PrP, and with an
HIV-1-encoded nucleocapsid protein, show that the two proteins have chaper-
one properties with respect to annealing of complementary nucleic acid strands.
PrP’s natural role has still to be identified, but the results of this study suggest
that PrP is a multifunctional protein that is a possible participant in nucleic acid
metabolism.88

5.5 Rare FoldingMotifs within Proteins. This sub-heading was introduced in a
preceding Volume to cover unusual structural motifs within folded proteins. In
essence, what was unusual even relatively recently, has become more common.
Such things as four-helix bundles (Refs.60, 122) and unusual turns (Ref. 43) can be
mentioned without further comment since they are more familiar now, and
discussion in this Chapter does not dwell on these characteristics.

6 Adhesion and Binding Studies

6.1 Textbooks and Monographs. — Binding and complex formation involving
proteins has a long series of supporting textbooks going back over the years, and
is now supplemented by RNA Binding Proteins: New Concepts in Gene Regula-
tion (Endocrine Updates).89

6.2 General Results. — In vivo protein — protein interaction assays that follow
the general ‘yeast two-hybrid assay’ of Fields and Song (1989) have been signifi-
cantly improved in technical aspects, and the modified versions are now used
in numerous laboratories. Interacting proteins are listed at
http://portal.curagen.com, and this site can also be searched for DNA- and
RNA-protein interactions and small molecule — protein interactions (including
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chemical inducers of dimerization).90

Metal-binding properties of the Cys-Cys-Cys-His motif of 50S ribosomal
protein L36 from Thermus thermophilus have been studied. This is an otherwise
rare sequence, present in this protein, consisting of three cysteine residues and a
histidine residue, separated by other amino acid residues,
C(Xaa)2C(Xaa)12X(Xaa)4H. It is a zinc finger motif which is known to be crucial,
in other zinc finger proteins, for RNA hairpin cleavage. A core 26-mer peptide
containing this 22-residue peptide motif was synthesised, and found to bind
metal ions with decreasing potency Co(II) > Hg(II) > Zn(II).91

A mini-review of zinc metallohydrolases related to Class B b-lactamase has
appeared.92

6.3 New Results from Binding Studies. — Studies under this heading can be
based on quite simple resources, and give relatively limited but still useful factual
results; explanations for the results often call for a little more experimental
rigour. Thus, proline-rich proteins (histatins) in saliva have a strong affinity for
tannins in particular, and polyphenols in general, and some link in the in vivo
delivery of antioxidants to sites of action could be postulated as an outcome of
such a result.93

Binding of the peptide Glu-Asp-Thr-Arg-Leu to the PDZ1 domain of the
sodium ion — proton exchanger regulatory factor (NHERF) provides insight into
interactions involving the cystic fibrosis transmembrane conductance regula-
tor.94 The peptide is the carboxy-terminal sequence of this regulator, which plays
a central role in the cellular localization and physiological regulation of the
chloride channel. This study reports the crystal structure of human NHERF
PDZ1 bound to Glu-Asp-Thr-Arg-Leu and reveals the specificity and affinity
determinants of the interaction, underlining the significance of C-terminal
leucine as a recognition site.

Whereas this section would be expected to deal primarily with interactions of
in vivo importance, affinity chromatography isolation and purification of en-
zymes also falls into this general category. An interesting development has been
described in which knowledge derived from X-ray crystallography, NMR and
homology structures has been combined with combinatorial chemical synthesis
for the rational design of affinity ligands. The products were attached to agarose
and shown to be superior affinity chromatography media for a target enzyme,
Pseudomonas fluorescens b-galactose dehydrogenase.95

The calcium-dependent calmodulin-binding domain (Ser76-Ser92) of the
135kDa human protein 4.1 isoform has been characterized earlier by various
techniques (fluorescence spectroscopy and comparison with non-phos-
phorylated or serine-phosphorylated peptides synthesised in the laboratory). It is
now shown that phosphorylation of two serine residues within this 17-residue
peptide alters the ability of the peptide to adopt a helical conformation in a
position-dependent manner (Figure 40).96

6.4 Protein – Protein Interactions Involving Chaperones. — The topic is sup-
ported by a recent textbook: Molecular Chaperones in the Cell (Frontiers in
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Figure 40 The complex of the CaM binding domain of CaM kinase II and CaM used to
model the possible binding mode of the P4.1 peptides to CaM. The backbone
ribbons of the peptide (gold) and of CaM (blue) are shown, and the two
phosphoserine residues are shown as ball and stick models in red. The upper
figure shows the orientation of the peptide in the complex and CaM residues
(gold) in proximity to the phosphoserine residues. The lower figure shows the
side-chain of phosphoserine84 pointing into the hydrophobic pocket formed by
Leu18, Phe19, Val35, and Leu112
(Reproduced with permission from Vetter and Leclerc,96 Eur.J.Biochem.,
Blackwell Science)

Molecular Biology).97 Several papers mentioned elsewhere in this Chapter (Refs.
88, 99) report new chaperone research.

Transforming growth factor-b receptor-associated protein 1 is the first chaper-
one of Smad4 (a MAD-related protein) and part of a widely-important signal
transduction pathway, to be identified. Its role is to bring the Smad 4 protein into
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Figure 41 A subunit of a 14-mer of the protein GroEL from E.coli, showing Glu338, known
to be crucial in GroEL toxicity, and the residues Ile100, Thr101, and Gly471,
also involved in the toxicity
(Reproduced with permission from Yoshida et al.99 and Nature, copyright
2001, Macmillan Magazines Ltd)

the vicinity of the receptor complex. This work, and many similar studies from
other laboratories, graphically demonstrates the social heirarchy that exists in
the world of interacting proteins assisted by chaperones.98

The paralysing toxin produced by bacterial endosymbionts in the saliva of
antlions (larvae of the Myrmeleontidae) is a homologue of the protein GroEL,
previously discovered to be a protective heat shock protein chaperone.99 The
amino acid residues that are critical for the toxicity of this protein are located
away from the regions essential to its protein-folding activity (Figure 41), indica-
ting that the dual function of this GroEL homologue may benefit both the
antlion and the symbiotic bacteria. GroEL was originally of interest as an E.coli
mutant that inhibits bacteriophage growth, and the example of a chaperone that
is also a toxin will stimulate studies that will surely lead to the discovery of
proteins categorised as polyfunctional.

The p35 protein is an effective broad spectrum inhibitor acting against all
three groups of caspases from mammals and other metazoans, fulfilling a role in
rescuing cells from apoptosis so as to revive their normal cellular functions. A
slow-binding inhibition is characteristic of this system, now explained by rate-
determining structural transitions occurring after covalent bonding between the
catalytic residue Cys360 of caspase-8, and Asp87 of the bound protein (Figures
42, 43).100

X-Linked inhibitor-of-apoptosis protein (XIAP) interacts with caspase-9, and
Smac (alias DIABLO) relieves this inhibition.101 XIAP associates via the active
caspase-9 — Apaf-1 holoenzyme complex through binding with the N-terminus of
the linker peptide on the small subunit of caspase-9, which becomes exposed
after proteolysis of procaspase-9 at Asp315.
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Figure 42 (a) The dimeric p35/caspase-8 complex with the two-fold axis in the vertical
orientation. p35 is cyan and green, �-subunit of caspase-is magenta and red,
�-subunit is orange and yellow. (b) Conformational transition of p35 resulting
from cleavage, Larger shifts are shown in red:- N-terminal residues 2-12, the
CD loop (residues 35-40) the caspase recognition sequence (residues 85-87), the
reactive site loop after the cleavage site (residues 93-101), the FG loop (residues
157-165), and the KL loop (residues 254-255). (c) The complex near the active
site of caspase-8 overlaid with an electron density map, with hydrogen bonds
indicated by dotted lines. Side chains of Met86 of p35 and of Tyr412 of
caspase-8 are omitted for clarity
(Reproduced with permission from Xu et al.100 and Nature, copyright 2001,
Macmillan Magazines Ltd)

Hydrogen peroxide is known to both induce and inhibit apoptosis; a curious
pattern of behaviour for this familiar compound, common in laboratory, house-
hold and industrial environments. These properties have now been traced to
effects exerted on recombinant caspase-3 and caspase-8, effects that can be
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Figure 44 Comparison of PII/ATP (form II) complex (rose/magenta) with GlnK/ATP
complex (silver/yellow). (A) Superimposition of trimer with three ATP mol-
ecules. (B) ATP Binding site showing side-chains of residues that interact with
ATP
(Reproduced with permission from Xu et al.,103 Eur.J.Biochem., Blackwell
Science)

Figure 43 (a) Interaction at N-terminus of p35 with the active site of caspase-8 (p35, cyan;
�-subunit of caspase-8, magenta). (b) p35 on the surface of caspase-8 (grey and
yellow for each of the ��-units). (c) Interactions near the KL loop of p35 (p35,
cyan; �-subunit of caspase-8, orange)
(Reproduced with permission from Xu et al.100 and Nature, copyright 2001,
Macmillan Magazines Ltd)
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prevented and reversed by dithiothreitol, while glutathione has little protective
effect.102

6.5 Proteins Complexed with Non-protein Species. — The PII-ATP complex,
involving a signal transduction protein that is part of the cellular machinery used
by many bacteria to regulate the activity of glutamine synthetase (GlnK) and the
transcription of its gene, has been crystallized in two forms, and each has been
subjected to X-ray crystal analysis. Surprising differences in secondary structure
were seen in these structures in comparison with that of GlnK, a functional
homologue (Figure 44).103

Imidazole glycerol phosphate synthase is one of the glutamine amidotrans-
ferases that link histidine and purine biosynthesis in bacteria (Thermatoga mari-
tima in this study).104 It is a two-compartment system with the glutaminase
(HisH) producing ammonia at the active site, which is used by synthase subunit
HisF and N�-[(5�-phosphoribulosyl)formimino]-5-aminoimidazole-4-car-
boxamide-ribonucleotide to yield imidazolylglycerol phosphate and 5-
aminoimidazole-4-carboxamide ribotide. A conventional reaction kinetics study
of the pure system including site-directed mutagenesis revealed Asp11 to be
essential for the synthase component and Asp130 also crucial (but replacement
by glutamate was permitted). General acid/base catalysis appears to account for
the catalytic mechanism.

The Msx-1 homeodomain, a sequence of 60 amino acids, forms a complex with
DNA that is revealed through X-ray crystallographic analysis to bind to DNA
adjacent to the core TAAT sequence through water-mediated interactions at
Gln50 (Figures 45 — 47).105 The protein is crucial in human craniofacial develop-
ment, and growth of limbs and nervous system.

A 2.5A� X-ray structure of the abundant nuclear protein Ku bound to DNA
gives some insight into the role of the protein in repair of DNA double-strand
breaks. A core set of proteins mediates this repair through bringing about
non-homologous end-joining operations.106

Interaction of human adenovirus proteinase (AVP) and DNAs was monitored
by changes in enzyme activity or by fluorescence anisotropy. Although other
proteinases have been shown to bind to DNA, the stimulation of proteinase
activity by DNA discovered in this study is unprecedented.107

Actin can act as a cofactor for human adenovirus proteinase (AVP) when it
acts to cleave the cytokeratin network of viruses, as well as acting as substrate to
the enzyme leading to its own destruction.108 Interaction of AVP and AVP-DNA
complexes with the undecapeptide cofactor pVIc (Gly-Val-Glu-Ser-Leu-Lys-
Arg-Arg-Arg-Cys-Phe) has been characterised, and a contribution of individual
pVIc side chains in the binding and stimulation of AVP has been discerned
(Figures 48, 49). Binding does not seem to alter greatly the secondary structure of
the enzyme, as judged from circular dichroism (CD) data.109 The merit in this
study from the point of view of clinical applications, lies in inhibition of infec-
tious virus when added to Hep-2 cells infected with adenovirus serotype 5. This is
presumably the consequence of prematurely activating the proteinase so that it
cleaves virion precursor proteins before virion assembly, thereby aborting the
infection.
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Figure 46 Water (gold spheres) surrounding the homeodomain-DNA complex
(Reproduced with permission from Hovde et al.105)

Figure 45 (A) Gln50 — water — DNA interaction. (B) Water surrounding Ala54 and
filling the cavity between the protein and the DNA backbone in this region. (C)
Stereoview of the N-terminal sequence of Msx-1 with hydrogen bonding shown
(dotted lines)
(Reproduced with permission from Hovde et al.105)
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Figure 47 (A) Another view of the homeodomain-DNA complex
(Reproduced with permission from Hovde et al.105)

Figure 48 The two domains of AVP are yellow and green, and pVIc is coloured cyan. The
catalytic groupings in the active site are shown in stick form and are coloured
red. A disulfide bond, connecting AVP (Cys104) and pVIc (Cys10), is present
in this picture
(Reproduced with permission from Baniecki et al.109)
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Figure 49 The complex of AVP with pVIc shown in molecular structural form for the
region of AVP that binds to the peptide. The AVP backbone is shown with
carbon atoms are white, nitrogen atoms are blue, oxygen atoms red. The peptide
pVIc is shown in red and yellow
(Reproduced with permission from Baniecki et al.109)

Two cysteine residues Cys104 and Cys10 are present in the 11-amino acid
peptide activator pVIc but formation of a disulfide bond between these residues
is not necessary for maximal stimulation of enzyme activity.110 This conclusion
was based on a kinetics study focussing on the effects of formation of disulfide
bonds involving pVIc on its properties as enzyme cofactor.

A complex formed between Burkholderia cepacia lipase (see also Section
7.2.21) and a transition state analogue of R-(�)-1-phenoxy-2-acetoxybutane has
been subjected to X-ray crystal analysis, to explain the high preference of the
enzyme for acylation leading to the particular stereoisomer (Figures 50 — 52). The
boomerang-shaped cleft of the enzyme accommodates well the transition state
analogue, (RP,SP)-O-(2R)-(1-phenoxybut-2-yl)-methyphosphonic acid chloride,
and molecular modelling data are in good agreement with the topography of the
active site that is revealed in the X-ray data.111

Binding interactions between barley thaumatin-like proteins and (1,3)-b-D-
glucans have been studied. These are PR5 proteins, a group within the larger
family of pathogen resistant proteins (including osmotin), that may bind to
nascent (1,3)-b-D-glucans during fungal cell wall synthesis, so explaining the
antifungal activity of these proteins (Figure 53).112

A glia-derived soluble acetylcholine-binding protein (AChBP) has been de-
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Figure 50 Burkholderia cepacia lipase with (RP,SP)-O-(2R)-(1-phenoxybut-2-yl)-
methyphosphonate at the active site. Hydrogen bonds that are shown, are those
needed for productive binding
(Reproduced with permission from Luic et al.,111 Eur.J.Biochem., Blackwell
Science)

Figure 51 Burkholderia cepacia lipase with the inhibitor in the boomerang-shaped cleft of
the protein
(Reproduced with permission from Luic et al.,111 Eur.J.Biochem., Blackwell
Science)

scribed, a naturally occurring analogue of the ligand-binding domains of nic-
otinic acetylcholine receptors. Unlike the nAChRs, it lacks the domains to form a
transmission ion channel.113 This work allows a mechanism to be described by
which glial cells release AChBP in the synaptic cleft, and to explain how the cells
modulate synaptic cholinergic transmission.

X-Ray crystal analysis of the protein AchBP at 2.7A� gives important structural
information that will assist drug design aimed at the ligand-gated ion channels
(LGIC) superfamily. This is the area that is perhaps becoming well-known to the
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Figure 52 Superimposition of the triacylglycerol-like, and secondary alcohol-like, inhibi-
tors in the active site of Burkholderia cepacia lipase
(Reproduced with permission from Luic et al.,111 Eur.J.Biochem., Blackwell
Science)

general public, including GABA receptors, serotonin (5-HT3) receptors, and
glycine receptors. Understanding the ligand-binding characteristics of these ion
channels could lead to new antiemetics aimed at the 5HT3 receptors and
mood-defining drugs that target the GABA receptors.

Figures 54 — 57 give the results of the study in graphic terms. An immediate
benefit flows from the fact that the structures revealed are representative of the
N-terminal domain of an a-subunit of nAChRs, which are of central interest in
drug design, especially in the context of Alzheimer’s disease, epilepsy, and
addiction to tobacco smoking.114

Three-dimensional structures of avian H5-subtype and swine H9-subtype
influenza virus hemagglutinins bound to avian and human receptor analogues
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Figure 53 Amino acid residues in the cleft of HvPR5c that could interact with the docked
(1,3)-�-D-glucan. Ser74, Glu83, Phe94, and Asp101 are part of the �-barrel,
and the other amino acids are in loops of region II. The arrow shows the
distorted glycosidic linkage
(Reproduced with permission from Osmond et al.,112 Eur.J.Biochem., Black-
well Science)

have been studied.115 These were obtained from viruses that were closely related
to those that caused outbreaks of human influenza in Hong Kong in 1997 and
1999. The interest arises from the explanation of the origins of pandemics, as a
change of initial preference of avian viruses for sialic acid receptors in a2,3-
linkage to a preference for human viruses with a2,6 linkages.

The four new hemagglutinin — receptor structures developed in this X-ray
study show that the binding sites specific to human receptors are wider than
those preferring avian receptors (Figure 58). Also, the configurations and other
structural details at the glycosidic link, differ for the two species, connected with
the role of Gln226, an avian-specific residue. Contacts with Leu226, a human-
specific residue, are facilitated by a cis-configured glycosidic link.
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Figure 54 The pentameric structure of AchBP. (a) Each protomer has a different colour.
Subunits are labelled anti-clockwise, with A-B, B-C, C-D, D-E, and E-A
forming the plus and minus interface side, with the principal and complementary
ligand-binding sites, respectively (ball-and-stick representation). (b) View of
the AchBP pentamer perpendicular to the five-fold axis. The equatorially
located ligand-binding site (ball-and-stick representation) is highlighted only in
the A (yellow)-B (blue) interface
(Reproduced with permission from Brejc et al.114 and Nature, copyright 2001,
Macmillan Magazines Ltd)
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Figure 55 Conservation in the pentameric LGIC superfamily; very few conserved residues
are at the surface. Residues conserved between pentameric LGICs but not
AchBP are indicated by a yellow main chain
(Reproduced with permission from Brejc et al.114 and Nature, copyright 2001,
Macmillan Magazines Ltd)

7 Enzyme Studies

7.1 Textbooks and Monographs; Reviews. — This topic is well-served by sec-
ondary literature and continues to be supplemented with new material: From
Protein Folding to New Enzymes,116 and Proteolytic Enzymes: A Practical Ap-
proach.117

A Volume of invited papers, covering ‘Protein Kinase A and Human Disease’,
has appeared.118 The topic is important because inherited disruption of cAMP
signalling results in cancer. The PKA system is an important pathway that
mediates cyclic nucleotide signalling, appearing to have a crucial role in the
integration of many messages from a variety of senders and centres.

A detailed review of the structures and specificities of a-amylases has been
published.119

7.2 Mechanistic Studies. — This topic is covered in this Chapter at a number of
different sub-headings, and within this Section there is some lack of organisation
of the discussion. However, the common theme of work selected for discussion in
this Chapter is new mechanistic information flowing from the interpretation of
structural and kinetics data.
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Figure 56 Overview of the AchBP protomer structure. (A), the AChBP protomer as
viewed from outside the pentameric ring, coloured as a rainbow gradient, from
blue (N terminus) to red (C terminus). Disulfide bridges are indicated in green
ball-and-stick representation. In a complete ion channel the N terminus would
point towards the synaptic cleft and the C terminus would enter the membrane
at the bottom, continuing into the first transmembrane domain. (B), topology
diagram of the AchBP protomer. For comparison with Ig-folds the strands have
been labelled a-g, showing the additional strand (b9) and hairpin (f9-f0). In this
structure, strands have been labelled b1-b10 with loops (or turns) L1-L10
preceding each strand with the same number. The b5 strand is broken (b5-b59)
with internal loop L59; b6 also has a small break, but it is shown continuously
(see Figure 54). The topology seen here will be highly conserved across the
entire family of pentameric LGICs. S � disulfide bridge
(Reproduced with permission from Brejc et al.114 and Nature, copyright 2001,
Macmillan Magazines Ltd)

7.2.1 Motor Proteins. A textbook, Mechanics of Motor Proteins and the Cyto-
skeleton, has appeared covering aspects of this topic.120

Kinesin motors are enzymes that use the hydrolysis of ATP to generate force
and movement along their cellular tracks, the microtubules. A switch-based
mechanism has been depicted as a contribution to picturing the components of
this machine.121 Large conformational transitions are the only plausible mechan-
ical movements, but switches that control these are more subtle. Myosin motors
(see also Ref. 129) and roles for G proteins are also well-studied in the context of
protein mechanics.

Mitochondrial protein kinases are molecular switches for enzymes that are
involved in the oxidative processing of branched-chain a-ketoacids and
pyruvate. Elevated levels of these metabolites are implicated in several common
diseases, notably insulin-resistant Type II diabetes, and ketoaciduria. X-ray
analysis of rat branched-chain a-ketoacid dehydrogenase kinase (BCKD
kinase), which features a characteristic nucleotide-binding domain (requiring
potassium and magnesium) and a four-helix bundle domain, has been reported.
Proper interaction of these domains is shown in this study to be crucial for the
integrity of the binding site, and suggests that a search should be made for

Amino Acids, Peptides and Proteins272



Figure 57 a. Stereo representation of the ligand-binding site, in ball-and stick representa-
tion, showing the principal loops A—E (coloured yellow, dark yellow, orange,
violet, light blue, respectively). b. Electron density map displaying a HEPES
buffer molecule in the ligand-binding site. c. Location of the principal ligand-
binding residues (colours as in a, orientation as in Figure 54, part b). d.
Location of the complementary ligand-binding residues (colours as in a, orien-
tation as in Figure 54, part b).

disruption mechanisms that may help to find therapeutic agents for the intrac-
table diseases that BCKD kinases apparently initiate. Binding of ATP induces
conformational changes in a loop region of the nucleotide-binding site, disrupt-
ing the interface with the four-helix bundle domain, and causing a lateral shift of
the top portions of two helices. Phosphorylation effectively traps ADP and
explains product inhibition of mPKs.122

7.2.2 Synthetases. A newly identified cysteinyl tRNA synthetase (CysRS) in
Methanococcus jannaschii and Deinococcus radiodurans, members of the Archae,
is one of the first to have been uncovered with sequences that are distinct from
those of every other known aminoacyl tRNA synthetase. This contradicts an
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Figure 58 Influenza virus hemagglutinins, H9 swine (grey), H3 human (green), and H5
avian (white). 226/228 Loops are superimposed showing that the H5 avian 220s
loop (Gln226 — Gly228) is closer to the opposing 130s loop than the H9 swine
Leu226 — Gly228 loop or the H3 human Leu226 — Gly228 loop
(Reproduced with permission from Ha et al.115 copyright 2001, National
Academy of Sciences, USA)

earlier recent proposal that aminoacylation by cysteine is performed by a prolyl
tRNA synthetase.123

Studies discussed elsewhere in this Chapter cover the behaviourof synthetases,
a broad range of functions being covered by this general class of enzyme (Refs.
103, 191, 193).

7.2.3 Peroxidases. Extended X-ray absorption fine structure analysis has been
reported, of the environment of the heme iron of catalase-peroxidases from
Mycobacterium tuberculosis and that from E.coli.124 The objective of the study
was to determine whether structural differences in this region were associated
with differences in reaction profiles of the two enzymes. The former enzyme is a
more effective activator of the antibiotic isoniazid, compared with the latter.
However, overall similarity of the heme iron environment leads to the conclusion
that the explanation for the properties lies elsewhere.

7.2.4 �-Ketoacyl-carrier Protein Synthase. X-ray study of Mycobacterium tu-
berculosis b-ketoacyl-carrier protein (ACP) synthase III (Mycobacterium tuber-
culosis FabH) has an important role in the synthesis of mycolic acids, a-alkyl-b-
hydroxy acids that cover the surface of mycobacteria. Inhibition of their bio-
synthesis is an established mechanism of action for several current anti-tubercu-
losis drugs. In that context, the enzyme studied in this work, which catalyses a
Claisen-type condensation between long-chain acyl-coenzyme-A substrates
(myristoyl-CoA) and malonyl-ACP has been compared with the E.coli FabH
(Figures 59 — 61).125

The Mycobacterium tuberculosis FabH is evidently structured to allow bind-
ing of long acyl chains, whereas the E.coli analogue can only admit smaller
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Figure 59 Comparison of secondary structures of dimers of ecFabH (blue) and Mycobac-
terium tuberculosis FabH (bronze). The two-fold axis is indicated by the arrow
(Reproduced with permission from Scarsdale et al.125)

Figure 60 Position of the myristoyl group in binding channel 2 showing the position of
residue 87B, which is a threonine residue in Mycobacterium tuberculosis
FabH (blue) and a phenylalanine residue in ccFabH (green)
(Reproduced with permission from Scarsdale et al.125)

structures to its active site, explaining why it is restricted to operate on acetyl-
CoA.

7.2.5 Amino Acid Oxidases. Kinetic isotope and pH effects have been interpreted
to reveal small differences in mechanism for the Schiff base-forming step for
D-amino acid oxidase, from that applicable at pH below 8 (A in Scheme 4) to the
higher pH alternative (B in Scheme 4).126
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Figure 61 Distal end of the myristoyl binding site in Mycobacterium tuberculosis FabH
at the junction of the inserts of each monomer
(Reproduced with permission from Scarsdale et al.125)

The structure of the glycan content of L-amino acid from the venom of the
Malayan pit viper (Calloselasma rhodostoma) has been determined. The major
oligosaccharide, a bis-sialylated bi-antennary core-fucosylated dodecasacchar-
ide, accounts for approximately 90% of the glycan content (Figure 62).127

Other oxidase topics are discussed in Section 7.2.24).

7.2.6 Superoxide Dismutases (se also Ref. 82). A crucial role has been demon-
strated for a tryptophyl residue, Trp161, in human manganese superoxide dis-
mutase. The enzyme protects mitochondria from oxidative damage associated
with electron transport, exerting this role through catalysing the disproportiona-
tion of the superoxide radical anion.

This tryptophyl residue presents a hydrophobic side to the active site cavity.
Its replacement by Ala or Phe causes significant conformational changes at
adjacent residues near the active site, and reaction rates are some 100 times
slower (Figures 63, 64).128
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Figure 62 The dimeric glycoprotein LAAO, with a dodecasaccharide linked to the
glycosylation sites Asn172 and Asn361. In aqueous solution the carbohydrate
chains populate rotation cones due to the movement dynamics around the side
chain torsions of Asn and around glycosidic torsions. Both (1-6) arms probably
populate several rotamers of which only one is shown here
(Reproduced with permission from Geyer et al.,127 Eur.J.Biochem., Blackwell
Science)

Figure 63 Active site of mutant human manganese superoxide dismutase (MnSOD;
Trp161 replaced by Ala; grey) superimposed on that of wild-type human
MnSOD (green)
(Reproduced with permission from Hearn et al.128)
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Figure 64 Active site of wild-type human MnSOD (green) superimposed on that of mutant
MnSOD (Trp161 replaced by Phe; sulfate-free; pink), of mutant MnSOD
(Trp161 replaced by Phe; with sulfate; purple), and of mutant MnSOD
(Trp161 replaced by Ala; with sulfate as described in the text; grey)
(Reproduced with permission from Hearn et al.128)

A 2.7A� crystal structure analysis of the activated FERM domain of moesin
(common to several enzymes, e.g. protein phosphatases, and myosin) has pro-
vided details of structural changes that occur on activation The FERM domain
is the first 300 amino acid residues along the sequence from the N-terminus, and
is now shown to consist of three subdomains. Residues 260-264 are in a loop that
is shifted by removing the C-terminal domain, and the helix 166-170 is also
relocated within the three-dimensional framework by this treatment (Figure
65).129 The ERM (ezrin/radixin/moesin) family of proteins forms one of the
physical links between the plasma membrane and the actin cytoskeleton.

7.2.7 Dehydrogenases. Acyl CoA dehydrogenase is rapidly inhibited by racemic
3,4-dienoyl-CoA thioester derivatives with a stoichiometry of two molecules of
racemate per enzyme flavin, the (R)-enantiomer being the active inhibitory
stereoisomer (Figures 66 — 68).130 The role of flavin is depicted in Scheme 5, and
an enolate intermediate is revealed through the battery of physical methods,
including X-ray crystallographic analysis to 3.4A� , employed in this study.

In Figure 68, the distances (dotted lines), ranging from 1.5 to 2.2A� , indicate
severe steric hindrance between the S-isomer and the side chain of Tyr375. A
model of the S-isomer (dark blue) in the active site shows the substrate binding
mode, whereas the R-isomer (purple) depicts the inhibitor binding mode. The
carbonyl thioester moiety of the S-isomer binds about 1.3A� ‘deeper’ into the
active site of the enzyme and forms a hydrogen bond with the 2-OH of the FAD
moiety.
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Figure 65 (a) The run of C� atoms through the activated FERM domain. (b) The
activated moesin structure; the red regions are those where shifts greater than
3A� occur as a result of activation. Other colours represent smaller structural
shifts.
(Reproduced with permission from Edwards and Keep.129)

An L-lactate dehydrogenase mutant (from Bacillus stearothermophilus involv-
ing replacement by Ala of Lys245, expressed in E.coli), has been used to demon-
strate a new aspect of reaction mechanism for the native enzyme. The rate of
formation of the complex of enzyme � NADH � pyruvate is rate-limiting in the
mutant, and the ensuing hydride transfer is the first slow step; this is the reverse
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Figure 66 Overall polypeptide folding of a monomer of the complex between medium chain
acyl-CoA dehydrogenase and R(-)-3,4-decadienoyl-CoA. The FAD and the
inhibitor portion of the adduct are shown in yellow and red, respectively
(Reproduced with permission from Wang et al.130)

Figure 67 Residues in the vicinity of the inhibitor in the 3,4-decadienoyl-CoA adduct.
Potential hydrogen bonds are shown by the dotted lines. Carbon atoms are
depicted in yellow, oxygen in red, nitrogen in blue, and sulfur in green. Most of
the side chain conformations are very similar to those found in the octenoyl-
CoA complex
(Reproduced with permission from Wang et al.130)

of the relative rates for the native enzyme (Figure 69).131

The role proposed for quantum tunnelling, that accounts for facilitated hy-
dride transfer in enzyme-catalysed reactions, has now had several years in which
to receive considerable support. A further example in the 2001 literature devel-
ops the idea, to give a role to side chains that have no functional groups, by which
they can contribute to a particular stage of the mechanism through conventional
reaction schemes. Val292 is thought to assist the hydride transfer step, by virtue
of its bulk and mobility near the active site of liver alcohol dehydrogenase. This
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Figure 68 Models of R- and S-3,4-decadienoyl-pantetheine in the active site of MCAD.
The common portion of the inhibitor molecules is shown in atom color (carbon,
yellow; oxygen, red; nitrogen, blue; and sulfur, green) while C6-C10 atoms are
depicted in purple and dark blue for the R- and S-isomer, respectively. (A) R-
and S-isomers docked into the active site in the ‘substrate-binding’ mode. The
H-atom on C-5 is marked as HR and HS for R- and S-isomers, respectively. (B)
Comparison of the two different ligand binding modes in the active site of
MCAD: the ‘inhibitor-binding’ mode and the ‘substrate-binding’ mode.
(Reproduced with permission from Wang et al.130)

conclusion was derived from comparison (Figure 70) of the structure of the
natural enzyme (apo-enzyme) with the structure derived for the mutant enzyme
V292S (in which Val292 was substituted by serine).132

Dihydrolipoyl dehydrogenase P64K from the pathogenic bacterium Neisseria
meningitidis is found in the outer membrane of the cell, and attention has been
given to the structure of its lipoyl domain by heteronuclear NMR spectroscopy
(Figure 71). The enzyme was found to be a flattened b-barrel composed of two
four-stranded antiparallel b sheets. The lysine residue that becomes lipoylated is
in an exposed b turn that appears to be freely mobile, judging from a 1H-15N
heteronuclear Overhauser effect NMR experiment.133

7.2.8 Orotodine Monophosphate Decarboxylase. Recently reported crystal
structures for free orotodine monophosphate decarboxylase, and for the enzyme
complexed with inhibitors, have been interpreted to bestow unusual mechanistic
characteristics on the mode of catalysis. The enzyme has an essential role in
nucleic acid biosynthesis, and its fascination is bolstered by the claim that it is the
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Figure 69 One subunit of Bacillus stearothermophilus L-lactate dehydrogenase. The
interface of the subunits in a dimer is on the bottom side of this picture, and the
interface of two dimers forming a tetramer is on the back side. NADH, pyruvate,
and the alanine moiety at the mutated position 245 are ball-and-stick models.
The active site is marked with a circle
(Reproduced with permission from Kedzierski et al.131)

Figure 70 Comparison of V292S (black) and apo-enzyme (unfilled tubes) showing
changes in conformation of residues 290-294, 263-268, 178, and 317-318
(Reproduced with permission from Rubach et al.132)

most proficient enzyme known so far, with (kcat/km)/kuncat � 2 x 1023. Another
source of interest lies in the mechanistic curiosity, that although all other known
biochemical decarboxylation reactions involve resonance stabilization of a car-
banion formed by loss of CO2 from a carboxylate anion, other mechanisms are
plausible in this case and deserve further investigation (Scheme 6).134

7.2.9 Glycosidases. In a series of significant studies, finely-tuned structures for
active sites, optimally configured for transition state stabilization, have been
characterized.135 This has led to enhanced understanding of the mechanism of
action of glycosidases. Structural analysis of various enzyme complexes that
represent stable intermediates along the reaction coordinate in conjunction with
detailed mechanistic studies on wild-type and mutant enzymes, have delineated
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Figure 71 Solution structure of the P64K lipoyl domain. (A), Superposition of backbones
from 21 structures. (B), The overall fold showing the lysine residue (Lys42 at
the top left) that receives the lipoyl group. Strands are colour-coded, with red at
the N-terminus to indigo at the C-terminus
(Reproduced with permission from Tozawa et al.,133 Eur.J.Biochem., Black-
well Science)

the contribution of nucleophilic and general acid/base catalysis, as well as the
roles of noncovalent interactions, to account for the 1017-fold acceleration of the
hydrolysis of glycosidic bonds by enzymes of this class.

Hen egg-white lysozyme is a b-glycosidase, the first enzyme to have its
three-dimensional structure determined by X-ray diffraction, and Phillips’ cata-
lytic mechanism deriving from this work involves a long-lived oxocarbenium ion
intermediate.

This was thought to be a settled matter for enzymes that cleave glycosidic
linkages with retention of configuration. Now, a replacement for this, a common
mechanism for these enzymes that involves a covalent glycosyl-enzyme inter-
mediate, has been verified by electrospray ionization mass spectrometry and
X-ray crystal analysis.136 The uncertainty until now has lain in the timing of
bond-making at the glycosidic centre, and the stereochemical outcome — bond-
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making with retention of configuration — is now accommodated with a glycosyl-
Asp52 ion-pair intermediate (Scheme 7).

A mutant b-mannosidase has been demonstrated to be effective in the syn-
thesis of b-mannosides through a mechanism involving Glu519 and nearby
Glu429, stereochemical details being revealed by the use of a-D-mannosyl
fluoride as substrate.137 The carboxylate anion of Glu519 performs an SN2
displacement of the anomeric C1 substituent of the mannoside, with Glu429
providing the proton to complete the synchronized sequence. Reversal of the
sequence with a secondary alcohol (the C4-OH group of another glycoside)
generates a different mannoside.

The feruloyl esterase domain of cellulosomal xylanase Z from Clostridium
thermocellum has been searched to find the characteristic catalytic triad (the
side-chains of His260, Ser172, and Asp230) at the heart of the active site.138 The
ferulic acid moieties in the substrate are cleaved and seen in a hydrophobic
binding pocket in the X-ray structure. The carbohydrate binding pocket was
identified from the position of the ferulic acid moieties (Figure 72).

7.2.10 Flavoprotein Phenol Hydroxylase. Structural information derived from
site-directed mutagenesis studies of flavoprotein phenol hydroxylase shows that
Arg281 and Asp54 are part of the active site environment.139 An important part
of this study is the demonstration that eleven amino acid residues in the pub-
lished sequence of this enzyme are incorrect.

7.2.11 UDP-N-Acetylmuramyl-L-alanine Lignase. This enzyme, from E.coli, is
the catalyst for the third step in Phase I of bacterial cell wall biosynthesis. Its role
can be inhibited by a substrate analogue.140 A transition state attained by
nucleophilic attack on the acyl phosphate group has been presumed, and has

Amino Acids, Peptides and Proteins284



Figure 72 a/b Domain of FAE—Xyn2 and the catalytic triad of this enzyme
(Reproduced with permission from Schubot et al.138)

guided the choice of potential inhibitors; the large number of antibacterial agents
that effectively target cell wall biosynthesis (55% of the antibacterials market in
1998) is a driving force for research in this area.

7.2.12 Glucose 4,6-Dehydratase. Dehydration involving E.coli dTDP-glucose
4,6-dehydratase is catalysed by Glu136 and Asp135 (Scheme 8 and Figure 73).141

MALDI-TOF Mass spectrometry was used to establish the kinetics of solvent
1H — 2H exchange at C5 of the deuterated product, dTDP-4-keto-6-deoxyglucose-
2H7.

7.2.13 Carbonic Anhydrases. The marine diatom Thalassiosira weissflogii syn-
thesises a cadmium carbonic anhydrase in place of the normal zinc-liganded
enzyme, when stressed with a deficiency of zinc (through addition of cadmium to
zinc-depleted growing media).142 Since this was found to enhance the growth rate
of the organism, it was concluded that cadmium assimilation was a valid
alternative for the organism.

This is the first example of a cadmium enzyme; this element has not been
assumed to have a biological function, but its oceanic distribution follows closely
that of major algal constituents such as phosphorus, so a strong indication is
being conveyed that searching through marine microorganisms would be profit-
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Figure 73 Active site of E.coli dTDP-glucose 4,6-dehydratase
(Reproduced with permission from Gross et al.141)

Figure 74 Superposition of 24 protein � ligand complexes of hcaII (ligands not shown).
With the exception of His 64 (arrow), the binding pocket is rather rigid
(Reproduced with permission from Gruneberg et al.144)

able in identifying new metal-concentrating species.
Aggregation of bovine carbonic anhydrase can be achieved by a-cyclodextrins

with modified OH groups. This indicates a way forward in devising inhibitors of
protein aggregation, with cyclic polyhydroxylic structures as lead compounds.143

Human carbonic anhydrase II (hcaII), of established structure, features in a
search for inhibitors through analysis of the binding pocket structure (Figures 74
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Figure 75 Superposition of the X-ray structure (XS) and docked models for inhibitors
detailed in Ref. 144, in hcaII
(Reproduced with permission from Gruneberg et al.144)

— 76).144 The importance of a better understanding of the role of computer
modelling, in competition with traditional pharmaceutical testing of intuitively
derived lead compounds, was the driving force behind this research, and the
results can be better appreciated from the Figures reproduced here (Figures 74 —
76) rather than a detailed description in words of the conclusions offered.

An approach to detect functional similarity among proteins independent from
sequence and fold homology has been described.145 The context of this is centred
on drug discovery in the human carbonic anhydrase II field, and features a
thoughtful discourse on many familiar aspects of the design of lead compounds
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Figure 76 Schematic drawing of the binding mode of dorzolamide to hcaII
(Reproduced with permission from Gruneberg et al.144)

in pharmaceutical research, where the compounds capable of controlling func-
tional proteins are sought.

7.2.14 Reductases and Dehydrogenases. The neighbourhood of the key active
site acid/base arginine residue, in a soluble fumarate reductase (closely related to
succinate dehydrogenase) from Shewanella frigidimarina, has been mapped by
kinetic and crystallographic analysis of mutants in which Arg402 has been
substituted (Figure 77 and Scheme 9).146

(Adapted from Ref. 146 and from sources cited there)

NADH-Dependent cytochrome b5 reductase has provided an enigma until
now; the two active site residues Lys83 and Cys245 were remote from the active
site as revealed in an X-ray structure of the pig enzyme.147 Considerable struc-
tural differences between rat cytochrome b5 reductase and pig cytochrome b5

Amino Acids, Peptides and Proteins288



Figure 77 Active sites of wild-type (purple), and mutants with Arg402 replaced by Ala
(red), Glu (green), and Tyr (blue) showing the proximity of proton source to
bound substrate molecules. The water molecules enclosed in the active site are
shown
(Reproduced with permission from Mowat et al.146)

reductase have now been found, including these lysine and cysteine locations
(Figures 78, 79), and it is concluded that the pig enzyme structure needs correc-
tion.

Inhibitors of dihydropicolinate reductase, a key enzyme of the dia-
minopimelate pathway of Mycobacterium tuberculosis, have emerged through a
molecular modelling approach that used the established crystal structure of the
enzyme (Figures 80, 81).148 The candidate inhibitors were established as those
that fitted best within the active site. A conventional screening approach to
finding new inhibitors is also a feature of this study.

7.2.15 Hydrogenases. Cytochrome c3 from sulfate-reducing bacteria Desul-
fovibrio desulfuricans Essex 6 provides the electron carrier that supports periplas-
mic hydrogenase function.149 Heme IV of the cytochrome appears to dock with
the distal [4Fe-4S] cluster of the hydrogenase, a conclusion supported through
X-ray crystal analysis, and EPR and UV/Vis spectroscopic study (Figure 82).
The spectroscopic methods concentrated on the role of the metal centres, and
showed that heme IV is the entry point for electrons in this system.

7.2.16 Transaldolases. Transaldolase B of E.coli depends on Asn35 and Thr156
for the positioning of a catalytic water molecule at the active site. The side chain
of Glu96 participates in concert with this water molecule in proton transfer
during catalysis. Site-directed mutagenesis studies gave these details.150 Further-
more, substitution of Ser176 by alanine resulted in a mutant enzyme with only
2.5% residual activity. Other data point to a function for Ser176 in the binding of
the C1 hydroxy group of the donor substrate. Figure 83 shows the Schiff base
generated with Lys132. Figure 84 shows the water molecule involved in these
events.

7.2.17 Endonucleases. Catalysis by TaqI endonuclease involves two metal ions
and the Lys157 — Lys158 pair (Scheme 10),151 as concluded from the results of
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Figure 78 (a) Elements of each domain of rat cb5r. The FAD binding domain is red, the
NADH-binding domain is blue, and the FAD molecule is shown in ball-and-
stick representation. (b) Interactions of FAD with NAD. Water-mediated
hydrogen bonds are shown as cyan dotted lines
(Reproduced with permission from Bewley et al.147)

Asp, His, and Glu substitutions at Lys158 in native and in the mutant with
Lys157 substituted by serine. DNA cleavage activity was partly rescued for these
mutants by Mn2� salts, but not by other divalent metal cations, and this has led
to the proposal of a variant of the mechanism in Scheme 10. The place of the
bridging water molecule is taken by Mn2� in this proposed variant.

7.2.18 Sulfurylases. The crystal structure of ATP sulfurylase of Penicillium
chrysogenum, crystallised from a medium containing a high concentration of
adenosine 5�-phosphosulfate (APS; adenylyl sulfate) gives insights into the allos-
teric regulation of sulfate assimilation.152 The active site reveals specific hydrogen
bonds between adenine nucleotides and the side-chains of adjacent amino acid
residues. APS is bound to the allosteric site less firmly than to the catalytic site, so
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Figure 79 Movement of the FAD-binding domain may facilitate binding of NAD� in a
productive manner in cb5r. (a) Superposition of rat cb5r (red) with maize nitrate
reductase (blue) and the Y308S mutant of pea FNR (green). (b) Active sites of
Y308S mutant of pea FNR and wild-type cb5r in complex with NADP� and
NAD� respectively
(Reproduced with permission from Bewley et al.147)
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Figure 80 Active site of dihydrodipicolinate reductase. The competitive inhibitor 2,6-PDC
(see original paper) bound in the active site of DHPR is stacked with the
nicotinamide ring of NAD�. The active site cavity is represented by the
background
(Reproduced with permission from Paiva et al.,148 and Elsevier)

Figure 81 Sulfonamide docking in the active site of dihydrodipicolinate reductase. The
surface of the active site is represented as the white area; this is only part of the
active site; enough has been cut away to be able to see the inhibitor. An alkyl
sulfone makes a good fit within the left side whereas on the right side there is
room only for an unsubstituted sulfonamide
(Reproduced with permission from Paiva et al.148 and Elsevier)
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Figure 82 Cytochrome c3 hydrogenase complex from Desulfovibrio desulfuricans Essex
6
(Reproduced with permission from Einsle et al.,149 Eur.J.Biochem., Blackwell
Science)

Figure 83 Active site of transaldolase showing the reduced Schiff base intermediate linked
to Lys132 and its interactions with other residues. Hydrogen bonds are shown
as dotted lines
(Reproduced with permission from Schorken et al.,150 Eur.J.Biochem., Black-
well Science)

the structure that was determined in this study is assumed to be the active R-state
(Figures 85- 88; for discussion of T- and R-allosteric states in other contexts, see
Refs. 65, 82, 152-154, and Section 5.1.4).

An X-ray structure of the enzyme bound to the allosteric inhibitor 3�-phos-
phoadenosine 5�-phosphosulfate (Figure 89) is featured in this paper, in which it
is concluded that there is a low affinity for substrate resulting from large
rearrangement of domains that represents the R-to-T transition.153 Allosteric
inhibition is pictured in Figure 90.

X-Ray structure determination of another ATP sulfurylase from yeast (Sac-
charomyces cerevisae) has been reported recently, the enzyme showing no allo-
steric properties but possessing very similar multidomain features to those for
the Penicillium enzyme.154
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Figure 84 The catalytic water molecule (red sphere) in the active site of transaldolase, and
the reduced Schiff base intermediate with dashed lines showing hydrogen bonds
(Reproduced with permission from Schorken et al.,150 Eur.J.Biochem., Black-
well Science)

7.2.19 Nucleoside Diphosphate Kinase. Phosphoryl transfer by nucleoside
diphosphate kinase shows little specificity for either the nucleoside base or for
the monosaccharide component.155 Several mutants modified at Lys16, Tyr56,
and Asn119 show that this enzyme belongs to the ‘substrate assistance’ category,
since nucleotide substrates lacking the 3�-OH group are phosphorylated some
three to four times slower than the natural analogues. Figure 91 shows the
structure of the NDP kinase from Dictyostelium in the vicinity of the active site.

The important topic of roles for kinases is represented in several sections of
this Chapter [Refs. 96 (Fig. 40), Refs. 118, 122, 152 (Fig.88), 190].

7.2.20 Phosphatases. Kinetic data have been re-evaluated and extended for
phosphoryl transfer by Yersinia protein tyrosine phosphatase, to show that the
first step involves attack by the cysteine403 anion on the di-anion of the sub-
strate, p-nitrophenyl phosphate.156 The active site structure is shown in Figure
92.

Other results for phosphatases are described in Refs. 65, 76, 129 and 156.

7.2.21 Lipases (see also Ref. 111). Bacillus subtilis secretes two lipolytic en-
zymes, LipA and LipB, which are 74% identical in terms of their primary
structure.157 X-ray structure determination of LipA allows a structure to be
proposed for LipB, and shows that a catalytic triad (Ser78, His157, and Asp134)
constitutes the working parts of the active site (Figure 93).158

7.2.22 Proteases. A computer-generated docking program, Eudoc, devised for
demonstrating the most energetically stable complexes formed between papain
and 2,4,5,7-tetranitrofluorenone (TNFN) or human adenovirus cysteine pro-
tease (hAVCP), reveals shape complementarity between TNFN and the enzyme
active site.159 This work assists a search for effective antiviral agent, and in the
case of hAVCP, reversible binding is followed by irreversible inhibition, suggest-
ing a new approach to the search.
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Figure 85 (A) A monomer of ATP sulfurylase of Penicillium chrysogenum, showing
three distinct domains: N-terminal (salmon), catalytic (green), and allosteric
(blue). (B) The three-fold relationship of the three subunits of ATP sulfurylase,
showing points of interaction between catalytic and allosteric domains
(Reproduced with permission from MacRae et al.152)
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Figure 86 Views of the catalytic domain of ATP sulfurylase showing the bound APS
(adenylyl sulfate). (A) Electrostatic surface diagram showing the cavity which
is accessible only from the external bulk solution. (B) Residues that interact
with bound substrates. Dashed lines are potential hydrogen bonds
(Reproduced with permission from MacRae et al.152)

Figure 87 Allosteric site showing the bound APS (adenylyl sulfate) molecule. Amino acid
side-chains that make specific contacts with the substrate are shown. Arg515 is
in a suitable position to bind the 3�-hydroxy group of PAPS, and is involved in a
salt linkage to Asp111 of the N-terminal domain of the adjacent subunit.
Dashed lines are potential hydrogen bonds
(Reproduced with permission from MacRae et al.152)
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Figure 88 Superimposition of the ATP sulfurylase allosteric domain (blue) and APS
kinase (yellow) C� backbones. APS (adenylyl sulfate) substrate is shown
interacting with allosteric domain side-chains Arg437, Phe446, and Phe529
(Reproduced with permission from MacRae et al.152)

Figure 89 (a) Conformational changes involved in the R- to T-transition of the allosteric
domain of ATP sulfurylase. The R-state of the allosteric domain is shown partly
transparent to distinguish it from the T-state (shown in a darker shade). The
consequent active site switch (red; shown with an arrow) involves residues
228-238. The N-terminal and catalytic domains do not move significantly
relative to each other during the R- to T-transition. (b) Detail of the active site
switch, a 17A� movement. The active site region of the T-state is shown superim-
posed on the R-state active site, and the latter, as well as the bound APS, is
shown partially transparent to distinguish it from the T-state structure. In the
R-state, Asp234 forms a salt link to Arg199; in the T-state, Asp234 forms an
N-cap with the adjacent helix
(Reproduced with permission from MacRae et al.153 and Nature Struct.Biol.,
copyright 2002, Macmillan Magazines Ltd)
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Figure 90 (a) Allosteric inhibitor-binding site involving PAPS bound to the allosteric
domain (blue). Arrows indicate the direction of movement in the R- to T-
transition. (b) Electron density map of the final PAPS-binding site. The adenine
ring of PAPS stacks between Phe446 and Phe592. Arg437 forms a bidentate
salt linkage with the phosphosulfate group and Arg525 forms a salt linkage with
the 3�-phosphate of PAPS. Except for the Arg515 salt linkage, these interac-
tions are identical with those observed for the binding of APS, which is not an
allosteric inhibitor of this enzyme
(Reproduced with permission from MacRae et al.153 and Nature Struct.Biol.,
copyright 2002, Macmillan Magazines Ltd)

Nitric oxide donors inhibit cysteine proteinase from promastigotes of Leish-
mania infantum on a 1:1-basis, generating a new lmax 330-350 nm.160 Nitric oxide
is already well-known for its reactions with proteins (e.g. myoglobin, Ref. 196),
and in the context of targetting cysteine residues in proteins. The catalytic
activity of the enzymes is restored by treatment with dithiothreitol or L-ascorbic
acid.

The hydrophobic S1� subsite of thermolysin-like proteases (Figure 94) can be
modified, and effects on substrate specificity then are considerable.161 Replace-
ment of Leu202 by Gly, Ala, Val in one group of experiments, and by Phe or Tyr
in another, unexpectedly increased the catalysed cleavage of peptide substrates.
Further studies are needed to account for these findings, though the well-known
exquisite dependence of catalytic rates on separations of catalytic side-chains
(Section 5.1.2) is a likely underlying cause.
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Figure 91 (A) Active site of a mutant NDP kinase (Lys16 replaced by Ala) from
Dictyostelium. (B) Active side NDP kinase from Dictyostelium, showing
bound ADP-AlF3 and the pyrophosphate moiety of ADP, the bound Mg2� ion,
and surrounding protein side-chains
(Reproduced with permission from Schneider et al.,155 Eur.J.Biochem., Black-
well Science)

The thrombin-like serine protease (LM-TL) from Lachesis muta preferentially
cleaves Arg-Gly bonds in fibrinogen A-chains.162 Its clotting function involves
the release of fibrinopeptide A and fibrin, analogous to thrombin, but it also
catalyses the hydrolysis of synthetic peptide substrates, with specificity similar to
that shown by trypsin.

Structure comparisons such as these for several of the best-known proteases
are discussed in this paper. Figures 95 and 96 show structural features of LM-TL
with emphasis on the catalytic amino acid residues.

Human pigment epithelium-derived factor (PEDF) is a fundamentally import-
ant regulatory protein. The factor is a component of the retina as well as of
vitreous humour and aqueous humour in the adult eye, and its mRNA derivative
is found in most human tissues.163 It is a non-inhibitory member of the serpin
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Figure 92 Positions of Arg residues providing positive charge in the proximity of the
active site of Yersinia protein tyrosine-phosphatase
(Reproduced with permission from Czyryca and Hengge,156 and Elsevier)

Figure 93 Model of LipB from Bacillus subtilis showing amino and carboxy termini of the
polypeptide main chain (N and C) and the three crucial amino acid residues at
the active site (S, H, D)
(Reproduced with permission from Eggert et al.,158 FEBS Lett., Blackwell
Science)
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Figure 94 Thermolysin with a substrate (the tripeptide Gly-Phe-Ala) in the active site
cleft. The left side shows the N-terminal domain consists predominantly of
�-sheet; the right side the predominantly �-helical C-terminal domain. The
central �-helix, at the bottom of the active site cleft, contains several residues
important for catalysis, including those coordinating the Zn2� ion (blue
sphere). The substrate occupies the S1 to S2� positions; the S1� side chains
shown are (counterclockwise, starting at Leu202: Leu202, Phe130, Leu133, and
Val139)
(Reproduced with permission from de Kreij et al.,161 Eur.J.Biochem., Black-
well Science)

family, and is the most potent inhibitor of angiogenesis in the mammalian ocular
compartment. Neurotrophic activity is a feature of the protein, both in the retina
and in central nervous system. The elucidation of the structure of the serpin
(Figure 97) could explain its effects (including the fact that it does not inhibit
proteinases), and might lead to the development of therapeutic agents against
uncontrolled angiogenesis.

The structure of PEDF derived from X-ray crystal analysis reveals details of
possible receptor-binding sites and N-acetylglucosamine (heparin) binding sites,
but also reveals that unlike any other previously characterized serpin, PEDF has
an unusual asymmetric charge distribution that may be important in explaining
its function.

In vivo regulation of protease activity may be mediated by small peptides as
well as by proteins, judging from studies with human b-casomorphin-7 (Tyr-Pro-
Phe-Val-Glu-Pro-Ile).164 This is a natural peptide inhibitor of celestase that
forms an acyl enzyme complex that is stable enough to survive X-ray structure
analysis.

Tryptase-4, the fourth member of the mouse tryptase family of serine pro-
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Figure 95 The thrombin-like enzyme from Lachesis muta venom (LM-TL). (A) Secondary
structure of LM-TL showing the catalytic triad His57, Asp102, and Ser195
(pink). The extended region is represented by blue, helix in red, and �-strand in
green. The LM-TL additional disulfide bridge characteristic of snake serine
protease is indicated in yellow. (B) Tube plot representation of the superposed
catalytic domains of LM-TL, trypsin, and thrombin. The catalytic triad, as well
as S1 (Asp189), S2 (Gly216), and S3 (Gly226) of LM-TL (yellow), trypsin
(pink) and thrombin (dark blue) are shown in stick form. The variable S1 loops
are highlighted revealing a LM-TL S1-loop (yellow) similar to trypsin (pink)
being less deep and less narrow than that of thrombin (cyan). Residue 225 (Pro
or Tyr) and the orientation of the carbonyl O atom of residue 224, shifted by the
presence of Pro225 (*) are also indicated. Other loops are omitted, for clarity
(Reproduced with permission from Castro et al.162 and Elsevier)

teases, has been characterised by standard genomic blot analysis methods. It
seems that this new entity has importance in exerting a convertase-like role in the
maturation of certain families of proteins.165

7.2.23 Epimerases. Human UDP-galactose epimerase is the third enzyme in
the galactose metabolism pathway.166 It is important in the context of treatment
of galactosemia, an inherited disorder characterised by an inability to metabolize
galactose. An X-ray structure determination now gives a more complete under-
standing of the three-dimensional consequences imparted by substitution of
Val94 by methionine in human epimerase.

The crystal structure of native chicken fibrinogen at 2.7A� resolution com-
plexed with two synthetic peptides H-Gly-Pro-Arg-Pro-NH2 and H-Gly-His-
Arg-Pro-NH2 reveals the polypeptide chain arrangement in the central domain
where the two halves of the molecule are joined, as well as a putative thrombin-
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Figure 96 Docking complexes of LM-TL with fibrinopeptide. A (A), BPTI (B) and
ecotin-TSR R/R using primary (C) and secondary (D) binding sites. The
enzyme is shown in red, substrate and inhibitors in blue, hydrogen bonds are
green dotted lines (A, C, and D) and steric hindrance by grey dotted lines (B).
(A) Environment of fibrinopeptide A (blue) in the LM-TL active site cleft (red)
shows the R16-V15 bond of fibrinopeptide lying proximal to the catalytic triad
(His57, Asp102, and Ser195). (B) Part of the hypothetical docking complex
formed between LM-TL (red) and BPTI (blue). The BPTI docking is as in the
trypsin-Arg15-BPTI complex. Only the cleft region of LM-TL is shown as well
as the binding sire of BPTI revealing the collision of Phe95 and Arg193 of
LM-TL with the BPTI structure (grey dotted lines). (C) The ecotin-TSR R/R
primary binding site presents most of its mutated residues involved in hydrogen
bond interactions with the catalytic site of LM-TL. The Arg84 of ecotin-TSR
R/R makes a salt bridge with the LM-TL site (Asp189), while Arg193 and
Tyr172 are involved in hydrogen bond interactions, similar to fibrinogen. The
hydrophobic site (Fp5, Trp99, Phe214, Trp215) of LM-TL partially interacts
with Leu59 of ecotin-TSR R/R, and Ser195 of the catalytic triad interact with
Phe214, not with His57. (D) The ecotin-TSR R/R secondary binding site’s
most important mutated position (Arg70) is involved in interactions with
Asp100, Lys180, and Lys97. The �-helix C-terminal portion of LM-TL com-
posed of Asp233, Tyr234, Ser241, and Ile243 also interacts with Phe65, Gly66,
Trp67, and Gly68
(Reproduced with permission from Castro et al.162 and Elsevier)
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Figure 97 Glycosylated PEDF in the typical serpin orientation. �-Strands are cyan,
�-helices are magenta, coils and turns are gold and the carbohydrate residue is
in ball-and-stick form. The reactive centre loop is RCL and N-acetyl-
glucosamine is NAG
(Reproduced with permission from Simonovic et al.,163 copyright 2001, Na-
tional Academy of Sciences, USA)

Figure 98 Chicken fibrinogen showing distal globular domains connected by three-
stranded coiled coils that meet at a central focus
(Reproduced with permission from Yang et al.167)

binding site.167 A notable feature is the high degree of disorder in amino-terminal
a and b chains, as well as in the aC domain, shown in Figures 98 and 99.

7.2.24 Oxygenases and Oxidases (see also Ref. 126). Four of the six classes of
copper oxidase or mono-oxygenase enzymes have a chemically modified amino
acid residue bonded to, or near, the active-site copper centre.168 These are a
topaquinone residue (S-cysteinyl-Tyr), and Nt-histidinyl-Tyr, lysyl-tyrosine-
quinone and (S-cysteinyl-His) residues. The mechanism of action that has been
proposed calls for an explanation of the puzzling fact that nucleophilic phenol
and imidazole rings are coupled with non-electrophiles (SH groups and
imidazolyl rings) in the process that generates these modified amino acid resi-
dues.

7.2.25 Transformylases. The active site of glycinamide ribonucleotide trans-
formylase (GAR Tfase; Figures 100 — 103) has been shown to accumulate an
enzyme-assembled multisubstrate adduct epoxide. This leads to a potential
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Figure 99 Central domain of chicken fibrinogen (three different views) showing associ-
ation of the two halves by three short �-sheets and penetration of chain from
opposite sides (�-chains, green; �-chains magenta; �-chains blue). The �-� ‘bow
tie’ is on the dorsal side of the molecule. The N-terminal sections of �- and
�-chains both emerge from the ventral side
(Reproduced with permission from Yang et al.167)

application for epoxides, and perhaps aziridines, as potential GAR Tfase inhibi-
tors.169 10-Bromo-10-bromomethyl-5,8,10-trideazafolic acid (10-formyl-TDAF)
exhibits time-dependent inhibition of the enzyme, now ascribed to the accumula-
tion of the adduct in the active site.

7.2.26 Synthases. This is a loosely-defined class of enzyme that operates in
cellular construction machinery, not only to create small aliphatic structures, but
also larger species, as is the case with prostaglandin H synthase-I. This enzyme,
operating a key step in the conversion of arachidonic acid into prostaglandin
G2/H2, is of considerable mechanistic interest in undergoing irreversible self-
inactivation.170

1-Aminocyclopropane-1-carboxylate synthase has Glu47 as a major specific-
ity determinant, positioned near the sulfonium grouping of (S,S)-S-adenosyl-L-
methionine (SAM) in the enzyme/SAM complex (Figure 104).171 This result
follows from a study of models of the SAM-PLP quinonoid intermediate. The
possible elimination mechanisms leading to the amino acid (either with, or
without, a transient ketimine intermediate), are shown in Scheme 11. The
Scheme accommodates the role of Lys273 as proton source and proton abstrac-
tor.
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Figure 100 Electron density for the multisubstrate adduct formed between �-GAR and the
dibromide (10-formyl-TDAF), clearly showing connecting density between the
substrate and inhibitor and insufficient electron density for a tertiary bromide.
The C10 carbon has been labelled for clarity
(Reproduced with permission from Greasley et al.169)
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Figure 101 Stereoview of GAR Tfase showing the multisubstrate adduct (MAI) formed
between �-GAR and 10-formyl-TDAF. The labelled regions correspond to
loops that contain the more disordered regions of the structure. Helices are
shown in green, �-strands in blue, and connecting loops in yellow. The MAI is
shown as a ball-and-stick representation
(Reproduced with permission from Greasley et al.169)

Figure 102 Active site of GAR Tfase illustrating the different conformations of the flexible
‘folate dependent’ loop 141-146, and substrate/inhibitor structures. The struc-
ture in yellow is the current structure while all other models are colored grey,
except for the flexible loop (Asp144 is also shown) which is pale blue (10-
formyl-5,8,10-trideazafolic acid), and mint green, pink, and orange for various
other inhibitors. The pterin and glutamate moieties of the folate analogues are
highlighted, as is the substrate, �-GAR
(Reproduced with permission from Greasley et al.169)

7.2.27 Heme-binding Enzymes. Site directed mutagenesis studies in which
Phe393 is substituted by Ala, His, or Tyr have been conducted for flavocytoch-
rome P450 BM3. The residue is close to the heme moiety, and its ligand, Cys40.
The heme is influenced by Phe393, to the extent of controlling the delicate
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Figure 103 Potential hydrogen bond interactions between GAR Tfase and the enzyme-
assembled multisubstrate adduct (blue). Hydrogen bonds are shown in green or
magenta to emphasize that they can occur in some molecules and not others.
Catalytic residues Asn106 and His108 are shown in bold
(Reproduced with permission from Greasley et al.169)

equilibrium involving rate of heme reduction and the rate at which ferrous heme
can bind and then reduce molecular oxygen.172

Protein engineering of Bacillus megaterium CYP102 provides cytochrome
P450 (CYP) enzymes for study. These enzymes are involved in activating the
carcinogenicity of polycyclic aromatic hydrocarbons, but are also utilized in this
microorganism for the degradation of these compounds.173 Clearly, there are
potential environmental benefits possible through exploitation of this microor-
ganism, adding to the recent example (Vol. 33, p.408) reporting the enzymic
degradation of polychlorinated biphenyls.

The cytochrome P450 monooxygenase family includes species such as
CYP11B1 (P45011b) from yeast, which performs 11b-hydroxylation of steroids
(conversion of 11-deoxycortisol into hydrocortisone).174 The presence in
mitochondria of a cluster of similar proteins that deal with steroid hormone
production has long been a focus of interest in view of the physiological import-
ance of their function.

Contexts for cytochrome P450 are discussed also in Ref. 6.
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Figure 104 Quinonoid intermediate of the reaction of ACC synthase with (S,S)-SAM.
Several important residues around the adduct, which is depicted in ball-and-
stick mode, are represented in wire-frame mode. Some important hydrogen
bonds are represented as dashed lines. A solid green line connects the S atom of
the adduct and the side chain carboxylate of Glu47 (distance of 4.5 A� ).
Asterisks denote the residues that belong to the neighbouring subunit
(Reproduced with permission from McCarthy et al.171)

7.2.28 Peptidases. Extracellular proteolysis that is needed in the adult central
nervous system for cell migration and neurite outgrowth is believed to be
conducted by tissue plasminogen activator (t-PA). This enzyme is expressed
abundantly in neural tissues, both during development and nerve regener-
ation.175 The structure (Figure 105) contains an arginine residue near the crucial
Asn448 residue that mediates N-glycosylation, and multiply sulfated glycans in
the final structure are present to the extent of about 20 novel bi- and tri-
antennary N-glycans.

An atypical papain family peptidase, dipeptidyl peptidase I (DPPI; alias
cathepsin C), appears to serve an essential function in the activation of a number
of granule serine peptidases involved in cell-mediated apoptosis, inflammation,
and connective tissue remodelling. These are just a few examples among several
other roles taken by this enzyme.176 Damaged biosynthesis of the enzyme leads to
the autosomal recessive disorder ‘Papillon-Lefevre syndrome’, and clinical bene-
fits should accrue from better understanding of its biochemistry. Crystal struc-
ture analysis providing more detail on the unique tetrameric structure (Figures
106, 107) can only promote this aim, and substrate binding and activation have
also become better understood from this detailed study.

Mesophilic pyroglutamyl peptidase from Bacillus amyloliquefaciens and the
corresponding thermophilic enzyme from Thermococcus litoralis have been com-
pared through standard procedures. Site-directed mutagenesis of the cysteine
replacement for Ser185 was performed, guided by the fact that the serine residue
in the former enzyme is aligned with Cys190 of the thermophilic enzyme.177 Since
the catalytic efficiency of the enzyme was not impaired by this change, but
temperatures some 30oC higher were tolerated by the mutant, it is clear that the
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Figure 105 The serine protease domain of human t-PA, showing the proximity of Arg449 to
the core residues of the glycan bonded at Asn448. The glycan shown is sulfated
on either the first GlcNAc or the core fucose residue (Fuc)
(Reproduced with permission from Zamze et al.175)

interunit disulfide bond is an important factor in accounting for the thermal
stability.

The essential S2 pocket subsite of trypanosomal cathepsin L-like cysteine
proteases has been probed with substrates constructed with phenylalanine-based
amino acids, from the point of view of establishing structural features of viable
peptidyl substrates. A model of one enzyme of this group, congopain, was
constructed to study the fit of phenylalanine analogues within the S2 pocket.178

Stuctures of congopain and other structures for comparison, are shown in
Figures 108 and 109, including the structure of cruzain derivatized with a
dipeptidyl-fluoromethylketone (Z-Tyr-Ala-FMK as reagent).

These studies have led to the discovery of novel reversible inhibitors of cruzain
and congopain, tetrapeptides of the general structure Cha-X1-X2-Pro (where Cha
is a cyclohexylalanine residue, and X1 and X2 are phenylalanine analogues).179

The use of non-aqueous media for X-ray crystal analysis of proteins is showing
some value in giving cleaner pictures of disordered regions on the molecule. The
crystal structure of bovine b-trypsin complexed with an artificial mung bean
inhibitor (a 22-residue synthetic peptide) has been described in this context.180

The complex was soaked in neat cyclohexane to reduce conformational mobility,
giving an electron density map carrying all residues of the inhibitor within the
protein architecture.

Further examples of protein studies aimed at potential clinical applications
include the determination of the crystal structure of Fab198, the rat monoclonal
antibody 198 that protects the main immunogenic region of the human muscle
acetylcholine receptor against the destructive action of Myasthenia gravis anti-
bodies (Figures 110 — 112). Loops within the structure that make a major
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Figure 106 Fold and domain structure of DPPI. (A) The three polypeptide chains of the
subunit in the activated enzyme include (to the right) the papain fold domain.
The yellow spheres are chloride ions. Active site residues Cys233 and His380 as
well as N-acetylglucosamine residues and their associated Asn moieties are
shown in ball-and-stick representation. (B) As in (A), rotated to show the
�-barrel and the active site. The eight-stranded �-barrel pro-protein, the chlor-
ide ions, and the active site nucleophile Cys233 are shown.
(Reproduced with permission from Olsen et al.,176 FEBS Lett., Elsevier)
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Figure 107 (A) The DPPI active site with catalytic residues Cys233 and His380, showing
residue Asp1 responsible for substrate binding. (B) Electron density map
featuring the active site/substrate binding cleft contours
(Reproduced with permission from Olsen et al.,176 FEBS Lett., Elsevier)

contribution to binding, and residues of potential importance for antigen bind-
ing, were identified by computer modelling.181

7.2.29 S-Transferases. Theta class maize glutathione S-transferase has Asn49 in
the Type 1 b-turn formed by residues 49-52, and this residue is involved in
extensive hydrogen-bonding interactions between a-helix 2 and the rest of the
N-terminal domain.182 Site-directed mutagenesis from Asn49 to alanine, and
physical studies of the resulting enzyme (Figures 113, 114), reveals the import-
ance of this asparagine residue in modulating substrate binding, catalysis and
intersubunit communication.

a-Class maize glutathione S-transferases regulate the intracellular concentra-
tions of lipid peroxidation products that may be involved in signalling mechan-
isms of apoptosis.183 Important properties of these enzymes are now shown to
include protection against lipid peroxidation, protection against hydrogen per-
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Figure 108 (A) Superimposition of congopain (catalytic domain; grey) on cruzain (black).
(B) Structure of the S2 subsite of congopain (grey). The S2 pocket of cruzain,
corresponding to the cruzain/Z-Tyr-Ala-FMK complex, is superimposed
(dark). For the sake of clarity, only the tyrosyl side chain (P2 position) of the
peptidyl-FMK is represented here. Residue numbers correspond to papain
numbering
(Reproduced with permission from Lecaille et al.,178 Eur.J.Biochem., Black-
well Science)

oxide-induced apoptosis and inhibition of JNK and caspase-3 activation.
Rat glutathione S-transferase variants (GST T1) from Methylobacterium di-

chloromethanicum are of considerable interest as a part of the metabolic machin-
ery of this bacterium. The fascination lies in the ability of the organism to live
with dichloromethane as sole carbon source, from which it generates formalde-
hyde. The production of CH2Cl2-resistant transconjugants, that still express the
GST T1 protein, has allowed a routine study to be undertaken, that establishes
the involvement of Glu102 and Arg107 in the catalytic mechanism for GST.184
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Figure 109 Conformation of the cyclohexylalanyl (Cha) side chain inside the S2 subsite of
trypanosomal cysteine proteases. Residues of the S2 subsite are shown in grey
(thick line) for congopain and in dark (thick line) for cruzain. Cha inside the S2
pocket of trypanosomatid cysteine proteases is represented in grey (thick line)
for congopain or in dark (thick line) for cruzain. Tyr residue (dark, thin line),
issued from the crystal structure of complexed cruzain which has been used as
control, has been superimposed to Cha at P2 and compared to the predicted
position of the tyrosyl side chain (grey, thin line)
(Reproduced with permission from Lecaille et al.,178 Eur.J.Biochem., Black-
well Science)

Figure 110 Fab198 shows the typical immunoglobulin fold. Complementarity-determining
regions (CDRs) are shown in black. (A) is a representation viewed to show the
variable chains at the top and the constant features at the bottom. (B), As (A),
viewed from the top, showing access to the binding crevice
(Reproduced with permission from Poulas et al.,181 Eur.J.Biochem., Blackwell
Science)

Amino Acids, Peptides and Proteins314



Figure 111 View centred at the CDR H3 loop (residues H98-H100F) with a water
molecule in the middle
(Reproduced with permission from Poulas et al.,181 Eur.J.Biochem., Blackwell
Science)

8 Proteins as Enzyme Inhibitors

A 322-residue protein (BJ46a) from Bothrops jararaca contains four N-glycosyla-
tion sites. It is a snake venom constituent that has the property of inhibiting
metalloproteinases, but more detail needs to be teased out from the structure to
account for its mode of action.185 The extraordinary feature, that one inhibitor
molecule forms a non-covalent complex with two molecules of enzyme, suggests
an unusual mechanism of inhibition.

9 Enzyme Inhibition by Non-Protein Species

Insect silk from Galleria mellonella consists of a fibrous protein (fibroin) and a
sticky protein (sericin). There are also some peptides, two of which are shown to
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Figure 112 Fab192 showing CDR loops, to be compared with Fab198
(Reproduced with permission from Poulas et al.,181 Eur.J.Biochem., Blackwell
Science)

Figure 113 The Asn49 residue and other important nearby residues of maize glutathione
S-transferase-I. An isolated water molecule is also important, represented as a
sphere (near Pro55), and hydrogen bonds are signalled by dotted lines
(Reproduced with permission from Labrou et al.,182 Eur.J.Biochem., Black-
well Science)

be bacterial and fungal proteinase inhibitors; one is a typical Kunitz-type inhibi-
tor, and the other is a Kazak-type inhibitor.186 Their natural role is presumably
to protect the silk against microbial destruction.
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Figure 114 Possible mode of communication between H-sites in the Asn49 — Ala mutant.
The �-turn containing Asn49 is adjacent to the long helix of the alternate
subunit, depicted as a ribbon. Glutathione is shown as an all-white ball-and-
stick model
(Reproduced with permission from Labrou et al.,182 Eur.J.Biochem., Black-
well Science)

Tetrathiomolybdate reacts readily with copper ions, and inhibits Enterococcus
hirae CopB copper ATPase.187 Inhibition is reversible through the addition of
copper or silver salts. Copper is an essential component of more than 30
currently known enzymes, notably superoxide dismutase (clearly a vital enzyme,
because it combats cellular radical formation).

Molybdenum uptake and utilization in bacteria is regulated by the molyb-
date-dependent transcriptional regulator known as ModE, from E.coli. The
topic has been studied by several research groups in the past, and new X-ray
studies show that oxyanion binding alters the conformation and quaternary
structure of the protein (Figure 115).188 Although there is still uncertainty as to
how oxyanions are bound in proteins generally, there is evidence for important
roles for tryptophan residues in this context.

Antagonists of a4-integrins have considerable potential as anti-inflammatory
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Figure 115 Apo-ModE, in which Trp18 is shown (twice; labelled as A186and B186 to
indicate the subunit) in ball-and-stick representation. N-Terminal DNA-bind-
ing domains are red and orange, and the helix-turn-helix motifs are labelled
wHTHA and wHTHB. The molybdate-binding domains are labelled Mop1A,
Mop2A, Mop1B, Mop2B
(Reproduced with permission from Gourley et al.188)

agents, and the osteopontin motif Ser-Val-Val-Tyr-Gly-Leu-Arg within the
158-168 residue region Gly-Arg-Gly-Asp-Ser-Val-Val-Tyr-Gly-Leu-Arg is im-
portant as a site for a binding interaction between these species.189 The integrins
are a large family of transmembrane receptors that mediate both cell-cell and
cel-matrix interactions. The important elements in the interaction in the present
example are Leu167 and the C-terminal residue Arg168 that is exposed by
thrombin cleavage of the protein.

10 Other Biological Functions for Proteins

Levels of cyclin E are higher than normal in archipeligo mutant cells and in some
tumour cell lines. Several research groups have identified this protein to be as a
crucial factor that ensures the degradation of a regulator of the cell-division
cycle, by controlling cyclin-dependent kinases.190

11 Other Protein Studies

11.1 Assisted Biosynthesis of Proteins. — The biosynthesis of proteins is accom-
plished efficiently, and for a diverse range of structures, but operates within the
relatively small number of amino acids specified in the genetic code. A study
leading to the incorporation of a versatile set of phenylalanine analogues (p-
iodo-, p-cyano-, p-ethynyl-, p-azido-, and 4-pyridylalanine) into proteins has
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been described, using a mutant form of the E.coli phenylalanyl-tRNA synthetase
in which Ala294 was substituted by glycine, in bacterial hosts.191

Hexafluoroleucine has been incorporated in a similar way, to lead to a novel
highly stable coiled-coil protein.192

Several new methionine analogues (cis-crotylglycine, 2-aminoheptanoic acid,
norvaline, 2-butynylglycine and allylglycine) have been incorporated into pro-
teins of E.coli, with the help of a methionyl-tRNA synthetase.193 This work
reveals the more flexible limits of the protein synthesis machinery in the context
of amino acids that can be involved. The boundaries were being shown to extend
beyond the classic coded amino acids in recent years, and methods used in the
present work are going to bring many other new substrates into novel biosyn-
thesized proteins.

It is usually difficult to incorporate amino acids carrying fluorophores into
proteins. Progress has now been made in this endeavour, and highly fluorescent
b-anthraniloyl-L-ab-diaminopropionic acid (lem beyond 400 nm) has been
incorporated into various sites in streptavidin, as directed by a CGGG/CCCG
four-base codon/anticodon pair. Position 120 of the resulting protein turns out
to be a useful test-bed for binding studies — e.g. biotin binding in the vicinity of
the fluorophore is revealed through changes in fluorescence wavelength and
intensity.194

11.2 Disulfide Interchange. — Glutathione undergoes disulfide interchange with
metallothionein (a zinc protein) catalysed by organoselenium compounds. It is
suggested that the pharmacological actions of organoselenium compounds
undergoing study for cancer prevention, and other antiviral and anti-inflamma-
tory therapeutic applications, may relate to their role in coupling the thiol redox
state and the zinc state.195 A reversible cycle is generated in this system that either
mobilizes zinc from the metallothionein, or releases thionein, which is thus made
available to bind zinc.

12 Other Protein Properties

Myoglobin has been suggested to be a nitric oxide scavenger, preventing cellular
respiration and explaining the preferential colonization of heart and skeletal
muscle by Trypanosoma cruzi.196 This pathogen is the cause of Chagas disease, a
progressive fatal cardiomyopathy that is widespread in Central and South
America, and myoglobin is perhaps capable of protecting from the antiparasitic
effects of nitric oxide.

Recombinant tyrosine aminotransferase from Trypanosoma cruzi exhibits
identical properties to the native enzyme. It resists limited tryptic cleavage and
contains no disulfide bond. Its broad substrate specificity is notable (valine,
isoleucine, aspartic acid and glutamic acid are poor substrates; polar aliphatic
amino acids are not transaminated; several 2-oxo-acids are accepted in addition
to the expected pyruvate, oxaloacetate and 2-oxoglutarate). Variants of the
enzyme were prepared for this study, with native residues replaced with Arg389
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Figure 116 Interaction if E-site tRNA with the 50S subunit. (A). View from the side with
T�C-loop in front and the D-loop behind, so that positions 66 and 76 are in
front, and 70 and 71 are behind (yellow spheres). (B). View from the top of the
acceptor stem-T�C-helix with the anticodon stem pointing into the paper.
Positions 66 and 76 are on the surface to the right, and positions 70 and 71 to
the left
(Reproduced with permission from Feinberg and Joseph,199 copyright 2001,
National Academy of Sciences, USA)

and Arg283. The former mutant was completely inactive, and the latter was fully
active, thus confirming proposals for the molecular basis of action of this
enzyme.197

Chagasin from Trypanosoma cruzi is the first member of a new family of
cysteine protease inhibitors. A modelling study of chagasin leads to the con-
clusion that the protein exemplifies a new class of protease inhibitor, enclosing
an immunoglobulin-like domain that is unprecedented in protein inhibitors. The
presence of the sequence His-Asn-Gly-Ala in positions 8-11 is essential for
inhibition by peptides of the cathepsin L-like protease, cruzipain.198

In protein synthesis, there is a stepwise movement (translocation) as each
amino acid residue is built into the growing polypeptide chain, and work aiming
at describing the essential molecular interactions that lead to this motion has
been published.199 Translocation of the tRNA-mRNA complex is a fundamental
step, and it is now shown that the ribosome can translocate a P-site-bound
tRNAMet with a break in the phosphodiester backbone between positions 56 and
57 in the TyC-loop (Figure 116).

Monellin is an intensely sweet protein, in the native form consisting of two
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Figure 117 Ordered structural elements and relative orientations of secondary structures
for single chain monellin, also showing mutated residues with side-chains as
ball-and-stick representations
(Reproduced with permission from Sung et al.200)

chains. Single-chain monellin, an engineered 94-residue polypeptide, is equally
sweet; its solution structure and backbone dynamics have been assessed through
a suite of techniques, notably circular dichroism, fluorescence spectroscopy and
NMR.200 Clearly, an objective for molecular structural studies of such proteins is
the interpretation of structure in terms of perceived sweetness. Mutant single-
chain monellins were prepared in this study, with changes at Glu2, Asp7, and
Arg39, the structures and properties of the proteins indicating an important role
for these particular residues (Figure 117).
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