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This volume of reports, covering the literature of the year 2000, has seen some 
evolutionary changes to chapters, especially those that have been ‘penned‘ by 
new or different authors compared with previous volumes. For continuity, 
authors have again been asked, as far as possible, to structure sub-sections to 
correlate with patterns used over a number of years. However, the depth of 
discussion has certainly been improved in many sections. The volume of interna- 
tional literature in this subject area continues to expand, with its thrust moving 
seamlessly into the more biological/medicinal areas. 

Two Senior Reporters have overseen the compilation of this volume, which 
reflects the increased challenges in securing authors to undertake the demanding 
tasks of reviewing. Whereas the original literature has become available increas- 
ingly in electronic form, access to this form and to hard copy of journals is not 
always easy, and hence the task of the reviewer seems to have become harder 
rather than easier. The policy adopted by each reporter is to concentrate on 
refereed papers, with little coverage of conference proceedings and patents. 

This volume see the inclusion of the biennial chapter on ‘Metal Complexes of 
Amino Acids and Peptides’ written by our colleagues from Hungary (Etelka 
Farkas and Imre Sbvagb), while Donald Elmore has maintained his comprehen- 
sive coverage of Peptide Synthesis. Graham Barrett has taken a more in-depth 
approach to the chapter on Proteins, which is reflected by a change in title for the 
chapter. Having the same authorship (John Davies) for the middle chapters in 
this volume has meant that the tendency for cyclic peptides to achieve the 
honour of being reviewed in both chapters has now been virtually eliminated. We 
welcome Weng Chan and Avril Higton as new authors for the Amino Acids 
review, hoping that having ‘cut their teeth’ in this field, they will wish to continue 
to contribute to this Specialist Periodical Report. 

Finally, as deadlines come and go, we are perennially grateful to the RSC staff 
for their patience and efficient transfer of the reporters’ hard work into electronic 
and printed compilations, and for adopting the use of figures in colour for the 
electronic version of the chapter on Proteins. We sincerely hope that the wealth 
of material reviewed here will inspire our readers to contribute further key 
developments to this area of great endeavour. 

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 
ASP 
Asx 
CYS 
Gln 
Glu 
Glx 

His 
Ile 
Leu 
LYS 

GlY 

Asparagine 
Aspartic acid 
Asn or Asp 
Cyst eine 
Glutamine 
Glutamic acid 
Gln or Glu 
GI ycine 
Histidine 
Isoleucine 
Leucine 
L ysine 

A 
R 
N 
D 

C 
Q 
E 

G 
H 
I 
L 
K 

Copyright 0 1999 European Peptide Society and John Wiley & Sons, Ltd. Reproduced with 
permission from J .  Peptide Sci., 1999,5,465-471. 
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xvi A Short Guide to Abbreviations and Their Use in Peptide Science 

Met 
Phe 
Pro 
Ser 
Thr 
TrP 
TY r 
Val 

Met hionine 
Phenylalanine 
Proline 
Serine 
Threonine 
Tryptophan 
T y rosine 
Valine 

M 
F 
P 
S 
T 
w 
Y 
V 

Other Amino Acids 
Aad 
PAad 
Abu 
Aib 
PAla 
Asu 
Aze 
Cha 
Cit 
Dha 
Gla 
GlP 
HPh 

a- Aminoadipic acid 
P- Aminoadipic acid 
a-Aminobutyric acid 
a-Aminoisobutyric acid; a-methy lalanine 
P-Alanine; 3-aminopropionic acid (avoid Bal) 
a- Aminosuberic acid 
Aze t idine- 2-car box y lic acid 
0-cyclohex ylalanine 
Citrulline; 2-amino-5-ureidovaleric acid 
Dehydroalanine (also AAla) 
y-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 
cx-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)CH2CO2H 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 ‘0-homo’ seems 
preferable for backbone extension (emphasizing as it does that the 
residue has become a 0-amino acid residue), with abbreviated sym- 
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HYl 
HYP 
aIle 
Lan 
Me Ala 

Nle 
Orn 
Phg 
Pip 
Sar 
Sta 
Thi 
Tic 
aThr 
Thz 
Xaa 

bolism as illustrated by PHph for NH2CH(CH2Ph)CH2C02H. 
6-H y drox yl y sine 
4-H ydroxyproline 
do-Isoleucine; 2S, 3R in the L-series 
Lanthionine; S-( 2-amino-2-carboxyethy1)cysteine 
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 
aMeTyr for a-methyltyrosine. 
Norleucine; a-aminocaproic acid 
Ornithine; 2,S-diaminopentanoic acid 
Phenylglycine; 2-aminophenylacetic acid 
Pipecolic acid; piperidine-s-carboxylic acid 
Sarcosine; N-methylglycine 
S tatine; (3S, 4S)-4-amino- 3- h ydrox y-6-me t h yl-hept anoic acid 
P-Thien ylalanine 
1,2,3,4-Tetrahydroisoquinoline-3-carboxylic acid 
do-Threonine; 2S, 3s in the L-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 L- 
configuration unless otherwise stated (but the L-configuration may be indicated 
if desired for emphasis: e.g. L-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. 
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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. 

y-+ G u-Ala 4 

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 CH2CH2 
bridge. This objection could be circumvented by writing the structure as in 5. 

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. 

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

Substituents and Protecting Groups 
Ac Acetyl 
Acm Acetamidomethyl 
Adoc 1 -Adamant yloxycarbonyl 
Alloc Allyloxycarbonyl 
Boc t-Butoxycarbonyl 
Bom n-Benzyloxymethyl 
Bpoc 2-(4-Biphenylyl)isopropoxycarbonyl 



Abbreviations xix 

Btm 
Bum 
Bu' 
Bu" 
Bu' 
Bz 
Bzl 
Cha 
c1 t 
Dcha 
Dde 
Ddz 
DnP 
DPP 
Et 
Fmoc 
For 
Mbh 
Mbs 
Me 
Mob 
Mtr 
NPS 
OAll 
OBt 
OcHx 
ONP 
OPcp 
OPfp 
o s u  
OTce 
OTcp 
Tmob 
Mtt 
Pac 
Ph 
Pht 
Scm 
Pmc 
Pr' 
Pr" 
Tfa 
Tos 
Troc 
Trt 
Xan 

Benzylthiome thy1 
.n-t-Butoxymet hyl 
i-Butyl 
n-Butyl 

Benzo yl 
Benzyl (also Bn); Bzl(0Me) = 4-methoxybenzyl and so on 
Cyclohexylammonium salt 
2-Chlorotrityl 
Dicyclohexylammonium salt 
1 -(4,4-Dimethyl-2,6-dioxocyclohex- 1 -ylidene)ethyl 
2-( 3,5-Dimethoxyphenyl)-isopropoxycarbonyl 
2,4-Dini t rop hen yl 
Diphen ylphosphinyl 
Ethyl 
9-Fluorenylmethoxycarbonyl 
Formyl 
4,4'-Dimethoxydiphenylmethyl, 4,4'-DimethoxybenzhydryI 
4-Methoxybenzenesulphonyl 
Methyl 
4- Met hox y benz yl 
2,3,6-Trimet hyl,4-met hox ybenzenesulphon yl 
2-Nitrophen ylsulphen yl 
Ally1 ester 
1-Benzotriazolyl ester 
Cyclohexyl ester 
4-Nitrophenyl ester 
Pentachlorophenyl ester 
Pentafluorophenyl ester 
Succinimido ester 
2,2,2-Trichloroethyl ester 
2,4,5-Trichlorophenyl ester 
2,4,5-Trimethoxybenzyl 
4-Met hyl tri t yl 
Phenacyl, PhCOCH2 (care! Pac also = PhCH2CO) 
Phenyl 
Phthaloyl 
Methoxycarbonylsulphenyl 
2,2,5,7,8-Pentamethylchroman-6-sulphonyl 
i-Propyl 
n-Prop yl 
Trifluoroacetyl 
4-Toluenesulphonyl (also Ts) 
2,2,2-Trichloroethoxycarbonyl 
Trityl, triphenylmethyl 
9-Xan t h ydryl 

t- BU t yl 
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Z Benzyloxycarbonyl (also Cbz). Z(2C1) = 2-chlorobenzyloxycarbonyl 
and so on 

Amino Acid Derivatives 
DKP Diketopiperazine 
NCA N-Carboxyanhydride 
PTH Phen yl t hioh ydant 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 
DiazabicycloC 5.4.O]-undec-?-ene 
Dicyclohexylcarbodiimide (also DCC) 
Dicyclohexylurea (also DCU) 
Dichloromethane 
Diethyl azodicarboxylate (DMAD = the dimethyl analogue) 
Diisopropylcarbodiimide (also DIC) 
Diisopropylethylamine (also DIEA) 
Dimethylacetamide 
4-Dimeth ylaminopyridine 
Dimeth ylformamide 
Dimethylsulphide 
Dimeth ylsulphoxide 
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 O-(7-Azabenzotriazol-lyl)-Tet- 
ramethyl Uronium cation. 

6 m e 2  K 
PF? @N=2 

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 

Abbreviations 

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-azabenzo triazole 
1 -Hydroxybenzotriazole 
1 -Hydroxy-4-ethoxycarbonyl- 1,2,3- triazole 
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 y 1 amine 
Trifluoroacetic acid 
Trifluoroethanol 
Trifluoromethanesulphonic acid 
Tetrahydrofuran 
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 spect rome t ry 
Nuclear magnetic resonance 
Nuclear Overhauser effect 
Nuclear Overhauser enhanced spectroscopy 
Optical rotatory dispersion 
Polyacrylamide gel electrophoresis 
Radioimmunoassay 
Rotating frame nuclear Overhauser enhanced spectroscopy 
Reversed phase 



xxii A Short Guide to Abbreviations and Their Use in Peptide Science 

SPPS Solid phase peptide synthesis 
TLC Thin layer chromatography 
TOCSY Total correlation spectroscopy 
TOF Time of flight 
uv U1 t r aviolet 

Miscellaneous 
Ab 
ACE 
ACTH 

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

Ag 

Antibody 
Angiotensin-converting enzyme 
Adrenocorticotropic hormone 
Antigen 
Acquired immunodeficiency syndrome 
Atrial natriuretic polypeptide 
Adenosine triphosphate 
Brad ykinin 
Bovine serum albumin 
Cholecystokinin 
Deox yribonucleic 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 
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Amino Acids

BY WENG C. CHAN and AVRIL HIGTON

1 Introduction

This chapter covers the newly published chemistry of amino acids for the year
2000; some biological aspects are also included to accompany the relevant
chemical studies. Some references from 1999 stray into the list as do a few from
early 2001. Literature citations were selected through Chemical Abstracts (Vol-
ume 132, Issue 6 to Volume 133, Issue 8) and through major journals, which
frequently contain amino acid-related papers. Papers on related material have
again been grouped without comment. Conference proceedings are largely ex-
cluded, and no patent material has been included.
Amino acid analogues containing oxy acids of phosphorus, and boron and

sulfonic acids have been included in the section relevant to the type of amino acid
considered, as have the increasing numbers of metal complexes containing
amino acid ligands. References have been included in the section relevant to the
primary theme of the paper, even if other aspects are also included.

2 Textbooks and Reviews

The reviews listed here only relate to general amino acid topics, specific reviews
are mentioned in the appropriate section. Textbooks have appeared describing a
practical approach to amino acid derivatives, 1 to amino acids as natural prod-
ucts,2 and to phosphorus analogues of amino acids.3

Total syntheses of amino acids to the year 1998 have been reviewed.4 Reviews
of the syntheses of amino acids using biochemical, biosynthetic or a combination
of chemical and biotechnological methods have been reported; the synthesis of
amino acids by a combination of chemical and biochemical processes5 and
biotechnology6 and biocatalytic production of atypical amino acids.7 Engineer-
ing microbial pathways for amino acid production have been reviewed.8 The
stereoselective syntheses of amino acids using hydantoinases and carbamoylases
have been reviewed,9 as have new routes to chiral amino acids using biosynthetic
pathways.10 Reviews of asymmetric syntheses that do not fit comfortably into
other sections have included; asymmetric synthesis of unnatural amino acids
using commercially available chiral nonracemic glycinates11 and the asymmetric
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synthesis of �-amino acids and �-amino acids using chiral zirconium complexes
as catalysts.12 The thermodynamics of the asymmetric synthesis of amino acids
have also been reviewed.13 Reviews have also appeared on the progress of the
commercial synthesis of amino acids and other nutraceuticals,14 on approaches
to the total synthesis of natural product-based compound libraries using poly-
meric supports,15 on tracer amino acids for the investigation of protein and
amino acid metabolism in humans,16 of the synthesis of the unusual amino acids
found in peptides of aquatic origin and their incorporation into the peptides,17

and on the uses of �-amino acids in medicinal chemistry and as building blocks
for peptide modification have been reviewed.18

The etymology of amino acid names has been reviewed.19

3 Naturally Occurring Amino Acids

Studies have been reported on the composition and abundance of amino acids in
ores from the supergene zones of Mingshan gold ore deposit,20 and in the
hydrothermally altered sediments from the Juan de Fuca ridge in the pacific
ocean. Both the free and hydrolysable amino acid composition was analysed.21

Naturally occurring aminophosphonic acids have been reviewed.22

3.1 Occurrences of Known Amino Acids. — Glutamic acid, glutamine, pyro-
glutamic acid and arginine have been isolated from the pronotal and elytral
secretions of Platyphora opima and Desmogramma subtropica along with triter-
pene saponins and phosphatidylcholines.23

The amino acid N�-[(R)-1-carboxyethyl]-N�-(-galacturonyl)--lysine has
been identified as a component of the O-specific polysaccharide of Proteus
mirabilis.24

3.2 New Naturally Occurring Amino Acids. — (S)-2-Methylglutamine and (S)-
5-methylarginine have been identified in the active site region of methyl-coen-
zymeM reductase. The biosynthesis of these and othermethylated amino acids is
discussed, together with the implication for the production of methane green-
house gas.25

Sponges continue to be fertile ground for the discovery of novel amino acids;
three new N-acyl-2-methylene-�-alanine methyl esters, hurghamids E—G, have
been isolated fromHippospongia spp.26 The amino acid (1) has been isolated from
the Caribbean sponge Plaktoris simplex along with plakortones and simplac-
tones.27 The bromotyrosine compound (2) was isolated as a secondary meta-
bolite from the sponge Verulonga gigantea and identified from spectral data,28

and herbacic acid (3) has been isolated from the sponge Dysidea herbacea.29

Synthetic studies have also been carried out.30 The structure of pulcherrimine, a
bitter-tasting amino acid from the sea urchin Hemicentrotus pulcherrimus was
elucidated as (4) from chemical and spectral data.31 Makalika ester and
makalikone ester (5, X � CH2 or CO, respectively) were isolated from the sea
hare and their structures determined from spectral data.32
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3.3 New Amino Acids from Hydrolysates. — The structures of microsclerider-
mins F—I, isolated from the sponge Microscleroderma sp., were elucidated from
chemical and spectral data. The compounds incorporate an unusual long chain
�-amino acid.33

4 Chemical Synthesis and Resolution of Amino Acids

Readers seeking syntheses of particular amino acids should consult both Sec-
tions 4 and 6.3 of this chapter.
Two reviews on the synthesis of conformationally constrained aromatic amino

acids are available.34,35 Reviews of the preparation of aziridine carboxylates,
carboxamides and lactones and their transformation into �- and �-amino acids,36

and the synthesis of vinyl amino acids37 have been published. A novel synthetic
protocol for enantiomerically pure substituted prolines38 has been reported. The
synthesis of unnatural amino acids by reduction and ozonolysis of aromatic
amino acids has been reviewed,39 and on the synthesis of non-natural �-amino
acid derivatives.40 Recent advances in the synthesis and application of labelled
nucleic acids, amino acids and carbohydrates,41 and a review with eighteen
references, including the preparation of Schiff bases, tandem reduction of and
alkylation of Schiff base esters and the synthesis of complex amino acid polyols,42

have been published.

4.1 General Methods for the Synthesis of �-Amino Acids, Including Enan-
tioselective Synthesis. — Recent synthetic advances in the preparation of phos-
phorus analogues of �-amino acids43 and a rapid solid phase synthesis of non-
proteinogenic N-acetyl �-amino acids44 have been reported. A review (with
forty-one references) examining practical catalysts and processes for the syn-
thesis of both - and -amino acids using ligand systems derived from -glucose
has been published.45

The enthalpy of formation of peptides compared with values for the parent
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amino acids has been reviewed. The review also covers values for amides com-
pared to carboxylic acids.46

Synthetic routes for the preparation of the model compound e.g. (6), an
analogue of phosphoryl amino acids,47 �-amino alkanephosphonic acids48 and
�-aminophosphonic acids49 have been described. The syntheses of compounds
with side chain C—P links50 and asymmetric synthesis51 have been reviewed. A
review of pentacoordinated phosphorus compounds of amino acids and nucleo-
sides has been published.52

A procedure for the synthesis of (R)- and (S)-enantiomers of �-carbon
deuterium-labelled �-amino acids has been described. The labelled enantiomers
were resolved on a chiral ion exchanger.53 The configuration of Aeruginosin
298-A (7) has been reassigned based on its total synthesis, incorporation of
-leucine gave the natural product.54

4.1.1 Amination of Alkanoic Acid Derivatives by Amines and Amine-related Re-
agents. Amino acid syntheses using an amination route, including a one-pot
synthesis by reaction of 2-hydroxy-2-methoxyacetic acid methyl ester with ben-
zyloxyamine and an alkyl radical using stannyl radical-mediated reaction,55 the
asymmetric synthesis of fluoro amines and amino acids using reducing agent-
free, reductive amination of fluorocarbonyl compounds in three simple steps,56

and the synthesis of chiral C-protected �-amino aldehydes of high optical
purity57 have been reported. The synthesis of enantiometrically pure �-amino
acid derivatives from aldimines and tributyltin cyanide or achiral aldehydes,
amines and hydrogen cyanide using a chiral zirconium catalyst,58 and a conveni-
ent synthesis of the new sugar amino acid, 3-aminomethyl-3-deoxy-1,2-O-iso-
propylidene-�--ribo-hexofuranuronic acid,59 have been described. It has been
demonstrated that furyl and thienyl acrylates (8) (X�O, S; R�H,Me) could be
subjected to aminohydroxylation with high selectivity, but pyrrolyl acrylates
resist aminohydroxylation under the present reaction conditions. The resulting
amino hydroxylation products (9) were readily converted to �-hydroxy-�-amino
acids.60

Guanidinium- and amine-containing amino acids based on a proline or
alanine scaffold have been prepared. The guanidinium compounds were best
prepared using 1H-pyrazole-1-carboxamidine hydrochloride as the guanidinat-
ing reagent, and the installed guanidino-group protected with Pmc. The result-
ing amino acids were incorporated into oligopeptides and tested for Tat-TAR
interaction.61 A method for the synthesis of ethylene-bridged (N� to N�) ana-
logues of arginine (10) has been given. The initial step of the synthesis involved
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the preparation of (S)-2-azido-5-bromopentanoic acid.62 Large-scale syntheses of
unnatural amino acids have been achieved by amination of keto acids using
transaminases in a whole cell biotransformation,63 and a convenient, scaleable
process for the preparation of substituted phenylglycines by a modified Strecker
reaction. Bisulfite-mediated addition of benzylamine and cyanide anion to sub-
stituted benzaldehydes gave aminonitriles, which were hydrolysed to the N-
protected amino acid. Debenzylation resulted in good yields of substituted
phenylglycines.64

4.1.2 Carboxylation of Alkylamines and Imines and Related Methods. A catalytic
enantioselective aza-Diels—Alder reactions of imines to give optically active
non-proteinogenic �-amino acids has been described.65

4.1.3 Use of Chiral Synthons in Amino Acid Synthesis. A stereocontrolled syn-
thesis has been reported of enantiopure hydroxylamines having additional func-
tionalities by reaction of chiral nitrones with a variety of nucleophiles. The
hydroxylamines can be converted into amino acids and other nitrogenated
compounds.66 Cinchonidine and cinchonine, N-alkylated with Merrifield resin,
have been employed as phase transfer catalysts for the enantioselective alkyla-
tion of enolates from N-(diphenylmethylene) glycine esters. Cinchonidine gave
rise to (S)-isomers, whereas cinchonine gave (R)-isomers of amino acids.67 The
importance of a spacer in new chiral phase transfer supported catalysts used for
the asymmetric synthesis of �-amino acids was studied. Polymer-supported
cinchona alkaloid salts with different spacers were used as phase transfer cata-
lysts in the asymmetric C-alkylation of N-diphenyl methylene glycine t-butyl
ester for the synthesis of phenylalanine. Best results were obtained with cin-
choninium iodide bound to polystyrene with a four-carbon spacer.68Syntheses of
acyclic and heterocyclic (S)- and (R)-�-amino acids have been prepared from
1,5-dimethyl-4-phenylimidazolidin-2-one derived iminic glycinimides.69

Threo-�-hydroxy-1-glutamic acid derivatives with different carboxyl protect-
ing groups have been synthesised using an aziridine-2-carboxylate as a chiral
synthon in an aldol reaction70 and protected (S)-4-carboxytetrahydro-1,3-
oxazin-6-ones, synthesised by Baeyer—Villiger reaction on 4-ketoproline, have
been developed as chiral templates in the synthesis of �-substituted aspartic
acids.71 �,�-Disubstituted �-amino acids have been synthesised asymmetrically
under mild conditions using oxazinone and pyrazinone derivatives as chiral
reagents,72 while �,�-dialkyl-�-amino acids have been synthesised by enan-
tioselective solid—liquid phase transfer catalytic alkylation of the aldimine Schiff
base of amino acid tert-butyl esters with chiral quaternary ammonium bro-
mides.73
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Adducts from the diastereoselective Mannich-type reactions of aldehydes,
2-furylboronic acid and the chiral amine template (S)-5-phenylmorpholin-2-one
have been used in the synthesis of enantiomerically pure -�-amino acids.74

-2�-Bromo-phenylalanine and -tyrosine have been prepared using (�)-2,10-
camphor sultam as a chiral auxiliary.75 A copper(II) (salen) complex was used as
an asymmetric phase transfer catalyst for the C-alkylation of N-benzylidene
alaninemethyl ester in the synthesis of �-methyl-�-amino acids; the enantiomeric
excess was up to 86%.76 Asymmetric syntheses of (2R,3R)- and (2R,3S)-3-
hydroxypipecolic acids have been reported; the key step was the addition of
Buchi’s Grignard reagent to a chiral serinal.77

�-Fluorinated-�-amino acids have been synthesised using 2-hydroxy-3-
pinanone as a chiral auxilliary.78 The asymmetric synthesis of quaternary �-
amino acids using -ribonolactone acetonide as a chiral auxiliary is presented.79

The preparation of planar chiral mimetics and their use in the stereoselective
catalysis of the addition of Et2Zn to PhCHO resulting in (R)-PhCH(Et)OH is
described.80 A new route for the preparation of enantiomerically pure quaternary
�-substituted serine esters, involving the diastereoselective functionalisation of
an oxazolidine ester enolate having an exocyclic chiral appendage is given.81 The
asymmetric synthesis of an (S)-ornithine and a chiral 2-cyclohexenone (11) via an
enantioselectiveMichael reaction using chiral ammonium salts is reported.82

An easy three step process for the synthesis of optically pure �-amino acid
derivatives bearing a bulky �-substituent involving an external chiral ligand-
mediated asymmetrical addition of phenyllithium to an anisidine amine,
oxidative removal of a N-PMP group, and finally oxidative conversion of the Ph
group to a carboxyl group is reported.83

4.1.4 Use of Rearrangements Generating a Carbon—Nitrogen Bond. Pentacoor-
dinated phosphorus compounds of amino acids and nucleosides,84 the synthesis
of compounds with side chain C—P links85 and the asymmetric synthesis of
phosphorus analogues of amino acids86 have been reviewed.
Trisubstituted-benzoyl aziridine carboxylates have been synthesised from �-

alkyl-�-amino acids. Ring expansion or ring opening of these compounds lead to
�-substituted �-hydroxy-�- and �-hydroxy-�-amino acids.87 Syn and anti-�-
substituted �-amino acids have been prepared by a nitrone cycloaddition ap-
proach.88 Various fluorenyl imines undergo a catalytic asymmetric Strecker-
type reaction with trimethyl silyl cyanide in the presence of a Lewis acid—Lewis
base bifunctional catalyst and a catalytic amount of phenol. The products
were converted to amino acids without loss of enantiomeric purity.89 Oxidative
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rearrangement of azabicyclo[2.2.1]heptenes with mCPBA generated the
oxazabicyclo[3.2.1]octenes, precursors for hydroxylated cyclopentyglycines.90

O-Phosphoryl amino acid esters have been prepared from N,N-dialkyl-
phosphoramidates and the side chain hydroxy groups of tyrosine, serine and
threonine.91 N-(O,S-dimethylthiophosphoryl)-�-aminoacid esters have been pre-
pared in high yield and optical purity, and tested for insecticidal activity.92

4.1.5 Other Rearrangements. Other rearrangement reactions have also been re-
ported. The allylation of �-amino acid esters has been shown to give rise to
intermediate quaternary ammonium salts which undergo proton abstraction to
give ylides and [2,3]-Stevens sigmatropic rearrangement to give �-allyl �-amino
acids,93 allylic esters of TFA-protected amino acids underwent asymmetric
Claisen rearrangements in the presence of cinchona alkaloids giving rise to �,�
unsaturated amino acids in a highly stereoselective fashion.94 The stereoselective
synthesis of allylic amines by rearrangement, by the heating in xylene, under
reflux, of allylic trifluoroacetimides allowed the synthesis of polyoxamic acid and
derivatives of other �-amino acids.95

A process for the chelate—enolate Claisen rearrangements has also been
reported for the asymmetric synthesis of unsaturated amino acids and peptides96

andClaisen rearrangementmethodology has also been reported for the synthesis
of (2S,3S)-, (2S,3R)-substituted--glutamic acids starting from -serine.97 Un-
natural �-amino acids were preparedwhen azetidin-2,3-diones have been reacted
with primary amines in a one-step synthesis98 and a novel synthetic route for the
preparation of labelled amino acids by the rearrangement of �-aminocyclo-
propanone hydrate99 and the synthesis of �-amino esters via the radical reaction
of phenylsulfonyl oxime ethers on a solid support100 have been described.
The synthesis of �- and �-amino acids by the isomerisation of aziridinyl ethers

using superbases has been described.101 The first racemic synthesis of the non-
proteinogenic amino acid, (2S,3R,4R)-4-hydroxy-3-methyl-proline has been
achieved via indolactonisation of an unnatural amino acid derivative. The
relative stereochemistry was derived from an efficient silicon assisted aza-[2,3]-
Wittig sigmatropic rearrangement.102 Ring-opening of N-(PhF)serine-derived
cyclic sulfamidate has been achieved with different nucleophiles (�-keto esters,
�-keto ketones, dimethyl malonate, nitroethane, sodium azide, imidazole and
potassium thiocyanate) to prepare a variety of amino acid analogues — two
different pathways for ring opening were elucidated by the authors.103 The
application of Curtius rearrangements for the simple conversion of a number of
N-Boc-protected �-amino acids into the corresponding O-succinimidyl-2-(tert-
butoxycarbonylamino)ethylcarbamatederivatives (12, R�H,Me, I-Pr, CH2Ph,
CH2CO2Ph) has been reported.104

4.1.6 Amidocarbonylation and Related Multicomponent Processes. An overview
of transition metal-catalysed amidocarbonylation together with views on future
synthetic developments has been recently published.105

Biologically significant molecules have been prepared using this route of
synthesis. N-Boc-iturinic acid and 2-methyl-3-aminopropanoic acid, compo-
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nents of the antifungal peptide iturin and depsipeptide cryptophycin, have been
prepared by alkylation of functionalised succinic acid.106 Blastidic acid, a compo-
nent amino acid of the antibiotic blasticidin S (13), has been synthesised for the
first time from �,�-diaminobutyric acid by carbon-chain elongation,N-methyla-
tion and followed by amidination using O-methyl-N-nitroisourea.107

Galactopyranosyl azide was esterified with allyl tetramethylazelaoyl chloride
and attached to Wang or Merrifield polymer through the other acid group. The
azide was then reduced to amine using HS(CH2)3SH and subjected to four-
component reaction with aldehyde, isocyanate and HCO2H. Acid hydrolysis
yielded substituted phenylglycinamides.108

�2,2-HBip, a biphenyl-substituted 3-amino-2,2-dimethylpropanoic acid has
been prepared and converted into �-homo-peptides,109 and 2-chloro-2-cyclo-
propylideneacetates, treated with carboxamides under basic conditions, was
shown to undergo a domino transformation involving a Michael addition fol-
lowed by an intramolecular nucleophilic substitution to afford 4-spirocyclo-
propane-annelated oxazoline-5-carboxylates [14, R�H, Et, (CH2)2OCH2Ph, R1

� Ph, nicotinic acid amide, furan-2-carboxamide, Me, Et, Pr, C(CH3)3]. These
compounds are protected �-hydroxy-�-amino acids.110 Syn-�-hydroxy-�-amino
acids have been prepared stereoselectively by iodolactonisation of 3-amino-4-
pentenoic acid,111 and successive protection, Arndt—Eisert reaction, Wolff rear-
rangement and deprotection of -valine has been shown to lead to -amino-4-
methyl valeric acid hydrochloride.112 The preparation of achiral and of enan-
tiopure geminally disubstituted �-amino acids for �-peptide synthesis has been
described.113

Previous reports in the literature that the treatment of N,N-dibenzyl amino
alcohols with sulfonyl chloride lead to tetrahydroisoquinolines have been dis-
proved. The products, which are intermediates in the synthesis of �-amino acids,
are in fact �-chloro amines.114

Aliphatic �-amino acids have been synthesised by one-pot reaction of al-
dehydes, KOH, ammonia andCHCl3 in the presence of urea as a reversible phase
transfer catalyst.115
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4.1.7 From Glycine Derivatives and Imines of Glycoxylic Acid Derivatives. The
synthesis of amino acids from glycine derivatives has been reported. The
oxazolidinones (15) (R � various alkyl or aryl) served as Michael acceptors in
addition reactions with achiral Ni(II) complexes of glycine Schiff bases. De-
protection of the appropriate resulting nickel complex (II) resulted in e.g. pyro-
glutamic acid in 96% yield with virtually complete stereoselectivity.116

Enantiopure 3-substituted pyroglutamic acids have been synthesised by
Michael addition between 4R- or 4S-(N-trans-enoyl)oxazolidinones and the
Ni(II)-complex of the chiral Schiff base of glycine with (S)-o-[N-(N-benzyl-
prolyl)amino]benzophenone,117 a Schiff base protected glycine, supported on
poly(ethylene glycol), was reacted with electrophiles under microwave activation
to produce �-amino acids,118 and enantiomerically pure 2�,6�-dimethyltyrosine
was synthesised by reaction of 4�-benzyloxy-2�,6�-dimethylbenzyl bromide with
Ni(II) complexes of the chiral Schiff base of glycine with (S)-�-[N-(-benzyl-
prolyl)amino]benzophenone.119

The diasteromerically pure pipecolic acids (16, R�H, Me, OH; R1 � Pr, Et)
have been synthesised from (S)-2-phenylglycinol120 and imidazolidinone-bound
glycine enolate derivatives were shown to undergo aldol condensation with
aldehydes �-hydroxy-�-amino acids in a two-step process.121

N-Acyl-�-triphenylphosphonioglycinates, when reacted with carbon nuc-
leophiles, gave rise to �-functionalised glycine derivatives.122 New (Z)-�,�-
didehydroamino acid derivatives with 3,5-dihydro-2H-1,4-oxazin-2-one struc-
ture have been synthesised by condensation of the chiral glycine equivalent with
aldehydes in the presence of K2CO3 under mild solid—liquid phase transfer
catalysis reaction conditions.123

Imines of glycoxylic acid derivatives have also been employed in the synthesis
of amino acids. Alkylations and condensation reactions of both glycine and
alanine imine have been studied and were shown to give rise to enolates which
could be alkylated in a highly diastereoselective manner. The reactions gave rise
to mono and dialkylated �-amino acids and heterocyclic derivatives.124

Amino acids derivatives have been synthesised via a scandium triflate three-
component reaction of phenols, glyoxylates and amines,125 pre-protected �,�-
disubstituted amino acids have been prepared asymmetrically from tert-butyl-
sulfinyl ketimines,126 �- and �-amino acids by the stereoselective alkylation of
chiral glycine and �-alanine derivatives127 and after hydrolysis, �-methyl �-
amino acids by the diastereoselective alkylation of an iminic alanine template
with a 1,2,3,6-tetrahydro-2-pyrazinone structure.128 The first asymmetric syn-
thesis of �-amino acids based on diastereoselective carbon radical addition to
glyoxylic imine derivatives is reported.129
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4.1.8 From Dehydro-amino Acids Derivatives. The synthesis of �-substituted-�,�-
dehydroamino acids by a Michael addition of heterocyclic nucleophiles to the
methyl esters of N-tert-butoxycarbonyl-N-(4-toluenesulfonyl)-�,�-dehydro-
amino acids followed by a base-induced elimination of the 4-toluenesulfonyl
group with the regeneration of the �,�-double bond has been reported,130 and
that of cyclic amino acid derivatives by a ring closing metathesis reaction on
soluble poly(ethylene glycol)-supported allylglycine derivatives.131

Copper-promoted reaction of serine-derived organozinc reagents with allylic
electrophiles gave Fmoc-protected amino acids ready for peptide synthesis132

and new rhodium catalysts with unsymmetrical P-chirogenic bis(phos-
phino)ethanes, BisP*-Rh, were shown to exhibit very high enantioselectivity in
the hydrogenation of �-dehydroamino acid derivatives.133

4.2 The Synthesis of Protein Amino Acids and Other Well-known Naturally
Occurring Amino Acids. — Because of the commercial and biological importance
of the protein amino acids and other naturally occurring amino acids, much
work has been targeted towards the syntheses of these molecules. Work in the
field has been the subject of a number of reviews, including the synthesis (and
applications) of phenylalanine,134 the synthesis of -carnitine,135 the syntheses
(and biological evaluation of) (�)-lactacystin and its analogues,136 and the
asymmetric syntheses of �-substituted serines.137

Reviews have also been produced regarding the industrial production of some
of these materials. The industrial production of -alanine and -tartaric acid
using microorganisms has been reviewed,138 as has the current status of lysine139

and -cysteine140 production in China.
Large-scale processes have been developed for -pyroglutamic acid produc-

tion from -glutamic acid by successive racemisation, resolution and dehydra-
tion.141 and for the synthesis of -DOPA tert-butyl ester, using catalytic enan-
tioselective phase-transfer alkylation.142

The preparation (and applications) of phenylalanine143 and -threonine144 have
been reported. The synthesis has also been reported of tritium-labelled thyroxine
and related compounds.145 A study which may contribute to the explanation of
the origin of life on earth has been published.146 In this study, the thermochemical
aspects of the conversion of the gaseous system CO2—N2—H2O into a solid amino
acid condensate in an electric discharge plasma are considered.
A number of enzymic syntheses have also featured in the literature including

the enzymic synthesis of 32P-labelled phosphoarginine,147 the preparation and
resolution of both epimers of -cyclopentenylglycine (this method was used for
preparation of 13C-labelled compounds for use as tracers)148 and the synthesis of
-tryptophan from -cysteine and indole using the genetic engineering strain
WW-ll.149 The two isotopomers of -phenylalanine, 13C or 14C labelled in the
carboxyl group have also been synthesised enzymatically,150 as has -[4-13C]
aspartic acid.151 [15N]--isovaline was prepared from -[�-15N]-�-
aminoisovaleramide by enzymic resolution with Mycobacterium neoaurum.152

The synthesis of common naturally occurring amino acids and their deriva-
tives has been widely reported. The effects of the reaction conditions and the
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preparation methods of the catalyst and the related technology for the alkali
water catalytic oxidation of ethanolamine to glycine using a Cu/ZnO catalyst
have been studied.153 Phenylglycine was synthesised in one pot from benzal-
dehyde, KOH, NH4OH and CHCl3 under the catalysis of a phase transfer
catalyst and �-cyclodextrin,154 and (S)-cyclohexyl glycine has been prepared in
high yield by hydrogenation of (S)-phenylglycine using rhodiumon carbon as the
catalyst.155A new synthetic route for the preparation of p-hydroxyphenylglycine
and some analogues from p-benzoquinone has been shown to achieve a dia-
stereoselectivity of 60% using 8-phenylmenthyl acetate as the chiral auxiliary.156

The synthesis of enantiomerically pure (S)-phenylalanine157 and the synthesis
of phenylalanine from benzylidene glycinate via C-alkylation using microwave
irradiation and phase-transfer catalysis have been described.158 An efficient
method has been reported for the conversion of �-phenylisoserine to �-hy-
droxyphenylalanine derivatives via aziridines,159 and highly functionalised
phenylalanine derivatives have been prepared using cross-enyne metathesis and
Diels—Alder addition as key steps.160 -(�)-Homophenylalanine hydrochloride
has been synthesised in 55% yield with 99% enantiomeric excess from N-
phthaloyl--aspartic acid.161

The syntheses of [ring-14C]--tyrosine from [U-14C]-phenol,162 and other iso-
topically-labelled amino acids, including 2,3,4,2�,3�,5�,6�-2H7--tyrosine163 and
3,3,4,4,3�,3�,4�,4�-2H8-homocystine,164 have been reported.

O-Phosphoryl amino acid esters have been prepared from N,N-dialkylphos-
phoramidates and the side chain hydroxy groups of tyrosine, serine and
threonine.165 ,-Serine has been prepared in 89% yield with 92.0% purity in two
steps from �-chloro-�-aminoproprionitrile hydrochloride.166

A Co(III) imino acid complex has been used for the stereospecific incorpor-
ation of deuterium into the �- and �-carbon atoms in �-amino acids167and
N-(�-stannylalkyl)oxazolidinones, prepared in three steps from aldehydes,
have been shown to undergo tin-lithium exchange to give N-(�-
lithioalkyl)oxazolidinones. The latter undergo carboxylation to diastereopure
N-(�-carboxyalkyl)oxazolidinones. Birch reduction of the oxazolidinone moiety
then yielded amino acids; and so this rapid method is useful for the preparation
of 11C-amino acids.168 The synthesis of isotopically labelled -�-amino acids with
an asymmetric centre at C-3 has been reported and themethod can be adapted to
allow the introduction of a label at each site of -valine.169 A synthesis of
�-oxo-�-amino acids from polymer-supported �-imino acetates has been re-
ported.170

�-Hydroxy and �-amino acids have been prepared by the nucleophilic ring
opening of gem-dicyanoepoxides by LiBr or Li2NiBr4 in the presence of hy-
droxylamines via �-halohydroxamic acids.171

A novel synthetic protocol for enantiopure substituted prolines172 and the
diastereoselective synthesis of (2S,3S,4S)-3-hydroxy-4-methylproline (17), a
common constituent of antifungal cyclopeptides, from unsaturated lactams are
described.173

Stereoselective syntheses of (S)-5-hydroxynorvaline from glutamic acid,174

(�)-N-Boc-AHPPA175 and both enantiomers of trans-4-pipecolic acid and the
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natural product (�)-SS20846A have been reported.176 In the latter study the
stereochemistry of key intermediates was established by X-ray diffraction analy-
sis.
A large number of amides and esters of glutamic acid have been prepared

using chemoselective ring opening of N-Boc pyroglutamic-Wang resin by het-
eronucleophiles.177 and a simple transformation of - and -glutamic acids into
all four possible stereoisomers of 5-hydroxylysine has also been reported.178

(�)-Kainic acid has been synthesised using a titanium-mediated cyclisation
sequence starting from -serine,179 by a sulfanyl radical addition—cyclisa-
tion—elimination reaction of diallylamines in the presence of thiophenol and
AIBN180 and by employing a concurrent Chugaev syn-elimination and intra-
molecular ene reaction from (�)-cis-4-carbobenzoxyamino-2-cyclopentenol.181

A range of 4-arylsulfanyl-substituted kainoid amino acids have been synthesised
from trans-4-hydroxy-1-proline.182

Synthetic routes have also been reported for a phosphonic analogue of (�)-
allo-norcoronamic acid.183 (�)-alloisoleucine,184 optically pure -homocysteine
from -methioine (in an easy two step synthesis)185 and the naturally occurring
(2S,3R, 4S)-3,4-methanoproline and its synthetic constitutional isomers.186 An
efficient method has also been developed via the Schollkopf chiral auxiliary for
the asymmetric syntheses of iso-, homo- and benzo-tryptophan.187

Stereoselective conjugate addition of lithiated (S)-(�-methylbenzyl)benzylam-
ide to (E)-7-(tosyloxy)hept-2-enoic acid tert-butyl ester, followed by deprotec-
tion, gave protected �-homolysine of greater than 99% enantiomeric purity.188

The syntheses of the following materials have also been reported: (�)-homohis-
tidine was prepared from the readily available urocanate;189 -glutamine from
-glutamic acid (via a three step synthesis);190 -cysteic acid (by electrooxida-
tion);191 cis-3-hydroxy--proline from �-alanine;192 and (3S,4R)-3,4-dimethyl-
glutamine, by asymmetric Michael addition and electrophilic oxidation — three
adjacent stereogenic centres were generated simultaneously in this synthesis
using a camphorsultam chiral auxiliary.193

Resin boundN-acylated amino acid aldehydes were converted in a single step
to a-hydroxy phosphonates by a Pudovik reaction and in six steps to hydroxy-
statine amides, useful for constructing multiple aspartic acid transition state
isosteres.194 The synthesis of a series of -alanine hydroxamate sulfonylated
derivatives as protease inhibitors has been reported.195 The compounds were
tested as inhibitors of Clostridium histolyticum collagenase.196 Protected 4-hy-
droxypyroglutamic acids were prepared by 1,3-cycloaddition of furfuryl nitrones
with acrylates.197 The stereoselective synthesis of both enantiomers of threo- and
erythro-�-hydroxy norvaline, involving the addition of different organometallics
to (S)-serine derivatives, has been reported,198 whereas three approaches to the
synthesis of -leucine selectively labelled with carbon-13 or deuterium in either
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diastereotopic methyl group have been followed. In all three methods the
stereogenic centre at C-2 was created with total stereocontrol.199 A new method
has been reported for the synthesis of 2-phenylproline by intramolecular cyclisa-
tion ofN-(3-chloropropyl)-�-phenylglycine under phase transfer catalysis condi-
tions200 and studies are reported on the progress in the no-carrier-added
radiosynthesis of [18F]-fluoroarginine for use as a probe for nitric oxide syn-
thetase activity.201

-cysteic acid has been synthesised by indirect electrooxidation and its appli-
cations have been discussed,202 and the synthesis and structures of Fe(Cys-
teine)1.5H2O and Na2[Fe(Cys)2]H2O have been reported.203

4.3 Synthesis of �-Alkyl-�-Amino Acids. — The synthesis of �-methyl--try-
ptophan, from an indolylmethylimidazolidinone using LDA,204 �,�-dialkyl-�-
phenylalanines, via direct alkylation of a Ni(ll)-complex of a Schiff base of
alanine with (S)-o-[N-(N-benzylprolyl)-amino]benzophenone with racemic �-
alkylbenzyl bromides205 and (S)-cyclohexylglycine, by the hydrogenation of (S)-
phenylglycine using rhodium on carbon as a catalyst,206 have been described.
Diethyl �-acetamido �-alkylated malonates207 and new amino acid, tosyl and

phthalyl amino acid derivatives of 3-carbethoxy methyl-7-hydroxy-4-methyl-
coumarin208 have been synthesised. In both cases, the structures of the final
products were confirmed.
In the presence of a Lewis acid, a Michael-type reaction of (18) with nitro

olefins gave good yields of pyrrolo-oxazolones. These compounds were trans-
formed into �-branched serine derivatives.209

4.4 Synthesis of �-Amino Acids Carrying Alkyl Side Chains and Cyclic Ana-
logues. — Considerable interest has been shown in the synthesis of �-amino acids
with alkyl side chain and cyclic analogues and a review of the chemistry of one
such, 2-aminocyclopentanecarboxylic acid, has been published.210

�-Methyl-�-amino acids have been prepared by the Ugi reaction using Z--
Lys(Z)-OH, benzylamine, alkyl methyl ketone and cyclohexyl isocyanide, fol-
lowing hydrolysis of the resulting diastereomeric dipeptides,211 and �-alkyl-�-
amino acids were obtained by the hydrolysis of the �-alkyl-�-amino nitriles
resulting from the addition of Et2AlCN and isopropyl alcohol to N-sulfinyl
imines in an asymmetric Strecker synthesis.212 �,�-Disubstituted amino acids
have been synthesised, also using an asymmetric Strecker synthesis, with alkyl
halides or aldehydes,213 and an efficient enantioselective synthesis of �-methyl-
aspartic acid and 3-amino-3-methylpyrrolidin-2-one has been described.214

Several groups of workers have conducted studies on pipecolic acid, including
the synthesis of C-6 substituted pipecolic acid derivatives using an intramolecu-
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lar Mannich-type reaction,215 the asymmetric synthesis of all four isomers of
4-hydroxypipecolic acid from �-amino-�-keto esters,216 the synthesis of a novel
constrained pipecolic acid (19) in seven steps in 86% yield with 94% optical
purity from TBDPSO(CH2)3,217 and the preparation of 2,3-methanopipecolic
acid from -lysine via 2,3-didehydroo-1,2-bis(methoxycarbonyl)-6-
methoxypiperidine. The 6-methoxy group acted as a chiral auxiliary.218

The preparation of a series of carbocyclic �-amino acids from four different
racemic 2-alkylated cyclopentanones and (R)-1-phenylethylamine as the chiral
auxilliary by means of an asymmetric Strecker synthesis, the stereoselectivity
being influenced by the solvent and by the size of the cyclopentanone C-2
substituent,219 and the synthesis of novel bridged bicyclic �-amino acid esters (20)
and key derivatives from quincorine and quincoridine,220 have been reported.
Stereoselective intramolecular conjugate addition of the benzamide group to

cylclohexenone, promoted by Lewis acid and subsequent transformations, has
been used to synthesise conformationally constrained hydroxyphenylcyclo-
hexane �-amino acids221 and 1-aminocyclopropane carboxylic acids and bicyclic
�-amino acids have been prepared from a chiral glycine equivalent with a
1,2,3,6-tetrahydropyrazine-2-one structure.222 The syntheses of �-amino acids
with a cyclohexene substituent have been reported223 and a methodology has
been presented for the synthesis and conformational analysis of azacycloalkane
amino acids as conformationally constrained probes for mimicry of peptide
secondary structures.224 A protected form of (R,R,R)-2,5-diaminocyc-
lohexanecarboxylic acid has been synthesised and found to function as a build-
ing block for helix-forming �-peptides.225

An improved synthesis of N-Boc-O-cyclohexyl tyrosine has been reported.226

The stereoselective syntheses of two carboxycyclopropylglycines (21) based on
the stereochemical control of the 1,3-dipolar cycloaddition of diazomethane
provided by the 4-methyl-2,6,7-trioxabicyclo[2.2.2.]-orthoester function on
chiral E- or Z-3,4--didehydroglutamates have been detailed,227 and the syn-
theses of (2S,1�R,2�R,3�R)-2-(2�,3�-dicarboxycyclopropyl)glycine228 and
(2S,2�R,3�R)-2-(2�,3�-dicarboxycyclopropyl)glycine229 have been reported. A syn-
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thesis of (2S,2�R,3�R)-2-(1�-[3H] ,2�,3�-dicarboxylcyclopropyl)-glycine ([3H]-
DCG-IV) (22) has also been reported.230

Other relevant syntheses reported are those of (�)-dysiherbaine (23), a novel
neuroexitotoxic amino acid,231 which has also been synthesised via the key
intermediate (24) which was prepared in seven steps from (2E,5E)-
(PhCH2CH:CH)2CHOH,232 (2S,4R)-4-hydroxypipecolic acid,233 the Z-isomers of
cyclobutane dehydroamino acids from (�)-�-pinene and (�)-verbene,234

(2S,4S,5R)-(�)-bulgecinine (25)235 and the precursors to vicinal cis-dihydroxy-1-
aminocyclopentane- and -cyclohexanecarboxylic acid methyl esters which give
rise to enantiomerically pure products.236

A mixture of the four stereoisomers of N-carbamoyl-�-methylphenylalanine
was hydrolysed and separated enzymatically to give the four isomers of �-
methylphenylalanine in high optical yield237 and a process is reported for the
synthesis of both stereoisomers of 1-amino-4-hydroxycyclohexane-1-carboxylic
acid through selective transformations of the functional groups of the corre-
sponding enone cycloadduct provided by the Diels—Alder cycloadditions of
Danishefsky’s diene to methyl 2-acetamidoacrylate.238

Synthetic routes have also been reported for 4-alkyl and 4-cinnamyl glutamic
acids, which were subsequently shown to be potent GluR5 kainate receptor
agonists,239 N-Fmoc 4-(2�-(di-tert-butyl-malonyl)-phenylalanine — a key step be-
ing the introduction of chirality using the Williams auxiliary (benzyl (2R,3S)-
(�)-6-oxo-2,3-diphenyl-4-morpholinecarboxylate),240 2-amino-3-hydroxynor-
bornanecarboxylic acid derivatives containing a conformationally constrained
serine skeleton, by cycloaddition of cyclopentadiene with an oxazolylidene
derivative,241 all four stereoisomers of 2,3-methanoleucine,242 N-(2H-azirinyl)--
prolinates which are heterospirocyclic dipeptide synthons,243 and 2,3-meth-
anoamino acids, prepared from ethyl 3,3-diethoxypropionate by titanium(IV)-
mediated cyclopropanation using Grignard reagents.244

�-Substituted pyroglutamates have been prepared from tributyltin hydride
mediated cyclisation of dehydroalanine,245 tetralin-based constrained �-amino
acid derivatives via [4�2]-cycloaddition reaction as a key step246 and �-CF3-
substituted �-amino phosphonates with two alkene chains, 1,7-dienes and 1,8-
dienes have been synthesised by nucleophilic addition to PG-
N�C(CF3)P(O)(OR2). Treatment with a ring closing metathesis catalyst yielded
P-containing analogues of dehydropipecolinic and tetrahydroazepin-2-car-
boxylic acids.247

The synthesis of 3,5-di-tert-butyltyrosine from tyrosine ethyl ester by the
action of isobutylene in methylene chloride in the presence of sulfuric acid has
been described248 and a general method has been devised for the one-step
preparation of 4-(acylamino)piperidine-4-carboxylate esters from the corre-
sponding �-amino acids.249

Two procedures for the enantioselective synthesis of protected forms of
(3R,5R)-5-hydroxypiperazic acid have been reported.250

The synthesis of �-amino alkanephosphonic acids,251 and a modified Arndt—
Eistert procedure for synthesis of homo-chiral N-alkoxycarbonyl �-ethyl
aminoadipates and ethyl 6-oxopipecolates have been described.252 New chiral
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amino acids have been synthesised from cis-caran-trans-4-one and (�)-mentho-
ne via appropriate lactams.253

4.5 Models for Prebiotic Synthesis of Amino Acids. — Theoretical study of the
addition of hydrogen cyanide to methanimine in the gas phase and in aqueous
solution has been conducted,254 and the abiotic synthesis of amino acids in
simulated primitive environments by radiation has been studied.255 The
stereoselective approach and mechanistic aspects relating to access to proline
chimeras have been considered as part of a series of studies looking at pyr-
rolidines bearing a quaternary �-stereogenic center.256

N�-(4-bromopyrrolyl-2-carbonyl)--homoarginine (26), a natural product
from the sponge Agelas wiedenmayeri, has been synthesised from lysine. The
compound is suggested as a key intermediate in the biosynthesis of pyrrole-
imidazole alkaloids.257

4.6 Synthesis of �-(�-Halogeno-alkyl) �-Amino Acids. — A new review of the
asymmetric synthesis of fluoro amino acids has been published258 and the review
originally published in 1997259 has been updated.260 The syntheses of fluoro and
difluoroalanines, using tris(diethylamino)-N-methylphosphazene for the
fluoromethylation of diethylN-acetylaminomalonate by CH2BrF or CHClF2 in
DCM,261 3,3-difluoroserine and -cysteine derivatives via Mg(0)-promoted selec-
tive C—F bond cleavage of trifluoromethyl imines,262 cis-4-[18F]fluoro--proline
and trans-4-[18F]fluoro--proline have been synthesised via a semi-automated,
NCAprocedure using the General Electric FDGmicrolab, a system employing a
quaternary 4-aminopyridinium resin to effect F-18 fluorination,263 and �-dif-
luoromethyl prolines and �-aminoadipic acids by trapping reactions of in situ
generatedN-protected �-methyl difluoroalaninyl radicals264 have been reported.
A facile and stereoselective synthesis of non-racemic trifluoroalanine has been

reported.265 The first synthesis of a totally orthogonal protected �-(tri-
fluoromethyl)- and �-(difluoromethyl)arginine has been reported.266 The novel
synthesis of 5-chloro- and 5-bromo-tryptamines and -tryptophans and its appli-
cation to the synthesis of bromochelonin has been reported.267

4.7 Synthesis of �-(�-Hydroxyalkyl) �-Amino Acids. — A highly stereoselective
synthesis of �,�-unsaturated amino acids involving the asymmetrical Claisen
rearrangement of allylic esters of TFA-protected amino acids in the presence of

Amino Acids, Peptides and Proteins16



cinchona alkaloids has been reported.268

The synthesis of (2R,3S)-�-hydroxy leucine and all four isomers of �-phenyl
serine, using the sulfinimine-mediated Strecker synthesis,269 3,4-dihydroxypro-
lines by application of an -threonine aldolase-catalysed aldol reaction270 and
(27), from methyl (E)-4-methoxy cinnamate via the Sharpless asymmetric
aminohydroxylation reaction,271 have been reported.

�-Hydroxyaspartic acid derivatives have been synthesised and tested as gluta-
mate transport blockers.272 On addition of Et2AlCN/I-PrOH, masked oxo sul-
finimines gave �-amino nitriles that afforded oxo �-amino acids on hydrolysis.273

4.8 Synthesis of N-Substituted �-Amino Acids. — A general route for the solid
phase synthesis of N-substituted �-amino acids using Fukuyama’s sulfonide
protecting group has been reported.274 More specific synthetic methods for
N-methyl-�-aminoacids fromN-carbamoyl�-amino acids via oxazolidinones,275

N-hydroxyamino acids via the selective N-hydroxylation of N-Boc protected
primary amino acid esters with methyl(trifluoromethyl)-dioxirane under mild
conditions276 andN(�)-alkyl histamine and histidine derivatives through efficient
alkylation followed by deprotection using activated silica gel277 have been pres-
ented. The synthesis of derivatives of arginine containing several chiral centers
has been reported.278

Reaction of �-amino acids with ketones under hydrogenation conditions
using 20% Pd(OH)2/C gave N-monoalkylated amino acids; methylation under
the same conditions gaveN,N-dialkylated derivatives.279A series ofN-formyl-O-
acyl-�-phenylserine derivatives has been prepared by the interaction of N-acyl-
�-phenyl serine ethyl esters with formic acid in the presence of HF280 and a series
of O-(4-amidinophenoxy)alkyl-N-substituted tyrosine methyl esters have been
synthesised by etherification of 4-cyanophenol with dihaloalkanes in NaOH and
conversion of the cyano group to amidine. Their activities were tested against
Adp-induced platelet aggregation.281 �-Oxygenated N-phthalimido glutamic
acid derivatives have been prepared by a mild version of the LemieuxJohnson
olefin cleavage followed by peroxide mediated dialdehyde oxidation,282 and the
syntheses of (S)-proline derivatives which contain a 2,4,6-trimethyl-, 4-tert-butyl-
or pentamethylbenzyl-substituent on the nitrogen atom have been reported.283

�-Amino amides such as (28) have been synthesised by epoxidation of al-
kylidenedithiane dioxides (R � Ph, 4-ClC6H4, 4-O2NC6H4, c-C6H11) via the
spirocyclic oxiranes (29).284 A number of materials in this group show biological
activity. The synthesis has been reported of the complexes of the Schiff bases
N-vanillin-�-phenylalanine(L4) with lanthanide(III) ions285 and these materials
have been shown to have antitumour activity. Synthetic routes have also been
presented for 11C-labelled N-methylaminoisobutyric acid, an achiral synthetic
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amino acid which has proved useful for in vivo studies of amino acid trans-
port systems in man,286 NG-(1-iminoethyl)phosphalysine derivatives, which
act as inhibitors of nitric oxide synthase,287 and N-(hydroxyaminocar-
bonyl)phenylalanine, an inhibitor for carboxypeptidase A.288

Also reported are syntheses for NG-(4-nitrobenzenesulfonyl)--arginine,289 N-
benzyl-(hydroxyphenyl)glycines via a Mannich reaction of phenols with
glyoxylic acid and benzylamine,290 N-formamidinylamino acids from amino and
formamidinesulfonic acids,291 N-acetyl--cysteine, using a new synthetic method
using acetic anhydride,292 and N-benzoxycarbony-S-phenyl--cysteine from -
cysteine, by substituting with benzenediazonium chloride and acylating with
CbzCl.293 2-Nitrofluoren-9-ylmethyloxycarbonyl amino acids have been pre-
pared by the reaction of 9-fluorenylmethyloxycarbonyl amino acids with 100%
nitric acid in DCM,294 as well as mesityl-substituted amino acids.295A large scale
production of N�-trifluoroacetyl--lysine, a starting material for the production
of lysinopril, is given.296

The first synthesis of one of the four possible stereoisomers of 3,4-dihydroxy--
glutamic acid ((3S,4S)-DHGA ) is reported297 and four and seven step, respective-
ly, processes are reported for the synthesis of N-Boc-protected (4R,3R)- and
(2R,3S)-3-fluoroprolines from (2R,3R)- and (2S,3S)-3-fluoroprolines.298

N�-Lauroylarginyl methyl ester hydrochloride, a cationic surfactant, has been
prepared using highly concentrated water-in-oil emulsion as a new reaction
media.299

A series of novelN-[�-(isoflavone-7-O-)acetyl]amino acids methyl esters were
prepared from chloroacetyl amino acids under mild conditions,300 N-thiazolyl
�-amino acids derivatives were readily synthesised from �-amino acids and
�-bromo ketones,301 and the preparation is reported of a new �-azido phos-
photyrosyl mimetic (30) using a Heck reaction.302

The synthesis of the N-aryl amino acids has been reported. The coupling of
cinnamic and 3-(2-furyl)acrylic acids with amino acids esters followed by
saponification and amidation gave rise toN-(cinnamoyl)- and 3-(2-furyl)acryloyl
amino acids,303 and the synthesis and biological activity ofN-aryl-�-alanines and
the products of their cyclisation has been reported.304

�-Siloxyamides, specifically (�)-betsatin, have been synthesised from H-
C(CN)2O-SiMe2.tert-Bu, a carbonyl compound and primary amine, mixed to-
gether in acetonitrile,305N-methylaspartic acid derivatives and their homologues
were obtained by a stereoconservative one-pot procedure from hexa-
fluoroacetone-protected aspartic and glutamic acid,306 and the synthesis of N-
phosphonamidothionate derivatives of glutamic acid has been detailed.307
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4.9 Synthesis of �-Amino Acids Carrying Unsaturated Aliphatic Side Chains. —
Syntheses have been reported for the �-C-methylated side chain unsaturated
�-amino acid Mag (31), using a chemo-enzymic method,308 predominantly Z-
dehydroamino acids from ethyl N-Boc- and N-Z-�-tosylglycinates and nitro
compounds,309 and twenty four 4-alkylidene glutamic acids.310 The latter were
tested as GluR5 agonists. The synthesis of non-proteinogenic amino acids via
ester enolate Claisen rearrangements is reported.311

A synthetic route for the conversion of a (Z)-�,�-didehydroornithine (32)
derivative to �,�-didehydrokyotorphin,312 the preparation and properties of
model dehydroalanine derivatives,313 and the preparation of �,�-dehydro amino
acids, from the reaction of �-hydroxy-�-amino esters with dichloroacetyl chlor-
ide in the presence of base,314 have been reported.
The synthesis of vinyl amino acids is discussed315 and the installation of the

(1-fluoro)vinyl trigger for �,�-unsaturated amino acids is specifically dis-
cussed.316 A synthetically malleable class of quaternary �-(2-trialkylstannyl)vinyl
amino acids that could be used as building blocks in de novo peptide design have
been described317 and a generalised synthesis is reported of higher -�-vinyl
amino acids has been given. The side chain is introduced by alkylation of a chiral
vinylglycine-derived dianionic dienolate bearing the D’Angelo auxiliary, which
can be recovered,318 and a synthetic route for the preparation of a variety of
enantiomerically enriched �,�-unsaturated �-amino acids by olefination of a
Cbz-protected serine aldehyde equivalent has been presented.319 -3,4-Didehyd-
rovaline, an important constituent of the antibiotic phomopsin A, has been
synthesised from -serine in 31% yield.320 The synthesis of �,�-didehydrohomo-
glutamates by the phosphate-catalysed �-addition reaction to acetylenic esters
has been reported321 and the stereoselective synthesis of Z-alkoxycar-
bonylamino-4-phenylbut-2-enoate is reported.322 A molybdenum-catalysed re-
gioselective synthesis of �-stannylated allylic esters, suitable substrates for
chelate Claisen rearrangements323 and a one pot reaction of N-benzylhomo-
allylamine with glyoxylic acid monohydrate in methanol to give N-benzyl-
allylglycine have been reported.324 N-(5-acetyl-6-methyl-2-oxo-2H-pyran-3-yl)-
benzamine and N-(5-benzoyl-6-methyl-2-oxo-2H-pyran-3-yl)benzamide were
reacted with various hydrazines to give the corresponding �,�-didehydro-�-
amino acid derivatives.325

4.10 Synthesis of �-Amino Acids with Aromatic or Heteroaromatic Couplings in
the Side Chain. — The synthesis of unnatural amino acids by reduction and
ozonolysis of aromatic amino acids has been reviewed,326 and two reviews on the
synthesis of conformationally constrained aromatic amino acids have been
published.327, 328
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A significant body of work has been published regarding the synthesis of
�-amino acids with side chains incorporating aromatic groupings in the side
chain. The formation of optically active aromatic �-amino acids by catalytic
enantioselective addition of imines to aromatic compounds329 has been reported
and an automated synthesis apparatus, developed for -[3-11C] aromatic amino
acids, has been described.330 The synthesis of indane-based unusual �-amino acid
derivatives under phase-transfer catalysis conditions has been reported.331

The cross-coupling of aryl boronic acids and alkanethiols mediated by cop-
per(II) acetate and pyridine in anhydrous DMF gave aryl alkyl sulfides; this
method can be applied to the synthesis of aryl sulfides of cysteine,332 while an
organoborane, prepared from protected allylglycine, was used in a Suzuki cross-
coupling reaction with olefinic aromatic and heteroaromatic bromides to give a
range of novel �-amino acids.333

The syntheses of optically active phenylglycine derivatives, from S-(�)-N-
(benzylidene)-p-toluenesulfinamide using Lewis acids and tert-amines,334 (S)-N-
tosyl-1-naphthylglycine using a Sharpless asymmetric aminohydroxylation as a
key step,335 and (S)-�2-homoarylglycines336 have been described. (R)- and (S)-�-
Amino alcohols and �-amino acids, including 4-methoxyhomophenylalanine
with a variety of unnatural side chains, were synthesised via palladium-catalysed
cross-coupling Suzuki reactions.337 Enantiomerically pure trans-cinnamyl-
glycine and -alanine has been prepared by reaction of cinnamyl halides with
Ni(II) complexes of chiral Schiff bases of glycine and alanine. The simplicity of
the reactions and the high stereochemical outcome make the procedure suitable
for large-scale preparations.338

The synthesis of 3-(3�-fluorenyl-9�-OXO)--alanine, a novel photoreactive con-
formationally constrained amino acid339 and photoactivable 4-aroyl-1-phenyl
alanines from 4-iodo-1-phenylalanines using a carbonylative Stille cross-coup-
ling reaction340 has been reported.
Other examples of �-amino acids of this group for which synthetic routes have

been reported are all four isomers of �-methyl-�-phenylserine, synthesised from
(S)- and (R)-N-Boc-N,O-isopropylidene-�-methylserinals.341 The synthesis of �-
amino acids with heteroaromatic groupings in the side chain has been reported.
The synthesis of novel heterocyclic substituted �-amino acids using �-amino

acid alkynyl ketones as reaction substrates is reported.342 A number of these have
nitrogen-containing rings as part of the side chain. Reactions of 5-substituted
(S)-1-acyl-3-[(E)-(dimethylamino)methylidene]pyrrolidin-2-ones and (S)-3-[(E)-
(dimethylamino)methylidene]tetrahydrofuran-2-oneswith amines have been re-
ported. Preparation of intermediates in the ring switching synthesis of hetero-
arylalanine- and hetero aryllactic acid derivatives and their analogues have also
been detailed.343 A short and effective enantioselective synthesis of �-heterocyclic
amino acid derivatives is described using a kinetic resolution by an acylase from
Aspergillus species.344 Syntheses are presented for novel quinolyl glycines, pre-
pared stereoselectively from 2-aminothiophenol and chiral acetylenic ketones
which contained a masked �-amino acid functionality, the resulting benzo[b]
[1,4]thiazepine derivatives being converted to quinolyl glycines,345

phenylalanine and phenylglycine derivatives, possessing a porphyrin moiety,346
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and acetyl-�-(1-azulenyl)--alanine in high yield by the malonic ester condensa-
tion procedure. This latter compound is a potential blue-coloured fluorescent
tryptophan analogue.347

Starting from -serine, pyrazolyloxazolidines have been prepared and trans-
formed into chiral �-amino acids containing a pyrazole ring.348 The syntheses of
�-1H-1,2,3-triazol-1-yl and �-2H-1,2,3-triazol-2-yl �,�-unsaturated �-amino
acid derivatives by an isomerism reaction,349 a range of novel heterocyclic
�-amino acids by the reaction of diamines and amidrazones with �-amino acid
vicinal tricarbonyl reactive substrates,350 and optically active amino acid deriva-
tives of methylated 5-amino-azaheterocycles351 have been reported.
Cycloaddition of trimethyltin azide with the nitrile group of 4-cyano-

phenylalanine analogues gave 4-(tetrazol-5-yl)phenylalanine,352 and pyri-midine
and purine amino acids prepared by conjugate radical addition of N-(2-iod-
oethyl)- and N-(2-iodopropyl)-pyrimidines and purines with an optically active
oxazolidinone353 have been outlined.
Heterocycles containing both sulfur and nitrogen have also been utilised as

parts of side chains. Thiazole- and oxazole-containing amino acids and peptides
were prepared using amino acids as educts.354 The synthesis and resolution of
3-(4-thiazolyl)-,-alanine has been reported.355

Thiazole containing non-proteinogenic amino acids were synthesised and
tested for anti-bacterial activity356 and orthogonally protected 3-(1-amino-
alkyl)isoxazole-4-carboxylic acid has been prepared by 1,3-dipolar cycloaddi-
tion of an �-aminonitrile oxide with an enaminoester dipolarophile. The result-
ing unnatural amino acid, after deprotection, was used as peptide bond replace-
ment.357 Those analogues containing both oxygen and nitrogen have similarly
been used. Analogues of glutamic acid with conformationally restricted struc-
tures, 3-carboxyisoxazolinylprolines and related compounds have been syn-
thesised and tested for glutamate receptor activity.358 A novel isoxazole deriva-
tive, O-(5-isoxazolyl)--serine was synthesised by a Mitsunobu reaction of
isoxazolin-5-one with N-Boc--serine tert-butyl ester and subsequent deprotec-
tion of the coupling product is reported.359

�-Amino acids with heterocycle side chains containing oxygen have also been
synthesised. 1,3-Dipolar cycloadditon of nitrile oxide precursor (33) with 2-
methylfuran gave the furoisoxazoline intermediate (34). This could be converted
to four of the eight stereoisomers of -(�)-furanomycin (35).360 Progress in the
synthesis of amino acids containing tetrahydrofuran- and tetrahydropyran
amino acids has been reported361 and 2,2-dimethyl-1,3-dioxane-4,6-dione de-
rivatives of amino acids have been prepared by reaction of the appropriate
amino acid with ethoxymethyleneisopropylidene malonate.362

Diastereoselective alkylation and/or protonation of chiral enolates have been
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used to prepare enanteomerically pure azatyrosine, tribromo- and trichloro-
phenylalanine363 and a series of phenylalanine derivatives containing halo-atoms
on the benzene ring are reported.364 Ninety new alkyl/arylsulfonyl and -sul-
fonylureido glycine hydroxamates have been synthesised and tested as inhibitors
of Clostridium histolyticum collagenase.365

A range of novel heterocyclic substituted �-amino acids has been synthesised
by cyclocondensation of (S)-2-tert-butoxycarbonylamino-4-oxo-hex-5-ylnoic
acid tert-butyl ester with enamines, phenylhydrazine, hydroxylamine and Ph
azide.366

The syntheses of 3-heteroaromatic-substituted alanines,367 the optically active
phenylglycine derivatives from S-(�)-N-(benzylidene)-p-toluenesulfinamide us-
ing Lewis acids and tert-amines,368 new derivatives of m-nitrobenzoyl-,-as-
paragic acid, with potential fungitoxic activity, by the cyclisation of 2-(m-nit-
rophenyl)-4-(�-carboxymethyl)-�2-oxazolin-5-ones have been reported,369 and
some N-mustards with esters of N-acyl-m�-aminobenzoyl-,-asparagic acid as
supports by ring opening reactions of N-acyl-�2-oxazolin-5-ones under the
action of di-(�-chloroethyl)-amine370 are reported.
A convergent synthesis of (S)-(�)-3-(2-carboxy-4-pyrrolyl)alanine from a

commercially available dimethyl 1-aspartate in good overall yield has been
reported,371 and Fmoc-amino acid azides have been prepared from protected
amino acids and NaN3 by the mixed anhydride method. They are crystalline
solids with a long shelf life.372

Progress towards the synthesis of fluorodihydroxyphenyl serine has been
reviewed and the Evans aldol approach recommended.373

4.11 The Synthesis of �-Amino Acids Carrying Amino Groups and Related
Nitrogen Functional Groups in Aliphatic Side Chains. — N�-Substituted-N�-pro-
tected hydrazinoglycinates have been readily prepared from hydrazines and
bromoacetate esters, thesematerials being useful as potentialmonomers for solid
phase synthesis of hydrazinopeptidoids,374 and other new potential monomers
for solid phase synthesis of hydrazinopeptoids,N�-substituted-N�-protected hy-
drazinoglycines and hydrazinoglycinals have been identified.375

A synthesis is reported of the N�-hydroxyiminoethyl derivatives of ornithine
and lysine. The compounds were tested for inhibition of nitric oxide synthase
inactivation376 and all four N,N�-protected DAB sterioisomers, using an asym-
metric Rh(I)-phosphine-catalysed hydrogenation of isomeric enamides as the
key step, have been prepared.377 An enantiospecific synthesis has been carried out
of (R)-Boc-(Fmoc)-aminoglycine from (S)-Cbz-serine via the cyclic carbamate,
(S)-4-Cbz-amino-2-oxazolidinone.378

The syntheses of various diamino compounds, namely, (�)- and (�)-2,6-
diaminopimelic acids,379 (S,S)- and (R,R)-2-amino-3-methylaminobutanoic acid,
from tert-butyl crotonate,380 and differentially protected (2S,4S)-2,4-diamino-
glutaric acids381 have been reported. The differentially protected (2S,4S)-2,4-dia-
minoglutaric acids were synthesised for incorporation into peptides. Derivatives
of N�-amino-�-isocyanato-, �-ureido- and �,�-diamino acids have been syn-
thesised.382
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4.12 Synthesis of �-Amino Acids Carrying Boron Functional Groups in Side
Chains. — The synthesis of enantiomerically pure �-borono-�-amino acids of
various chain lengths using the general methodology involving the condensation
of alkenyl and alkynyl bromides with Ni(ll) complex of the Schiff base derived
from glycine and (S)-2-[N-(N-benzylprolyl)amino]benzophenone, and hy-
droboration of the intermediate �-unsaturated �-amino acids with
diisopinocamphylborane, and oxidation with acetaldehyde has been reported.383

The synthesis of 4-borono-2-fluorophenylalanine, from 4-bromo-2-
fluorotoluene384 and p-boronophenylalanine, in six steps from 4-bromobenzal-
dehyde, has been reported.385,386 Enantiomerically pure 4-borono--
phenylalanine has also been synthesised.387 Studies on the structure of the
complex of the latter boron neutron capture drug, with fructose and related
carbohydrates, using chemical and 13C NMR methods have also been re-
ported.388

4.13 Synthesis of �-Amino Acids Carrying Silicon Functional Groups in Side
Chains. — The synthesis is reported of silicon- and germanium- containing �-
amino acids and peptides. The synthesised compounds were used to compare C,
Si and Ge bioisosterism389 and �-trimethylsilyl- and -germylalanines have been
prepared and studied by single crystal X-ray diffraction.390

The synthesis of allylsilane-containing amino acids via a Claisen rearrange-
ment has been reported.391 3-Trimethylsilylalanine has been prepared enzymati-
cally/microbiologically by two groups of workers.392,393

The first synthesis has been reported of �-trialkylsilyl amino acids (36, R�Et,
CH2Ph, R1 � R2 � Me, Et; R3 � Me, Et, CMe3, PG � Tos, Boc, Cbz).394 The
synthesis of silaproline, a new proline surrogate, has been reported.395

4.14 Synthesis of �-Amino Acids Carrying Phosphorus FunctionalGroups in Side
Chains. — Readers looking for phosphorus analogues of amino acids should also
look in this section.
The synthesis is reported of N-alkyl-(�-aminoalkyl)phosphine oxides and

phosphonic esters, e.g. (MeO)2P(O)CHPhNHCH(CH2CHMe2)CO2CH2Ph start-
ing from �-amino acids.396The synthesis of protected analogues of phosphoserine
and their incorporation into peptides has been reported397 and 1-phosphaserine
and 1-phosphaisoserine have been prepared using lipase SP 524. The four
stereoisomeric intermediate hydroxyethyl phosphonic acids were separated by
capillary electrophoresis with quinine carbamate as the chiral ion pair agent.398

A synthesis of the labelled iodinated inhibitor of aminopeptidase N, 2(S)-
benzyl-3-[hydroxy(1�(R)-aminoethyl)phosphinyl]propanoyl--3-[125I]-iodo-
tyrosine399 is reported. The syntheses of N-Fmoc-4-[(diethylphosphono)-2,2�dif-
luoro-1�-hydroxyethyl]phenylalanine, as a phosphotyrosyl mimic for the prep-
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aration of signal transduction inhibitory peptides,400 phosphonic analogues of
4-hydroxyproline and 5-hydroxypipecolic acid,401 and (S)-�-cyclopropyl-4-phos-
phonophenylglycine via a multi-step procedure starting from (R)-4-benzyl-
oxyphenylglycine402 have been described.

4.15 Synthesis of �-Amino Acids Carrying Sulfur-, Selenium- or Tellurium-
containing Side Chains. — The synthesis has been reported of some Se- and Te-
containing amino acids for use as probes for structural studies on proteins.403

Optically pure amino acids, bearing side chain thioamides, have been syn-
thesised by selective thiations on multiple-carbonyl containing substrates. The
products are useful for solid phase peptide synthesis.404

Synthetic routes for the preparation of 2-chloroethylnitrososulfamide deriva-
tives of amino acids, from chlorosulfonyl isocyanate via carbamoylation—sul-
famoylation—cyclisation reactions,405 and -selenohomocysteine from -sele-
nomethionine.406 The -selenohomocysteine was used as a substrate for
methionine synthase kinetic studies. The cysteine-derived amino alcohol (37) has
been synthesised as a ligand for iridium(I)-catalysed asymmetric hydrogenation
of unsymmetrical ketones.407

4.16 Synthesis of �-Amino Acids and Higher Homologous Amino Acids. —
Reviews of diastereoselective approaches to the synthesis of �-amino-�-hydroxy
amino acids408 and substitution by free radical and anionic chemistry in studies
on �-amino acids and �-peptides409 have been published, and a general strategy
for the synthesis of the non-natural �2-amino acids has been described.410 Syn-
thesis of �-aminophosphonic acids have been reviewed.411

The asymmetric syntheses of �- and �-amino acids have been studied based on
carbon radical addition to oxime ethers412 and asymmetric acyl halide—aldehyde
cyclocondensation reactions catalysed by Al(III) triamine complexes gave enan-
tiomerically enriched �-R-substituted lactones which underwent ring-opening to
give chiral �-amino acids.413

The synthesis of substituted �-amino acids has been reported. N-substituted
�-alanines were prepared by the reaction of 3-amino-9-alkyl carbazoles with
acrylic and itaconic acids414 andN-quinolyl-�-alanines have been synthesised by
reaction of aminoquinolines and acrylic, methacrylic and crotonic acids, and
their biological activity has been investigated.415 Catalytic enantioselectiveMan-
nich-type reactions of silyl enol ethers with aldimes have been performed using a
novel chiral zirconium catalyst. The resulting �-amino acids were obtained with
high yields and enantioselectivities416 and the activation of Schiff bases by
N-glycosylationhas been shown to induce asymmetricalMannich reactions with
O-silyl ketene acetals to give �-amino acids.417 �-Amino acids have also been
prepared by addition of chiral enolates to nitrones via N-acyloxyiminium ions.418
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The synthesis of �-substituted-�-amino acids via the amides (38, R�Me, Et,
Pr, Allyl) has been reported, using pseudoephedrine as a chiral auxiliary,419 and
via the aza-aldol reaction of the chiral enolate derived from (2S)-N-propionyl-
camphor sultamwithN-diphenylphosphinyl imines.420 �-Haloaryl-�-amino acid
derivatives have been synthesised using a conjugate addition/oxidative deprotec-
tion strategy, employing lithium N-benzyl-N-�-methyl-4-methoxybenzylamide
as a homochiral ammonia equivalent.421

�,�-Substitued �-amino acids have been synthesised using a diastereoselective
alkylation by organocuprate reagents422 and by the reaction of N-alkoxycar-
bonyl-1-methoxyamines with optically active 2-oxazolidinones423 and �-sub-
stituted and �,�-disubstituted �-amino acids, which carry a hydroxyalkyl side
chain, from sulfonimidoyl functionalised homoallylic alcohols.424

Synthetic routes have also been described for the substituted �-amino acids.
�,�-Disubstituted-�-amino acids were prepared by stereoselective alkylation of
5-substituted �-lactams425 and the first asymmetric synthesis of (R)-(�)-�-phenyl
�-amino valeric acid has been reported.426 The synthesis is reported of 5-amino-4-
hydroxy-2,6-dimethylheptanoic acid from N-Boc--valine methyl ester. The
heptanoic acid is a hydroxyethylene isostere of Val-Ala dipeptide.427

�-Amino acids and �-lactams have been prepared from nitro olefins and
carboxylic acids using valine-derived 4-isopropyl-5,5-diphenyl-1,3-oxazolidin-2-
one as an auxiliary for the enantioselective preparation428 and N-methyl-�-
amino-�-hydroxy acids, essential components of several depsipeptides with in-
teresting therapeutic profiles, have been synthesised via a totally stereocontrolled
route of preparation.429

The synthesis of ‘cyclic’ amino acids has also been described. These are mainly
of two types, the pyrrole-type, where the amino acid nitrogen is included in a ring
structure, or the cycloalkane-type, where the amino group and carboxylic acid
group are attached to a ring. An asymmetric synthesis of the cyclic �-amino acids
generally (39, n � 1—3) has been reported.430

Syntheses of amino acids of the cycloalkane-type include those of cyclo-
propane and cyclobutane �-amino acids,431 diastereo- and enantiomerically pure
�-aminocyclopropanecarboxylic acids,432 2-aminocyclopentanecarboxylic acid
and related alicyclic �-amino acids433 and methyl (1S,2R)-1-amino-2,3dihydro-
1H-indene-2-carboxylate, a new, constrained �-amino ester, using a novel tan-
dem conjugate addition intramolecular electrophilic trap to construct the indane
skeleton.434 Amino acids, incorporating an amino cyclopropyl moiety, have been
synthesised by a titanium-mediated transformation of N,N-dibenzyl-2-benzyl-
oxyacetamide with a variety of alkylmagnesium bromides.435

Those of the pyrrole-type include all four stereoisomers of 4-hydroxypipecolic
acid, from �-amino-�-keto esters,436 (�)-detoxinine, (40) the core unit of the
detoxifying agent detoxin D1, from an inexpensive starting material, -ascorbic
acid, via the key intermediate (41),437 and a seven step synthesis for the prepara-
tion of N-benzyl-7-azaspiro[4.5]decane-1-carboxylates (42) from 2-oxocyclo-
pentanecarboxylate. The latter are analogues of GABA.438

The preparation of an unusual amino acid that mimics a tripeptide �-strand
and forms �-sheet-like hydrogen-bonded dimers by the condensation of suitably
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protected derivatives of hydrazine, 5-amino-2-methoxybenzoic acid and oxalic
acid has been detailed.439

The syntheses of the methyl esters of the N-heteroamino-methylene malonic
acids (43, A� 2-pyridyl, 2-(5-methylpyridyl), 2-pyrimidyl), which sublime to give
oxopyidinopyrimidines,440 4-amino-3-(aminomethyl)benzoic acid, in three steps
from 4-aminobenzoic acid441 and syn-1-vinyl-2-amino alcohol derivatives by
addition of (�-alkoxyallyl)titaniums with chiral imines442 have been reported.
Homologation of amino acids has been achieved via well-recognised mechan-

isms. The Arndt—Eistert approach has been used for the synthesis of Boc-/Z-
/Fmoc-�-amino acids from N-protected �-amino acid fluorides in a two-step
reaction443 andN-Fmoc--�-homoglutamine and N-Fmoc--�-homoasparagine
from N-Fmoc--�-glutamine and N�-Fmoc-N�-trityl--asparagine.444 The
Michael addition of nucleophiles to N-acyl-N-(tert-butoxycarbonyl)dehydro-
alanine methyl ester has been used to synthesise �-alanines445 and the same
technique was used to produce the highly functionalised �-amino acid
(3R,5R,6R)-3,6-diamino-5-hydroxyheptanoic acid, the key amino acid of
sperabillins B and D,446 and to synthesise the oxazinone (44), which can be
alkylated to give protected anti,anti �-alkyl �-amino �-hydroxy esters by
Michael addition of the carbamoate moiety of the enoate (R,E)-
Me3CO2CCH:CHCH(CH2OCH2C6H4-4-OMe)CH2O2CNH2.

447

�-Substituted-�-amino acid derivatives have been synthesised stereoselective-
ly using Wolff rearrangement reactions448 and the Wolff rearrangement of �-
aminodiazoketones derived from N�-urethane-protected �-amino acids that
gives rise to the homologation of Fmoc-/Boc-Z-�-amino acids to �-amino acids
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with concomitant formation of the corresponding pentafluorophenyl esters has
been reported.449

The route of hydrolysis of heterocyclic rings has also been utilised. 2-Oxazo-
lines have been prepared by BF3·OEt2-catalysed regio- and stereo-selective
oxirane ring opening of glycidic esters or amides with MeCN. The oxazolines
were hydrolysed into �-amino-�-hydroxy esters or amides450 and a variety of
�-aminoalanine derivatives were prepared by regioselective cleavage of the
C(3)—N bond of enantiomerically pure aziridine-2-methanols by nitrogen nuc-
leophiles.451

Resin boundN-acylated amino acid aldehydes were converted in a single step
to �-hydroxy phosphonates by a Pudovik reaction and in six steps to hydroxy-
statine amides, useful for constructing multiple aspartic acid transition state
isosteres.452

4.17 Resolution of DL-Amino Acids. — The resolution of -amino acids is a key
step in amino acid chemistry. This is usually achieved by preferential crystalisa-
tion, enzymically, via a chromatographic technique utilising a chiral recognition
agent, by asymmetric transformation or by absorption onto a polymer/micelle
substrate which possesses chiral recognition properties. Papers have been pub-
lished reviewing the uses of aminoamidases in the enzymic resolution of amino
acid amides (84 references)453 and the separation of enantiomers by gas
chromatography (168 references), where amino acids form one of the groups of
chiral selector employed.454

Preferential crystallisation has been used for the resolution of ,-�-alanine
using -alanine seed crystal. In this study the addition of OP surfactant was
shown to accelerate the crystallisation of -alanine.455 The technique has also
been used for the optical resolution of ,-threonine by replacing crystalisation
using -alanine as an optically active co-solute456 and the erythro- and threo-
forms of 4-fluoroglutamic acid through their diastereomeric salts.457 The phe-
nomena of decrease in purity during the optical resolution of ,-threonine by
preferential crystallisation is discussed.458

Crystal structure—solubility relationships in the optical resolution of phenyl-
glycine with (�)-10-camphorsulfonic acid have been studied in detail and the
mechanism of the resolving ability discussed.459

Enzymic techniques have been used extensively. Enantiomerically enriched
�-amino acids have been prepared by enzymic resolution.460 The enantioselectiv-
ity of the lipase-catalysed hydrolysis of amino acid esters has been studied and
found to depend on the source of the enzyme, the N-protecting group and the
alcohol moiety of the ester461 and the chiral discrimination of racemic carbazole
carbonyl amino acids with linear alkyl side chains by bovine serum albumin was
investigated by competitive replacement experiments using dansyl--proline and
--norvaline as fluorescent probes; -amino acids were bound to the -proline
site more strongly than the -forms.462

Immobilised chymotrypsin on hydrophilic macroporous support has been
used for the resolution of ,-phenylalanine ethyl ester Schiff base. The -isomer
was hydrolysed and the -isomer recovered unchanged to be hydrolysed chemi-
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cally.463 Horse-heart myoglobin has been shown to promote enantioselective
hydrolysis of 4-nitrophenyl esters of amino acids, allowing nearly perfect kinetic
resolution of the racemic N-Boc-phenylalanine ester (Boc-Phe-ONp)464 and
N,N-disubstituted �-amino acid phenolic esters have been resolved enzymati-
cally using pig liver esterase on the multi-gram scale and the configuration
confirmed by X-ray analysis.465

Optically active N-benzoyl amino acids have been obtained by the dynamic
kinetic resolution of racemic 2-benzyl-4-substituted-5(4H)-oxazolones in the
presence of an alcohol using Candida antarctica lipase B as a catalyst466 and
lipase PS has been used to resolve cis-�-hydroxypipecolic acids.467

PenicillinG acylase catalysed the acylation of the -isomers of methyl esters of
phenylglycine and derivatives. The process allows the isolation of the enan-
tiomerically pure -phenylglycine, suitable for conversion into �-lactam anti-
biotics,468 and the pure diastereoisomers of 4-fluoroglutamine and 4-fluoroiso-
glutamine where prepared from the corresponding 4-fluoroglutamic acids.
Glutamic decarboxylase treatment of the acids leads to chiral 2-fluoroGABA.469

A technique for the resolution of N-acetyl-, methionine methyl ester by
protease-catalysed hydrolysis with a mild base as the control agency has been
described.470 Various chromatographic techniques have been used to resolve ,
amino acids and their derivatives. The resolution of basic ,-amino acids has
been effected by direct thin layer chromatography, using a pharmaceutical
industrial waste as a chiral impregnating agent,471 and normal phase TLC has
also been used to resolve dansyl-,- amino acids on plates impregnated with
vancomycin.472 The resolution of dansyl amino acids, using �-cyclodextrin as a
mobile phase additive in reversed-phase TLC, has also been reported, and the
effect of structure on the resolution has been studied.473

A new �-basic chiral stationary phase has been proposed for the separation of
amino acid enantiomers by liquid chromatography. The stationary phase pro-
ved especially useful for separating �-acidic N-(3,5-dinitrobenzyl)-�-amino am-
ides and esters.474 HPLC has been utilised to resolve unusual �-amino acids,
using direct (Crownpak or Chirobiotic T) stationary phase and indirect methods
(precolumn derivatisation)475 and (1S,2S)-1,3-diacetoxy-1-(4-nitrophenyl)-2-
propylisothiocyanate has been proposed as a new chiral derivatising agent for
the HPLC separation of amino acids with two chiral centres.476 The same group,
working with �-substituted tryptophan derivatives, separated all four dias-
tereoisomers by direct (teichoplanin bonded or cyclodextrin bonded stationary
phases) or indirect (precolumn derivatisation by chiral reagents) methods. The
indirect methods provedmore effective.477 �-Heterocyclic and �-naphthylalanine
and phenylalanines were separated by reversed phase HPLC after derivatisation
by 1-fluoro-2,4-nitrophenyl--valinamide. All -isomers were eluted faster.478

Protonated complexes of amino acids with �-cyclodextrin, produced in the gas
phase by electrospray ionisation, were shown to undergo exchange of the amino
acid with N-propylamine. The rate of exchange varies with the chirality of the
amino acid; the enantiomeric excess can thus be determined479 and copper(II)-
assisted enantiomeric analysis of ,-amino acids using the kinetic method has
been studied and the chiral recognition and quantification in the gas phase has
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been reported.480

Column chromatography (silica gel column) has been used for the resolution
of racemic amino acids, using N-substituted 2-amino-4-pentenoic acids as a
protecting group481 and the temperature-dependence of the elution order of
cyclic �-amino acid enantiomers on copper(II)-N,S-dioctyl--penicillamine
ligand exchange column has been studied thermodynamically and a mechanism
postulated for the separation.482 Capillary electrophoresis has been used to
separate underivatised amino acids, using copper(II):(S)-3-aminopyrrolidine:-
histidine ternary complex as a chiral selector,483 and the chiral determination of
amino acids by capillary electrophoresis and laser-induced fluorescence at pico-
molar concentrations has been reported.484

A study has been reported of the entiomeric separation of N-Fmoc amino
acids by capiliary electrokinetic chromatography using sulfobutyl ether-�-cyc-
lodextrin as a chiral additive,485 and chiral analysis has been performed on amino
acids in biological solutions by micellar electrokinetic chromatography with
laser induced fluorescence detection.486

The separation of enantiomers by preparative capillary isotachophoresis,
using 2,4-dinitrophenyl-,-norleucine as a model analyte has been reported.487

Several groups of workers have employed asymmetric transformation as a
means of achieving resolution often followed by chromatographic separation.
Indirect chiral separation methods based on enantiomeric derivatisations have
been developed to monitor optical purity of uncoded amino acids and new series
of amino acids using Marfey’s reagent for the amino group and (1R,2R)- or
(1S,2S)-2-amino-1-(nitrophenyl)-1,3-propanediol reagents for the carboxyl
group. The diastereomeric derivatives were separated using RP-HPLC and
NP-HPLC488 and homocysteine has been resolved by derivatisation with 4-
aminosulfonyl-7-fluoro-2,1,3-benoxadiazole followed by capilliary electrophor-
esis with �-cyclodextrin.489 The validity of the three point interaction model has
been examined in the guest exchange reaction involving cyclodextrins and amino
acids, and a mechanism for the exchange has been proposed.490 4-Hydroxy-
phenyl- and 4-fluorophenylglycine have been resolved using phenylglycine and
(�)-10-camphorsulfonic acid.491

A dynamic kinetic resolution of N-phthalyl amino acids by stereoselective
esterification has been examined using (S)-�-methylpantolactone as the chiral
auxilliary492 and the resolution of 1-(2-furyl)-2,2-dimethylpropylamine, an inter-
mediate on a synthetic route to tert-leucine, followed by oxidation, was shown to
provide a useful route to (R)-and (S)-tert-leucine.493

The use of polymers and micellular systems to achieve resolution has been
reported. A highly enantioselective polymer, imprinted with an organophos-
phorus compound, was useful for the separation of tryptophan methyl esters494

and a cross-linked polyvinyl alcohol membrane with -proline as a chiral ligand
has been used for the resolution of amino acids. -Isomers permeated predomi-
nantly through the membrane.495 The use of ultrafiltration of enantioselective
micelles has been shown to provide a low energy, scalable process for the
preparation of enantiomerically pure compounds. A model involving the com-
plexation of phenylalanine enantiomers by cholesteryl--glutamate anchored in
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non-ionic micelles of nonyl-Ph-polyoxyethylene [E10] ether has been re-
ported496 and a large-scale process for the separation of amino acid enantiomers
has been reported in which copper(II)-amino acid derivatives dissolved in non-
ionic surfactant micelles were used as the chiral selectors.497

A pair of artificial enantiomeric receptors composed of (S,S)- or (R,R)-chiral
bicyclic guanidinium azacrown ether and (tert-butyl diphenylsilyloxy)methyl
group for amino acid zwitterions selectively recognised either - and - amino
acids498and the use of zinc bilinone (the chiral helical dimer of the zinc complex of
linear tetrapyrrole) as a chiral recognition agent for �-amino esters is reported.499

5 Physico-chemical Studies of Amino Acids

5.1 X-Ray Crystal Analysis of Amino Acids and Their Derivatives. — Crystal
structure analysis data have been reported for the following amino acids: ,-
cysteine,500 ,-isoleucine and ,-alloisoleucine,501 -arginine phosphate mono-
hydrate,502, 503 ,-arginine monohydrate at 100°,504 -arginine fluoroborate,505

ammonium- and methylammonium N-acetyl--threoninate,506 N-acetyl--
phenylalanine,507 sarcosinium trifluoracetate — the N-C-COOH of the proto-
nated molecule is almost completely planar,508 N-methyl-,-aspartic acid
monohydrate,509 N-methyl-,-glutamic acid,510 -histidinium dihydrogenar-
senate orthoarsenic acid,511 N-benzoylphenylalanine (also solid state 13C
NMR),512 N-acetyl-�-trifluromethyl tryptophan ethyl acetate,513 N,N-bis(N-
methylsuccimido) �-alanine, (shows photochromism in its europium-1,10-
phenanthroline complex),514 complexes of maleic acid with -histidine and -
lysine,515 the phenylalanine complex of molybdenum-	-allyl-(CO)2,516 and other
highly derivatised amino acids: N-(6-amino-3,4-dihydro-3-methyl-5-nitroso-4-
oxopyrimidin-2-yl) derivatives of glycine, valine, serine, threonine and me-
thionine,517 racemic N�-(-t-butyloxycarbonyl)--phenylalanine N-methoxy-N-
methylamide,518 N,N-bis(8-hydroxy-5-quinolinemethyl)glycine ethyl ester,519 2-
methyl-N-[(2-nitrophenyl)sulfonyl]alanine and 1-[(2-nitrophenylsulfonyl)-
amino]cyclohexanecarboxylic acid.520 Two conformationally-restricted 4,5-
dihydroxynorvaline analogues with a norbornane skeleton,521 2,3,5,6,7,8-hexa-
hydro-3-(1-methyl-2-oxopropyl)-6,8-methano-7,7,8a-trimethyl-5H-1,4-ben-
zoazin-2-one and its 1-hydroxy derivative,522 and C-terminal amidated amino
acid hydrochlorides.523

5.2 Nuclear Magnetic Resonance Spectrometry. — The protonation states of a
series of conformationally constrained amino acids (piperidine carboxylic acids)
have been studied and correlated with theoretical results from HF/6-31�G*
calculations.524

The band shape analysis of delayed slow-passage optically detected magnetic
resonance has been reported for the photoexcited triplet state of tryptophan.525

The absolute configuration and enantiomeric analysis of amines and amino
acids has been determined using non-chiral derivatising agents and deuterium
NMR,526 conformational equilibrium and intramolecular hydrogen bonding in
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nipecotic acid derivatives has been investigated.527 Solid state NMR has been
reported of amino acids and peptides.528 Caution should be exercised during
determination of the absolute configuration of chiral amines by NMR using
MPA derivatisation and Ba2� complexation; chemical shifts show inconsisten-
cies with the proposed model relating them to absolute configurations.529 The
characteristics have been determined of the intramolecular H bond in �-alanine,
proline, threonine and cysteine by PMR.530 The rotational isomerism about the
C(2)—C(3) bond in aspartic acid and its phosphonic analogues have been studied
by PMR. The characteristic vicinal coupling constants were dependent on the
populations of the rotamers.531

Enantiomeric discrimination in the NMR spectra of underivatised amino
acids and �-methyl amino acids has been observed using (�)-(18-crown-6)-
2,3,11,12-tetracarboxylic acid as a chiral discriminating agent.532,533 Samar-
ium(III):(R)- or (S)-propylenediamine tetraacetate complex has been shown to be
useful as a water-soluble chiral shift reagent for use in high-field NMR.534

Theoretical studies of the 13C NMR of amino acids has been reviewed.535

Both the carboxyl and the hydroxyl 17O resonances of the carboxylic acid
group in a tyrosine derivative have been observed for the first time by 17O
NMR.536

Iodine-127 NQR, IR and X-ray analysis of �- and �-alanine and -lysine have
been reported.537NMR studies are reported of the Pt(II) and Pd(II) complexes of
glycine538 and bisalaninates.539

Multidimensional variants of the dipolar exchange assisted recoupling
(DEAR)NMR have been applied to determinations of 13C-14N dipolar local field
spectra in amino acids and peptides.540 Changes occurring during complexation
of praseodymium with serine have been monitored by NMR using spin density
matrices.541

5.3 Optical Rotatory Dispersion and Circular Dichroism. — The use of optical
rotation, CD and other chiroptical properties for the determination of absolute
configuration of natural products has been reviewed.542 The absolute configur-
ations of �-phthalimido carboxylic acid derivatives have been determined from
CD spectra.543 A theoretical treatment has been reported of the photoelectron
spectra and CD of -alanine544

5.4 Mass Spectrometry. — Mass spectrometry applied routinely to assist in the
structural investigation of amino acids has largely been omitted from this
section.
The mobilities of twenty common amino acids have been determined by

electrospray ionisation ion mobility spectrometry; not all mixtures of amino
acids could be separated by this technique.545 The fragmentation mechanisms of
�-amino acids, protonated under electrospray ionisation, have been the subject
of a collisional activationMS and ab initio theoretical study.546 Eight amino acids
have been analysed by matrix-assisted laser desorption/ionisation time of flight
mass spectrometry and electron-ionisation techniques.547 Arginine has been
shown to form protonated clusters when examined by electrospray ionisation.
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This phenomenon has been studied by tandem mass spectrometry.548 The mass
resolved electronic spectrum of cold tryptophan molecules has been obtained by
a novel desorption method as a vapourisation source coupled with a supersonic
expansion.549

The chiral recognition of nineteen common amino acids has been achieved
from the collision-induced dissociation spectra of protonated trimers formed
from the electrospray ionisation of amino acids in the presence of chiral selectors
such as N-(tert-butoxycarbonyl)phenylalanine.550

Enantiomeric excess of amino acids has been determined by collision-induced
dissociation spectra of protonated trimers formed by electrospray ionisation in
the presence of a chiral selector.551 Matrix assisted laser desorption/ionisation
mass spectrometry has been used to differentiate isotopically labelled (pseudo-
enantiomeric) amino acids using cyclodextrin as a host.552

The structures of the fragmentation products of the complex of glycine with
zinc(II), produced by electrospray ionisation, have been studied.553,554

EI and CI mass spectra of N-dinitrophenyl derivatives of amino acids using a
particle beam interface show characteristic fragmentation patterns, useful for
identifying the amino acids.555

5.5 Other Spectroscopic Studies of Amino Acids. — This section covers the
other common spectroscopic techniques, which have expanded to cover applica-
tions such as conformation determination, in many cases these have been com-
bined with theoretical studies. Theoretical and experimental studies of the vibra-
tional spectra (IR and Raman) of N-acetyl--alanine556 and -valine and -
leucine nitrate557 have been reported. The IR and molecular structure of zwit-
terionic -�-phenylalanine have been determined and compared with the results
from ab initio calculations.558

Conformational studies have included the UV and IR of each of the seven
conformational isomers of tryptamine,559 while gas phase IR and UV ion dip
spectroscopy of phenyl alanine has been used to study the most stable con-
formers.560 The polymorphic transition of ,-norleucine from the �-form to the
�-form has been investigated using temperature-scanning time-resolved FTIR.561

The zwitterions of -alanine were studied by IR spectra in a KBrmatrix, together
with the vibrational absorption and vibrational CD spectra. Theoretical calcula-
tions were also performed.562,563 Amino acid salts have also beenmeasured; the IR
of sodium and calcium salts of �-amino fatty acids,564 the FTIR and FT-Raman
spectroscopy of ,-homocysteine and its complexes with Na, K and Ca ions,565

while in the IR of themonodeuterated salts of tyrosine, valine and some peptides,
irradiation in the spectral region produces spectral holes and antiholes resulting
from rotation of CD-containing moieties.566

Other complexes of amino acids have been studied by IR; the IR and Raman
spectra are reported of Cu(II) complexes of aspartic and glutamic acids. The
spectra are discussed in relation to their crystal structures.567 Raman spectra of
-threonine568 and -alanine569 crystals under pressure showed that both under-
went a pressure induced phase transition.
The effect of reducing the temperature on the IR spectra ofN-(tert-butoxycar-
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bonyl)amino acids has been reported.570 The structural changes of amino acids
implanted with low energy ions have been studied by FTIR.571, 572

Various fluoro-organic compounds, including fluoro-amino acids derivatives
were identified in pure andmixed samples by Raman and fluorescence spectra.573

The colourimetric determination of aromatic amino acids by reaction with
4-chloro-7-nitro-2,1,3-benoxadiazole by measuring absorption maxima at
440—462 nm has been reported.574

Analysis has been reported of particle beam-hollow cathode glow discharge
atomic emission spectrometry of aromatic amino acids and organomercury and
lead compounds,575 as has the emission spectroscopy of �,�-diamino acids whose
�-amino group is coupled to a luminescent ruthenium fragment. The �-amino
group was protonated. Effect of length of side chain on excited state decay rates
has been studied.576

X-ray absorption spectra of selenocysteine, selenocystine and sulfo-selenocys-
tine have been compared with the corresponding sulfur K-edge spectra.577

Square-wave adsorptive stripping voltammetry has been applied to the study
of the interaction of cysteine with monosaccharides at physiological pH. The
study was optimised with respect to accumulation time, accumulation potential,
scan rate and drop size.578

Binding mechanisms and solvent effects have been studied for the molecular
recognition of amino acids with zinc porphyrin receptors carrying twelve ester
groups.579

5.6 Physico-chemical Studies of Amino Acids. — The sub-sections in this chap-
ter have continued with the addition of a new section for measurements of
underivatised amino acids in the gas phase.

5.6.1 Measurements for Amino Acid Solutions. Studies of solutions of familiar
�-amino acids have lead to the determinations of apparent molar volumes,580—582

partial molar volumes,583—586 standard molar enthalpies of solution587—589 and
dilution,590—594 enthalpies of dissociation,595, 596 mixing,597 and protonation.598

Other properties measured have been viscosity,599 densities,600 conductivi-
ties,601—603 solubilities,604, 605 polarisability, refractive index, solubility and pH and
other properties were determined on aqueous -arginine solutions,606 dissocia-
tion constants,607, 608 and diffusion coefficients609

The effects of amino acids on the crystallisation of other materials hy-
droxyapatite,610, 611 calcium phosphate612 and calcium carbonate613 have been
studied, as well as the crystallisation of some amino acids (metastable crystalline
phase of -glutamic acid (�-form))614 and single crystals of -arginine phosphate
monohydrate.615 A study is reported of the crystallisation of glycine and
phenylalanine in water-isooctane-AOTmicroemulsions.616

Studies of the solubilities of amino acids with nitrate salts continue; with
sodium and potassium,617 and zinc with histidine, methionine or phenyl-
alanine.618 Isopiestic studies have been reported on the systems �NaCl� BaCl2
�mannitol(sat)(aq)� and �KCl� glycine�mannitol(sat)(aq)� at 298.15 K.619

Further studies on the gel forming properties of amino acids derivatives have
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continued, aqueous gel-like solutions of N-acyl-aspartic acids (dodecanoyl—oc-
tadecanoyl) formed fibrous supramolecular assemblies which were investigated
by atomic force microscopy, small angle neutron scattering and small angle
X-ray scattering. The fibres are laterally organised,620 while aroyl -cystine
derivatives were effective at gelating water.621 The surfactant properties of differ-
ent types of derivatives of glutamic acid have been reported.622

The effect of cationic surfactants (CTAB and CPB) on the addition—elimin-
ation type interaction between aspartic acid and ninhydrin is to increase the
peudo first order rate constant.623

The characteristics of amino acid extraction from NaCl solutions by reverse
micelle using ammonium bis(2-ethylhexyl) phosphate as a surfactant have been
reported.624 A proton transfer reaction, occurring during the extraction of amino
acids has been studied using extraction of tryptophan with di(2-ethyl-
hexyl)hydrogen phosphate (D2EHPA) in n-octane and n-octane/n-octanol. In
octane, both 1:1 and 1:2 complexes were formed which tended to form clusters.
No cluster formation was seen in the more polar solvent system.625

Overall partition coefficients of the acid and amine components of amino acid
derivatives in an aqueous/organic biphasic system were studied experimentally
and theoretically. Partition equilibrium and pH change after partition were
predicted by the model.626

Studies have been performed on the zwitterions of glycine,627, 628 N-acetylcys-
teine,629 aspartic acid630 and �-aminobutyric acid.631

The kinetics and mechanism of the protonation reactions of amino acids, both
inter- and intramolecular, have appeared in several studies; protonation con-
stants,632, 633 protonation equilibria of -ornithine and -glutamic acid in aqueous
DMF,634 the mechanism of interconversion between neutral and zwitterionic
forms of glycine has been studied theoretically; proton transfer via a water bridge
is proposed.635 The mechanism and energetics of the intramolecular proton
transfer of serine in aqueous solution have been reported.636

Mechanism of proton transfer from neutral to zwitterionic form of amino
acids has been studied.637 The third order rate constants for the general base-
catalysed reaction between N-chlorotaurine and its protonated form and for
general acid catalysis of the reverse process have been determined. A mechanism
for the reaction is thought to involveN,N-dichlorotaurine as an intermediate.638

Proton exchange rates inN-acetylglycine have been determined.639Formation
and stability of the enolates of glycine and its derivatives have been studied.
Second order rate constants were measured for carbon deprotonation of the
glycine zwitterion, N-protonated glycine methyl ester, betaine methyl ester and
betaine by D2O.640 Solution studies of complexes of amino acids with metal
cations have also been reported.
The structure and stability of amino acid phosphonic acid—metal complexes

have been reviewed.641 Complexes can be divided into binary-amino acid only
with metal; with copper,642—646 with chromium(II),647, 648 cadmium,649 vanadium
(IV),650 zinc,651, 652 and d-block metals.653

Ternary complexes contain an amino acid unit and a secondary ligand; the
transition metals with an amino acid and �-picoline,654, 655 �-picoline and manga-
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nese,656 quadridentate ligands from haloacetylated amino acids and bis(picolyl)-
amine then reacted to form trigonal bipyramidal complexes with zinc. The
crystal structure of one complex is reported.657 Complexes have also been studied
of amino acids with imidazoles,658, 659 with sulfamethoxypyridazine,660 with 2,2-
bipyridine661 and complexation of N-(2-nitrophenylsulfonyl)glycine with meta-
ls(II) with and without 2,2�-bipyridine in aqueous solution to identify the type,
number and stability of the complex species as a function of pH and metal-to-
ligand ratio.662

Chiral complexes of substituted 
3-butadienyl molybdenum complexes, pre-
pared by reaction of a chlorocarbonyl compound with amino acid esters, were
investigated by NMR. Compounds containing one or two stereogenic centres
gave rise to dimeric complexes containing dibutadienyl bridging ligands.663

Complexes of lanthanum664, 665 and europium(III)666 with amino acids and
other ligands have also been studied. Paper electrophoresis has been used to
study the complexation of dioxouranium with serine and valine. The results
suggested complexation through the carboxylate group of the zwitterion.667

Other mixed complexes studied have contained proline or 1-hydroxyproline,
Cu(II) and an amino acid enantiomer668 and cystine in the presence of cadmium
and folic acid. Adducts are fomed between cystine thiolate and folic acid.669

The differential hydration properties of hydrophobic groups of a homologous
series of �,�-amino carboxylic acids were measured in H2O andD2O.670 Time-of-
flight neutron diffraction measurements have been carried out on alkaline aque-
ous 2 mol% glycine solution in heavy water. The hydrogen bonds formed by the
amino group nitrogen differ significantly from those formed in neutral sol-
ution.671 A study has been reported of the effects of circulation and facilitated
electromigration of amino acids in electrodialysis with ion exchange mem-
branes.672 An investigation has been reported of the dependence on solvents of
optical absorption and emission of a complex of bacteriochlorophyll a with
serine.673

A voltammetric study is reported of amino acids on gold, platinum, copper
and nickel electrodes.674

5.6.2 Measurements for Solid Amino Acids. Enthalpies of combustion and forma-
tion of eleven aliphatic amino acids675 and enthalpies of formation crystalline
,-valine676 have been reported.

The piezoelectric, dielectric and pyroelectric properties of the twenty pro-
tein amino acids have been reported.677 Surface polarity of �-amino acid crystals
has been studied using solvatochromic dyes and compared to poly(amino acids)
with the same side chain,678 and electrostatic properties of �-glycine measured. 679

Phase transitions have been observed in crystals of - and -alanine and
valine,680 and -alanine.681 Knoop microhardness anisotropy on the cleavage
plane of single crystals of -arginine hydrochloride monohydrate and the corre-
sponding hydrobromide has been reported.682 Dislocation resonance damping in
-arginine phosphate monohydrate single crystal has been observed using longi-
tudinal ultrasonic attenuation and velocity measurements.683, 684 Crystals of (S)-
and racemic-N-benzoylalaninemethyl ester had different melting points, reflect-
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ing differences in lattice energy.685 A study has been reported of the refinement
and purification of crude glutamine crystal.686

5.6.3 Amino Acid Adsorption and Transport Phenomena. Partition of amino acids
between immiscible organic and aqueous phases continues to interest re-
searchers; ammonium bis(2-ethylhexyl) phosphate has been used as a reverse
micelle surfactant for extracting amino acids from highly concentrated NaCl
solutions,687 the effect of pH on amino acid extraction ratios using AOT reverse
micelle,688 and forward and backward extraction rates of phenylalanine in rever-
sed micellar extraction measured.689 Extraction and concentration of -
phenylalanine from aqueous solution containing -phenylalanine has been per-
formed with and without -aspartate using emulsion liquid membrane.690 The
equilibrium and kinetics have been studied of the extraction of glycine from HCl
solutions by reversedmicelles691 and the extraction of amino acids with emulsion
liquidmembranes using industrial surfactants and lecithin as stabilisers.692 A new
mechanism is proposed for the extraction of amino acids from water to organic
solvent using di(2-ethylhexyl)phosphoric acid. The mechanism explains the de-
pendence of the equilibrium constant on the loading ratio.693 A novel artificial
receptor for aromatic amino acid zwitterions, prepared in three steps from a
chiral bis(aminomethyl)bicyclic guanidinium salt, allows the aromatic amino
acid to move from aqueous solution to DCM.694 Extraction of amino acids from
aqueous solutions into chloroform occurs using di(2-ethylhexyl)phosphoric acid
in the presence of dicyclohexyl-18-crown-6.695 Spectrophotometry and pH
measurements have been used to study the extraction of Co(III) and Cu(II)
complexes of amino acids from an aqueous donating phase into chloroform
liquid membrane containing calix[4]resorcinarene; Cu(II) complexes are extrac-
ted more efficiently, especially if the aqueous phase is alkaline.696 A tryp-
tophan—tyrosine mixture has been separated by non-ion exchange sorption on
an anion exchanger with hydrochloric acid. The sorption of the amino acids was
temperature dependent.697

Studies have been reported of the adsorption of amino acids onto surfaces;
onto silk fibroin, and synthetic polypeptides698 and films; grafting of amino acids
onto PET film surface was found to improve the surface properties of the amino
acids such as wetability and neg. ion activity for use in medical techniques.699

Overoxidised polypyrrole films templated with -glutamate selectively take
-glutamic acid and other -amino acids into the film.700

The thermodynamic functions for the sorption of aromatic amino acids on
KU-2x8 sulfocationite in the H-form have been determined.701 A study is re-
ported of the adsorption and electroadsorption of amino acids from aqueous
solution on uncharged and electrochemically polarised carbonaceous ma-
terial.702 Adsorption of tyrosine on to activated carbon/water interface has been
shown to be pH dependent.703 Adsorption of glycine and alanine on montmoril-
lonite with or without divalent cations has also been studied.704

Studies of amino acids adsorbed ontometal surfaces have also been published;
the microscopic monolayers of cystine and cysteine assembled on Au(111) form
hydrogen bonded cluster networks,705 adsorption of -cysteine on gold by elec-
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trochemical desorption and copper(II) ion complexation has been studied.706 A
combined density functional theory and X-ray emission spectra study has been
reported of the electronic structure and surface chemistry of glycine adsorbed on
Cu(110).707 The adsorption behaviour of aspartic acid on Cu(001), studied by
scanning tunnelling microscopy, shows features such as inability to form ordered
structures which are different from the adsorption behaviour of other amino
acids.708 The adsorption behaviour of amino acids on a stainless steel surface has
been studied.709

5.6.4 Host—Guest Studies with Amino Acids. Studies on the complexation of
tryptophan and its derivatives with cyclodextrins continue. The 1:1 host guest
complexes formed by 6�-(2-amino-ethylamino)-6�-deoxy-�-cyclodextrin and
(R)- and (S)-tryptophan have been studied by pH titrimetric and NMR spectro-
scopic studies.710 Organoselenium-containing �-cyclodextrins and their com-
plexes with - and -tryptophan were studied by NMR, IR and combustion
analyses.711 Other cyclodextrin studies have appeared; a correlation has been
found between the conformation and chiral recognition of a series of amino acid
complexes with �- and �-cyclodextrins using titration microcalorimetry and
PMR,712 and the inclusion complexation behaviour of the methionine, proline
and isoleucine derivatives of �-cyclodextrin has been studied by fluorescence
spectrometry. The amino acid derivative showed increased binding ability with
8-anilino-1-naphthalenesulfonic acid ammonium salt compared to the parent
cyclodextrin, but decreased ability with Rhodamine B.713 Enantioselectivity to-
wards amino acids by metallo-6A-deoxy-6A-hydroxyethylamino-�-cyclodextrin
has been investigated by potentiometric titration of the amino acids withNaOH.
Nickel complexes show the greatest enantioselectivity.714 A thermodynamic
study is reported of the complexation of �-cyclodextrin with N-carbobenzyloxy
aromatic amino acids and �-phenylalkanoic acids.715

The stability constants for the inclusion complexes of p-sulfonatocalix[4]
arene with amino acids have been measured.716 The complex of p-sul-
fonatocalix[4]arene with -lysine shows a cationic substrate spanning the hy-
drophobic bilayer.717 Chiral homoazacalixarenes possessing amino acid residues
have been prepared. Their preferred conformation was a cone.718 The rate of
alcoholysis of N-acetyl-1-amino acids in methanol increased markedly in the
presence of p-sulfonatocalix[n]arenes compared to p-hydroxybenzenesulfonic
acid; NMR indicated the formation of an inclusion complex between the
calixarene and N-acetyl-1-histidine.719 Cryptand[222] undergoes selective com-
plex formation with some polar and aromatic amino acids; thermodynamic
functions and equilibrium constants of complex formation were calculated for
histidine, threonine and glutamine.720 Liquid—liquid extraction of non-protein
amino acids by 18-crown-6 and cryptand[2.2.2.] shows a relationship with the
amino acid structure.721 Two new receptors (45, X � N, Y � O; X � CH, Y�

CH2) have been prepared. The presence of the pyridyl unit provides an additional
H-bonding functionality.722 A new class of C1- or C-2 symmetrical host mol-
ecules based on a spirobisindane skeleton has been used for diamines. One host
molecule prefers short rigid diamines (lysine), the other longer �,�-dications
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(46).723 Molecular recognition of amino acid esters by 5-(2-carboxyphenyl)-
10,15,20-triphenylporphyrinatozinc(II) was investigated by UV—vis spec-
trophotometric titration method. The host—guest binding mode was studied by
PMR.724 A further study on fixed site heteropolysiloxane membranes containing
grafted macrocylic receptors, used to separate mixtures of amino acids, has been
reported. A dual transport mechanism is proposed.725

A liquid chromatography and ultrafiltration study has been reported of the
binding of - and -tryptophan to bovine serum albumin in the pH range 7 to
11.726

5.6.5 Gas Phase Measurements. Studies of cationised glycine and its derivatives
in the gas phase have been reported; Gly.M2� (M � Be, Mg, Ca, Sr, Ba) — the
divalent metal ions dramatically influence the structure of glycine in the gas
phase.727 The influence of derivatisation, proton affinity and alkali metal addition
on the stability of a series of N- and C-methylated glycines cationised by alkali
ions728 and the enol of glycine H2N-CH�C(OH)2 generated in the gas phase by
neutralisation of the corresponding radical cation has been studied. The
reionisation shows that the enol exists and does not isomerise significantly to the
more stable glycine.729

5.7 Molecular Orbital Calculations for Amino Acids. — For a large range of
amino acids, the following properties have been studied; the mechanism of
proton exchange between amino acids side chains and water,730 VAED charac-
terisation (Vector of atomic electronegative distance) and 13C simulation for 20
natural amino acids using MATLAB and True basic programs,731 solvation free
energies (hydrophobicities),732 selected properties of amino acids have correlated
using a variable connectivity index, 1�f, which is obtained by introducing variable
weights into a generalised connectivtiy index.733

Glycine has featured most heavily in MO calculations with the following; the
radiation products of glycine crystals, structures are proposed for the four
radicals formed,734 the potential energy surface of glycine, and the vibrational
state and spectroscopy computed from the results,735 solvent effects on intra-
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molecular proton transfer in glycine hydrated by three water molecules,736 the
effect of ionisation on the relative stabilities of the four lowest conformers of
glycine and the intramolecular proton transfer process transfer in glycine radical
cation,737 the structure and energetics for the four lowest energy conformers of
glycine,738 the mechanism of fragmentation of protonated glycine in the gas
phase,739 the lattice energies of the three polymorphs of glycine,740 solvent effects
on the energetics and molecular response properties of glycine and alanine741

mechanism of the mass spectral fragmentation of protonated glycine at low
energy,742 a new solvationmodel combining discrete and continuous descriptions
of the solvent has been applied to the relative stabilities of the neutral and
zwitterionic forms of glycine,743 and the interconversion barriers of glycine and
-alanine conformers.744

Other amino acid studies have comprised side chain conformational analysis
on two derivatives of asparagine and asparaginamide in their �1-backbone
conformation,745 charge density, dipole moment, electrostatic potential and elec-
tric field gradients for -asparagine monohydrate,746 gaseous neutral and zwit-
terionic forms of alanine show parity-violation,747, 748 the correlation time for the
reorientation of the methyl side chain in crystalline -alanine,749 conformational
behaviour of �-alanine zwitterion in aqueous solution,750 phosphorylation and
dephosphorylation of serine, threonine and tyrosine phosphate,751 proton affin-
ities and gas-phase basicities of glycine, serine and cysteine.752

Complexation of cations with amino acids in the gas phase have also been
studied; interaction of neutral and zwitterionic glycine in the gas phase with Zn2�

ions,753 zwitterionic glycine bridged with NaCl,754 cation-� interactions for com-
plexes of Na� and K� with aromatic amino acids,755 gas phase metal ion (Li�,
Na�, Cu�) affinities of glycine and alanine,756 a conformation and hydrogen
bonding study of the complex of alaninamide and water. The lowest energy
conformer had a network of intermolecular hydrogen bonds from the amide to
water and from the water to the carbonyl oxygen.757

An ab initio analysis has been reported of the stability of different conformers
of glycine,N-methylglycine andN,N-dimethylglycine. The effects of solvent and
group size on the tautomerisation were studied.758 The same authors have also
reported similar calculations for fluoroglycine and have compared the two sets of
results.759, 760

Derivatives of amino acids studied have included: the �DL conformer of
N-formyl-trans-2,3-didehydroalaninamide was shown to be the most stable,761

the geometric and energetic properties of a diamide of serine, HCO-NH--
CH(CH2OH)CO-NH2,762 the conformational preference of acetyl-azaalanine N-
methylamide,763 a multivariate calibration method has been reported to deter-
mine the chemical composition of binary and ternary mixtures of amino acids
based on an Imbrie’s Q-mode factor analysis.764
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6 Chemical Studies of Amino Acids

6.1 Racemisation. — Conditions for enzymic racemisation of -aspartic acid
using on-line coupling of a solid phase extraction column and a ligand-exchange
HPLC,765 and for the production of -glutamate from -glutamate using gluta-
mate racemase and -glutamate oxidase have been described.766

The use of racemisation of N-(9-(9-phenylfluorenyl))serine-derived cyclic sul-
famidates in the synthesis of �-keto �-amino carboxylates and prolines has also
been described.767

Mild racemisation conditions using metal complexes have also been reported;
the rhodium-catalysed racemisation ofN-acyl �-amino acids has been reported.
The technique will be useful for kinetic resolution processes,768 and an improved
procedure for the racemisation of N-acyl �-amino acids uses Pd(PPh3)4 either as
the pre-formed complex or by its formation in situ.769

6.2 General Reactions of Amino Acids. — 6.2.1 Thermal Stability of Amino
Acids. The stability of selected amino acids under attempted redox constrained
hydrothermal conditions has been investigated.770 The pyrolysis of amino acids
has been studied and the recovery of starting materials and the yields of conden-
sation products have been determined; the study aims to shed light on the
problem of thermal stability of small biomolecules during their extraterrestrial
delivery.771 The mechanisms of thermal decompositions have attracted interest;
the thermo-decomposition of asparamide has been studied.772 It has been dem-
onstrated that the thermal decomposition of the non-natural amino acidN-(tert-
butoxycarbonyl)-p-fluoro-phenylalanine is slightly different from that of its
iodo-analogue in that the dehydration reaction is intramolecular.773

6.2.2 Reactions at the Amino Group. Studies on the use of the Fmoc-protecting
group continue; a range ofN�-protected amino acids have been synthesised using
Fmoc as an acylating agent under neutral conditions. The procedure circum-
vents the oligomerisation that occurs under Schotten-Bauman conditions.774

9-Fluorenylmethyl fluoroformate is suggested as a useful reagent for the syn-
thesis of Fmoc amino acids; the products are largely dipeptide free.775 Fmoc-
Serine amide has been prepared by a Schotten-Baumann acylation method from
Fmoc-Cl and H.Ser-NH2.HCl.776 A simple method for the removal of the Fmoc
group has been reported. The method uses catalytic BDU in the presence of
aliphatic or polymer-supported thiol.777

2-(4-Nitrophenylsulfonyl)ethoxycarbonyl (Nsc) is proposed as a new N-pro-
tecting group778and the relativemerits of theNsc and FmocN-protecting groups
have been compared.779 Protection of 3,4-dihydroxyphenylalanine using cyclic
ethyl chloroformate is proposed for the hydroxy groups for Fmoc solid phase
peptide synthesis.780 Z- and Boc-Protected amino acids have been prepared using
p-toluenesulfonyl chloride.781

Deprotection of N-tert-butoxycarbonyl groups in the presence of tert-butyl
esters has been achieved using concentrated H2SO4 in t-BuOAc or MeSO3H in
t-BuOAc:CH2Cl2. Yields ranged from 70—100%.782
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The synthesis of orthogonally protected lysine derivatives is reported from
lysine and protecting agents DdeOH, ZCl and Alloc-Cl.783

Monobenzylation of amino acids occurs at ambient temperature using benzyl
chloride in water containing potassium carbonate,784 while mono-alkylation of
N-(nitrophenyl sulfonyl) �-amino acid esters under solid-liquid PTC conditions
occurred with excellent yields without detectable racemisation.785 Reaction of
-serine and -threonine with 2-chloroethanol in aqueousKOH gaveN,N-bis(2-
hydroxyethyl)--serine and -threonine.786

Maillard reaction compounds have been produced by interaction of amino
acids and secondary amines with carbonyls.787

Various studies on Schiff base complexes of amino acids have been reported;
complexes of cobalt(II), nickel(II), copper(II) and zinc(II) with 2-pyridinecar-
boxaldehyde and a potentially tridentate amino acid,788 and some bidentate
amino acids are reported,789 complexes of bidentate Schiff base from p-hy-
droxybenzaldehyde and -(�)-cysteine;790 dimethyltin dichloride with amino
acid Schiff bases gave 1:2 coordination compounds.791 The synthesis, mechanism
of formation and NMR spectra of lanthanide complexes with an unsymmetrical
Schiff base are reported.792

Kinetic studies of the interaction of amino acids with aldehydes have also
appeared; with vanillin the reactions showed 1st order kinetics.793 The kinetics of
the condensation of glutaraldehyde with amino acids have been studied using
UV, pH measurements, microcalorimetry and analysis of functional groups.794

Reaction of amino acids with o-phthalic aldehyde in the presence of sulfite and
cyanide ions enabled their determination by spectrophotometric and fluoromet-
ric methods.795

Studies were reported on the complexes of organo tin(IV) compounds with
Schiff bases formed from heterocyclic ketones and amino acids. The resulting
compounds were studied by NMR and screened for antibacterial activity.796

Various studies of the alkaline permanganate degradation of amino acids have
been reported.797—799

6.2.3 Reactions at the Carboxy Group. The (2-phenyl-2-trimethylsilyl)ethyl group
is proposed as a new carboxy protecting group; the group can be cleaved with
tetra-n-butyl ammonium fluoride.800 The deprotection of t-butyl esters using
HNO3 in CH2Cl2 has been investigated. Some unwanted transformations were
observed.801 The electrochemical deprotection of amino acids from their Dim
esters is reported.802

Boc and Z-Protected amino acid fluorides have been synthesised using DAST
as a fluorinating agent.803

Studies on the decarboxylation of amino acids have been numerous, reported
for the reactions themselves, kinetic and mechanistic studies have been reported
for the decarboxylation of amino acids by chloramine T,804 with and without the
presence of micelles,805 and on the role of chlorine in the reaction806 or for
synthetic purposes. A mild and efficient method is reported for the synthesis of
2-substituted pyrrolidinones from amino acids by a tandem radical decarboxyla-
tion—oxidation. The reaction proceeds with high yields and good stereoselectiv-
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ity.807 A new syntheticmethod for the preparation of imides through an oxidative
photodecarboxylation reaction of N-protected �-amino acids using FSM-16, a
mesoporous silica.808 The anodic oxidation of N-acetylisoleucine resulted in a
decarboxylation/methoxylation product.809

The rate of spontaneous decarboxylation of amino acids has also been
studied.810

An efficient procedure has been reported for the reduction of �-amino acids to
enantiomerically pure �-methyl amines using LiBH4/TMSCl reagent.811

A range of imidazoles, including the histidine (47), and thiazole (48) with chiral
side chains derived from amino acids have been prepared fromN-Cbz-protected
�-amino glyoxals. The �-amino glyoxals were obtained from -amino acids via
diazo ketones.812—814

Kinetic studies on basic procedures have been reported on the esterification of
-phenylalanine by methanol,815 and on the base-catalysed hydrolysis of amino
acid esters in the presence of Cu(II)-complexes with a polymer of glutamic acid
and ethane-1,2-diol. The rate is enhanced by the presence of these polymers.816

6.2.4 Reactions at Both Amino and Carboxy Groups. Kinetic and mechanistic
studies have been reported of the oxidative deamination and decarboxylation of
-valine by alkaline permanganate,817 of silver(I) ion-catalysed oxidative
deamination and decarboxylation of ,-valine by acidic permanganate,818 of
-amino acids by potassium permanganate in moderately concentrated sulfuric
acid; the latter reaction occurs in a two-stage process, both stages first order819

and of six amino acids by chloramine T.820

A study of isotope fractionation during radiation-induced decarboxylation
and deamination of L-leucine showed that was more pronounced for 13C/12C
than for 15N/14N.821

A facile method for the transformation of N-(tert-butoxycarbonyl) �-amino
acids to N-unprotected �-amino methyl esters is reported.822

The Dakin—West reaction of N-alkoxycarbonyl-N-alkyl-�-amino acids em-
ploying trifluoroacetic anhydride is reported.823

6.2.5 Reactions at the �-Carbon Atom of �- and �-Amino Acids. Other papers
under this heading may also appear in the synthesis Sections 4 or in Specific
Reactions (6.3), depending on the emphasis of the paper.
The direct asymmetric �-methylation of �-amino acids in two steps has been

reported.N-protected amino acids were treated with KHMDS followed by MeI
in THF/toluene to give high yields with good enantiomeric excess.824 The
stereoselective alkylation of aldimines; prepared from �-amino esters and
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pyridoxal models having an ionophoric side chain composed of a chiral glycerol
structure; in the presence of Li�orNa� gave �,�-dialkyl amino esters after acidic
hydrolysis.825

The treatment ofN-MOM-N-Boc-�-amino acid derivatives with potassium
hexamethyldisilazide followed by methyl iodide under low temperature condi-
tions good yields of the corresponding �-methylated products.826 Reaction of
trifluoracetic anhydride with �-hydroxy acids or �-amino acids in the presence of
pyridine was a convenient synthesis of �-trifluoromethylated acyloins.827

6.3 Specific Reactions of Amino Acids. — For this year’s review, in order to
obviate the ever swelling size of Section 6.3, which has become something of a
‘catch all’ section, an attempt has been made to find more specific locations,
either in ‘Synthesis’ or a specific reaction site (e.g. Section 6.2) for more of the
papers.

Reviews of biodegradability characteristics and applications of asparagine
acid-828 glutamic acid-829 and methylglycine-based chelating agents have ap-
peared.830 The use of amino acids in the synthesis of heterocyclic compounds
continues to prosper. A facile synthesis for heterocycles containing a glycine
residue has been reported.831 A mild and efficient conversion of �-hydroxy
amides (49) to oxazolines (50) is described using DAST and (MeOCH2CH2)NSF3
reagents. DAST gives higher yields for serine-containing substrates, whereas
(MeOCH2CH2)NSF3 gives higher yields for threonine.832 Z, BOC, FMOC and
ALLOC derivatives of 5-aminooxazoles were prepared in one step from acyl
amino acids and chlorosulfonyl carbamates.833 A solid phase procedure, giving a
high yield and optical purity, for the synthesis of the uracils (51) and (52) has been
reported, using resin-bound amino acids with isocyanates.834 A one pot synthesis
of the novel 5,11-dioxo-6-methyl-5,9,10,11-tetrahydro-8H -naphtho[2,3:1,2]pyr-
rolizine and its 9-acetoxy analogue835 and a facile and convenient synthetic
method for fluorine-containing 1H-pyrrolo[3,2-h]quinolines have been re-
ported.836

Other novel cyclisation reactions have included an intramolecular de-
fluorinative cyclisation synthesis of difluoromethylated quinazolic acid deriva-
tives,837 heterocycles of type (53) have been produced by the rearrangement, in
alcohol, of ester or nitrile derivatives of �-amino acids with the formation of a

1: Amino Acids 43



�-peptide link.838 The reaction of aspartic acid derivatives with Grignard re-
agents yielded �,�-disubstituted �- and �-aminobutyrolactones.839 Optically ac-
tive �-amino acidN-carboxyanhydrides have been synthesised through cyclising
N�-Boc �-amino acids using PBr3.840 The -�-(phthaloylamino)oxy acids (54, R
� iso-Pr, sec-Bu, CH2Ph, CH2CONH2) were synthesised using a Mitsunobo
reaction from -amino acids with inversion of configuration.841 Papers have
reported the conversion of amino acid derivatives to alkaloids or their precur-
sors; via N-acyliminium ions generated in a one-pot radical decarboxyla-
tion—oxidation842 and heterocyclic-�-amino esters were shown to be dias-
tereoselectively alkylated with alkyl halides to lead to direct precursors of
bicyclic alkaloids.843

Studies of the reactions of amino acids with other natural products, hetero-
cycles and other compound types have continued. The synthesis of amino acid
derivatives of 7-methoxycarbonylneoflavones,844 optically active derivatives
methylated 5-amino-azaheterocycles845 and naphthalene-1,2-dione-amino acid
adducts have been reported.846 Amino acid-estradiol derivatives have been syn-
thesised enzymatically for the first time using a protease-catalysed condensa-
tion.847

Complexes of adducts of amino acids with nucleobases and of their model
compounds have been discussed.848 The formation of a N-glycosidic linkage
between N-acetylglucosamine and asparagines, using aspartic acid �-fluoride in
combination with either glycosyl azide or Bu4NF, has been investigated.849

Diaryl-selenides and selenones containing amino acid moieties have been syn-
thesised from 4�-nitro-4-aminodiphenylselenide.850

The kinetics and mechanism of the reaction between amino acids and stable
free radicals derived from 2,2�-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid)
have been investigated. The reaction has a three-step mechanism with complex
kinetics.851

Amino acids are used as ligands or supports in various reactions. The syn-
thesis of polymer supported �-amino acids and their application in the alkyla-
tion of arenes has been described.852 Enantioselective Si—H insertion of methyl
phenyldiazoacetate catalysed by dirhodium(II) carboxylates incorporating N-
phthaloyl-(S)-amino acids as chiral bridging ligands has been reported.853

Some phosphorus-containingderivatives and analogues of amino acids do not
fit snugly into the section on synthesis of compoundswith phosphorus in the side
chain. They are reported here. 5�-O-Derivatisation of AZT with the O-methyl
esters of phenylalanine and tryptophan gave 5�-amino acid phos-
phoramidothioates.854

Sulfamates, R-X-SO2-NH2 (X�O, NH), derived from amino acids, have been
shown to react with trialkyl phosphates, in the presence of diisopropylazodicar-
boxylate, to give phospha-�5-azenes which undergo an imidate—amidate rearran-
gement to yield N-phosphorylsulfamates, bioisosteres of pyrophosphate.855 The
synthesis has been reported of N-alkyl-(�-aminoalkyl)phosphine oxides and
phosphonic esters, e.g. (MeO)2P(O)CHPhNHCH(CH2CHMe2)CO2CH2Ph start-
ing from �-amino acids.856 Condensation of allylated amino acids with methyl or
vinyl phosphonic dichlorides gave rise to three diastereomeric P-chiral amino
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acid-derived phosphonamidic anhydrides. The mechanism of the reaction is
discussed.857 2-Hydroxy esters of oxophosphorus acid react with glycine to give
amidoglycine H-phosphinate and cyclic phosphoamido anhydrides.858

The kinetics and products of the thiophosphorylation of histidine have been
reported.859 The Michael addition reactions of O-quinone methide, generated
thermally and photochemically in water, to amino acids and glutathione to give
alkylated products has been reported860 and that between chiral Ni(II) complex
of glycine and 3-(trans-enoyl)oxazolidin-2-ones have been reported. The latter
show electron donor—acceptor attractive interaction-controlled face dia-
stereoselectivity.861 Similar addition reactions involving allyl groups, e.g. dia-
stereoselective addition of allyl reagents to variously N-protected -alanals,862

and the reaction of allyl isothiocyanates with amino acids and peptides in model
aqueous systems have been studied. The latter reactions are pH-dependent.
Mechanisms of the observed reactions are proposed.863

Complexes/compounds of amino acids with metals can be divided into two
types, those containing an amino acid and the metal and those containing a third
component (tertiary complexes).
The coordination chemistry of amino acids with platinum and palladium has

been reviewed864 and the preparation of chiral cyclopalladated liquid crystals
from amino acids has been described.865

Studies of binary complexes have included the formation of complexes be-
tween -carnosine and Cu(II) and their role as catalysts in the hydrolysis of
amino acid esters,866 synthesis and characterisation of manganese(II), cobalt(II),
nickel(II) and palladium(II) complexes of ,-aspartic acid,867 a method for
attaching organometallics to the C-terminus of amino acids via a Pd-catalysed,
two step procedure is presented,868 the preparation and reactions of stannylated
amino acids,869 stereoselective synthesis of ferrocenyl amino acids,870 synthesis
and characterisation of La(III) solid complex with -hydroxyproline,871 and gold
complexes with glycine, histidine and tryptophan. The antimicrobial activity of
the complexes is reported.872

The reaction of lysine with 18-molybdophosphate to give a salt formulated as
(Lys)2H6[P2Mo18O62]16H2O has been reported.873

The complexation of asparagine by dioxovanadium(V) has been studied and
the stability constants measured.874

A thermochemical study has been reported of the solid phase coordination
reaction of glycine and copper hydroxide.875 The kinetics and mechanism have
been studied of the reactions of bis(guanide)copper(II) with amino acids in
aqueous media.876

Tertiary complexes of Cu(II) and Zn(II) with 2,2�-bipyridal as a primary ligand
and amino acids as secondary ligands are reported.877 Amino acid-derived or-
ganozinc reagents have been coupled with aryl triflates at room temperature
using palladium catalysts.878 The complexation of individual amino acids, and
amino acids in general, with various metals has been studied over the time
period; specifically, complexation of praseodimium and calcium cations with
N-benzoyl glutamic acid.879

The reaction of glycinatocopper complexes with cinnamaldehydes under
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mildly basic conditions gave polysubstituted prolines which can be systemati-
cally modified in a number of chemoselective transformations880 and new chiral
ligands derived from (S)-leucine for the enantioselective addition of diethyl zinc
to aldehydes have been described.881 The reactivity of peroxo �-amino acid
(glycine, alanine, valine and leucine) complexes of molybdenum(VI) towards
nitric oxide and carbon dioxide in water solutions has been investigated.882 The
structure of a metallated NCA product and its role in polypeptide synthesis
involved in the reactions of �-amino acid-N-carboxyanhydrides (NCAs) with
organometallic palladium(0) and platinum(0) compounds has been inves-
tigated.883

The decomposition of an amino acid cupric complex using tetrahydro-
thiazole-2-thione for the preparation ofN�-Boc-N�-Fmoc--lysine is reported.884

There have been many papers on the subject of oxidation, most of them fairly
routine. Summarising, kinetics andmechanism of the oxidation of various amino
acids have been reported; -cysteine, -cystine and N-methyl--cysteine by po-
tassium ferrate;885 -cycloserine by sodium B-bromo-p-toluenesulfonamide in
acid,886 -(�)-aspartic acid by diperiodatonickelate(IV) in aqueous alkaline me-
dium887 and acidic Mn(III) has been used to oxidise phenylalanine,888 and -
lysine.889 A series of papers have appeared on the oxidation of various amino
acids by vanadium(V) in a micellar system in the presence of sulfuric acid.890—894

The kinetics and mechanism of oxidation of �-amino acids by benzyl-
trimethylammonium chlorobromate,895 and of methionine by hexamethyltet-
ramine-bromine896 have been studied. Methionine has also been oxidised by
peroxynitrite.897

Kinetic studies of the oxidation of cysteine in oxygen-saturated aqueous
solution in the presence of Cu(II)-containing polymers,898 and its autoxidation
catalysed by copper complexes have been reported. The latter study indicated
that catecholamines stimulated the process.899

The electroreflectance (ER) technique has been applied to the study of the
electrooxidation of some simple amino acids on a Pt(III) surface in acid me-
dium900 and an electrocatalytic oxidation reaction at a copper microelectrode
has been described, which allows the detection of underivatised peptides and
amino acids using sinusoidal voltammetry.901 The oxidation of protein amino
acids by free stable hydrazyl radicals (e.g. 2-p-phenylsulfonic acid 2-phenyl
picrylhydrazyl Na salt) has been studied spectrophotometrically.902

The ozone oxidation products of amino acids and small peptides have been
identified by Electrospray mass and Tandem mass spectrometry.903 Dia-
stereoselective sulfoxidation of methionine and cysteine derivatives in super-
critical CO2 shows a dramatic pressure dependence; the major product was
found to be ‘anti’.904

Reduction of amino acids has also been widely reported. A simple method for
the reduction of carboxylic acids to aldehydes or alcohols using H2 and Pd/C905

and the reduction of amino acids containing a hydroxy side chain to �-amino
alcohol and the preparation of their peptide alcohols have been studied.906

Enantiomerically pure 2-amino alcohols have also been prepared by the reduc-
tion of ��-(N-Boc)amino �-ketosulfoxides,907 while syn-�-hydroxy-�-amino acids
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have been derived from stereoselective sodium borohydride reduction of �-oxo-
�-amino acids catalysed by manganese(II) chloride.908 A study has shown that
the one-electron reduction of selenomethionine oxide occurs more readily than
for its sulfur analogue, methionine oxide.909

Asymmetric hydrogenation of unsaturated amino acids has been performed
using a new aminophosphine phosphinite ligand derived fromketopinic acid as a
catalyst,910 and rhodium complexes with chiral 4-(diphenylphosphanyl)-1-(dia-
lkylamino)butane in the presence of SDS have been investigated. Stereoselectiv-
ity was found to be higher in water than in methanol.911 The mechanism for the
homogeneous hydrogenation of dehydroamino acids has been deduced using
information based on kinetic studies and NMR characterisation.912

A number of reactions do not fit comfortably into other categories and so they
are listed here. An improved method for cysteine alkylation, involving the
refluxing the cysteine thiol with the appropriate alkyl bromide in a solution of
sodium ethoxide in ethanol, is reported.913

Isomeric 4-prolinyl and 4,4-diprolinyl amines have been synthesised from
4-epimeric N-Boc-4-hydroxyproline tert-butyl esters.914 The synthesis of N-�-
amino aldehydes from their morpholine amide derivatives is reported.915

AMannich-type reaction of imines withN-protected amino acid chlorides has
been found to give good stereoselectivity (99%) using N,N-phthaloyl-tert-
leucine as a chiral auxiliary.916

Various reactions, including �-fragmentation reactions, involving aminyl rad-
icals from amino acids have been reported.917 The synthesis of aspartic acid
derivatives useful for the preparation of misacylated transfer RNAs has been
described.918

The kinetics have been reported of the reaction of sodium glycinate with
benzoyl chloride under inverse phase transfer catalysis.919

6.4 Effects of Electromagnetic Radiation on Amino Acids. — Irradiation studies
have concentrated this year on alanine; two studies using EPR of irradiated
alanine,920 one concentrating on relaxation rates of stable paramagnetic
centres.921 Ab initio and semi-empirical methods were used to model radical
formation in -alanine after irradiation; mechanisms of radical formation were
deduced.922

An efficient nucleophilic substitution reaction of aryl halides with amino acids
under focused microwave radiation has been reported.923

Laser flash photolysis has been use to study a number of reactions; 4-nitro-
quinoline-1-oxide with -methionine and its dipeptides have been studied using
248 nm laser flash photolysis,924 the mechanism of the pyrene sensitised photo-
decomposition of N-phenylglycine depends on the addition of an acceptor as
additive.925 The pH dependence of the photoionisation of aromatic amino
acids926 and the characterisation of transient species of aromatic amino acids
using acetone as photosensitiser under laser photolysis have been reported.927

A nanosecond laser flash photolysis study is reported of the fast decarboxyla-
tion of aliphatic amino acids induced by 4-carboxybenzophenone triplets in
aqueous solution. The transfer of protons from aminium radicals within the

1: Amino Acids 47



solvent cage gives rise to aminyl radicals, which undergo �-decarboxylation. The
rate constant for this reaction is an order of magnitude above that observed for
the decarboxylation of acyloxy radicals in aqueous media.928 Supersaturated
aqueous solutions of glycine exposed to intense pulses of plane-polarised laser
light have been shown to crystallise unexpectedly into the �-polymorph of
glycine.929

UV photolysis of protected glycines in the presence of di-tert-butyl peroxide,
benzophenone and substituted toluenes lead to selective alkylation at the �-
position.930 The synthesis and characterisation of a photolabile precursor of
glycine is reported. The photolysis of the caged-glycine is reported and is
proposed as a useful tool for the investigation of the glycine receptor.931

The photoionisation characteristics have been reported of amino acids
covalently tethered to a naphthol chromophore. The chromophore was separ-
ated from the amino acid by an alkyl chain.932 The photo-induced electron-
transfer of ruthenium complexes with derivatised proline residues has been
studied.933 The mechanism of the photolysis reaction of N-bromo-N-tert-butyl-
N�-phthaloylphenylalaninamide to give a 1:1 mixture of the diastereoisomers of
3-bromo-N-tert-butyl-N�-phthaloylphenylalaninamide (55) is reported.934

The mechanism of pH-dependent photolysis of aliphatic amino acids and
enantiomeric enrichment of racemic leucine by circularly polarised light is
investigated.935An enantioselective fluorescence effect that can be used for deter-
mining the optical purity of proline has been reported. The method uses cop-
per(II) complexes of modified cyclodextrins.936 Fluorescence-quenched ternary
complex Cu2�/4-(dimethylamino)benzonitrile/�-cyclodextrin interacted with
glutamate to restore the fluorescence.937 High pressure was found to shift the
fluorescence spectra of tryptophan and its derivatives to the red direction,
mechanisms for the shift were discussed.938

7 Analytical Methods

7.1 Introduction. — Reviews have appeared of the column chromatography,939

and mass spectrometry and GCMS of phosphorus analogues of amino acids.940

7.2 Gas–Liquid Chromatography. — The optimum conditions have been re-
ported for the analysis of amino acid esters by GC using a flame ionisation
detector.941 GC—MS methods for the analysis of stable isotope-labelled amino
acids in biological samples continue to attract interests. Methods for the deter-
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mination of stable isotope-labelled cysteine and glutathione in biological
samples942 and for the simultaneous determination of isotopic enrichments of 13C
labelled homocysteine and methionine in human plasma byGC-negative chemi-
cal ionisation MS has been reported.943 A procedure has been reported for the
spectrophotometric determination of aromatic and heterocyclic amino acids in
mixtures using the Vierordt method.944 A GC—MS study has been reported of
trimethylsilyl/t-butyldimethylsilyl derivatives of amino acids in model sys-
tems.945

7.3 Ion-exchange Chromatography. — Amino acid analysis (especially using
ion exchange column chromatography) and its relevance to the silk industry has
been reviewed.946

Amperometric determination has been shown to be useful for the determina-
tion of underivatised amino acids at a nickel-modified gold electrode by anion
exchange chromatography.947

Various theoretical studies of ion exchange chromatography have been re-
ported. Various calculations and theoretical models have been performed on the
molecular sorption of amino acids on ion-exchange resins. The calculations were
suitable for the prognostication of the selectivity of the ion-exchange sorption of
amino acids.948—950 Electric mass transfer of amino acids through ion exchange
membranes has been modelled experimentally by the laser interferometry
method. Direct proof has been obtained for the barrier effect in electrodialysis of
amino acids.951

Ion exchange equilibria of amino acids on strong anionic resins in the hydrox-
ide form have been reported.952 A study has been reported of the separation of
amino acids by displacement chromatography using carbon dioxide as a dis-
placer.953 A report has appeared of the desalination of a mixture of amino acids
using salt-type polystyrene-based strongly acidic cation exchange resin using
H2O as eluant so that the resin did not need regenerating.954

7.4 Thin-layer Chromatography. — The thin-layer chromatographic behaviour
of twenty-four amino acids was examined on plain silica gel and impregnated
with cationic and anionic solutions using water-in-oil microemulsions as mobile
phase.955 A new chiral �-cyclodextrin-bonded stationary phase substituted by
3,5-dinitrobenzoyl groups has been reported for the separation of dansyl amino
acid enantiomers.956

The TLC properties of sulfur-containing amino acids have been compared
with their phosphonic analogues.957 A reversed phase TLC study has been
reported of the interaction of fourteen hydrazines with amino acids and Bovine
serum albumin.958

7.5 High Performance Liquid Chromatography. — The separation and determi-
nation of amino acids in food by HPLC have been reviewed. 959

The application of LC/MS to the determination of absolute configuration of
amino acids has been reviewed.960

An HPLC separation system for underivatised amino acids has been coupled
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with a fluorescence detection system, giving detection limits of the order of 10
ppm961 and a system of indirect amperometric detection for these materials for
use in microcolumn liquid chromatography has been described.962

A procedure has been reported for the determination of amino acids in human
blood serum using reversed phase HPLC963 and HPLC-UV has been used to
determine the amount of lysine in a lysine hydrochloride injection.964

Chiral HPLC has been used for enantiomeric separation of �-methyl-�-amino
acids. Two different methods were employed for derivatised and underivatised
compounds.965 HPLC methodologies using a chiral stationary phase based on
the glycopeptide antibiotic teichoplanin has been used for the separation of
stereoisomeric cyclic �-substituted �-quaternary �-amino acids,966 for enan-
tioseparation of N-(tert-butyloxycarbonyl)amino acids,967 for the recognition of
amino acids and structurally related compounds,968 and a procedure for the
determination of the chiral purity of synthetic amino acids by HPLC has also
been described.969

When phenylthiohydantoin derivatives of �-amino acids were separated using
polysaccharide-based chiral stationary phases, it was reported that Chiralcel OF
preferentially retained -isomers, whereas Chiralpak AS was better for -
isomers.970 Enantiomeric and diastereomeric HPLC separation of cyclic �-sub-
stituted �-quaternary �-amino acids (cycloalkanecarboxylic acids) was achieved
on a copper(II)--penicillamine chiral stationary phase. Optimum conditions for
the separation of the four possible stereoisomers of each compound in a single
run were investigated971 and the direct HPLC enantioseparation of N-protected
�-methyl-substituted unusual amino acids on a quinine-derived chiral anion-
exchange stationary phase has been described and the effects of different protect-
ing groups were investigated.972 Various methods of derivatisation have been
reported. In order to analyse the various amino acids in rumen fluid, samples
were derivatised with 9-fluorenylmethyl chloroformate and separated with a
methanol gradient in sodium citrate buffer,973 N-hydroxysucciminidyl-�-naph-
thyl acetate has been proposed as a precolumn derivatisation reagent for the
separation and determination of amino acids by reverse phase HPLC974 and
pre-column derivatisation of amino acids by o-phthaldialdehyde/mercap-
toethanol and Fmoc with two fluorescence detectors followed by HPLC separ-
ation975

Methods have been reported for the simultaneous determination of -
phenylalanine and branched chain amino acids in plasma by LC with a co-
immobilised enzyme reactor and fluorescence detection976 and the temperature-
responsive chromatographic separation of amino acid phenythiohydantoins
using aqueous media as the mobile phase HPLC using modified silica gel with
functional polymers. The polymer-grafted surface exhibits temperature regu-
lated hydrophobic/hydrophilic properties changes in water.977

The effect of the size of the alkyl substituent on the ester group of benzoyl
derivatives of amino acids on the selectivity of the stationary phase (R)-3,5-
dinitrobenzoylphenyl glycine and binary nonaqueous eluents has been inves-
tigated.978

Synthetic �-heterocyclic and �-naphthyl alanines and phenylalanines have
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been separated on reversed-phase HPLC after derivatisation with FDNP-Val-
NH2. The -isomers were eluted faster, providing a determination of chiral
purity.979

7.6 Capillary Zone Electrophoresis (CZE) and Related Analytical Methods. —
There is some overlap in this sectionwith the separation of enantiomers of amino
acids. Generally, if the emphasis is on the technique, then the paper appears here.
Amendments to the techniques of capiliary electrophoresis have included;

sample pre-concentration by filed amplification stacking for microchip-based
capillary electrophoresis has shown up to 20-fold signal gains,980 pressurised
gradient capillary electrochromatography for the separation of eighteen amino
acids,981 the development of glass microchips, integrating chemical derivatisa-
tions, electrophoretic separations and end column amperometric detections for
measurements of amino acids.982 Amino acids have been separated using planar
capillary electrochromatographywith an integrated fritless column and conven-
tional stationary phase.983

Amino acids have been separated by aqueous two-phase electrophoresis
coupled to traditional extraction984 and using two-phase electrophoresis with
dextran-polyethylene glycol-water as a working system.985 Amino acid enan-
tiomers have also been separated using two-dimensional capilliary electrophor-
esis coupled to TLC. The TLC plates, which used a mobile phase containing a
high concentration of �-cylodextrins, were imaged by laser-induced fluor-
escence.986

A new detection technique exploiting indirect fluorescence has been adapted
to the electrophoretic microchip to provide fast analysis of amino acids; sensitiv-
ity was lower than previous methods, but the ease of use makes the system
attractive.987 Amino acids and peptides have also been fluorescently labelled,
concentrated in organic solvent, separated by CZE and detected by fluor-
escence,988 while fluorescein isothiocyanate-labelled amino acids have been sep-
arated by capillary electrophoresis with laser-induced fluorescence detection.989

N-Dansyl amino acids have been detected on capillary electrophoresis—
chemiluminescence analysis using peroxyoxalate reagent. The method had a
detection limit of 1� 10�8 M for N-dansyltryptophan.990

An on-column derivatisation and analysis of amino acids, peptides and al-
kylamines by anhydrides has been performed using capillary electrophoresis.991

An analysis of amino acids from peptide and protein hydrolysates after de-
rivatisation with phenylisothiocyanate is reported using capillary electrophor-
esis using SDS in phosphate buffer. The results show a 20-fold increase in
sensitivity over the HPLC method.992

Developments have been reported in the experimental procedures for the
chiral separation of amino acid derivatives using capillary electrophoresis. The
study indicated that the best experimental conditions varied for each compound
analysed.993 Investigations of the separation of chiral acids994 and N-derivatised
amino acids995 using enantioselective non-aqueous capillary electrochromatog-
raphy systems have been reported. Chiral separation of amino acids has been
achieved by ligand exchange capillary electrochromatography using continuous
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beds.996 Various chiral selectors have been applied to the separation of enan-
tiomers by capillary electrophoresis. Amphiphilic aminosaccharide derivatives
have been used as chiral selectors in capillary electrophoresis; their selectivity
differed for dansyl amino acids997 and teichoplanin has been applied to a back-
ground electrolyte for enantioseparation of N-(tert-butyloxycarbonyl)amino
acids as well as to the stationary phase on HPLC (see also Section 7.5).998

Enantioseparation of anionic analyates by non-aqueous capillary electrophor-
esis using quinine and quinine derivatives as chiral counter ions forN-protected
amino acids using benzoyl, nitrobenzoyl and nitrobenzyloxycarbonyl protecting
groups has been reported.999

Overlapping peaks of amino acid derivatives in capillary electrophoresis have
been resolved using multivariant curve resolution based on alternating least
squares.1000 Phenylalanine, isoleucine and tyrosine derivatives of 1,2-naphtho-
quinone-4-sulfonate were found to be only partially separated by capillary
electrophoresis. Partial least squares regression overcomes lack of selectivity for
these amino acids. Histidine and leucine derivatives were not separated.1001

7.7 Assays for Specific Amino Acids. — The methods of determination of total
homocysteine in plasma have been reviewed.1002 Automatic immunoassay for
total plasma homocysteine using a competitive fluorescent polarisation tech-
nique has been reported.1003 -Cysteic acid has been analysed by reversed-phase
HPLC.1004 An assay is reported for 3-nitrotyrosine in biological tissues and fluids
using combined liquid chromatography and tandem mass spectrometry. It is
reported that under appropriate conditions 3-nitrotyrosine is formed as an
artefact in sample extraction and derivatisation.1005
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2
Peptide Synthesis

BY DONALD T. ELMORE

1 Introduction

In contrast to the previous review,1 there was a plethora of review articles in 2000
related to this subject. Some2—12 cover various aspects of peptide synthesis
whereas others are cognate to particular sections as follows: Section 2.1,13—16

Section 2.2,16 Section 2.3,17 Section 2.4,18 Section 2.5,19—28 Section 2.6,29—44 Section
2.7,45—49 Section 3.1,50—58 Section 3.3,59—61 Section 3.4,62—64 Section 3.5,65—73 Section
3.6,74—78 Section 3.8,79—83 Section 3.9,84—88 and Section 3.10.89,90

2 Methods

2.1 Amino-group Protection. — Removal of Boc groups from peptide deriva-
tives containing But ester groups can be effected in good yield using either
concentratedH2SO4 (1.5—3.0 equivalents) in AcOBut or MeSO3H (1.5—3.0 equiv-
alents) in AcOBut/CH2Cl2 (4:1 v/v).91 N-Protected derivatives of �-amino acids
are accessible from the corresponding derivative of an �-amino acid fluoride by
the two-step Arndt—Eistert method of chain elongation.92 The catalytic transfer
hydrogenationmethod in presence of ammonium formate can be used to remove
halogenated Z-groups.93 Following a brief mention in the previous report,1 the
base-labile N-protecting group, 2-(4-nitrophenylsulfonyl)ethoxycarbonyl (Nsc)
has been examined alongside the Fmoc group by two research teams.94,95 The
former team concentrated on the synthesis of melanotropins and analogues, but
obtained yields that did not permit a clear distinction between the values of the
Fmoc andNsc groups. The other team found the Nsc group particularly suitable
for SPPS when the amino acid derivatives are stored in solution and where loss
of chiral purity is likely to occur during coupling. Clearly, the jury is still out and
we await a more definite verdict. In addition, it would be helpful to compare the
two groups in enzyme-catalysed syntheses. The Fmoc group can be removed
efficiently without loss of chiral purity using AlCl3 in toluene in solution syn-
theses,96 but it is doubtful if this technique will gain much popularity. A catalytic
amount of 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in the presence of aliphatic
or polymer-bound thiols removes Fmoc groups at room temperature.97 Provided
that the synthetic peptide does not contain disulfide bonds, this appears to be an
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attractive method. (2-Nitrofluorenyl)methoxycarbonyl amino acids can be pre-
pared, perhaps surprisingly, by nitration of Fmoc amino acids with 100%HNO3

in CH2Cl2.98 It remains to be seen if this work offers more than a backward look
to the sledgehammer chemistry of the 19th century. Chemistry that is muchmore
in tune with the 21st century uses 2-(1-adamantyl)-2-propyl-(4�-nitrophenyl)
carbonate (1) to prepare 2-(1-adamantyl)-2-propyloxycarbonyl amino acids.99

The propargyloxycarbonyl group100 can be introduced on to amino functions
using propargyl chloroformate. The substituent is stable to neat CF3CO2H but is
cleaved by a mixture of CF3CO2H and Co2(CO)8 in CH2Cl2. It is also removed by
Zn/AcOH. The proposed abbreviation (PrOC) for this group could indicate
other structures and Ppgoc is suggested as alternative. Another new protecting
group for the amino function is the (2-phenyl-2-trimethylsilyl)ethoxycarbonyl
substituent (Psoc)101 that is removed under very mild conditions with Bun

4NF in
CH2Cl2 more rapidly than is the 2-(trimethylsilyl)ethoxycarbonyl group leading
to fewer side reactions.

Finally, although not intended for peptide synthesis, the use of a bacterial
deformylase enzyme to remove the N-formyl group of a 5�-formyldipeptidyl
derivative of 5-fluorodeoxy-uridine (prodrug) that leads to the release of 5-
fluorodeoxy-uridine102 suggests that a revival of interest in the use of the formyl
group in peptide synthesis may be on the cards.

2.2 Carboxy-group Protection. — �-Boc amino acids can be converted into
�-amino acid methyl esters by reaction with Me3SiCl/MeOH at room tempera-
ture overnight.103 The Boc group is removed by the HCl that is generated during
the esterification step. This method, however, is unlikely to replace the direct
esterification of the parent amino acid. Pyridoxyl esters have been suggested for
protecting carboxy groups because their multifunctional character allows fur-
ther modification to be performed if the ester group is left attached at the end of
the synthesis.104 Amino acid derivatives can be esterified with (2-phenyl-2-
trimethylsilyl)ethanol.105 The esters readily undergo �-elimination with
Bun

4N�F� in CH2Cl2 to give styrene, Me3SiF and the Bun
4N� salt of the

carboxylic acid. The deprotection process is much more rapid than with the
known (2-trimethylsilyl)ethyl group. If it is desired to esterify a peptide after
SPPS on Kaiser oxime resin, this can be achieved while the peptide is still
immobilised.106 The peptidyl resin is left inMeOHor EtOHwith Ca2� or Eu3� as
catalyst. Does this reaction work with other primary alcohols such as benzyl
alcohol? The nature of the C-terminal amino acid determines the rate of reaction.
Similar exposure of the peptidyl resin to ammonia generates the amide. De-
protection of But esters can be effected with HNO3 in CH2Cl2, but simultaneous
oxidation of Tyr, Met and Trp limits the applicability of the method.107 A case
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has been advanced108 for using 4-hydroxyphenacyl esters because the protecting
group can be removed by photolysis at 300 nm in water. The synthesis of such
derivatives is achievable in good yield by reaction with 4-hydroxyphenacyl
bromide in the presence of DBU. Removal of the protecting group is accom-
panied by rearrangement to yield 4-hydroxyphenylacetic acid. The 4-hy-
droxyphenacyl ester of bradykinin was synthesised and a single flash (�1 ns)
liberated sufficient free peptide to activate bradykinin receptors as indicated by
intracellular release of Ca2� ions. A new route to quaternary Ser esters has been
reported.109 It will be interesting to learn the scope of this method. The 4-
nitrobenzyl ester group has not achieved the popularity that one might have
expected especially in view of the ease of synthesis of amino acid derivatives and
of obtaining crystalline products. A new method of removing the 4-nitrobenzyl
group uses as the catalyst an antibody (abzyme) raised with the hapten (2).110 The
antibody has been shown to catalyse the hydrolysis of monoesters of Glu. Again,
one would like to know if this method or a development thereof is generally
applicable to peptides.

2.3 Side-chain Protection. — Most of the new work in this area has been di-
rected to protection of hydroxy groups. A method for the large-scale synthesis of
O-But-serine has been described.111 The propargyloxycarbonyl group mentioned
above100 has been used for protecting hydroxy groups. The method of Nishiyama
and Kurita described last year for protecting the hydroxy group of Ser has been
more fully described.112 It has been shown to be applicable to the hydroxy group
of Thr112 and Tyr.113 A potentially useful alternative uses HO(CH2)3OH as a
reagent to protect hydroxy groups.114 This method possesses the useful property
of increasing the water solubility of hydrophobic peptides. It was tested on the
synthesis of a hydrophobic heptapeptide and more examples of its use are clearly
desirable. After SPPS, the protected peptide can be detached using 1—5%
CF3CO2H in CH2Cl2. The triethylene glycol moiety can then be removed with
neat CF3CO2Hwithout the occurrence of side reactions. The hydroxy function of
Tyr can be blockedwith the allyloxycarbonyl group.115 This can be removedwith
good yields using 20% piperidine in OHCNMe2. The synthesis of peptides of
3,4-dihydroxyphenylalanine (DOPA) offers a specific alternative for the protec-
tion of both hydroxy groups.116 Reaction with ethyl orthoformate affords the
cyclic acetal (3). Deprotection is effected by hydrolysis with NaOH in aqueous
tetrahydrofuran. Using this approach, an adhesive peptide from mussel protein
was synthesised.
In addition to its use to protect hydroxy groups, the cyclo-hexyloxycarbonyl

group has been used to prevent the indole N atom of Trp from interfering in
peptide synthesis.117 Removal of the group, however, can be complicated by side
reactions. Using HF in presence of anisole or 4-cresol, products involving
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2,2�-coupling of two indole rings or similar coupling of one indole ring and an
anisole molecule are formed. This side reaction can be prevented, however, by
using Fmoc-Leu-OH as scavenger without the addition of cresol.
The problem of protecting thiol groups and their subsequent liberation,

possibly accompanied by oxidation to the disulfide, still attracts attention. In the
Fmoc SPPS procedure, 1M-Me3SiBr in the company of PhSMe, CF3CO2H and
HS(CH2)2SH can be used to detach the peptide from the support and to remove
all protecting groups on side chains.118 Depending on the reagent used to protect
the thiol group, the carbonium ion generated during the deprotection process
can cause unwanted alkylation of the products. The amount of alkylation caused
by various carbonium ions was compared.119 It was found that the side reactions
were within acceptable limits when using either the 2,4-dimethylpent-3-yl (Dmp)
or 2,4-dimethylpent-3-yloxycarbonyl (Doc) groups and these are recommended
as the best protecting groups for cysteinyl side chains. In a project that aimed to
thiopalmitoylate a peptide while still on the resin, it was found that there can be
problems if the ButS group is used because the ease of deprotection depends on
the nature of the peptide sequence.120 It was recommended that better results are
obtained if the 4-methyltrityl group is used. All is not necessarily satisfactory,
however, when the 4-methyltrityl group is used to protect the side chain of Lys.121

Selective deprotection of peptides containing additional trityl groups was
monitored by chromatography and it was found that Trt groups were cleaved
and some product was detached from the resin.Moreover,UVmonitoring at 470
nm is regarded as inappropriate because there is insufficient difference between
the molar extinctions of the two liberated cations.

2.4 Disulfide Bond Formation. — Endothelin-1 and its 1-16 fragment have been
synthesised using H2O2 to oxidise the cysteinyl side chains to form the disulf-
ide.122 The authors claim that concomitant oxidation of Met is insignificant. The
use of bispyridyl disulfide reported last year has been further studied.123 After
generation of an unsymmetrical disulfide by reaction of a cysteinyl peptide with
2,2�-bispyridyl disulfide (Pys)2, the second stage involves reaction with another
peptide that contains a cysteinyl residue. The reader is reminded, however, of the
caveat in last year’s report that better results were obtained using the more
reactive 2,2�-bis(4-nitropyridyl) disulfide. An intriguing new method of forming
intramolecular disulfide bonds in peptides uses trans-[Pt(en)2Cl2]2�Cl2� (Scheme
1).124 Slightly acidic or neutral conditions are used and there is no oxidation of
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Met residues. The kinetics are second order. The regiospecific production of
disulfide bonds where more than one is present in the required product has
provoked considerable interest. The use of a different protecting group for each
pair of thiol groups to be oxidised is standard procedure and, in those cases
where just two disulfide bonds are to be formed, the design of a one-pot protocol
is usual. Thus, orexin A is a neuropeptide containing two disulfide bridges and
these were generated in a one-pot method using Acm and Trt groups for
orthogonal protection.125 In the synthesis of conotoxin SI,126 xanthen-9-yl (Xan)
and Acm were chosen to provide orthogonal protection for pairs of thiol groups.
Following SPPS of the linear protected precursors, The Xan groups were re-
moved simultaneously with the detachment of the peptide from the polymer
support. Production of the first disulfide bond was effected using either Me2SO
or a solid-phase version of Ellman’s reagent. For generation of the second
disulfide bond, (CF3CO2)3Tl, I2 or a sulfoxide/silyl mixture proved to be satisfac-
tory. Alternatively, the same peptide was formed from the linear precursor using
temperature-controlled removal of orthogonal protecting groups.127 These were
But and CH2C6H4Me-4. The first pair of thiol groups were liberated and oxidised
by treatment with CF3CO2H/Me2SO/PhOMe (97.9:2:0.1) at room temperature.
Subsequent heating at 70 °C liberated the remaining thiol groups and, with
probable aerial oxidation, this completed the synthesis. In another synthesis of
endothelin-1, it was claimed that the presence of Trp in the peptide required the
indole ring to be protected,128 and the Doc group is preferred because of the mild
conditions that sufficed for its removal. The orthogonal groups used were Acm
and But for regioselective formation of the disulfide bridges. Insulin-like growth
factor (somatomedin C) contains three disulfide bridges.129 Synthesis by the
recombinant DNA route gives four isomeric disulfides. Three contain the
Cys18—Cys61 bridge. The fourth does not contain this moiety and this peptide has
been chemically synthesised.

2.5 Peptide Bond Formation. — Fmoc amino acid azides have been prepared
from the corresponding acids and NaN3 and either the unsymmetrical acid
anhydride generated from BuiOCOCl or from the acid chloride.130 The products
were isolated as solids that were stable at room temperature. Some Fmoc
dipeptide esters were made by coupling at room temperature during 18 h.
Despite one short paper,131 carbodiimides have lost their pole position to abun-
dant and more modern reagents described later. When used in conjunction with
either HOAt or HOBt, however, carbodiimides still have an important role.
Methods for the preparation of N-protected amino acid fluorides and their
application to the synthesis of small peptides have been described.132,133 Aryl
esters of N-protected amino acids have been prepared byWolff rearrangement of
�-N-protected �-diazoketones in the presence of suitable phenols.134,135 The
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improvement of coupling yields obtainedwith aryl esters by addition of HOBt or
HOAt has been confirmed.136 It is now accepted that, although pentafluoro-
phenyl esters give good results, other aryl esters are unlikely to supplant the
newer coupling methods. The recent synthesis of 5-aza-1-hydroxybenzotriazole
and the 6-aza-isomer has permitted a quantitative assessment of the relative
values of all four isomers.137 The best additive remains HOAt and Carpino et al.
maintain that the possible existence of a seven-membered cyclic hydrogen
bonded structure (4) with the electron-withdrawing effect of the pyridine nitro-
gen atom could explain the enhanced reactivity of the O-acyl ester. Recent

reviews of peptide synthesis may have given the impression that there are enough
coupling methods and reagents to satisfy almost anybody. The flood of new
reagents emanating from the Li and Xu laboratory in Shanghai, however, must
appear daunting to a new entrant into the peptide field. Identification of these
reagents by four- and five-letter abbreviations only compounds the difficulty of
making a suitable choice.One could easily say that enough is enough, but what is
now required is an agreed set of tests that will lead to a table of information
about the preparation of a suite of peptides reporting important criteria such as
yield, chiral purity, ease of isolation and purification. The suite of test peptides
should include examples where there are known difficulties such as ease of loss of
chiral purity, steric hindrance, adoption of unfavourable conformations by
products, difficulty of removal of protecting groups and, where relevant, diffi-
culty of detachment of product from macromolecular supports. The data accu-
mulated should preferably reflect a consensus of results from several research
groups. Available space does not allow description of all the new coupling agents
that have been invented. Li and Xu have devoted much attention to immonium
reagents. It was found that these reagents had a higher reactivity than did
uronium compounds. Moreover, there was less loss of chiral purity when im-
monium reagents were used. It was argued that in uronium reagents, delocalisa-
tion of electrons can occur with both nitrogen atoms of the �N—C—N� moiety
resulting in a relatively high electron density at the central carbon atom. This is
unfavourable to the nucleophilic attack by the carboxylate anion that is required
to lead to the reactive intermediate that is involved in the formation of a peptide
bond. This disadvantage is overcome by replacing one of the nitrogen atoms
with hydrogen, alkyl or aryl. These immonium reagents can be prepared by
treating N-disubstituted amides with bis(tri-chloromethyl) carbonate to give
immonium chlorides. Treatment of these with SbCl5 and then with potassium
salts of active hydroxy compounds (e.g. HOBt) or the hydroxy compounds and
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tertiary base afforded the desired reagents as stable solids. A few examples of
such reagents are 5-(1H-benzotriazol-1-yloxy)-3,4-dihydro-1-methyl-2H-pyr-
rolium hexachloroantimonate (BDMP, 5), 2-bromo-1-ethylpyridinium tetraf-
luoroborate (BEP, 6) and (1H-benzotriazol-1-yloxy)-N,N-dimethylmethanim-
monium hexachloro-antimonate (BOMI, 7).138—145 BEP was found to be
particularly suitable for the synthesis of peptides of N-methylamino acids.
BDMPwas shown by X-ray crystallography to have the immoniumgroup onN3

of the benzotriazole ring rather than on the oxygen atom. It is possible that some
of the other reagents may require revised structural formulae. An immobilised
form of HOBt gives (8) on treatment with tetramethylchlorouronium tetra-
fluoroborate and this is described as being suitable for peptide coupling even in
wet solvents.146Moreover, the immobilisedHOBt can be recovered and recycled.
Presumably, the analogous immobilised form of HOAt will soon be available.
Another new coupling reagent (9) is formed from 2-chloro-4,6-dimethoxy[1,3,5]
triazine and N-methylmorpholine and is recommended for SPPS.147 O-(N-Suc-
cinimidyl)-1,1,3,3-tetramethyl-uronium tetrafluoroborate, N-hydroxysuccinim-
ide and CuCl2 is a mixture that is recommended for peptide bond formation free
from loss of chiral purity especially where the C-terminal residue forming the
peptide bond is an N-methylamino acid.148,149 It is surprising that with recom-
mendations for the use of CuCl2 coming at intervals from different teams that its
use is not more widespread.

N-Acylpyrazoles (10) are readily prepared from amino acids and their deriva-
tives and they react with amino acid esters to form peptide derivatives.150 Fmoc
amino acid esters have been used as theC-terminal component in the synthesis of
dipeptide derivatives in a one-pot procedure.151 The Fmoc group is removed by
KF that is incorporated in the coupling mixture. The obvious snag with this
method is that the Fmoc group cannot be used to protect the N-terminal residue.
Also, the coupling step requires several hours and is unlikely to be acceptable
despite the good yields obtained in these days where several steps are required to
be accomplished in a working day. Phosphorylation of trifluoromethanesul-
fonanilide provided another coupling reagent (11) that proved successful in the
synthesis of a highly hindered dipeptide, ZNHCMe2CONHCMe2CO2Me.152
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Tests on chiral purity of a model peptide in the Young racemisation test gave
2% racemisation. 3-(Diethoxyphosphoryloxy-1,2,3-benzo-triazin-4(3H)-one
(DEPBT)(12) is reported to be very suitable for the synthesis of cyclopept-
ides.153,154 Cyanuric fluoride is reported to afford better yields of sterically hin-
dered peptides than does BOP-Cl.155 2-Pyridylthiol esters in presence of Me3Al
give good yields of peptide derivatives with good nucleophiles, but not with poor
nucleophiles.156 4-Tolylthiol esters in presence of silver trifluoroacetate, in con-
trast, is less selective. Di(2-pyridyl) carbonate in the presence of a catalytic
amount of DMAP gave good yields of various amides and a few simple pep-
tides.157 The method involves the intermediate formation of the 2-pyridyl esters
of the N-protected amino acids.
An interesting variation on the solution synthesis theme involves the use of an

N-benzothiazole-2-sulfonyl (Bts) derivative of an amino acid.158 These are easily
obtained from Bts—Cl and can in turn be converted into the acyl chloride for
coupling to another amino acid or peptide. The -SO2NH- moiety permits ready
N-alkylation and the Bts group can be easily removed by three methods: (i) 50%
H3PO2 slowly added to a refluxing solution in tetrahydrofuran, (ii) treatment
with five equivalents of NaBH4 near 0 °C, (iii) treatment with PhSH (2—3 equival-
ents) and K2CO3 (three equivalents). This last method usually gave the highest
yield. It is sometimes refreshing to learn that peptide synthesis is not always plain
sailing. Difficultieswere encountered in the synthesis of peptides containing a Tic
residue but were overcome using HOAt with either DIC or HATU.159

Native chemical ligation and relatedmethods continue to attract adherents. A
transcription factor that contains three zinc fingers, Zif 268, has been made by
this method.160 This technology can be combined with the biosynthetic produc-
tion of an appropriate fragment.161 The product ultimately obtained was a
phosphoprotein. It has also been shown that expressed protein ligation can be
carried out in the presence of a chemical denaturant such as guanidine hydro-
chloride permitting the introduction of amino acids that do not normally occur
in proteins.162 A different approach to the problem of introducing unnatural
amino acids in the native chemical ligationmethod involves reaction of an amino
group of one segment with thiolane-2,5-dione to produce a thioacid. This can be
allowed to react directly with the amino group of a second peptide or can be
converted into an intermediate benzyl ester by reaction with benzyl bromide
before reaction with the second peptide.163 If the first segment contains amino
acids that contain appropriate side chains, it is possible to introduce two
thiolesters groups to afford ultimately branched chain proteins. One can vis-
ualise such an approach being used to make polyenzymic assemblies for biotech-
nological purposes. Already, a possible methodology for the assembly of several
peptide/protein fragments has been described.164 It comprises the use of a solid-
phase technique to simplify purification and a safety-catch linker that can be
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simply made to be acid-labile at the appropriate time. The linker (13) was
described by Patek and Lebl a decade ago. The sulfoxide groups render (13)
stable to acid and acid hydrolysis is readily effected after reduction of the
sulfoxide groups. The usual native chemical ligation method requires the pres-
ence of a cysteine residue at the N-terminus of one fragment, although Offer and
Dawson have shown that the cysteine can be replaced by 2-mercaptoben-
zylamine.165 This technique, however, leaves the aromatic moiety in the peptide
chain. Perhaps the most ingenious advance in this field involves using the
Staudinger reaction.166 A phosphine is used to reduce an azide to an amine. An
intermediate iminophosphorane, R3P�—�NR�, is formed and the nucleophilic
nitrogen can attack an acyl donor to form finally an amide. When applied to
peptide synthesis, a phosphinothiol is used to effect the formation of the peptide
bond (Scheme 2).

2.6 Peptide Synthesis on Macromolecular Supports and Methods of Combina-
torial Synthesis. — There has been some activity with polystyrene-based sup-
ports, especially those having an open structure using, for example, alkanediol
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methacrylate esters as crosslinking agents.167—170 For example, ACP(33-42) was
obtained easily in good yield that was better than when Merrifield resin was
used.168—170 A core-shell type of support with a polystyrene core and a PEG shell
merits further study.171 A chemically inert PEG-based resin was prepared by
reductive amination of a mixture of mono- and dialdehyde PEG1500 and bran-
ched crosslinked tris(2-aminoethyl)amine.172 The resin had excellent swelling
properties and was stable to strong acids and bases. SPPS has been carried out
on a chitosan/chitin support using three different linkers.173 Various tetrapeptide
derivatives were synthesised, including two that contained the difficult dipeptide
sequence, -Aib-Aib-, as potential farnesyl transferase inhibitors. SPPS has also
been conducted on cellulose membranes in order to produce peptide—cyanine
dye conjugates as fluorescent contrast agents aimed at specific receptors of
tumours.174 For those who require an immobilised coupling reagent, BOP has
been attached to Merrifield resin without the use of the carcinogenic
(Me2N)3PO.175

The literature also contains the usual crop of new linkers. Replacement of the
hydroxymethylphenoxyacetic acid linker with one containing a pentanoic acid
chain is reported to result in increased loading capacity, yield and product
purity.176 The same group have described another linker containing a hydroxy-
ethyl moiety that is labile to 20% CF3CO2H.177 For the SPPS of peptide amides,
an aminoethyl-polystyrene linker on a multipin support has also been de-
scribed.178 It is stable to mild acid treatment that cleaves But groups but 95%
CF3CO2H detaches the peptide from the resin. Use of fluorinated linkers allows
monitoring of cleavage of peptides from the support following direct study of the
support on standard NMR equipment.179 The 4-(4-methylphenyl-
chloromethyl)phenoxy linker (14) is useful for the synthesis of pseudopeptides. If
X � Cl, the resin linker conjugate can react with Fmoc derivatives of amino
acids, amino alcohols and hydroxylamine.180 Using a backbone amide linker
(BAL),181 a method (Scheme 3) has been reported for the synthesis of peptides
with Pro, N-alkylaminoacyl or His at the C-terminus.182 This procedure avoids
the formation of diketo-piperazines and the loss of chiral purity. 3-Thio-
propionic acid is a simple and versatile linker giving rise to a thioester link that
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can be cleaved with numerous nucleophiles to give C-terminally modified pep-
tides.183 A new linker provides access to peptides with a C-terminal thioacid.184 A
versatile aldehyde linker is useful for the SPPS (Scheme 4) of C-terminally

modified peptides.185 Reductive amination involving the aldehyde group of the
linker and an amine allows the construction of the peptide chain on the resultant
secondary amine function. Temporary acylation of the aromatic hydroxy group
confers stability to 95%CF3CO2H. After removal of the O-acyl group with 20%
piperidine, the product could be detached with CF3CO2H. A new silyl linker (15)
has been designed for the synthesis of glycopeptides.186 The linker is attached to
the resin by its carboxy group and to an O-glycoside of Fmoc-Ser-OH via the
primary hydroxy group in the carbohydrate moiety. This permits chain elonga-
tion from either end of the Ser moiety. The peptide is detached from the support
with F� ion. Serglycin glycopeptides in which Ser and Gly occur alternately have
been made using a new allyl ester linker. In another method for synthesising
glycopeptides, t-butyl 6-bromo-(E)-hexenoate was caused to esterify an Fmoc
amino acid yielding an allyl ester.187 Removal of the But group then permitted
attachment of the linker bearing the protected amino acid to acid-labile Sieber
resin. The glycopeptide chain could now be constructed and, when complete,
detached by Pd catalysis. Amuchmore complicated application of a safety-catch
linker involves the semisynthesis of vancomycin.188 A polymer-bound phenyl
seleno group functions as a pro-allyl saftey catch linker. The polymer-SeBr
group can be alkylated using LiBH4 and 3-iodopropanol. This provides a site of
attachment for the vancomycin and after manipulations have been completed
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the product is detached from the polymer using H2O2 followed by exposure to
catalytic amounts of [Pd(PPh3)4] and polymer-bound tin hydride.
There has been further work on the Johnson—Sheppard method of dealing

with so-called difficult sequences. The use of the N-(2-hydroxy-4-methoxy ben-
zyl) (Hmb) group is somewhat restricted by the limited incorporation into
unhindered dipeptide sites. The problem is not related to incompleteO-acylation
of the auxiliary Hmb group but rather to the poor O�N acyl transfer kinetics. It
has been proposed189 that the Hmb group should be replaced by the 2-hydroxy-
6-nitrobenzyl (Hnb) group because of the enhanced rate of acyl transfer that is
attributable to the presence of the electron-attracting nitro group. An added
bonus is the improved cyclisation of small sterically constrained peptides. The
Hnb group is introduced by reductive alkylation involving the N-terminal
amino group of an intermediate peptide. The Hnb group is removed by photo-
lysis (366 nm) in an orthogonal manner with respect to the Fmoc group. The
phenolic group can be acylated with a protected amino acid and the Fmoc group
can be removed with piperidine in the usual way. The completed peptide can be
acidolytically detached from the support. Johnson has recognised the foregoing
problem and has produced a slightly different solution.190 He uses the 3-methyl-
sulfinyl-4-methoxy-6-hydroxybenzyl group (16) (SiMB) and this is more more
readily acylated than is the case with the Hmb group. After completion of the
peptide assembly, reduction of the sulfoxide group confers acid lability on the
3-methylthio-4-methoxy-6-hydroxybenzyl moiety, a property that was used in
the application of the Msob group. There is a minor reservation concerning the
abbreviation used for this method. To the uninitiated, SiMB might suggest a
linker that would be sensitive to F�; MSMHB is only one character longer and
might be more easily recognised.

Two methods have been described that permit the use of Fmoc chemistry in
the preparation of protected peptide thioesters required for native chemical
ligation. In one case,191 SPPS is used to assemble a peptide using Fmoc chemistry
and the thioester is generated when the peptide is detached from the resin using
Me2AlCl and EtSH. Unfortunately, there is a tendency for some loss of chiral
purity and for the formation of some oxyester. The other method,192 uses more
conventional methodology but uses DBU to remove the Fmoc group.
SPPS can be conducted using �-azido acid chlorides.193 This avoids the need

for choosing an appropriate protecting group for the �-amino group of an amino
acid. Side reactions have not been reported and chiral purity is maintained.
C-Terminal peptide aldehydes are of considerable interest as potential pro-
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teinase inhibitors and there has been considerable effort applied to their syn-
thesis.33,194 A favoured route starts from an amino acetal conjugated to the
support through a backbone amide linker.
We come now to a section devoted to problems and useful tips in SPPS.

Although cyclopeptides are not discussed in detail in this chapter, it is pertinent
to mention that attempted synthesis of cyclic peptides formed by linking the side
chains of lysine and glutamic acid did not proceed according to plan when the
Dmab group was used to protect Glu.195 �-N-Pyroglutamyl chain-terminated
peptides were formed during the synthesis of fully protected targets. This behav-
iour was not found when the �-carboxyl group of Glu was protected with But.
The attempted synthesis of Asn peptides can give rise to unwanted byproducts
such as aspartimides, a mixture of � and �-peptides and piperidides if piperidine
is used in peptide release.196 This problem can be circumvented in SPPS/Boc by
using N-[(hydroxy-methyl)-2-fluorenyl]succinamic acid (HMFS) as the linker
since this permits the use of the less basic morpholine for peptide release without
the risk of the formation of morpholides or �� isomerisation. For the same
problem, the use of piperazine containing 0.1 M HOBt has been recommen-
ded.197 A more exhaustive comparative examination seems desirable. The forma-
tion of deletion peptides can occur in SPPS/Boc especially at N-terminal
His(Bom) due to incomplete removal of the Boc group even with quite high
concentrations of CF3CO2H.198 Longer exposure times to acid and/or the use of
more concentrated CF3CO2H is recommended. Periodic analysis of a cleaved
sample by hplc could be an additional safeguard. Photolytic cleavage during
SPPS can cause problems.199 Thiol groups, if present, can be a target for trouble,
but the full extent of possible complications appears not to have been unravelled.
Obviously, if an enzyme is to be used, during the synthesis, it should not be
present before photolysis has been completed and any oxidising species arising
therefrom have been removed. The synthesis of azapeptides by SPPS is prone to
capping by ring-closure of an N-terminal azaamino acid residue to form a
hydantoin.200 This problem can be obviated by temporary protection with
Fmoc2(Hmb)XaaOPfp where Xaa is the terminal residue before attachment of
the azaamino acid residue. Previous difficulties in the synthesis of Arg peptides
have led to a long search for a suitable protecting group for the guanidino
function and the Pmc group is generally regarded as the most suitable function.
Synthetic routes that rely on the protonation of the guanidino group have been
tried in the past but the risk of lactamisation involving the guanidino group has
tended to dissuade researchers from using this route. Nevertheless, there is
another claim that protonation of the side chain of Arg is sufficient to exclude
this possibility.201 The reader is reminded of the possibility of synthesising anOrn
peptide and guanidinating this after all amino acids have been assembled in the
desired peptide (see ref. 1, Section 2.8). This method has now been applied to the
synthesis of tetra-substituted derivatives (including peptides) of lysine.202 Pept-
ides of Cys cannot be assembled satisfactorily by the SPPS/Fmoc procedure
using Cys bearing either the Pys or Npys groups. If one of these groups is
required, it is recommended that the required peptide sequence is assembled
using Trt protection on the thiol group(s). During acid-catalysed detachment of
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the product from the resin, incorporation of 2,2�-dithio-bis(pyridine) blocks the
thiol group(s) since disulfide exchange occurs under acidic conditions.203

There have been some other advances that merit mention in this section. The
use of a ‘trimethyl lock’ in a safety-catch linker, mentioned before (see ref. 1,
Section 2.6), has received further support.204 Capping of an analytical sample of
resin with chloroacetyl chloride followed by reaction with ammonia at intervals
during sequence assembly permits application of the Edman method of stepwise
degradation to confirm that no omissions or side reactions have occurred.205 A
combination of SPPS and solution-phase synthesis has been recommended.206

Boc/Bzl chemistry and a base-labile linker, N-[9-(hydroxymethyl)-2-fluorenyl]
succinamic acid were used. The 2-BrZ group for Tyr and HCO- group for Trp
were not used because of their base-lability. The anchoring group was cleaved
with morpholine or piperidine and the assembled fragments were coupled in
solution. Although peptide synthesis from the N-terminus to the C-terminus has
been largely eschewed from early days because of the risk of extensive loss of
chiral purity, two papers invite us to think again. One method207 uses 2-chloro-
trityl resin with allyl ester for temporary protection and the use of the Cu
complex of HOBt during coupling with either diisopropyl carbodiimide or
HATU. With the former coupling method, only 0.6% of enantiomerisation
occurred but less satisfactory results were obtained with HATU. The other
approach208,209 involves reacting 4-nitrophenyl chloroformate with Wang resin
and then attaching the N-terminal residue as its Li salt in OHCNMe2. The
immobilised amino acid was treated with HBTU and hydroxysuccinimide for 30
min. before addition of the next amino acid as its Li salt. Although no loss of
chiral purity was detected, the methods used were not particularly sensitive so
further examination of this procedure is desirable. Traceless SPPS of peptides
containing 3-aryl �-amino acids uses a silylated side chain.210 This procedure
allowed the synthesis of cyclic peptides.
A few papers have appeared describing peptide libraries. A library of 62 000

peptides has been assembled that can recognise a monosaccharide specifically
using both sandwiching and hydrogen-bonding interactions.211 Using cholic acid
as a skeleton on which to hang peptides made by combinatorial synthesis,
pendant groups bearing aminosubstituents were attached at positions 3 and
12.212 Small peptides containing His and Ser were then assembled by combina-
torial synthesis on to these amino groups and some of the products displayed
hydrolytic activity towards 4-nitrophenyl esters and were considered to be
models of the serine proteinases. A cyclic pseudotripeptide platform has been
synthesised as a platform on which amino groups can be attached at the three
carboxy groups members of a peptide library.213 Finally, polyoxyethylene—poly-
oxypropylene resin was derivatised with a 4-hydroxymethylphenoxy linker and
used as a solid support for aldol reactions that are catalysed by yttrium or
ytterbium triflate in aqueous solution.214 A peptide bearing an aldehyde moiety
at the N-terminus is attached at its C-terminal carboxy group.

2.7 Enzyme-mediated Synthesis and Semisynthesis. — Publications on this
topic usually include information on several aspects of the topic such as choice of

Amino Acids, Peptides and Proteins96



enzyme including nonproteolytic enzymes, physical state of enzyme used as
catalyst, choice of medium for synthesis, structure of substrate(s), use of enzymes
for deprotection. Space does not allow detailed information on these matters for
each study reported. Papers mentioned have been selected in the main for one
reason but readers of the original literature are very likely to find several points
of interest in each paper.
Enzymes are frequently immobilised215—218 and are then often used in neat

organic solvents when high yields are the norm.218 Evenwhen the enzyme is in the
free state but used in a medium in which it does not dissolve, the past history of
the enzyme can be important. For example, using thermolysin as the catalyst in
MeCN as the reaction medium, the highest rate of synthesis was obtained when
the enzyme was added in aqueous suspension, but was greatly diminished when
the enzyme was added as a freeze-dried powder.219 The use of enzyme encap-
sulated in reversed micelles is still occasionally used as instanced with �-chymo-
trypsin in micelles formed with C14H29NMe3�Br� and heptane/octanol.220 In
OHCNMe2/MeCNcontaining 6%water, �-chymotrypsinwas inactive when the
concentration of OHCNMe2 was �60%, but when the enzyme was non-
covalently complexed with polyacrylate, it was very effective under such condi-
tions.221 Ac-Tyr-Lys-NH2 was obtained in 95% yield. Complexes of enzymes and
nonionic detergents have remarkably increased activity for peptide synthesis by
comparison with the freeze-dried enzyme. Addition of an organic solvent can
further enhance the activity.222 Zeolites are useful supports for some proteolytic
enzymes.223

An interesting observation was made when Staphylococcus aureus V8 pro-
teinase was used in aqueous solution. A sequence from RNase A, TAAAKFE,
formed oligomers at pH 6—8 and 4 °C; replacement of any residue by Gly
interfered with this process.224 Details have been reported of the synthesis of
small peptides catalysed by trypsin,225,226 thermolysin,227—229 pseudolysin,230 sub-
tilisin231 and Pseudomonas aeruginosa proteinase.232,233 Dipeptides that are poten-
tial intermediates for the production of aspartame are popular targets.216,229,234,235

There is a further report on the use of supercritical CO2 as a highly suitable
medium for enzyme-catalysed synthesis.236 A linear free energy relationship with
respect to solvent polarity has been established.237 The intrinsic activation energy
for subtilisin catalysis is lowest in polar organic solvents possibly due to the
stabilisation of the transition state for the transesterification step. The impressive
results obtained in the the so-called solid phase coupling method has produced
only two publications.219,238

Peptide synthesis in frozen solution remains an attractive area for study.
Coupling of Ac-Phe-OEt and H-Ala-NH2 using �-chymotrypsin in aqueous
solution at 25 °C gave �21% whereas in frozen solution at �30 °C a 60% yield
of peptide was obtained.239 The same peptide was synthesised from Ac-Phe-OH
and again the yields in frozen solution were better than in liquid solution.240 The
Glu/Asp endopeptidase from Bacillus licheniformis accepts amino components
for peptide synthesis in frozen solution that do not react at room temperature.241

The same researchers suggest that the reverse reaction, proteolysis, is suppressed
in frozen solution thereby leading to improved yields.242 Not only are yields
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improved in frozen solution, but substrate specificity is broadened.243 These
effects are not due only to the lower temperature, since addition of �1% of
polyethylene glycol suppresses the broader S�-specificity found in frozen sol-
ution.244 It is postulated that interactions between enzyme and ice structure are
important. It would be interesting to examine the effect of freezing a solution of
enzyme in D2O on the course and kinetics of peptide coupling.
The specificity of proteolytic enzymes that undergo an intermediate esterifica-

tion step can be broadened by using esters that are more reactive towards
nucleophiles. Carbamoylmethyl esters, for example, are suitable substrates.245—248

The well-known tactic of using inverse substrates, that is substrates with a
positively charged ester group but with an uncharged side chain, with trypsin or
clostripain has been further exploited.249—251 This should not be regarded as
simply an enzymic curio; once the positively charged alkyl group has departed
and coupling has occurred, the product is no longer attacked by an enzyme such
as trypsin. Consequently, reaction reversal is impossible. Some compounds with
a positively charged ester group can also function as substrates for chymotryp-
sin.252

The apparently limitless prospect of using genetically engineered proteolytic
enzymes for peptide synthesis surprisingly has received little attention to date. A
double mutant of subtilisin E (K170C, E195C) forms a disulfide bridge where
presumably ion-pairing occurred in the native enzyme and this resulted in a
decrease in kcat.253 Replacement of the active site residue, Ser195, by either Ala or
Gly produces a mutant with diminished hydrolytic activity but which still
mediates peptide bond formation presumably through an acyl enzyme involving
His57.254 The use of enzymes to deprotect derivatives of synthetic peptides has
similarly not attracted much attention. One wonders if a few synthetic chemists
still regard enzymes as figments of the biochemist’s imagination. Penicillin G
acylase has again been used to remove the [4-(phenylacetyl)oxy]benzyloxycar-
bonyl group (PhAcOZ) during the synthesis of a biotin-labelled glycophos-
phononapeptide from the c-Myc oncoprotein.255 Tetra-O-acetyl--
glucopyranosyloxycarbonyl- and tetra-O-acetyl--galactopyranosyloxycar-
bonyl- groups have been developed and used as protecting groups in the syn-
thesis of dipeptides.256 It was shown that the latter group could be removed by a
two-step enzymic process using (a) lipase to remove acetyl groups, (b) �-galac-
tosidase and this allows spontaneous fragmentation of the remainder of the
protecting group. Enzymic enantioselectivity of lipase in organic solvents can be
substantially increased by adding chiral agents that form salts with the substrate.
For example, propanolysis of Phe—OMe in dry MeCN catalysed by
Pseudomonas caparia lipase affords a (kcat/Km)S/(kcat/Km)R of 5.8. Addition of
(R)-10-camphorsulphonic acid, however, increases this to 53.4.257 A cell-free
extract of Streptomyces albulus (KO-23) catalyses the conversion of
diketopiperazines that derived from Phe and an aliphatic amino acid into
dehydro derivatives.258 Tetradehydro derivatives inhibit cell division in the sea
urchin embryo. Finally, a 23-residue fragment of the PKA-anchoring protein
(Ht31) from human thyroid has been made by semisynthesis using �-chymotryp-
sin-catalysed segment condensation.259
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2.8 Miscellaneous Reactions Related to Peptide Synthesis. — Iodination of
peptides and proteins is still of considerable interest for radioimmunoassays. By
using the IPy2BF4 reagent in acidic medium, iodination is limited to the produc-
tion of mono-iodotyrosine residues.260 [125I]-N-succinimidyl-4-iodobenzoate has
been developed as a reagent particularly recommended for labelling monoclonal
antibodies.261 An ingenious method for labelling proteins in lysosomes has been
developed.262 These cells internalise positively charged molecules such as -Lys-
-Arg--Tyr--Arg--Arg. This can be labelled with 125I and then coupled to
appropriate monoclonal antibodies. The carrier peptide will of course resist
proteolysis. Past monarchs of the peptide field probably never considered order-
ing a bottle of samarium iodide. They missed an interesting trick. Small Gly
peptides can be brominated with NBS on the Gly -CH2- group and the product
on successive reaction with 2-mercaptopyridine and SaI2 at room temperature in
presence of alkyl aldehydes and ketones acquires carbinol side chains on the Gly
residues.263,264 The authors suggest that this offers a new route to peptide libraries.
In contrast, N,C-protected peptides of Gly undergo oxidation to �-ketoamides
when treated with peracetic acid in presence of RuCl3.nH2O.265 An intriguing
method for the synthesis of dehydropeptides again requires resource to a cata-
logue of rather rare inorganic compounds.266 Instead of being involved with the
generation of a peptide bond, this method involves an N—H bond insertion
procedure outlined in Scheme 5. The catalyst is Rh2(OAc)4. The N—H insertion
product is used directly in the Wadsworth—Emmons reaction with an aldehyde
or ketone. Clearly, advanced inorganic chemistry is a valuable source of catalysts
for aspiring peptide chemists. A peptide with a C-terminal aldehyde group and a
second peptide with an N-terminal Trp residue undergo a Pictet—Spengler
reaction in acetic acid solution (Scheme 6).267 Since the addition of a Trp residue
at theN-terminus of a carrier protein would be simple, this might offer a valuable
method for attaching an epitopic peptide for antibody production. Finally,
during the attempted synthesis of a 61-residue peptide containing a Met residue
in each fragment, an unexpected byproduct was formed in which one fragment
had reacted with the other with the formation of an S-sulfonium derivative.268

The reaction was apparently specific since only one Met residue was modified.
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3 Appendix: A List of Syntheses in 2000

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.

Peptide/Protein Ref.

3.1 Natural Peptides, Proteins and Partial Sequences. —
Aeruginosin

Total synthesis and reassignment of configuration 269
Amamistatin

Total synthesis of amamistatin A 270
Amyloid peptides

�-Hairpin region of OspA single-layer �-sheet 271
Solution synthesis 272
SPPS of proteins associated with neurodegenerative

disease 273
Angiotensin

Cyclic analogue of angiotensin II 274
Antibiotics

Picolyl derivatives of gramicidin S 275
Analogues of gramicidin S 276
Aib analogues of gramicidin B containing C-terminal Trp 277
Putative intermediate in vancomycin biosynthesis 278
Deglycobleomycin A5 279
Bis(polyamides) related to distamycin 280
Bactonecin 5 model peptides rich in Arg and Pro 281
Protegrin analogues containing up to 3 -SS- bonds 282
Human defensins and analogues 283
Models of antibacterial fragments of chromogranin A 284
Distamycin analogues 285, 286
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Cyclic analogue of pyrrhocorecin 287
Biomimetic synthesis of lantibiotics 288
Tripeptide fragment of lysobactin 289
Promothiocin A 290
Kawaguchipeptin 291
RLCRIVVIRVCR from bovine neutrophils (oral bactericide) 292
Trikoningin KB lipopeptaibols 293
Anti-HIV-1 activity of mimics of chemokine receptor

CCR5 294
Anti-HIV-1 activity of analogues of polyphemusin

peptide 295
Cyclosporin derivatives as potential anti-HIV-1 drugs 296
Parallel and antiparallel dimers of magainin 297

Apolipoprotein
Fragment of apolipoprotein B (NCKVEL) 298

Blood-clotting factors
Anticoagulant microprotein S 299

Bombesin
Constrained analogues of bombesin 300

Bradykinin
Bradykinin B1 receptor antagonist 301
Bradykinin B2 receptor antagonist 302

Calcitonin
Tritiated amylin and salmon calcitonin analogues 303
Calcitonin analogue 304

Cecropin
-Cecropin B: proteolytic resistance and fungicidal
properties 305

Cecropin(1-8)-magainin 2(1-12) 306, 307
Chemotactic peptides

Caged chemotactic peptides 308
Cyclic RGD peptides containing Gla as an Asp

replacement 309
SPPS using �-azido acids 310
Analogues of fMLF-OMe 311, 312
Chemotactic extracellular Ca2�-binding protein 313
Cholecystokinin (CCK) and gastrin
Peptoid CCK receptor antagonists 314, 315
‘Big’ CCK by thioester segment condensation 316
Replacement of Gly by -COCO- moiety in fragment

analogues 317
Tritiated CCKA specific antagonist 318

Collagen
(GER)15GPCCG 319

Defensins
Mediterranean mussel defensin (MGD-1) 320
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32-Residue peptide resembling �-defensin 321
Didemnins

Analogue of didemnin M 322
Fluorescent derivative of didemnin A 323

Elastin
Poly(LGGVG), a model of elastin 324
Model analogue synthesised by genetic engineering 325

Endothelin
Pseudopeptide as a potential receptor antagonist 326

Enolase
Fragment of Plasmodium falciparumn enolase 327

Fungicidal polypeptides
51-Residue domain of human salivary mucin MUC7 D1 328
Analogues of pseudomycin 329, 330

Galanin
Chicken galanin and fragments thereof 331
A peptide resembling galanin 332
Apelin and galanin-like peptide by genetic engineering 333

Glucagon
Conformationally constrained analogues 334
Potent derivatives of glucagon-like peptide-1 335
Glucagon-like peptide-2 336
Derivatives with insect oostatic activity 337

Glutathione
-Glutathione and its S-nitroso derivative 338

GnRH/LHRH
Hexa- and hepta-peptide antagonists of GnRH 339
Cyclic antagonists of GnRH 340—342
Analogues containing Si and Ge amino acids 343

Granulocyte colony-stimulating factor (hGCSF)
Ligands for affinity purification 344

Growth hormone
Dipeptide growth hormone secretagogues 345
Analogues of growth hormone releasing hormone (GHRH) 346

Hapalosin
Analogues modified at position C12 347

Insect peptides
Analogues of locust adipokinetic hormone 348

Insulin
Tetradecanoyl human insulin analogues 349

Integrins
Cyclo(RGDfK); an inhibitor of �v�3-integrin 350
Antagonists of �4�1 integrin 351, 352
Inhibitors of cell adhesion mediated by �4�1 integrin 353

Interleukins
Potent dimeric peptide antagonist of interleukin-5 354
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Kinins
Kinin B2 receptor antagonist 355

Laminin
Hybrid of chitosan and laminin-related peptide 356, 357

Macrophage inflammatory protein (MIP)
Fluorescent and photoactivatable MIP-1� ligands 358

Marine peptides
Cyclohexapeptides related to dolastatin I 359
Polydecapeptide from mussel (Mytilus edulis) 360
Trunkamide A: cytotoxic product from Lissoclinum sp. 361

Natriuretic peptides
Natriuretic peptide clearance receptor antagonists 362

Neuropeptides
Neurotensin analogues 363
Indispensability of Arg7 in dog neuromedin 364

Oestradiol receptors
Binding properties of peptide models of receptors 365

Opioids, antinociceptive peptides and receptors
Casomorphin analogues 366
Enkephalin analogues containing cyclopropane ring 367
Cysteinyldopaenkephalins 368
Deltorphin II analogues 369
Leu5-enkephalin analogues 370
Endomorphin-1 analogues 371
Endomorphin-2 analogues 372
Nociceptin analogue containing triple RK sequences 373
Dmt-Tic dipeptide analogues as �-opioid receptor
antagonists 374

Tyr.Tic.Phe and Tyr.Tic.Phe.Phe analogues for labelling
�-opioid receptor ligands 375, 376

N,N-Dialkyl enkephalins as affinity labels of �-opioid
receptors 377

Dynorphin A analogues 378
Tyr--Arg-Phe-Lys-NH2, a �-opioid agonist 379
�-Opioid receptor antagonists 380

Osteogenic growth peptide
C-Terminal pentapeptide (YGFGG) 381

Parathyroid hormone
Analogues 382

Pheromones
Analogues of �-factor mating peptide of S. cerevisae 383

Philanthotoxins
Combinatorial library of analogues 384

Posterior pituitary hormones
Oxytocin analogue 385
Conformationally constrained oxytocin antagonists 386
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Oxytocin receptor mimetics 387
SPPS of vasopressin 388
Analogues of Pro-Leu-Gly-NH2 389

Proline-rich proteins
Cyclic analogues of fragments 390
Analogues of fragments 391

Relaxin
Analogues of rat relaxin 392

RGD peptides
A new RGDF peptidomimetic 393
Linear retroinverse RGD peptides 394
RGD peptides as vasodilators 395
SPPS of cyclic RGD derivatives 396

Rhodopsin
19-Residue fragment analogue containing cysteic acid 397

Sandostatin
Analogue that inhibits cell growth and induces

apoptosis 398
Seminalplasmin

SPPS of a 13-residue fragment of seminalplasmin 399
Somatostatin

Cyclic mimetic analogues 400, 401
Catfish somatostatin 402
Cyclic �-tetrapeptide binds to somatostatin receptors 403

Substance P
Constrained peptidomimetic involving Phe7-Phe8 region 404
Antagonist with somatostatin scaffold 405
Cyclodextrin adducts of substance P and derivatives 406

Sweet peptides/proteins
Monatin and analogues 407

Thymocartin
Biotinylated thymocartin (immunostimulant) 408

Thyroliberin (TRH)
A TRH analogue containing a piperazin-2-one ring 409
Conformationally restricted analogues 410

Thymopoietin
Analogues 411

Toxins
Lactam analogues of �-conotoxin SI 412
Combinatorial synthesis of 47 analogues of conotoxin 413
A mutant of huwentoxin-I 414
Chimeric peptide derived from �-conotoxin and mucin-1 415
2 Wasp toxins 416
Apamin analogues 417

Vascular cell adhesion molecule (VCAM)
Cyclic peptide mimetics as antagonists 418—420
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Viral peptides and proteins
Fragments of respiratory syncytial virus protein G 421

3.2 Sequential Oligo- and Poly-peptides. —
Ni(0) and Co(0) derivatives as catalysts in NCA
polymerisation 422

Poly(N-acryloamino acids) 423
Degradable poly(�-aminoesters) 424
Antifreeze activity of Ala-Lys polypeptides 425
Models of mussel adhesive protein: (X-Tyr-Lys)n and
(Y-Lys)n 426

Oligomeric carbopeptoids of tetrafuran amino acids 427—429
�-Sheet polymers of functionalised Ser and Cys 430
N-Ac-poly(His)-graft-poly(Lys) comb-shaped polymer 431
Polymer formation by IR irradiation of mixture of amino
acid and N-phosphoamino acid 432

Polymers derived from monomers made from amino acids,
adipoyl chloride and 1,4-butanediol 433

3.3 Enzyme Substrates and Inhibitors. —
Cyanopeptide that activates trypsin 434
Peptides containing azobenzene moiety as photobiological
switches of �-chymotrypsin 435

Thrombin inhibitors 436—440
Factor Xa inhibitors 441—444
Urokinase inhibitors 445
Plasmin inhibitors 446
Leukocyte elastase inhibitors 447—449
Chymase inhibitors 450
Analogues of a 64-residue chymotrypsin inhibitor 451
Antitrypanosomal activity of peptidyl �-aminoalkyl
phosphonate diphenyl esters 452

Inhibitors of HIV-1 proteinase 453—458
Inhibitors of hepatitis C virus proteinase 459—461
Inhibitors of human rhinovirus 3C proteinase 462
Inhibitors of Tc80 prolyl oligopeptidase from

Trypanosoma cruzi 463
Inhibitors of dipeptidylpeptidases 464
Substrates and titrants of prohormone-processing enzymes 465
Fluorescent substrates for Ser and Cys proteinases 466
SPPS of peptide 4-nitroanilides 467, 468
Fluorogenic peptide 4-nitroanilides as enzyme substrates 469
Inhibitors of thiol proteinases containing epoxy groups 470
Inhibitors of thiol proteinases containing aziridine
groups 471

Calpain inhibitors 472, 473
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Passerini condensation of BocNHCHR1CHO, R2NC and
R3CO2H leads to putative calpain inhibitors 474

Cathepsin B inhibitors 475
Cathepsin C inhibitors 476
Cathepsin L inhibitors 477
Cathepsin S inhibitors 478
Pepstatin analogue 479
Fluorogenic substrates for aspartic proteinase (napsin A) 480
Aspartyl peptide aldehydes 481
Carboxypeptidase substrates 482
Inhibitors of Clostridium histolyticum collagenase 483—485
Inhibitors of collagenase-related proteinases 486—494
Vasopeptidase inhibitors 495
�-Ketoamides, �-ketoesters and �-diketones as proteinase
inhibitors 496

Bivalent inhibitors of eukaryotic proteasomes 497
Peptide vinyl sulfone and peptide epoxyketone proteasome
inhibitors 498

Peptidomimetics as isoprenyltransferase inhibitors 499
Farnesyl tetrapeptides inhibit yeast endoproteinase 500
Antibacterial activity of peptide formylase inhibitors 501
Antimicrobial activity of diaminopimelate aminotransferase
inhibitors 502

Analogues of Arg(NO2)-Dbu-NH2 as inhibitors of nitric
oxide synthase 503

Antisense peptide inhibitors of nitric oxide synthase 504
Inhibitor of Pro cis/trans isomerase (cyclophilin A) 505
Nikkomycin analogues inhibit fungal chitin synthase 506
Analogues of trypanothione (spermidine-glutathione
conjugate) inhibit parasitic trypanothione reductase 507

Inhibitors of glucosamine-6-phosphate synthase 508
Peptidylthiazolidinediones as potential ligands for
peroxisome proliferator-activated receptors 509

3.4 Conformations of Synthetic Peptides. —
�-Helices with �-cyclodextrin and dansyl groups 510
�-Helices with �-cyclodextrin and pyrene groups 511, 512
Helix-sheet transitions of amphiphilic peptides 513
3�-helix bundle peptides possessing a hydrophobic cavity 514
2-Stranded �-helical peptides based on influenza virus 515
2-Stranded �-helix stabilised by nucleobase moieties 516
Purification of constrained �-helical peptide library 517
Pro configuration controls hairpin formation in �-sheets 518
Rigid rod �-barrels as lipocalin models 519
Parallel double-stranded peptides conjugated with Phe-Phe
and Phe-Phe-X sequences 520

Transition of �-helices to �-sheet and amyloid fibrils 521
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A 26 residue peptide that forms a 4-stranded �-sheet 522
�-Sheet hybrid peptide containing �- and �-amino acids 523
Linear �-turn mimetics 524—526
A dioxopiperazine �-turn mimetic 527
Heterobicyclic reverse turn mimetics 528, 529
A �-hairpin peptide, a ‘core module’ of bovine pancreatic
trypsin inhibitor 530

A �-hairpin containing a natural hydrophobic cluster 531
SPPS of a �-turn mimetic 532
An azaamino acid residue in �-turn formation 533
Catalytic properties of peptido-sulfonamide tweezers 534
Conformation of peptides containing �,�-disubstituted Gly 535
�-Methylnorvaline is a former of �-turns and 310 helix 536
The first water-soluble 310 helical peptides 537
Conformation of peptides containing �-methylasparagine 538
Conformation of peptides containing several residues of
2-(2�,2�,2�-trifluoroethyl)glycine 539

Hydrogen-bonding behaviour of oligomers of derivatives of
3-amino benzoic acid 540

Peptides of �-methyl-�-aminoundecanoic acid 541
Conformation of peptides of azapipecolic acid 542
Conformation of peptides having Xaa-Pro-Pro repeats 543
Peptides of �-ethylated �,�-disubstituted amino acids 544
Peptides of �,�-di(2-pyridyl)glycine 545
Peptides of �-methylated unsaturated amino acids 546
Carbohydrate templates for SPPS of four-armed peptides 547
�-Dodecapeptide that switches conformation when changed
from aqueous to methanolic solution 548

12-Helix formation in water by �-peptides containing
pyrrolidine-based residues 549

3.5 Glycopeptides. —
N-Glycyl-�-glycopyranosylamines 550
Glycomethanethiosulfonates for protein glycosylation 551
Amino acid fluoride for glycopeptide synthesis 552
Asymmetric synthesis of C-glycopeptides 553
SPOT synthesis of N-linked glycopeptides 554
Coupling of maleimidosugars and cysteine peptides 555
A high mannose glycopeptide 556
Glycosyl transfer via 6-OH of carbohydrate and Asp �-CO2H 557
SPPS of S-glycoamino acid building blocks 558
Chemoenzymic synthesis of glycopeptides 559
Ready �-elimination of Ac groups from glycosylated -MeSer-
residues 560

Phenyl selenoglycoside for synthesising O-glycosylated
amino acids 561

2: Peptide Synthesis 107



Glycosylated derivatives of 5-hydroxylysine 562, 563
Enzymic transglycosylation reactions of N-acetyl-
glucosaminyl peptides 564

Enzymic deprotection in the synthesis of a glycophospho-
peptide from a domain of human serum response factor 565

Pentapeptide of ovalbumin coupled to Man5GlcNAc2 566
Peptidomimetics containing furanoid sugar and sugar diacid 567
C-Terminal glycopeptides by SPPS 568
Conjugation of C-glycopyranosyl-ketones with NH2O- group
in a peptide 569

Pseudopeptides from N- and O-glycosylated �-aminooxyacids 570
Mucin-type glycopeptide from Fmoc-Thr(Gal-GalNAc)-OH 571
Synthesis and aggregation of glycopeptidolipids 572
Glycomimetics containing two glycoside moieties 573
Glycopeptide dendrimers 574
Muramyl dipeptide derivatives and analogues 575—577
Glycopeptides containing sialic acid moieties 578—588

3.6 Phosphopeptides and Related Compounds. —
O-Phosphorylated oligopeptides using phosphoamidite 589
Asymmetrically protected phosphoramidite; SPPS of phospho-
peptides 590

Triply phosphorylated pentapeptide from human r-protein 591
Long-chain phosphopeptide via fragment condensation 592
Phosphorylated polypeptide made by thioester coupling 593
Phosphopeptide prodrugs with antiproliferative properties 594
SPPS of analogue of autophosphorylation of pp60srcPTK 595
Phosphonodipeptides 596—598
Phosphono-analogue of phosphotyrosine 599
Novel SPPS of phosphinic peptides 600
Phosphinate isosteres of phosphotyrosine for
incorporation into Grb2-SH2 domain inhibitors 601, 602

3.7 Immunogenic Peptides. —
Peptide composed of epitopic regions of A22 strain of VP1

of foot and mouth virus 603
Attachment of herpes simplex and adenovirus epitopes to
polypeptides bearing Boc-Cys(Npys) groups 604

Synthetic vaccines against schistomiasis 605
Four immunodominant peptides from hepatitis C virus for use
in immunoassays 606

Antigenic cyclic peptides based on fragment (136-150) of
VP1 of foot and mouth virus 607

Immunotropic properties of conjugate of proline-rich
peptide and Gly/Lys peptide bearing �-peptidyl groups 608
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3.8 Nucleopeptides, PNAs. —
Polyoxin B and polyoxin D 609
Peptoid nucleic acid containing thymine 610
SPPS of PNA phosphorothioate conjugates 611
SPPS of doubly labelled PNAs as probes for hybridisation 612
F�-labile protecting for synthesis of 3�(2�)-O-amino-
acylated RNA sequences 613

N-Dabsylglycyl--leucyl-AMP 614
PNAs with N-aminoethyl--proline backbone 615
Pyrrolidine PNA, a conformationally restricted analogue 616
Transition metal derivatives of PNAs 617
Fluorescently labelled PNA 618
Cyclic peptide—DNA hybrids 619—621
Fmoc/acyl groups used in synthesis of PNAs 622
PNA-peptide chimeras carrying c-myc tag sequence 623
Nucleobase-conjugated peptides derived from HIV-1 Rev 624
Nucleobase-conjugated peptide that binds HIV RRE IIB RNA 625, 626
Oligonucleotide-peptide conjugates with base-labile linker
between the two components 627

�-Helical peptides with nucleic acid bases attached to
regularly spaced Ser residues 628

Conjugate of 2�5�-oligoadenylate and PNA that activates
RNAse L 629

Precursors of PNA-monomers by Ugi method 630
�-Peptide analogues of pyranosyl—RNA 631, 632
Peptide—oligonucleotide hybrids containing Met residues 633
Olefinic PNAs and their duplexing behaviour with DNA 634
Efficient conjugation of peptides to oligonucleotides by
native ligation 635

3.9 Miscellaneous Peptides. —
Peptides containing �,�-dehydroamino acids 636—640
Asymmetric hydrogenation of �,�-dipeptide derivatives 641
SPPS of peptide 4-nitroanilide peptide analogues 642
4,5-Dihydroimidazoline-4-carboxylic acid: pseudodipeptide 643
Solid-phase synthesis of peptidyl Michael acceptors 644
Pseudopeptides containing the -SO2NH- moiety 645—648
Peptides containing �-N-trifluoromethyl amino acids 649
New monomers for the SPPS of hydrazinopeptoids 650
Peptides containing tyrosine sulfate 651
SPPS of �-[SO2NH]-peptides 652
Aminosuccinyl peptides 653
Glu derivatives via ring-opening of Boc pyroglutamate 654
Peptides containing 4-(tetrazol-5-yl)phenylalanine 655
Pseudopeptides containing -CON(OH)- or -CSN(OH)- groups 656
Labelling of peptides (e.g. neurotensin) with 201Tl(III) 657
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Labelling of peptides with 99mTc 658, 659
SPPS of [18F] labelled peptides for positron emission
tomography 660

Peptides containing 4-boronophenylalanine for boron
neutron capture therapy of cancer cells 661

Higly fluorinated dipeptide building blocks 662
Metal-binding peptoids using 19F-encoded libraries 663
SPPS of peptide-tethered Pt(II) complex 664
Asymmetric catalysis with libraries of Pd �-turn phosphine
complexes 665

Retro- and retro-inverso �[NHCH(CF3)]-peptides 666, 667
Peptides containing �,�-diphenylglycine 668
Peptides containing 9-aminofluorene-9-carboxylic acid 669
Tripeptides containing pipecolic acid derivatives 670
Azetidine-2,3-diones as peptide synthons 671
CO—NH—O, CH�N—O and CH2—NH—O as pseudopeptide links 672
3-(1-Aminoalkyl)isoxazole-4-carboxylic acid as peptide
bond replacement 673

Incorporation of N-methylaminooxy amino acid into
peptides for subsequent specific-site modification 674

Tetrapeptides of Aib bind quaternary ammonium salts 675
Bicyclic undecapeptide mimics Ca2� binding site I of
calmodulin 676

N-1-Adamantylcarbonylated dipeptides 677
Methanoprolines and peptides thereof 678
Peptides containing �-amino acids 679—681
Peptides containing acridine moiety 682, 683
Fluorescent peptides containing 7-nitrobenz-2-oxa-1,3-
diazol-4-yl group 684

Trifunctional reagent for photoaffinity labelling 685
2,6-Dimethoxyhydroquinone-3-mercaptoacetyl peptides as
potential antitumour drugs 686

Bioadhesive lectin-N-(2-hydroxypropyl)methacrylamide
copolymer-cyclosporin conjugate as an anticancer drug 687

Conjugates of peptide T and araC as antitumour prodrugs 688
Proline derivatives of melphalan and their susceptibility
to the action of prolidase 689

Hydrophilic peptides show enhanced binding to major histo-
compatibility complex via a network of water molecules 690

Potential antimicrobial agents containing bulky,
positively charged amino acids 691

14-Step solution-phase synthesis of azatriostin A 692
Introduction of -amino acids into model peptides
increases antimicrobial activity 693

Cytotoxicity of N,N�-disubstituted -glutamine peptoids 694
Cytotoxicity of prenylated derivatives of cyclo-Trp-Pro 695
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Substituted 2,3-diketopiperazines from reduced polyamides 696
Conjugation of cathepsin B inhibitor and cyclodextrin to
form cytotoxic drug carrier system 697

Peptide (49 residues) tethered to Fe(III) porphyrin, has
peroxidase activity towards a lipophilic peroxide 698

Properties of adduct of phycocyanobilin and tetrapeptide 699
Interaction of helical peptides of Aib with phospholipid
membrane 700

Tripeptides of amino acids that contain porphyrin moiety 701
Porphyrin binding peptides 702
Conformation of peptides containing cholic acid moiety 703
Synthetic antifungal peptides 704, 705
DNA-binding peptides 706, 707
Sequence-specific DNA-binding protein containing Ru 708
A 30-residue peptide containing His16 binds chlorophyll A 709
Tripeptide derivatives that inhibit Grb2 SH2 domain 710
Stereoselective route to hydroxyethylamine dipeptide
isosteres 711

Glycine-rich cyclic peptide with antimicrobial activity 712
Dipeptides of Arg for assembly of backbone cyclic peptides 713
Antibacterial pseudopeptides with low haemolytic activity 714
Synthetic receptor that is complementary to extended
tripeptides 715

N,N�-Unsymmetrical diacylcystines and cystine dipeptides 716
N-Protected �-aminoaldehydes from their morpholine amides 717
Ketomethylene aminopseudopeptide analogues 718
30-residue peptide with electron-transfer properties 719
Partial molar volume of some tetra- and penta-peptides 720

3.10 Purification Methods. —
Chromatographic separation of four isomeric dodecapeptides 721
Reversed-phase HPLC method for quantitative analysis of
peptides and proteins 722

Reversed-phase sample displacement chromatography of
multiple peptides 723

Separation and characterisation of peptide mixtures by
LC and MS 724

Temperature effects on capillary electrochromatography of
small linear peptides 725

Capillary electrophoresis of peptides 726, 727
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3
Analogue and Conformational Studies on
Peptides, Hormones and Other Biologically
Active Peptides

BY JOHN S. DAVIES

1 Introduction

A change of authorship to this chapter this year has not altered the basic
structure from that found in last year’s chapter in Volume 32.1 Papers covering
the year 2000 have been sourced from CA Selects2 on Amino Acids Peptides and
Proteins (up to Issue 12, June 2001) and an increasing dependence on the Web of
Science databases3 on the Internet. Regular readers might detect a slight change
of emphasis in the content of parts of the chapter, as a result of the change of
authorship. Overlap on the cyclic peptide content with Chapter 4 has been
reduced, leaving the latter Chapter as the more comprehensive coverage of that
area. Due to lack of access to the more pharmacological journals, this aspect is
less emphasised in the current report, although whenever a good abstract was
available every attempt has been made to summarise the highlights.

Publications emanating from conference proceedings have not been searched
and patents have not been used as source material. Due to limitation of space,
whenever original works involve reports on a large number of analogues, only
the more potent examples have been included.

2 Peptide Backbone Modifications and Peptide Mimetics

Much of the subject material discussed under this section has been the subject of
a monograph4 on Peptidomimetic Protocols. Individual chapters within the
monograph are referred to later under the appropriate sub-division. A complete
issue of Tetrahedron Symposia in Print5 has been dedicated to recent advances in
peptidomimetics. However, once the isostere has been constructed, it still needs
to be incorporated into a sequence, so it is timely to receive an update6 of the
bibliography pertaining to chemical synthesis of peptides.

2.1 Aza, Oxazole, Oxadiazole, Triazole and Tetrazole Peptides. — Solid phase
synthesis of azapeptides is inclined to give chain-terminated hydantoin deriva-
tives, due to intramolecular nucleophilic attack on an activated intermediate. A
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protocol has now been developed7 which utilisesN-2-hydroxy-4-methoxy benzyl
(Hmb) as a reversible amide bond protecting group. Hydantoin-free azapeptides
are produced by this route. A family of chiral oxazoles (1a–d) have been syn-
thesised8 in multigram quantities, for insertion into peptides. Ease of insertion
has been demonstrated by the preparation of an endothelin-1 antagonist, based
on the C-terminal hexapeptide of the endothelin-1 receptor. 3-Acylaminoalkyl-
5-alkoxycarbonyl-1,2,4-triazoles have been synthesised9 for insertion into an
Arg-Gly-Asp motif, and 1,2,4-triazoles, 1,2,4- and 1,3,4-oxadiazoles have been
the subject of a 46-reference review10 of their use as isosteric replacement of
peptide bonds. The 1,5-disubstituted tetrazole (� [CN4]) has been similarly
reviewed11 as cis-amide bond surrogates.

2.2 �[E-CH�CH], �[CON�N�R1R2], �[dihydroxyethylene], �[hy-
droxyethylene], �[CHOH-cyclopropyl-CONH], �[CH2O], �[CF�C],
�[NHCH(CF3)], �[CH2N(COR)], �[NHCO] and �[SO2NH]. — Cuprate
opening of vinyl aziridines has been reviewed12 as a versatile route to E-alkene
isosteres, while aminimides bearing the isostere � [CON�N�R1R2] have been
discussed13 as novel peptidomimetic units. The synthesis of (2) is seen14 as provid-
ing a dihydroxyethylene isostere for peptidomimetic work, while two �-tri-
fluoromethyl-amino-�-hydroxypeptide isosteres have been inserted15 to create a
pepstatin analogue, which did not yield any antiviral or cytotoxic activity. The
substitution of � [CHOH-cyclopropyl-CONH] as a replacement for the Gly2-
Gly3 subunit of Leu-enkephalin has been reviewed16 in 17 references, and syn-
thetic procedures leading to the dipeptide isosteres Phe-� [CH2O]-spiro Cx and
Phe-� [CH2O]-allylglycine have been recorded.17 Fluoro-olefine isosteres retain
the fixed conformation of � [CH�CH], but probably more accurately mimic
the electronic features of the amide bond, in its dipole moment, charge distribu-
tion and electrostatic potential.18 Incorporation of �[NHCH(CF3)] as a surro-
gate of retro- and retro-inverso amides in solid phase protocols has been an-
nounced.19 The procedures have been adapted for application to the production
of protease inhibitor libraries.

A new strategy20 for synthesising backbone cyclic peptides involves N-func-
tionalisation to yield mimetic units capable of elaboration of N-amino and
N-carboxy functions. The general structural unit synthesised is Fmoc-AA-
�[CH2N(CO(CH 2)n)-X], which allows the use of a great variety of �-amino and
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�,�-dicarboxylic acids differing in chain lengths, as exemplified by (3) and (4).
Backbone cyclic peptide analogues of bradykinin, containing N- or C-terminal
arginine have been prepared21 using such procedures. Introduction of retro
inverso peptide bonds into linear RGD peptides has necessitated22 a novel
scheme (Scheme 1) for the introduction of a malonyl aspartyl residue into the
peptide chain. The natural amino sulfonic acid, taurine (Tau), is the source of
�[SO2NH] in Z-Tau-Pro--Phe-NH-Pri which has been specifically designed
and synthesised to test the ability of the sulfonamido group to participate in a
type II �-turn. However, �-turn structure is not seen in the crystal and has only a
minor contribution to make in CDCl3 solution.23 Foldamers, a class of �-peptides
which have been shown to fold into defined 3D-structures similar to natural
peptides, have had their peptide bonds replaced by sulfonamide groups.24 The
isostere replacement was achieved due to the availability of Fmoc-Aaa�
[CH2SO2]-Cl, where Aaa represents, Ala, Val or Leu, but it is not clear yet
whether the isostere has altered the conformation. The application of 3-amino-1-
carboxymethylbenzodiazepine (5) as a conformationally-constrained dipeptide
mimic has been reviewed.25 Three �-thiopeptide analogues of H-(�-HVal-�-
HAla-�-Hleu)2-OH with one, two and three C�S groups in the N-terminal
positions have been syntheised26 selectively using Lawesson’s reagent. The pept-
ide containing three C�S groups was more soluble in CHCl3 than its oxygen
analogue and showed a M-314-helical structure similar to the non-thionated
analogue.

2.3 Rigid Amino Acid, Peptide and Turn Mimetics. — Synthesis and conforma-
tional studies on novel templates used in the construction of �-hairpin mimetics
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have been reviewed27 in the context of drug and vaccine discovery. The role of
peptidomimetics as inhibitors of platelet aggregation and their possible applica-
tion as anti-thrombotic agents has been reviewed.28 The preparation of polyhyd-
roxy-pyrrolidines, piperidines and azepans from -mannitol has been discussed29

in the context of the development of non-peptide mimics of somatostatin and
sandostatin. An aminoxy-functionalised -galactose template (6) can function as
a scaffold for the de novo design of proteins, by chemical ligation of peptide
aldehydes onto the aminoxy groups.30

Some well-known �-turn mimetics (7–11) have been scrutinised31 for their true
ability to mimic the �-turn structure in a cyclic hexapeptide. Molecular dynamics
and stochastic molecular mechanics simulation procedures were used to rank the
mimetics and in terms of turn-induction, the most popular example (7) had to be
content with 3rd place. The pecking order in turn-induction ability was (9) � (8)
� (7) � (10) � (11). The authors suggest that all potential turn mimetics should
be scrutinised by simulation using these computing methods. Bicyclic lactams
not very different from (8) have been analysed32 for their folding characteristics
within the acylated hexapeptide such as (12). Type II� compact �-turns were the
main characteristics detected by NMR and IR spectroscopy, and computer
modelling. In connection with a programme directed towards the synthesis of
constrained GnRH analogues, all eight diastereoisomers of (13) have been syn-
thesised33 in gram quantities, from readily available (R) and (S) pyroglutamine
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esters. The template molecule (14) derived from aspartic acid and 2S,3R,4R-
diaminoproline, when inserted34 into cyclo(Ala-Asn-Pro-Asn-Ala-Ala-template),
gave evidence, in its NMR spectra, of a �-hairpin conformation.

A Merrifield resin-bound piperazine -2-carboxylic acid, when subjected to the
Petasis reaction, has been shown 35 to be an efficient source of the �-turn mimetic
(15). Bicyclic piperazinones such as (16) have been examined36 as conformational
restrictors, while chiral piperazinones can be generated readily37 from -
glucosamine and amino acid esters. An example of their use to conformationally
restrict an RGD motif is shown in (17). The potential �-turn mimetic (18) has
been produced38 via an on-resin Ugi reaction protocol, starting with the resin
ester of N-Boc-diaminopropanoic acid, �-bromo acid, an aldehyde and an
isocyanide. Two separate research groups have probed for the optimum affinity
between thyrotropin releasing hormone (TRH) and its receptor, by using pep-
tidomimetic units, but neither the piperazine-2-one analogue (19)39 nor the
cis-peptide analogues (20) and (21)40 showed any agonist or antagonist behav-
iour. �-Lactam bridges have been the subject of a short review41 and both the
cis-form (3R,8R isomer)42 and the trans-form (3S,8R-isomer)43 of the eight-mem-
bered lactam (22) have been synthesised. The cis disubstituted form exists in a
semi-extended conformation and exhibits head to tail self-recognition (Kdim 100
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� 20 dm3 mol�1), while the trans-form shows a classical type VI �-turn in polar
solutions.

Tripeptide mimetics (23a–c) have been investigated as their Boc derivatives in
the solid state44 and following ab initio calculations it is found that the anti
conformation is 20 kJ mol�1 more stable for (23 a and b) but only 4 kJ mol�1 for
(23c). Two diastereoisomers of the imidazoline dipeptide mimetic (24) have been
synthesised45 while a theoretically predicted �-turn conformation for a ,
alternating polypyrrolinone has been confirmed by the synthesis and NMR
investigations on (25).46 Constraining amino acid side chains using cyclopropane
rings is now well known47 and has the advantage of allowing four different side
chain orientations. The highly constrained cyclopropane analogue (26) has been
synthesised48 in two chirally pure forms. The (2S,3S) diphenyl form adopts a
classical �-II turn, while the (2R,3R)-form exhibits an open �-II turn which lacks
the i to I � 3 H-bond with a �-turn centred at the cyclopropane unit. The
phosphotyrosine unit of the well known SH2 antagonist Ac-pTyr-Glu-Glu-Ile-
OH has been constrained49 via the analogue (27) and binding studies show that
the cyclopropane ring seems to correctly mimic the bound orientation of the
phosphotyrosine moiety. The constraining of aromatic acids via larger poly-
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methylene rings has been reviewed50 and a novel strategy for incorporating a
constrained phenylalanyl unit has been evolved51as summarised in Scheme 2.
The tetrahydro-�-carboline unit in (28) was constructed52 via a Pictet—Spengler
condensation of a resin bound Trp-containing fragment with a Fmoc-amino
aldehyde.

The involvement of �,�-disubstituted amino acids and bicyclic lactams as
peptidomimetic building blocks are the subject of a short review53 while the novel
spirocyclic azirinyl dipeptide synthon (29) has been used54 in the successful
synthesis of the analogue (30) of the C-terminal nonapeptide of the antibiotic
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trichovirin 1. The largestC�C�-disubstituted glycine reported up to now has been
synthesised55 from 1-aminocyclododecane-1-carboxylic acid and inserted into
model peptides using solution phase techniques. X-ray data confirmed that
�-bends and 310 helices were preferentially adopted by peptides containing these
residues. 2,4,6-Trimethylphenyl (mesityl) groups substituted in the side chains of
amino acids impose conformational rigidity and increased lipophilicity on
amino acid residues. This information has been accumulated56 from NMR data
of enantiometrically pure forms of (31–33).

3 Cyclic Peptides

As was explained in the introduction to this chapter, the comprehensive coverage
of this topic can now be seen in Chapter 4 of this volume. However, this chapter
is not denuded of all references to conformational constraining via cyclisation, as
many of the analogues of biologically active peptides discussed in the next
section are examples of cyclic peptides. However, a few examples are more at
home here as a logical extension of Section 2 or as examples of specific tech-
niques in their construction.

Constraining57 of Gly-Gly residues by 6-aminocaproic acid has given the
�-turn mimetics (34) and (35), while in a search58 for lower molecular weight
compounds with good antagonistic potency at the human tachykinin NK-2
receptor, cyclic peptides typified by (36) were synthesised. The best lead was the
R-form of (36) R1 � PhCH2 which had a pKi � 8.7� 0.3. A �-hexapeptide has
been clamped59 into a 314-helix conformation through the synthesis of (37). A
cyclo-release reaction60 from solid phase resin, triggered by a
dimethyl(thio)sulfonium moiety, has given rise to a series of peptides such as (38)
in yields ranging from 30—80%. A thioether link, reminiscent of the naturally
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occurring lantibiotics has been incorporated61 into a bridged opioid (39). It is
highly �-receptor selective, while an amine-bridged analogue, H-Tyr-
cyclo[N�Me)--A2bu-Gly-Phe-NHCH2CH2], though non-selective, is one of the
most potent opioids prepared. The sandostatin analogue TT-232 [-Phe-c(Cys-
Tyr--Trp-Lys-Cys)-Thr-NH2] has seen its disulfide ring being replaced62 by a
thioether bridge giving (40). The analogue adopts very similar conformations to
TT-232 in solution, and results indicate that anti-tumour activity is retained.

Peptides such as (41) representing the surface loop 4 of class 1 Outer Mem-
brane Protein (OMP) of Neisseria meningitidis have been synthesised63 using
Boc/Bzl protocols with the Mob protecting group being used to selectively
generate the disulfide ring in the presence of cysteines protected by Acm. After
removal of the Acm groups in (41), polymeric forms of the peptide were pro-
duced, and these elicited antisera which showed opsonic activity but no bac-
tericidal activity. The regioselective formation of the two disulfide bonds of
�-conotoxin SI (42) has been carried out using a one-pot procedure.64 The first
disulfide bond was formed by simultaneous cleavage and oxidation of t-butyl
groups in TFA/DMSO at room temperature, while subsequent heating of this
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solution cleaved the 4-methyl benzyl protecting groups with subsequent oxida-
tion to give (42). The anti-obesity peptide (43) has undergone65 biological and

conformational analysis. Representing the 177—191 region of human growth
hormone, it was shown to stimulate lipolysis and inhibition of lipogenesis in
vitro. NMR studies showed that the cyclic region of (43) adopts type I �-turns at
Ser8-Val9, Glu10-Gly11 and Ser12-Cys13-Gly14-Phe15, and when compared to the
X-ray crystal structure of the same residues in the human growth hormone, some
structural similarity has been retained. The result66 of the synthesis and testing of
peptides representing the C-terminal sequence of neuropeptide Y shows that the
analogues YM 42454 (44) and (45) have high binding at the Y1-receptor. A novel
heparin-binding neurotrophic factor consisting of 136 residues and five intra-
molecular disulfide bonds has been synthesised67 in the solution phase using
Boc-protocols, coupling being carried out in solution using EDC/HOOBt. Acm
was used to protect the cysteines, and after removal with Hg(OAc)2, the deprotec-
ted peptide underwent an oxidative folding reaction, assembling the disulfide
bridges in their natural positions. Fragment peptides were also tested for their
biological activities and it was confirmed that the C-terminal half 65-136 is
responsible for the expression of biological activity in the same manner as human
midkine, another heparin-binding neurotrophic growth factor. Endothelin-1 (46)
and a 1-16 fragment of the receptor of the plasminogen activator 1, both
containing Met together with Cys residues, could be successfully prepared68 by
cyclisation of the free SH groups with hydrogen peroxide. The Met to Met-oxide
oxidation was suppressed by working at a pH optimum of 8.5 to 9. Four different
strategies69 have been compared for the formation of the two disulfide bridges in
the recently discovered food intake stimulator, orexin A (hypocretin1), (47). ‘Best
of the bunch’ was a one-step cyclisation in solution, based on I2/AcOH oxida-
tion, after selective protection by S-Acm and S-trityl groups. A yield of 35% was
recorded in this protocol, while unselective oxidation gave a mixture of four
possible isomers. On-resin cyclisation was the most elegant, but only produced
10% yield.

The essential strategy for the synthesis of medium-sized cyclic dehydropep-
tides, based on experiences with alternariolide (AM-toxin I) has been reviewed.70

Cyclic analogues of the fragment Tyr-Val-Pro-Leu-Phe-Pro from proline rich
protein (PRP) have been synthesised by solid phase techniques.71 Conforma-
tional studies showed that disulfide bridged analogues were the most rigid.
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4 Biologically Active Peptides

4.1 Peptides Involved in Alzheimer’s Disease. — The cellular and molecular
basis of �-amyloid precursor protein (�-APP) has been reviewed.72 Emphasis is
made of the regulation of �-APP cleavage through diverse signal transduction
mechanisms. The �-amyloid (A�), a 39—43 residue peptide, which is the pro-
teolytic product of the membrane bound protein, is the main component of
amyloid plaques found in brain lesions of patients suffering from Alzheimer’s
disease. Its N-terminal sequence up to residue 28 is deemed to be hydrophilic and
the fragment (12—28) of this region has been used73 to test for the early stages of
aggregation. NMR and CD spectroscopic studies on millimolar solutions close
to the isoelectric point show that high ionic strength and high temperature
promotes aggregation and �-sheet formation. Overall it was felt that early stages
in fibrillogenesis were being mimicked under these conditions. A sensitive im-
munoassay using Ciphergen’s SeldiTM protein chip system has been developed74

to measure all the variant A� in culture supernatants, which will be useful in
screening inhibitors of the proteases involved. Using the assay it has been shown
that increasing intracellular cholesterol increases the activities of both �- and
�-secretase, and increased �-secretase cleavage occurs by changing the intracellu-
lar targetting of amyloid precursor glycoprotein. A dimeric peptide (48), has been
designed75 to monitor the structural transition from �-helix to �-sheet and self
assembly into amyloid fibrils. Peptide (48) initially forms a coiled-coil �-helix and
the self initiated transition to �-sheet was induced by appropriate hydrophobic
residues being attached at the N-terminus. In the �-sheet form the peptides
self-assembled into the amyloid.
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4.2 Antimicrobial Peptides. — In the race for supremacy over the microbes,
synthetic combinatorial libraries of peptides have been generated76 on the basis
of a deconvolution strategy directed towards activity specificity. A 140-reference
report77 has appeared on nonlantiobiotic antibacterial peptides from lactic acid
bacteria, and the bacteriocins from the same source have been reviewed.78 The
antibacterial peptides isolated from insects have been reviewed79 up to 1999.

4.2.1 Antibacterial Peptides. Drosocin, pyrrhocoricin and apidaecin, represen-
ting the proline-rich antibacterials originally from insects, have been shown80 to
act in a stereospecific manner on a target bacterial protein. Biotin- and fluor-
escein-labelled derivatives of these peptides have assisted in the isolation of
interacting proteins from E. coli. Drosocin is inactive in vivo due to rapid
decomposition but pyrrhocoricin is significantly more stable81 and analogues of
this with unnatural amino acids at both termini, as well as cyclic analogues, have
improved activity in vitro. The peptide RK-1 (49) a novel �-defensin related
peptide has been synthesised82 using Fmoc-solid phase protocols. S-Trt was used
for protection of Cys residues and Hmb-transient protection was required to
prevent aspartimide formation at Asp-Gly. An even more demanding defensin-
like peptide MGD-1 (50) isolated from Mediterranean mussel, Mytilus gallop-
rovincialis, has been synthesised83 by solid phase. In a structural comparison with
insect defensin A it is shown that they both possess a typical distribution of
positively charged and hydrophobic side chains, and are the source of their
antibacterial activity.

Three new peptaibols, atroviridins, A, B and C, have been identified84 in the
broth of Trichoderma atroviride. The structure of A has been elucidated as (51),
with B as [Iva17]-atroviridin A and C as [Aib6, Iva17] atroviridin A. Mixtures of
microheterogeneous 16-mer peptaibol antibiotics of the antiamoebins family
have been extracted85 from the culture broths of Stillbella fungi. AAM (I—V) of
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this family were already identified, and LC-MS techniques have provided struc-
tures for AAM (VI—XVI). The structures in the main are variations on AAM VI
(52) having different residues at positions 1, 2, 3, 4, 5, 8 and 12. Unusually for
peptaibols, the two 10-residue pseudokonins KL III (53) and KL VI (54) iso-
lated86 from the fungus Trichoderma pseudokoningii have C-termini without the
usual �-amino alcohol ending. The C-terminus of (54) is probably the result of an
intramolecular cyclisation of the two terminal residues. A �-bend ribbon struc-
ture seems to be initiated by the Xaa-Yaa-Aib-Pro motif. Trikoningins KB1 (55),
KBII (56) and the L-Iva analogue (57) have been synthesised87 and correlations
made between conformation and membrane activity. The results confirmed the
positive role played by the Iva ethyl side chain in membrane activity which was
independent of its configuration. So the action on membranes is mediated
through a global distribution of hydrophobic and hydrophilic residues leading
to amphipathic helical structures.

Amphibian and fish are a rich source of antibacterial peptides. Seventeen
aurein peptides are present in the secretion88 from the granular dorsal glands of
Australian Bell frog Litoria aurea and sixteen from L. raniformis. Thirteen show
wide-spectrum antibiotic and anti-cancer activity, and amongst the more active
are aurein 1.2 (GLFDIIKKIAESF-NH2), aurein 2.2 (GLFDIVKKVVGAL-
GSL-NH2) and aurein 3.1 (GLFDIVKKIAGHIAGSI-NH2). Aurein 1.2 with 13
residues is the smallest aurein to show both antibiotic and anti-cancer activity
(LC50 in 10�5 M range). Aurein 1.2 is shown by NMR to adopt a stable am-
phipathic �-helical form. 31P-NMR has been used89 to study the interaction
between peptides from the skin glands of Australian tree frogs Litoria caerulea
and L. genimaculata, and bacterial membranes in vivo. Caerin 1.1 and maculatin
1.1, both wide-spectrum antibiotics, disrupted the membranes of B. cereus and S.
epidermidis leading to an increase in the isotropic 31P signal. Infrared spectro-
scopy with isotopic editing has been used90 to study interactions between the
polypeptide cecropin A as it penetrated lipid membranes. The peptide adopted
well-ordered secondary structure while superficially adsorbed to a membrane
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surface. Novel glycosylated proteins have been isolated91 from the epidermal
mucus of tench, eel and rainbow trout. These proteins form ion-channels in lipid
bilayers which correlates with a strong antibacterial activity (MIC �1 �M) for
Gram positive and Gram negative bacteria.

Buforin 2 (TRSSRAGLQFPVGRVHRLLRK) from the stomach tissue of
Asian toad, Bufo gargarizans, with a �6 net charge, shows antimicrobial activ-
ity92 an order of magnitude higher than that of magainin. In the investigation of
the interaction of buforin 2 with phospholipid bilayers, it was found that it
exhibited much weaker membrane permeabilisation activity, and was more
efficiently translocated across lipid bilayers. In a separate structure—activity
analysis93 it was discovered that the proline hinge in buforin 2 was responsible for
the cell-penetrating properties. The buforins therefore constitute a new class of
antibacterial peptides that target intracellular substances, most probably nucleic
acids without significantly permeating cell membranes. A 20-residue hybrid
peptide, KWKLFKKTGIGKFLHSAKKF-NH2, incorporating the 1—8 resi-
dues of cecropin A and the 1—12 residues of magainin 2 has been shown94 to have
potent antimicrobial activity without toxicity against human erythrocytes. In a
structure—activity study it has been revealed that the partial insertion of Trp2 into
the membrane and the positively charged Lys residues at the N-terminus leads to
the primary binding to the cell membrane. Also important for activity95 is a
flexible �-turn induced by Gly-Ile-Gly or Pro creating a helix-hinge-helix struc-
ture.

Hadrurin from the venom of the Mexican scorpion,Hadrurus aztecus has been
identified as a basic 41-amino acid peptide, GILDTIKSIASKVWNSKT-
VQDLKRKGINWVANKLGVSPQAA, and contains no cysteines. Its syn-
thesis,96 and that of two analogues, has provided the information to deduce that
there appears to be no receptor molecules, and the probable mechanism is
through membrane destabilisation activity. CRAMP-18 the antibacterial se-
quence, GEKLKKIGQKIKNFFQKL, derived from CRMAP, a member of
cathelicidin-derived antimicrobial peptides, has undergone structure—activity
studies.97 By synthesising analogues designed to increase the positive charges
without affecting the hydrophobic helix, it was revealed that introducing Lys at
position 2 enhanced antibiotic activity. The conformation of bacteriocin AS-48,
a 70-residue cyclic peptide from Enterococcus faecalis has been shown98 to be a
globular arrangement of five �-helices. Positive charges in a cluster within helix 4
most probably account for its antibacterial activity. A 30-residue peptide,
LRVRLASHLRKLRKRLLRDADDLQKRLAVY, representing residues
133—162 of apoprotein E, has been found99 to have antibiotic activity comparable
to the classic example, gentamicin. Short synthetic sequences (15-residues) based
on bovine, human, caprine, murine and porcine lactoferricins have been pre-
pared100 but only the bovine (MIC � 24 �M) and caprine derivatives displayed
measurable antibacterial activity. A number of peptide derivatives and cyclo-
peptides based on the N-terminal segment Arg8-Leu9-Val10-Gly11 of the inhibi-
tory centre of human cystatin C have been synthesised.101 The cyclic analogues
and derivatives of the general structure X-Arg-Leu-NH-CH(iPr)-CH2-NH-Y
had the widest spectrum of antibacterial activity. Linear (59) and cyclic (58) forms
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of an amphipathic �-helical peptide, together with some diastereoisomers have
been synthesised102 and when biologically tested there was increased selectivity
between bacteria and human erythrocytes in the cyclic examples. Cyclisation
also abolished the oligomerisation of the linear peptide in solution and in SDS.

Peptides containing multiple dehydro amino acid and cysteine residues have
been synthesised103 in order to probe the biomimetic synthesis of the lantibiotics
from their precursor peptides. Both the linear peptides (60) and (61) representing
the B- and E-rings of subtilin and nisin rapidly closed stereospecifically and
regiospecifically. In the case of the A-ring precursor (62) with two dehydro
residues, regioselectivity was maintained during cyclisation, although not totally
stereoselective. Some compounds contained in combinatorial libraries104 of N-
acetylated,C-amidated -amino acid hexapeptides have been found to inhibit a
bacterial 2-component signal transduction kinase.

4.2.2 Antifungal Peptides. The potential of antifungal peptides as candidates for
the treatment of fungal infections has been reviewed,105 while the structural and
biological aspects of antifungal peptides derived from chromogranins and pro-
enkephalin have been discussed.106 Synthesis and preliminary biological evalu-
ation107,108 of aromatic and aliphatic bearing side chain analogues of
pseudomycin as exemplified by (63) to (65) showed that analogues (63) gave
promising antifungal activity together with the n-C15H31 form of (65), which
showed good in vitro activity against all three major fungi responsible for
systemic fungal infections. A hexapeptide, Ac-Arg-Lys-Thr-Trp-Phe-Trp-NH2,
has been demonstrated109 to have activity against selected phytopathogenic fungi
that cause post harvest decay in fruits. Peptides synthesised were either all- or
all- and they inhibited in vitro growth of Penicillium italicum, P. digitatum and
Botrytis cinera with MICs of 60—80 �M and IC50 of 30—40 �M.

Three sets of sub-libraries110 of an antifungal lead peptide H-His--Trp--Phe-
Phe--Phe-Lys-NH2 have been prepared by using variations at positions 1, 4
and 6. Potent antifungal activity against bothC. albicans and C. neoformanswas
seen in H-Arg--Trp--Phe-Ile--Phe-His-NH2. Antifungal peptides derived
from the human bactericidal/permeability increasing protein (BPI) have been
produced by recombinant techniques in E. coli.111

4.3 ACTH Peptides. — For some reason both manual and computer scanning
of the literature under this topic have hit on just one paper during 2000. The one,
takes the form of a review of the work done in the author’s laboratory112 which
indicated for the first time that ACTH had a direct effect on the neuromuscular
system.
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4.4 Angiotensin II Analogues and Non-peptide Angiotensin II Receptor
Ligands. — The amide-linked angiotensin II potent cyclic analogue,
cyclo[Sar1,Lys3,Glu5]angiotensin II (66) has been synthesised.113 The compound
has about 15% of the activity of the parent linear peptide, probably caused by
the change in the residues 3 and 5. NMR data and molecular modelling revealed
a similar Tyr4-Ile5-His6 bend and a His6-Pro7 amide in trans configuration to that
seen in angiotensin II. Four sets of angiotensin II analogues,114 with position 5
incorporating successively, Ile, Nle, Met, S-ethyl Cys, S-n-propyl-Cys, S-n-butyl-
Cys and S-benzyl-Cys have been synthesised. Of the four, two belonged to the
agonist series with either Asp or Sar in position 1 and Phe in position 8, the other
two were antagonist, having Leu in position 8. On evaluating binding properties
to the ATI receptor, it was deduced that the analogues bind irrespective of their
agonist or antagonist nature, and that position 5 modifications without �-
branching behave in an additive manner towards their affinity.

4.5 Bombesin/Neuromedin Analogues. — A glycine extended bombesin ana-
logue115 (p-hydroxy-phenylpropionyl-Gln-Trp-Ala-Val-Gly-His-Leu-Met-Gly-
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OH, JMV-1458) has been tested in various biological systems. It was able to
inhibit specific 125I GRP binding in rat pancreatic acini and in Swiss 3T3 cells
withKi values of ca. 10�8 M. [Tyr0, Bpa4]-Bombesin has been synthesised116 and
on evaluation using T47D breast cancer cells it showed high affinity (Kd � 5
nM). Further binding inhibition studies confirmed that this bombesin analogue
is an agonist for GRP receptors. Dipeptide and �-turn mimetics have been
incorporated117 into the bombesin sequence as illustrated in (67–69). Compound
(67) showed a good affinity for GRP/BN receptors and Swiss 3T3 cells (Ki �

1.7�0.4 nM and 1.0� 0.2 respectively). Compounds (68) and (69) with modified
C-terminal residues were able to antagonise 1 nM bombesin-stimulated amylase
secretion from rat pancreatic acini with high potency (Ki � 21�3 and 3.3�1.0
nM respectively) and 10�7 M bombesin-stimulated [3H]thymidine incorpor-
ation into Swiss 3T3 cells (Ki � 7.8�2.0 and 0.5�0.1 respectively).

A diamine-thiol analogue of bombesin labelled with Tc-99m has been pre-
pared.118 Bombesin and the brain-gut axis has been discussed,119 and in an
investigation120 of gene expression of bombesin-like peptide (BLP) and BLP
receptors in lung from two baboon bronchopulmonary dysplasia (BPD) models.
Both BLPs and their receptors are implicated in the pathogenesis of BPD.

Molecular characterisation, anatomical distribution and pharmacological
properties of neuromedin B have been reviewed,121 while non-peptide antagon-
ists have been shown122 to interact with neuromedin B receptors inhibiting the
proliferation of C6 cells. These included, 2-[3-(2,6-diisopropylphenyl)-ureido]3-
(1H-indol-3-yl)-2-methyl-N-(1-pyridin-2-yl-cyclohexylmethyl)-propionate (PD
165929), 3-(1H-indol-3-yl)-2-methyl-2-[3(4-nitro-phenyl)-ureido]-N-(1-pyridin-
2-yl-cyclohexylmethyl]-propionamide (PD168368) and 3-(1H-indol-3-yl)-N-[1-
(5-methoxy-pyridin-2-yl)-cyclohexylmethyl]-2-methyl-2-[3-(4-nitrophenyl)-
ureido]-propionamide (PD176252). All three inhibited [125I-Tyr0]-neuromedin B
binding with IC50 values of 2000, 40 and 50 nM respectively. PD 168368 was the
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best in inhibiting proliferation of C6 xenograft in nude mice in vivo.
The role of the two argininyl residues at positions 5 and 7 of dog neuromedin

U-8 (pGlu-Phe-Leu-Phe-Arg-Pro-Arg-Asn-NH2) has been examined123 through
the synthesis of analogues and testing them for smooth muscle contractile
activity. Results revealed that Arg7 is indispensable for receptor binding and
activation to induce smooth muscle contraction. The guanidino group at posi-
tion 7, but not at position 5 is strictly recognised by NMU receptors in the
chicken crop. An analogue of neuromedin U, NmU-23, from the defensive skin
secretion of the Australasian tree frog, Litoria caerulea has been shown124 to have
the structure SDEEVQVPGGVISNGYFLFRPRN-amide, and gives biological
responses similar to porcine NmU-25. The North American pickerel frog, Rana
palustris, releases125 22 peptides in its skin secretions, many of known structure
and belonging to families such as brevinin-1, esculentin-1 and -2, ranatuerin-2
and temporin. As well as bradykinin, two peptides related to neuromedin-N
(the hexapeptide KKPYIL and a larger, cystine-containing form
HLRRCGKKPYILMACS) have been purified.

Neuromedin U has been shown126 to potently activate orphan G-protein-
coupled receptor FM3, and another novel G-protein-coupled receptor TGR-1,
highly homologous with FM-3, has been isolated.127 Neuromedin U specifically
and clearly elevated the extracellular acidification, arachidonic acid release and
intracellular Ca2� mobilisation, in Chinese hamster ovary cells expressing TGR-
1.

4.6 Bradykinin Analogues. — The new opportunities beckoning for bradykinin
antagonists as anti-inflammatory/analgesic drugs have been highlighted.128 In
the design of B1-receptor antagonists the dipeptide insert, -Tic-Oic (-BT) has
proven to be a good mimic for Pro-Phe. A further analogue (JMV 1431) using
this insert has now been synthesised129 having the structure H--Arg-Arg-Pro-
Hyp-Gly-Thi-Ser--BT-OH. This had affinity of 83 nM for the human-cloned
B1-receptor, but also had the ability to bind to the B2-receptor with an affinity of
4 nM, despite the absence of a C-terminal Arg in its sequence. Retaining the
insert in the C-terminal position and replacing Pro2-Hyp3-Gly4-Igl5 with the ring
systems shown in (70) (JM1640) has given130 an antagonist with an affinity of
24.10�9.48 nM for the B1-receptor, antagonised [des-Arg10]-kallidin-induced
contraction of the human umbilical vein (pA2 � 6.1� 0.1), but did not bind to
the kinin B2-receptor. Different interactions of peptide and non-peptide agonists
and antagonists at the receptor have been put forward131 as explanation for their
pharmacology in the guinea-pig ileum. The study showed that I:I catibant (H--
Arg-Arg-Pro-Hyp-Gly-Thi-Ser--Tic-Oic-Arg-OH), MEN 11270 (H--Arg-
Arg-Pro-Hyp-Gly -Thi-cyclo (Dab--Tic-Oic-Arg) and FR 173657 [(E)-3-(6-
acetamido-3-pyridyl)-N-[N-(2,4-dichloro-3-[(2-methyl-8-quinolyl)oxymethyl]
phenyl]-N-methylaminocarbonylmethyl]-acrylamide gave differences in com-
petitive vs. non-competitive assays which could be ascribed to their different
reversibility from the B2-receptor. Twenty previously synthesised132 bradykinin
analogues, already tested for their vasodepressor response to exogenous brady-
kinin, have now been tested on rat uterus. This structure—activity study appears
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to support the hypothesis that there are different sub-types of B2-receptors in rat
uterus and blood vessels.

Significant differences in substrate specificity between the very similar recom-
binant endopeptidases EP24.15 and EP24.16 have been revealed133 through
using �-amino acid inserts into the N-terminal positions of bradykinin. �-Amino
acids near the scissile Phe5-Ser6 prevented cleavage by either enzyme, but the
analogues still acted as inhibitors of the enzymes. Enhanced cleavage was evident
in some analogues and not in others. Database searches using 3D-pharmaco-
phore models have found134 a number of new B2-receptor antagonists, amongst
libraries and commercially available compounds. N-Alkylated residues in posi-
tion 2 next to Arg1, and acylated reduced amide bonds at the penultimate residue
at the C-terminus have enabled135 backbone cyclic peptide analogues to be
produced. The best results for condensation of the branching chain to the
reduced peptide bond were achieved using mixed anhydrides. Linear bradykinin
analogues, Lys-Lys-BK, Nle-Lys-BK and Lys-Nle-BK, together with their cyclic
counterparts, and cyclo-Nle-Nle-BK and cyclo-Lys-Lys-[Trp5]-BK have been
synthesised.136 When tested on isolated rat duodenum preparations, all except
the [Trp5]-analogue caused relaxation with EC50 values in the picomolar range.
The most potent linear analogue, Lys-Nle-BK, was about 40 times more active
than bradykinin, while the most potent cyclic counterpart, cyclo-Nle-Lys-BK,
was about six times more active. Amongst the many peptides found137 in the skin
secretions of the pickerel frog,Rana palustris, is bradykinin itself (human version)
and four peptides structurally related to [Leu8]-BK.

Conformational studies have been carried out on a number of bradykinin
analogues. An NMR study138 on BKM-824, cyclo(Ava-Igl-Ser--F5F-Oic-Arg),
where Ava is 5-aminovaleric acid, Igl is �-(2-indanyl)-Gly, F5F is penta-
fluorophenylalanine and Oic is (2S,3aS,7aS)-octahydroindole-2-carboxylic acid;
on BKM-g70, cyclo(-Arg-Arg-Add--F5F-Oic-Arg], where Add is 12-
aminododecanoic acid; and on BKM-872, cyclo(-Arg-Arg-Eac-Ser--F5F-
Oic-Arg),where Eac is 6-aminocaproic acid, revealed that only BKM-824 had a
discernible solution structure. This molecule had a type I �-turn between resi-
dues F5F4 and Ava1 which differs from the usual type II� �-turn at the C-terminal
end. The importance of the N-terminal �-turn and the hydrophobic character of
the C-terminus in determining the activity of bradykinin antagonists has been
reinforced139 by NMR data in 60% CD3OH/40% D2O on three analogues:
B-10148 (Lys�1-Lys0-Arg1-Pro2-Hyp3-Gly4-Igl5-Ser6--F5F7-Oic8); B-10206 (-
Arg0-Arg1-Pro2-Hyp3-Gly4-Igl5-Ser6--F5F7-Nc7G8-Arg9 ),where Nc7G isN-cyc-
loheptyl glycine; B-10284 (Arg1-Pro2-Pro3-Gly4-Phe5-Thr6--Tic7-Oic8-NH2).
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B-10148, a potent B1-receptor antagonist, with high activity also on the B2-
receptor despite lacking a terminal Arg, displayed an ideal type II �-turn from
Pro2-Igl5, and a salt bridge from the Arg1 guanidino group to the carboxylate of
Oic8. B-10206, the most potent B2 antagonist, also displayed the same �-turn but
had little secondary structure at the C-terminus, but no definite structure could
be found for B10284. In a mainly computational study140 a �-turn in the N-
terminal (2—5) is also substantiated for cyclo0,6[Lys0, Glu6, -Phe7]-BK, a B2

antagonist. A type VI �-turn was seen between Arg1 and Gly4 (with a cis
Pro2-Pro3), a type I �-turn between Pro2 and Phe5 with a different type of turn
covering the segment Glu6-Arg9.

A high throughput functional assay,141 measuring intracellular Ca2�responses,
showed that the most potent agonists at the B1-receptor were des-Arg9-BK (EC50

� 7.9 nM) and des-Arg10-kallidin (EC50 � 8.6 nM), while the most potent at the
B2-receptor was bradykinin (EC50 � 2.0 nM). Electron spin resonance spectros-
copy of several different spin labels was used142 to study the interaction between
bradykinin and analogues with anionic vesicles of dimyristoylphosphatidyl-
glycerol. It was shown that all the peptides interact with the bilayer, making the
membrane less fluid both at its surface and at the centre. Proof has been
obtained143 that the B1-receptor is expressed in the naı̈ve rat sensory nervous
system, and the striking distribution of the receptor on sensuary neurons sug-
gests that a direct action of B1 activators on the nervous system may contribute
to hyperalgesia.

4.7 Cholecystokinin Analogues, Growth Hormone-releasing Peptide and Ana-
logues. — In a project aimed at the management of obesity, CCK peptides
combining the features of previously known hexa and tetrapeptide classes have
been synthesised.144 Hpa-Nle-Gly-Trp-Lys-Tac-Asp-MePhe-NH2, where Hpa is
4-hydroxyphenylacetyl, has a subnanomolar affinity and 3500-fold selectivity for
CCK-A receptors. It produced a long-lasting reduction in food intake in rats and
a corresponding weight loss when administered over nine consecutive days.
CCK-4 (Trp-Met-Asp-Phe-NH2) has been altered145 as a result of computer-
modelling experiments. Exchanging the Met group with Pro or Nle, and modify-
ing Phe with various substituents, led to compounds which were more effective
as insulin secretagogues than CCK-4 itself. The CCK-8 analogue BC 264 (Boc-
Tyr(SO3H)-gNle-mGly-Trp-MeNle-Asp-Phe-NH2), is known not to be
anxiogenic but appears to be able to reinforce memory, but this property is not
shared by CCK-4 analogues. So the C-terminal tetrapeptide of BC-264 has been
developed146 through extensions at its N-terminus e.g. HO2C-CH2-CONH-Trp-
MeNle-Asp-Phe-NH2 to yield compounds that do have BC 264 type profiles and
bind to CCK2 receptors in a specific way. The role of tyrosine sulfation and serine
phosphorylation in the processing of procholecystokinin has been inves-
tigated.147 Inhibition of tyrosine sulfation decreased the secretion of processed
CCK-8, but when tyrosines were mutated to Phe, CCK was still processed and
secreted. Changing Ser to Ala did not affect the processing. So there is no
absolute requirement for tyrosine sulfation, although it may still be important in
solubility and functional interaction.
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New peptoid structures148 based on CCK1 tripeptide antagonists such as
Boc-Trp-2-Nal-Asp-2-phenyl ethyl amide have been made, and are summarised
by the general structure (71). Structure—activity studies carried out on this series
conclude that the CCK1 and CCK2 receptors recognise enantiomeric disposi-
tions of the Trp30 indole, the Asp32 COOH and C-terminal phenyl groups (within
the 30—33 C-terminus of cholecystokinin) arranged about a common backbone
configuration. As a consequence of molecular modelling a novel series of CCK2

receptor antagonists, based on the diazonine template, have been made.149 One of
the best produced was compound (72) which was a 100-fold more selective for
CCK2 over CCK1 receptors. A series of 5-phenyl-3-ureidobenzodazepine-2,4-
diones have been synthesised150 and evaluated as CCK-B receptor antagonists.
Out of the structure—activity studies came evidence that the N-1 substituent and
substitution at the urea side chain were important for CCK-B affinity, resulting
in the lead compound (73) being taken for further development. A non-peptide
CCK-1 receptor agonist PD 170292 (74), shows agonist activity at the high
affinity sites, and as an antagonist at the low affinity sites of CCK-1 receptor.151 It
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is also an efficient antagonist of CCK-2. receptor. A synthetic route has been
outlined152 for the non-peptide cholecystokinin antagonist (75). Replacement of
the �-MeTrp residue of dipeptoids with �-turn mimetic, (2S,5S,11bR)-2-amino-
3-oxohexahydro-indolizino[8,7-b]indole-5-carboxylate has led153 to restricted
analogues showing high binding affinity and selectivity for CCK-1 receptors.
The analogues such as (76) tested in this study show nanomolar affinity for
CCK-1 but are very dependent on the configuration of the �-turn mimetic insert.
Using binding and affinity studies154 based on 33-point mutated receptors it has
been possible to construct molecular models for the binding of the antagonist SR
27897 and the agonist SR 146131 to the human CCK receptor. Clear differences
in their binding sites have been proposed although their stuctures are very
similar, SR 27897 being 1-[2-(4-(2-chlorophenyl)thiazol-2-yl)aminocarbonyl in-
dolyl]acetic acid, and SR 146131 is 2-[4-(4-chloro-2,5-dimethoxyphenyl)-5-(2-
cyclohexylethyl)-thiazol-2-ylcarbamoyl]-5,7-dimethylindol-1-yl-1-acetic acid.
The synthesis and structure—activity relationships155 of CCK-A antagonist,
FK480, a CCK-B antagonist, FR 175985, and a dual CCK-A and -B antagonist,
ER 208419, have been reported.

In what appears to be a lean year on productivity on growth hormone matters,
the recently discovered growth hormone secretagogue, ghrelin, has been inves-
tigated.156 Ghrelin (77), isolated from human gut extract, is believed to be the first
example of a peptide with one of its serine residues acylated with an octanoyl
group, and is a potent agonist at the human growth hormone secretagogue
receptor 1a (hGHSR1a). In structure—function studies, bulky hydrophobic
groups in the side chain of residue 3 turned out to be essential and short peptides
encompassing the first four or five residues of ghrelin were found to activate
hGHSR1a as efficiently as the full-length parent. It seems that Gly-Ser-Ser(n-
octanoyl)-Phe constitutes the active core required for agonist potency at
hGHSR1a.

4.8 Integrin-related Peptide and Non-peptide Analogues. — This area continues
to be a productive field, and a review157 on novel parenteral and potential oral
antithrombotic agents places it all in pharmaceutical context. As more and more
of the compounds appear in clinical testing, a number of reviews have appeared
appraising their potential as drugs. One review158 reports pretty mixed reactions
to the use of oral glycoprotein IIb/IIIa inhibition. Others159,160 see the develop-
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ments in a more positive light. An annual report161 has appeared on anti-platelet
therapies, while the orally-active platelet GPIIb/IIIa blocker, lotrafiban (SKB)
has been the basis of a clinical assessment.162

4.8.1 IIb/IIIa Antagonists. A series of ring-constrained analogues of the
GPIIb/IIIa receptor antagonist XR299 have been investigated.163 The optimum
structure found within the series, with a IC50 � 0.28 �M, was (78). A variety of cis
and trans 2,5-disubstituted tetrahydrofuran (THF) mimetics have been pre-
pared164 and tested. The relative and absolute configuration of the chiral centres
at the THF ring had a pronounced effect on the binding activity and selectivity.
Compound (79) proved to be a selective inhibitor of �IIb�3 (IC50 � 20 nM)
whereas (80) exhibited high binding at �IIb�3 (IC50 � 67 nM) and �v�3 (IC50 � 52
nM). In a search165 for low molecular weight Gp IIb/IIIa antagonists, naphtha-
lene derivatives originating from nafamostat have shown activity. 4-(6-Amidino-
2-naphthylaminocarbonyl)-phenoxyacetic acetic acid and 4-(6-amidino-2-naph-
thylenecarboxamido)-phenoxyacetic acetic acid inhibited adenosin-5�-diphos-
phate-induced aggregation of human platelet-rich plasma with IC50 values of
0.05 and 0.07 �M respectively. A small library of amidine-based Gp IIb/IIIa
antagonists including known active compounds such as lamfiban (R044-9883)
and TAK-029 have been constructed166 via dendrimerised TentaGel beads using
4-amidinobenzoic acid as template. Condensed heterocyclic compounds, such as
trans-4-(5-amidinobenzofuran-2-carboxamido)cyclohexyloxyacetic acid, and
trans-3-[4-(5-amidinobenzo-furan-2-carboxamido)cyclohexyl]propionic acid
produced167 marked inhibitions with IC50 of 0.018 and 0.006 �M in a human
platelet aggregation assay. However, based on its 80% inhibition in dogs, it is the
ethyl trans-4-[5-amidinobenzofuran-2-carboxamido)-cyclohexyloxy acetate
(AR05910) that has been chosen for further clinical development as an oral
anti-thrombotic agent. Incorporation168 of an Asp-Ser sequence in hirotunin to
create an RGD motif, retained the anticoagulant effect of hirotunin, but had little
formal disintegrin activity. Some novel anti-platelet effects were detected, how-
ever.

The tripeptide derivative Ac-Arg-Gly-Asp-NHMe was chosen169 for a confor-
mational study of the RGD sequence. Patterns and relative stabilities of H-
bonds were energetically and statistically analysed using the programme
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ECEPP/3 and its hydration shell model. �-Turn populations for the neutral
tripeptide were reasonably consistent with NMR measurements, but conforma-
tions seem to depend on solvent polarity and pH values. Model structures such
as (81) have been used170 in advanced CoMFA calculations of 3D QSARs and
molecular orbital calculations171 on 2,6-amidino benzothiophenes and 5-
amidinofuro[2,3-b]pyridines suggest the presence of preferred spatial orienta-
tion between the amidine and the carboxylic groups.

4.8.2 �v�3 Antagonists. Purine-based peptidomimetics such as (82) and (83) have
been used in libraries for the discovery of new vitronectin receptor antagonists.172

IC50 values for the inhibition of kistrin binding to �v �3 for (82) and (83) were 0.05
and 0.17 �M respectively. Hydantoin-based scaffolds such as (84) have assisted173

in rationalising the different binding orientations of the guanidyl groups in
antagonists binding to �IIb�3 and �v�3. In the former, the binding is end-on, and in
the latter it is side-on. Kessler et al.’s highly �v�3 -selective cyclo(Arg-Gly-Asp--
Phe-Val) has been chosen174 as the lead structure for the development of a
number of carbohydrate derivatives. As hoped for, derivatives (85) and (86)
showed high �v�3 activity (IC50 � 150 and 25 nM respectively). Unexpected was
compound (86)’s activity (IC50 � 13.4 nM) against receptor �IIb�3. This latter
effect has been attributed to the greater flexibility in the conformation of the
�-compound (86), matching the steric demands on both receptor pockets. A new
series of �v�3 integrin antagonists based on indazole have been described.175

Indazoles attached to a 2-aminopyridine or 2-aminoimidazole by a propylene
linker at the indazole 1-position and to a diaminopropionate derivative via a
5-carboxylate amide provided the best potency with moderate selectivity.

The key role of small molecule �v integrin antagonists as novel anti-cancer
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agents has been reviewed176 and the pertinent chemistry and biological advances
in the design and biological evaluation of �v�3 antagonists as inhibitors of bone
resorption has been summarised.177

4.8.3 �4�1 and �5�1 Antagonists. Following on from the lead of �4�1 -antagonists
based on cyclic disulfide RGD and LDV analogues, structure—activity studies178

have revealed potent �4�1 antagonists amongst a series of acyclic simplified
structures such as (87). Their main disadvantage is rapid degradation (t1/2 � 3
min). Similar potency against �4�1 integrins has been discovered179 amongst
compounds having the structures such as (88). Previous proposals that fibronec-
tin binding protein functions as a molecular bridge between M1 protein and
integrin �5�1 have been substantiated180 through studies on the blocking of
integrin �5�1 fibronectin-M1 protein complexes by a low molecular weight
non-peptide antagonist SJ755.

The �4�1 integrin (Very Late Antigen 4,VLA-4) is expressed in many lym-
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phocytes and is the principal receptor for Vascular Cell Adhesion Molecule-1,
VCAM-1. Thus inhibitors of the VCAM-VLA-4 interaction could be useful for
treating asthma and rheumatoid arthritis. Substitution of carbon for sulfur in a
potent cyclic disulfide antagonist of the interaction has given (89),181 with IC50

values for n� 1 isomers of 44 and 89 nM and values of 550 and 750 nM for n�

2. These are very inferior values to the parent disulfide compound. Cyclic
thioether analogues such as (90) showed activity dependent on ring size and the
position of the S atom,182 while replacement of Asp-Pro in the original disulfide
cyclic compound, with an achiral mimetic, 1-(2-aminoethyl)cyclopentyl car-
boxylic acid, retained183 the IC50 value of 0.5 nM.

4.9 LHRH and GnRH Analogues. — Progress in the study of analogues of
LHRH has been reviewed.184 While agonists, functioning as anti-tumour agents
for hormone-dependent tumours, have been on the market for about 10 years,
antagonists are still in clinical trials. Small linear peptides, cyclic peptides and
peptidomimetics have all shown in vitro and in vivo antagonist activity, with the
�-turn in the central tetrapeptide and the N-terminal tripeptide segment playing
an important role in receptor binding. A review185 of the clinical development of
cetrorelix, the first LHRH antagonist available clinically has been published. The
rationale behind the discovery was to search for GnRH antagonists which cause
inhibition of LH and FSH by competitive blockade of the receptors.

Potent hexapeptide and heptapeptide GnRH antagonists have been syn-
thesised186 and tested. The best heptapeptide antagonist was Ac--Nal2--Cpa-
-Pal-Gly-Arg-Pro--Ala-NH2 (IC50 � 7 nM, cfGnRH, 2 nM), while the highest
affinity (IC50 � 45 nM) for the hexapeptide Ac--Nal2--Cpa--Pal-Gly-Pro--
Ala-NH2 was lower. In order to test their effect on egg development in ovarioles
(insect oostatic activity), mammalian, salmon, chicken I and II GnRHs and
fragments of mammal GnRH have been synthesised187 on 4-methylbenzhyd-
rylamine resin using the Merrifield approach. Varying the substituents at posi-
tions 5, 7 and 8 in mGnRH (pGlu-His-Trp-Ser-Tyr5-Gly-Leu7-Arg8-Pro-Gly-
NH2) showed that there was functionality associated with positions 7 and 8. Only
MGnRH and two of its carboxy-truncated analogues greatly affected egg devel-
opment. A series of detailed papers188—191have monitored the influence of con-
straining the GnRH structure by various cyclic bridges. A number of cyclic
(4—10) and (5—8), together with bicyclic (4—10/5—8) GnRH antagonists have been
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synthesised188 and tested for affinity to the rat GnRH receptor and in vivo
antiovulatory potency. The most potent monocyclic analogues were cyclo
(4—10)[Ac--Nal1, -Fpa2, -Trp3, Asp4, -Arg6, Xaa10] GnRH with Xaa �

/-Agl (Ki � 1.3 nM) or Dpr (Ki � 0.36 nM) which completely blocked
ovulation in rats. The bicyclic analogues had only a 1

4 of this potency, but varying
the size of the 5—8 bridge in the bicyclic context did produce analogues with up to
200 times better affinity. It was rationalised189 further that constriction at the
N-terminus through a cyclo(1—3) scaffold would be desirable. This led to the
unexpected discovery of cyclo(1—3) [Ac--Asp1. -Cpa2, -Lys3, -Nal6, -Ala10]-
GnRH (Ki � 0.82 nM), cyclo(1,1�-3) [Ac--Asp1(Gly). -Cpa2, -Orn3, -Nal6,
-Ala10]-GnRH (Ki � 0.34 nM), cyclo(1,1�-3) [Ac--Asp1(Gly). -Cpa2, -Lys3,
-Nal6, -Ala10]-GnRH (Ki � 0.14 nM), cyclo(1,1�-3) [Ac--Asp1(�-Ala). -Cpa2,
-Orn3, -Nal6, -Ala10]-GnRH (Ki � 0.17 nM). This suggested that the N-
terminal tripeptide was likely to assume a folded conformation favouring the
close proximity of residues 1 and 3. The bicyclic analogue cyclo(1—3/4—10)
[Ac--Asp1. -Cpa2, -Lys3, Asp4, -Nal6, Dpr10]-GnRH hadKi � 1 nM, which
suggested an unfavourable interaction between the two ring systems. NMR
studies on these analogues assisted in pinpointing further avenues of constraint
which would lead to a consensus model for bioactive conformations of GnRH
antagonists. After many further analogues were tested190 the best amongst them
turned out to be the four bicyclic analogues, cyclo(1,1�—5/4—10)[Ac-Asp1(Gly),
-Cpa2, -Trp3, Asp4, Dbu5, -Nal6, Dpr10]-GnRH (Ki � 0.22 nM),
cyclo(1,1�—5/4—10)[Ac-Asp1(Gly), -Cpa2, -Nal3, Asp4, Dbu5, -Nal6, Dpr10]-
GnRH (Ki � 0.38 nM),cyclo(1,1�—5/4—10)[Ac-Asp1(�-Ala), -Cpa2, -Trp3, Asp4,
Dbu5, -Nal6, Dpr10]-GnRH (Ki � 0.15 nM), and cyclo(1,1�—5/4—10)[Ac-
Glu1(Gly), -Cpa2, -Trp3, Asp4, Dbu5, -Nal6, Dpr10]-GnRH (Ki � 0.24 nM)
However, these differed very little in structure from many others significantly less
potent. So a highly discriminating receptor interaction has to be explained and
after NMR studies and molecular modelling191 a consensus bioactive conforma-
tion for cyclic GnRH antagonists has been put forward. The most prominent
feature is a turn involving residues 5—8. This type II�-turn has been predicted
from other theoretical studies and is allowed in the naturally occurring forms
because of Gly6 in most GnRH sequences.

4.10 �-MSH Analogues. — In a series of articles emanating from the Annals of
the New York Academy of Sciences, work on �-MSH has been summarised in
‘state of the art’ reports. The state of available melanocortin receptor agonists
and antagonists have been summarised,192 and the mechanisms of anti-inflam-
matory action of �-MSH peptides have been reviewed.193 The central and periph-
eral actions of �-MSH in systemic inflammation is another topic,194 while its role
in the regulation of melanocyte function has also been discussed.195

Structure—activity studies196 of �-MSH fragments on cAMP production in
incubated striatal slices revealed that the biological activity of �-MSH declines
when the length of its polypeptide chain is shortened, and that the presence of
Glu, as well as the core sequence, are important in any fragments’ activity. The
role of the aromatic and basic residues of the potent agonist (MTII) and antagon-
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ist(SHU9119) at the human melanocortin receptors 3, 4 and 5 has been inves-
tigated.197 Analogues with Glu replacing one amino acid at a time were inactive if
the Glu was replacing aromatic residues. This identified the aromatic residues as
the primary structural features determining interactions of the agonist/antagon-
ist with hMCR3-5.

4.11 MHC Class I and II Analogues. —A MHC class I protein H-2K(b) has been
expressed198 on a large scale as a fusion protein with thioredoxin and hexahis-
tidine at the N-terminus to analyse the interaction with the antigen peptide
Ser-Ile-Tyr-Arg-Tyr-Tyr-Gly-Leu. NMR spectra of the peptide in the mixture
solution with the protein showed very broad signals, indicating a dynamic
interaction between the protein and the antigen peptide. An X-ray crystal
structure199 at 2.1 A� resolution on the ligand binding region of the inhibitory
receptor LIR-1, that recognises class I MHC molecules, has shown that the
binding domains are two immunoglobulin-like domains arranged at an acute
angle to form a bent structure. Double-substituted peptide analogues of the
tumour associated antigen MART-1(27-35) incorporating a substitution at a
primary anchor residue and a �-amino acid at different positions have been
synthesised.200 In the binding with human histocompatibility class I molecule
HLA-A2, the analogue [Leu28, �-HIle30]-MART-1(27—35) displayed both a high-
er affinity to HLA-A2 and a more prolonged complex stability compared to
[Leu28]-MART-1(27-35). So double-substitution and �-amino acid replacement
at contact residues seem to give high MHC binding capacity. The crystal
structure of HLA-A2 complexed with an octapeptide,Tax 8 (Leu-Phe-Gly-Tyr-
Pro-Val-Tyr-Val) from human T cell lymphotropic virus-1 (HTLV-1) has been
determined.201 When compared with a higher resolution structure of HLA-A2
complexed with a nanopeptide, Tax 9, with an extra Leu at its N-terminus, the
structure of the two complexes were essentially identical. In thermal stability
experiments the Tax 8 complex appeared to be much less stable than its Tax 9
counterpart. A short note202 reports the identification and immunogenicity of
phosphorylated peptides associated with MHC class I molecules.

The methodology for generating a homology model203 of the T1 T-Cell Recep-
tor(TCR)-PBCS-K-d MHC class I complex has been presented. The construc-
tion of the model makes use of closely related homologues (the A6 TCR-Tax-
HLA-A2 complex, the 2C TCR, the 14.3.d TCR V �-chain, the 1934.4 TCR V
�-chain and the H-2 K-b-ovalbumin peptide), ab initio sampling of the comple-
mentarity determining region loop conformations and experimental data. A
recently developed pairwise potential table by Betancourt and Thirumalai,
describing hydrophilic interactions, has been used,204 together with a new defini-
tion of MHC contact residues, to develop an improved algorithm for prediction
of binding properties, that can be applied to a wide range of MHC class I alleles.
Two new proteases in the MHC class I processing pathway have been identifi-
ed,205 and provide evidence of redundant systems acting downstream of the
proteasome in the antigen-processing pathway for MHC class I molecules.

1,2,5-Thiazolidin-3-one 1,1-dioxide derivatives represented by (91) have been
prepared206 and their affinity for MHC class II proteins assessed. In dilute
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solution none of the analogues had detectable affinity for HLA-DR4 proteins,
but 50% inhibition was seen at more concentrated solutions (5 mM). When a
C-linked isostere of �--galactosylated hydroxynorvaline was incorporated207 at
position 264 of the fragment CII(256-270) from type II collagen, helper T-cell
hybridomas obtained in a mouse model for rheumatoid arthritis, responded
when presented by class II MHC molecules. However, compared to the O-linked
�-glycosylated at position 264 the C-linked isostere was 10—20 fold less active. A
study208 of peptide and peptide mimetic inhibitors of antigen presentation by
HLA-DR class I MHC molecules illustrates the complementary roles played by
phage display library methods, peptide analogue SAR, peptide mimetic substitu-
tion and X-ray crystallography of complexes. The active core (Leu-Arg-Met-Lys)
of peptide Ii(77—92) from the immunoregulatory Ii protein has been linked209 to
an antigenic epitope of cytochrome C via simple spacers such as NH-(CH2)4-
COO-. These hybrids were fully active and can be used to enhance vaccination
with MHC class II-presented epitopes. With the availability of a 1.69 A� resol-
ution X-ray structures210 of superantigen staphylococcal enterotoxin H (SEH) in
Zn-free and one Zn-loaded form, it has been found that the one zinc ion is bound
to the C-terminal �-sheet in the region implicated for MHC class II binding. Yet
the SEH/MHC class II interaction is the strongest known amongst the en-
terotoxins. A phagosome fraction derived from a murine macrophage cell line
(J774.1), which had internalised ovalbumin (OVA)-coated latex beads, has been
investigated by reversed phase HPLC.211 Each fraction was analysed for MHC
class I or II-restricted OVA-derived peptides and both were found in the phago-
some fraction after less than 15 min of internalisation These results point to the
vital role of phagosomes in non-cystolic antigen presentation pathway.

The capacity of the secretory pathway or of different endocytic compartments
in B cell lines to generate MHC class Ii-presented peptides have been evalu-
ated,212 and it has been reported213 that in naturally processed MHC class II
bound peptides, residues much further away from the peptide core can modulate
TCR recognition. In a study214 on peptide-MHC class II complexes in developing
dendritic cells, the transport of peptide-MHC II complexes by dendritic cells not
only accomplishes transfer from late endocytic compartments to the plasma
membrane, but does so in a manner that selectively concentrates TCR ligandsfor
T-cell contact. Unexpected molecular mimicry among peptides of MHC class II,
blood-clotting factor X, and HIV-1 envelope glycoprotein GP120 has been
noticed.215
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4.12 Neuropeptide Y (NPY) Analogues. — The molecular characterisation of the
ligand—receptor interaction of the neuropeptide Y family has been reviewed216 up
to the end of 1999. The availability of selective compounds for the different
Y-receptor sub-types are promising tools for a better understanding of the
physiological properties of the NPY hormones. Another review217 has focussed
on the use of anti-receptor antibodies for the characterisation of membrane, cells
and tissues, for mapping of the binding site, for purification by immunoaffinity
chromatography, and for biochemical studies on G-protein-coupled receptors.
An illustrative example is the characterisation of the G-protein-coupled neuro-
peptide Y receptor subtypes. Recent advances in the development of neuropep-
tide Y receptor antagonists is the subject of an annual report,218 while an insight
into the prospect of using the NPY receptor as future therapeutic targets in
congestive heart failure can be gleaned from a short review.219 The role of
combinatorial chemistry in the discovery of neuropeptide Y-receptor antagon-
ists has been noted.220

Structure—affinity studies have been carried out221 on the previously known
cyclooctapeptide amide cyclo[-Cys29-Cys34] NPY Ac 29-36 (YM-42454) which
showed high affinity for Y-1 receptors (Ki � 0.047 �M), but not for Y-2
receptors. Amino acid replacement indicated that the hydrophobic side chains
Leu30 and Ile31, the guanidinium group of Arg33 and Arg35 and the C-terminal
amide are critical for the binding affinity. NMR studies indicate that these
critical residues are involved in direct interaction with the Y-1 receptor rather
than in maintaining the bioactive conformation. A novel restricted access cation
exchanger with sulfonic acid groups at the internal surface has proven to be
highly suitable in the sample clean-up of NPY peptides for LC-MS studies.222

The chicken neuropeptide Y-2 receptor has been cloned223 and it displays about
80% identity with the mammalian Y-2 receptor. The chicken version did not
bind the mammalian selective antagonist BIIE0246 but had an unexpected high
affinity for porcine[Leu31,Pro34]-NPY. Two papers224,225 have concentrated on
the molecular evolution of the NPY family of peptides. Molecular cloning
techniques to produce 3 NPY-related peptides from the sea bass (Dicentrarchus
labrax) showed that the sequences were orthologues of both NPY, PYY and PY
(fish pancreatic peptide). It has long been assumed that the first duplication to
occur in vertebrate evolution generated NPY and PYY probably via a chromo-
some duplication event. Based on the work on the sea bass it seems that PY is a
separate gene product, probably a duplicate of the PYY gene.

The neuropeptide Y, Y-5 receptor has been proposed as a mediator in several
physiological effects of NPY, including the potent orexigenic activity of the
peptide.226 [-Trp34]-NPY turns out to be a potent and selective Y-5 receptor
agonist with dramatic effects on food intake, an effect that is blocked by the
selective Y-5 antagonist CGP 71683A. One theory offered to account for the
co-existence of substance abuse in humans with eating disorders is that a
common biochemical substrate may exist that mediates both processes. NPY
peptide is believed to be one neurochemical system227 that might contribute to
these separate, yet related, problems. It has been found227 that NPY elicits
reward-related and feeding behaviour from the perifornical hypothalamus.
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4.13 Opioid (Neuropeptide FF, Enkephalin, Nociceptin, Deltorphin and Dynor-
phin) Peptides. — Having reached the silver jubilee of their discovery, the opioids
still command a great deal of interest. The developments that have led to potent,
selective and stable peptide and peptidomimetic ligands have been reviewed,228 as
well as the role played by combinatorial libraries229 in the discoveries.

Two novel analogues230 of neuropeptide FF have been reported. One of them
(PFRF amide), increased blood pressure in a dose-dependent manner, whilst the
other, [PFR(Tic)amide] decreased the blood pressure of anaesthetised rats.
Research on neuropeptide FF antagonists231 and the modulation of pain232 has
been noted. It has been hypothesised233 that the receptor for neuropeptide FF is
also a candidate for the binding of �-2 MSH in inducing cardiovascular effects.

Topographical modifications234 in position 1 of cyclo[-Pen2, -Pen5]-en-
kephalin (DPDPE) and [-Ala2, Asp4]-deltorphin (DELT 1) alter the anti-
nociceptive potency and opioid receptor selectivity. By substituting �-methyl-
2,6-dimethyltyrosine in position 1, the DPDPE analogue became more suscep-
tible to blocking by �-antagonists, while the DELT-1 analogue was more sensi-
tive to antagonism by �-and �-antagonists. While trans-substituted cyclo-
propanes are known to stabilise peptide conformations, the influence of the cis
form has also been studied.235 A series of cis cyclopropanes have been incorpor-
ated instead of Gly2-Gly3 and Phe4-Leu5 dipeptide units in Leu-enkephalin, by
enantioselective cyclisation of allylic diazoacetates, catalysed by the chiral rho-
dium complexes Rh-2[(5S) MEPY]4 and Rh-2[(5R)-MEPY]4. On testing the
Gly2-Gly3 replacement it exhibited low micromolar affinity for the �-receptor,
while the Phe4-Leu5 replacement did not bind to any of the opioid receptors.
Twelve new [Tyr(Me)1, Leu5]-enkephalin analogues with substituents at posi-
tion 3� of the Tyr aromatic ring have been synthesised.236 The analogues were
C-terminated with methyl esters, amides or as free acids and surprisingly in this
series the esters showed higher activity to � receptors than structurally identical
C-terminal amides. The best �-agonists in the series were [Tyr(Me)(3�-CO2Me)1,
Leu-OMe5]-ENK, [Tyr(Me)(3�-(E)-CH�NOH)1, Leu-OH5]-ENK,
[Tyr(Me)(3�-(E)-CH�NOH)1, Leu-NH2

5]-ENK, [Tyr(Me)(3�-CH2OH)1, Leu-
OMe5]-ENK, but they were generally less active than Leu-ENK. Affinity labels
suitable for �-opioid receptors have been developed237 by para-substitution of
N,N-dibenzyl Leu-enkephalin. Of the target peptides tested, only N,N-diben-
zyl[Phe(p-NCS)]-Leu enkephalin exhibited wash-resistant inhibition of radio-
ligand binding to �-receptors.

C-Terminal glycosyl derivatives as in (92) have been constructed238 via solid
phase techniques, with the sugar unit linked to the resin at the amide position on
the sugar. The peptide was assembled on to the sugar via an amino group created
at its 1-position. The synthesis239 of four furanoid sugar amino acids has provided
dipeptide isosteres for insertion into the Gly-Gly positions of Leu-enkephalin.
The isosteres were based on 6-amino-2,5-anhydro-6-deoxy--gluconic acid and
its mannonic, idonic and 3,4-dideoxyidonic congeners. Inserted into Leu-en-
kephalin they are represented by (93). Two of the analogues bring the aromatic
rings of Tyr and Phe into close proximity, and these showed analgesic activity
similar to Leu-enkephalin. A syn disposition of the �-hydroxycarboxyl
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motif on the sugar rings appears to be the driving force for nucleation of the
observed turn structures in the active molecules. Glycosylation provides an
effective means of enhancing bioavailability and improved centrally mediated
analgesia of glycosylated opioids. This approach has been applied240 in a study of
the properties of H-Tyr-cyclo[-Cys-Gly-Phe--Cys]-Ser (�- or �-O-Glcp)-Gly-
NH2. Although binding to opioid receptors did not increase, brain uptake was
improved by up to 98% for the glycosylated peptides. NMR and molecular
modelling studies241 on these glycosylated peptides showed changes in conforma-
tion at the residue of attachment (Ser6) and on the adjacent Gly7-NH2. The
�-selective glycosylated Leu-enkephalin amide H-Tyr--Thr-Gly-Phe-Leu-
Ser(�--Glc)-NH2 produces242 analgesic effects similar to morphine, yet possesses
reduced dependence liability as indicated by naloxone-precipitated withdrawal
studies. Conformational differences have also been found243 on N-glycation of
amide bonds with 6-deoxy--galactose at the Gly2 position in Leu-enkephalin.
FTIR spectra of the protected form of the analogue showed evidence of increased
population of �-turns, an observation also observed in NMR data. An en-
dogenous opioid peptide, MERF, (Met enkephalin-Arg6-Phe7) from the cerebral
cortex of humans and rat has been investigated,244 to ascertain its receptor
selectivity. MERF possesses high affinity for �-receptors, but not for � or �-1 and
ry low affinity for �-2 receptors in human cerebral cortex membranes. Four
synthetic analogues of MERF have been prepared by solid phase synthesis245 to
achieve proteolytically more stable structures. It was concluded that MERF and
its derivatives were able to activate G-proteins mainly via �- and �-opioid
receptors The analogue H-Tyr--Ala-Gly-Phe-Met-Arg-Phe-OH turned out to
be the most efficacious, equal to the parent compound.

Studies246 on aspects of hibernation of ground squirrels has shown that the
�-opioid [-Ala2, -Leu5] enkephalin (DADLE) induces hibernation and pro-
moted cell survival, while phosphinic derivatives such as (94) have been develop-
ed247 as inhibitors of enzymes such as neprilysin and aminopeptidase N, known
to inactivate enkephalins. MALDI/TOF Mass spectrometry has been used248 to
quantify the amounts of synthetic opioid, H-Tyr--Ala-Gly-MePhe-Gly-ol
(DAMGO), in ovine plasma samples and TOF/SIMS mass spectometry has
monitored249 the solid state oxidation of Met in Met-enkephalin.

A comparative molecular modelling study250 of �-opioid ligands has been
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performed under the assumption that the potent peptide and non-peptide agon-
ists may have a common 3D arrangement of pharmacophore groups when
binding to the receptor. The �-selective peptide used in the study was [(2S,3R)-
TMT1]DPDPE (see ref. 234 for further details), which has a 14-membered
disulfide ring and a preference for the trans rotamer at position 1. MD Simula-
tions using AMBER force field and data from X-ray structures, yielded confor-
mations similar to that seen in the crystal structure of [Ala3]-DPDPE, which
differ significantly from the structure of DPDPE. The gauche rotamer of Phe4 is
most consistent with structure—activity of �-opioid peptides. Other studies on the
�-opioid ligand pharmacophore have also been reviewed251 in comparison to
work done on Tyr-cyclo[-Cys-Phe--Pen]-OH. The results argue against a
simple view of a single common fit to a receptor binding site. The active site of
Met-enkephalin has been subject to a AM1 semi-empirical quantum chemical
study252 which concludes that the Tyr phenyl group can be considered to be
hydrophobic. A reference interaction site model theory253 has been used to
investigate the conformations of Met-enkephalin in methanol, ethanol and
water, and X-ray data with molecular modelling have been used254 to elucidate
the conformation of the protected C-terminal dipeptide, Boc-Phe-Leu-OBzl of
enkephalin.

In an attempt255 to enhance the potency of the �-selective tetrapeptide agonist
DALDA (H-Tyr--Arg-Phe-Lys-NH2), Tyr1 has been replaced by substituted
tyrosines, and Lys4 by �,�-diaminobutyric acid. All the resulting analogues
displayed high �-receptor selectivity with [2�,6�-dimethyl-Tyr1]-DALDA show-
ing the highest potency. High affinity and selectivity for the �-receptor was also
achieved256 through a study of residue replacement in the �-specific tetrapeptide,
Phe-cyclo(-Cys-Phe--Pen)NH2. Eleven analogues were surveyed and the pres-
ervation of the correct conformation between the aromatic rings in positions 1
and 3 was emphasised in the results. But surprisingly when Phe1 was replaced by
a cyclohexyl ring, moderate �-affinity was still present, implying that aromaticity
in that position might not be critical. All sixteen stereoisomeric analogues of
endomorphin-2 (H-Tyr-Pro-Phe-Phe-NH2) have been synthesised.257 Analogues
containing -residues exhibited lower interaction with �-receptors depending on
the particular combination. The consequences of introducing a hydroxymethyl
entity, as in (95), in the form of the �-hydroxymethyl Tyr at position 1 and
�-hydroxymethyl Phe at positions 3 and 4 in endomorphin-2 have been ex-
plored.258 Significant changes in the conformations of the peptides were seen in
these modifications. An analogue, H-Tyr--Arg-Phe-�Ala-OH (TAPA) of de-
rmorphin has been shown259 to have a high affinity for �-opioid receptors. From
a study260 on the �-specific tetrapeptide Tyr-cyclo(-Cys-Phe--Pen)-NH2 (Et),
where Et defines a CH2-CH2 within the disulfide bridge, varying Tyr1 by replace-
ment with conformationally restricted phenolic amino acids gave analogues with
high potency at the �-receptor (in the range 0.4—9 nM). The most selective
analogue with � 1000-fold functional selectivity for the �- over the �-opioid
receptor was -Hat-cyclo(-Cys-Phe--Pen)-NH2 (Et), where Hat represents
6-hydroxy-2-aminotetralin-2-carboxylic acid. Based on the observation that the
somatostatin analogue, octreotide, H--Phe cyclo(Cys-Phe--Trp-Lys-The-
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Cys)-Thr-ol shows selectivity towards the �-opioid receptors, small molecular
mimics, based on 3-amino-3-phenylpropianamides, have been shown to exhibit
high �-affinity also.261 The development of �-antagonists and agonists amongst
the TIPP (H-Tyr-Tic-Phe-Phe-OH) opioid peptide family has been reviewed.262

Interest continues in nociceptin (or orphanin FQ), (Phe-Gly-Gly-Phe-Thr-
Gly-Ala-Arg-Lys-Ser-Ala-Arg-Lys-Leu-Ala-Asn-Gln) the endogenous ligand
for the orphan opioid-like receptor ORL-1, and in nocistatin the heptadecapep-
tide, Thr-Glu-Pro-Gly-Leu-Glu-Glu-Val-Gly-Glu-Ile-Glu-Gln-Lys-Gln-Leu-
Gln. A three-pronged approach to structure—activity has been used263 on
nociceptin (NC), with modifications based on changes at (a) Xaa1-Gly2, (b)
Xaa1�[CH2NH]Gly2 and (c) Nxaa1-Gly2 i.e. RNHCH2CONHCH2CO-NC.
Modifying the steric oreientation of the aromatic ring in Phe1 as in the series (b)
leads to a reduction in efficacy, but [Nphe1]NC (1—13)NH2 although devoid of
agonist activity behaves as a pure NC receptor antagonist, albeit weak. It is
also264 active in vivo, where it prevents the pronociceptive and antimorphine
actions of intracerebroventricularly applied nociceptin. Both the Arg-Lys resi-
dues at positions 8—9 and 12—13 in nociceptin have been suggested to bind to an
acidic amino acid cluster in the transmembrane domain of receptor ORL-1. To
augment this binding a series of Arg-Lys units have been inserted265 into posi-
tions 6—7, 10—11, or 14—15, adjacent to the parent Arg-Lys units. The former
substitutions reduced activity, but [Arg14-Lys15]-NC was found to be very po-
tent, and believed to be the first analogue found to be stronger than the parent
nociceptin. A retro-nociceptin methyl ester, although showing weak activity for
the nociceptin receptor, induces266 analgesia and also improved learning ability.
In a comparison267 with the dynorphin A receptor, it has been worked out that in
the N-terminal region of nociceptin, the distances between the aromatic residues
of Phe1 and Phe4 are extremely critical for occupation and activation of its
receptor OP4, which is in contrast to other opioid receptors. The similar order of
potency of selective agonist and affinity values of a competitive antagonist for
native, mouse, rat and guinea-pig receptors, suggest268 that the same receptor is
present in the four species.

A review of the binding studies performed on the nociceptin ORL receptor has
been presented,269 and in studies on the functional architecture of the receptor, it
seems to be activated by interaction with the positively charged core Arg8-Lys-
Ser-Ala-Arg-Lys13 of nociceptin.270 To zoom in further on the exact interaction
between nociceptin and its receptor, an affinity labelling approach has been
tried271 using [p-benzoyl-Phe10-Tyr14]-NC. UV-Irradiation at 365 nm of the
complex formed between a recombinant ORL-1 receptor and the nociceptin
analogue resulted in the irreversible labelling of a glycoprotein. The photoreac-
tive region on the receptor was identified as residues Thr296-Ala-Val-Ala-Ile-Leu-
Arg302, with the suggestion that the p-benzoyl group was involved with the side
chain of Leu.300

Many small molecule nociceptin mimetics have been investigated. Struc-
ture—activity studies272 based on the known binding properties of 4-aminoquino-
line derivatives with the human ORL-1 receptor picked up N-(4-amino-2-
methylquinolin-6-yl)-2-(4-ethylphenoxymethyl) benzamide hydrochloride as a
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nociceptin antagonist and also showed it had an analgesic effect not antagonised
by naloxone. A claim has also been made273 that 1-[(3R,4R)-1-cycloctylmethyl-3-
hydroxymethyl-4-piperidyl]3-ethyl 1,3-dihydro-2H-benzimidazol-2-one (J-
113397) is the first potent non-peptidyl ORL1 receptor antagonist (K1 � 1.8
nM), with high selectivity over other opioid receptors (K1 � 1000 nM for human
�-receptor, � 10 000 nM for human �-receptor and 640 nM for the �-opioid
receptor). A 12-fold selectivity for the ORL-1 receptor over other opioid recep-
tors has been reported274 for the spiroxatrine analogue NNC 63-0532 (8-naph-
thalen-1-ylmethyl-4-oxo-phenyl-1,3,8-triaza-spiro[4.5]dec-3-yl)-acetic acid
methyl ester which has a Ki � 7.3 nM. Further developments on this structural
theme has found275 (1S, 3aS)-8-(2,3,3a,4,5,6-hexahydro-1H-phenalen-1-yl)-1-
phenyl-1,3,8-triaza-spiro[4.5]decan-4-one to act as full agonist of the ORL-1
receptor, while even higher agonist properties with good to moderate selectivity
was obtained276 for 8-(5-methyl-1,2,3,4-tetrahydronaphthalen-1-yl)-1-phenyl-
1,3,8-triazospiro[4.5]decan-4-one, together with an 8-(acenaphthen-1-yl) ana-
logue.

Nocistatin, whose heptadecapeptide structure was given earlier, was isolated
from bovine brains and cerebrospinal fluid, and its activity has been ascribed277

to the C-terminal, Glu-Gln-Lys-Gln-Leu-Gln, which is conserved beyond spe-
cies. Although nocistatin did not bind to the nociceptin receptor, it bound to the
membrane of mouse brain and spinal cord with high affinity. 1H NMR studies278

on nocistatin in helicogenic solvents are consistent with a well-defined helical
structure, consistent with the NMR parameters of the C-terminal octapeptide
that retains allodynin-blocking activity.

A previously cited reference234 also contains the results of placing a �-methyl-
2,6-dimethyltyrosyl residue at position 1 in [D-Ala2, Asp4]deltorphin (DELT I).
The result of this action gives an analogue more sensitive to antagonism by the
�-selective antagonist [Cys4]deltorphin, than is the case for the parent com-
pound. The aromatic character of Phe3 in deltorphin II (H-Tyr--Ala-Phe-Glu-
Val-Val-Gly-NH2) does not seem to be critical for �-receptor activity, as cyc-
lohexyl and alkyl substitutions at this position give analogues which retain their
activity.279 The C-terminal Val5-Val6 have been recognised as having a key
topographical role in �-opioid selectivity. Replacement280 of these residues by
�-amino acids in a QSAR study reveals a conformational stabilisation role for
this domain, rather than interaction with the receptor binding pocket. Introduc-
tion281 of Ile instead of valines at positions 5 and 6, and 6-hydroxy-2-aminotet-
ralin-2-carboxylic acid (Hat) instead of Tyr1 in deltorphin II gave (R) and (S)-Hat
deltorphins which exhibited similar Ki values, revealing high �-selectivity. The
N-terminal deltorphin sequence (Tyr--Ala-Phe) has been attached282 to poly-
lysine and the conjugate used to immunise rabbits and a specific antibody to the
tripeptide was obtained by affinity chromatography.

Dynorphin A (1—11)NH2, H-Tyr-Gly-Gly-Phe-Leu-Arg-Arg-Ile-Arg-Pro-
Lys-NH2, since it possesses much of the activity of the parent heptadecapeptide,
has been the basis for a number of structure—activity studies, especially its
selectivity towards the �-opioid receptor. Insertion283 of Pro at positions 2 and 3
led to the discovery of analogue [Pro3]-dynorphin A (1—11)NH2, which although
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selective for the �-receptor (Ki ratio �/�/� was 1/2110/3260), the overall receptor
affinity was reduced, and it exhibits antagonistic properties. Two novel series of
�-opioid receptor agonists, analogues of MPCB-GRRI and MPCB-RRI, hybrid
ligands of MPCB [(�)-cis-N(2-phenyl-2-carboxymethoxy)cyclopropylmethyl-
N-normetazocine] and the C-terminal dynorphin A (1—8), have been syn-
thesised.284 Of the 40 analogues tested the two represented by (96) displayed high
affinity and selectivity for the �-receptor (Ki � 6.7 and 5.3 nM). A solid phase
synthetic strategy285 has been developed for the preparation of affinity labelled
dynorphin analogues. Labels X � N�C�S and NHCOCH2Br were incorpor-
ated into [Phe(p-X)4, -Pro10]-dynorphin A(1-11)NH2, using p-
aminophenylalanine protected by the Alloc group, followed by group conversion
on resin. Recently the historical view that Arg6,7 and Arg9 in the dynorphin A
‘address’ region interacts with acidic residues in the EL-2 receptor via ionic
interaction has been questioned, and that a hydrophobic interaction is more
probable. Support286 for the latter viewpoint has come from a series of mutant
forms of EL-2 in which the negative charges on anionic residues have been
neutralised. These changes did not affect the affinity of dynorphin A (1—13)
towards these receptors.

The human �-opioid receptor interacting with the dynorphin A (1—8) sequence
has undergone287 molecular modelling studies using the bovine rhodopsin model
as template together with NMR data from dynorphin A (1—14). The model
generated indicates a side chain Asp138 interaction between the receptor and the
N-terminal residue of dynorphin (1—8), and returns to an ionic interaction
between residues Asp223, Glu209 and positively charged residues in dynorphin
(1—8). Molecular dynamics simulations have been applied288 to dynorphin
A(1—17) within dimyristoylphosphatidylcholine bilayers. The start-point for the
simulations was evidence from NMR data derived from the peptide in dodecyl-
phosphocholine micelles, and the overall results predict a transition in the
conformation of the peptide from a parallel to a tilted orientation.

4.14 Somatostatin Analogues. — In a review289on the use of peptide analogues in
the therapy of prostate cancer, one approach showing promise consists of
cytotoxic analogues of somatostatin containing doxorubicin or 2-pyrro-
linodoxorubicin. These cytotoxic analogues inhibit growth of androgen-depend-
ent or -independent prostate cancer and reduce the incidence of metastases. A
review290 raising the question, ‘can peptides be mimicked?’ has relevance to this
section.
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A somatostatin mimetic previously reported has undergone further structural
refinement,291 which has led to structure (97) exhibiting a 25-fold and 2-fold
binding enhancement against somatostatin receptor sub-types, sst 4 and sst 5
respectively. Two novel �-turn mimetic models, DJS 631 (98), and DJS 811 (99)
have been developed292 to hold the bioactive somatostatin tetrapeptide in a
defined conformation. Both bound selectively to somatostatin receptors sstr2b
and sstr5 with affinities in the 1 nM range compared with 0.6 nM for somato-
statin. Somatostatin octapeptide analogues, with backbone cyclisation via re-
duced peptide bonds as represented by (100) have been synthesised293 using solid
phase strategies. Stability to enzymes was improved by the bridged modification,
but only moderate affinity and selectivity between receptor types was obtained.
Quantitative analysis of somatostatin in pharmaceutical preparations can be
made using capillary zone electrophoresis (CZE).294

4.15 Tachykinin (Substance P and Neurokinins) Analogues. — Tachykinin-like
peptides and their receptors have been reviewed,295 while the progression of
neurokinin antagonists into clinical trials have been assessed in two reports.296,297

An update on the use of substance P(NK-1 receptor) antagonists in clinical trials
on depression has appeared,298 and the current knowledge about the function of
substance P in pain has been reviewed.299 After the failure of tachykinin NK 1
receptor antagonists to show efficacy in clinical trials of a variety of clinical pain
states, questions300 are being asked — ‘why are they not analgesic in humans?’

The search to find substance P antagonists have started with a somatostatin
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scaffold.301 Compounds (101) and (102) were tested for their agonism/antagonism
at hNK receptors and it was found that both bind to hNK1 (220� 4 and 250�30
nM respectively) and to hNK2 (27�4 and 46�3 nM respectively). A significant
synthetic effort302 has been expended to prepare lactam-based peptidomimetic
inserts for the Phe7-Phe8 region of substance P as seen in (103–105). The building
blocks proved to be completely compatible with solid phase synthesis, but
analogues (103–105) did not show high affinity for NK-1 receptors. Since sub-
stance P represents the prototypic spinal excitatory peptide neurotransmit-
ter/neuromodulator, acting in concert with endogenous opioid systems to regu-
late analgesic responses, overlapping domains from endomorphin-2 and
substance P have been synthesised.303 The chimeric sequence produced, Tyr-Pro-
Phe-Phe-Gly-Leu-Met-NH2, when administered into the rat spinal cord, pro-
duced opioid-dependent analgesia, without loss of potency over 5 days, and
further assays showed the peptide could co-activate �- and substance P recep-
tors. This would point to a good prototype for anti-tolerance-forming analgesics
with future therapeutic potential. To further elucidate the mechanism of action
of neuropeptide antagonists, further studies304 have been carried out on [D-Arg1,
D-Trp5,7,9, Leu11]-substance P as an inhibitor of G-protein receptor-mediated
signal transduction and cellular DNA synthesis in Swiss 3T3 cells. From the
assay results it was concluded that this analogue acts as a mitogenic antagonist
of the neuropeptide receptor, blocking signal transduction via both G(q) and
G(12) sub families. In non-peptidic approaches to the search for substance P
antagonists, substituted piperidines have been explored, e.g. the synthesis305 of
1,1,4,4-tetra-substituted cyclopenta[c]piperidines and 4,4,7,7-pyrrolo[3,4-c]
piperidines, and 4,4-disubstituted piperidine306 via an oxazolidinone auxiliary
resolution.

The conformational effects of adding Ca2� to substance P and its [Ala7]-
analogue within a lipid environment have been followed307 using CD and NMR
techniques. The free forms of the peptides show a helical structure in non-polar
solvents, with the N-terminal region of the analogue being less ordered than its
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parent molecule. Addition of Ca2� gave quite a significant conformational
change, in both peptides, with substance P binding to two Ca2� ions and
Ala7-substance P binding only to one ion. Previous studies had identified Met181

as the residue in the receptor NK-1 that was photo-labelled when interacted with
a photoreactive substance P analogue. A similar study308 now carried out with
photo-labelled neurokinin A, together with site-directed mutagenesis of Met181 to
Ala181 in the receptor, indicated that both peptides interact with the same residue
on the receptor. The conformation of substance P bound to vesicles consisting of
perdeuterated phosphatidylcholine has been investigated309 by 2D transferred
nuclear Overhauser spectroscopy. The N-terminal portion of the peptide seems
to retain flexibility as no short or medium range NOEs were detected, but the last
seven residues at the C-terminus showed non-standard turns following each
other in a helix-like manner. Ranatachykinins A, B and C from bull frog brain
and gut have been investigated310 in SDS micelles using 2D-NMR techniques
and molecular dynamics. Again the N-terminii showed a large degree of flexibil-
ity, but there was evidence of helicity from the mid-region to the C-terminus
(4—10). A molecular dynamics simulation study311 of substance P peptides at
different membrane mimic interfaces has been carried out, and LC-MS tech-
niques312 have been used to analyse for the presence of the substance P antagonist
ezlopitant and its metabolites in plasma.

Non-peptidic antagonists of the receptors are being intensively explored.
Attempts to discover dual neurokinin NK1/NK2 receptor antagonists as poten-
tial anti-asthma agents have led to compound (106).313 Its in vivo activity against
NK1/NK2 agonist-induced bronchoconstriction in guinea-pigs gave values of
ED50 � 0.036 mg kg�1 after 2 hr for NK1 antagonism and 0.9 mg kg�1 for NK2.
The pharmacological and pharmacokinetic profile of SB-222200 [(S)-(�)-N-(�-
ethylbenzyl)-3-methyl-2-phenylquinoline-4-carboxamide], a human NK3 recep-
tor antagonist has been determined.314 SB-222200 was found to be selective for
the hNK3 (Ki � 4.4 nM). At other receptors the values for Ki were, at NK1 �
100 000 nM and at hNK2 250 nM. Reversibility, oral activity and CNS penetra-
tion were other valuable properties recorded for SB-222200. A key enzymatic
resolution of an intermediate has enabled the synthesis of the tachykinin NK2

antagonist (107) to be carried out in four steps.315 The absolute configuration of
the novel morpholine NK-receptor antagonists (108) and (109) is also critical to
binding. It was the S,R forms at chiral centres * and ** which had high binding
for the NK1—3 receptors.316 A regio-selective method has been found317 to phos-
phorylate NK1 receptor antagonist (110) to produce (111), which can function as
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a water-soluble pro-drug of (110). Although the phosphorylated analogue had
10-fold lower affinity for the human NK1 receptor, it was functionally equivalent
to (110) in vivo. 4D QSAR allows for multiple-conformation orientation, proto-
nation state ligand representation, as well as simulation of local induced-fit
phenomena. Using this technique,318 a family of 12 new receptor surrogates for
the neurokinin NK1 receptor have been validated, and four of these [congeners
of (112)] have been synthesised. The predicted activities by calculation, matched
very closely the experimental figures determined for the synthesised compounds.
A new class of potent human tachykinin NK2 receptor ligands as represented by
(114) in Scheme 3 have been synthesised319 via a stereoselctive cycloaddition
between the maleic diamide (113) and a series of cyclic nitrones. All examples had
pKi values near to 9.0, which compare favourably with the bicyclic hexapeptide
MEN 10627.

Two analogues of the dogfish-derived tachykinin, scyliorhinin (H-Ala-Lys-
Phe-Asp-Lys-Phe-Tyr-Gly-Leu-Met-NH2) have been investigated320 by NMR
and theoretical conformational analysis. The [MeLeu8]-scyliorhinin gives data
to suggest a more rigid 6—10 fragment than its N-terminal region, while in the
case of the analogue with a tetrazole ring between positions 7 and 8, two
dominant conformers can be seen, again with very similar backbone geometry.
The tetrazole ring seems to rigidify the molecule more than the N-methylated-
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amide. The antagonistic activity profile of the cyclic pseudopeptide (115) against
the three tachykinin receptors have convinced321 the researchers that this should
be a lead compound for further development. Site-directed mutagenesis of the
NK-1 and NK-2 receptors have been used322 to study interactions between the
receptors and MDL 103 392 which is a potent dual NK-1/NK-2 antagonist.
Residues important in the binding of MDL 103 392 to NK-1 were Gln165 His197,
Leu203, Ile204 Phe264,His265 and Tyr272 . For binding to NK-2, Gln166 His198 Tyr266

and Tyr289 were important. All data suggest that the antagonist binds to each
receptor in a different manner. The effect of substitution at the 7th position from
the C-terminus of neurokinin A, on binding to the NK-2 receptor has been
studied,323 and the pharmacology of NKP608, a novel selective NK-1 receptor
antagonist, has been surveyed.324 LC-MS-MS has been used325 to analyse for a
neurokinin-1 receptor antagonist and its metabolite.

4.16 Vasopressin and Oxytocin Analogues. — 4.16.1 Oxytocin. Analogues of oxy-
tocin and -homoargininyl-vasopressin have been synthesised326 by solid phase
techniques and incorporate bulky substituted Phe residues in position 2. All
eight analogues with - or -2,3,4,5,6-pentamethyl Phe and - or -4-phenyl-Phe
at position 2 were found to be potent inhibitors of oxytocin activity in the
uterotonic in vitro test in the absence of Mg2� ions. In order to test out the
influence of cis-prolyl bond conformations on biological activity, 5-ButPro has
been introduced327 instead of Pro to form, [5-But-Pro7]-oxytocin, [Mpa1, 5-But-
Pro7]-oxytocin and [-Pen1, 5-But-Pro7]-oxytocin. The first two analogues gave
strongly reduced affinity for the receptor compared with oxytocin and also
showed a higher percentage of cis-character in the Cys6-Pro7 bond. The third
analogue showed stronger inhibitory potency than [-Pen1]-oxytocin and no
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partial agonism and with some caution the authors support the hypothesis that
cis-prolyl bond might favour antagonism while the trans form is necessary for
agonist activity. Plasmin specifically cleaves bone matrix protein, osteocalcin, to
a mid-terminal (1-44) residue peptide and a C-terminal hexapeptide, Arg-Phe-
Tyr-Gly-Pro-Val, which is almost identical to the E2 region of the oxytocin
receptor. So this hexapeptide was tested328 with the osteosarcoma-associated
oxytocin system, and although it was not possible to demonstrate direct binding
of the hexapeptide to associated oxytocin, its presence in cultures of osteosar-
coma cells antagonises the inhibitory effect of associated oxytocin on these cells.

Electospray-MS has been used329 to study the composition of coordination
complexes between several transition metals and oxytocin (OT). Together with
molecular modelling studies it has been proven that at pH 2 no interaction
occurs, but at pH 5 the ions detected were [OT�H�]�, [M�OT]2�, [M�OT-
H�]�, [M�OT�ClO4

��H�]2� and [M�OT�ClO4
�]�, and at pH 9 only

stable 4N complexes were found. Dramatic conformational changes occur upon
oxytocin coordinating to Ni-II, Mn-II or Pd-II. An artificial polymeric receptor
prepared by the epitope approach of molecular imprinting has been shown330 to
recognise oxytocin in aqueous media.

4.16.2 Vasopressin. A discussion of the three receptor sub-types, V-1a, V-1b and
the V-2 which mediate the biological effects of arginine vasopressin (AVP) has
appeared.331

Six new analogues of AVP have been synthesised,332 with - or -1-naph-
thylalanine (Nal) at positions 2 or 3. Modification resulted in a drop or the
removal of antidiuretic activity, removal of pressor activity or conversion into
moderate antagonists. In the latter category, [Mpa1, -1-Nal2]-AVP and [Mpa1,
-1-Nal2]-AVP were exceptionally selective oxytocin antagonists in vitro. With
[Mpr1, -Arg8]-VP (DDAVP), already a successful drug in the treatment of
diabetes insipidus and related diseases, a further stage in the research has now
been reached333 with the aim of clarifying the role of Cys1, Tyr2 and Arg8 in the
active centre of vasopressin. Two cyclic peptides (116) and (117), two nonapep-
tides representing extensions at the C-terminus with Pro-Arg-Gly-NH2 or Pro-
-Arg-Gly-NH2 and their Mpr1 analogues where Mpr is �-mercaptopropionioc
acid, have been prepared. All the analogues displayed low uterotonic activity in
vitro and antidiuretic activity in vivo. NMR data revealed the existence of
H-bonding between residues 2,5 and 3,4 in (116) and (117), but significant
differences in side chain interactions within the two cyclic compounds.

Non-peptide AVP V-2 receptor agonists, based on the benzazepine template
have been syntheised334 and tested. Amongst the most active were the analogues
(118–122). Non-peptide human vasopressin V-2 antagonists have been pro-
duced335 via the benzodiazepine scaffold in the search for molecules optimised for
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parenteral formulation. In this series WAY-140288 (123) was chosen for further
development as it has an IC50 of 5.2 nM and a good solubility and pharmacologi-
cal profile. Potent orally active AVP receptor antagonists have been based on the
tricyclic heterocyclic system represented by (124).336 The R group could either be
H or Me but the activity was dependent on the type of substitution (X) in the
benzoyl groups. Based on the hypothesis that blocking both V-1a and V-2
receptors would be useful in controlling congestive heart failure, attempts337 have
been made to produce orally active AVP antagonist for both receptors. As a
result it was found that 4�-(1,4,5,6-tetrahydroimidazo[4,5-d][1]benzoazepine-6-
carbonyl)-2-phenylbenzanilide derivatives showed potent binding affinity for
both V-1a and V-2 receptors. The most potent YM087 (conivaptan) had struc-
ture, 4�-(2-methyl-1,4,5,6-tetrahydroimidazo[4,5-d][1]benzoazepine-6-carbon-
yl)-2-phenylbenzanilide hydrochloride. In further tuning338 of this structure for
the same purpose, the analogue which exhibited exceptionally potent affinity for
both receptors was (Z)-4�-(�4,4-difluoro-5-[(4-dimethylaminopiperidino)carbon-
ylmethylene]-2,3,4,5-1H-1-benzoazepin-1-yl�carbonyl)-2-phenylbenzanilide
hydrochloride (YM-35471). Lipase catalysed transesterification has been instru-
mental339 in enantioselectively synthesising the V-2 receptor antagonist
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OPC-31260, 5-dimethylamino-1-[4-(2-methylbenzoylamino)benzoyl]-2,3,4,5-
tetrahydro-1H-1-benzazepine and its metabolites.

AVP and its V-1a receptor-selective antagonist d(CH2)(5)[Tyr(Me)2]-AVP
have almost homologous sequences, differing only at residues 1 and 2, but yet
have opposite effects on signal transduction. In order to determine the receptor
residues responsible for discriminating the binding of agonist and antagonist
ligands a site-directed mutagenesis has been carried out340 on the transmembrane
pocket of V-1a receptor. The overall deduction was that conserved aromatic
residues in the binding pocket seem essential for antagonists and to not contrib-
ute to the binding of agonists. Site-specific mutagenesis has also been used341 to
rationalise why the non-peptide antagonist OPC-21268 has greater affinity for
the rat V-1 receptor (V1R) than for the human V1R. Introduction of rat amino
acids in positions 224, 310, 324, or 337 of the human V1R, dramatically altered
OPC-21268 affinity for the receptor. This result together with computer
modelling, have yielded a model for the bound ligand in which the hydrophobic
part is deeply embedded in the transmembrane region, whereas the polar part is
located on the surface of the extracellular side. A short sub-domain of the
N-terminus of the V-1a receptor, from Glu37 to Asn47 has been recognised342 as an
absolute requirement for binding AVP and other agonists. Deleting this segment
has little or no effect on binding of either peptide or non-peptide antagonists.

Theoretical conformational analysis using ECEPP/3 force field calculations
have been carried out343 on six AVP analogues with -naphthylalanine at posi-
tion 3. In this study on [Mpa1,(-1-Nal)3,-Arg8]VP, [Mpa1,(-2-Nal)3,-Arg8]
VP, [(-1-Nal)3]AVP, [(-2-Nal)3]AVP, [(-1-Nal)3,-Arg8]AVP and [(-2-
Nal)3,-Arg8]AVP were investigated and it was found that low energy conforma-
tions with common geometry were present in all six. In the presence and absence
of water, �-turns were seen at residues Phe3-Gln4 and Gln4-Asn5 , similar to the
X-ray determined structures. Two-dimensional DQF-COSY and NOESY
spectra of [Arg8]-vasopressin methylenedithioether in D6 DMSO have shown344

that a type I �-turn in the region of Tyr2-Asn5 is favoured.

4.17 Insulin and Chemokines. — 4.17.1 Insulin. The early journeys to the syn-
thesis of insulin have been recorded,345 while the most recent techniques, such as
DNA sequencing, have proven346 that the primary structure of fox (Vulpes vulpes)
proinsulin is identical to dog and polar fox (Alopex lagopus) proinsulin. The
C-terminal fragment B23-B29 of insulin, essential for the binding and function of
the hormone, has undergone a detailed NMR study,347 which revealed that the
heptapeptide is monomeric in water in the concentration range 0.1—10 mM and
assumes two transient conformations in addition to the cis/trans conformations
about Gly27-Pro28. One of the transient conformations is believed to be signifi-
cant in the binding of insulin to its receptor. Information about the molecular
recognition event at the hormone—insulin receptor interface has been difficult to
obtain. An insulin derivative labelled with the NBD fluorophore (B29 NBD-
insulin) has however been used348 to characterise the mechanism of reversible 1:1
complex formation with a fragment of the insulin receptor ectodomain. Stopped-
flow fluorescence experiments showed that the kinetics of complex formation are

Amino Acids, Peptides and Proteins178



biphasic comprising a bimolecular event followed by conformational change.
Two hplc methods have been developed349 to analyse for insulin and its de-
garadation products in pharmaceutical preparations. Mass spectrometry350 has
been used to study site-specific hydrogen exchange properties of insulin under
conditions where it is partially folded and aggregated. Slow proton exchange
rates were observed in four backbone amides in the A13-19 helix region and six
in the B chain helix.

4.17.2 Chemokines. This large family of chemoattractant molecules involved in
the directed migration of immune cells, appear also to be involved in a variety of
pro-inflammatory and auto immune diseases and they have become attractive
therapeutic targets. Current efforts towards obtaining highly specific chemokine
receptor antagonists have been reviewed,351 while a short review352 concentrates
on procedures for the synthesis of chemokines.

Potent and selective non-peptidic CC chemokine receptor-3 (CCR3) antagon-
ists have been found353 The compounds (125–127), were potent inhibitors of
eotaxin- and MCP-P induced Ca2� mobilisation in RBL-2H3-CCR3 cells and
eosinophils. A family of spiropiperidines, as represented by (128), have been
found354 to be effective inhibitors of chemotaxis towards MCP-1, but were poor
inhibitors of CCR-1 mediated chemotaxis. It was shown that glutamate 291 in
the CCR2 is a critical residue for high affinity binding, and the basic nitrogen in
the spiropiperidines may be the interaction partner. The MC148 CC chemokine
from human poxvirus molluscum contagiosum (MCV) has been probed355 in
parallel with viral macrophage inflammatory protein (vMIP)-II encoded by
human herpesvirus 8 (HHV8) in 16 classified human chemokine receptors.
HHV8 encodes the broad-spectrum chemokine antagonist vMIP-II, whereas
MCV encodes a highly selective CCR8 antagonist, MC 148. Peptides mimicking
chemokine receptor CCR5 have been synthesised356 and shown to have anti-
HIV-1 activities.

4.18 Miscellaneous. — The distribution of papers in this section this year does
not readily form clusters of papers following particular themes, so sub-dividing
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the section has not been possible. The search for anti-virals and nature’s ability
to provide molecules with specific activities were the main ambiences in many of
the papers.

However, the challenge to make drugs orally active transcends all sections, so
elucidating the mechanism of how the protein PepT1 transports certain drugs
and small peptides is particularly interesting.357 Several hundred PepT1 substra-
tes have been published, and the binding and transport of about a hundred of
these have been specially assessed in order to define a template for PepT1
substrates. The model interactions proposed are summarised in (129), which is
explained as (i) strong binding for terminal NH3

� (ii) preference of -configur-
ation at R1 (iii) planar backbone to R2 (iv) H-bond to 1st amide bond (v)
-configuration at R2 (vi) a hydrophobic pocket (vii) a carboxylate binding site
and (viii) available space for R3. The C-terminal pentapeptide of osteogenic
growth peptide [OGP 10-14] is identical358 to the C-terminal sequence of histone
H4 and has the sequence H-Tyr-Gly-Phe-Gly-Gly-OH, and shares OGP-like in
vitromitogenic effect and in vivo stimulation of osteogenesis and hematopoiesis.
So 30 analogues have been made to study the structure—activity of the pentapep-
tide, with the conclusion reached that deletion of the N-terminal amino group
can be tolerated, but the Tyr phenolic group, the Phe ring and the carboxyl
group need to be retained for mitogenic activity. Peptide mimetics of the nerve
growth factor (NGF) have been designed359 with different types of �-turns
representing the flexible C-D loop Thr91-Thr92-Asp93-Glu94-Lys95-Gln96-Ala97-
Ala98. The constraint in the analogues (130–134) was the disulfide bridges joining
the cysteine residues. Peptides which formed type I or type �-�R �-turns were
the most active. The -retroinverso analogue (134) was inactive.

Recombinant erythropoietin is the mainstay protein in the treatment of anae-
mia, so the challenge is on to discover a small molecule to mimic its activity. A
series of N,N-dicinnamyl amino acids (135) have been screened360 and have
shown binding affinity with EBP (IC50 �50 �M), but did not show eryth-
ropoietin-mimetic activity in a cell proliferation assay. A small peptide (19 amino
acids) has been discovered in a random library361 that binds to interleukin-5
receptor �/� heterodimer complex, with the same affinity to that of interleukin-5
and is a potent and specific antagonist of the interleukin in a human eosinophil
adhesion assay. The active form of the peptide is a disulfide cross-linked dimer
that forms spontaneously in solution.

The search for antiviral molecules continues, and the fungus KGT 142 has
obliged362 by producing two antiviral peptaibols, peptaivirins A (136) and B
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(137), which show strong inhibition effects of 74 and 79% at a concentration of 10
�g ml�1 against tobacco mosaic virus infection. The structural requirements for
the strict DNA base-sequence recognition of (AT)4 and (AT)5 respectively for the
oligopeptide minor-groove binding agent distamycin have been analysed363 and
have led to proposals for the rational structure modification for altered base
recognition. This led to the synthesis of unsymmetrical imidazo-pyrrolo-
bis(polyamides), related to the antiviral distamycin and bearing either unnatural
termini, as in (138) or the natural termini as in (139). Halogeno-acrylic derivatives
[represented by (140)] of distamycin A have also been synthesised364 and have
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shown good cytotoxic profiles. Structures with n � 4 and Br attached to the
acrylic group seem optimal and represent a class of minor groove binders that
work in a different way from nitrogen mustards. The distamycin A/cysteine
hybrid (141) labelled with the �-emitting radionuclide 99mTc has been syn-
thesised365 as a potential radiopharmaceutical for tumour imaging in diagnostic
nuclear medicine. New cytostatic peptides have been isolated366 from the culture
broth of myxobacteriaArchangium gephyra andAngiococcus disciformis. Named
tubulysins A, B, D and E (142–145), they are not active against bacteria or fungi,
but showed cytostatic activity with IC50 in the picomolar range against mam-
malian cell lines. Of the two new lipopeptides, amamistatins A (146) and B (147)
isolated367 fromNocardia asteroides SCRS-A2359, only (146) inhibited growth in
human tumour cell lines. Amamistatin A (146) has been synthesised368 from three
fragments. Synthesis of the �-hydroxy acid fragment was achieved using chiral
oxazaborolidinone mediated aldol reaction, and the oxazole ring was construc-
ted from N-acylthreonine via side chain oxidation and cyclodehydration.
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The anti-tumour antibiotics, the bleomycins, are used clinically in the treat-
ment of several cancers. Deglycobleomycins, lacking the carbohydrate moiety of
the natural product, also exhibit DNA cleavage properties similar to bleomycin
itself. This has been proven by the synthesis369 of two deglycobleomycin A5

analogues (148) by solid phase peptide synthesis techniques and it was shown
that the analogues relaxed supercoiled plasmid DNA to the same extent as
authentic natural bleomycin A5. A lipophilic neurotoxin, janolusimide (149) from
the mollusc Janolus cristatus has been synthesised stereoselectively.370 The mech-

anism of action of cytotoxic peptides, functioning as small cationic molecules
that modify cell membranes, either by interaction with ion-transport proteins
and/or formation of ion channels has been reviewed.371 The amphiphilic �-
structure, with a polar face which interferes with microbial membranes, is a
characteristic mode of action of the defensins, which have now been made
available on a large scale through their large scale synthesis372 by solid phase
procedures. The mode of action of N-type calcium channel blockers, such as
�-conotoxin GVIA, is believed to involve inhibition of release of neurotransmit-
ters. Studies373 on rat striatum have shown that infusions of �-conotoxin could
be seen as an effective tool for the unilateral and reversible intracerebral modula-
tion of neuronal circuits. Three mimetics (150) of the 25-residue peptide �-
conotoxin MVIIA have used374 the dendroid approach to keep the key residues
in conotoxin (Arg, Leu and Tyr) in a similar spatial orientation. A synthesis has
been reported375 of a new chimera peptide (151) formed by inserting an epitope of
mucin 1 glycoprotein (MUC 1) as a guest sequence. The epitope PDTR replaces
RHYS of the original conotoxin. Radio-immunoassay data showed that both
linear and bicyclic forms of the chimera were recognised by MAb and HMFG1
which are both specific for the PDTR sequence.
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Recent advances in the molecular biology of corticotropin releasing factor
(CRF) receptors have been reviewed,376 while a novel human calcitonin analogue
has been designed377 using computer-aided design technology. Glucagon has
been systematically modified378 by forming lactam bridges within its central
region to form constrained analogues. The modifications introduced were
cyclo[Asp9,Lys12][Lys17,18, Glu21]-glucagon-NH2, cyclo[Asp9,Lys12]-glucagon-
NH2 , cyclo[Lys12, Asp15]-glucagon-NH2, cyclo[Asp15,Lys18]-glucagon-NH2,
Lys17 cyclo[Lys18,Glu21]-glucagon-NH2 and cyclo[Lys12, Asp21]-glucagon-NH2.
The first four analogues were antagonists of glucagon stimulated adenylate

cyclase activity, whereas the two latter ones were partial agonists. All had
reduced binding potencies relative to glucagon. The Template Assembled Syn-
thetic Protein (TASP) approach has been used to create379 analogues of the most
conserved and important region of rat relaxin. Thioether linkages were used to
bind peptides such as (152) to template T1 (153), and a thiazolidine approach used
to bind the peptides via their N-terminus. A �-sheet type conformation was
demonstrated for TASP T1(152)4. A fragment peptide from relaxin has been a
focus of study380 into the pathways taken in metal-catalysed oxidation of His-
containing peptides. Cyclo(S-S) Ac-Cys-Ala-X-Val-Gly-Cys-NH2 was syn-
thesised, together with its potential oxidised products where X � Asp or Asn.
When studied with ascorbate/Cu(II)/O2, none of the latter products could be
detected, but the main degradation product was the cyclic peptide with X �

2-oxo-His.
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The ubiquitous 148-residue protein calmodulin is a Ca2� binding protein
involving a wide range of cellular Ca2�-dependent signalling pathways. So in an
investigation381 designed to discover calmodulin antagonists, an all--hexapep-
tide library of peptides has been made, a typical sequence being Ac-Leu-Trp-
Arg-His-Leu-Trp-NH2. They inhibit in vivo cell proliferation and physical
methods confirm �-helical character in their conformation. The X-ray crystallo-
graphic structure382 of the depsipeptide, Boc-(Leu-Leu-Ala)2-(Leu-Leu-Lac)3-
OEt confirms the presence of a 310 helical segment, while the synthesis of
leuprolide, the analogue of LH-RH, used for regulation of sexual hormones has
been aided greatly383 by the availability of good hplc technology. The medical
and biotechnical applications of peptide nucleic acids have been reviewed.384

5 Enzyme Inhibitors

As enzyme inhibition has proved to be a fertile area of discovery for the
pharmaceutical industry, it is no surprise that many areas have reached a degree
of maturity, that has generated a number of reviews reflecting on the successes
achieved and the prospects for the future. So a 354 reference385 review on the
current status of protease inhibitors has also within it a very useful summary
table on the clinical status of many inhibitors. A good overview of the state of the
art prospects for proteinase inhibitors and activators has appeared,386 while the
developments in the field of proteasome inhibitors from in vitro uses to clinical
development has been discussed.387 More specialised reviews on soluble neutral
metallopeptidases,388 on glycosidase inhibitors and their chemotherapeutic
value,389 and on the immunophilins (peptidylprolyl isomerases)390 have been
published.

5.1 Aminopeptidase Inhibitors. — Of the N-phenylphthalimide and N-phenyl-
homophthalimide derivatives assayed using human acute lymphoblastic
leukemia cells, MOLT-4 with alanin-4-methylcoumaryl-7-amide as a substrate,
PIQ-22 (154) was found391 to be the most potent inhibitor. It also showed potent
tumour-cell invasion inhibitory activity that is more effective than potent
aminopeptidase inhibitors such as bestatin or actinonin. Computer-aided design
of leucine aminopeptidase inhibitors has been carried out392 using the Ligand
Design (LUDI) approach to predict their activity and analyse their interactions
with the enzyme. The crystal structure of bovine leucine aminopeptidase com-
plexed with its inhibitor, the phosphonic acid analogue of leucine was taken as
base structure, and from this 50 potential inhibitors, including previously dis-
covered examples, have been highlighted.
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5.2 Calpain Inhibitors. — Calpain is unique among the cysteine protease family
of enzymes in that it combines thiol protease activity with calmudolin-like
activity. Calpain inhibitors have been grouped together in a review393 which also
discusses the impact of knowing the crystal structure of a nonpeptide calpain
inhibitor bound to a hydrophobic pocket on the calcium-binding domain of
calpain. Calpain inhibitors as therapeutic agents in nerve and muscle degener-
ation has also been discussed.394 Piperidine carboxamides have been prepared395

and evaluated for �-calpain inhibition. The keto-amides (155) (Ki � 0.03 �M)
and (156) (Ki � 0.009 �M) displayed a more than 100-fold selectivity over the
closely related cysteine protease cathepsin B. The compounds also inhibit seiz-
ures induced by NMDA in mice. One of the highest rates of calpain inactivation
has come from the inhibitor (157), which has a good leaving group based on N-
hydroxy coupling agents. Therapeutic utility however will be restricted by their
poor aqueous stability.396 All four stereoisomers of Z-protected 2,3-meth-
anoleucine have been synthesised397 for incorporation into peptidomimetic in-
hibitors of calpain.

5.3 Caspase Inhibitors. — The breakdown of cellular proteins in apoptosis
(programmed cell death) is mediated by the caspases, a highly conserved family
of cysteine proteases. The 3D structure of the catalytic domain of caspase-9 and
its interaction with the inhibitor Ac-Val-Ala-Asp-fluoromethyl ketone has now
been predicted by a segment matching modelling procedure.398 The structure
shows a highly similar overall folding topology, but remarkable differences in the
surface loop regions as compared to caspases-1, -3 and -8 for which crystal
structures are known. Non-peptide inhibitors of caspases-3 and -7 have been
identified399 and their discovery suggests that targetting these two enzymes alone
is sufficient to block apoptosis and maintain cell functionality. The isatin sul-
fonamide inhibitors based on an X-ray picture of their complex with caspase-3
interact with the S-2 sub-site and not the aspartic acid binding pocket (S-1),
where peptide inhibitors seem to target.

5.4 Cathepsin Inhibitors. — The cathepsin family of cysteine proteases has be-
ing augmented by new arrivals. The complete nucleotide sequence of a novel
cathepsin, cathepsin Q, from rat placenta has been determined.400 The predicted
structure has 343 amino acids and is related to cathepsin L. Using similar
techniques the work on cathepsin K from osteoclasts has been reviewed.401

Several novel classes of cathepsin K inhibitors have been designed based on the
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X-ray co-crystal structures of peptide aldehydes bound to papain. Mouse pla-
centa is the source402 of cathepsin-6, whose structure bears a great deal of
homology with cathepsin J, P and L. A 1.6 Angstrom resolution crystal structure
of human cathepsin V, associated with an irreversible vinyl sulfone inhibitor, has
been published.403 Quite significant differences are seen in the S-2 and S-3
subsites of this enzyme compared to the active sites of related proteases. The
crystal structure of human cathepsin X has been determined at 2.67 Angstom
resolution.404 Common features include a papain-like enzyme fold, but there is a
pronounced feature of a mini loop that includes a 3-residue insertion protruding
into the active site. Tyr27 on one side of the loop forms the surface of the S1
substrate binding site, and His23 on the other side modulates both carboxy-
monopeptidase as well as carboxy dipeptidase activity. The most abundant
lysosomal cysteine protease, cathepsin B, becomes inactivated and undergoes
denaturation at neutral or alkaline pH. NMR studies405 have attempted to
rationalise the process of inactivation and have pin-pointed a role for Cys29 in
this deactivation process.

The 3D structure of the 56-residue Apis mellifera chymotrypsin/cathepsin G
inhibitor-1 (AMCI-1) isolated from honey bee hemolymph has been calculated406

based on 730 experimental NMR restraints. Two almost perpendicular �-sheets,
several turns and a long exposed loop that includes the protease binding site, are
amongst the conformational features of the peptide which has five disulfide
bridges. Molecular dynamics simulations407 of bovine cathepsin B and its com-
plex with its specific inhibitor CA074, reveal that the existence of a Cys148-Cys252

disulfide bond increases the flexibility of the occluding loop, although the
conformational stability of the overall structure is little affected. Selectivity of
CA074 stems from the tight P1�-S1� and P2�-S2� interactions, assisted in particu-
lar by double hydrogen bonds between the carboxyl oxygens of CA074 C-
terminus and the imidazole NHs of His110 and His111 residues. The propeptide of
cathepsin S inhibits cathepsin L with aKi of 0.08 nM, yet cathepsin L propeptide
inhibits cathepsin S only poorly. As a result of using chimeric propeptides, and
comparing their inhibitory specificity with the wild-types, it was determined408

that the specificity control resides in the � 1/2 helical backbone of the N-terminal
parts. The propeptides of cathepsins S, L, and K have been expressed409 as
glutathione S-transferase-fusion proteins inE. coli , and have been tested for their
inhibitory properties within the cathepsin L subfamily (cathepsins K, L and S).
The cathepsin K propeptide had a Ki of 3.6—6.3 nm for each of the three
cathepsins K, L and S. The cathepsin L propeptide was at least a 240-fold
selective inhibitor of cathepsin K (Ki � 0.27 nM) and cathepsin L (Ki � 0.12
nM) compared with cathepsin S (Ki � 65 nM). Cathepsin S propeptide was more
selective for inhibition of cathepsin L than S or K. The propeptide of cathepsin K
has been shown410 to be a potent slow inhibitor of its parent enzyme with Ki �

2.61 nM at pH 6. A set of oligoarginine peptides, derived from a combinatorial
library, have turned out411 to be specific inhibitors of cathepsin C, and the
screening412 of a combinatorial pentapeptide amide collection in an inhibition
assay discovered Arg-Lys-Leu-Leu-Trp-NH2 amongst the most potent inhibi-
tors of cathepsin L.
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In a series of chiral 5-substituted 3-pyrrolin-2-ones synthesised413 using a
unique reaction cascade, the compound (158) proved to be the most potent
inhibitor against cathepsin B. The same enzyme can be inhibited414 by the
peptides Pro-Phe-Pro-Gly-Pro-Ile (Ki � 2.31 mM) and Gly-Pro-Phe-Pro-Ile
(Ki � 3.30 mM) isolated from a pancreatic digest of �-casein. Two affinity labels
have been produced415 for cathepsin B based on its irreversible epoxysuccinyl
(Eps) inhibitor. Their structures are R-Gly-Gly-Leu-(2S,3S)-tEps-Leu-Pro-OH,
with R � NH-(CH2)6-NH-rhodamine B and R � NH-(CH2)6-NH-biotin. The
�-keto �-aldehyde, Z-Phe-Leu-COCHO has been shown416 to be 400-fold more
selective for cathepsin S (Ki � 0.185 nM) than for cathepsin B (76 nM), while
Z-Phe-Tyr(OBut)-COCHO with a Ki of 0.6 nM is reported417 to be the most
potent synthetic reversible inhibitor of cathepsin L to date. Modified pyridoxal
phosphate analogues have shown considerable inhibition of cathepsins. An
analogue with the phosphate ester at position 3 replaced by propionate stongly
inhibits cathepsin B, and further tuning418 of this structure by modification of the
methyl arm at position 6 has given rise to strong inhibitors of cathepsin K,
weakly inhibiting cathepsin S, but with no activity on other cathepsins. A test419

has been carried out on the effects of inhibition of cathepsin D on the production
of known precursors to neurofibrillary tangles, which concluded that cathepsin
D links lysosomal dysfunction to the etiology of Alzheimer’s disease.

5.5 Cytomegalovirus and Rhinovirus 3C Protease Inhibitors. — A computer-
based search of the literature relevant to this topic highlighted the following
periodical reports as having relevance: inhibition of cysteine proteases;420 combi-
natorial library synthesis 1999;421 structure-based drug design.422

A new class423 of human cytomegalovirus (HCMV) inhibitors depend on the
maintenance of intramolecular H-bonds, as in (159), to retain activity. The range
of inhibitory activity was, IC50 (�g mL�1), 0.0004 for R1 � Me, R2 � i-Pr, 0.005
for R1 � H, R2 � i-Pr, 0.1 for R1 � H, R2 � Et. As part of a comprehensive
study424 of structure—activity relationships between benzothiadiazine dioxide
derivatives and the inhibition of HCMV, most of the compounds, e.g. (160),
exhibited anti-viral activity, some being equi-active with the standard reference
ganiclovir. With further studies425 it was found that chlorine-containing ana-
logues were even better, so that (160, R � Cl) was active against a variety of
HCMV clinical isolates from patients with different clinical manifestations and
fully maintained its activity against a ganciclovir-resistant strain. Previous defi-
ciences in the metabolic properties of naphthyridines and isoquinolines has
spurred on research426on the dihydroisoquinolines such as (161) and (162). These
were found to be metabolically stable and orally bioavailable.

The human rhinovirus 3C protease (HRV3C) has been inactivated427 by a
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series of S-nitrosothiol derivatives of a number of well-known compounds, such
as SNAP (163), S-nitrosocaptopril (164) and GSNO (165). The inactivation of the
protease through S-nitrosylation is a transient phenomenon. Tripeptide-derived
molecules incorporating C-terminal ketone electrophiles have been evaluated428

as reversible inhibitors of HRV3C. An optimised example such as (166) displayed
potent inhibition activity (Ki � 0.0045 �M) and in vitro anti-viral properties.
(EC50 � 0.34 �M). In the design and synthesis429 of HRV3C inhibitors, a Michael
acceptor has been combined with a benzamide core, mimicking the P1 recogni-
tion element of the natural substrate. This strategy was indicated from a 1.9
Angstrom co-crystal of a benzamide inhibitor complex with the enzyme, which
revealed a binding mode involving covalent attachment through the nucleophilic
cysteine residue. Despite generally very modest inactivation constants being
achieved, sub-micromolar activity was observed with 3-�3-carbamoyl-5-[4-
(2-cyanophenyl)-piperazin-1-ylmethyl]phenyl�acrylic acid ethyl ester. The need
for a Michael receptor ligand is also confirmed430 in the inhibitors derived from
bis hydrazides such as (167). It was only when the hydrazide was oxidised to the
azo derivatives (168) that IC50s in the low micromolar range could be achieved. A
series of 3-methylthio-5-aryl-4-isothiazolecarbonitriles have been evaluated431 as
anti rhinovirus agents against a panel of 17 HRV serotypes belonging to A and B
groups. Isothiazole derivatives with bulky substituents (OBn and OBut groups)
in the para-position of the benzene ring were the most effective compounds in the
series. AG7088, a novel irreversible inhibitor of HRV3C protease, was tested432

for its antiviral activity and ability to inhibit production of IL-6 and IL-8 in a
human bronchial epithelial cell line BEAS-2B. AG7088 showed a dose-depend-
ent reduction in the levels of infectious virus and IL-6 and IL-8 released into the
cell supernatant.
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5.6 Converting Enzymes and Their Inhibitors. — 5.6.1 ACE and Related En-
zymes. The electron-conformational method of pharmacophore identification
and bioactivity prediction has been applied to ACE inhibtors.433 Prediction of
the activity proved to be more than 90% within experimental error for the
available compounds tried, and gave the predicted quantitative results in
60—70% of the cases. Eight inhibitors from the enalapril/lisinopril ACE inhibitor
series can be separated/identified434 by capillary electrophoresis techniques. The
inhibitor CFP, N-[1-(R,S)carboxy-3-phenylpropyl]-Ala-Ala-Tyr-p-aminoben-
zoate is a potent and specific inhibitor of the metallo-endopeptidase EP 24.15,
but is unstable due to its cleavage between Ala and Tyr by neprilysin (EP 24.11),
and produces a potent ACE inhibitor as one of the degradation products, thus
limiting its therapeutic use. However, incorporation435 of a �-amino acid adjac-
ent to the scissile bond stabilises the inhibitor against cleavage by EP 24.11. One
of the best enzymically stable molecules was (169).

The in vitro and in vivo inhibitory potency of omapatrilat and the specific ACE
inhibitor fosinopril towards the two active sites in ACE (called N- and C-
domains) have been investigated.436 In vitro, omapatrilat was five times more
potent than fosinoprilat in inhibiting angiotensin I hydrolysis at both the N- and
C-domains, but fosinoprilat was slightly more specific for the N-domain. Al-
though compounds which inhibit the acivity of both ACE and NEP (vasopep-
tidase inhibitors) have been reported which incorporate a thiol, carboxylate or
phosphorus acid pharmacophores, the generation of hydroxamate inhibitors has
remained elusive. But that situation is no more, with the incorporation437 of
conformationally-restricted dipeptide mimetics on to a N-formyl hydroxylamine
zinc-binding group to give inhibitors (170) and (171) with IC50 (ACE) � 3.4 and
5.3 nM and IC50 (NEP) � 1.8 and 1.3 nM respectively. The clinical implications
of discovering a new class of drugs based on vasopeptidase inhibition has been
reviewed.438

5.6.2 Endothelin Converting Enzyme. The current status and perspectives on
endothelin converting enzyme (ECE) inhibitors have been reviewed.439 ECE-1, a
zinc-metalloendopeptidase generates endothelin-1 (ET-1), the most potent
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vasoconstrictor yet discovered by specific proteolytic processing of a precursor
peptide big ET-1. ECE-1 cleaves big ET-1 exclusively between Trp21 and Val22. It
has now been proven440 that in order to maintain this specificity the disulfide
bonds in big ET-1 have to be in place, otherwise multi-site cleavage takes place.
The minimal peptide sequence of big ET necessary for enzyme recognition and
cleavage at the P1—P1� site (Trp21-Val22) has been determined441 to be big ET
(18—23) amide. Asp18 appears to be a key residue in the recognition phenomenon.
An article has appeared442 which focuses on the 33 or so novel endothelin
receptor antagonists found in patents between January 1997 and April 2000.

CGS 30084 (172), a known ECE-1 inhibitor at the IC50 � 77 nM level has had
its structure further refined443 to the extent that (173) is a long acting inhibitor of
ECE-1 in rats after oral administration and with an IC50 of 11 nM. Sustained
duration of action has also been achieved444 with analogues of CGS 26303, the
known dual ECE-1 and neutral endopeptidase (NEP) inhibitor. Replacement of
its p-1� biphenyl substituent by 3-dibenzofuranyl group has led to more potent
and selective ECE-1 inhibitors such as (174), and the carboxylic acid (175), which
has IC50 � 22 nM, and a 104-fold preference for ECE-1 versus NEP. Both the
latter have been considered to have favourable activity profiles to designate them
code numbers CGS 34043 and CGS 35066 respectively to carry them through
further pharmacological testing. Some further results on the compounds have
been published with CGS 35066 (175) blocking the pressor response to big ET-1
by 84%.445 By introducing two phenyl groups at the phosphonic acid end, an
orally active pro-drug was produced. CGS 34043 (174) has maintained its dual
inhibition of ECE-1 and NEP throughout its pharmacological testing.446 The
pharmacology of SM-19712, 4-chloro-N-�[4-cyano-3-methyl-1-phenyl-1H-
pyrazol-5-yl)amino]carbonyl�benzenesulfonamide, monosodium salt, has also
looked promising,447 with an IC50 value of 42 nM for ECE inhibition without
having an effect at the 10—100 �M level on NEP or ACE.

5.7 Elastase Inhibitors. — The pumpkin, Cucurbita maxima, has been shown448

to contain in its phloem exudate, a 42 kDa serine proteinase inhibitor having
anti-elastase properties. The protein (Cucurbita maxima phloem serpin-1,
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CmPS-1) has been cloned and it showed no detectable inhibitory properties
against chymotrypsin, trypsin or thrombin, and the elastase cleavage sites within
the reactive centre loop of CmPS-1 were determined to be Val347-Gly348 and
Val350-Ser351. A much simpler elastase inhibitor, SMFE102, has been isolated449

from Streptomyces lavendulae SMF11 with Ki values ranging from 1.78 mM to
2.86 �M for chymotrypsin, cathepsin B and elastase. It turns out to be the
dioxopiperazine, cyclo (Phe-Pro). Mass spectrometry has been shown450 to have
potential for screening for uncompetitive enzyme inhibitors, by identifying com-
pounds which only form adducts with enzyme:substrate or enzyme:substrate
analogue complexes. An example is the discovery of an octapeptide, Met-Phe-
Leu-Glu-Ala-Ile-Pro-Met, from the reactive centre loop of �-1 anti-trypsin
which formed a stable ternary complex with porcine elastase. The complex
formed between the bicyclic peptide FR901277 from Streptomyces resis-
tomicificus and porcine pancreatic elastase (PPE) has been studied451 by X-ray
crystallography and has given a structure at 1.6 Angstrom resolution. The
sequence from Orn1 to dehydroxy Thr3 in FR 901277 formed an anti-parallel
�-sheet structure with the backbone of the active site in PPE, and the S4 through
S2� binding subsites in PPE were well occupied by the hydrophobic side chains of
the inhibitor molecule. FR 134043, which is a semi-synthetic disulfonated deriva-
tive of FR 910277, and an inhibitor of human leukocyte elastase, has been
studied452 by NMR spectroscopy. Confirmation was obtained of the stereochem-
istry being -configuration at all C� atoms. Total synthesis453 has been reported
for the vicinal tricarbonyl-containing elastase inhibitors YM-47141 (176) and
YM-47142 (177). Key steps involved the coupling of a carboxylic acid with a
phosphorane to form a stable ylide intermediate, which acts as a protecting
group for the highly electrophilic carbonyl group. The CO group was ‘released’
by oxidative cleavage of the C�P bond. A ‘one-bead, one peptide’ library with
8000 variants has been constructed454 by randomisation around the P-4, P-1 and
P-2� loop of Bowman-Birk inhibitor. Testing of the library against human
leukocyte elastase, identified sequences with good inhibiton values, but surpris-
ingly 21 out of the 23 identified sequences had Ala at P-1 and not the expected
Val.

Amongst a series of pyrazolo-triazine diones tested as potential inhibitors of
human leukocyte elastase, the most potent455 turned out to be 2-o-
methoxyphenyl-5-methyl-6-nitro-pyrazolo[2,3-d][1,2,4]triazine-3,7-dione,
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which significantly suppressed elastase-induced pulmonary injury in rats when
administered orally. Acylation of the serine protease by the acyl-pyrazole is
suggested as the mechanism for inhibition. Esters of clavulanic acid also
acylate456 the Ser195 of porcine pancreatic elastase to form stable malonyl semi-
aldehyde derivatives. This could develop into a general way of inhibiting serine
proteases. Inhibitors of the same enzyme have been obtained457 from other �-
lactam derivatives, such as N-Boc derivatives of benzyl (S)-3-oxoazetidine-2-
carboxylate, with Ki values in the micromolar range. Monocyclic �-lactam
derivatives based on 1-carbamoyl-4- methyleneaminoxyazetidinones, in which
the leaving group is the methylenaminoxy moiety, have been synthesised458 and
tested in vitro and in vivo against human leukocyte elastase. In vitro, some
derivatives showed appreciable inhibitory activity, but in vivo were less promis-
ing. The synthesis and elastase inhibitory activity of phosphate esters and mixed
phosphate anhydrides of penicillin sulfones have been published.459 Amongst a
series of synthesised460 thieno[1,3]oxazin-4-ones, the most potent inhibitor of
human leukocyte elastase was 2-(diethylamino)-4H-[1]benzothieno[2,3-d][1,3]
oxazin-4-one with a Ki of 5.8 nM. The mechanism of inhibition is again via the
formation of an acyl-serine intermediate. In a series of known inhibitors of
chymotrypsin it has been discovered461 that changes in the acylamino substitu-
tion increases the selectivity and potency for human leukocyte elastase, with the
best inhibitory profile being reached by 6-(methylglutaryl)amino-2-[(ethylsul-
fonyl)oxy]-1H-isoindole-1,3-dione.

5.8 Farnesyltransferase Inhibitors. — Since the farnesylation of the Ras onco-
protein is required for its transforming activity in human cancer and the process
is catalysed by the enzyme farnesyltransferase, the latter enzyme has become the
focal point for inhibitory challenges. An update on its inhibitors has been
highlighted462 and a virtual screening463 of a chemical database has been used to
identify prototype inhibitors of farnesyltransferase. Amongst 21 compounds
identified by computers, four inhibited the enzyme in vitro with values in the
25—100 �M range, and one inhibited the enzyme in human lung cancer cells.
Farnesyltransferase inhibitors from the benzo[ f ]perhydroisoindole series have
been investigated464 using statistical design principles to identify ‘activity trends’
correlated with QSAR. A computer-aided conformational analysis has been
carried out465 on Cys-Val-Ile-Met, an inhibitor of farnesyltransferase. The con-

3: Analogue and Conformational Studies on Peptides,Hormones and Other Peptides 193



formation was computed for an aqueous environment with the peptide in the
zwitterionic state. The four lowest energy conformers showed a type I bend and
an extended conformation. Evaluation of the conformation of four bis-13C-
labelled derivatives of farnesol and geranylgeraniol derivatives reveal466 that the
prenyl side chain in a number of solvents exists primarily in an extended
conformation. A MAS-solid state NMR study of the complex formed between
[6,15-bis13C]farnesyl diphosphate and mammalian farnesyltransferase also con-
firmed an extended conformation as had already been seen in X-ray-derived
structures.

The �-terminal isoprene unit in farnesyl pyrophosphate has been replaced467

by an aniline function, to give 8-anilinogeranyl pyrophosphate, which turns out
to be a substrate of farnesyltransferase, being transferred on to Ras with the same
kinetics as the natural substrate. This is the first example of an alternate substrate
for isoprenylation which is not an inhibitor of squalene synthase. The farnesyl
pyrophosphate analogue A-176120 selectively inhibits468 farnesyltransferase with
an IC50 of 1.2 nM and also reduced H-ras NIH3T3 tumour growth in mice.
Proliferation of cultured human smooth muscle cells has been blocked and
growth factor-induced DNA synthesis has been inhibited by the farnesyl pyro-
phosphate analogue TR006 (IC50 � 67 nM).469

Continuing structure—activity studies470 on imidazolyl benzodiazepine as far-
nesyltransferase inhibitors have unveiled the analogue BMS-214662, (R)-7-cy-
ano-2,3,4,5-tetrahydro-1-(1H-imidazol-4-ylmethyl)-3-(phenylmethyl)-4-(2-
thienylsulfonyl)-1H-1,4-benzodiazepine as having excellent preclinical antitu-
mour activity which has advanced it into human clinical trials. To circumvent
the problems with peptide inhibitors based on the tetrapeptide CAAX the
carboxy terminus of Ras protein, mimetics such as (178) have been synthesised471

and tested. Compound (178) gave an IC50 of 15 nM against farnesyltransferase.
An already reported piperazine-based inhibitor has been used as a template for
further structural modification472 and identified analogue (179), as having an IC50

of 0.13 �M. The conformationally constrained 8-amino-5,6,7,8-tetrahydro-
imidazo[1,5a]pyridine ring system gives improved in vivo metabolic stability473

in farnesyltransferase inhibition. The mimicking of both farnesyl pyrophosphate
and the CAAX tetrapeptide sequence of Ras protein into the same analogues has
been accomplished474 through the use of long-chain fatty acids and aryl-sub-
stituted carboxylic acids as farnesyl surrogates. These were then linked to
Ile-NH2, benzamide, N-substituted aminobenzenesulfonamides and N-�-aryl
substitiuted methionine derivatives, which function as AAX mimetics. The amide
link between the two sections of the mimetic is crucial to activity475 as it is
probably bound to the Zn ion in the active centre of the enzyme. Succinic and
glutaric acid in addition to �-alanyl can function as linker groups. When ben-
zophenone-based CAAX mimetics lose their thiol group, e.g. by a substitution
with a COOH group, inhibition of farnesyltransferase diminishes,476 but by
adding a lipophilic alkyl chain to the molecule it regains inhibitory activity.
CAAX Mimetics based on HOPro as in (180) have been assessed477 and give low
micromolar IC50 values in inhibition of farnesylation. The recently discovered
farnesyltransferase inhibitors kurasoins A and B have been synthesised478 asym-
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metrically in seven steps from 2-(4-hydroxyphenyl)ethanol and have shown that
the stereochemistry of the hydroxy group is important for inhibitory activity.
The pharmokinetics—antitumour activity relationships have been worked out479

for the novel inhibitor BMS-214662.

5.9 HIV Protease Inhibitors. — HIV-Protease inhibitors have been discussed480

and a computer analysis481 of superimposed crystal structures for 266 small
molecules bound to 48 proteases from the four main categories (aspartic, serine,
cysteine and metallo) has given the first proof that inhibitors commonly bind in
an extended �-strand conformation at the active sites of all proteases. This
conclusion was supported by NMR, CD and binding studies for HIV-1 protease
inhibitors/substrates, which when pre-organised in an extended conformation
have significantly higher protease affinity.

With the synthesis482 of �-aminophosphonic acid derivatives, formation of
(181) has been made possible, which is now undergoing assessment as HIV-
protease inhibitors. A large scale synthesis483 has been published for the HIV-
protease inhibitor ABT-378 (lopinavir, 182). Some pretty potent inhibitors such
as (183–185) have been obtained484 with IC50 (�M) values of 0.008, 0.02 and 0.026
respectively, by replacing Pro with 2-thiophenoxy-3-pyrrolidine in Phe-Pro
dipeptides. The influence of the central hydroxyl groups on the anti-viral activity
of the symmetrical HIV-1 protease inhibitor (186) has been examined.485 Deletion
of any one of the hydroxyls diminishes the inhibitor activity and for optimal
inhibition the analogue with hydroxyls in the C-3R and C-4R configurations was
best. A new and highly potent cyclic HIV protease inhibitor scaffold has been
discovered486 through synthesis. The best analogue (187) in the series was roughly
equipotent with marketed HIV-protease inhibitors at that time. A unique and
novel amino acid, allo-phenylnorstatine, with a hydroxymethylcarbonyl isostere
as the active moiety has been incorporated487 into a tripeptide-based orally
potent inhibitor. Analogue (188), KNI-272, had a good enough profile (Ki � 6.6
nM) to undergo clinical trials, and two long-lasting analogues of this compound,
(189) and (190) were also found.
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In a new approach, involving targetting the dimerisation interface of HIV-
protease, the minimum sequence of amino acids needed to effect inhibition was
worked out488 and the inhibitor (191) (IC50 � 680 nM), was very near to the
smallest structural requirement. A ‘double drug’ strategy has been used489 to
enhance anti-viral activity and involves combining a HIV-protease inhibitor and
a nucleoside reverse transcriptase inhibitor in the same molecule. So the new
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hybrids bear structures such as (192), which turned out to be 920 and 62 times
more potent than the inhibitor KN-727 and AZT respectively. Two synthons
(193) and (194) where the methylene group of Phe has been replaced by sulfur
atoms could be of use in inhibitor work.490 Inhibition activity of IC50 � 0.01 �M
gives promise491 to a series of 6-hydroxy-1,3-dioxin-4-ones. The lead structure of
palinavir has been further tuned492 at the P3-P2 quinaldic-valine portion, to give
as the most promising analogue (195) with an IC50 value of 1.6 nM and 61%
bioavailability in rat. Exploration of the hydroxylamine-pentanamide transi-
tion-state isostere present in the drug indinavir sulfate has now yielded493 a
potent and selective analogue MK-944A (196) with aKi value of 0.049 nM and a
longer half-life in several animal models than indinavir, which has moved it on to
advanced human clinical trials. Key syntheses of hydroxy ethylamine dipeptide
isosteres in future will benefit from the stereoselective route worked out494 for
(197). Constrained dipeptidal sulfamides might represent novel peptidomimetic
scaffolds in this area,495 while the pseudo C2-symmetric cyclic phosphonamides
(198) were developed for their HIV-protease inhibition potential.496

5.10 Matrix Metalloproteinase Inhibitors. — The use of matrix metallo-
proteinase (MMP) inhibitors for the treatment of cancer has been the subject of
an annual report.497 Functionalised tetrahydrofuran, such as (199) have been
designed498 as constrained inhibitors of stomelysin and related matrix metallo-
proteinases. The biological results were disappointing possibly due to the lack of
H-bonding interactions. The Gly-Leu phosphinic dipeptide analogue, Gly�
[PO2H-CH2]Leu has been chosen as the core of a 165 000 compound library,499

and after analysis a consensus sequence of 20 analogues were re-synthesised.
Inhibition down to 6 nM was achieved by some members, but only poor
inhibition came from truncated sequences. Piperazine carboxylic acid has been
used500 as the core of a new generation of cyclic matrix metalloproteinase
inhibitors. The bidentate chelating agent for Zn2� is the hydroxamic acid group,
and this together with the sulfonamide group produced the inhibitor (200), with
high affinity for the matrix metalloproteinases-1, -3, -9 and -13. X-ray data for a
complex between (200) and MMP-3 were also available. A pyrrolidinone scaffold
has given rise to (201), a potent matrix MMP-13 inhibitor (IC50 � 7 nM).501
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N-4-Nitrobenzylsulfonylglycinehydroxamate moieties such as (202) have under-
gone a series of assays with MMP enzymes.502 Best inhibitors of MMP-1 were
those involving fluorophenylsulfonyl moieties at P-1. Long perfluoroalkylsul-
fonyl moieties were preferred for the inhibition of the deep-pocket enzymes,
MMP-2, -8 and -9.

Because the active geometry around the Zn ion in both the carbonic anhyd-
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rase isozymes and matrix metalloproteinases are rather similar, an assessment503

has been made as to the relative merits of sulfonylated amino acid hydroxamates
as inhibitors in both series of enzymes. Core structures used were based on
RSO2NX-Aaa-CONHOH, with X � H, benzyl, substitiuted benzyl and Aaa
representing Gly, Ala, Val or Leu. Out of the data it might be possible to design
dual enzyme inhibitors with compact X (e.g. H) and Aaa (e.g. Gly) favouring
carbonic anhydrase inhibition, wheras bulkier X and Aaa moieties and sub-
stituted aryl R groups are advantageous for showing better inhibition of MMP.
Another sub-series of analogues on the same structural theme,504 e.g. N-4-
nitrobenzyl-�-alanine hydroxamates, have been assayed and confirm that the
4-nitrobenzyl group is an efficient P-2� anchoring moiety. The tripeptide com-
plex Gly-His-Lys-Cu2�, a known wound healing agent, has been studied505 for its
effect on MMP-2 levels. It increased MMP-2 levels in cultured fibroblasts, but
the effect is associated with the Cu ions. The peptide complex is able to modulate
MMP expression by acting directly on wound ribroblasts.

5.11 Protein Phosphatase Inhibitors. — The mechanism of inhibition of protein
phosphatase (PP) -1 by clavosines A (203) and B (204), novel members of the
calyculin family of toxins has been investigated by site-directed mutagenesis.506

Tyr134 is implicated as an important residue in PP-1c� that mediates interactions
with calyculins. Protein inhibitors I1

PP2A and I2
PP2A have been shown507 to associ-

ate with and modify the substrate specificity of PP-1. The role of phosphorylated
Thr35 and Ser67 in inhibitor I1 protein has been investigated.508 Protein kinase
NCLK from brain extract was identified as a potential in vivo I1 kinase, and that
Thr35 and Ser67 phosphorylation independently activate I1. Interaction of inhibi-
tor 2 (I2) potently inhibits the activity of the free catalytic sub-unit (CS 1) of PP-1,
and the nature of this interaction has been fine-tuned509 to a new model of
interaction. The model involves multiple ‘anchoring interactions’ which serve to
position a segment of I2, such that it sterically occludes the catalytic pocket but
need not make high affinity contacts itself. Backbone NMR resonances for
inhibitor I2 have been assigned.510
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A convergent synthetic entry into the squalenoid polyether system has been
developed511 for the marine natural products (205–208) based on the thyrsiferyl
moiety, to enable studies to be carried out on their PP 2A inhibitory activities. A
targetted library of 70 compounds has been synthesised,512 but only three of these

had ability to inhibit the dual specificity phosphatases Cdc25B(2) and none
inhibited PTP1B. Three dual-specific phosphatases and three protein-tyrosine
phosphatases have been challenged513 with a set of low molecular weight N-
(substituted)-O-phospho--serine derivatives. Only the dual-specific phos-
phatases, IphP and VHR hydrolysed the analogue N-(cyclohexanecarboxyl)-O-
phospho--serine. It was already known that endothal had high affinity for
PP2A. This molecule has now been modified514 to 2-carboxymethylendothal to
obtain improved affinity probes for PP2A. Information has been gathered515 that
PP2A and PI 3-kinase contribute to the ability of tumour antigen (small t) to
regulate Spl activity, stimulate early SV40DNA replication, and enhance the
transformation of resting cells during SV40 infection.

5.12 Renin and Other Aspartyl Proteinase Inhibitors. — The role of renin-an-
giotensin inhibitors as antihypertrophic agents has been highlighted.516 An alter-
native convergent synthesis517 to ones already published for renin inhibitor CGP
60536B (209) has appeared. The methodology is based on pseudoephedrine
serving as a dual purpose chiral auxilliary and protecting group. Although the
synthetic sequence involved 22 steps and an overall 7% yield a convergent
stereoselective synthesis of the renin inhibitor BILA 2157 BS still produced 0.6
kg of the inhibitor.518 After a detailed survey of six crystal structures of renin-
inhibitor complexes, new inhibitors have been developed519 with increasing
lipophilic character replacing the peptide portion. Inhibitor (210) from this work
had sub nanomolar binding affinity with a pronounced in vivo activity after oral
administration to primates, making it a candidate for the clinic. The phar-
mokinetics of renin inhibitor CGP 60536 can now be assessed520 via the develop-
ment of a quantitiative hplc method for its analysis.

Exploration of active-site specificity of the aspartic proteinase, saccharopep-
sin, has been carried out521 by investigating the X-ray structures of saccharopep-
sin with five renin inhibitors. The final stages in the generation of amyloid
�-protein in Alzheimer’s disease is proteolysis of the precursor protein with
�-secretase. Difluoro ketone peptidomimetics have been synthesised522 to study
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the inhibition of this enzyme and a series of inhibitors based on (211) have been
assessed. Cyclohexyl methyl substituents in the P-1 position was useful for
potency and indicates a large S-1 pocket to accommodate this bulkiness. The
trifluoromethyl analogue of the aspartate protease inhibitor pepstatin has been
synthesised,523 but showed no anti-HIV activity.

5.13 Thrombin and Factor Xa Inhibitors. — The challenge to obtain efficient
inhibitors in this area remains very active. The computer programme GRID
together with consensus component analysis (CPCA) has been used524 to design
selective ligands which have been validated on a total of nine structures of the
three homologous serine proteases thrombin, trypsin and factor Xa. The rhyn-
chobdellid leech Theromyzon tessaulatum yielded525 the most potent thrombin
inhibitor up to that time. Named, theromin, it contains 67 amino acids, including
16 cysteine residues, and exhibits no sequence homology with any other throm-
bin inhibitors. A series of thrombin inhibitors526 based on (4-t-butylbenzenesul-
fonyl)-Arg-(-Pipecolic acid)-Xaa-Gly-Yaa-Gly-�-Ala-Asp-Tyr-Glu-Pro-Glu-
Glu-Ala-(�-cyclohexylalanine) have been prepared,526 where the P1� residue Xaa
and the P3� residue Yaa have been varied. -PhGly or -Phe in the Yaa position
improved Ki values, compared to Gly. Substitution of Xaa with Nleu or -�-(2-
thienyl) alanine, lowered theKi values, but when these residues were used with an
improved linker, 12-aminododecanoic acid, they could be crystallised in com-
plex with human �-thrombin to give a 2.1 Angstrom resolution structure, which
showed that Lys60 in thrombin formed a large non-polar S1� subsite to accommo-
date the bulky P1� residue.

X-ray structural information on thrombin has guided527 the structure-based
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design of active and selective non-peptide inhibitors of the enzyme, which have
side chains to reach the three binding pockets (selectivity S1 pocket, distal D
pocket and proximal P pocket). The most potent in the series was found528 to be
(212) with a Ki � 7 nM. Amino acid residues in the thrombin-inhibiting
tripeptide -Phe-Pro-Arg have been replaced529 with isosteres; Arg with p-
amidinobenzylamine, Pro with either cyclopentane-1,2-carboxylic acid or cyclo-
pentene-1,5-dicarboxylic acid and -Phe with a series of lipophilic amines.
Highly selective thrombin inhibitors with good oral absorption have been
developed530 by incorporating imidazolylethynyl groups into the P1 position as
shown in (213). A bicyclic pyridone scaffold has been used531 as a P3P2 surrogate
to give inhibitors such as (214), and boron-containing inhibitors such as (215)
and (216), although having side-chains too big for the S1 pocket, still inhibit532

thrombin in the nM range. Non-amide based thrombin inhibitors such as (217)

have been prepared533 with amidinohydrazones as guanidine bioisoteres. This
had aKi value of 8.3 nM, while in another series such as (218), the optimal group
for X to achieve nanomolar potency was the methyl group.534 Exploration535 of
the S1 specificity pocket of thrombin gave (219) (Ki � 69 nM) as the most active
compound in a series of inhibitors.

Non-polar substitutes for Arg in the P1 position have been used536 in the
development of analogues such as (220) of CGH-728, which is itself an analogue
of Mitsibushi compound MD805. In a further optimisation537 to improve water
solubility, the R group has been modified as in (221), which is more bioavailable
and shows efficacy in animal models of thrombosis. Two series of alkyl/aryl
guanidines/sulfonyl O-methyl isoureas, based on the unit (222), have undergone
a QSAR study538 assayed against both trypsin and thrombin. The structural basis
of thrombin/trypsin selectivity of an Arg mimic, (2S)-2-amino-(3S)-3-(1-car-
bamimidoyl-piperidin-3-yl) at the P1 position has been monitored539 and it is
believed that the selectivity achieved is mediated through differential interaction
with the residue in position 192, Glu in the case of thrombin, Gln in trypsin.
Diamino benzo[b]thiophene derivatives, such as (223) complexed with human
�-thrombin, have given crystal structures540 at 2.0 Angstrom resolution, which
can enhance the understanding of the binding affinities. The results reveal
unexpectedly that the benzothiophene nucleus of the inhibitor binds to the S-1
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specific pocket, the basic C-3 side chain binds to the hydrophobic proximal S-2
and distal S-3 sites. The C-2 basic chain was found to point away from the active
site. The most potent analogues,541 such as (223), have been studied in an
arterial/venous shunt model of thrombosis and were found to be efficacious in
reducing clot formation, but had the disadvantage of rapid and extensive dis-
tribution after administration. Attempts542 to improve the inhibitors have come
from modifications to the C-4� side chain and also through the preparation543 of
1,2 -disubstituted indole, azaindole and benzimidazole derivatives. In this inhibi-
tor series, indole-based inhibitor (224), withKass � 197 � 106 L mol�1 proved to
be the most potent. Several thrombin inhibitors have been prepared with MeArg
in the P1� amino acid position.544 The most potent I-11 [-Cha-Pro-MeArg-Thr
Gly5-Asp-Tyr-Glu-Pro-Ile-Pro-Glu-Glu-Ala-Cha--Glu] with a Ki of 3 pM
shows stability in human plasma in vitro, with no inhibition of the related serine
proteases, trypsin, factor Xa and plasmin. Phosphono tripeptides, such as Z--
Dpa-Pro-OCHRP(O)(OR�)2 where Dpa is �,�-diphenylalanyl, and have an ester
link between the P1 and P2 positions, inhibit thrombin in the micromolar
range.545 High levels of specificity for thrombin over other serine proteases have
been achieved546 in which a bicyclic lactam was used as the scaffold on which
various P1 and P3 motifs were substituted. The subsequent Ki values were less
than 10 nM, but the inhibitors showed low oral bioavailability, although showed
promise when administered intravenously. Synthesis of P1 �-ketoamide protease
inhibitors has been made easier547 through the synthesis of �-hydroxy-�-
aminoamides via the Passerini reaction.

Factor Xa (Ma) plays a vital role in the regulation of normal homeostasis and
abnormal intravascular thrombus development in the blood coagulation cas-
cade. Hence it is an enzyme of great interest to the pharmaceutical industry. A
novel series548 of inhibitors of the enzyme have an amidino 6,5-fused bicyclic
moieties at the P1 position and SAR studies show that the analogue (225) is the
most potent in the series, with a Ki of 0.3 nM. Lead compounds derived from a
combinatorial library of diamidophenols inhibit human factor Xa at micromolar
concentrations.549 The highest affinity factor Xa inhibitor in this series was (226).
Reversal of the A-ring amide link has led to another series of inhibitors which
could be further ‘tuned’ to give (227) as the best (Ki of 11.5 nM) in the series.550 In
a series of arginine aldehyde inhibitors designed551 as transition state analogues
based on a known factor Xa specific substrate, the most potent and selective was
the aldehyde BnSO2--Arg-Gly-Arg-H. Novel, potent and selective factor Xa
inhibitors have evolved552 from P1-ketoamide moieties. The top candidate within
the series was (228) (IC50 � 0.78 nM). Further structural modification of confor-
mationally restricted borolysine inhibitors of factor Xa has seen the boronic acid
moiety replaced553 by a-ketoamide, with compound (229) being chosen for fur-
ther modelling. Reproducible crystallisation conditions have been found554 for
human des-Gla (1—45) coagulation fXa, with the result that crystal structures of
complexes between the enzyme and three inhibitors have been elucidated at
2.3—2.8 Angstrom resolution.
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5.14 Proteinase-activated Receptors. — Proteinase-activated receptor-2 (PAR-2)
is a member of a family of G-protein-coupled, seven-transmembrane domain
receptors that are activated by proteolytic cleavage. Potential physiological
activators identified so far include trypsin and mast cell tryptase (acrosin).555

Cleavage of PAR-2, by unknown mechanisms, induce widespread inflammation.
It is possible556 that trypsin and tryptase directly signal to neurons to stimulate
release of neuropeptides, which mediate inflammatory edema, induced by agon-
ists of PAR-2. Thus tryptase inhibitors and antagonists of PAR-2 may be useful,
anti-inflammatory agents. Further studies557 confirm that pancreatic trypsin and
trypsin-2 were almost equally effective at cleaving PAR-2, suggesting that ex-
trapancreatic trypsins are potential in vivo activators of PAR-2. Activation of
PAR-2 triggers mucin secretion in the rat sublingual gland558 and can be at-
tenuated by genistein, a tyrosine kinase inhibitor, but not by inhibitors of protein
kinase C and phospatidyl inositol 3�-kinase. It has been found559 that trypsin
stimulates integrin-dependent adhesion and growth of MKN-1 human gastric
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carcinoma cells. These latter cells expressed both PAR-1 and -2 which are
activated by thrombin and trypsin respectively. Trypsin and the PAR-2 ligand
stimulated growth of MKN-1 cells more strongly than thrombin or PAR-1,
which resulted in the conclusion that trypsin regulates cell adhesion, and that
integrin �5�1 and integrin �v�3-dependent cell adhesions are regulated by differ-
ent PAR/G-protein signallings. As the evidence accumulates for the involvement
of trypsin in stimulating divergent cellular reactions through PAR-2, the search
for subtle inhibitors begins. In this context,560 (2R,4R)-4-phenyl-1-[N-�-(7-
methoxy-2-naphthalensulfonyl)--Arg]-2-piperidinecarboxylic acid shows
promise in that it has a Ki value of 0.1 �M for trypsin, inhibited thrombin very
weakly and did not inhibit plasmin, plasma kallikrein, urokinase or mast cell
tryptase. The function of G-protein-coupled receptor kinases (GRKs) in the
regulation of thrombin-activated signalling in endothelial cells has been
studied,561 and the results indicate the crucial role of GRK5 isoform in the
mechanism of thrombin-induced desensitisation of PAR-1 in endothelial cells.

5.15 Miscellaneous. — N-(Hydroxyaminocarbonyl)-Phe-OH has been design-
ed562 as a new inhibitor of carboxypeptidase A. It is more potent as its -Phe form
(Ki � 1.54 �M) which is 3-fold more potent than the -form.

Dipeptidyl peptidase IV (DPP IV) has roles in T-cell costimulation,
chemokine biology, type-II diabetes and tumour biology. It is a Pro-specific
serine protease which cleaves Xaa-Pro dipeptides. A novel homologue of DPP
IV, named DPP 8 has been cloned and expressed,563 and shown to share
postproline dipeptidyl aminopeptidase activity with DPP IV and FAP. Results
suggest that there might be a role for DPP 8 in T-cell activation and immune
function. To clarify the importance of the Cys residues, each of seven Cys
residues in rat dipeptidyl II cDNA have been replaced using site-directed
mutagenesis.564 Six of the mutants had similar activity to that of the wild type but
the ones with Cys176 replaced by either Ala, Gly or Glu showed no DPP LII
activity, so Cys176 is essential for the regulation of DPP III activity. Natural
substrates of DPP IV have been highlighted.565 Potent inhibitors of DPP IV and
their mechanism of inhibition have been investigated,566 with the results showing
that analogues of amino acid amides, bearing thioxo amide, phosphonoamide or
reduced amide bonds function as classical reversible inhibitors of DPP IV, while
amino acyl-2-cyanopyrrolidides inhibit DPP IV irreversibly with a slow binding
mechanism giving inhibition constants in the nanomolar range. NMR spectros-
copy and molecular dynamics calculations have been applied567 to a series
analogues of the N-terminal nonapeptide of the HIV-1 Tat protein which is a
known inhibitor of DPP IV. Conformational backbone differences were re-
vealed, as well as the arrangement of the side chains at significant positions.
These have been used to explain why Ile5-Leu6 analogues are less inhibitory,
while Gly2 or Lys2 analogues show considerably enhanced inhibition. Evidence
has also been accumulated568 that specific inhibitors of DPP IV suppress mRNA
expression of DPP IV/CD26 and cytokines.

Prolylendopeptidase (PEP), a serine protease which cleaves peptides at the
C-terminal side of Pro, is known569 to be inhibited by SUAM-1221 (230). Further
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fine tuning of this structure, with the assistance of comparative molecular field
analysis (CoMFA), has shown that a six-methylene structure is optimal and
replacing the benzene ring with N-heteroaromatics also improves inhibition. In
the hope that PEP inhibitors might prevent memory loss and increase the
attention span of patients, a search for natural inhibitors has revealed570 that
kynapcin (231) from polyozellus multiplex inhibits PEP. Screening571 of fourteen
traditional Kampo formulas for PEP inhibitors showed that Tokaku-joki-to
shows a significant inhibitory activity. Along with a number of known carbohy-
drate derivatives extracted from the Kampo formula, cis-3,5,4�-trihydroxystilben
4�-O-�--(6-O-galloyl) glucopyranoside and 4-(4-hydroxyphenyl)-2-butanone 4�-
O-�--(6-O-galloyl-2-O-cinnamoyl) glucopyranoside were new compounds each
capable of inhibiting PEP.

The protein tyrosine kinases (PTKs) catalyse the transfer of the gamma
phosphate of ATP to tyrosine residues on protein substrates, which then creates
binding sites for the recruitment of downstream signalling proteins. Important
results that have emerged from high-resolution structural studies of PTKs and
the mechanisms by which receptor and non-receptor PTKs are regulated have
been reviewed.572 Tyrosine substrate specificity within a short peptide has been
investigated573 for PTK Csk. Group substitiutions of the size of a methyl group
or smaller can be tolerated on the Tyr aromatic ring, while the Tyr methylene
group could be expanded by a single methylene and only the L-form of Tyr could
be included. QSAR studies574 on 104 flavanoid derivatives as p56(lck) PTK
inhibitors have been performed using molecular descriptors calculated by
CODESSA software. The immunoreceptor tyrosine-based activation motif
(ITAM), mediates responses of proliferation and differentiation in transmem-
brane signal transduction in hematopoietic cells. Phosphorylation of the CD79a
ITAM by Lyn, a Src family PTK is the initial signalling event, and to elucidate575

the structural basis for recognition, exchange-transferred nuclear Overhauser
NMR has been used. The data strongly favours ITAM binding in an orientation
similar to binding cyclic AMP-dependent protein kinase rather than that of
insulin receptor tyrosine kinase. When the PTK inhibitors, tyrphostins, are
oxidised576 with hypervalent iodine reagents, none of the oxidised products
displayed enhanced activity in vitro in the NCI 60-cell line or in human breast
cancer cell lines. The substrate selectivity of unnatural tyrosine derivatives for
PTK Csk has been discussed.577

Inhibition of serine proteases is a very wide brief, but one review578 has
focussed on publications on the low molecular weight cyano peptide inhibitors.
Three inducible serine protease inhibitors have been purified579 from larval
hemolymph of the greater wax moth Galleria mellonella. The inhibitors were
identified as proteins ISPI-1, -2, and -3 with molecular masses of 9.2, 6.3 and 8.2
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kDa respectively. The 3D structure of Apis mellifera chymotrypsin/cathepsin G
inhibitor-1 (AMCI-1), from the honey bee hemolymph has been deduced from
NMR data.580 The 56-residue peptide has two approximately perpendicular
�-sheets, several turns and a long exposed loop that includes the protease
binding site. Stabilisation of the conformation is through five disulfide bridges. A
total synthesis581 and reassignment of configuration has been reported for
aeruginosin 298-A (232), an active site serine protease inhibitor. The proteolytic
sites of hepatitis C virus polyprotein have been probed using peptide aldehyde
protease inhibitors. The peptide aldehydes have been synthesised582 on resin
using a previously described pro-aldehyde linker. Extrapolating from the capa-
bility of �-lactams to acylate the serine hydroxyl group in proteases, kinetic
studies583 have been carried out on model lactams with hydroxide. The study
highlighted the as yet overlooked six-membered lactam ring as a promising
vantage point for further development. A library of chymotrypsin inhibitors has
been created584 through the randomisation of the P4 site and variation at posi-
tions P1 and P�2 in (233). The best Ki values were achieved when P4, P1 and P�2
were either Nle, Phe and Ile, or Gln, Phe and Leu respectively. Parallel solution
synthesis585 of N-functionalised isatins has given products such as (234), which
when screened against a panel of serine proteases gave high percentage inhibi-
tion.

A range of inhibitors of tissue factor/factorVIIa-induced coagulation have
been based on the oxazine-4-one structure. In the 2-aryl substituted 4H-3,1-
benzoxazin-4-one series (235), inhibition values586 of between 0.17 to � 40 �M
were achieved for compounds having one or two electronegative substituents
representing R2, while both electron attracting and donating groups could be
accommodated for R1. Several of the compounds showed a selectivity ratio
towards factor X and thrombin of � 50. When ring A in (235) was replaced587 by
a series of heterocyclic rings the compounds gave a similar specificity as seen for
the benzoxazine-4-ones. 6-(Aminomethyl)-5,6,7,8-tetrahydro-2-quinazolinamine
and 4,5,6,7-tetrahydro-2H-indazol-5-ylmethamine have been synthesised588 as
conformationally restricted Arg side chain mimetics designed for incorporation
into trypsin-like serine protease inhibitors. A P1 Arg containing peptide library
has been produced589 through attaching the guanidinyl side chain to the polymer
as seen in (236). Pro seemed preferrable in the P2 position, but inactive in the P3

position where a broad variety of residues could be tolerated. Hydrophobic
residues did well in position P4.

Human chymase, which converts angiotensins I to II with greater efficiency
than ACE, participates in histamine release, activates precursor interleukin 1�
and cleaves type I procollagen and progelatinase B, is speculated to have an
important role in cardiovascular and chronic inflammation following fibrosis.
Highly selective and potent inhibitors of the enzyme have come from SAR
studies590 on 1-oxacepham derivatives, with compound (237) proving the most
potent. But its instability in human plasma had to be overcome by further
studies591 which gave (238) with a Ki value of 27 nM and a t1/2 of 1.5 h in human
plasma. An IC50 value of 0.36 �M for (239) was the best achieved592 for a series of
chloromethyl ketone inhibitors of human chymase.
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A second generation of reversible and active-site directed dibasic inhibitors of
human mast cell tryptase have been developed,593 the best amongst them being
(240) with a Ki of 70 pM and a 105-fold selectivity versus anti-target proteases.
Further optimisation594 of the structure gave rise to APC-2059 (241), with
sub-nanomolar activity, which has been advanced to phase II clinical trials for
the treatement of psoriasis and ulcerative colitis.

A Streptomyces species has yielded595 two isoleucyl tRNA synthetase inhibi-
tors, SB 203207 (243) and SB-203208 (244) related to altemicidin (242), while a
novel tyrosyl tRNA synthetase inhibtor, SB-219383 (245), has been isolated596
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from aMicromonospora sp. Elaboration597 of altemicidin has given (243), as well
as 10 analogues. Substitution of the Ile residue of (243) with Leu and Val
increased the inhibitor potency towards leucyl and valyl tRNA synthetases.

The final paragraph under this miscellaneous section highlights themes that
our search has only generated one published paper for each in year 2000. A series
of novel nikkomycin analogue inhibitors of chitin synthase have been syn-
thesised.598 Among them, compounds such as (246) having a phenanthrene group
as N-terminal were found to have strong anti-chitin synthase activity. Inhibition
of clostridium histolyticum collagenase, Chc, a zinc enzyme which degrades
triple helical collagen can be inhibited599 with sulfonylated -valyl hydroxamates.
The hydroxamates were generally 100—500-fold more active than corresponding
carboxylates. Best substitution pattern within the sulfonyl moiety was per-
fluoroalkyl sulfonyl, substituted arylsulfonyl or 1- and 2-naphthyl. Cleavage of
procollagen to collagen catalysed by procollagen C-proteinase can be inhibited
by acidic dipeptide hydroxamates such as (247), which was the best (IC50 � 10�7)
inhibitor in the series.600 By linking the N-termini of tripeptide aldehydes with a
polymeric spacer, homo and heterobivalent inhibitors of eucaryotic proteosomes
have been obtained.601 An IC50 value of 0.017 �M was achieved by (248). In 1999
it was reported that the dipeptide amide Arg(NO2)--Dbu-NH2 (Ki � 130 nM)
was the most potent and selective inhibitor of nitric oxide synthase. The original
authors have now carried out SAR studies602 to reveal the necessity for an �-NH2

and an amide group joining the two amino acids. Proteosome inhibitors TMC-
95A and B recently isolated (J. Kohno et. al., J. Org. Chem., 2000, 65, 990) from
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Apiospora montagnei Sacc have had the unit (249) moiety in their structure
synthesised603 from an oxindole and Garner aldehyde. Ianthesines A—D from an
Australian marine sponge Ianthella sp. have been characterised604 as A (250), B
(251) and D (252) with C being a tetramer based on four dibromotyrosine units.
Analogues B, C, and D showed Na, K-ATPase inhibitory activity in the range
50—440 �M whereas A is inactive.

6 Phage Library Leads

The term ‘Biocombinatorial Chemistry’ has been used605 to define the rapid in
vitro screening of molecular libraries, of which phage-displayed libraries is
considered a representative method which is based on the affinity binding
between displayed library and target molecule or tissue. In the examples re-
viewed, peptides have been created which mimic carbohydrate structures, thus
giving rise to the term ‘glyco-replica peptides’. A large synthetic antibody phage
library has been panned606 against biotinylated proteins secreted by normal
human dermal fibroblasts, in the presence or in the absence of a molar excess of
unbiotinylated proteins secreted by fibroblasts. Using MDCK cells607 a poly-
cationic peptide sequence, RYRGDLGRR, enhanced basal to apical transocyto-
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sis of peptide-bearing phage 1000- to 10 000-fold compared with phage having
no peptide insert. The synthetic peptides RYRGDLGRR and GRGDSP in-
hibited phage transcytosis implying the involvement of integrins. A recombinant
mouse leptin608 has been used to identify putative ligands using a phage library of
random peptides. Three leptin-binding phage clones were found corresponding
to peptide sequences, LAYCSDPVRCLVWWY, MFWISAVSFVDHALV and
LVLVLSAFLCCGVG which could be useful in the study of leptin-receptor
interaction, food intake and body-weight regulation. A phage-epitope library609

has been used to identify peptide mimotopes capable of preventing the
pathogenicity of the anti-MIR mAb 198. The peptide, PMTLPENYFSERPYH
was found to bind specifically to mAb 198 and inhibited the binding to acetyl
choline receptor. Cyclising the peptide via the insertion of extra residues and a
pair of Cys residues each end gave a three orders of magnitude improvement in
binding. A single chain Fv fragment 1F9 derived from a phage library610 and
complexed with turkey egg lysozyme has given a 2.0 Angstrom resolution X-ray
structure, which has been used to explain differences in binding between the
fragment when compared with egg-white lysozyme.

7 Protein–Protein Interaction Inhibitors

7.1 SH2 and SH3 Domain Ligands. — The rational design of small peptide
inhibitors of Grb SH2 domain in the Ras signalling pathway and their pro-drug
as antipoliferative agents have been discussed.611 It has been observed that
protein tyrosine kinases (PTKs) frequently contain SH2 domains which control
signalling specificity. Substantial evidence612 has been found for the existence of
such a domain in Janus Kinases (JAKs), a family of PTKs, using web-based
computational analysis in conjunction with preliminary binding studies in ac-
tivated splenocytes.

8-O-Methylsclerotiorinamine (253) has been isolated613 from a strain of Peni-
cillium multicolor, and has been shown to significantly inhibit the binding be-
tween the Grb2-SH2 domain and the phosphopeptide from the Shc protein (IC50

� 5.3 �M). It also blocked the protein—protein interactions of Grb-Shc in
cell-based experiments. During screening for Shc/Grb2 interactions it was dis-
covered that actinomycins D, C2 and VII inhibit Grb2-SH2 domain binding.
Analogues of actinomycin have now been synthesised and tested614 and the best
inhibitors turned out to be the Tyr-containing analogues (254) and (255), with
IC50 values of 0.5 and 0.8 �M respectively. Analysis of X-ray crystal structures
spawned615 the idea that reducing the negative charge on a Tyr phosphate moiety
by one could be compensated by an additional methylene group to create
favourable interactions. In incorporating such phosphinate isosteres in a family
of inhibitors, using 4-phosphonomethyl-phenylalanine derivatives616 in solid
phase protocols, the most active analogue was [256, R � PhCH(OH)] with an
IC50 � 0.53 �M. Some of the tightest binding inhibitors known for the Src SH2
domain have come from the design and synthesis617 of bicyclic non-peptide
inhibitors such as (257) and (258). Stereochemistry was important in the binding
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efficiences, with SS and SR forms of (257) having IC50 values of 0.2 and 1.6 �M
respectively, and SS and SR forms of (258) recording values of 0.1 and 8.1
respectively. The idea of reducing the formal �2 charges on phosphotyrosine
has also been explored618 by the use of carboxymethyl-Tyr, carboxymethyl-Phe
and carboxydifluoromethyl-Phe, and compared to their bis-carboxy-Tyr ana-
logues, when incorporated into Ac-Asp-Ala-Asp-Glu-Xxx-Leu-NH2. By assay-
ing against Grb2 SH2 domains and against protein-tyrosine-phosphatase-1B
(PTP1B), marked variation in relative potencies were discovered. Of particular
note was the poor potency of all monocarboxy phosphotyrosine mimetics
against PTP1B. An evaluation of the phosphotyrosine mimetic p-malonyl-
phenylalanine has revealed619 that, in Grb2 SH2 domain binding systems, the
mimetic approaches the potency of phosphonate-base mimetics and is 15—20
times more potent than O-malonyltyrosine. A functionalised benzoic acid inter-
mediate attached to a Rink amide link polymer support has generated a series of
benzamide template-based non peptides for the exploration620 of the hydropho-
bic binding at the pY�3 pocket of Src SH2 domain. A non-phosphorylated
cyclic peptide inhibitor, G1TE, of the Grb2 SH2 domain has been studied621 in
solution using NMR techniques. G1TE is made up of a decapeptide with a
C-terminal Cys residue cyclised through its side chain by a thioether link to its
N-terminus. A circle-like shape was detected with all side chains protruding on
the outside, with no evidence of H-bonding and its restricted conformation
might explain why it can compensate for the absence of a phosphate group at
Tyr3. The cytosolic tail of the mast cell function-associated antigen contains a
Ser-Ile-Tyr-Ser-Thr-Leu sequence, which is a potential immunoreceptor
tyrosine-based inhibition motif. To investigate622 this further, peptides contain-
ing the 4—12 sequence of the mast cell function-associated antigen’s N-terminal
domain, containing the above motif, have been synthesised and used in affinity
assays. Both phosphorylated and thiophosphorylated peptides bound to the Src
SH2 domain. Neither non-phosphorylated, nor its tyrosyl phosphorylated rever-
sed sequence analogue, bound to any of the phosphatases present in the domain.
A report623 has appeared detailing the large scale preparation of cell-permeable,
non-phosphate containing Grb2 SH2 domain inhibitors.

Src homology 3 (SH3) domains bind sequences bearing the consensus motif
Pro-x-x Pro where x is any amino acid, with domain specificity mediated by
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sequences flanking this tetrapeptide core. A new source of ligand specificity has
now been made possible624 through the use of N-substituted residues (peptoids)
instead of Pro in the motif. The best example synthesised was compound (259)
which had Kact of 7.9 �M which compared well with the ‘wild type’ sequence
YEVPPPVPPRRR which had a value of 88 �M. NMR methods have been
developed625 to monitor ligand-induced changes in H-bond geometry in the
chicken c-Src SH3 domain. Key to the method was the measurement of trans-H
bond 15N-13C scalar couplings in the free state and when bound to the high
affinity class I ligand RLP2 containing residues RALPPLPRY. The results were
in good agreement with X-ray data. Two backbone to side chain H-bonds are
observed in solution, both appearing to stabilise the loop structure. Upon ligand
binding, mutual intercalation of the two Leu-Pro segments of the ligand, be-
tween three aromatic side chains protruding from the SH3 surface wedges,
impart secondary structural elements within the SH3 domain. A fully 13C-15N
labelled and a selectively-labelled 13C(�)-Ala, 15N(ring)Trp sample of SH3 do-
main of chicken �-spectrin, a 62-residue protein, have been biosynthesised626 and
studied by solid phase (Magic Angle Spinning) NMR. Spectral editing with the
TEDOR technique gave a drastic simplification of the 13C spectra, which allowed
distances to be measured between residues Ala55 and Trp42, and compared with
X-ray data.
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44. D. Kaiser, G. Videnov, C. Maichle-Mössmer, J. Strähle and G. Jung, J. Chem. Soc.

Perkin Trans. 2, 2000, 1081.
45. R. C. F. Jones and J. Dickson, J. Pept. Sci., 2000, 6, 621.
46. A. B. Smith III, W. Wang, P. A. Sprengeler and R. Hirschmann, J. Am. Chem. Soc.,

2000, 122, 11037.
47. K. Burgess and W. Li inMethods inMolecularMedicine (Peptidomimetic Protocols)

ed. W. M. Kazmierski, Humana Press, 1999, 23, 25.
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4
Cyclic, Modified and Conjugated Peptides

BY JOHN S. DAVIES

1 Introduction

Tomaintain continuity within volumes of these reports, the sub-divisions of this
chapter have once again been kept very similar to previous volumes. Hopefully
this will aid researchers reviewing specific sections on an annual basis. The
harvesting of papers for this chapter has once again been greatly aided by two
abstracting services, CA Selects1 on Amino Acids, Peptides and Proteins (up to
Issue 12, June 2001), and the index pages of Journals via the Web of Science
databases2 on the Internet. A compilation of papers presented at the 16th
American Peptide Symposium at Minneapolis has been published,3 but as in the
past the contents of conference reports are not reviewed here until they appear as
refereed papers.
The number of papers compiled in this chapter falls into recent averages, with

glycopeptides and cyclodepsipeptides again vieying for being the most popular
sub-sections. Marine natural products have become an expanding source of
cyclic peptides and cyclodepsipeptides, as reflected in a review4 of the literature
up to 1999. Some of the chapters in a useful practical book5 represent areas of
direct interest to this chapter.

2 Cyclic Peptides

2.1 General Considerations. — Methods of synthesis and the making of libra-
ries of head-to-tail cyclic peptides and cyclic pseudopeptides have been re-
viewed.6 The application of the orthogonal ligation strategy to cyclic peptides,
utilising unprotected peptides from biosynthetic sources, has also been re-
viewed.7 A specialist review written by the main exponent of the use of 1,3-
oxazol-5(4H)-ones, in the synthesis of macrolides, cyclodepsipeptides and cyclo-
peptides, has also appeared.8

Two side reactions9 seem to accompany the use of the Dmab (4-�N-[1-(4,4-
dimethyl-2,6-dioxocyclohexylidene)-3-methylbutyl]amino�benzyl ester) as a
protecting group for glutamyl in the synthesis of side chain to side chain cyclised
peptides. Pyroglutamyl formation and the formation of a glutamyl 4-aminoben-
zyl ester account for the problems. The use of allyl esters provided a successful
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answer. Model cyclic disulfide-containing prolyl peptides show an enhance-
ment10 in the cis—trans isomerisation at the acyl-Pro bonds. It is proposed that
this enhancement provides experimental evidence for the intramolecular H-
bonding mechanism for FK-506-binding protein-catalysed cis—trans isomerisa-
tion of the Xaa-Pro bond in proteins. Computational studies11 on cyclo [(Phe--
Ala)n] (1) and cyclo [(Phe--MeAla)n] (2) have shown that with n� 3, 4, 5 or 6,
compounds (1) form nanotubes by self-assembly, but in (2) with n� 3, 5 or 6, no
disk-like conformations were formed.

2.2 Cyclic Dipeptides (Dioxopiperazines). — Fungi of the species Penicillium
piscarium produce12 a series of dioxopiperazine alkaloids having the formulae
(3–9), while P. fellutanum produces13 the dioxopiperazines (10–13). The trich-
lorinated dysamide U (14) can now be added to the other seven known dioxo-
piperazines isolated and identified14 from the sponge Dysidea sp., while the root
of Psammosilene tunicoides has yielded15 four new natural products, cyclo(Ala-
Ala), cyclo(Ala-Val), cyclo(Ala-Leu) and cyclo(Ala-Ile).

Biosynthetic experiments16 have shown that condensation of tyrosine into its
dioxopiperazine, followed by oxidation to its DOPA equivalent, represent steps
to the ecteinascidins. Albonoursin (15) is biosynthesised17 by dehydrogenation at
the �,�-positions of cyclo(Phe-Leu), which appears to take place one side chain at
a time. Cytotoxicity, however, is only shown when both dehydro positions have
been created.
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The promising antimitotic arrest properties of spirotryprostatin B (16) have
initiated at least four separate syntheses. Following on from their synthesis of
spirotryprostatin A (16 � methoxy group in the indole ring) the Danishefsky
group18 have completed a rapid five-step synthesis of (16) in 7% overall yield.
Key to the synthesis was a Mannich insertion reaction using a tryptophanyl
ester, a proline derivative and 3-methylbut-2-enal as the three starting compo-
nents. Insertion of a -Pro ester into (17) was part of a nine-step strategy used by
Williams et al.19 A more biomimetic route was chosen by Ganesan et al.20

whereby a tetrahydro precursor of (16) was synthesised and then oxidised by
N-bromosuccinimide to form (16). In the fourth synthesis from Overman et al.,21

the spiro indole rings were constructed from (18) using an asymmetric Heck
cyclisation which yielded three stereoisomers.

The cell cycle inhibition properties of the tryprostatins have been surveyed in
the context of their promise as anti-cancer drugs. Their structures are based on
the isoprenylation of the tryptophan moiety of cyclo(Trp-Pro). Thus several
analogues such as (19) and (20) have been investigated.22 Analogues of (19) with
R2� 3,4,5-trimethoxyphenyl or phenylethenyl were more potent than the natu-
ral product, while the activity of analogues (20, R � Ph or 3,4,5-
trimethoxyphenyl) depended on whether the R groupwas � or � on the carboline
ring. In order to test their inhibition of microtubule assembly, analogues (21, 22)
have also been synthesised.23 Analogue (22) inhibited cell proliferation at a
concentration of 100 �M. The microtubule binding agents, phenylahistin (23)
and aurantiamine (24) have been synthesised24 from N,N-diacetyl derivatives of
cyclo(Phe-Gly) and cyclo(Val-Gly) respectively, utilising a substituted imidazole
as the other fragment for condensation.
A novel dioxopiperazine (25) which can function as a �-turn constraint has

been synthesised.25 The combination of an �,�-diamino arrangement and a
�-keto ethoxycarbonyl was not conducive to easy cyclisation of linear precur-

Amino Acids, Peptides and Proteins240



sors. General solid phase methods have been established26 for the synthesis of
hydroxyprolyl dioxopiperazines of the general structure (26). Linkage to the
resin was made via the 4-hydroxy group of proline. In a related study27 using
magic angle spinning NMR spectroscopy to characterise the reaction steps, use
of a polyethylene glycol resin gave a much better resolution of proton signals
than was possible with polystyrene based resins. Synthesis of RGDmimetics (28)
based on (27) have been reported.28 Very little platelet aggregation inhibitory
activity was found in these analogues. Penicillin acylase-catalysed condensa-
tion29 of enantiomeric phenylglycines to form linear dipeptide methyl ester
precursors has provided, after cyclisation in aqueous methanol, both cyclo
(-PheGly--PheGly) and cyclo(-PheGly--PheGly).

When dehydrodioxopiperazines (29) are hydrogenated30 over 5% Pd/C, they
undergo face-selective hydrogenation in excellent diastereoisomeric ratios of �
97%. Double-bond migration and E/Z isomerisation is experienced31 by 3-
alkylidene- or 3-benzylidene-2,5-piperazinediones in the presence of catalytic
amounts of acid. Simple dioxopiperazines such as cyclo(Gly-Gly) and cyclo(Ala-
Ala) assemble into supramolecular tapes32 which can function as scaffolds to
position co-crystallised guest molecules and can also cause physical gelation33 in
a wide variety of organic fluids, such as edible oils and glyceryl esters.
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Themolecular structure of dioxopiperazines has been re-visited. A new study34

from the microwave spectral details of cyclo (Gly-Gly) reveals that the molecule
in isolation does not adopt the planar structure deduced by X-ray crystallog-
raphy, but is a boat conformation with C2 symmetry. FT-IR Spectroscopy
incorporating differential scanning calorimetry has been focused35 on the intra-
molecular solid state cyclisation of H-Asp-Phe-OMe (the sweetener aspartame)
to its dioxopiperazine. The initial step was loss of methanol, followed by a SN1
attack of a nitrogen lone pair on an acyl cation.
Cyclic dipeptide nomenclature has to include a wider connotation than 2,5-

dioxopiperazines, in that it is now possible to synthesise36 seven-membered ring
dipeptides of general structure (30) from linear precursors using the BOP re-
agent. Ring systems containing alkene bonds such as (31) have also been listed as
cyclodipeptides and synthesised37 by ring closure at the double bond using the
Grubbs ruthenium catalyst.

2.3 Cyclotripeptides. — Since homodetic cyclic tripeptides are seldom encoun-
tered, we can discuss under this sub-heading cyclic tripeptides with non-peptidic
links making up the macrocycle. An important example of this is the non-
competitiveACE-inhibitorK-13 (32).While total syntheses have previously been
reported, twomoreways of approaching themacrocyclisation to formK-13 have
been reported. Quoted as one of the most efficient to date is the cyclisation38 of
(33) via an SNAr to form the biaryl ether bond, while the macrocyclisation39 of
(34) utilised a palladium catalysed C—C bond formation.

2.4 Cyclotetrapeptides. — The structural elucidation of diheteropeptin (35), a
TGF-�-like active substance from Diheterospora chlamydosporia, has been re-
ported.40 Apicidin (36) is a known inhibitor of histone deacetylase which regu-
lates transcription and the assembly of newly synthesised chromatin. Studies
have been reported41 aimed at improving its selectivity by chemicalmodification.
Ruthenium tetraoxide degradation of the tryptophan indole nucleus provided
access to analogues with better selectivity than apicidin, while modifications at
the keto side chain also produced more potent histone deacetylase inhibitors.
Although defined as a cyclic decapeptide, the kinin B2 receptor antagonist,

MEN 11270 (37) has a cyclotetrapeptide at its core. A solid phase synthesis42 has
been developed which assembles the linear sequence on-polymer, followed by a
solution phase cyclisation at point (a) in the structure (37) utilisingHATU.When
EDC/HOBt was used for cyclisation there was a 31% racemisation of the
argininyl residue. The synthesis of the all -form of cyclo (Leu-Pro-Leu-Pro) is
difficult because of the predominant formation of the cyclodimer during cyclisa-
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tion. However, it has now been reported43 that using HATU under high dilution
conditions the cyclic monomer becomes the predominant product. The back-
bone cyclisation kinetics [at point (b)] for compounds in the series (38), where
Xaa and Yaa represent different combinations of Gly, Ala and Pro, has been
investigated44 experimentally and computationally. A cyclisation-prone confor-
mation of the starting material was used to predict cyclisation tendency and this
model was able to correctly rank cyclisation rates if they differed by 2-fold or
more.
The development of cyclo �-tetrapeptides as mimics of natural peptide hor-

mones has received a boost with the synthesis and conformational study45 of
cyclo (�-HPhe-�-HThr-�-HLys-�-HTrp) (39). The predicted conformation had
to be modified in the light of NMR data, but a �-turn and equatorial positioning
of the side chains still meant that (39) was a good mimic of somatostatin/
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octreotride giving micromolar affinities with human somatostatin recep-
tors, hsst1—5. A sulfonamide-based protection strategy46 has made the cyclo �3-
tetrapeptide scaffold (40) available on a multi-gram scale.

2.5 Cyclopentapeptides. — A novel chitinase inhibitor, argifin, cyclo[(N�-N-
methylcarbamoyl)-Arg-MePhe-�-Asp-�-Asp--Ala] has been discovered47 in
the culture broth of the fungusGliocladium sp. FTD-0668. It has an IC50 value of
3.7 �M against blowfly chitinase. (6-Leucinyl-3�-yl) tryptophan is a novel fea-
ture48 in the macrocycle of stephanoic acid (41) isolated from the stem of
Stephanotis floribunda, making it a distant relative of the bicyclic toxic octapep-
tide, moroidin.
An improved and environmentally friendly synthesis49 has given multi-gram

quantities of cyclo(Arg-Gly-Asp--Phe-Lys), the highly potent and selective
inhibitor of �v�3 integrin. As comparedwithKessler’s original synthesis, this time
the linear peptide was cyclised using 1-propane phosphonic acid cyclic anhyd-
ride and the Mtr protection of Arg was replaced by the more readily removed
2,2,5,7,8-pentamethylchroman-6-sulfonyl (Pbf) group. Another series of ana-
logues50 in the cyclic RGD pentapeptide series have been synthesised and inves-
tigated. Cell adhesion results in the analogue (43) in which �-carboxy glutamic
acid replaces Asp, proved positive, yet its congeners do not show activity in
binding assays with recombinant integrin receptors. The �/�-turn conformation
shown in the structures (42) and (43) seemed to support the NMR data. It has
been shown51 that a cyclic RGD loop can be maintained by replacing two amino
acid residues with bicyclic sugar azido acids as represented by (44). However,
the universal acceptance of the �/�-turn for cyclopentapeptides has been
questioned52 in a NMR/computational study based on a comparison
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between results for cyclo(Pro-Ala-Ala-Ala-Ala), cyclo(-Pro-Ala-Ala-Aib-Ala),
cyclo(Arg-Gly-Asp--Phe-Val) and cyclo(Arg-Gly-Asp-Phe--Val). It is sugges-
ted that the �II�/�- model is not valid if the �-turn is centred at the amino acid
residue of -configuration. Bioactive cyclic RGD peptides of known conforma-
tions have also been used in a study53 of the effect of inserting �-amino acid
residues into the backbone. It is reported that insertion of the �-residues into
cyclic tetra- and penta-peptides results in stabilisation of the secondary structure
and these residues preferably occupy the central sequence of a �-turn. Ab initio
prediction54 of the solution structures and populations of cyclopentapeptides in
DMSO has been investigated using cyclo(-Pro-Ala-Ala-Ala-Ala) as a model.
Solvation parameters and the solvent accessible surface area of certain atoms
were incorporated into the calculations.
Two cyclopentapeptides, cyclo(Ala-Tyr-Leu-Ala-Gly) and cyclo(Pro-Tyr-

Leu-Ala-Gly) from a Chinese medicinal herb have been synthesised55 by activa-
tion of the Gly carboxyl group with the novel DEPBT reagent (45). The side
chains of Ser and Tyr could remain unprotected and cyclisation yields of� 50%
were realised. The first X-ray analysis56 of an endothelin-1 antagonist has been
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reported. The sodium salt of BQ 123 [cyclo(-Trp--Asp--Pro--Val-Leu)Na�]
exists in four conformational isomeric forms and two Na� caged structures.
Mass spectrometry has defined57 the metal binding sites in BQ123, in an effort to
clarify the ability of endothelin antagonists to induce net tubular sodium resorp-
tion in the proximal tubule cells and reverse acute renal failure. Collision
activated decomposition techniques allied to an ion trapmass spectrometer have
shown that for BQ123 and JKC301(an Ile analogue of BQ123) their Pro CO
group is involved in alkali metal binding, although other ligands may be in-
volved in the low energy structures of the complexes.

2.6 Cyclohexapeptides. — The antitumour/antifungal family of cyclic peptides,
themicrosclerodermins, is expanding, with the identification58 of microscleroder-
mins F (46), G (47) and their dihydroindole analogues H and I, in deep water
lithistid sponge Microscleroderma sp. Dehydromicrosclerodermins C and D
have also been identified59 in the marine sponge Theonella cupola. The roots of
Rubia cordifolia L. have yielded60 a novel antitumour dimer (48) of the well
known RA-type structure in which two molecules of deoxybouvardin are linked
together via an ether linkage. The significance of the cycloisodityrosine unit in
RA-VII has been explored61 via the degradation of its [N-MeAla2]-RAVII ana-
logue (49). Thionation of (49) to (50) using the Lawesson reagent, followed by
methylation, hydrolysis and Edman degradation, gave the protected cyclo-
isodityrosine unit (51).
Through synthesis and conformational studies, structure—activity relation-

ships have been worked out62 for analogues of L-363,301 [cyclo(Phe-Pro-Phe--
Trp-Lys-Thr)] and the cyclic octapeptide, octreotride.When the Pro residue was
replaced with N-alkylated Gly residues and the residues both sides varied in
turn, with Phe or Nal, the resulting analogues had increased selectivity towards
the hsst 2 receptor. Potent cyclic peptide inhibitors of very late antigen-4
(VLA-4) have been discovered through analogue synthesis.63Within a series of
cyclo hexa-, hepta-, and octa-peptides, cyclo(MePhe-Leu-Asp-Val--Arg--Arg)
(ZD 7349) had a sufficiently promising spectrum of activity to undergo pre-
clinical investigation. ZD 7349 inhibitsMOLT-4 cell adhesion to fibronectin and
vascular cell adhesion mol-1 with IC50 values of 260 and 330 nM respectively
without showing any significant effect against other integrins. (IC50 � 300 �M).
It also inhibits ovalbumin-induced delayed type hypersensitivity (DTH) re-
sponse in mice and is also active in type II collagen-induced arthritis and
experimental auto-immune encephalomyelitis tests at doses of 3—10 mg kg�1.
The effects of structuralmodifications on the antifungal properties of echinocidin
B (52) have been reported.64 Several amino acids in zones A, B, and C have been
replaced as well as the lipophilic side chain G. The best analogue (53) showed a
five-fold improvement in efficacy as an antifungal reagent.
The synthesis65 of cyclo(-Trp-Gly-Pal-Pro-Gly-Phe) from its linear precursor

activated as the Phe p-nitrophenyl ester can be catalysed by the antibody 16G3.
There was a 22-fold enhancement in the rate of cyclisation giving the cyclo-
hexapeptide in 90% yield. The appropriate stereochemistry of Trp and Phe was
important for catalysis to take place. Cyclic hexapeptides with alternating
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amino acids and 3-aminobenzoic acid residues, bind cations and anions with
high affinity. It was perceived that anions link on to the amide NHs, so in order
to reduce this interaction and hence strengthen cation affinity, methoxycarbonyl
groups, as in (54), have been introduced66 to lock the NHs by H-bonds. Both the
linear tri- and hexa-peptide active esters have been used67 for the synthesis of
cyclo(Pro-Leu-Aib)2. The more sterically-hindered Aib residue reduced the
yields to around 18% and from NMR data cis and trans Aib-Pro bonds were
shown to be present. Circular dichroism data revealed that a type II� �-turn was
presentwhenAib-Pro bonds were trans, and a type VI �-turnwhen theywere cis.

2.7 Cycloheptapeptides. — Mahafacyclin A from the latex of Jatropha
mahafalensis has the structure68 cyclo(Gly-Thr-Ile-Leu-Gly-Val-Phe). From
NMR data it has been shown to have two �-turns at Gly1-Thr2 and Leu4-Gly5

and aH-bonding pattern involving Phe7NH and Ile3COwhich is consistent with
a �-bulge, often seen in cycloheptapeptides containing proline, but not seen
before in the absence of Pro. Mahafacyclin A shows moderate antimalarial

4: Cyclic,Modified and Conjugated Peptides 247



activity with IC50 value of 16 �M. Problems with the synthesis of both R- and
S-Asn forms of phakellistatin 5 [cyclo(Phe-Asn-Ala-Met-Ala-Ile-Pro)] have
been overcome69 by a new solid phase strategy starting with Fmoc-Asp-�-OAllyl
attached to the PAL resin via its �-COOH group. After assembly of the hep-
tamers, and removal of the allyl group, cyclisation was carried out on-resin by
PyAOP. The R-Asn analogue was obtained in 28% yield while its S-analogue
was obtained in 15% yield. Chemical and physical properties of the S-Asn form
were more in line with the natural form, yet the biological properties did not
correspond, suggesting that the natural form is either contaminated with a trace
of highly active cytotoxic material or there is a subtle conformational difference.
The known conformational data on axinastatin 2, cyclo(Asn-Pro-Phe-Val-

Leu-Pro-Val), and axinastatin 3 with Val4 replaced by Ile have been used to
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assess70 a statistical mechanical approach to predicting their conformation in
DMSO solution. By incorporation of a solvation parameter with the GROMOS
force-field energy functions, theoretical values for proton-proton distances and
3J coupling constants agreed well with the NMR data.

2.8 Cyclooctapeptides/Cyclononapeptides. — Plants have become a rich source
of cyclic peptides under this category. The whole plants of Drymaria diandra B1
are a source71 of cyclo(Pro-Pro-Phe-Phe-Val-Ile-Ala-Phe-Leu) and drymarins A
and B cyclo(Phe-Pro-Pro-Pro-Phe-Phe-Val-Ile-Ala) and cyclo(Pro-Phe-Tyr-
Pro-Gly-Leu) respectively.72 The roots of Brachystemma calycinum used for the
treatment of rheumatism in folk medicine have yielded73 brachystemin A,
cyclo(Pro-Phe-Leu-Ala-Thr-Pro-Ala-Gly), while polycarponin A, cyclo(Pro-
Gly-Phe-Phe-Ala-Ile-Ala-Ile-Pro), has been isolated74 from Polycarpon prostral-
tum. Two cyclodipeptides as well as two new cyclooctapeptides, psammosilenin
A and B with structures cyclo(Pro-Phe-Pro-Phe-Phe-Ala-Pro-Leu) and
cyclo(Pro-Gly-Phe-Val-Pro-Phe-Thr-Ile) have been identified75 in the roots of
Psammosilenin tunicoides.
As a preparative study for eventual combinatorial synthesis, the analogue (55)

of triostin A has been synthesised76 in the solution phase. The disulfide link to
complete the left hand side ring of (55) was first constructed, followed by
cyclisation at position ‘a’ using EDCI/HOAt under high dilution. The quinoxa-
line groups were introduced as the last stage.

A solid state structural analysis77 on cyclo(Pro-Pro-Phe-Phe-Ac6c-Ile-D-Ala-
Val), which contains the bulky C��-dialkylated 1-aminocyclohexane-1-car-
boxylic acid residue (Ac6c) has been carried out. This cyclolinopeptide A deletion
analogue shows a ‘banana-twisted’ conformation with a cis peptide bond be-
tween two Pro residues. A type VIa and two consecutive type III/I �-turns can be
recognised, together with a �-turn and a C16 bend. A conformational and
ion-binding comparison has been made78 on cyclic octapeptides containing re-
duced numbers of heterocyclic rings when compared with ascidiacyclamide 1
and patellamide D. Cyclo[Thr--Val-(Thz)-Ile]2 with two thiazoles and
cyclo(Thr--Val-�Abu-Ile)2 with no five-membered rings were used. NMR data
showed that the natural products’ saddle conformation is retained in solution.
Two thiazoles in the macrocycle pushed the conformation into a chair shape
while no heterocyclic rings increased the conformations flexibility, with the main
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conformations being planar and stabilised by a series of transannular H-bonds.
Decreasing the number of heterocyclic rings increased the affinity for 1:1 Ca2�

binding. Whether this is due to more flexibility in the ring or the increased
number of CO groups for binding is not clarified. With the aim of mimicking
cyclodextrin’s capacity to act as adapters for the pore-forming protein,
staphylococcal �-homolysine (�HL), cyclooctapeptides have been examined.79

Four examples, cyclo(Arg--Leu)4, cyclo(Glu--Leu)4, cyclo[Phe--N(amino-
methyl)Ala-Phe--Ala]2 and cyclo[Phe--N(carboxymethyl)Ala-Phe--Ala]2
became lodged in the �HL pore, altering its unitary conductance and ion selecti-
vity. The positively charged cyclooctapeptideswere also able to bind polyanions.

2.9 Cyclodecapeptides and Higher Cyclic Peptides. — The Theonella swinhoe
sponge continues to be a rich source of diverse cyclic entities. The previously
identified cyclic undecapeptide barangamide A (56) from this sponge has been
augmented by the identification80 of barangamides B—D with structures (57–59)
respectively. The tropical plant Leonia cymosa has yielded81 four novel anti-HIV
macrocyclic peptides, cycloviolins A—D (60–63). MALDI-TOF and FAB MS,
combined with enzymic digestion, secured evidence for the three intramolecular
disulfide bridges and the structures show similarities to cyclopsychotride A and
circulins A and B. Another tropical tree, Chassalia parvifolia, produces macro-
cyclic peptides which augment the circulin family to include circulins C—Fwhich
have been shown82 to have the structures (64–67).
Preparative scale syntheses83 of NEtXaa analogues at position 4 of cyclosporin

A (68) have been reported. The route involved a four-step opening of the parent
structure (68) at position 4, and then incorporating the Xaa residues in turn (Xaa
representing Leu, Val, Ile and Thr). The linear undecapeptide precursor was
cyclised in each case between residues 4 and 5 using Carpino’s TFFH reagent.
The majority of the analogues showed comparable binding affinities to cyclo-
sporin A (68), but strongly reduced immunosuppressive activity. A 4 � 7
fragment condensation has yielded84 the linear undecapeptide necessary to form
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cyclosporin O, ([MeLeu1] cyclosporin A). Linear peptides were constructed in
solution and the solid phase using novel thiazolium (BEMT) or pyridinium
(BEP) reagents having structures (69) and (70) respectively. Cyclisation between
the two alanine units was effected by HAPyU /DIEA in yields ranging between
70 and 84%.
Acid catalysed degradation of cyclosporin A (68) has also produced material

for an X-ray determination85 of cyclosporinH([D-MeVal11]-cyclosporin A) as its
diethyl ether—water crystalline complex. Two isomorphous clathrates formed by
dihydrocyclosporin A (68) and cyclosporin V ([Abu7]-cyclosporin A) with t-
butyl methyl ether have been studied86 by X-ray crystallography. Using the

same technique, isomorphous clathrates involving cyclosporin A with THF or
di-butyl ether have been proved87 to have P21 symmetry. Both cyclosporin A and
theN-hydroxyethyl derivative of [-Ser] cyclosporin A (IMM-125), when reac-
ted88 with a cytochrome P 450-dependent mono-oxygenase system, show bio-
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transformations at residues 4, 9 and 1. Non-enzymic formation of a THF
derivative could be identified involving the side chain at position 1. None of the
new derivatives showed immunosuppresive activity. A method89 for the quanti-
tative analysis of cyclosporin in blood has been developed using MALDI-TOF
and SIMS-TOF mass spectrometry techniques.
The antibacterial undecapeptide kawaguchipeptin B (72) has been subject to a

survey90 of eleven different polystyrene resins for its on-resin synthesis, starting
with the side chain attachment of an aspartyl residue on to a Rink resin. Having
arrived at resin-bound (71) the cyclisation was then carried out using
DIC/HOBt, which led to the conclusion that 3—6% DVB cross-linked polysty-
rene resin gave optimal performance. The side chain attachment of an Asp
residue to the resin also initiated the on-resin synthesis91 of the 29-mer cyclic
antibacterial peptide (73) now undergoing pharmaceutical development as an
analogue of rhocoricin. Instead of the usual protection of the Asp �-carboxyl by
an allyl group, the Dmab (4-�N-[1-(4,4-dimethyl-2,6-dioxocyclohexylidene)-3-
methylbutyl]amino�benzyl ester) was used to advantage, with a cyclisation yield
of 20% being obtained using PyBOP/HOBt. A bicyclic undecapeptide (74)
designed to mimic the Ca coordination site of calmodulin has been synthesised.92

NMRAnalysis in d6-DMSO and in TFE/D2O showed the presence of one stable
conformer, exhibiting a trans conformation at both prolines, giving a rectangular
shape made up of two anti-parallel �-strands connected by two �-turns. CD
Spectra pointed to a 1:1 Ca2�-peptide complex, with an association constant of
ca 1 � 105M�1.

Small libraries of conformationally defined �-hairpin protein epitopemimetics
based on Loop III of human-platelet-derived growth factor B have been syn-
thesised.93 The libraries were created from the templates (75) and (76). Two
synthetic approaches were used, either Fmoc chemistry starting at a C-terminal
Arg residue, followed by cyclisation using HATU/HOAt in solution, or macro-
cyclisation on-resin with the same reagents starting from Fmoc-Lys-O-Allyl
first-coupled to chlorotrityl resin. Cyclisation in solution gave a cleaner product.
A 14-residue cyclic gramicidin S analogue (77) has been investigated94 to attain
antimicrobial and hemolytic profiles. NMR methods confirmed a highly am-
phipathic anti-parallel �-sheet conformation, which could be changed by enan-
tiomeric substitution. A direct correlation between high amphipathic character
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and potent hemolytic activity was found, whereas an inverse correlation existed
between amphipathicity and antimicrobial function. A new synthesis95 has been
published for the C28—C34 segment of FK 506, starting from the chiral building
block, 6,8-dioxabicyclo[3.2.1]octane framework.

2.10 Peptides Containing Thiazole/Oxazole Rings. — The marine cyanobac-
terium Lyngbya majuscula has been investigated by two separate groups of
researchers. In collections from Palau, as well as the known dolastatin 3 (78),
novel compounds (79) and (80) have been identified.96 From aGuamanian strain,
lyngbyabellin A (81) has been isolated97 which is a cyclodepsipeptide structurally
related to dolabellin and mirabiamide E. The cytotoxic aqueous extract from the
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marine sponge Haliclona nigra has provided98 two new cyclic hexapeptides,
haligramides A (82) and B (83) as well as the known waiakeamide. Two isomers,
cis—cis and trans—trans forms of ceratospongamide (84), have been identified99

from the Indonesian red alga, Ceratodictyon spongiosum and its symbiotic
sponge Sigmadocia symbiotica. The cis—cis form of (84) has a puckered confor-
mation and is inactive, while the trans—trans form is planar and is a potent
inhibitor of sPLA2 expression in a model for anti-inflammation (ED50 32 nM).
Microcyclamide (85) has been hailed100 as the first example of a cyclic hexapept-
ide fromMicrocystis aeruginosa. Its structure bears similarities to nostocyclam-
ide, dendroamides, raocyclamides and the tenucyclamides but it was only mod-
erately cytotoxic against P388 murine leukemia cells. Further examples of
lissoclinamides have been isolated101 from the ascidian Lissoclinum patella. Mass
spectrometric techniques and NOE restrained molecular dynamics suggest that
the lissoclinamides 9 and 10 have the structures (86) and (87) respectively.

The total synthesis102 of lissoclinamides 4 (88) and 5 (89) from Lissoclinum
patella has highlighted the necessity to re-assign the configuration from the
original designation. Precursors such as (90) show that the oxazoline and thiazo-
line rings can be assembled in a double cyclodehydration reaction from thioam-
ide/amide precursors using the Burgess reagent. Macrocyclisation to form (90)

Amino Acids, Peptides and Proteins254



was carried out by DPPA/NMM in DMF. A total revision of stereochemistry,
now incorporating -Phe, was also required to confirm by total synthesis103 the
structure of trunkamide A (91), from the Lissoclinum sp. The authors’ acid-
assisted aziridine opening technique was used for the novel reverse prenylated
Ser and Thr side chains as well as efficient oxazoline—thiazoline interconversion
in the macrocyclic skeleton.
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A similar synthetic strategy to the one reported above for the lissoclinums has
also been used104 for the synthesis of cyclodidemnamide (92) from the sea-squirt
Didemnum molle. A reassignment of one of the Val units to the -configuration
had to be made before the spectroscopic data correlated. Alkali metal ions have
been found to influence105 the cyclooligomerisation of chiral thiazole- and
oxazole-based amino acids to form cyclic trimers and tetramers. The scope of the
reaction has been extended to reactions involving more than one heterocyclic
amino acid, as summarised in Scheme 1, which gave a 23% yield of dendroamide
A (93). Homo-coupled products were also produced in the reaction mixture.
Cyclooligomerisation from single oxazole amino acids in a ‘one-pot’ pro-
cedure106 has been used to synthesise functionalised platforms, such as (94), faster
than by linear trimer assembly followed by cyclisation. The platform (95), based
on the structure of the dolastatins, was however synthesised107 via its linear
precursor, which was cyclised using PyBOP in 86% yield.
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Two strategies108 for cyclisation using pentafluorophenyl esters of linear pre-
cursors, to macrocyclise at either points (a) or (b) have successfully given the
antibiotic promothiocin A (96). A modified Bohlmann-Rahtz pyridine synthesis
provided the oxazolyl-thiazolyl-pyridine centrepiece, while dirhodium(II)-
catalysed carbenoid N—H insertion was involved in making the oxazole building
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blocks. The thiazoles were produced via the Hantzsch reaction, while the dehyd-
roalanine unit was introduced at the end. Cyclooligomerisation of oxazoline
amino acids takes precedent over dioxopiperazine formation. In a study109 based
on the units (97), the relative ring size (n � 0, 1 or 2) produced from single
oxazoline precursors is determined by kinetic control and dependent on the
relative stereochemistry at the �-carbons. Griseoviridin (98), a member of the
streptogramin family of antibiotics, currently licensed in the USA against bac-
teria resistant to vancomycin, has been synthesised110 for the first time after two
decades of endeavour by many groups. The oxazole carboxamide link was
chosen as the site for macrocyclisation, using EDCI/HOBt, and the epimer at
C-8 was also obtained by using - instead of the -Cys unit.
Competition is pretty keen in the attempts to synthesise the anti cancer agent

diazonamide A (99) from the ascidian Diazona chinensis. In a three part report111

intermediate fragments relating to rings A/B, C/D and E/F have been separately
constructed. The triaryl ethylene component (100) has been prepared112 as a
latent equivalent of an aldehyde, which on hydroxylation of the alkene, the
resulting pinacol undergoes a stereo-controlled rearrangement to an aldehyde
for construction of the ring E/F link. Seventeen synthetic steps113were required to
achieve the atropisomerically pure BCDEF core macrocycle (101). The bridge
double bond was constructed using a Horner—Wadsworth—Emmons reaction
while a Suzuki coupling gave the C16—C18 biaryl linkage.
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2.11 Cyclodepsipeptides. — Nature once more has proved to be a rich source of
diverse structures under this category. As the first few examples show, the marine
environment continues to be a productive source. Thus the marine cyanobac-
teria Lyngbya majuscula and Schizothrix sp. have yielded114 from their lipid
extracts yanucamides A (102) and B (103). Symploca laete-viridis has been
shown115 to contain at least two cyclodepsipeptides, malevamide B (104) and C
(105), but neither possessed cytotoxicity. Tamandarins A (106) and B (107) from
an ascidian of the Didemnidae family have been shown116 to be very similar to
didemnin B differing only in that the tamandarins have a hydroxyvaleric acid
residue in them. They are three times more potent than didemnin B in the same
cytotoxicity tests. The sponge Theonella swinhoe has yielded80 yet another cyc-
lodepsipeptide in the form of theonellapeptolide IIe (108). A toxic strain 97 of the
cyanobacteriaOscillatoria agardhii has given rise117 to oscillapeptilide 97-A (109)
and 97-B (110), and a novel cyclononapeptide, oscillacyclin, while no such
peptides were found in the non-toxic strains 2 and 18. From the latter, micro-
viridin I (111) has been identified. Kahalide O (112) has been isolated118 from the
sacoglassan mollusk Elysia ornata and its algal diet Bryopsis sp., but showed no
activity in contrast to its relative kahalalide F.
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Membership of the rakicidin family has been augmented119 with a non-
cytotoxic member, rakicidin C (113), found in a Streptomyces sp., and the same
organism is also the source120 of chloptosin (114), which is related to himastatin.
Chloptosin produces apoptosis in apoptosis-resistant human pancreatic aden-
ocarcinoma cell lines and showed strong antimicrobial activity against Gram-
positive bacteria includingMRSA. Four new lipopeptides with anti-fungal activ-
ity have been identified121 in Bacillus thuringiensis. Named the kurstakins, they
have been shown to have structures (115–118). Selective NK2 antagonist activity
(IC50 68 nM) has been found in Sch 218157 (119) characterised122 from a fungal
fermentation bath, while glomosporin, an anti-fungal antibiotic from Glomos-
pora sp. BAUA 2825 has been identified123 as (120).
A short review124 on cyclodepsipeptides has concentrated on the development

of anthelmintically active synthetic enniatins. With the development of two
efficient protocols for the synthesis of the major ‘northern’ component of crypto-
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phycin-24 (arenastatin A) (121), full details for the total synthesis have now
appeared.125 A convergent synthesis126 of (�)-cryptophycin B (122) from the
cyanobacteria Nostoc sp. utilised a strategy for building up a linear precursor
which facilitated macrocyclisation at position ‘a’ in (122), using 2,4,6-trich-
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lorobenzoyl chloride/DMAP. Three analogues of arenastatin A (121) have been
synthesised,127 in which the two depside links in turn have been replaced by
amide groups. Stability in serum is increased whenever the ester ‘b’ in (121) has
been replaced by an amide, giving support to the observation that this ester is the
group prone to metabolic breakdown. An amide at this position does not lead to
loss of activity. Further modifications to the ester ‘b’ in (121) have included128 a
carba-analogue and a 20-deoxo analogue and both show good stability in serum
and retain moderate cytotoxicity. A total synthesis129 of cryptophycin 337 (123),
the aza-analogue of cryptophycin 1 has revealed that the compound tends to
undergo ready skeletal rearrangement. The chiral centre necessary to secure the
correct stereochemistry of the styrene oxide group was derived from mandelic
acid. Cryptophycin 4 (124), which lacks the epoxide ring, has been synthesised130

using a chiral molybdenum cationic complex to secure the necessary configur-
ation in the substitiuted phenyl octadienoic acid fragment. A Sharpless asym-
metric dihydroxylation strategy has been used131 to secure stereochemical con-
trol in epoxide formation during the synthesis of cryptophycin 52 (125).
A bioluminescent dimethylaminocoumarin probe has been attached132 via
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glycine to give the fluorophoric didemnin (126). The synthesis133 of [Z-Lys3]-
didemnin B (127) has shown that the biological activity is retained and augers
well for the potential linking of additional affinity ligands to the lysine side chain.
The simplified tamandarin type macrocycle and the side chain of didemnin M
have been combined134 in the structure named [(2S)-Hiv2] didemnin M (128),
which has been shown to have comparable anti-tumour activity to didemnin B.
Tamandarin B (129), which is [Nst1, 2SHiv2] didemnin B has been synthesised135

using a core tetrapeptide available from the authors’ previously published syn-
thesis of didemnins and coupling it with Hiv-norstatine. Macrocyclisation was
achieved by HATU, followed by the attachment of the side chain using the
DEPBT coupling agent.

Full details have now been reported,136 to support last year’s preliminary
communication, on the total synthesis of the immunosuppressant sanglifehrin A
(130). A stereoselective synthesis137 of the C13-C19 fragment in (130) has also been
accomplished. Pseudomycin B when used as an antifungal agent produces
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irritation at the injection site. Although this can be removed by use of syn-
thesised138 8-amido derivatives, the analogues showed less in vivo efficacy. Inter-
est in hapalosin (131) continues with a further example of a total synthesis.139

Macrocyclisation was at the amide bond using Shioiri’s DPPA coupling agent.
When an attempt was made to replace the hydroxyisovaleric residue by valine in
order to make an amide analogue, a Curtius rearrangement of an acyl azide
occurred, to give two isomeric ring-expanded analogues. In all three compounds
synthesised in this report, NMR data confirmed a s-transoid rotamer at the
tertiary amide bond. Kahalalide B (132) from the mollusk Elysia rufescens has
been synthesised140 from two different strategies with different points of cyclisa-
tion. Both linear precursors were assembled on 2-chlorotrityl chloride resin. The
attempt to cyclise at the ester bond ‘a’ in (132) using PyBOP/DIEA gave a 28%
yield, while cyclisation at ‘b’ only gave 22% yield, yet the practitioners favoured
the latter strategy.

A short review141 on the authors’ research into the reverse transcriptase
inhibitor luzopeptin E2 (133) has appeared and the same authors have also
reported142 a total synthesis of (133). The target strategy was to cyclodimerise
from a pentamer precursor and this was eventually achieved at points ‘a’ in (133)
using EDCI/HOAt, which gave 26% of the cyclodimer and 10% of the cyc-
lomonomer. The aza analogue (135) of HUN-7293 (134) has been synthesised,143

together with its C2
3 MeLeu epimer using solution phase techniques. Best results
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in the cyclisation between MeLeu3 and Leu4 was obtained using the BOP
reagent, and this strategy proved superior to one involving EDCI/HOAt at the
CO—X position in (135). Both analogues were less active than the parent cyc-
lodepsipeptide. Elastase inhibitors, YM-47141 (136) and YM-47142 (137) with
the intriguing vicinal tricarbonyl system in their backbone, have been syn-
thesised.144 The later stages of the synthesis are represented in Scheme 2 and show
how the phosphoranylidene group originally involved in activation is also a
useful protecting group until it is unmasked at the final stage by oxidative
cleavage of the C�P bond.

Ambiguity in the absolute configuration at certain centres in globomycin (138)
has been resolved145 by an X-ray crystallographic analysis and a total synthesis.
The linear precursor required for macrocyclisation at the Ser-aThr bond was
constructed from three main fragments and cyclised in 45% yield using HATU.
The azirine/oxazolone method for incorporating the hindered Aib residues into
peptides has been put to good use in the synthesis of linear precursors to the
cyclodepsipeptides (139)146 and (140).147 Presumably the predefined conformation
of the linear precursormade it possible to cyclise in good yield at the depside link
by heating in HCl/toluene at 100 °C.
The configuration/conformation of FR 134043 (141), an inhibitor of human

leukocyte elastase, has been studied148 by NMR. A simulated annealing protocol
was applied to 8 possible stereoisomers and the one that best satisfied the NOE
distance constraints was chosen as the most representative structure. All the
amino acid residues were found to be in the -configuration with the seven side
chains located outside the bicyclic framework.

3 Modified and Conjugated Peptides

This section has been traditionally reserved for peptides that are often the result
of post-translational modifications and therefore bear non-peptidic conjugate
groups that are needed to maintain biological activity. The importance of these
modifications has increased over the years, and as the conjugates are often linked
via easily-metabolised and chemically fragile bonds, they demand special care in
their synthesis and sensitive methods for their detection.
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3.1 Phosphopeptides. — The two main strategies associated with phosphopep-
tide synthesis, the building-block approach and the global phosphorylation
method, have been reviewed149 with the active practitioner in mind. In the
synthesis150 of a triply phosphorylated pentapeptide, problems were experienced
when using the building-block approach using allyloxy protection for the phos-
phate group. The authors’ preference, to overcome the possibility that lability
might be potentiated if several phosphate groups are near one another, was to
carry out phosphitylation of the serine hydroxyls at the end with diallyl phos-
phoramidate. Subsequent oxidation with m-chloroperbenzoic acid and removal
of a heptyl ester using a lipase gave an overall 63% yield.
In the building-block approach it has been revealed151 that replacing one of the

t-butyl groups used for phosphate protection, with a �-cyanoethyl group as in
(142) improves the final de-protection steps. It has been reported152 that methyl
group protection of phosphoamino acid residues is sufficiently stable to highly
acidic trifluoromethanesulfonic acid to give fragments which are stable for
thioester-mediated fragment condensations. Protecting groups which have been
designed for removal by enzymes153 offer mild conditions to keep the phosphate
groups intact. In the synthesis of a glycophosphopeptide from human serum
factor, an enzyme-labile choline ester has been used to good effect, together with
the 4-(phenylacetoxy)-benzyloxycarbonyl (PhAcOZ) group which can also be
removed by an enzyme. These strategies154 were also used for the chemoenzy-
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matic synthesis of a biotin-labelled analogue of (143) which represents a partial
sequence of the c-Myc oncoprotein. Practical conditions have also been worked
out155 to enable phosphate groups attached to Thr to survive fragment condensa-
tions using the thioester approach.
Phosphotyrosine mimetics continue to be a popular armoury for studying

biological interactions. Classical organometallic reactions have been used156 to
generate the mimetic (144). A suitably-protected phosphotyrosine mimetic (145)
for peptide synthesis has been produced157 via a Heck reaction and incorporated
into a dipeptide. X-ray crystallographic information has been used158 to build
into a short prototype sequence relating to Grb2-SH2 domain inhibitors, some
mono-charged phosphinate mimetics represented by (146). The underlying aim
was to use the additional distance provided by the methylene group in the
phosphonomethyl isostere to compensate for the loss of one charge due to the
additional substitution. Compounds (146) with R � CH2CH2OH, CH2Ph and
CH2CH(OH)Ph showed activities in the same range as the doubly charged
compound with R � OH. Experimental details for the preparation of the
4-phosphonomethyl phenylalanine in this work has appeared in an accompany-
ing report.159

Resolution160 of the derivative (147) on a gram scale, by means of a chiralcell
OJ column has given enantiomerically pure samples of (�)- and (�)-forms of
4-phosphonophenylglycine (PPG). At the glutamate receptors hmGluR4a and
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hmGluR7b only the (�)-enantiomer was active. Phosphopeptide and glycopep-
tide models of an antibacterial fragment (residues 173—194) of chromogranin A
have been synthesised161 but the details of the strategy were not available to the
reviewer. All the models proved to be inactive against Gram positive and Gram
negative bacteria.

3.2 Glycopeptide Antibiotics. — The demanding synthetic activity in this area
has again been the subject of review, with compilations ranging from total
synthesis162 to more specific consideration of cycloetherification163 and synthesis
of fragments.164

Teicoplanin aglycone (148), which has the extra 14-membered F-G ring over
and above the basic vancomycin nucleus, has been synthesised.165 The common
teicoplanin/vancomycin A-B-C-D ring system provided material for the first
stages. Further ring condensations at the D-E rings were approached by a SNAr
diplacement using an o-fluoronitro aromatic ring, while macrolactamisation of
the N-terminus amide brought about closure of the F-G 14-membered ring.
Selective equilibration of the D-E ring in teicoplanin aglycones has been
studied,166 and in all cases a 1:1 mixture of P:M atropisomers was observed. An
intact F-G ring system slowed down the rate of isomerisation and it was shown
that the unnaturalM atropisomer had significantly reduced affinity and antimic-
robial activity. Exposure of a ruthenium complex of ring G to a light source
promoted167 the formation of the F-G diaryl ring, which was macrolactamised
further to teicoplanin model (149).

Target-accelerated combinatorial synthesis168 of vancomycin dimers based on
(150) has been used to identify ligands with the highest affinity for the van-
comycin receptor motif, -Ala--Ala. Starting with compounds such as (150)
with n � 2—4; X � SCOMe, CH�CH2, R � H, -MeLeu, �-Ala, Asn etc.,
dimerisation could be carried out by disulfide bond formation from X �

SCOMe or by olefine metathesis for X � CH�CH2 in both the presence and
absence of -Ala--Ala motifs. Three potent antibacterial agents were identified
amongst the dimers. For the solid phase semi-synthesis169 of vancomycin ana-
logues based on modification of the oligosaccharide unit, protected vancomycin
aglycone molecules have been linked to polymers via a selenium safety catch
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linker. The main linear heptapeptide believed to be the main biosynthetic
precursor of vancomycin has been synthesised170 on solid phase. This heptapep-
tide -Leu-Cyt-Asn-Hpg-Hpg-Cyt�-Dhpg where Cyt � (2R,3R)-m-chloro-3-hy-
droxytyrosine, Hpg � (R)-2-(p-hydroxyphenyl)glycine, Cyt� � (2S,3R)-m-
chloro-3-hydroxytyrosine and Dhpg � (S)-2-(3,5-dihydroxyphenyl)glycine was
assembled on a chlorotrityl resin using the allyloxycarbonyl group for transient
N-protection. When the 22-membered A-B/C-D model (151) and its atropos-
tereomer was synthesised,171 it was not possible to create the macrocyclic ring
between the amino and the carboxylic acid group. The carboxyl group was able
to condense with -AlaOMe, suggesting that ring formation must be subject to
some conformational strain.

The diaryl ether network of rings C-D-E (152) of vancomycin have been
constructed172 using two successive oxidative coupling reactions using per-
oxidase. The D-E aryl ether ring was linked in the first step followed by the
formation of the C-D ether link. A model (153) for the binding pocket of
vancomycin has been synthesised173 and its affinity for acylated alanine and
lactate measured. The more H-bonding characteristics which could be included
in the R group, the stronger the affinity becomes. Host—guest binding between
the calix-[4]-arene vancomycin mimic (154) and Ac-Ala-OH and Ac-Ala-Ala-
OH has been monitored.174 The latter showed an order of magnitude higher
affinity than the single amino acid derivative. Full details175 of the synthesis and
characterisation of a high affinity trivalent system derived from vancomycin and
Lys--Ala--Ala have now appeared. Tris(Vancomycin carboxamide), [C6H3-
1,3,5-(CONHC6H4-4-CH2NHCOV)3, RtV3; V � vancomycin], binds strongly
an analogous trivalent derivative of -Ala--Ala, R�tL�3 (C6H3-1,3,5-
[CON�H(N�Ac)-Lys--Ala--Ala]3) in water.
A ruthenium complex located at ring E has secured the D-E aryl ether

coupling of a linear precursor to give176 the D-E-F model framework (155) for
ristocetin A. One approach to discovering more potent glycopeptide antibiotics
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is to work out their biosynthetic pathway, and to try and manipulate the
producing organism to produce more potent analogues. Moves in this direction
have included the expression of an �-ketoacid dioxygenase, which has been
used177 to explain the intermediacy of 4-hydroxymandelic acid in the pathway
between tyrosine and 4-hydroxyphenylglycine in vancomycin. Using a N-
methyltransferase it has also been shown178 that N-methylation is a late step in
the pathway to vancomycin, taking place after the oxidative crosslinking of the
heptapeptide backbone.
Details of a comparison study between a solution conformation of van-

comycin determined by NMR and the Protein Data Bank solid state structure
have appeared.179 A chirobiotic T column, with teicoplanin as the chiral station-
ary phase, separates180 in one run the four stereoisomers of cyclic �-substituted
�-amino acids, such as 1-amino-2-methyl cyclohexane. In a separate study181 the
role of the different parts of teicoplanin in chiral separation has been considered
and the conclusion drawn that it is the aglycone part which contributes to the
enantioseparation of amino acids. Non-amino acid species seem to be separated
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better with the carbohydrate moiety present on the teicoplanin. Insertion182 of
lipophilic substituents at the C-6 glucose position of the sugar residue in van-
comycin has given rise to analogues with more potency than the parent anti-
biotic.
Dimerisation constants for vancomycin, ristocetin and eremomycin and its

analogues have been ascertained183 using electrospray mass spectrometry. The
results correlated well with previously reported values from NMR measure-
ments. Optimum antibiotic activity in bleomycin is realised when iron is bound
to its structure. A detailed spectroscopic and theoretical study184 of the ferric
form of the drug and its activated analogue (the hydroperoxide form) has now
been completed. The results were extended to include a possible explanation to
the drug’s interaction with DNA, either via a homolytic cleavage of a hydro-
peroxide to give Fe(IV) bleomycin complex and an OH radical or a Fe(IV)
complex and a DNA radical.

3.3 Glycopeptides. — There are again sufficient specialist papers published un-
der each section tomaintain theO-, N-, and C-linked glycopeptide sub-divisions.
However, certain aspects have cross-divisional appeal and are discussed here.
One German group of experts in this field have written three separate re-
views185—187 emphasising synthetic schemes both in the solution and solid phases,
and covering the publications up to 1999. The preparation and conformational
properties of glycopeptides have been reviewed188 and a book emphasising
practical aspects has a chapter on glycopeptide synthesis.189 Recent progress in
the solid phase synthesis of glycopeptides has been reviewed190 as well as the
assembling of combinatorial libraries191 for oligosaccharides and glycopeptides.
Selective chemical modification of glycopeptide antibiotics has also been the
subject of a short review.192

A combinatorial library based on variations in the R group of the muramyl
dipeptide derivative (156) has been set up193 using a multipin approach and facile
synthesis194 ofN- and O-glycosylated �-aminooxy acids such as (157) will enable
studies on novel polymeric structures to be carried out. The synthesis195 of
orthogonally-protected glucose units such as (158) and (159) has enabled multi-
valent glycopeptide mimetics to be prepared and have the potential to make
glycopeptide dendrons. A study196 involving the synthesis of templates such as
(160) has successfully demonstrated that glycosylation reactions [i.e. disacchar-
ide formation in (160)] may be achieved between glycosyl donors and acceptors

4: Cyclic,Modified and Conjugated Peptides 271



that are bound to peptide templates. Modest regio-stereoselectivities can be
achieved in this way.

3.3.1 O-Glycopeptides. There is a continuing demand for protected glycosylated
building blocks for solid-phase and combinatorial work. An improved syn-
thesis197 of the protected hydroxylysine derivative (161) is thereforewelcome.Key
to a successful 80% yield was the use of Fmoc-Hyl(Z)-OAll as starting material.
Addition of cyclodextrins has enhanced198 the solubility of Fmoc-Thr(Gal-
NAc�1)-OBut up to 100-fold. This has enabled glycan chain extension using
enzymes to be carried out in a one-pot reaction giving, as an example, Fmoc-
Thr[Neu5Ac(�2-3)Gal(�1-3)GalNAc�1]-OBut in 50% yield. A phenylseleno
glycosyl donor has been coupled199 to Fmoc-Thr-OBn to give the �-linked
building block (162). Different sialic acid-containing building blocks e.g (163)
and (164) have been prepared200 by using glycosyl xanthates as donors for the
threonyl derivatives under catalysis by phenyl sulfanyl triflate.
Building blocks, Fmoc-Tyr-OH and Fmoc-(ah�-GalNAc)3Glu-OH were

used201 to synthesise the ligand (165), known to have a sub-nanomolar affinity for
asialglycoprotein receptor. A protected glycine derived phosphonate has been
reacted202 with a n-pentenyl glycoside to stereoselectively form the glyco-amino
acid derivative (166). The N-terminal fragment of human glycophorinAM bear-
ing the consecutive sialyl-T antigen [�--Neu5Ac(2-3)-�--Gal(1-3)�--Gal-
NAc] has been synthesised203 via the protected intermediate (167) which is based
on stepwise assembly of glycosylated Fmoc-amino acids bearing the appropriate
R group. In an attempt to identify204 optimal Lewisy-based anti-cancer vaccine
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leads, a series of glycopeptide mimics, (168–172), of cell-surface Lewisy mucin
glycoproteins have been synthesised on solid phase. A �-turn mimetic (173) of
sialyl Lewisx, which is a natural carbohydrate ligand of the cell-adhesion mol-
ecules, the selectins has been synthesised205 by solid phase techniques. Tested
against E-selectin, compound (173) showed only weak activity, but it showed
more potent inhibitory activity towards P- and L-selectin. The procedure of
linking an O-silylated Fmoc-Thr(GalNAc)-OAll residue via its side chain onto a
resin (procedure published in 1999) has been used206 as the first stage in the solid
phase synthesis of the N-terminal glycodecapeptide of interleukin 2. The silyl
ether linker could be cleaved by fluoride or acid. The building block Fmoc-
Thr(or Ser)[�-Neu5Ac-(2-3)-�-Gal(1-3)-�-GalN3(1-)]OPfp has been used207 in
the synthesis of the sialyl T decapeptides (174). In contrast to analogues contain-
ing T-antigens, these sialyl-T-glycopeptides were non-immunogenic, indicating
that sialylation might be a method of circumventing recognition by the immune
system.
The disulfide-bridged glyco forms (175) of catfish somatostatin (somatostatin-

22) have been synthesised208 starting from Fmoc-Cys(Trt)-PAC-PEG-PS sup-
port. The glyco links were carried through the assembly of residues as acetylated
glycosidic building blocks linked to threonine, while the disulfide ring was
synthesised in the solution phase. There was a 2-fold increase in binding to the
receptor when the R group in (175) was a disaccharide. Established methods of
solid phase synthesis, incorporating the glyco links either as Fmoc-Ser(�Gal-
NAc)-OH or Fmoc-Thr(�GalNAc)-OH have been used209 for short synthetic
glycopeptide sequences to induce antibody responses to carcinoma-associated
Tn antigens. These sequences were recognised by Tn-specific monoclonal anti-
bodies, and it seemed that the titres were not altered by changes in the peptide
backbone. A combination of a newly-designed allyl linker attached to a Sieber
amide resin has enabled210 Ser(glycosyl)-Gly repeating sequences up to hexa-
decapeptide in size to be synthesised. In the synthesis211 of a sialyl T-antigen
linked tetrapeptide (176), the peptide portion with GalNAc attached to Ser was
assembled on-resin. The side chain saccharide was then subjected to a recom-
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binant �-galactosidase to add the second residue, followed by sialyltransferase
catalysed addition of the final residue to form (176). Exploratory studies212 using
chemo-enzymatic strategies for the synthesis of the N-terminal sequence (177) of
P-selectin glycoprotein ligand-1 (PSGL-1) have led to a semi-preparative scale
protocol213 being developed. The first stages involves assembly of the peptide
with a disacharide unit attached to Thr, followed by addition of the sulfate using
the SO3-pyridine complex. A glycosyltransferase-catalysed completion of the
sialyl Lewisx side chain was then carried out without detriment to the sulfate
group.
The base-catalysed removal of the glycosidic acetyl groups from synthesised

glycopeptides, Ac-Ala-Ser[�-Gal(OAc)4]-Phe-NH2, Ac-Ala-MeSer[�-
Gal(OAc)4]-Phe-NH2 and Ac-Ala-Ser[�-Gal(OAc)4]-MePhe-NH2, has been
studied.214 The glycopeptide carrying theMeSer residue was more susceptible to
�-elimination than the others, confirming the observation that aza-enolates
formed from the amide bond to a glycosylated Ser provide protection against
�-elimination. In order to study215 the mechanism of action proposed for the
glycolipo-depsipeptide ramoplanin, the model compound (178) has been syn-
thesised. Reducing the size of the lipid side chain has created a more water-
soluble analogue which could be used in a modified membrane assay.
The �-selective glycosylated enkephalin amide H-Tyr--Thr-Gly-Phe-Leu-

Ser(�--Glc)-NH2 has been synthesised216 using Fmoc-Ser[�--Glc(OAc)4] as a
key building block. It compared favourably as an agonist with the un-
glycosylated form, but showed improved intracerebroventricular and intraven-
tricular properties. When the NMR data for the glycosylated enkephalins (179)
were compared217 with their non-glycosylated form, it was found that residues
within the disulfide ring were not affected by glycosylation.However, the exocyc-
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lic Ser-Gly residues were affected, especially so, when the Ser-carbohydrate link
was �. Details of a strategy218 to synthesise glycosylated hydroxylysine deriva-
tives suitable for the Fmoc-building block approach have been revealed. They
involve introduction of a �--galactopyranose group to a copper-complexed
Hyl(Boc or Aloc), followed by stepwise conversion to Fmoc-Hyl[Boc or Aloc,
O-�--Gal(OAc)4]. The Boc derivative was used in the synthesis of the �1(IV)
1266-1277 sequence from type (IV) collagen.

3.3.2 N-Glycopeptides. Synthesis of suitable derivatives as protected building
blocks for solid phase assembly has also been undertaken in this category. Thus
the formation of an N-glycosidic link between GlcNAc and Asn has been
effected219 using the �-acid fluoride of a protected aspartic acid and either a
glycoside azide or silyl carbamate to give (180). The sialyl Lewis-asparagine
building block (181) has been synthesised220 and used221 in the synthesis of the
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partial sequence of the binding region of PSGL-1 in which the O-glycosyl Thr is
replaced by the deprotected form of (181). Post-synthetic purification using
HPLC has enhanced the diastereomeric purity of a sample of the glycosylated
�-amino acid ester (182). Building blocks such as (182) based on �-amino acids
have been developed222 via a Mannich type reaction between O-pivaloylated
N-galactosyl imines and silyl ketene acetals.

Key to the synthesis223 of the mannose-rich glycopeptide (183) was the conden-
sation between an unprotected glycosyl amine and a protected aspartyl-contain-
ing peptide. The other saccharide units were added on stereoselectively. A
conjugate between a laminin-related peptide and chitosan has involved con-
struction of an amide link between saccharide and peptide. 6-O-Trityl chitosan
has been coupled224 via a glucosamine link to afford the conjugate (184). This had
a higher inhibitory activity against experimental lung metastasis of B16BL6
melanoma cells in mice than the parent peptide. A heptasaccharide attached to
asparagine, [�--Man(1-6)-[�--Man(1-3)]-[2-AcNH-2-deoxy-�--Glc(1-2)]-
(�--Man)-(1-4)-(�-1-Fuc)-(1-6)]-2-AcNH-2-deoxy-�--Glc]-Asn, has been syn-
thesised225 using p-methoxybenzyl-assisted intramolecular aglycone delivery as
the key transformation.
The glycopeptide (185) was assembled226 without protection of the carbohy-

drate hydroxyls, on a continuous surface of cellulose (SPOT synthesis). Fmoc-
Gly-OPfp was first coupled to the amine groups on the solid surface and after
deprotection, glycosylated-Asn and -Glu residues were added in turn. Cleavage
from the continuous surface was by UV irradiation giving (185) in 90% yield.
Attachment of 2,3,4-tri-OAc-1-azido-1-deoxy-�--glucopyranuronic acid to the
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resin via X in formula (186) was the initial step used227 for the synthesis of
C-terminal glycopeptides based on the enkephalin sequence. Condensation228 of
the �-COOH group of Asp in the protected assembled pentapeptide, with a
heptasaccharide glycosylamine, via a HOBt ester in the solution phase, has
yielded (187). NMR-ROESY experiments and molecular dynamics simulations
on (187) indicate that the carbohydrate moiety seems to give less conformational
mobility to the peptide backbone.

3.3.3 C-Linked and Other Linked Glycopeptides. This area of glycopep-
tidomimetics has been the subject of a specialist review229 on compounds with
amino acids linked to the anomeric carbon of the sugar via C—C bonds. Mimick-
ing230 the N-glyco link to Asn as an ethylene group is now possible due to the
synthesis of (188) in either � or � form. The bond was constructed by reaction of
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lithium C-glycosyl acetylides with Boc--serinal acetonide. In an attempt231 to
synthesise amino acid functions closer to the sugar moiety, it was found that a
Strecker reaction between an aldehydo-sugar, acetone cyanohydrin and a ben-
zylamine gave the cyanide (189), which could be readily hydrolysed to the
corresponding carboxylic acid. A C-linked isostere of �--galactosylated hy-
droxynorvaline has required232 eight steps for its synthesis from per-O-ben-
zylated galactopyranolactone. Key steps involved adding homoallylic Grignard
reagent to the lactone, reduction of the hemiacetal formed using triethylsilane,
followed by a Wittig reaction with Garner’s aldehyde. This C-linked building
block became residue 264 in the fragment CII(256-270) from type II collagen.
However, this one change of a methylene group for an oxygen atom in the
carbohydrate moiety reduced the T-cell response by 10—20-fold.

Two novelC-glycosides of aureolic acid linked to oliose and olivose have been
isolated233 from Streptomyces sp. Macrocycle (190) has been designed234 and
synthesised as a mimic of the tetrasaccharide SLex inhibitor of P-selectin. A
1000-fold increase in potency (IC50 � 1 �m) over SLex was found for (190).
Libraries of glyco-clusters have been based235 on the acylation of cyclic com-
pounds (191), by their correspondingR ligands using p-nitrophenylcarbonates to
make compounds such as (192). Minimal modification of the saccharide was
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required for the preparation236 of a neoglycopeptide building block (193), using
the stepwise processes summarised in Scheme 3. Lower molecular weight neo-
glycopeptides, typically based on Cys-Trp-Lys18 coupled to lactose, galactose or
mannose via iodoacetic acid, have been characterised237 using NMR data. The
glycopeptides formed DNA condensates of approximately 110 nm mean diam-
eter with zeta potential of �31 mV.
S-Glycoside amino acid derivatives are known to be more resistant to chemi-

cal and enzymatic degradation and hence the interest in them as building blocks

for glycopeptidomimetics. Building block (194) has been synthesised238 either
from a sugar thiol and a serine derivative using a Mitsunobu reaction or from a
1-pseudo thiourea of GlcNAc and iodo-Boc-Ala-Bn. S-Glycoamino acid deriva-
tive (195) was obtained239 from an iodine activated Fmoc derivative and a sugar
1-thiolate.

3.4 Lipopeptides. — Apramides A-G have been isolated240 from the cyanobac-
teriumLyngbya majuscula and have been characterised as (196–202) respectively.
NMR evidence showed distinguishable conformers in solution, attributable to
the thiazole C-terminal unit. The characterisation241 of four new friulimicins A, B,
C, and D from the cultures of Actinoplanes friuliensis HAG 010964 has made it
possible to realign the structures with other amphomycin type lipopeptides
present in the culture fluid. The full structural list appears in (203–210). Assuming
that the published antibiotics, amphomycin, tsushimycin, glumamycin and as-
partocin all have the same peptide framework, then (204), (207) and (209) are
identical to tsushimycin, amphomycin and aspartocin respectively.
Developments in the use of enzyme protecting group techniques in the syn-

thesis of lipidated peptides have been reviewed.242 The Kaiser oxime resin has
been used243 in the solid phase synthesis of a library of farnesylated peptides
represented by (211). This molecule proved to be themost potent inhibitor of Ras
CaaX endoprotease. In a re-synthesis244 of antillatoxin (212) to form the (4R,5R)
configurated molecule as shown, proof was obtained that the natural compound
was identical with the synthetic sample. An N-terminal, myristoylated and twice
S-palmitoylated 29-mer peptide from the N-terminus of endothelial NO-syn-
thase has been synthesised.245 For the S-palmitoylated building blocks, the
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enzyme-labile PhAcOZ group and allyl esters were used.N-Myristoylated frag-
ments were synthesised by Fmoc-solid phase techniques on a chlorotrityl resin.
Fragments were coupled together with EDC/HOAt in DMSO to aid solubility.
The palmitoyl/glyoxyl unit (213) reacts246 under salt-free conditions with N-
terminal �-hydrazino acetyl peptides to give a hydrazone ligation product.
Three highly lipophilic mesityl-substituted amino acid derivatives such as

�-mesityl glycine (214) have been synthesised247 by enantioselective routes, since
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enzymic resolution cannot cope with this unusual substitution. For (214) and the
other �-mesitylalanines synthesised, NMR data and semi-empirical calculations
show that the mesityl group imposes strong conformational restrictions on the
molecules. FK463, a new echinocandin-like lipopeptide, in phase II/III clinical
trials, has been tested248 against various fungal pathogens. The results showed
promise as a treatment for fungal infections.

4 Miscellaneous Structures

Molecules from nature itself, some man-made ‘designer’ molecules and macro-
cyclic forms which serve as pro-drugs have been included in this section, mainly
because they fall uneasily into the sub-divisions above. This does not demote
their importance to the scientific literature.
Four new proteasome inhibitors, TMC-95 (A—D) have been isolated249 from

the fermentation broth of Apiospora montagnei Sacc TC 1093 and characterised
as (215–218). Physico-chemical data revealed a planar structure, with the con-
geners in essence being diastereoisomers of one another. The roots of Paliurus
ramossisimus have produced250 seven new cyclopeptide alkaloid structures
(219–225) designated paliurines A—F respectively. A first total synthesis251 of
mauritine A (226) has been accomplished by combining the aryl-alkyl ether bond
formation and macrocyclisation into a single operation using a SNAr reaction.
Designer cyclopeptides which function as synthetic receptors for biological

substrates have become fashionable. Macrobicyclic structures252 such as (227)
have been analysed by X-ray crystallography and has been found to be an
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effective receptor forN-acetyl asparagine, while the binding properties253 of (228)
have been determined by NMR techniques. Reasonable structural and stereo
selectivity have been detected for dipeptides such as Z-�-Ala--Ala and the
nature of the association deduced from NMR and modelling studies. Pyridine-
based, polyamido-polyester macrocycles such as (229) and smaller cyclic ring
analogues have been synthesised254 and their conformation determined by X-ray
crystallography. Molecule (229) showed rigidity and strain in its structure and
exhibits significant chiral recognition for the enantiomers of - and -amino acid
methyl ester hydrochlorides. With recent examples (e.g. tachyplesins) of highly
rigid cyclic �-stranded antimicrobial peptides being found in nature, design of
analogues is underway. Analogues of (230) have been synthesised255 in a parallel
series, by replacement of the bulky hydrophobic residues in turn with Gly
residues. The final macrocyclisation was via the Tam thioester ‘thia zip’ cyclisa-
tion. The Gly6 analogue of (230) retained broad-spectrum activity against all 10
test microbes in both low and high salt concentrations. The adamantane-
constrained cyclo (Adm-Cys)3 has undergone X-ray analysis256 which revealed a
double-helical (figure of eight) fold in the macrocycle, stabilised by two intra-
molecular H-bonds.

Cyclic peptide hybrids, such as (231) with nucleobases alternating with amino
acid side chains on the cyclopeptide backbone have been assembled257 on solid
phase or by cyclisation of the linear precursors in solution.
PyAOP/HOAt/DIEA were the reagents of choice for the cyclisation. Various
conditions have been explored258 for the cyclisation of bis-aminoethyl glycinam-
ide frameworks, which can then be acylated with a nucleobase acetyl function to
give cyclic peptide nucleic acids such as (232). Cyclisation from suitably pro-
tected pentafluorophenyl ester precursors proved to be an efficient process.
The structural core (233) of antimitotics such as phomposin and ustiloxin has

been synthesised259 using an SNAr cycloetherification reaction starting from an
aryl ortho-nitro fluoro precursor. It has been shown260 that in solid phase
synthesis of the 1-thio-4-nitro substituted structure (234), cyclisation via SNAr
reactions is more efficient than its 2-thio-5-nitro counterpart. Compound (234)
had been designed to be a �-turn mimic whereas its isomer would not show such
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conformational preference. This was borne out in the physical data accumulated,
withmolecular dynamics simulations showing supporting evidence for the easier
formation of (234) over its isomer. The cyclobisamide (235) and its bis-urea
analogue can be prepared261 in a one-step condensation between octan-1,8-
dicarbonyl chloride or diisocyanate with appropriate Cys-Cys derivatives. X-ray
studies show that the molecules have the inherent property of self-assembly into
hollow tubular structures. Construction of the ring in compound (236) by
forming the double-bond using ruthenium complexes gives an array262 of cyclic
sulfamide peptidomimetics, while the principle of folding a linear biologically
active peptide domain into an esterase sensitive cyclic pro-drug model has been
reviewed.263 As an example264 of the latter approach, the hexapeptide,H-Trp-Ala-
Gly-Gly-Asp-Ala-OH, from �-sleep-inducing peptide has been cyclised, via an
acyloxy alkoxy bridge as in (237), which then re-releases the hexapeptide in the
presence of an esterase.
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5
Metal Complexes of Amino Acids
and Peptides

BY E. FARKAS AND I. SÓVÁGÓ

1 Introduction

This chapter deals with the most important results published on the synthesis,
structures, solution equilibria, reactivity and applications of the metal complexes
of amino acids, peptides and related ligands in 1999 and 2000. The major source
of the articles reported here is CA Selects on Amino Acids, Peptides and
Proteins,1 but the title pages of the most common journals of inorganic, bioinor-
ganic and coordination chemistry have also been surveyed. In addition to the
hardcopies of the above mentioned journals the abstracts reported by some
electronic databases (e.g. Web of Science Citation Databases, Institute for Scien-
tific Information) have also been searched for the subject ‘metal complexes of
amino acids and peptides’. Of course, the number of hits matching the queries
was tremendously high. Consequently, only those papers which focus on the
complexation reactions of amino acids and peptides are included in this review.
As in the previous volumes, the results published on the metal complexes of

amino acids (Section 2) and peptides (Section 3) are treated separately, although
there are many publications dealing with the coordination chemistry of both
groups of ligands. In addition to the naturally occurring amino acids some
synthetic analogues and derivatives of amino acids and peptides were also
considered if they have biological or theoretical significance or important appli-
cations in chemistry or medicine. The number of papers dealing with the syn-
thetic, analytical or biomedical applications of amino acid and peptide com-
plexes has significantly increased in the past few years. Thus, the papers were
classified into four sub-sections in both sections: (a) synthesis and structural
studies, (b) solution equilibria, (c) reactivity and kinetics and (d) synthetic,
analytical and biomedical applications.
The most recent reviews published in 1999 and 2000 cover some specific

aspects of the coordination chemistry of amino acids, peptides and the biomedi-
cal applications of these complexes. The biological activity of cisplatin and
related drugs received increasing attention in the past decade and resulted in a
large number of publications including several reviews on the platinum(II) and
palladium(II) complexes of peptides.2—4 It has already been widely accepted that
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non-coordinating side chains do not have a significant impact on the coordina-
tion chemistry of simple peptides. There are, however, some specific amino acid
sequences which result in the enhanced stability of metal complexes. The specific
structure—stability relationship was reviewed recently and it covers the most
important findings on the role of non-coordinating histidyl and prolyl residues.5

Glutathione is one of the most abundant organic substances in the human body.
The presence of the thiol group in glutathione results in outstanding metal
binding ability and redox activity of the ligand and the most important complex
formation and redox reactions of both reduced and oxidized glutathione were
reviewed.6 Another publication deals with the biological chemistry of vanadium
with a special emphasis on the interactions with glutathione.7 Phosphonic de-
rivatives of amino acids and peptides are versatile ligands with promising
biological applications. The metal complexes of these ligands, including also the
open-chain and macrocyclic aminophosphonates and aminophosphinates, were
surveyed recently.8

Another group of review articles covered some aspects of the metal ion
coordination in peptide synthesis. These include overviews on the cobalt(II)
promoted synthesis of small peptides,9 the metal-mediated modifications of the
side chains of amino acids10 and the possible role of copper(II) in peptide
synthesis, involving peptide formation under prebiotic conditions.11

The better understanding of the structures and properties of zinc finger
peptides and copper chaperons is among the most fascinating areas in bioinor-
ganic chemistry and they have been briefly reviewed, recently.12,13 The other
review articles published in this field are mainly devoted to the biomedical
applications of amino acids, and peptides and their metal complexes. Some
therapeutic chelating agents are based upon simple amino acids and their
biodegradability and applications are summarized by a series of related papers.14

Bleomycins are glycopeptide antitumour antibiotics taking part in DNAbinding
and degradation, a process that is metal ion and oxygen dependent.15 The use of
metal complexes in clinical diagnostic imaging is increasing tremendously. These
applications involve gamma scintigraphy, positron emission tomography (PET),
magnetic resonance imaging (MRI) and metal-based radiopharmaceuticals.
Metal complexes of peptides and related ligands are frequently used in these
techniques and the most important applications have been reviewed.16,17

Nickel(II) compounds are known as human carcinogens and histones are
likely targets for binding of nickel(II) ion in cells. The recent studies on the
peptide and protein models on nickel(II) binding to histones have been re-
viewed.18 The field of biomolecular architectures is a broad and interdisciplinary
area of worldwide research that has been growing explosively. Novel synthetic
approaches to the incorporation of metal complexes into nucleic acids and
peptides have been described.19
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2 Amino Acid Complexes

2.1 Synthesis and Structural Studies. — Numerous papers have been published
onmetal complexation of amino acids and derivatives during the past two years.
Different spectroscopic, calorimetric, electrochemical and X-ray diffraction
methods were used, and in many cases several methods were combined to
characterize the complexes prepared. The main interest in transition metal
complexes has remained, but the number of results for complexes of other metal
ions such as alkali, alkaline earth metals and lanthanides is also increasing.
In several cases, studies on binary complexes of amino acids were carried

out.20—43 The structure of Zn(-Ala)2 was determined by X-ray crystallography.
The Zn(II) ion is five-coordinated in the complex, two bidentate amino acidates
and a carboxylate oxygen of another symmetry-related alaninate ion bind to the
metal. However, distortion of the Zn site occurs when it is occupied by Cu(II)
impurities.22 Only monodentate carboxylate coordination of the zwitterionic
form of -tert-Leu was found in the biscomplex prepared from an aqueous
solution of ZnCl2 and -tert-Leu (1).23

IR, thermogravimetry and differential scanning calorimetry were used to
characterize the complexes [CdCl2·xGly] (x � 1, 2). Usual bidentate coordina-
tion of Gly was found in the monocomplex, but only the carboxylates are
coordinated in the biscomplex. The two chloride anions are also coordinated.24

Alkyl moieties inserted into the side chain of amino acids increase the hydropho-
bic character of the molecules, but, at the same time, decrease their metal binding
ability. Copper(II) complexes of a series of mono- and dialkylated -alaninates
were prepared as model compounds for superoxide dismutase (SOD)-mimetic
activity. Both solid state and solution results confirmed that the alkylated
derivatives form much less stable complexes than the parent copper(II)--
alaninates.25

The influence of side chain coordination sites such as -OH, -CONH2, -COOH
and imidazole on the bonding mode and crystal structure of metal complexes
have been discussed in several papers. The side chain -OH group of threonine
generally does not play a significant role in the coordination. However, recent
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results on the complex [Cu(-Thr)2]·H2O revealed that -OH groups are involved
in intermolecular H-bonds (2).27

Several results have been published for metal complexes of Asp, and the side
chain carboxylate was generally found to be involved in the coordination.28—30 As
simple models for the active site of numerous metalloproteins, complexes of His
were investigated in several laboratories during the period reviewed.31—34 For
example, its 1:1 complexes with Fe(II), Co(II), Ni(II), Cu(II) and Zn(II) were
studied by electrospray ionization mass spectrometry.33 Due to its biological
relevance, the coordination chemistry of peroxovanadates has a renewed inter-
est. Three new oxodiperoxovanadate complexes formed with amino acids -
asparagine, -phenylglycine and ,-homocystine were synthesized in a recent
work. All the complexes present one oxo ligand, two peroxo anions and one
monodentate amino acid ligand in the inner coordination sphere of vanadium.
The amino acid coordinates through one of its carboxylate oxygens. The
stoichiometry of the complexes, however, is different. Mononuclear complexes
are formed with -asparagine and -phenylglycine, but ,-homocysteine
bridges two oxodiperoxovanadium moieties through its carboxylate group.
There is not any evidence of the coordination through the sulfur atom. Decom-
position of the complexes by losing the peroxo ligands makes the V(V) oxidation
state unstable and leads to the reduction of V(V) to V(IV).35 Some new results
appeared also for ruthenium—amino acid complexes.36,37 According to these
results, the �-amino acids Gly, Ala, Phe, Tyr and Leu form stable complexes with
ruthenium, and in the presence of �-acid ligands such as triphenylphosphine
(PPh3), the �2 oxidation state of the metal becomes stabilized. Two bidentate
amino acids and two PPh3 are coordinated in the complexes formed.36 Tridentate
coordination of -Met to Ru(IV) through the O atom of the carboxylate group,
N atom of the amino group and the S atom was found in the ruthenium nitrosyl
methionine complex [RuNO(Met)Cl2].37

The complexation between lanthanide ions and amino acids was the subject of
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several papers.38—42 Limited hydrolysis of lanthanide ions controlled by �-amino
acids as supporting ligands resulted in the formation of mixed hydroxo clusters.38

Interestingly, the lanthanum complex of Glu, [La2(Glu)4(SO4)3]·8H2O exhibits
remarkable antitumour activity.41 IR and 13C NMR methods were used to
determine the bonding mode in a new Eu(III) -histidine complex, [Eu(-His)3]
(ClO4)3.42 Some new complexes of histamine with nickel()43 and copper()44—46

were also prepared and characterized. Thiosulfate-assisted synthesis of
[Cu(histamine)2(SCN)](SCN) was achieved by adding histamine to the aqueous
CuCN/S2O3

2� reaction medium. Reaction with methionine produced [Cu(me-
thioninato)2]. On the contrary, when Cys was added to the reaction medium,
[Cu(2-amino-2-thiazoline-carboxylate)2] was obtained.46

Anthranilic acid (2-aba), a precursor to Trp, forms diverse complexes with
alkaline earth metal ions. Four different complexes [Mg(2-aba)2], [Ca(2-
aba)2(OH2)3]�, [�Sr(2-aba)2(OH2)2�·H2O]� and [Ba(2-aba)2(OH2)2]� have been
prepared, and the structure of the three latter ones have been characterized by
X-ray diffraction. While the calcium ions are heptacoordinated, the strontium
and barium ions reveal a coordination number of 9. Moreover, the carboxylate
groups present different chelating and bridging modes in the three complexes,
and interestingly, apart from the carboxylate functionality, the amino group also
binds to the metal centres in the case of strontium and barium complexes.47

-Piperidine-2-carboxylic acid is a non-proteinogenic amino acid and is a
metabolite of the amino acid Lys. Zn(II) complexes with this molecule and with
two derivatives (,-piperidine-3-carboxylic acid and piperidine-4-carboxylic
acid) were prepared, and the crystal structures of the complexes formed with the
two derivatives were determined. The difference of the electron densities of
carboxylate oxygen atoms derived from the position of the nitrogen atom
resulted in interesting structural differences between the two complexes studied
(3a) (3b).48

Although a number of studies have been published on the adsorption of amino
acids on solid metal surfaces such as gold,49,50 copper,51,52 stainless steel,53 plati-
num,54 palladium55 and silver,56 little is known about the adsorption mechanism.
Surface-enhanced Raman spectroscopy (SER) was used to study adsorption of a
series of amino acids on electrochemically prepared silver. The results showed
that the adsorption of all amino acids occurred via the ionized carboxylate
group, and that the side chain of most of the molecules was also in close
proximity of the surface. In contrast, the amino group was protonated and
relatively far from the surface. Sulfur-containing amino acids also interacted
through their sulfur atoms.56

Numerous ternary complexes formed with amino acids were prepared during
the period reviewed.57—70 In many cases, the studies stemmed from several key
problems such as molecular/chiral recognition, modelling of biological systems
and functions, and the relationship between molecular structure and in vivo
behaviour of therapeutic agents. Non-covalent interactions, such as hydrogen
bonding and hydrophobic and electrostatic interactions, are crucial factors for
molecular recognition and contribute to the regulation in the formation of
supramolecular structures. Ternary complexes involving aromatic diamines,
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2,2�-bipyridine (bpy) and 1,10�-phenanthroline (phen) are traditionally used to
study non-covalent interactions.57—60,65 Structural evidence for the existence of an
aliphatic—aromatic CH—� interaction in Cu(II)-p-methylphenylalanine—phen
and Pd(II)-p-methylphenylalanine—phen ternary complexes was provided by
different spectroscopic and X-ray methods. However, no interaction between the
coordinated o-methylphenylalanine and phen ligands was found.59 In order to
obtain more direct evidence for the specificity of the �—� interactions in nuc-
leobases of DNA, two new amino acid derivatives, 1-(2-amino-2-car-
boxyethyl)adenine and 1-(2-amino-2-carboxyethyl)uracil, involving nucleobases
adenine and uracil, were prepared. The ternary metal (M � Cu(II), Pd(II))
complexes of these two ligands with bpy or phen were also prepared and
investigated. According to the results, the purine ring affords �—� stacking
interaction both in solution and in solid states (4a), but the pyrimidine ring does
not (4b).65

Fluorescent sensors based on molecular recognition are of particular interest.
Two modified cyclodextrins 6-deoxy-6-N-[N�-(N2-dansylaminoethyl)-R- (or S)-
phenylalaninamide]-�-cyclodextrin, containing a metal binding site and a dan-
syl fluorophore, were prepared. Addition of - or -amino acids to their cop-
per(II) complexes (5) induce a ‘switch on’ of the fluorescence which is enan-
tioselective for Pro, Phe and Trp. The effect was used for the determination of the
optical purity of Pro.63

There is much interest in designing chiral metal complexes that bind or
transform their targets, whatever they may be, with high and predictable stereo-
specificity. Several chiral cobalt(III) complexes have been prepared for stereo-
specific recognition of natural amino acids.66—69 Due to the relative position of the
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four coordinating atoms, the unnatural �-amino acid (6a), synthesized in a recent
work, can form only one configurational isomer of its octahedral Co(III) com-
plex. The two coordination possibilities of Ala to that complex are shown in (6b)
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and (6c). Both crystallographic analysis andNMR results indicated that the ratio
of these two diastereomers in the crystal was about 60:40.66

Several additional new Co(tren)(amino acidato) ternary complexes,
[Co(tren)(,-Phe)]·(ClO4)2, [Co(tren)(-Phe)]I2·H2O, [Co(tren)(-Pro)]I2·H2O,
[Co(tren)(-Trp)]·(ClO4)2·1/2H2O, [Co(tren)(-Val)]I2·1/3H2O, [Co(tren)(Ile)]I2
and [Co(tren)(-Leu)]I2, were prepared and characterized by X-ray diffraction
method. Their packing arrangements indicate that the complex cations in all of
the compounds form helical strings, running along their crystallographic axes,
for both chiral and racemic amino acidato species. In the racemic compounds,
the complex cations of different strings have different chirality.68

The chemistry of oxorhenium(V) complexes is of great interest. It is widely
accepted that the in vivo behaviour of the complexes depends very much on their
structure. Following the ‘3�1’ mixed ligand concept, the alternative ‘3�2’
combination of the donor atoms (N,N,N/N,O) has been suggested. Five new
cationic complexes containing the [Re(V)O]3� core, diethylenetriamine and an
amino acid (Gly, Ala, Val, Leu or Pro), have been successfully prepared and
characterized.62

Numerous dinuclear metal complexes have been prepared as potential models
for the active sites of different metalloenzymes. Synthesis and characterization of
redox properties of a series of amino acid-bridged dinuclear iron(III) ternary
complexes have been carried out. The general formula of the compounds pre-
pared is [Fe2(�-O)(�-amino acid)(tpa)](ClO4)4, where tpa � tris(2-pyridyl-
methyl)amine. As a representative example, the structure of the complex formed
with -Val is shown in (7).70

Modification of amino acids can significantly alter their metal binding ability
or selectivity towards various metal ions. As a consequence, numerous different
derivatives of amino acids have been prepared during the past two years and, in
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many cases, their metal complexation was studied. As models for Tc-labelled
peptides, monooxorhenium(V) complexes of cysteine and cysteine methyl ester
were synthesized and characterized. Unexpectedly, both ligands formed very
similar 1:2 complexes with (S,N)(S,N,O) coordination. As is shown in (8), the
Cys-OMe is partially saponified in its complex.71

Numerous previous results confirm that a substituent at the amino group
reduces both the affinity of the amino N atom for metal ions with respect to the
corresponding free �-amino acid and in-plane ligand field, which permits a
relatively wide variety of coordination types, depending on the nature of the
N-substituent. The role of N-alkyl chain length in water binding (or release) to
the copper(II) coordination sphere in the [Cu(N,N-dialkyl--�-Ala)2] complexes
in various organic solvents has been investigated. It was found that while the
water bound at the axial position to copper(II) was essential for the stability of
the complex formed with the dimethyl derivative, apical water could easily
exchange with water molecules from the solvent if the two ligands were diethyl
derivatives, and the N-propyl chains screened the apical water from hydrogen
bond-making solvents like methanol.72 In order to investigate the influence of
N,N-dialkyl chain lengthening on stereochemistry of the copper(II) alaninato
complexes, a new force field (FF1) method has been developed.73 Interesting
redox-induced inversion of the chirality was observed in copper complexes of
N,N-dialkylmethionines. In this study, the amino acid methionine was de-
rivatized by the attachment of two chromophores to the nitrogen atom. The
ligand obtained formed stable complexes with both Cu(II) and Cu(I), but with
different coordination modes. While the three N donor atoms and the car-
boxylate were coordinated to the metal ion in the Cu(II) complex, the car-
boxylate and sulfide donors were exchanged in the Cu(I) complex. This change in
the coordination mode caused inversion of the C—H twist and the chromophore
orientational chirality (Scheme 1).74

N-Phthaloylamino acids were used to prepare new organotin complexes.
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Depending on the nature, number and arrangement of the organic groups
attached to the tin atom, monomeric, tetrameric and polynuclear species were
formed. Biological activity tests indicated powerful biocidal effects of the com-
plexes prepared.75 Dithiocarbamate derivatives of some naturally occurring
amino acids were synthesized and their complexes with nickel(II) and copper(II)
were studied.76,77 Square-planar complexeswere foundwithNi(II), but Cu(II) was
reduced to Cu(I).76 Interestingly, both molybdenum(VI) and molybdenum(V)
form complexes with a dithiocarbamate derivative of Pro. Reaction of the ligand
with sodium molybdate leads to the formation of a biscomplex in which molyb-
denum can be found in its �6 oxidation state. The oxidation state of the metal
centre, however, is �5 in the dimeric complex formed in the reaction of MoCl5
with the dithiocarbamate in an inert atmosphere. The ligand is coordinated
through its sulfur atoms in both types of complexes.77 Complexes of the herbicide
glyphosate, N-(phosphonomethyl)glycine, with various metal ions have already
been studied. In a recent work, investigation of its complexes formed with a series
of Group 2 (alkaline earth) metals has been carried out. It was found that
although the general formula of the complexes formed with Ca(II), Sr(II) and
Ba(II) is the same, [M(HL)·2H2O], only the structures of strontium glyphosate
dihydrate and barium glyphosate dihydrate are the same, the structure of the
calcium complex differs significantly, and all are different from the magnesium
analogue, [Mg(�3-OH)4(H2O)12]·[Mg2(L2)(�-HL)(H2O)2].78

Several papers discuss results for oxovanadium(IV) complexes of N,N�-
ethylenebis(amino acids).79—81 Both the structures by X-ray and the insulin-
mimetic activity of the complexes synthesized have been investigated. Schematic
description of the bonding mode in the complexes is shown in (9) (n � the
number of H2O molecules in the complexes prepared).80

Both solution and solid state investigations on the metal complexes of several
new N-protected amino acids, where the substituents are N-2-(4-amino-1-
methyl-5-nitroso-6-oxo-1,6-dihydropyrimidinyl), N-2-(4-amino-1,6-dihydro-1-
methyl-5-nitroso-6-oxopyrimidinyl), N-2-(6-amino-3,4-dihydro-3-methyl-5-nit-
roso-4-oxopyrimidinyl), N-(6-amino-3,4-dihydro-3-methyl-5-nitroso-4-oxo-
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pyrimidin-2-yl) moieties, have been carried out. Since these ligands are able to
coordinate to metal ions through the pyrimidine fragment and/or the amino acid
moiety, they form metal complexes with different patterns ranging from mono-
nuclear to 1D, 2D and 3D polynuclear.82—85

Numerous complexes of amino acid-based Schiff bases with variousmetal ions
such as Cu(II), Ni(II), Zn(II), Pb(II), Sn(IV), V(IV), lanthanide ions were pre-
pared.86—96 All kinds of the natural amino acids have been used to synthesize
Schiff bases. The new compounds prepared show different biological effects and
are all very effective metal chelators. Moreover, their metal complexes are
potential models for a number of important biological systems. Copper(II)
complexes of the Schiff base formed by the reaction of salicylaldehydewith -Ser,
[Cu(Sal-(-Ser))H2O]·H2O and [Cu(Sal-(-Ser))(2-amino pyridine)] have been
prepared and characterized by X-ray diffraction. The interesting crystal struc-
ture of the binary complex consists of polymeric chains in which the coordina-
tion sphere of eachCu(II) is apically completed by a weakly bonded oxygen atom
of the hydroxyl residue of an adjacent complex unit. The zig-zag chains interact
by means of the carboxylate and the hydroxylic oxygen of one Ser moiety and
two water molecules of the other unit (10).86

In order to study the relationship between structure and magnetic properties,
a series of tridentate Schiff bases were prepared and their copper(II) complexes
were characterized. The ligands were obtained by the condensation of amino
acids �-Ala, ,-3-aminobutyric acid, 4-aminobutyric acid and 2-aminobenzoic
acid, with 2-imidazole- or 2-pyridinecarboxaldehyde. Direct influence of the
amino acid side chains on the structure of copper(II) complexes was observed.
Thus, where the amino acid chain contains two carbon atoms between the amino
and carboxylic groups, helical-chain complexes are obtained; with three carbon
atoms, the chain has sufficient flexibility to form a cyclic tetranuclear structure.
All of these complexes exhibit weak ferromagnetic exchange interactions. Mol-
ecular structure of the tetranuclear copper(II) complex with the 4-aminobutyric
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acid derivative is shown in (11).87

Several additional copper complexes with Schiff bases were found to show
helical arrays in their crystals. The helical chain of the complex formed with
N-[(5-methylimidazol-4-yl)methylene]-�-alanine is demonstrated in (12).88

Due to the discovered insulin-mimetic activity of some vanadium complexes,
great effort is being made to find subsequent highly active, easily absorbable and
low toxicity complexes. Well-chosen Schiff base complexes could be suitable
candidates. A range of oxovanadium(IV) complexes of varying lipophilicity was
prepared and characterized by using different methods. The complexes contain
coordinated Schiff bases made from natural amino acids Gly, Ala, Val, Leu, Ile,
Met, Phe, Thr, Asp andHis, salicylaldehyde or derivatives, and one simple ligand
like water, bpy or pyridine. In several cases, the solubility of the compounds from
racemic amino acids was found to differ markedly from those containing the
single enantiomer.95
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A large number of organometallic compounds containing amino acids/deriva-
tives have been studied.97—104 The reactions of the chloro-bridged complexes
[(p-cymene)RuCl2]2 and [(C5Me5)IrCl2]2 with 3-(3-pyridyl)--alaninate resulted
in the formation of mononuclear half-sandwich complexes in which the amino
acid is coordinated via its amino N atom and one of the carboxylate oxygens.
Each complex contains one Cl— anion coordinated to the metal ion. Abstraction
of the chloride, however, allows the coordination of the pyridine N atom and
dimers are formed. The structure of the Ir(III)-containing dimer is shown in
(13).97

Ternary complexes are formed between amino acids and the newly syn-
thesized chiral ortho-palladated palladium complex (S)-
[Pd�C6H4(CH(CH3)N(CH3)2)-C,N�Cl]2 when this complex is used as a reagent
for the determination of the enantiomeric ratio of the amino acids.98 Or-
ganometallic labelling of amino acids and derivatives has recently gained con-
siderable attention.101—103 �-Amino acid esters were added to a carbonyl ligand of
[CpFe(CO)3]CF3SO3 to get the corresponding carbonyl complexes. The reaction
is suggested for marking peptides at the amino end (14).101

In another paper, a general way of attaching amino acids to ferrocene deriva-
tives by means of a Pd-catalysed two-step procedure for marking amino acids at
the C-terminus is discussed.102

Because of their unique photophysical properties, polypyridyl ruthenium
complexes find an increasing interest as luminescent structure/function sensors
in the chemistry of biological macromolecules.105,106 A series of Ru(bpy)3-sub-
stituted amino acids (15) were prepared and investigated by steady-state and
time resolved luminescence spectroscopy in a recent paper.
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Due to the absence of significant electronic interactions between the ruth-
enium chromophore and the amino acid moieties, the absorption spectra of the
studied complexes did not change as a function of pH. The luminescence inten-
sities of the complexes, however, showed a marked dependence on pH. The
results demonstrate how the protonation (or deprotonation) of a remote amino
acid group can significantly modify the photophysical properties of a chromo-
phore linked to a biologically relevant molecule.106

Sodium and potassium and, to a lesser extent, lithium are known to have
important effects in biological systems. To gain a better understanding of the
interactions of these metals with large biological molecules, several studies on
model systems have been carried out.107—116 For example, the complexes of
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,-homocysteic acid with Na�, K� and Ca2� were synthesized and studied by
FTIR and FT-Raman spectroscopic methods. The results show that the car-
boxyl and sulfonate groups are both coordinated to these metal ions.107 The
suggestion that the aromatic side chains of Phe, Trp and Tyr should be strong
donors for Na� and K� in biological systems has initiated studies on such
interactions.108,109 With the help of a synthetic receptor molecule incorporating
phenolic side chain of Tyr, the first evidence for K�—� interaction has been
observed recently.108 In numerous cases theoretical calculations have been per-
formed to establish alkaline affinities of various amino acids such as
Gly,110,111,115,116 Ala,111,115 Ser,110 Pro,110 Arg,112,113 Phe,114 Trp,114 Tyr,114 in the gas
phase. In several cases, theoretical calculations are combined with investigations
performed in the gas phase. The importance of mass spectrometry is increasing
rapidly in this field, largely due to the emergence of electrospray ionization (ESI)
and matrix-assisted laser-desorption ionization (MALDI). Mass spectrometry is
a uniquemethod because of its intrinsic sensitivity and molecular specificity, and
because the interactions are studied in the absence (or using small controlled
amounts) of solvent. Ab initio and molecular mechanics calculations have also
been made for some other systems such as zinc(II)-Gly,117 copper(I)-Val, -Lys,
-Arg,118 aluminium(III)-Asn and -Gln,119 magnesium(II)-Asn and Gln,119 and for
the interaction of Gly with alkaline earthmetal ions120 and a series of amino acids
with copper(II).121 Ligand field calculations for several Cr(III) complexes of Gly,
Ser and Leu have been performed.122

2.2 Solution Equilibria. — In addition to pH-potentiometry, different spectro-
scopic methods, e.g. UV-visible, IR, NMR, EPR, electrochemical methods (in-
cluding a quite new technique, capillary electrophoresis) and calorimetry were
used to determine the stoichiometry, stability, thermodynamic data and bonding
mode of species formed in solution. In many papers both solution and solid state
results are discussed. Owing to the permanent interest in these kinds of studies
for several decades, an enormous amount of data was previously determined
especially for simple binary systems. In spite of that fact, numerous data formetal
ion—amino acid binary systems appeared during the period of this coverage.
Equilibrium results for metal complexes of interesting derivatives of amino acids,
and for ternary systems have been published, andmolecular recognition problem
has attracted special interest in recent years.
Within the subject of complex formation between metal ions and simple

natural amino acids, different motives have initiated reinvestigations of some
previously studied systems.123—128 For example, to study the effect of surfactant
micelle on the stability constants, Cu(II)-Gly and Cd(II)-Gly systems in the
presence of sodium dodecyl sulfate and cetylpyridinium nitrate ionic surfactants
were investigated.123 Solution equilibrium studies on copper(II)-Orn and cop-
per(II)-Lys systems have already been carried out. In a recent work, results of
combined potentiometric, calorimetric, UV-visible and ESRmeasurements have
provided further support for the coordination of the side chain amino group in
the copper(II)-Orn complexes only.125 Non-covalent interactions play an import-
ant role in many biological processes such as molecular recognition, enzymatic
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reactions and protein structure stabilization. The guanidinium group in the side
chain of Arg may have vital functions in specific non-covalent interactions. In
order to study this problem in more detail, spectroscopic and potentiometric
measurements for the copper(II)--Arg and copper(II)--Lys systems using 0.1M
guanidinium chloride as a background salt were performed. Well-defined ad-
ducts between the copper(II)--Arg complexes and guanidinium cations were
found. The complexes containing -Lys, however, did not show such an interac-
tion. In this work ternary complexes were also investigated andNMR results for
the platinum(II)-phen--Arg system suggested the formation of different adducts
with different self-association constants (log KD). One type of adduct, shown in
(16), involves Arg guanidinium . . . H2O . . . Arg guanidinium interaction.127

Some new thermodynamic data for the Zn(II)-Hys 1:1 complexes formed in
presence of counter anions SO4

2— , NO3— , OAc— and Cl— , were determined.128 In
spite of the great interest in vanadium complexes, very few equilibrium studies
for vanadium—amino acid systems have been performed so far. Investigations on
V(V)-Asn129 as well as on V(IV)-Asp and V(IV)-Glu systems130 produced some
new data in this field. Simple amino acids are not the best ligands for typical hard
metal ions such as lanthanides. Moreover, the great affinity of these hard metal
ions toward hydroxide ion makes the equilibrium systems quite complicated.
Eight amino acids and lanthanum have been involved in a recent calorimetric
work in which the stability constants and thermodynamic functions have been
determined. The enthalpy changewas found to be a predominant contribution to
the stability of the complexes. The higher stability of the 1:1 complexes formed
with ring-containing amino acids was assigned to the interaction between the
ring and lanthanum.On the other hand, steric effects between the rings led to the
significantly less favoured coordination of ‘second’ ligands.131 Eu(III)-Gln and
Eu(III)-Ser solution equilibrium systems have been investigated in another
study.132 Traditionally, the very inert platinum(II) is modelled by palladium(II) in
studies, still there are relatively few publications describing solution equilibria of
palladium(II)-amino acid systems. Potentiometric and spectrophotometric
measurements were used to calculate the stability constants and determine the
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bonding modes of the palladium(II) complexes with sulfur-containing amino
acids and derivatives, e.g. -cysteine, ,-penicillamine, S-methyl--cysteine,,-
methionine, ,-ethionine. As had been expected, thiolate and thioether sulfur
atoms play an essential role in the complex formation in the systems studied. A
comparison between the stability constants of the Pd(II) complexes and the
corresponding Hg(II) ones revealed the higher stability of the Pd(II) com-
plexes.133 1H, 13C and 195Pt NMR studies provided results for transformations of
Pd(II) and Pt(II) complexes with Gly and Ala in DMSO and H2O solvents.134,135

-Mimosine, �-amino-�-(3-hydroxy-4-oxo-1,4-dihydropyridin-1-yl)pro-
panoic acid is a relatively rare plant �-amino acid. This molecule contains two
different chelating residues, therefore, alternative coordination modes are avail-
able for metal binding. While the maltol-like coordination mode was found with
V(IV) and Zn(II), the mixed-type bonding mode was preferred in the Ni(II)
complexes. The very stable dinuclear complex involving both maltol-type and
amino acid-type chelates is predominantly formed in the copper(II)--mimosine
system (17).136

Most equilibrium studies have been performed in aqueous solution and only a
few stability constants have been determined in mixed solvents.137—139 A spec-
trophotometric method was used to study the complexation between Leu and
dioxovanadium(V) in methanol—water and dioxane—water mixtures and linear
relationshipswere observedwhen logarithmic stability constants were plotted vs.
1/D values (D � dielectric constant).137

Metal complexation of numerous interesting derivatives and analogues of
amino acids were investigated during the period reviewed. Close correlation is
often found between the protonation constants of ligands with similar structures
and the formation constants of their complexes. This type of correlation relating
to Cu(II) complexes of Gly and a series of its N-alkylated derivatives was
evaluated in a recent publication.140 Aminoalkylphosphonic acids are broadly
defined as amino acid analogues in which one or more carboxylic groups are
replaced by phosphonic or related functions. Owing to the biological importance
of such studies, many solution equilibrium investigations on themetal complexa-
tion of different aminophosphonic and aminophosphinic acids have been made
during the last few decades. Most of the results published before 2000 have been
summarized in a recent review.8 In more recent papers Mn2�, Co2�and Ni2�, as
well as Ca2�, Mg2� and Zn2� complexes formed with a series of aminodi-
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phosphonates, have been studied by potentiometric and different spectroscopic
methods.141,142 Pure phosphonate coordination was found in most cases, but
tridentate bonding via two joined five-membered chelates predominated with
zinc(II), except in more concentrated solutions of the zinc(II)-N-methyl-
iminodimethylene-diphosphonic acid and the zinc(II)-iminodimethylene-
diphosphonic acid systems, where interesting polymeric species were formed
(18).141 According to other results, the involvement of pyridine, pyrazole or
imidazole moieties in the side chains of aminomethylphosphonates increases
considerably the copper(II) binding power of the ligands. The most stable
complexes were found with the imidazole-containing derivative.143

Two sarcosine and -proline ‘units’ are linked together with a bis(methylene)-
phosphinate group in two new ligands (19). The complexation properties of these
ligands towards Mg(II), Ca(II), Cu(II), Zn(II), Cd(II) and some lanthanides have
been investigated. The in-chain phosphinate group was found to participate in
complex formation with all metal ions except Cu(II). Most probably, it is the
tetragonal structure of the Cu(II) complexes that is responsible for this differ-
ence.144

Hydroxamic acid derivatives of amino acids have many effects on biological
systems and at the same time they are very effective chelating agents. That may
be the main reason why there has been special interest in metal complexation
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studies of aminohydroxamic acids for decades. These ligands are known to
coordinate ‘soft’ metal ions via their amino-N and hydroxamate-N atoms and
‘hard’ metal ions via their hydroxamate oxygens. In molybdenum(VI)-�-
aminohydroxamate complexes interesting changes in the coordination mode
with changing pH were found. While two ligands through their hydroxamate
oxygens are coordinated to aMoO2

2� core in the acidic pH-range, one ligand via
its amino-N and hydroxamate-N atoms is coordinated to a MoO3 core at
neutral pH and in slightly basic solutions.145 On the other hand only the hy-
droxamate oxygens are coordinated to vanadium(V) in the pH-range 2.5—10.5.146

2-(Hydroxyimino)propanohydroxamic acid (an analogue of alanine) contains
five potential donor atoms, three oxygens (one oximic and two hydroxamic) and
two nitrogens (one oximic and one hydroxamic). This rather unusual donor
arrangement makes this small molecule a very effective ligand for many metal
ions, including aluminium(III),147 nickel(II) and copper(II).148

Numerous solution equilibrium studies for ternary systems have been made
over the last two years.149—185 If one looks at the subject of the corresponding
papers, it seems as if bpy, tren and other simple amine ‘secondary’ (B) ligands
have been used in somewhat fewer investigations than before, but they are still
involved in many studies.149,150,163,166 On the other hand, ‘more bio’ B ligands such
as vitamins B1,167 B5,174 B6,156,177 folic acid,173 ATP,153 inosine, cytosine171 have been
increasingly chosen. Compared to the numerous stability constants published
during the period of coverage, there are far fewer examples of thermodynamic
data.152,167,174 The factors affecting the stability of ternary metal complexes, such
as electrostatic, hydrophobic or steric interection between the ligands, have been
extensively studied and, in many cases, the bonding modes have also been
discussed. Due to the hydrophobic interaction or the aromatic ring stacking,
stability-enhancement is often displayed by ternary complexes involving aro-
matic B ligand such as bpy, phen or their derivatives.149,157,166,167,176 2,2�-
Dipicolylamine, similar to bpy, has two heteroaromatic pyridine donors. Based
on the result that its copper(II) complexes containing aromatic amino acids are
significanly more stable than the complexes containing alkyl or hydroxyalkyl-
substituted amino acids, the presence of intramolecular interaction between the
hydrophobic moiety of 2,2�-dipicolylamine and the aromatic side chains in the
solution was suggested. In solid state, however, no intramolecular ring stacking
between the pyridine ring of 2,2�-dipicolylamine and the phenyl ring of /-Phe was
found. Instead of this, intermolecular stacking was observed between the pyri-
dine rings of adjacent complex molecules.151 Cyclic voltametric results indicated
that the strong charge-transfer interaction between the sulfur atom of Cys as
electron donor, and the pteridine ring of folic acid as electron acceptor, is the
main component of the forces holding together an interesting adduct in the
Cd(Cys)2-folic acid system. The observed interactions may serve as a simplified
model of processes occurring between folates, proteins and metal ions in living
systems.173

Molecular/chiral recognition problems are always the focus of interest. Conti-
nuing efforts to develop an artifical water-soluble receptor comparable to pro-
teins has resulted in a series of zinc(II) complexes of porphyrin based compounds
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with a hydrophobic binding pocket. These receptor molecules were found to
bind various amines, �-amino acid esters and oligopeptides with high selectiv-
ity.179 Unsymmetric tetraphenylporphyrin derivative bearing a carboxyl group
at one of the four phenyls in the porphyrin was constructed in another study. An
interesting type of binding of amino acid ethyl esters to the zinc(II) complex of
this new porphyrin derivative (20) was found.180

Enantioselective complexation of amino acids by chiral selector complexes
has been investigated in some laboratories.159,181,182 Chiral recognition of �-amino
acid esters on the homochiral helical dimer of the zinc(II) complex of linear
tetrapyrrole (zinc bilinone) has been achieved recently.181 Studies of complex
formation between metal(II) complexes of 6(A)-deoxy-6(A)-hydroxyethyl-
amino-�-cyclodextrin and various amino acids have been carried out. The most
stable ternary complexes were formed if copper(II) complex was used as a
selector, but the greatest enantioselectivity was found with the nickel(II) com-
plex, and none with the zinc(II)-cyclodextrin complex. These results led to the
conclusion that there is no direct correlation between the stability of the com-
plexes and the selectivity achieved.159 In another study it was found that the
enantioselectivity of binding amino acids to chiral copper(II) complexes was
highly affected by the size and the character of side chains.182 Macrocyclic
polyamines are versatile chelating agents. The dinuclear copper(II) complex of
the macrocyclic ligand 3,6,9,17,20,23-hexaazatricyclo[23.3.1.111,15]triaconta-
1(29)11(30),12,14,25,27-hexaene was used as a host molecule for various amino
acids (21).161,162 If Ala, Val, Leu, Nle, Nva and Ser were used as guest ligands, due
to the large inductive effect and the linear structure of the side chain of Nle, this
latter ligand formed the most stable complexes.161 Additional donor groups in
the amino acids such as �-carboxylate of Asp and imidazole of His have a strong
effect on the interaction.162

Some new results for solute—solvent interactions were obtained when solubil-
ity measurement technique was used to study the interaction between different
salts and different isomers of tris(-amino acidato)cobalt(III) complexes in sol-
ution.186,187

2.3 Kinetic Studies. — Most of the kinetic works on metal ion—amino
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acid/derivative complexes deal with oxidation of amino acids by high oxidation
state metal ions.188—209 Frequently used oxidizing agents are permanganate (both
under acidic and basic conditions),190—192,195,196,203,206,208 vanadium(V),189,193,194,198,204

osmium(VIII),197 chromium(VI),201 diperiodatonickelate(IV)202,205 and
diperiodato-argentate(III).188 Diperiodatoargentate(III) was used to oxidize Gly
but the actual reactive species was [AgIII(H2IO6)(H2O)2]. Initially the reactive
species binds one Gly, probably through the amino N atom, in a fast step to
produce Ag(III)-monoglycinato complex. Then this intermediate takes up an-
other ligand. The biscomplex is decomposed by transference of an electron from
the ligand to the silver(III) centre. The silver(II) intermediate thus formed oxi-
dizes another ligand attached to the complex yielding eventually the products of
decarboxylation and deamination.188 In view of the toxic effects and antitumour
activity of some gold(III) compounds it is important to understand the chemistry
of Au(III)-biomolecule interactions. Surprisingly, the first results for Au(III)-
induced oxidation of Gly were published only recently.207 NMR investigations of
otopically-labelledGly showed deamination of the amino acid with formation of
glyoxylic acid, NH4

�, formic acid, CO2 andmetallic gold. The proposedmechan-
ism is shown in Scheme 2.
Several papers discuss oxidation of Cys/derivatives by alkaline permanga-

nate,208 potassium ferrate209 or dioxygen.210—212 Kinetic data for the oxidation of
-Cys by alkaline permanganate suggest that the oxidation proceeds via the
formation of a complex between -Cys and permanganate which decomposes
slowly, followed by a fast reaction between the free radical of -Cys and another
molecule of permanganate to give the products.208 Studies on copper-catalysed
oxidation of Cys resulted in the interesting conclusion that catecholamines,
including epinephrine, norepinephrine, dopamine and dihydroxyphenylalanine
accelerate the oxidation of Cys under aerobic conditions, while they have no
effect under anaerobic conditions. On the other hand, phenolic amines such as
tyramine and tyrosine neither accelerate nor inhibit the autoxidation.211 OsO4

catalysed oxidation of Met by an organic agent chloramine-T in alkaline me-
dium has also been investigated.213 Similarly, some new results for metal ion
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catalysed reduction of amino acids have been published.214,215 Since �-hy-
droxylated �-amino acids are common building blocks of bioactive compounds,
a number of methods for stereoselective synthesis of such compounds have
already been developed. In a recent paper, a manganese(II) chloride-catalysed,
highly stereoselective direct reductionmethod was published for the reduction of
�-aryl-�-oxo-�-amino acids to �-hydroxylated �-amino acids.214

Platinum(IV) complexes undergo ligand substitution reactions much more
slowly than their platinum(II) analogues, and are therefore usually seen as
prodrugs for platinum(II) compounds. For this reason, the platinum(IV) species
can be activated by reduction to their platinum(II) analogues. Since thiol- and

5: Metal Complexes of Amino Acids and Peptides 317



thioether-containing biomolecules are amongst the major cellular reductants,
sulfur-containing amino acids and derivatives were chosen to investigate the
kinetics of reduction of some platinum(IV) prodrugs. It has been found that the
reduction is strongly pH dependent, being related to the protonation state of the
amino acid and the basicity of the sulfur.216,217 Reactions of some hydrolytic
products of cisplatinwithMet and Cys showed significant differences.WhileMet
is unreactive toward cis-[PtCl(OH)(NH3)2] at pH� 7, Cys reacts readily and a
sulfur-bridged dimer (22) is predominantly formed.218 Similar differences between
the reactivity of Cys and Met toward [Pd(Cl)(terpy)]� were observed. S-
Methyl--Cys, likeMet, was also unreactive toward [Pd(Cl)(terpy)]� at pH� 7.
All these results confirm that the methyl substituent of the sulfur atom is
responsible for the differences, because it hinders the formation of the sulfur-
bridged dimeric species.219

Some new results for substitution reactions involving amino acid complexes
appeared in the period of coverage.220,221 The substitution reactions on cis-[Pd(-
His)(H2O)]2� by chloride and nucleobases and dinucleotides have been studied.
Since irreversible polymerization reactions hindered the studies at neutral pH,
the measurements were made in acidic solutions (in the pH range 1—3).220 The
kinetics of the reaction of [Cu(biguanide)2]2� with an excess of different amino
acids like �-Ala, -Phe and -Val have been investigated in aqueous solution. In
all these systems, the ligand replacement process was suggested to pass through
an intermediate formation of the ternary complex as the rate determining step,
followed by the rapid transformation into the [Cu(amino acidato)2] complex.
The reactivities were compared with those of some other ligands and, as a result,
the following reactivity order was found: Gly� �-Ala� �-Ala� Val� Leu.221

Additional kinetic studies resulted in some new data for complexation of chro-
mium(III) with ,-Leu,222 nickel(II) and cobalt(II) with -2,6-diaminocaproic
acid,223 for metal ion catalysed oligomerization of -�-carboxyglutamic acid.224

Rate constants were determined by means of optical rotation measurement for
isomerization processes taking place in partially resolved [Ni(phen)2(S-amino
acid)] systems.225

2.4 Synthetic, Analytical and Biomedical Applications of Amino Acid Com-
plexes. — A huge number of papers published during the past two years can be
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associated with these subjects. However, many of them are beyond the scope of
this chapter or are summarized in other parts of this volume, e.g. in those dealing
with different metal ion catalysed routes of synthesis to various amino acids.
Consequently, here only several papers being closely related both to metal
complexation and application of amino acids/derivatives are mentioned.
The influence of amino acids coordinated to metal ion catalysts on the rate

and particularly the enantioselectivity of organic reactions is extensively studied
nowadays. The effect of a series of diamines and �-amino acids on the rate and
enantioselectivity of the Ni(II)- and Cu(II)-catalysed Diels—Alder reaction be-
tween 3-phenyl-1-(2-pyridyl)-2-propen-1-ones and cyclopentadiene in water has
been investigated in a recent paper. Interesting ligand accelerated catalysis has
been observed for several aromatic �-amino acid ligands, which can be assigned
to arene—arene interaction between the aromatic ring of the �-amino acid and
the pyridine ring of the dienophile in the ternary complexes formed in the
systems. Four different geometries can be adopted in the ternary complexes.
These geometries differ with respect to the coordination environment around the
central copper ion (cis or trans) and the conformation of the �,�-unsaturated
ketone (cisoid or transoid) (23a,b,c,d). Due to a steric repulsion which arises
between the pyridine �-hydrogen atom of the dienophile and the methyl group of
the �-amino acid in the cis complexes (23a and 23c) and which is absent in the
trans complexes (23b and 23d), N-methylation of amino acids significantly
influenced the enantioselectivity.226

Nickel(II) complexes of Gly based Schiff bases were used to develop a practical
method (proceeds at room temperature) for stereo-controlled synthesis of 3-
substituted pyroglutamic acids. The diastereomerically pure intermediate (24)
can be easily decomposed to the final products.227

Enantioselective reduction of prochiral ketones by chromium(II)—amino acid
complexes were performed in other studies.228,229 Zinc(II) complexes formed with
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enolates of different N-protected amino acid esters were used as nucleophiles in
palladium-catalysed allylic substitutions. Tfa (� trifluoroacetyl moiety) is the
protecting group of the ligand in the complex shown in (25).230 Development of
chiral building blocks for transition metal catalysts and biomimetic assemblies
was the main goal when chiral quadridentate derivatives of -Phe and -Lys
were synthesized and their zinc(II) complexes were prepared.231

To monitor structural organization of chiral molecules during the early stages
of crystal nucleation is of importance in pure and applied sciences. Clusters
formed in supersaturated solutions play an ubiquitous role in crystallization
processes. One way to obtain information on interactions between clusters and
chiral molecules is by studies on the oriented growth of crystals at an
air—solution interface. Interaction between clusters of polar headgroups of
monolayers of the copper complexes of S-Cu-S� and S-Cu-R� and water soluble
copper complexes S�-Cu-S� and R�-Cu-R� were investigated (where S represents
enatiomerically pure (S)-palmitoyl-N�-Lys and S� and R� represent chiral resol-
ved (S) and (R) forms of Ala, Ser or Val). According to the results, the S-Cu-S� and
S-Cu-R�monolayers have different structures (26) and the S�-Cu-S� biscomplexes
can enantioselectively bind to the periphery of the domains of the cis-S-Cu-S�
monolayers, but not to the trans-S-Cu-R�.232

Due to the explosive growth in interest in the synthesis and application of
enantiomerically pure compounds, analytical methods for the separation and
determination of enantiomers have also become very important in the past few
years. Some new methods are now available for this determination by means of
various chiral metal complexes, using first of all NMR, CD and MS
methods.233—239 Isomeric amino acids Leu and Ile can be readily distinguished and
quantified in 90:10 to 10:90mixtures byMS2 andMS3 tandemmass spectromet-
ric dissociation of their ternary complexes formed with copper(II) and bpy.240

Relatively stable five-coordinated trigonal-bipyramidal [Pd(pp3)X]-type com-
plexes (where pp3 � tris(2-(diphenylphosphino)ethyl)phosphine, X � Cl— , Br— ,
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I—) can selectively discriminate the thiolato sulfur atom from the other donor
atoms of amino acids. This discrimination is based on the sulfur coordination in
the axial position and it is suggested that the method be used for the separation
and determination of -Cys or glutathione. The oxidized form of glutathione
which has a disulfide bond instead of the thiolate group, does not react to form a
thiolato complex.241 In many cases, ternary complex formation and ligand ex-
change processes constitute the chemical basis of the new methods developed for
chiral separation of various amino acids.242—245

The biological importance of metal complexes of amino acids has initiated
numerous studies. Some of the previous results are discussed in a special issue of
Chemical Reviews,246 others are cited in the former parts of this chapter. Some
additional papers presenting different biological models247—251 or discussing in
vivo effects of metal complexes of amino acids/derivatives are mentioned
here.252—263 Far-advanced self-organized structures exist in many biological sys-
tems. Self-organization and structure-determining factors in the [Cu(- or -
Arg)2]2�-containing systems in the presence of dinegative tetrahedral anions
such as sulfate, 1,3-benzenedisulfonate (m-bs2— ), isophthalate (m-pa2— ), pyridine-
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2,6-dicarboxylate (2,6-dp2— ), pyridine-3,5-dicarboxylate (3,5-dp2— ), were clarified
in the solid state by X-ray and in solution by various spectroscopic methods.
Depending on the nature of the anion, self-organized right- and left-handed
double-helical, right-handed single-helical, and layer structures were formed
(Scheme 3).247

The stacking of parallel base pairs in DNAwasmodeled by a ternary complex
of Phe, �-�-[Co(N,N�-dimethyl-N,N�-di(2-picolyl)-1R,2R-diaminocyclo-hexa-
ne)(S-Phe)](ClO4)2·H2O. The strong intramolecular �—� interaction existing in
the complex is shown in (27).247

In a few cases metal complexes have been studied as models for active centres
of various metalloenzymes or other biomolecules.249—251 Antitumour, antibac-
terial effects of several metal complexes of amino acids/derivatives have recently
been discovered. Besides some new platinum(II) and palladium(II) com-
plexes,255,256,261,262 some organotin,257 lanthanide,258 gold,259 and copper260,262 com-
plexes were also found to be biologically active. Simple amino acids as well as
derivatives, like the thiourea derivative of -Leu methyl ester262 (28) were in-
volved in these studies.
Several newly synthesized oxovanadium(IV) complexes of N-substituted

amino acids are suggested as antidiabetic agents and antihypertensives.263

3 Peptide Complexes

3.1 Synthesis and Structural Studies on Peptide Complexes. — A great number
of new peptide complexes containing a wide variety of metal ions have been
synthesized and structurally characterized in the past two years. These studies
were mainly devoted to the complexes of metal ions with outstanding biological
significance and the roles of various strongly coordinating side chain residues of
peptides. Widespread clinical applications of platinum complexes in cancer
chemotherapy resulted in many publications on the platinum(II/IV) and pallad-
ium(II) complexes of peptide ligands.264—268 It is clear from these studies that
simple dipeptides are very efficient and versatile ligands for the complexation
with divalent metal ions. The structures of the various species depend on several
internal and external parameters, including the presence and location of the side
chain residues and pH of the solutions. Bidentate chelation of the N-terminal
amino acid residue was described in the [Pt(L-Met-Gly)Cl2] (29) species of
L-Met-Gly as the coordination of the amino and thioether donor functions.264

The complex [Pt(-ProGly)(DMSO)Cl] (30) also contained bidentate ligands
with two nitrogen donors.264 On the other hand, the platinum(II) complexes of
Gly--His264 and Gly-�-Ala266 were described as tridentate coordination of the
peptide molecules. The coordination of 3N donors was suggested in the complex
[Pt(Gly--His)Cl] (31), while K[Pt(Gly-�-Ala)Cl] (32) was characterized by the
(NH2,N—,COO—) binding sites in fused five- and six-membered chelate rings.
The platinum(II)—ligand bond lengths have been compared with those re-

ported earlier and the role of Pt—S bond in the toxicity of cisplatin has been
discussed.264 Several platinum(IV) complexes of dipeptides have also been pre-
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pared and structurally characterized by 195Pt and 13C NMR measurements. The
biological activities of the complexes were also tested and selective inhibition of
fungal cells was suggested.265

Compounds of vanadium are essential nutrients for higher animals, while in
humans they show insulin-like properties. As a consequence, a huge number of
vanadium complexes have been prepared in the past few years, including those of
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amino acids, peptides and related ligands. Schiff bases derived from the reaction
of salicylaldehyde and simple dipeptides proved to be very efficient ligands to
bind oxovanadium(IV), although the amide groups were not considered as metal
binding sites.269 The formation of a relatively stable adduct with the
stoichiometry Rb2H4V10O28·2Gly-Gly·2H2O has been detected in the reaction of
decavanadate ion with glycylglycine. A direct vanadium—peptide bond was not
observed in this species and the peptide molecules interacted via hydrogen
bonding with the polyanion.270 Density functional theory computations were
used to describe the binding modes between vanadate and glycylserine. In
agreement with previous experimental findings, the coordination of the oxygen
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donors of the carboxylate or alcoholic functions was suggested in isomeric
species.271 It has been shown by several studies that glutathione as a complexing
and reducing agent plays an important role in the biochemistry of vanadium.
The oxovanadium(IV/V) complexes of sulfhydryl-containing pseudopeptides
and dipeptides were studied recently to mimic the binding patterns of
glutathione.272,273 It is clear from these studies that ligation of vanadium(V) to
glutathione is possible at physiological pH, which is then followed by the
reduction to vanadium(IV). The resulting oxovanadium(IV) species form stable
complexes with sulfur-containing peptides in which the deprotonated sulfur,
amide and carboxylate functions are the major metal binding sites. This binding
mode can be best represented by the solid state structure of the mixed ligand
complex (33) containing an oxovanadium(VI) core and 1,10-phenanthroline and
N-(2-mercaptopropionyl)glycine as ligands.272,273

New diorganotin(IV) complexes of several simple dipeptides have been pre-
pared and characterized by various spectroscopic techniques.274 The monomeric
1:1 complexes have distorted trigonal pipyramidal structure with cis-equatorial
organic groups (34). Antimicrobial and antiinflammatory activities of the com-
plexes have also been tested.
Metal complexes of peptides containing histidyl residues continue as the focus

of interest. The peptides His-Pro-Gly-Ala-His and Pro-Gly-Ala-His were reac-
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tedwith various palladium(II) and platinum(II) complexes containing one or two
free coordination sites (e.g. [Pd(dien)]2� and [Pd(en)]2�). 1H, 13C and 195Pt NMR
measurements indicated that histidyl imidazole-N donor atoms are the major
metal binding sites at any pH value. Monodentate binding of the imidazole
residues resulted in the formation of N(1)- and N(3)-bonded isomeric species, but
the imidazole-bridged dimeric and (NH2,N(3))-chelate complexes were also de-
tected.275 Diorganotin(IV) complexes of -Met-His have been synthesized and
the crystal structure of [Me2Sn(Met-His)]·0.5MeOH determined by X-ray dif-
fraction. Terminal amino, deprotonated amide and carboxylate functions were
described as the metal binding sites, similarly to simple dipeptides (as shown by
(34)) suggesting that neither the imidazole nor the thioether groups were in-
volved in metal binding.276 To investigate the binding modes of copper(II) in
human prion proteins the terminally blocked octa- and tetra-peptides, Ac-
HHGGGWGQ-NH2 and Ac-HGGG-NH2 respectively, have been synthesized
and their complexes studied by CD and EPR spectroscopic techniques. It was
found that the octapeptide had a uniquemetal ion coordination site containing a
square pyramidal geometry with three amide nitrogen atoms and one oxygen
atom at the edges of the equatorial plane and a further nitrogen atom apically
linked.277

The abundance and outstanding biological significance of imidazole binding
in metalloproteins resulted in the synthesis of many related ligands. Copper(II)
complexes of N,N�-ethylene-bridged histidyl-tyrosine derivatives were prepared
as models of galactose oxidase. Mononuclear, square pyramidal complexes were
obtained in both the solid and solution states containing two histidine imidazole
nitrogen and two phenolate oxygen atoms and a water molecule in the coordina-
tion sphere of the metal ion.278 A trinucleating ligand derived from -histidine
containing two potentially tridentate amino-bis(imidazole) and one bidentate
piperazine binding site has been synthesized recently. Stereochemical properties
of copper(II) complexes were elucidated by means of UV-visible, CD and NMR
measurements and a square-pyramidal geometry of the metal ion was sugges-
ted.279

The biological significance of zinc finger peptides and metallothioneins have
given a great impetus to further studies on the metal ion—sulfur coordination. As
a consequence, large numbers of peptides containing both histidyl and cysteinyl
residues have been synthesized and their complexes were obtained with different
divalent metal ions.280—283 The 34-residue peptide NZF-13 corresponding to the
residues 543—577 of the NZF-1 protein and containing the CCHHC zinc binding
domain was prepared and characterized.280 It was found that the peptide binds
cobalt(II) and presumably zinc(II) in a tetrahedral site via the three Cys and one
of the His residues (His16). The replacement of His16 with Ala resulted in a
structural rearrangement involving the metal binding of the other His residue.
However, the replacement of both histidyl residues with alanine resulted in a
dramatic change of properties indicating that at least one His is required for
high-affinity metal binding. The nucleocapsid protein (NCP) fromMason-Pfizer
monkey virus (MPMV) contains the evolutionary invariant Cys-X2-Cys-X4-His-
X4-Cys zinc finger structures. Metal complexes of 18-amino-acid peptides which
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model the native zinc finger sequence have been synthesized and spectroscopi-
cally characterized. On the basis of the absorption spectra the cobalt(II) and
cadmium(II) complexes of the peptides were described by regular tetrahedral
coordination geometry. In contrast, nickel(II) complexes exhibit a single absorp-
tion band characteristic of square planar coordination geometry.281 Electrospray
mass spectrometric studies were performed on the zinc(II) complexes of zinc
finger arrays, CCCC, CCHC and CCHH. It was found that two thiolate groups
must be present to maintain the chelation with divalent zinc, while the other
cysteine residues in the array retain thiol protons.282 Spectroscopicmonitoring of
the metal binding in zinc finger peptides is a crucial point for the structural
elucidation of these complexes. It has been reported that Ultraviolet Resonance
Raman Sepctroscopy (UVRR) can be used for simultaneous monitoring of
cysteine and histidine coordination and promise a wide range of applications.283

The CXXC amino acid sequence is found in a wide variety of metal binding
proteins including MerP the mercury binding protein. The 3D structures and
metal binding affinites of the sequence were compared in a 18-residue linear
peptide and in the 72-residue protein in solution.284 The binding affinity of the
peptide was reduced by less than two orders of magnitude compared to MerP,
but the order of affinities for different metal ions was similar for the two ligands.
The chemistry of mercury(II) ions in biological fluids is dominated by the
complexes formed with thiolate ligands. Hg(II)-substituted rubredoxin has been
studied by various spectroscopic techniques and the formation of a Hg(CysS)4
centre was observed in a slightly distorted tetrahedral environment. It is inferred
furthermore that the formation of the thermodynamically stable HgS4 centre is
accompanied by rearrangements of the protein structure.285 A synthetic
tridecapeptide segment (49—61) representing the metal binding site of rabbit
metallothionein has been prepared and reacted with cadmium(II) ions. The
formation of a stable monomeric complex with 1:1 stoichiometry via thiolate
coordination of four cysteine residues was observed. Whereas the ther-
modynamic stability of the peptide complex is relatively unperturbed, the kinetic
reactivity is substantially enhanced as compared to the native protein.286 The
cadmium(II) binding properties of the C-terminal hexapeptide segment of mouse
metallothionein I (Lys-Cys-Thr-Cys-Cys-Ala) were studied by CD, differential
pulse polarography (DPP) and 113CdNMRmethods. It was found that DPPwas
an excellent complementary technique to NMR and CD in the study of com-
plexation of cadmium(II).287 Iron(II), cobalt(II) and nickel(II) complexes of a
12-residue tetracysteinyl cyclopeptide have been investigated by EXAFS
measurements. The formation of dimeric complexes was reported to contain
distorted tetrahedral structure for iron(II) and cobalt(II) and distorted square
planar stereochemistry for nickel(II).288 Thiolate ligands generally form stable
square planar complexes with divalent nickel(II) ion. However, an air-stable
nickel(III) complex with S2N2O2 chromophore has been isolated recently. The
nitrogen donor atoms of this complex come from the deprotonated amide
functions, which makes the coordination and redox chemistry of nickel-peptide
complexes more versatile.289 The interaction of NaAsO2 with polypeptides con-
taining internal Cys residues was monitored by HPLC and mass spectrometry.
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The results demonstrate that arsenic(III) is able to distort the polypeptide
structure in order to satisfy its desire to form trigonal-pyramidal thiolate coor-
dination. It was suggested that similar interactions might be responsible for the
toxicity of arsenic compounds.290

An important feature of the metal ion to peptide interaction is that it can
stabilize specific peptide conformations in both solution and solid state. A stable,
single �-helical turn (35) was formed in the reaction of [Pd(en)]2� with the
pentapeptideAc-HAAAH-NH2. The 1:1 adduct is stabilized via the coordination
of the terminal imidazole residues inducing �-helicity even in a pentapeptide.291

Metal ion coordination of oxytocin has been studied by electrospray mass
spectrometry and rationalized by molecular mechanics simulation. Dramatic
conformational changes were observed upon oxytocin coordinating to nickel(II),
manganese(II) or palladium(II).292 The interaction of calcium(II) ions with the
peptide hormone melanostatin (Pro-Leu-Gly-NH2) was followed by NMR stu-
dies. A 1:1 complex with the metal coordinated to the carbonyl moieties of Pro
and Gly residues was shown to be the major species in solution. Upon metal
complexation, substantial changes in the intrinsic chain flexibility of the peptide
and in the exchange rates between water and amide protons were detected.293 A
series of amphiphilic peptides containing the dipeptide periodicity Asp-Leu or
the tetrapeptide periodicity Leu-Asp-Asp-Leu has been synthesized. The pept-
ides adopt a random coil conformation in pure water, while the addition of
zinc(II) ions specifically induce a �-sheet structure for (Asp-Leu)n and �-helix for
(Leu-Asp-Asp-Leu)n-Asp. The addition of Mg2� and NH4

� ions has no effect,
whereas Ca2� ion has only a slight effect on conformation.294 Solution structure
of the nickel(II) complex of the N-terminal pentadecapeptide of human pro-
tamine (HP21—15) was elucidated by NMR measurements and molecular
modelling. A striking double-loop conformation was found, exhibiting the inter-
actions of the aromatic ring of Tyr8 residue with nickel(II) ion coordinated by
Arg1, Thr2 and His3 and the side chain of Arg15 residue. In this conformation all
positively charged arginine side chains can locate on one side of the molecule
providing a possibility for efficient contacts with DNA.295,296 Circular dichroism

Amino Acids, Peptides and Proteins328



andNMR spectral methods were employed to study the conformation of the free
and Ca2�-bond forms of the peptides substance-P and its inactive analogue
Ala7-substance-P. The results show that both peptides assume a helical structure
in non-polar solvents, but, compared with the native hormone, the N-terminus is
less ordered in the model peptide. Addition of Ca2� ions caused significant
conformational changes in both peptides. However, while substance-P binds two
Ca2� ions in a cooperative manner, Ala7-substance-P binds only one Ca2� ion
with a relatively weak affinity.297 Mass spectrometric techniques were used to
measure the lithium and sodium ion binding energies of N-acetyl and N-glycyl
derivatives of 14 amino acids. Comparisons of basicities with metal binding
energies indicate that the presence of a coordinating group (e.g. -OH or -COOH)
in the amino acid side chain can significantly increase the lithium and sodium
binding energies.298

It is widely accepted that in the case of small peptide molecules the formation
of stable complexes is connected to the deprotonation and metal ion coordina-
tion of the amide functions of peptides. As a consequence, a great number of
model compounds have been synthesized containing the amide and other ligat-
ing groups in chelating positions. The results obtained on the metal complexes of
these ligands make a significant contribution to the coordination chemistry of
peptides and can be used as structural models for metalloenzymes.299—305 New
chiral quadridentate ligands were synthesized in the coupling reactions of amino
acids and bis(pycolyl)amine (bpa) and their zinc(II) complexes were structurally
elucidated. The X-ray structure of [(bpa-Ac-PheOMe)(H2O)Zn]2� cation (36)
reveals a slightly distorted trigonal bipyramidal coordination environment and
these types of molecules are promising candidates for enantioselective molecular
recognition and hydrolytic studies.299

Some other derivatives of peptide or amide ligands whose metal complexes
have been structurally characterized cover several different sulfonamides,306—309

catechol-containing peptides310 and Schiff bases.311 The copper(II), cadmium(II),
zinc(II) and lead(II) complexes of N-p-tolylsulfonyl--glutamic acid have been
studied in both solution and solid state. Zinc(II) and cadmium(II) complexes
were crystallized with 1:1 stoichiometry and only the oxygen donor atoms were
present in the coordination sphere of the metal ions.306 On the other hand, the
metal ion promoted amide deprotonation and coordination were reported to
occur in the alkaline solution of copper(II), cadmium(II) and lead(II). In the
ternary systems containing 2,2�-bipyridine and the sulfonamide ligands, zinc(II)
ions were also able to induce amide coordination.307 Similar observations were
obtained for the metal complexes of N-(2-nitrophenylsulfonyl)glycine, but the
deprotonation and coordination of the amide functions were suggested for the
cobalt(II) and nickel(II) complexes, too.308

Bleomycins are glycopeptide antitumour antibiotics and their biological activ-
ity depends on the presence of metal ions and molecular oxygen. The biochemis-
try and metal binding ability of bleomycins have been reviewed,15 while the
coordination chemistry of the cobalt(III)-bleomycin system has been inves-
tigated throughNMR studies andmolecular dynamics calculations.312 A series of
tripodal peptide hydroxamate ligands have been synthesized combining
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H-(alanyl)n-�-(OH)alanyl peptides (n� 1—3) with nitrilotriacetate. These ligands
form six-coordinate octahedral complexes with iron(III) (37) in neutral aqueous
solution. The stability and chirality of the complexes formed depend on the
alanyl residues incorporated.313

3.2 Solution Equilibria – Speciation in Metal Ion–Peptide Systems. — Solution
equilibria of the systems containing the most common transition elements and
simple di-, tri- or tetra-peptides have already been well-characterized in the past
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few decades. Most of these results come from potentiometric studies and the
thermodynamic parameters and metal ion speciation are generally supported by
independent spectroscopic measurements. The last few years, however, have
brought about a significant improvement in the field of solution equilibria of
peptide complexes, too. On the one hand, several new experimental techniques
have been developed. These can be applied for the simultaneous monitoring of
both metal ion speciation and solution structure of the peptide complexes. On
the other hand, the improvement of computational methods and the more
efficient synthetic procedures for the preparation of peptides have made it
possible to study more and more oligopeptides containing a relatively high
number of amino acid residues.
A series of multi-component EPR spectra of fluid aqueous solutions were used

to characterize the metal ion speciation in various dipeptide complexes of
copper(II).314,315 The stability constants obtained in these studies showed a good
agreement with the previous potentiometric results. The major advantage of the
EPR analysis is, however, that it makes possible the detection of species present
in very low concentration or the isomeric forms of various species. Copper(II)
complexes of histidine-containing peptides were evaluated by the combined
application of potentiometric and EPR measurements. It was concluded that
EPR spectroscopy is an especially powerful technique, even at room tempera-
ture, for the characterisation of both metal ion speciation and binding sites of
copper(II) complexes.316 Visible absorption spectra of more than 100 copper(II)
complexes, including many peptides, have been analysed and a good correlation
between the spectral parameters and the metal binding sites was obtained. These
data provide a good base for the elucidation of the solution spectra of multicom-
ponent systems containing different N- and O-donor ligands.317 A fluorescence
study was performed to monitor the chelation between terbium(III) and Gly-
Leu-Phe and related peptides inmethanolic solutions. The lanthanide complexes
showed relatively high thermodynamic stability and it was suggested that the
complex formation reactions can be used to detect Gly-Leu-Phe and related
ligands.318 Isothermal calorimetric measurements (ITC) were used to determine
the thermodynamic parameters of the nickel(II) and copper(II) complexes of
histidine and its peptides, including bovine serum albumin. The experimental
conditions and applicability of the method have been discussed in detail.319

Most of the solution studies in metallopeptide chemistry were devoted to the
investigation of the role of side chain residues in complex formation processes.
Stability constants of palladium(II) complexes of peptides containing only non-
coordinating side chains have been reported recently.320 Palladium(II) is one of
the most effective metal ions to promote deprotonation and coordination of
amide functions. The outstanding thermodynamic stability of these complexes,
however, ruled out the pH-metric determination of reliable stability constants.
An indirect potentiometric method, using chloride ions in high concentration as
a competitive ligand, has been developed for the calculation of the metal ion
speciation in palladium(II)-peptide systems. The [PdH—1L]-type complexes, con-
taining the tridentate (NH2,N—,COO—)-coordinated ligands, were almost com-
pletely formed at pH 1 in the absence of chloride ion, while this process shifted to
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the pH range 1—3 upon increasing chloride concentration. In the palladium(II)-
dipeptide systems two different types of bis(ligand) complexes were detected by
pH-metric and NMR studies: [PdH—1L2] and [PdH—2L2] containing triden-
tate/monodentate and bis(bidentate) coordinations, respectively. The pH range
for the formation of the 4N-coordinated [PdH—2L2] complexes was, however,
very much influenced by the presence of the non-coordinating side chains. This
means that the deprotonation of the second amide nitrogen occurred only in
strongly alkaline solutions with the peptides containing side chains at the
C-termini (e.g. Gly-Ala), whereas this process took place at physiological pH
with C-terminal Gly residue (e.g. Ala-Gly). The palladium(II) complexes of
tripeptides were characterized by the exclusive formation of the
(NH2,N—,N—,COO—)-coordinated species [PdH—2L] at pH 4—5 in equimolar sol-
utions. The presence of excess ligand, however, resulted in the formation of
[PdH—2L2] bis(ligand) complex and according to the NMR studies this species is
a 4N complex with bidentate coordination of both ligands.320 The effect of the
C-terminal chelate ring size on the stability and coordination structure of
copper(II) tripeptide complexes was studied by potentiometric, UV-visible and
EPR spectroscopic methods. The binding mode of the major species [CuH—2L]
was described by the common (NH2,N—,N—,COO—)-coordination if the chelate
ring sizes were in the range from (5,5,5) to (5,5,7). The species [CuH—1L(OH)] was
formed with 2N coordination, if the ring size of the C-terminal chelate exceeded
the seven-membered ones.321

Potentiometric and spectroscopic studies were performed for the elucidation
of the interaction of dimethyltin(IV) cation with several amino acids, peptides
and related ligands. Complex formation was not detected with histamine and
glycylhistamine containing only N-donors. However, the deprotonation and
coordination of the amide functions were reported to occur in the dimethyl-
tin(IV)-Gly-Gly and Gly-His systems. In these complexes, tridentate
(NH2,N—,COO—)-coordination of the dipeptides was suggested and the metal
binding of the imidazole moiety was not observed in any cases.322 The coordina-
tion properties of the dipeptides Gly-Asp and Asp-Gly towards dimethyltin(IV)
cations have been investigated by potentiometric, NMR and Mössbauer spec-
troscopic techniques.323 The metal ion coordination of the carboxylate functions
was observed in the acidic pH range and it was the anchoring group for amide
binding above pH 4. The binding mode of both dipeptide complexes was
interpreted by the same structure as depicted by (34). In contrast with the
previous findings the metal ion coordination of only oxygen donor atoms was
suggested in the triphenyltin(IV) complexes of N-acetyl amino acids.324 Dialkyl-
tin(IV) and trimethyltin(IV) complexes of selected peptides were investigated by
potentiometricmethod. The tridentate coordination of the ligands was proposed
for the dialkyl metal centres, while, surprisingly, a monodentate coordination of
the amino group was suggested for trimethyltin(IV) cation.325

The structures and stability constants of the copper(II) complexes of dipep-
tides composed of N-terminal Arg, Lys or Gly and C-terminal Asp, Glu or Gly
residues have been determined. Tridentate coordination via the terminal amino,
deprotonated amide and �-carboxylate functions was characteristic of all ligands
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in the major species [CuH—1L], except C-terminal Asp peptides, where the �-
carboxylate of Asp was the metal binding site. The stability constants of the
[CuL] and [CuH—1L] complexes were found to be in the order X-Asp �X-Glu
� X-Gly (X � Arg, Lys, Gly), indicating that the C-terminal aspartyl residues
enhances stability.326

�-Hydroxymethylserine (HmS) is a non-protein amino acid found in several
antibiotic peptides. It has a CH2—OH side chain at the �-carbon atom of serine
and this modification has a very strong impact on the coordination chemistry of
its peptides. Different metal complexes of the peptides containing HmS residues
have been studied and it was found that the presence of the two alcoholic
functions enhances the metal binding ability, without a direct involvement of the
alcoholic-O donors in metal binding.327—330 The results obtained for the tripep-
tides HmS-HmS-His-OH and HmS-HmS-His-NH2 revealed that the latter
ligand is the strongest CuII chelator among peptides due to steric shielding of the
chelate plane as well as electronic effects.327 Theoretical calculations and de-
protonation microconstants indicated that the terminal —NH3

� group is more
acidic than the imidazole nitrogen in HmS-HmS-His tripeptide. It distinctly
changes the electron density within the amide bond which becomes a more
effective donor atom than the regular amide functions of peptides. In the case of
nickel(II) complexes the nickel(II)-catalysed oxidative decarboxylation of the
ligand has also been observed similarly to other tripeptides containing C-
terminal His residues.328 Copper(II), nickel(II) and zinc(II) complexes of HmS-
His were studied by potentiometric and various spectroscopic techniques.
Tridentate, (NH2,N—,N(Im))-coordination of the ligand with all metal ions was
suggested, but the stabilities of the complexes formed were significantly higher
than those obtained for Gly-His or Ala-His.329 In a more recent study the
copper(II) complexes of deltakephalin (Tyr-()-Thr-Gly-Phe-Leu-Thr) and its
analogues containing the HmS residue instead of one or both Thr residues have
been investigated. The metal ion speciation of the three systems were found to be
very similar, but the presence of HmS moiety resulted in a significant stabiliz-
ation of the complexes.330

The investigation of the metal complexes of peptides containing histidyl
residues has received increasing attention. Copper(II) complexes of the tetra-,
penta- and hexa-peptides with His residue at the C-termini (Gly3His, Gly4His
and Gly5His) were studied by potentiometric and spectroscopic measure-
ments.331 The formation of the species [CuHL]2�, [CuL]�, [CuH—1L],
[CuH—2L]— and [CuH—3L]2— was detected in all cases and their coordination
modes are demonstrated by Scheme 4.
It is clear from Scheme 4 that the structures of the species [CuL]�, [CuH—1L]

and [CuH—2L]— are determined by the formation of macrochelates in which the
nitrogen donors of both N- and C-termini take part in metal binding. The
stability of the macrochelates was reported to decrease upon increasing the
length of the peptide molecule. The species [CuH—3L]2— was described with the
equatorial coordination of 4N donor atoms starting from the N-terminus, with a
weak axial interaction of the imidazole residue.331 The terminally blocked hexa-
peptide segment of histone H4 protein (Ac-Ala-Lys-Arg-His-Arg-Lys-NH2) has
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been prepared and copper(II) and nickel(II) complexes studied by potentiometric
and spectroscopic techniques. It was found that imidazole-N donor atom of His
residue acts as the anchor for metal binding and a series of 4N complexes were
formed at high pH values. The stability constants of these species were distinctly
higher than those for similar peptides.332 Oligopeptide fragments of pituitary
adenylate cyclase activating polypeptide have been prepared and their com-
plexation with copper(II) was studied.333 The model peptides consisted of 5 to 14
amino acids and their sequence made it possible to study the effect of His residue
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in the first and Asp residues in the second or third positions in the peptide chain.
The formation of both monomeric and dimeric complexes was found with the
pentapeptide containing N-terminal His residue, but dinuclear complex forma-
tion did not prevent the coordination of the second amide group at high pH. Asp
residue in the third position stabilized the 3N species and prevented the coor-
dination of the fourth nitrogen donor. The presence of Asp in the second position
resulted in stability enhancement of the 2N complex, but it did not prevent
further amide binding at high pH.333 The tetrapeptide His-Gly-His-Gly contains
two His residues and it results in a rather complicated equilibria of copper(II)
complexes. The formation of dinuclear species was not observed at any pH, but
the Raman spectra supported the involvement of two imidazole nitrogen atoms
in metal binding. The deprotonation and coordination of all amide functions in
strongly alkaline conditions was suggested.334 Combined spectrophotometric
and potentiometric studies were performed on the copper(II) complexes of
human (Glu-Val-His-His-Gln-Lys-NH2) and mouse (Glu-Val-Arg-His-Gln-Lys-
NH2) �-amyloid peptide segments. The replacement of the third His residue of
the human peptide with Arg in the mouse peptide segment results in a significant
change in the coordination chemistry of the ligands. The human peptide segment
forms a very stable 4N complex in the pH range 4.5—10.5. The binding mode is
very similar to those of any X-Y-His amino acid sequence and the histidyl
residue present in the fourth position does not take part in metal binding.
However, the His residue in the fourth position of the mouse peptide segment is
the primarymetal binding site of the molecule and forms amacrochelatewith the
N-termini. Acylation of the N-termini results in significant changes of both
peptides.335

Imidazolyl residues are often linked covalently to amino acids and peptides to
create potential model compounds for the active sites of metalloproteins. The
chelating agents bis(imidazol-2-yl)methylamine (BIMA) and bis(imidazol-2-
yl)propionic acid (BIP) were attached via amide bonds to the C- andN-termini of
tripeptides respectively. The tripeptides contained one histidyl residue in all
possible locations, while the other termini of the peptides were blocked.336 The
results obtained for the copper(II) complexes of these ligands revealed that the
imidazole-N donor atoms of the bis(imidazolyl) residues were the major metal
binding sites with all the ligands studied. The outstanding thermodynamic
stability of the species [CuL]2� was explained by the equatorial coordination of
the bis(imidazolyl) residue supported by the coordination of the side chain
imidazole from the His residue as it is shown by (38) for the copper(II)-BOC-His-
Leu-Gly-BIMA system. The bis(ligand) complexes [CuL2]2�generally contained
a five- or six-coordinated copper(II) ion with the bis(imidazolyl) nitrogen atoms
in the equatorial plane and His imidazole-N atoms in axial positions as shown
by (39).
Two new tripodal peptide ligands with histidine side chains have been pre-

pared and their zinc(II) complexes were structurally characterized to mimic the
binding sites of carbonic anhydrase. The coordination geometry of the com-
plexes was similar to that of the enzyme and pK values of the coordinated water
molecules were estimated.337
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The side chain �-amino groups of lysyl residues are also potential donor sites
for metal binding in proteins. The amino acid lysine was present in many
peptides alreadymentioned in this chapter, but the metal ion coordination of the
�-amino groups could not compete with the strong metal binder His or Asp
residues. The results obtained for the copper(II) complexes of dipeptides of lysine
(Gly-Lys, Ala-Lys, His-Lys and �-Ala-Lys), however, revealed that the �-amino
group can be an important bridging residue in dinuclear complexes.338

The roles of sulfur donor atoms in the metal binding of proteins have already
been mentioned in Section 3.1. The redox activity and outstanding thermo-
dynamic stability of several metal thiolate complexes, however, render the equi-
librium studies of these ligands rather complicated. Glutathione is probably the
most common and abundant naturally occurring tripeptide. Its coordination
chemistry has been reviewed recently,6 and the most important features of
vanadium-glutathione interactions have also been summarised.7 The results
strongly support that vanadate can be easily transformed into oxovanadium(IV)
by glutathione. The oxovanadium(IV) cation can interact either with the reduced
or the oxidized forms of glutathione and the products depend on the metal ion to
ligand ratio and pH of the solution.7 The stability constants of the complexes
formed in the reaction of dimethylthallium(III) with glutathione have been
determined potentiometrically. The species [(Me2Tl)(GSH)]— and [Me2Tl)GS]2—

were found in solution with a relatively low thermodynamic stability.339

Histones are among the most abundant proteins in cell nuclei and they are the
potential targets for nickel binding and responsible for human carcinogenicity of
nickel(II). The binding of nickel(II) to the core histone tetramer (H3—H4)2 of
chicken erythrocytes was followed by spectrophotometric titrations and condi-
tional affinity constants were calculated. It was proposed that the binding of
nickel(II) involved Cys110 and His113 residues of different H3 subunits and the
competition between histones and the low molecular weight chelators (e.g.
histidine and glutathione) was discussed.340 Cobalt(II) and zinc(II) binding prop-
erties of the N-terminal metal binding domain of HIV nucleocapside peptide
(residues 1—18) have been determined and compared to those of related zinc(II)
activated proteins.341

The interaction of lead(II) with human protamine (HP2) has been studied and
its impact on the male reproductive systems discussed.342,343 It was found that
HP2 binds lead(II) at two different sites causing a conformational change in the
protein. Thiol groups are the primary lead(II) binding sites. Affinity of HP2 for
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lead(II) and zinc(II) binding was very similar, suggesting that lead(II) can com-
pete with or replace zinc(II). A relatively intense lead(II)-thiolate charge transfer
band was used to monitor lead(II) binding to the structural zinc(II) binding
domains of proteins.344 It was found that lead(II) ions are able to compete
effectively with zinc(II) ions for Cys4 sites under physiological conditions and the
ratio of lead(II) to zinc(II) bound to a particular site is determined by the relative
affinites of the two metals rather than being under kinetic control. Binding of
lead(II), however, does not stabilize the correct fold in the peptides.344

Stability constants and structures of the complexes formed in the reaction of
copper(II), nickel(II), zinc(II), cobalt(II) and cadmium(II) with -cysteinylglycine
disulfide, (Cys-Gly)2, have been determined by potentiometric and various spec-
troscopic techniques.345 Disulfide sulfur atoms were not metal binding sites in
any of the systems studied although the amide and disulfide functions are in
chelating positions in the molecule. Only copper(II) was able to promote de-
protonation and coordination of amide functions. The high thermodynamic
stability of the species [CuH—1L] was explained by the tridentate coordination of
one side and a macrochelate from the other side of the molecule (40). In the case
of the othermetal ions the species [ML] predominated over a wide pH range and
its outstanding thermodynamic stability was explained by the formation of a
loop around the (NH2,CO)-coordinated five-membered chelates in solution as in
(41). The 1:1 complex [Ni(Gly-Cys)2H2O] has been prepared in the solid state
too, but its structure differs from that obtained in solution. The solid sample
contained the same (NH2,CO)-coordinated bis-chelates containing octahedral
and coordinatively saturated (by the carboxylate residues) central metal ions in a
polymeric network.345

Complex formation reactions of peptide derivatives were also studied and they
included several cyclopeptides,346 tetrazole derivatives,347,348 amides,349 �-pep-
tides350 and peptide—nucleic acid analogues.351 Petallamides are cyclic octapep-
tides and their structure define, a macrocyclic cavity suitable for metal ion
coordination under biological conditions. Zinc(II) complexes of the natural
peptides and related model compounds have been studied by 1H NMR and CD
spectroscopies. It was found that the composition of the complexes depends on
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the pH and the nature of the anion present in solution.346 Tetrazole analogues of
leucine-enkephalins have been newly synthesized and these ligands mimic the
cis-amide bond conformation of enkephalins. The studies on the copper(II)
complexes of the molecules revealed that the insertion of a tetrazole moiety into
the peptide sequence considerably changes the coordination ability of the
ligands. An unusually stable [CuH—1L] species with 4N-coordination was for-
med, if the tetrazole moiety followed the third amino acid residue.347 The tet-
razole modified derivatives of the opiod peptides, �-casomorphins were also
prepared and copper(II) complexes studied. The results demonstrated that the
stability of copper(II) complexes can be significantly influenced by the conforma-
tion of the ligands and the highest stability was obtained for a 2N species
containing the tetrazole unit in the position 3—4 in the peptide sequence.348

Previous works have already indicated that a double bond placed between the �-
and �-carbon atoms in an amino acid may have a critical impact on the
coordination chemistry of the ligands. The metal binding abilities of di-, tri- and
tetra-peptides containing �,�-dehydro amino acids (or �-peptides) were com-
pared recently. The results obtained from combined potentiometric and spectro-
scopic studies revealed that the amide nitrogens of the �-amino acid residues are
more effective in metal ion coordination than the parent analogues.350 Pep-
tide—nucleic acids (PNA) are synthetic analogues of DNA in which the natural
phosphate—deoxyribose backbone is replaced by a peptide chain. The results
obtained on the copper(II) and nickel(II) complexes of chiral peptide-nucleic
acids that have thymine and adenine in their side chains revealed a significant
extra-stabilization of various species. It was inferred that the specific stability
enhancement can come from the interactions of the thymine and adenine resi-
dues with the equatorially coordinated metal ion, the peptide backbone or with
an adjacent nucleic base.351

Mixed ligand complexes are promising models for the investigation of the
biological activity and transport processes of metal ions. As a consequence, the
ternary systems containing peptide ligands as one of the components were
studied by many authors worldwide. The other components in these studies
involved the complexation of taurine,352 imidazole and derivatives,353—356

dopamine and dopa357 and various nucleosides and nucleotides,358,359 Most of
these systems were characterized by the stable equatorial coordination of the
tridentate dipeptide ligands and the remaning coordination sites were saturated
by the other ligands. In these ternary systems even the weakly coordinating
monodentate ligands (e.g. taurine352) can compete with the hydrolytic reactions
of the central metal ions. In another group of mixed ligand complexes a strongly
coordinating bidentate ligand (e.g. bipyridyl or phenanthroline) competed with
peptides for the coordination sites of the metal ions.360,361

3.3 Kinetics and Reactivity. —Only a few publications deal with the determina-
tion of the kinetic parameters of the complex formation reactions between
peptides and metal ions. On the other hand, more andmore examples prove that
metal ions have a very significant effect on the reactivity of peptide molecules
under physiological conditions. This subject has received increasing attention in
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the last two years and, among others, the investigations include the metal ion
promoted formation, hydrolysis, oxidation and degradation of peptide mol-
ecules.
Stopped-flow spectrophotometric measurements were used to follow the kin-

etics of the cobalt(II) and zinc(II) binding to zinc finger peptides.362 Cobalt(II)
binding was demonstrated to be second order, first order in each peptide and
cobalt(II) concentration. The displacement of cobalt(II) with zinc(II) was ex-
plained by dissociative mechanism with the rate of zinc(II) binding being sub-
stantially faster than cobalt(II) binding. The latter observation seems to be
general for the cobalt(II)/zinc(II) substitution in both peptides and metallo-
enzymes. The aquation reaction of [Pt(Gly-GlyH—1Cl]— has been studied by
spectrophotometric measurements. A biphasic reaction mechanism was
observed, the first step corresponds to the carboxylate ring opening of the
tridentate (NH2,N—, COO—)-coordinationmode and the second one to the release
of chloride ion.363

The most crucial prerequisites for the origin of life were the formation of
peptides and proteins from amino acids under the conditions of the primitive
earth.Metal ions could probably play a significant role in these processes and the
observations available for the copper(II) promoted peptide synthesis have been
reviewed.11 Clays are known as minerals with a particular suitability for adsorp-
tion and catalytic processes. They were probably present on the primitive earth
crust and could, therefore, have played a crucial role in the molecular evolution
of bioorganic compounds. The catalytic activity of various clays in peptide bond
formation was tested by the reactions of glycine, alanine and diglycine.364 Mg-
rich trioctahedral clays hectorite (smectite) and talc were found to be the most
efficient catalysts. In another study the catalytic efficiency of clay, silica and
alumina was compared in the reactions with a series of amino acids.365 The
reactivity of the amino acids decreased in the order: Gly�Ala�Pro�Val�Leu.
The highest catalytic affinity was observed for alumina, the only catalyst produc-
ing oligopeptides in all systems investigated.
Selective cleavage of proteins is one of the most important procedures in

biochemistry. The amide bond, however, is extremely unreactive. The un-
catalysed hydrolysis of peptides under physiological conditions occurs with the
half-lives of 250 to 600 years. Transitionmetal complexes are promising reagents
for the cleavage of peptides and proteins. The palladium(II)-promotedhydrolysis
of amide bonds in histidine- and/or methionine-containing peptides has been
reported in several papers.366—370 It was found that the complex [PdCl4]2— re-
gioselectively cleaves the amide bond involving the carboxylic group of histidine
(e.g. the bond in His-Gly), while [Pd(H2O)4]2� cleaves, at comparable rates, the
amide bonds involving either the carboxylate (His-Gly) or amino functions
(Ac-His) of histidine. The rate constants for cleavage by [Pd(H2O)4]2� are
approximately 10 times higher than those for cleavage by [PdCl4]2—. This study
shows that kinetics and regioselectivity of the peptide cleavagemay be controlled
simply by choosing the ligands in the palladium(II) complexes.366 The hydrolysis
of the amide bonds in histidine-containing peptides was also promoted by
chelated palladium(II) complexes (e.g. with bidentate amino acids), but no cleav-
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age of Gly-His amide bond was observed in these reactions.367,368 It was found
that the rate of hydrolysis decreases as the steric hindrance of the palladium(II)
chelates increases: en� 1,2-pn�Meen� S-methyl--cysteine�Cys�Met�
Me4en.368 On the other hand, the stable tridentate coordination of histidine
containing peptides (e.g. Ala-His or Ser-His) was found to be unfavourable for
the hydrolytic cleavage of peptide bonds.369

Tryptophan has much lower affinity to palladium(II) than methionine or
histidine. Nevertheless, it has been reported recently that palladium(II) regio-
selectively cleaves the amide bond on the C-terminal side of tryptophan.371,372

Unlike histidine peptides, the reaction was reported to occur only in non-
aqueous media and it was explained by an unusual coordination of the indolyl
residue forming a Pd—C bond (42). Various palladium(II) complexes were also
used to cleave macromolecules including oxidized insulin and horse heart
cytochrome c. In the case of insulin373 the reaction was regioselective and fol-
lowed first order kinetics with a half-life of 4.8 days at 40 °C. Native cytochrome c
and apo-cytochrome c have quite different conformations and sulfur atoms for
palladium(II) binding, but the site (His18-Thr19) and the yield of cleavage were
comparable.374

In addition to the palladium(II) complexes several other metal ions and
complexes were reported to promote hydrolysis of amide bonds. Pentaco-
ordinated zinc(II) and cadmium(II) complexes containing thioether sulfur and
nitrogen donor atoms have been prepared and found to be active in amide
cleavage.375 The existence of a five-coordinated copper(II) complex was reported
as an intermediate in the copper(II)-catalysed hydrolysis of Gly-Gly to glycine.376

The structure of the intermediate species containing a tridentate ligand (cis,cis-
1,3,5,-triaminocyclohexane) and (NH2,CO)-coordinated Gly-Gly molecule is
shown by (43). It was suggested that the metal ion coordination of the oxygen
atom activates the carbonyl group and it is then attacked by external hydroxide
ions.376

OBISDIEN (1,4,7,13,16,19-hexaaza-10,22-dioxacyclotetracosane) is a bis-
chelatingmacrocyclic ligand and forms dinuclear complexes with copper(II) and
zinc(II) via the coordination of three nitrogen donor atoms. It was found that the
zinc(II) complex of OBISDIEN catalysed the hydrolysis and deuteration reac-
tions of Gly-Gly.377 The catalytic activity of the dinuclear complex was explained
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by the formation of an active intermediate as shown by (44). It has been reported
recently that cerium(IV) ions efficiently catalyses the hydrolysis of oligopeptides
under mild conditions.378 The half-life of amide linkages was only a few hours at
50 °C. In the case of tripeptides the amide linkage near the N-terminus was
hydrolysed preferentially and the reactionwas especially fast when the substrates
had no metal binding side chains. The hydrolytic reaction was proposed to
proceed via the coordination of both terminal amino and carboxylate functions.
The catalytic activity of cerium(IV) was far greater than those of other lanthan-
ides and oxidation cleavage was not observed under reaction conditions.

The investigation of the various redox reactions represents another subject of
interest in the field of metal ion-promoted transformations of amino acids and
peptides. The results obtained from electrospray mass spectrometric and X-ray
diffraction studies provide clear evidence that a copper(II)-peroxide adduct with
�1-coordination mode can cleave the C—N bonds in peptides and hydroxylate
the alkyl group nearby.379 It was shown in another study that ruthenium(III) ions
can efficiently catalyse the oxidation of peptide backbone without its fragmenta-
tion.380 The catalytic oxidation of Ac-Gly-Ala-OEtwas performedwith peracetic
acid in the presence of RuCl3 and gave the �-ketoamides Ac-NH-COCO-AlaOEt
and ethylpyruvate, obtained by the oxidations of the C�-positions of Gly and Ala
residues respectively. The oxidation reactions of cyclic His peptides was
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monitored in the presence of ascorbate/Cu(II)/O2system.381 H2O2and superoxide
anion were deduced to be the reactive intermediates in the reaction and it has
been shown that the oxidation of these peptides leads to 2-oxo-His as the major
degradation product. The role of His residues was also demonstrated in the
nickel(II)-induced cleavage and oxidation damage of histones.382 Nickel(II)-de-
pendent hydrolysis of the Glu121-Ser122 peptide bond was reported to occur in the
synthetic 34-mer model peptide representing the entire C-terminal tail of the
major human H2A histone variants. The presence of His124 in the peptide seems
to be crucial for the hydrolytic reaction. It was also shown that nickel(II) bond in
the hydrolytic product SHHKAKGK is capable of promoting oxidative degra-
dation.
The reactions of copper ions with -penicillamine have been monitored by 1H

NMR spectroscopy in the presence and absence of glutathione under aerobic as
well as anaerobic conditions. It was suggested that the formation of the stable
mixed valence cluster species of copper(II) and penicillamine is not affected by
the presence of glutathione, which can be the reason for the therapeutical
applications of -penicillamine.383 Most evidence to date indicates that physio-
logical activity of platinum(IV) complexes is related to their reduction to plati-
num(II) by potential cellular reductants including glutathione. The reductions of
various platinum(IV) complexes with glutathione were investigated using stop-
ped-flow spectrophotometric measurements. The redox reactions followed the
second-order rate law and the thiolate species were the major reductant under
the reaction conditions used. The kinetic results together with literature data
indicate that platinum(IV) complexes with trans-Cl—Pt—Cl axis are reduced
rapidly (within 1 s) by glutathione as well as ascorbate.384 The kinetic parameters
of the reaction between superoxo chromium(III) (CrO2

2�) and glutathione have
been determined spectrophotometrically.385 It was suggested that the real
oxidant for glutathione is not the superoxo species, but the oxochromium(IV)
cation CrO2�.
Cisplatin is a widely used anticancer drug and its activity arises from its ability

to bind the N(7) position of guanine in DNA. The high affinity of platinum
compounds for sulfur coordination and the great abundance of the correspond-
ing biomolecules in the cell have raised the question of whether Pt—S bonded
adducts might play a role as intermediates in DNA platination. The intra-
molecular migration of [Pt(dien)]2� from methionine-S to imidazole-N in the
peptides His-Gly-Met and Ac-His-Ala-Ala-Ala-Met-NHPh was studied by
HPLCandNMR spectroscopy.386 The thioether-bonded complexeswere formed
in relatively fast reactions followed by slow intramolecular migration to the
nitrogen donor atoms of histidyl residues. Both N(1) and N(3) donors of
imidazole were considered as metal binding sites, but with a high preference for
the N(1) binding. The studies on the reaction of DNA oligonucleotides and
S-methylated glutathione with [Pt(dien)]2� provided further evidence for the
kinetic preference of sulfur coordination and its substitution by oligonucleotides.
The rates at which such substitution occur, however, make it improbable that
these reactions significantly contribute to the antitumour activity of cisplatin
and related compounds.387 The pH and time dependent reactions of the bifunc-
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tional [Pt(en)(H2O)2]2� with tri-, tetra- and penta-peptides containing terminal
Met andHis side chains were studied by chromatographic andNMR techniques.
The thioether residue worked as an anchor for metal binding in the form of a
seven-membered (S,O)-chelate (see Scheme 5a) and it was followed by a relatively
rapid metallation of the neigbouring amide nitrogen for all three peptides at pH
� 4 (Scheme 5b). After reaching a concentration maximum within 10—50 hours,
the six-membered [S,N(amid)]-chelate slowly isomerised to the thermodynami-
cally preferred [S,N(imidazole)]-macrochelate (Scheme 5c).388

Thermodynamic, structural and kinetic studies were performed in the mixed
ligand complexes of palladium(II) with various thioether ligands.389 Pallad-
ium(II) complexes are frequently used as structural probes of platinum(II),
because the much faster formation kinetics of palladium(II) complexesmakes the
determination of both kinetic and thermodynamic parameters easier. In agree-
ment with the previous findings on platinum(II) complexes, the kinetic prefer-
ence for thioether binding and thermodynamic preference for the coordination of
N-donor ligands were reported for the palladium(II) complexes, too. The quanti-
tative data made it possible to calculate time dependent speciation curves of the
ternary systems. At the same time, the stability constants obtained for the
thioether complexes revealed that the selectivity of palladium(II) for thioether
binding can be significantly influenced by the other donor atoms present in the
coordination sphere of the metal ion. [Pd(terpy)]2� and [Pd(Gly-MetH—1)]
containing aromatic-N and thioether-S donor atoms, respectively, had the
lowest affinity for thioether binding and it was explained by steric and electronic
effects.389 A similar study has been performed on the reaction of [Pt(dien)Cl]�

and [Pt(Gly-Met)Cl] with Ac-Met-His. The formation of the Pt—S bond was
kinetically favoured in this case too, but the migration to imidazole-N donors
was observed only for [Pt(dien)Cl]�. This observation was explained by the
decreased kinetic lability and enhanced stability of the thioether adduct of
[Pt(GlyMet)Cl], but quantitative kinetic parameters and stability constants
were not reported.390

In addition to the thioether group of methionine, the thiol and disulfide
functions of reduced and oxidized glutathione are also possible binding sites of
platinum(II) complexes. An unusual glutathione-bridged diplatinum(II) macro-
chelate (45) was isolated in the reaction of [Pt(en)Cl2] either with reduced or
oxidized glutathione. Preliminary HPLC and NMR studies revealed that the
sulfur-bridged dimer can react with GMP and it may have a significant role in
the biological activity of cisplatin. On the other hand, the formation of the
thiolate-bridged complex in the reaction of [Pt(en)Cl2] with oxidized glutathione
suggests that platinum(II) can be an efficient catalyst for the cleavage of disulfide
bonds under mild conditions.391

A histidine-2�-deoxyguanosine hybrid molecule (46) has been synthesized to
compare the platinum(II) binding affinites of imidazole and guanine nitrogen
donor atoms. The reaction of (46) with cisplatin resulted in the formation of two
isomers containing N(7) of guanine and N(1) or N(3) of imidazole as the metal
binding sites. No preference of the metal for either of these N-donors was
observed.392
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An interesting field in the coordination chemistry of peptides is the use of
peptide complexes themselves as efficient catalysts in many redox processes. A
variety of copper(II) complexes with di-, tri- and tetra-peptides containing glycyl
and histidyl residues have been investigated by EPR spectroscopy and their
superoxide scavanger activity tested.393 It was inferred that SOD activity in-
creases with the increase of the equatorial distortion of copper(II) complexes.
Complexes of glycine showed the highest activity, but comparable values were
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obtained for oligoglycines. Histidine-containing peptides were less active, show-
ing a reproducible increasing trend in SOD activity from GGHG to HGG.
Copper(II) complexes of oligopeptides of histidine [(His)IGly (I � 4, 9, 19, 29)]
were used to catalyse the autooxidation of ascorbic acid. The peptide complexes
(i �9) enhanced the reaction approximately two-fold in relation to aqueous
copper(II). The catalytically active copper(II) was accumulated in an imidazole
cluster composed of at least six histidyl residues, while the other copper(II) which
was complexed tightly with the terminal NH2-X-Y-His moiety inhibited the
autooxidation.394 The catalytic activity of the copper(II) complex of carnosine
has also been investigated and found to catalyse the hydrolysis of amino acid
esters.395

The nickel(II) and copper(II) mediatedDNAoxidation byH2O2 was studied in
the presence and absence of human protamine HP2 having a strong metal
binding motif, Arg-Thr-His, at the N-termini. Aqua complexes of nickel(II) and
copper(II) were found to promote oxidative DNA strand scission and base
damage, but copper(II) wasmore effective than nickel(II). In contrast, bothmetal
ions formed complexes with the pentadecapeptide segment HP21—15, but only the
copper(II) catalysed destruction of DNA strands were prevented by the pen-
tadecapeptide.396 Five peptides containing the (His-X2)His or (His-X3)His motifs
have been synthesized and copper(II) complexes tested as catalysts in the oxida-
tion of ascorbate and dismutation of superoxide anion. The catalytic efficiency of
the model peptide complexes was much lower than that of the enzyme ascorbate

5: Metal Complexes of Amino Acids and Peptides 345



oxidase, but two of the complexes showed rather high activity for dismutation of
superoxide.397

A series of rhodium(I) and iridium(I) complexes with multidentate C2-symme-
try ligands containing the amide functions has been synthesized and found to be
efficient catalysts for the hydrogenation of olefins.398 The stereoselective proper-
ties of oxygenated diastereomeric dipeptide systems were also studied during the
uptake of molecular oxygen by cobalt(II) chelates.399

3.4 Synthetic, Analytical and Biomedical Applications of Peptide Com-
plexes. —One of the major developments in the field of metallopeptide chemistry
is reflected in the increasing number of publications dealing with the possible
applications of peptide complexes. Some of these applications have already been
summarized in review papers and they were cited in the introductory part of this
chapter.9—11,14,16,17

The investigations in the field of bioorganometallic chemistry represent one of
the major uses of peptide complexes. Bioorganometallic chemistry attempts to
combine favourably the characteristic features of typical biomolecules (such as
amino acids and peptides) with those of organometallic building blocks in order
to generate new reagents for organic synthesis, selective catalysis or analytical
purposes. Several papers have been published on the preparation and reactivity
of ferrocenoyl peptides and related molecules which can be used as redox
markers and synthetic probes or for the selective monitoring of bio-mol-
ecules.400—404 The ferrocene group is a selective electrochemical probe and can be
applied to detect structural changes, because the redox potential of the ferrocenyl
group is influenced by the amino acid or peptide residues.400 An interesting
coordination behaviour of the methylzirconocene cation ([Cp2ZrCH3

�]) was
observed in its reaction with N- and C-terminally protected peptides. The
strongly electrophillicmethylzirconocene cation reacted readily with the carbon-
yl oxygen functions of the N-terminal amino acid residues and after a thermally
inducedmethane elimination it was followed by the formation of a stable chelate
involving the amide-N donor atoms (Scheme 6).404

Another group of studies in the field of bioorganometallic chemistry was
devoted to the structural characterisation of various palladium(II) com-
plexes.405—407 The cyclopalladated compounds containing Pd—C bonds (47) are
especially interesting and they can be obtained from the reactions of [PdCl4]2—

with Schiff bases or peptides.405,406

The biomedical applications of peptides as effective ligands for radiolabelled
molecules or imaging agents received special interest. 99mTc is probably the most
commonly used radioactive isotope in medical imaging, while the chemically
related 186Re/188Re isotopes are promising candidates for internal radiotherapy.
As a consequence, technetium and rhenium complexes of peptides and deriva-
tives were studied by several research groups.408—419 It is not the aim of this review
to give a general survey of these biomedical investigations, but it should be
emphasized that radiolabelled peptide complexes have a great potential as
radiopharmaceuticals, because they offer high target specificity and a great deal
of flexibility in their design. The peptides of cysteine and other sulfur containing
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ligands are probably the most frequently used ligands in these applications,408—416

but various mixed ligand systems are successfully applied, too.414,415 The 3D
structure of a mixed ligand oxorhenium(V) complex containing the bidentate
o-diphenylphosphino-phenolato ligand and the tridentate peptide fragment,
tiopronin, is shown in (48). The high stability of these oxorhenium(V) complexes
was put down to the formation of closed-shell 18-electron octahedral structure
and thiolate coordination.408,415 Somatostatin was reported to show inhibitory
effects on a wide range of tumours, so a number of conjugates of somatostatin-
containing macrocyclic or multidentate chelators have been prepared and metal
complexes characterized.418—420 In a similar way, the DTPA-neuropeptide conju-
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gates can be used for imaging brain amyloid responsible for Alzheimer’s dis-
ease.421

An important development in the coordination chemistry of peptides is that
peptide complexes are frequently attached to other biomolecules and the result-
ing species can be used as sensors or markers for analytical and biomedical
purposes. The synthesis of a tripeptide conjugate of cisplatin has been reported
and it was suggested that similar species can be used to overcome the tumor
resistance of platinum drugs.422 In another report the preparation of cyclopep-
tide-metal complex conjugates has been described using the reaction between
linear peptides of cysteine and [Pt(terpy)]2�. The high affinity of platinum for
sulfur binding was used in this strategy and it was proposed that complexes of
[Pt(terpy)]2� can be considered as both protecting and promoting groups for
peptide cyclisation.423 An effective transphosphorylation catalyst containing
zinc(II) was obtained with the conjugation of a heptapeptide and two triazacyc-
lononane macrocycles. A clear indication of cooperativity of the zinc(II) binding
sites was observed in the catalytic cycle and it was explained by the existence of
an intermediate (49) formed in the reaction of the substrate and the dinuclear
complex.424

It has already been demonstrated that the nickel(II) chelate of nitrilotriacetate
selectively binds proteins containing stretches of consecutive histidine residues.
The binding strength of this type of coordination has been studied and the
potential applications discussed.425 Histidyl residues of polypeptides and pro-
teins play an important role in some chromatographic techniques. Immobilized
metal ion affinity chromatography (IMAC) is a method used in the separation of
proteins with one or more exposed histidine residues. A commonly used IMAC
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column has copper(II) sites supported by chelation that is attached to the resin.
The coordination of histidine-containing hexapeptides towards copper(II) and
palladium(II) complexes of N-methyliminodiacetate has been studied by spec-
troscopic techniques as potential models for IMAC binding sites.426,427 Dia-
minodiamide ligands were prepared in the reaction of chiral amino acids and
diamines. Solution equilibria and solid state structure of the complexes have
been elucidated and the results provide valuable clues to the understanding of
the mechanism of enantiomeric separation.428 Five-coordinate trigonal-bi-
pyramidal mixed ligand complexes of palladium(II) have been prepared with
cysteine and glutathione (A ligands) and tris(2-(diphenylphosphino)-ethyl)phos-
phine (B ligand). The high reactivity for thiolate coordination in the axial
position has been confirmed and used for the separation of -cysteine from other
amino acids and selective determination of reduced glutathione.429 A new am-
perometric biosensor based upon a bilayer from glutathione sulfhydryl oxidase
and osmium-polyvinyl-pyridine gel has been developed and used for the detec-
tion of the oxidized and reduced forms of glutathione.430

Artificial peptides containing synthetic metal binding sites can be promising
models for the design of metal ion-assisted semisynthetic enzymes.431—433

Ribonuclease-S�bearing iminodiacetate as a metal binding site was designed and
CD spectroscopy confirmed that copper(II) ion induces a change in the �-helix
conformation of the chemically modified peptides.431 A series of metallopeptides
has been designed on the basis of the term ‘metal ion induced distinctive array of
structures’ (MIDAS).432 These peptides contain cysteine residues, and the sulf-
hydryl groups work as an anchor for the binding of oxorhenium(V) cores. The
complexes show an excellent structural diversity and specificity in inhibiting
human neutrophil elastase.
Poly(amino acid)s are of interest for modelling proteins and they may have

several important applications including water soluble biopolymers and selec-
tive membranes. The coordination crosslink between adjacent polymer chains
can be created by various metal ions. The interaction of several first row
transition elements with poly(-histidine)434 and poly(-lysine)435 was studied in
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the solid state and the effects of different metal ions are discussed. Peptide nucleic
acids (PNA) constitute a relatively young class of DNA analogues with promis-
ing biological applications. For analytical monitoring it is desirable to attach
PNA to an independent and sensitive spectroscopic probe. Synthesis and full
characterization of transition metal derivatives of T-PNA monomers and
oligomers including ferrocene-PNA, chromiumtricarbonyl-PNA and bipyridyl-
ruthenium-PNA have been reported and possible applications discussed.436,437

The selective modification of DNA and RNA by transition metal complexes
represents an increasing area of research in bioinorganic chemistry. Studies on
new, water-soluble Ni(salen)-type complexes with DNA have been carried out
under oxidative conditions. The results point to an efficient coupling process and
are compared to that of nickel(II)-peptide complexes.438

Ethidium bromide is an organic dye producing induced circular dichroism
(ICD) upon binding to DNA. The synthesis of an ethidium—peptide conjugate
displaying metal dependent ICD has been reported recently.439 The results show
that binding of zinc(II) results in very significant structural changes in the peptide
conjugate, which are sensitive to changes of external parameters, e.g. tempera-
ture and pH of the samples.
The nature of the interaction of metalloporphyrins with peptides has been a

matter of interest for several decades. To probe the importance of hydrophobic
interactions between peptides and the porphyrin face, the effects of multiple
alanine residues were examined.Histidine was utilized as a ligating residue and it
was suggested that hydrophobic interactions can be themajor components in the
formation and stability of heme—peptide complexes.440 The interaction of octa-
ethylporphynato iron(III) and gallium(III) complexes with the invariant peptide
fragment containing Cys residues in the active site of cytochrome P-450 was
studied by several spectroscopic techniques. The formation of anNH · · · S hydro-
gen bond was observed with both metal ions and it contributed to the stabiliz-
ation of the high spin iron(III) resting state.441

Microorganisms such as bacteria and yeasts form CdS to detoxify toxic
cadmium(II) ions. It has been shown that cysteine and its peptides including
glutathione and phytochelatins can be used in vitro to dictate the formation of
discrete sizes of CdS and ZnS nanocrystals. The diameter of the ZnS-glutathione
nanocrystals was 3.45�0.5 nm in a hexagonal geometry.442 The reaction of
[RuCl3(NO)(H2O)2] with the tripeptides GGG and GGH was studied to obtain
information on the biological transport of nitrosyl complexes. In biomedicine
ruthenium complexes are considered as both delivery agents to provide NO and
scavangers of NO. It was found that triglycine is coordinated to ruthenium(III)
in a non-labile complex via the terminal amino and the adjacent amide functions.
As opposed to this, monodentate imidazole coordination of GGH was reported
to predominate under the same conditions and this species was suggested as
carrier of [Ru(NO)Cl3] under cellular conditions.443

Amino Acids, Peptides and Proteins350



4 References

1. Chemical Abstracts Selects on Amino Acids, Peptides and Proteins, published by the
American Chemical Society and Chemical Abstracts Service, Columbus, Ohio.

2. P. Tsiveriotis and N. Hadjiliadis, Coord. Chem. Rev., 1999, 190–192, 171.
3. P. Tsiveriotis, G. Malandrinos and N. Hadjiliadis, Rev. Inorg. Chem., 2000, 4, 305.
4. L.F. Krylova,Khim. Interesakh.Ustoich. Razvit., 1999, 7, 465.
5. H. Kozlowski, W. Bal, M. Dyba and T. Kowalik-Jankowska, Coord. Chem. Rev.,

1999, 184, 319.
6. A. Krezel and W. Bal, Acta Biochim. Pol., 1999, 46, 567.
7. E.J. Baran, J. Inorg. Biochem., 2000, 80, 1.
8. T. Kiss and I. Lázár, Aminophosphonic Aminophosphinic Acids, V.P. Kukhar and

H.R. Hudson, eds., J. Wiley and Sons Ltd, Chichester, UK, 2000, pp. 285—325.
9. R.J. Browne, D.A. Buckingham, C.R. Clark and P.A. Sutton, Adv. Inorg. Chem.,

2000, 49, 307.
10. G.T. Crisp, Amino Acid Deriv., G.C. Barrett, ed., Oxford University Press, Oxford,

UK, 1999, pp. 145—183.
11. B.M. Rode and Y. Suwannachot, Coord. Chem. Rev., 1999, 190–192, 1085.
12. M. Nagaoka and Y. Sugiura, J. Inorg. Biochem., 2000, 82, 57.
13. M.D. Harrison, C.E. Jones and C.T. Dameron, J. Biol. Inorg. Chem., 1999, 4, 145.
14. K. Kikuchi, R. Ansai and K. Tanaka, Seibunkaisei Kemikarusu to Purasuchikku, K.

Tomita, ed., Shi Emu Shi, Tokyo, 2000, p. 1945.
15. D.L. Boger and H. Cai, Angew. Chem. Int. Ed., 1999, 38, 448.
16. L. Thunus and R. Lejeune, Coord. Chem. Reviews, 1999, 184, 125.
17. D.E. Reichert, J.S. Lewis and C.J. Anderson, Coord. Chem. Reviews, 1999, 184, 3.
18. W. Bal, H. Kozlowski and K.S. Kasprzak, J. Inorg. Biochem., 2000, 79, 213.
19. M. Shionoya and K. Tanaka, Bull. Chem. Soc. Jpn, 2000, 73, 1945.
20. D. Wen, Y. Liu and S. Qu,Huaqiao Daxue Xuebao, Ziran Kexueban, 2000, 21, 84.
21. D. Wen, Y. Liu and S. Qu,Huaxue Yanjiu Yu Yingyong, 1999, 11, 419.
22. S.D. Dalosto, M.G. Ferreyra, R. Calvo, O.E. Piro and E.E. Castellano, J. Inorg.

Biochem., 1999, 73, 151.
23. W. Hoffmüller, K. Polborn and W. Beck, Z. Naturforsch., 1999, 54b, 734.
24. R.F. de Farias and C. Airoldi, J. Inorg. Biochem., 1999, 76, 273.
25. G. Branica, N. Paulic, B. Grgas andD.Omanovic,Chem. Speciation Bioavail., 1999,

11, 125.
26. X. Yang, X. Zhang, M. Ji, S. Gao, F. Du and X. Liu, Huaxue Yanjiu Yu Yingyong,

2000, 12, 318.
27. A.C. Rizzi, O.E. Piro, E.E. Castellano, O.R. Nascimento and C.D. Brondino, Inorg.

Chim. Acta, 2000, 305, 19.
28. E.J. Baran, C.C. Wagner, M.H. Torre, E. Kremer and P. Kogerler, Acta Farm.

Bonaerense, 2000, 19, 231.
29. R. Calvo, M.C.G. Passeggi, N.O. Moreno, G.E. Barberis, A.B. Chaves, B.C.M.

Torres, L. Lezama and T. Rojo, Phys. Rev. B. Condens.Matter Mater. Phys., 1999,
60, 1197.

30. M.Q. Ehsan, M. Jebin, E. Ahmed andM.A. Quyser, Indian J.Chem. Sect. A. Inorg.,
Bio-inorg., Phys., Theor. Anal. Chem., 1999, 38A, 826.

31. S.-L. Gao, Y.-D. Hou, J.-R. Liu,M. Ji and S.-P. Chen,HuaxueXuebao, 2000, 58, 65.
32. P.M. Zaitsev, V.V. Enger Aires, S.A. Kante, G.I. Dorofeeva, M.A. Zatikyan and

N.U. Venskovskii, Russ. J. Coord. Chem., 1999, 25, 342.
33. H. Lavanant, E. Hecquet andY. Hoppiliard, Int. J.Mass. Spectrom., 1999, 185–187,

5: Metal Complexes of Amino Acids and Peptides 351



11.
34. S.L. Gao, Y.D. Hou, Q. Wei, J.R. Liu and X.W. Yang,Xibei Daxue Xuebao, Ziran

Kexueban, 1999, 29, 517.
35. A.E. Gerbase, M. Martinelli, L.G. Fagundes, V. Stefani and S.J. Da Silva, J. Coord.

Chem., 1999, 47, 451.
36. K. Majumder and S. Bhattacharya, Polyhedron, 1999, 18, 3669.
37. T.A. Balakaeva, A.V. Churakov, M.G. Ezernitskaya, L.G. Kuzmina, B.V. Lokshin

and I.A. Efimenko, Russ. J. Coord. Chem., 1999, 25, 579.
38. Z.P. Zheng and R.Y. Wang, Comments on Inorg. Chem. Part A, 2000, 22, 1.
39. F. Ren, S.L. Gao, G.H. Chu and Q.Z. Shi, Yingyong Huaxue, 2000, 17, 203.
40. Y. Du, H. Deng and S. Zhong, Sichuan Daxue Xuebao, Ziran Kexueban, 2000, 37,

79.
41. Z. Li, C. Liu and K. Tan, Zhongguo Yaowu Huaxue Zazhi, 1999, 9, 13.
42. S.R. de Andrade Leite, M.A. Counto dos Santos, C.R. Carubelli and A.M. Galindo

Massabni, Spectrochimica Acta, A, 1999, 55, 1185.
43. P. Drozdzewski and E. Kordon, Spectrochim. Acta, A, 2000, 56, 2459.
44. P. Drozdzewski and E. Kordon, Spectrochim. Acta, A, 2000, 56, 1299.
45. C.G. Zhang, C.Y. Duan, Q. Hu andD.Y. Yan, J.Chem.Crystallogr., 1999, 29, 1153.
46. F.B. Stocker, P. Fadden, S. Dreher and D. Britton, Inorg. Chem., 1999, 38, 3251.
47. R. Murugavel, V.V. Karambelkar, G. Anantharaman and M.G. Walawalkar, In-

org. Chem., 2000, 39, 1381.
48. Y. Inomata, K. Sasaki, H. Umehara and F.S. Howell, Inorg. Chim. Acta, 2001, 313,

95.
49. D.W.M. Arrigan and L.L. Bihan, Analyst (Cambridge), 1999, 124, 1645.
50. X. Dou, Y.M. Jung, Z.Q. Cao and Y. Ozaki, Applied Spectr., 1999, 53, 1440.
51. X. Zhao, Z. Gai, R.G. Zhao, W.S. Yang and T. Sakurai, Surf. Sci., 1999, 424, L347.
52. X. Zhao, J. Am. Chem. Soc., 2000, 122, 12584.
53. K. Imamura, T. Mimura, M. Okamoto, T. Sakiyama and K. Nakanishi, J. Colloid

Interface Sci., 2000, 229, 237.
54. F. Huerta, E. Morallon, J.L. Vazquez and A. Aldaz, J. Electroanal. Chem., 1999,

475, 38.
55. G. Marques, J.L. Bourdelande and Valiente, React. Funct. Polym., 1999, 41, 77.
56. S. Stewart and P.M. Fredericks, Spectrochimica Acta, A., 1999, 55, 1641.
57. X. Yu, E. Gao, Z. Shu and H. Chen,Huaxue Gongye Yu Gongcheng (Tianjin), 1999,

16, 249.
58. P. Sgarabotto, F. Bisceglie, G. Pelosi and L. Abdel-Rahman, Polyhedron, 1999, 18,

2505.
59. M. Mizutani, S. Tomosue, H. Kinoshita, K. Jitsukawa, H. Masuda and H. Einaga,

Bull. Chem. Soc. Japan, 1999, 72, 981.
60. V.X. Jin and J.D. Ranford, Inorg. Chim. Acta, 2000, 304, 38.
61. A.M. Nijasure, V.N. Joshi and A.D. Sawant, J. Inorg. Biochem., 1999, 73, 109.
62. C. Melián, C. Kremer, L. Suescun, A. Mombrú, R. Mariezcurrena and E. Kremer,
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314. T. Szabó-Planka, A. Rockenbauer and L. Korecz,Magn. Res.Chem., 1999, 37, 484.
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389. Z. Nagy, I. Fábián and I. Sóvágó, J. Inorg. Biochem., 2000, 79, 129.
390. M.I. Djuran and S.U. Milinković;, Aust. J. Chem., 2000, 53, 645.
391. P. del Soccorro Murdoch, N.A. Kratochwil, J.A. Parkinson, M. Patriarca and P.J.

Sadler, Angew. Chem. Int. Ed., 1999, 38, 2949.
392. M. Beltrán, G.B. Onoa, E. Pedroso, V. Moreno and A. Grandas, J. Biol. Inorg.

Chem., 1999, 4, 701.
393. R. Pogni, M.C. Baratto, E. Busi and R. Basosi, J. Inorg. Biochem., 1999, 73, 157.
394. J. Ueda, A. Hanaki, K. Hatano and T. Nakajima,Chem.Pharm. Bull., 2000, 48, 908.
395. E.M. Shoukry, M.M. Shoukry, A.E. Mahgoub and H.M. Galal, Ann. Chim., 2000,

90, 593.
396. R. Liang, S. Senturker, X. Shi, W. Bal, M. Dizdaroglu and K.S. Kasprzak,Carcino-

genesis, 1999, 20, 893.
397. A. Corazza, F. Vianello, L. Zennaro, N. Guorova, M.L. Di Paolo, L. Signor, O.

Marin, A. Rigo and M. Scarpa, J. Peptide Sci., 1999, 54, 491.
398. M.J. Alcón, M. Iglesias, F. Sánchez and I. Viani, J. Organomet. Chem., 2000, 601,

284.
399. A. Kufelnicki and M. Swiatek, Polish J. Chem., 1999, 73, 579.

Amino Acids, Peptides and Proteins362



400. P. Saweczko and H.B. Kraatz, Coord. Chem. Rev., 1999, 190–192, 185.
401. W. Bauer, K. Polborn and W. Beck, J. Organomet. Chem., 1999, 579, 269.
402. O. Brosch, T. Weyhermüller and N. Metzler-Nolte, Inorg. Chem., 1999, 38, 5308.
403. A. Hess, O. Brosch, T. Weyhermüller and N. Metzler-Nolte, J. Organomet. Chem.,

1999, 589, 75.
404. J. Wonnemann, M. Oberhoff, G. Erker, R. Fröchlich and K. Bergander, Eur. J.
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6
Proteins

BY GRAHAM C. BARRETT

1 Introduction*

This chapter concentrates on new growing points in protein science, as reported
in the literature for 2000. These significant advances have opened up as a result of
the ongoing collection of results for proteins in newly-investigated organisms,
and through revisiting well-studied systems, by applying new laboratory
methodology and new knowledge gained in cognate areas of science.

Emphasis is placed on papers describing results with interpretations that are
based on molecular structure. The papers selected are representative of the year’s
literature, in terms of content and use of imagery. The descriptive biochemistry of
proteins is not covered.

‘Increased understanding of the roles of proteins in cellular processes’ is the
most obvious phrase by which the new knowledge can be summarised in a few
words. Although most of the themes represented in current protein research
would be familiar to chemists and biochemists who were working in this field
several years ago, the fine detail can be appreciated only against the current
context in which new results are set.

Since progress in this area leads to opportunities for clinical intervention using
designed proteins and low molecular weight mimics, the considerable investment
for expanding protein research in the pharmaceutical industry, clearly demon-
strated in the current literature, is easily understandable.

2 Structure of This Chapter

This chapter is the successor to the sequence of annual reviews, ‘Trends in
Protein Research’, published in recent volumes of this Specialist Periodical
Report to cover the literature 1990—1999. These predecessor chapters have used
a selective coverage of the literature of protein science, an approach that is
needed to fit a review of this vast field into a manageable space. The same general
policy has been adopted again, but the approach adopted in previous chapters,

* 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://www.rsc.org/ebooks/CONTENTS/AA002033/AA033006figures.pdf.

Amino Acids, Peptides and Proteins, Volume 33
© The Royal Society of Chemistry, 2002

365



in which topics for the coverage of proteins in a particular volume were chosen so
as to cover gaps in preceding volumes (Vol. 32, p. 357), has been discarded in
favour of attempting to develop a more enduring framework.

2.1 Cross-referencing in This Chapter. — A particular research paper in protein
science can often be classified under more than one subsection of this chapter and
cross-referencing has been provided to cope with this, to help the reader to
appreciate the relationship of recent papers to broader themes.

3 Textbooks and Monographs

Protein topics have been covered in several textbooks and monographs pub-
lished during the year. Most of these are mentioned in the relevant sections of
this chapter (Sections 4.1, 4.2, 4.4, 5, 7.1, and 8.1), while recent titles that are of
general relevance to protein chemistry and biochemistry are collected here.
These are: Protein Kinase Protocols,1 Protein Structure Prediction,2 Protein
Architecture,3 Handbook of Metalloproteins,4 Protein Purification,5 Proteins,
Peptides and Amino Acids Sourcebook,6 Proteins: Biochemistry and Biotechnol-
ogy,7 and another Handbook on Metalloproteins.8

Some significant textbooks that were published in earlier years, but not cited
in preceding volumes of this Specialist Periodical Report, are listed here: Struc-
ture and Mechanism in Protein Science, by A. Fersht, Introduction to Protein
Structure, second edition, by C. Branden and J. Tooze and Comprehensive
Biological Catalysis, ed. M. L. Sinnott, 9 are well established; Proteins, ed. R. H.
Angeletti and Methods for the Investigation of Amino Acid and Protein Metab-
olism, ed. A. E. El-Khoury, 10 are also noteworthy.

3.1 Literature Searching in Protein Science. — Current awareness sources spe-
cifically providing titles of papers in protein science are mostly located in the
biological sciences sections of the library, even though the main thrust of these
papers is based on protein chemistry. Up to date information (titles of around
15 000 papers per year) is listed in Current Advances in Protein Biochemistry
(issues appear monthly; papers are grouped into conventional sub-divisions).11

The long-running series Advances in Protein Chemistry has continued to appear
due to the efforts of various editors and publishers.12

The internet is now often the first resort as a source of information on
proteins and the large number of websites competing to include the string
‘protein’ leads to confusing duplication in their titles — e.g. proteinscience.org and
proteinscience.com insist that they have nothing to do with each other (the first
of these is linked to the Protein Society journal,Protein Science, and the second is
a site centred around the thriving proteomics field).

3.2 Protein Nomenclature. — The pronouncements of Committees of IUPAC
and of IUBMB (and of its predecessor, IUB) on protein and polypeptide nomen-
clature are conveniently accessible at http://www.chem.qmw.ac.uk/iupac/. Rec-
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ommendations that are collected at this site this year are unchanged from last
year. This is a testament to the skills and efforts expended 20 years and more ago,
on nomenclature matters.

4 Structure Determination of Proteins

4.1 Proteomics and Genomics. — A thorough coverage of progress and tech-
niques in this rapidly developing area of research is becoming increasingly
available in textbooks and monographs. Textbooks include Introduction to
Proteomics,13 Genomics and Proteomics: Functional and Computational Aspects,14

Application of Proteomics,15 and Bioinformatics:APractical Guide to the Analysis
of Genes and Proteins16 (see also ref. 19).

In recent years, the number of novel proteins identified through genomic and
proteomic projects has dramatically increased, with a concomitant need for
more rapid determination of their tertiary structures. Although genomic data
currently available for higher organisms appear to contain considerable levels of
errors17 leading to faulty protein sequences, modifications to the current success-
ful approach are not likely. The assistance of computational techniques in
protein structure assignments has spawned the new subject of ‘functional
genomics’, which will ease the task of assignments of protein function.18

The objectives of proteomics are firmly based in applications of structural and
analytical techniques that have reached sophisticated levels. Large scale analysis
of proteins is an essential starting point for the assessment of protein—protein
interactions, with mass spectrometry19 and results from the yeast two-hybrid
system being commonly used for characterization.20

4.2 Mass Spectrometry. — Recent textbooks cover mass spectrometry of pro-
teins and peptides,21 and protein sequencing and identification using tandem
mass spectrometry.22

The power of current mass spectrometric methods is also clearly revealed in
studies of proteins and other complex molecules, in areas outside the field of
proteomics. It has been used for qualitative and quantitative characterization of
catalysed ester hydrolysis of p-nitrophenyl �-glucopyranoside by �-glucosidase
and of resorufin by bovine lipoprotein lipase. This study was a prelude to the
study of proteolysis of viral protein capsids to provide information about capsid
dynamics and the stabilizing force of viral protein/RNA interactions.23

The monitoring of hydrogen exchange in entire proteins by 1H—2H-exchange
by matrix-assisted laser desorption ionisation, time of flight (MALDI-TOF)
mass spectrometry, makes it possible to check the folding state of a protein and
to characterize the conformational consequences of site-directed mutagenesis.24

The mechanism of breakdown of tazobactam by Class A �-lactamases PCI
and TEM-1 follows from studies by electrospray MS, and turns out to be very
similar to the ways in which clavulanic acid is inactivated (Scheme 1; see also ref.
167).25 Other studies of lactamases (refs. 164, 165) and lactamase inhibitors (ref.
166) are discussed later in this chapter.
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Scheme 1 Acylation of residue 70 of �-lactamase by tazobactam, and a route (one of several
alternatives) leading to breakdown of the antibiotic to propiolic acid and a
hydroxyamino acid
(After Yang et al.25)

4.3 Three-dimensional Structures of Proteins Determined Using Physical
Methods in Combination with Structural Derivatization. — Protein fold identifica-
tion can be determined by a combination of crosslinking using derivatization by
a disuccinimidyl ester, followed by mass spectrometry. Visualization of the
three-dimensional structures of proteins has traditionally been achieved by
X-ray crystallography and by NMR. These techniques produce high resolution
atomic data but require relatively large amounts (10 to 100 mg) of pure analyte in
a particular solution or crystalline state. Even if these conditions are met, it can
take months or even years to generate a molecular structure by following these
methodologies.

To develop an alternative approach, cross-linking technology has been re-
examined in the light of newer analytical protocols for the separation and
identification of complex peptide mixtures. Previous investigators have shown
that cross-linking experiments can provide low resolution interatomic distance
information and, given enough distance information, it is possible to solve the
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tertiary structure of a macromolecule. To validate a model of human eryth-
ropoietin, a rapid method for identifying cross-linked residues by mass spec-
trometry has been developed, involving disuccinimidyl ester cross-linking and
Edman sequencing and mass spectrometry of proteolytically digested, cross-
linked proteins.

This use of chemical cross-linking and TOF-mass spectrometry to identify
Lys-Lys cross-links, from which the fold of a protein can be identified, has been
illustrated for basic fibroblast growth factor (FGF)-2, a protein for which both
NMR-derived and crystallographic structures are available. A major aim of this
work was to aid the construction of a homology model.26

The kinesin sub-family UNC104 has been characterized using a combination
of limited proteolysis, mass spectrometry and physicochemical analysis. This
classical approach to structure determination shows that the protein contains an
FHA domain that locates the site of protein—protein interactions regulated by
phosphorylation.27

4.4 Nuclear Magnetic Resonance Spectroscopy (NMR). — For a textbook see
Protein Dynamics Using NMR Relaxation.28

15N- and 1H-NMR of samples under variable pressure provides information
on the environment of histidine residues in a novel protein from Staphylococcus
carnosus.29

Current routine NMR techniques of great sophistication, more powerful than
those of even a few years ago, can give three-dimensional information from
spectra obtained directly on proteins. As an example of current methodology (see
also refs. 57, 79, 97, 103), sequence 1—156 of the �-subunit of spectrin has been
analysed by NMR;30 a standard graphic depiction of the results is included in this
paper, but the results are easily appreciated in words: residues 1—20 � random;
21—45 � �-helix; 46—52 � random; 53—81� �-helix; 82—87 � random; 88—118
� �-helix; 119—122 � random; 123—153 � �-helix.

Solid-state NMR is a technique that can give a useful volume of information
for insoluble proteins and has been applied to silk characterisation. DOQSY
analysis of Eri silkworm fibres (Samia cynthia ricini), very similar to spider
dragline protein, has been reported, providing details of secondary structure at
localities in the protein, in terms of torsion angles � and � of the backbone
groupings.31

Accurate and rapid docking of protein—protein complexes has been visualised
on the basis of intermolecular nuclear Overhauser enhancement (nOe) data and
dipolar couplings by rigid body minimization. For proteins whose structures are
available in the unbound state, and provided that no significant backbone
conformational changes occur upon complexation (which can readily be as-
sessed by analysis of dipolar couplings measured on the complex), accurate and
rapid docking of the two proteins can be pictured. This turns out to be a simple
and rapid method for solving the three-dimensional structures of protein—pro-
tein complexes in solution on the basis of experimental NMR restraints that
provide the requisite translational data (derived from intermolecular nOe) and
orientational information (i.e. backbone 1H—15N dipolar couplings and inter-
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molecular nOes). The method, which has been demonstrated for the 40 kDa
complex of an enzyme with the histidine phosphocarrier protein, involves the
application of rigid body minimization using a target function comprising only
three terms, namely experimental nOe-derived intermolecular interproton dis-
tance and dipolar coupling restraints, and a simple intermolecular van der Waals
repulsion potential.

This approach promises to reduce the amount of time and effort required to
solve the structures of protein—protein complexes by NMR, and to extend the
capabilities of NMR to larger protein—protein complexes, possibly up to molecu-
lar masses of 100 kDa and beyond.32

4.5 X-Ray Crystallographic Studies. — The technique has become almost rou-
tine with the availability of improved instrumentation and needs no special
coverage here in its own right. Discussions of interpretations of protein behav-
iour that depend on crystal structures (refs. 53, 58, 65, 87, 102, 105, 106, 108, 113,
114, 116, 117, 123, 128, 138, 148, 157—159, 190, 191) are scattered throughout this
chapter.

5 Folding and Conformational Studies

This topic is developing in a number of ways, notably in the acquisition of novel
insights into the effects of atom—atom interactions on local conformational and
configurational features (increasingly based on cis- versus trans-peptide bond-
containing sequences). These interactions can involve hydrogen bonding, but
ligand—domain interactions and metal ion—domain interactions continue to be
the targets of many research studies.

Recent textbooks include Protein Folding, Evolution and Design,33 From Pro-
tein Folding to New Enzymes,34 Protein Structure, Stability and Folding,35 and
Mechanisms of Protein Folding.36

5.1 Background to Protein Folding Studies. — A fundamental question in mol-
ecular biology asks how proteins fold into domains that can serve as assembly
modules for building up large macromolecular structures. There are continuing
attempts to set protein folding into a rational process that can be described in
mechanical detail, the inevitable ‘best structure’ being reached iteratively. Much
scope exists for unintended diversions of the folding process, including acceler-
ations and decelerations along the pathway, these being determined by factors
such as temperature and make-up of the medium in which the protein is being
studied.

As an example of current work in this field, the biogenesis of pili on the surface
of Gram-negative bacteria is a topic of current interest, in view of the role of these
external features in locomotion of the organism. This biogenesis requires the
orchestration of a complex process that includes protein synthesis, folding via
small chaperones, secretion and assembly. The hypothesis that pilus subunit
folding and biogenesis proceed via donor strand complementation and donor
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strand exchange mechanisms, is supported by a study that shows that the steric
information necessary for pilus subunit folding is not contained in only one
polypeptide sequence. The missing information is transiently donated by a
separate molecule, a strand of a small chaperone, to allow folding. In this work,
the missing information for folding was supplied by adding a 13-amino acid
residue peptide to the C-terminal end of a pilus subunit polypeptide. This
resulted in the production of a protein that no longer required a chaperone to
enable it to fold.37

5.2 Mechanics of Protein Folding. — The fundamental physics of the pathway
leading a protein to its native conformation, starting either from its totally
random version or from the point at which the protein is synthesized at the
ribosome, may be simpler and more robust than previously thought.38 A new
view of protein folding, the conformation flow of ensembles rather than stepwise
conformational changes within specific structures,39 has permeated into some
studies.

The reverse process can be important in the cell context, and the roles of
topology and energetics on the unfolding of proteins through external forces and
temperature have been considered.40

Structural studies of psychrophilic (cold-adapted) proteins are capable of
giving information on subtle aspects of the behaviour of their mesophilic
counterparts. Helices of ‘cold trypsins’ lack four of the hydrogen bonds and two
of the salt bridges of their normal versions (Figures 1—3) and therefore have
poorer van der Waals packing interactions within the body of the molecule.41

The figures show structures for bovine trypsin and salmon trypsin, with struc-
tural details established by homology modelling techniques, backed up by
comparison with X-ray structures established in earlier years.

Reports of well-studied proteins appear in the current literature as well as
papers on fresh new facts. Conformational aspects of ribonuclease A are regular-
ly revisited (Figure 4; see also ref. 199), and a new assessment of the contribution
of the disulfide bonds of this enzyme to its conformational stability and catalytic
activity (and other properties) has been reported.42

Phosphate ions accelerate the oxidative folding of reduced bovine ribonuc-
lease A by dithiothreitol (the native enzyme contains four disulfide bridges)
through stabilization of intermediates.43 The role of simple inorganic anions in
stabilizing the three-dimensional structure of a soluble protein has been well-
known for many years, but more detailed information on the micro-environ-
ments set up by the ions is now being acquired, as illustrated in this study.

Bovine mitochondrial F1-ATPase has been subjected to residue-exchange
studies to reveal several helix-stabilizing centres in the native enzyme (Figure 5).44

Many papers on molecular mechanics assessments of small peptides, as
models for protein fragments, are published each year. These are not covered
thoroughly in this chapter, but newly-introduced generally applicable tech-
niques are noted. Leap-dynamics, a molecular simulation scheme for sampling
protein conformational space,45 offers an improvement over the classical molecu-
lar dynamics approach since it can detect conformational flexibility correspond-
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Figure 1 Global structure for anionic salmon trypsin overlaid with the autolysis loop of
bovine trypsin (residues 141—155 in light grey)
(Reproduced with permission from Leiros et al.,41 Eur. J. Biochem., Blackwell
Science)

ing to slow motions on the timescale that is familiar from NMR data. The
‘alanine dipeptide‘ N-Ac--Ala-NHMe was used as a test-bed for the method,
and its applicability to well-known proteins was demonstrated.

5.3 Misfolding and Unfolding of Proteins (see also Section 7.7). — The tendency
to form amyloid fibrils under certain conditions is a generic property of poly-
peptide chains. New examples are being added to the well-known sequences that
promote aggregation when dissolved in common solvents. Thus, dilution with
water of a solution in 50% aqueous acetonitrile, of sequence 1—22 of cold shock
protein CspB from Bacillus subtilis, causes precipitation.46 Misfolding of hen egg
lysozyme occurs in concentrated ethanolic solution, from which amyloid proto-
filaments soon start to deposit.47

Thermal unfolding of G-actin and �-actin (Figure 6; see also ref. 143) has been
assessed, since it results in loss of ability to inhibit DNA-ase-I.48

A Naja naja basic protein fragment has been sequenced, and a molecular
model constructed based on sequence homology with other snake venom
neurotoxins.49

Structures of the intradiskal loops and the amino-terminal stretch of the
G-protein receptor rhodopsin indicate that the loops are independently stabil-
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Figure 2 Interactions for the C-terminal �-helix found in CST and mammalian trypsin that
are not possible in the psychrophilic trypsins. Featured are: ion-pair formation
from Lys87 to the C-terminal carboxy group; intrahelical hydrogen bond Asn245
to N�2 of residue 241; three isoleucine residues forming the hydrophobic core I
(Ile47, Ile238, Ile242); three hydrogen bonds connecting the start of the helix to
the rest of the molecule (233—178; 233—179, 234—101). The Asp100—Asn179 and
Thr229—Asp102 hydrogen bonds are also featured
(Reproduced with permission from Leiros et al.,41 Eur. J. Biochem., Blackwell
Science)

ized and that helices extend outwards from the highly hydrophobic transmem-
brane region. The helix—turn—helix motif may be a recurring structural element
of membrane proteins.50

Duck �2-crystallin tetramer undergoes reversible dissociation and denatura-
tion in aqueous guanidine hydrochloride (Figure 7; see also refs. 71—73).51

6 Protein–Metal Complexes

For textbooks relevant to this section, see refs. 4, 8.

6.1 Effects of Metal Complexation on Protein Structure. — Reversible complex
formation by divalent Mn and Ca ions with the lectin concanavalin A (see also
ref. 90) determines carbohydrate binding through inducing large conformational
changes governed by Ala207-Asp208 peptide bond isomerization.52 This study
succeeds in identifying regions where deformations follow the binding of metal
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Figure 3 (A) Structural features around the active site of psychrophilic cod trypsin ( fea-
tures shared with cold trypsin are shown in grey). (B) Structural features around
the active site of bovine trypsin ( features shared with mammalian trypsin shown in
grey)
(Reproduced with permission from Leiros et al.,41 Eur. J. Biochem., Blackwell
Science)

ions (Figures 8—12). In Figure 9 the metal-binding loop is shown, together with
the conserved metal ligand protein residues (Glu8, Asp10, Asn14, Asp19 and
His24), metal ligand water molecules, the Ala207-Asp208 dipeptide in ball-and-
stick model and second shell metal ligand residue Ser34. Water molecules are
identified within this structure, bonded to the metal ligands. This is not unex-
pected, but the discovery that one water molecule is excluded from the S1 site is
notable and is deduced after establishing the conformation for the side chain of
Asp19, which leaves no space for a water molecule (Figure 10).

The factors promoting alkali-metal ion binding by proteins are little under-
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Figure 4 (A) Ribbon diagram for ribonuclease A with inscriptions referring to the location
of the disulfide bonds and active-site residues. The solvent-accessible surface area
(0.52 nm2 � 100%) of the cystine side chains in the crystalline protein are
Cys2—Cys84, 0 nm2; Cys58—Cys110, 0 nm2; Cys26—Cys84, 0.02 nm2;
Cys40—Cys95, 0.06 nm2; Cys65—Cys72, 0 nm2. (B) The connectivity of the half-
cystine residues is indicated by H� �-helix, L � surface loop and S� �-sheet
(Reproduced with permission from Klink et al.,42 Eur. J. Biochem., Blackwell
Science)

Figure 5 Residues considered likely to stabilize helix 76 in the �-subunit and helix 56 in the
�-subunit of the ADP-binding domain of mitochondrial F1-ATPase
(Reproduced with permission from Clark-Walker et al.44 and Elsevier Science)
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Figure 6 Nucleotide-binding site of �-actin (see also Figure 53). The OH group of Ser14 in
the phosphate-binding loop of actin subdomain I is within hydrogen-bonding
distance of the �-phosphate of ATP and the backbone amide group of Gly74
(Reproduced with permission from Schuler et al.,48 FEBS Lett., Blackwell
Science)

Figure 7 The tetrameric structure of �-crystallin. The active site is indicated. Subunits A
(white) and B (grey) are shown in front. There is close interaction between the
three domains of subunits A and B
(Reproduced with permission from Lee and Chang,51 Eur. J. Biochem., Black-
well Science)
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Figure 8 Three-dimensional structure of the concanavanin A monomer. The S1 site is the
smaller white sphere and the S2 site is the larger black sphere. The dark �-strands
are those whose conformations are affected by the binding of calcium. The cis-
peptide bond isomerization that ensues does not involve proline residues or locking
of concanavanin A. The locations of the residues Thr11, Ser96 and Glu102 and of
the cis-peptide bond on each of these dark �-strands are highlighted
(Reproduced with permission from Bouckaert et al.52)

Figure 9 Anomalous-difference Fourier electron density in the S1 and S2 sites of (a)
LMnMn concanavanin A (i.e. the protein�ligand�2Mn system compared with
(b) LMnCa concanavanin A (i.e. the protein�ligand�Mn�Ca system). The
metal binding loop is shown, together with the conserved metal ligand protein
residues (Glu8,Asp10,Asn14,Asp19 and His24),metal ligand water molecules as
purple spheres, the Ala207—Asp208 dipeptide as a ball-and-stick structure and the
second shell metal ligand residue Ser34. The displayed electron density is brought
to the same level in the S1 site that contains manganese in both structures to enable
comparison of the electron density in the S2 sites (levels of electron density are
shown in green, light blue, dark blue, and red)
(Reproduced with permission from Bouckaert et al.52)
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Figure 10 Stereo picture of the superposition of the binuclear metal binding site of L
concanavanin A (black) andLMnCa concanavanin A (i.e. the protein�ligand�
Mn�Ca system; white). Hydrogen bonds are indicated by thin, grey (LMnCa
concanavanin A) or thick, dark (L concanavanin A) dashed lines. The manga-
nese (S1 site) and calcium (S2 site) of LMnCa concanavanin A are replaced by
water molecules 303 and 311, respectively, in L concanavanin A. These make
hydrogen bonds to the usual metal ligand water molecules, except for one water
molecule that is excluded from the S1 site because of the different conformation of
the side chain of Asp19
(Reproduced with permission from Bouckaert et al.52)

stood, even though the role of such ions in protein behaviour, particularly the
acceleration of enzyme catalytic steps, is well known. The reconsideration of
structure of tryptophanase that has led to identification of an alkali metal cation
bound to an aromatic side chain, instead of an assumed water molecule (Figure
13), is part of a study of synthetic alkali-metal ion receptors.53 The ability of K�

to interact with an aromatic ring was assessed in this study by preparing a family
of synthetic receptors that incorporate the aromatic side chains of phenylalanine,
tyrosine and tryptophan. These receptors are constructed around a diaza-18-
crown-6 scaffold, which serves as the primary binding site for an alkali metal
cation.

From this reconsideration of a local region of an enzyme structure, the general
attitude towards assignments of electron density for protein crystal structures is
given a healthy jolt. What would have been assigned by experienced crystallog-
raphers as a water molecule bound to an aromatic grouping, by interpretation of
electron density features, is now shown to be equally well assigned as an alkali
metal cation for which �-interaction with the aromatic moiety is consistent with
information obtained for model systems.

6.2 Membrane Proteins (see also Section 9.1). — The observation that mem-
brane proteins generally pack more tightly than soluble proteins has important
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Figure 11 Structural differences between the locked and unlocked forms of metal-free
concanavanin A, emphasizing the hydrogen-bonding network involving strands
Ile4—Asp10, Pro206—Asn216, Trp88—Thr97 and Thr103—Ser117. (a) Unlocked
metal-free concanavanin A. (b) Locked metal-free concanavanin A. (c) Stereo
view of the superposition of unlocked and locked metal-free concanavanin A. In
(a) and (b), the hydrogen bond interactions are shown as dashed lines, and
residues are labelled. The backbone is black for unlocked concanavanin A and
white for locked concanavanin A. wat� water
(Reproduced with permission from Bouckaert et al.52)

implications for their stability and function. The stability of membrane-embed-
ded and soluble proteins is comparable, despite the fact that membrane proteins
do not rely on the hydrophobic effect to drive protein folding.

Detailed packing interactions clearly contribute a significant energetic com-
ponent to membrane protein stability and are likely to play a leading role in
guiding helix association in membrane protein folding. Packing analysis of the
helical portions of seven integral membrane proteins and thirty-seven soluble
proteins show that the helices in membrane proteins have higher packing values
(0.431) than in soluble proteins (0.405). The highest packing values in integral
membrane proteins originate from small hydrophobic (glycine and alanine) and
small hydroxyalkyl amino acids (serine and threonine), whereas in soluble pro-
teins large hydrophobic and aromatic residues have the highest packing values.54
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Figure 12 Mosaic models combining the conformational features of the locked and the
unlocked state of concanavanin A. The backbone is coloured black for the
unlocked state and white for the locked state. (a) With structured metal binding
sites as in metal-bound concanavanin A and a trans Ala207—Asp208 peptide
bond, a clash is generated between the side chain ofThr11 and the backbone of the
Ala207—Asp208 peptide. (b) The combination of the metal binding sites of
unlocked concanavanin A with a cis Ala207—Asp208 peptide lacks the
interactions that induce and maintain the cis-peptide bond
(Reproduced with permission from Bouckaert et al.52)

In common globular proteins, the native form is in its most stable state. In
contrast, each native form exists in a metastable state in inhibitory serpins (serine
protease inhibitors) and some viral membrane fusion proteins (see also ref. 156).
Metastability in these proteins is critical to their biological functions. Mutational
analyses and structural examination have previously revealed unusual interac-
tions, such as side chain overpacking, buried polar groups and cavities as the
structural basis of the native metastability. Characterization of cavity-filling
mutations of �1-antitrypsin, a prototype serpin, has been reported.55 Figure 14
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Figure 13 Water molecule controversially assigned in the crystal structure of tryptophanase
(Reproduced with permission from De Wall et al.,53 copyright 2000, National
Academy of Sciences, USA)

shows �1-antitrypsin, focusing on the interactions that occur at Gly117 with
nearby amino acid side chains (Figure 56 and later figures are relevant to the
present discussion). As a result of this study of a series of �1-antitrypsin mutants,
the conformational stability of the molecule is shown to increase linearly with the
van der Waals volume of the side chains.

The structure of a serpin—protease complex has been determined to show that
the ‘inhibition by deformation’ theory is justified. This remains a controversial
view currently; it maintains that the mechanism of protease inhibition by serpins
and by other inhibitors depends on a profound change in conformation inflicted
on the enzyme. (Figures 15—17).56

6.3 Prion Proteins (see also Section 10.1). — The NMR structures of the recom-
binant 217-residue polypeptide chain of the mature bovine prion protein
[bPrP(23—230)] and a C-terminal fragment, bPrP(121-230), include a globular
domain extending from residue 125 to residue 227, a short flexible chain end of
residues 228—230, and an N-terminal flexibly disordered ‘tail’ comprising 108
residues for the intact protein and four residues for bPrP(121—230), respectively
(Figures 18, 19). The globular domain contains three �-helices comprising the
residues 144—154, 173—194 and 200—226, and a short antiparallel �-sheet com-
prising the residues 128—131 and 161—164. The best-defined parts of the globular
domain are the central portions of the helices 2 and 3, which are linked by the
only disulfide bond in bPrP.57

There are differences between bovine and human prion proteins in the surface
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Figure 14 (Left) Schematic drawing of the structure of �1-AT and the cavity interactions
near Gly117. The reactive centre loop, which is inserted into �-sheet A as the
fourth strand upon cleavage by target protease, is shown in cyan colour. P1 and
P9 are the first and ninth residues amino-terminal of the scissile bond. (Right) C�
of Gly117 and the side chains of neighbouring residues are shown in a close-up
view. Interatomic distances are designated in A� and straight dotted lines
(Reproduced with permission from Lee et al.55)

distribution of electrostatic charges. This then appears to be the principal
structural feature of the ‘healthy’ PrP form that might affect the stringency of the
species barrier for transmission of prion diseases between humans and cattle.

6.4 Surface Proteins. — The particular interest in a surface protein is linked to
the role that it exerts on behalf of the cell or organism. This is well established in
terms of the immune response that is a crucial feature of interactions between
different organisms and numerous papers have appeared in this context. How-
ever, novel contexts are being found for studies focusing on surface proteins, and
new researches are finding that bacterial surface proteins are a particularly
productive topic. For discussion of recent work for pili proteins, see ref. 37.

Certain pathogens possess the means by which to induce assembly of the
phagocytic machinery necessary to bring about their own uptake by another
organism. Among these pathogens is the facultative intracellular bacterium
Listeria monocytogenes, a cause of meningitis and abortion in humans; this
bacterium induces its own phagocytosis in a large number of nonphagocytic cell
types in vitro through the actions of the bacterial surface proteins InlA and InlB

Amino Acids, Peptides and Proteins382



Figure 15 Native �1-antitrypsin with trypsin aligned above it in the docking orientation
(left) and of the complex showing the 71A shift of the P1 methionine of �1-
antitrypsin with full insertion of the cleaved reactive-centre loop into the A-sheet
(right). Red, �1-antitrypsin �-sheet; yellow, reactive-centre loop; green ball-and-
stick, P1 methionine; cyan, trypsin (with helices in magenta for the purposes of
orientation); red ball-and-stick, active serine 195
(Reproduced with permission from Huntington et al.56 and Nature, copyright
2000, Macmillan Magazines Ltd)

(internalin and internalin B, respectively).
The internalins are the largest class of bacterial proteins containing leucine-

rich repeats (LRR), a motif associated with protein—protein interactions. Under-
standing the significance of the leucine-rich repeats of the Listeria internalins has
required a long and detailed study, recent progress being represented by inter-
pretation of the newly-determined X-ray crystal structure of the InlB LRR
domain.

To exert its role, InlB causes phosphorylation of tyrosine residues of host cell
adaptor proteins, activation of phosphoinositide 3-kinase and rearrangements of
the actin cytoskeleton. These events lead to phagocytic uptake of the bacterium
by the host cell. InlA is another surface protein of the Listeria internalins
involved in host cell invasion, and similar interpretations have been provided for
the mode of action of this protein (Figure 20).

The LRR motif is found in a functionally diverse array of proteins, including
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Figure 16 Stereo view from the side of the trypsin—�1-antitrypsin complex. The nine sites of
proteolytic cleavage are shown as balls and all occur in regions of crystallo-
graphic disorder or high mobility. Cleavage sites: green, of trypsin by trypsin;
yellow, of chymotrypsin by chymotrypsin; magenta, of chymotrypsin by neu-
trophil elastase
(Reproduced with permission from Huntington et al.56 and Nature, copyright
2000, Macmillan Magazines Ltd)

Figure 17 Distortion of the active site of trypsin (a) initial (b) final models of trypsin and the
Met358 replacement analogue. The molecular replacement solution of �1-anti-
trypsin is shown in green. (c) Refined electron density (blue) shows stretching of
the active site loop resulting in the loss of the oxyanion hole and the replacement
of the stabilizing ‘activation’ salt-bridge between the N-terminal amino group and
Asp194 of trypsin with Lys328 of �1-antitrypsin. (d) The catalytic triad of native
trypsin (magenta) is grossly distorted in the complex (yellow) with a shift of
Ser195 away from His57 to well beyond hydrogen-bonding distance
(Reproduced with permission from Huntington et al.56 and Nature, copyright
2000, Macmillan Magazines Ltd)
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Figure 18 (a) Intact bovine prion protein bPrP(23—230). Helices are green, �-strands are
cyan, segments with non-regular secondary structure within the C-terminal do-
main are yellow, and the flexibly disordered ‘tail’ of residues 23—121 is represen-
ted by 108 yellow dots, each of which represents a residue of the tail. (b)
Stereoview of an all-heavy atom presentation of the globular domain in
bPrP(23—230), with residues 121—230, in the same orientation as in (a). The
backbone is shown as a green spline function through the C� positions, hydropho-
bic side-chains are yellow, and polar and charged side chains are violet. (c) and (d)
Surface views of the globular domains of bPrP and hPrP, respectively. The
orientation of the molecule is slightly changed relative to (a), so that residue 186
is approximately in the centre. The electrostratic surface potential is indicated in
red (negative charge), white (neutral), and blue (positive charge)
(Reproduced with permission from Garcia et al.57 copyright 2000, National
Academy of Sciences, USA)
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Figure 19 (a) Superposition of the mean NMR structures of the sequence 124—227 in
bPrP(23—230)(violet) and bPrP(121—230)(green). (b)—(d) Superposition of the seg-
ment 125—227 in bPrP(121—230)(green) with the corresponding residues in
hPrP(121—230) (b; orange), mPrP(121—231) (c, yellow), and shPrP(90—231) (d;
pink), respectively
(Reproduced with permission from Garcia et al.57 copyright 2000, National
Academy of Sciences, USA)

those involved in the plant immune system and in the mammalian innate
immune response.58

6.5 Rare Folding Motifs within Proteins. — The handful of well-known regular
structures adopted by the polypeptide backbone within proteins59 is occasionally
augmented by a small number of much less common variants, some of which
have featured in the current literature.

6.5.1 �-Helix. Only ten confirmed structures of the rare �-helix are listed in the
Protein Data Bank, to which another example has now been added. This feature
is structured with hydrogen bonding between nth and (n� 5)th residues within a
polypeptide chain, rather than between nth and (n � 4)th residues as in the
�-helix. It has also been labelled the 4.416-helix, following nomenclature used for
the more familiar 310-helix (�-turn).60

6.5.2 �-Roll. A �-roll has been identified in ‘RTX-toxins’ [‘Repeats in ToXins’;
toxic proteins with repeated short glycine-rich peptide sequences such as -Gly-
Gly-‘X’-Gly-‘X’-Asp-‘X’-Leu-(or -Ile- or -Phe-)‘X’-]. An alkaline protease from
Pseudomonas aeruginosa shows this motif, which is stabilized by calcium ions
bound into turns connecting the �-strands (Figure 21).61
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Figure 20 Structure of the InlB LRR region (residues 77—242). The right-handed coil of the
LRR alternates between �-strands and 310-helices. The �-strands form the con-
cave face of the molecule and have a superhelical twist not observed in other LRR
proteins
(Reproduced with permission from Marino et al.,58 copyright 2000, National
Academy of Sciences, USA)

6.5.3 The �-Helix and Stacked Parallel �-Sheets as Constituents of Antifreeze
Proteins. There are now two solved structures for insect antifreeze proteins,
showing unusual folding that accounts for water binding so as to form the ice
structure and thereby explain the antifreeze property. The small (8.4 kDa)
antifreeze protein from the beetle Tenebrio molitor has a tandem 12-residue
repeat structure -(Thr-Cys-Thr-‘X’-Ser-‘X’-‘X’-Cys-‘X’-‘X’-Ala-‘X’-)n that gener-
ates a regular �-helix conformation (Figures. 22, 23).62

The antifreeze protein of the spruce budworm Choristoneura fumiferana con-
sists of stacked parallel �-sheets.63

6.5.4 Knots.Knots within proteins are a source of fascination, especially from the
aspect of biogenesis — how is the knot introduced in the course of protein
biosynthesis? Application of a novel simulation method for pursuit of the poly-
peptide backbone in a protein, through assessment of known protein structures,
has been described. A plant acetohydroxy acid isomeroreductase (Tyvel) has
been shown on this basis to contain an unprecedented figure-of-eight knot.64 A
cystine knot in a glycoprotein �-subunit is depicted in Figure 55.

6.5.5 Other Unusual Folds in Proteins. Frataxin is a mitochondrial protein that is
encoded by defects in the Friedreich ataxia gene. Frataxin causes Friedreich

6: Proteins 387



Figure 21 The parallel �-roll. (A) One turn of the �-roll. Residues of the first nine-residue
motif are labelledG1 G2 etc.,while the residues of the next motif have a prime G1�,
G2� etc. If G1 is at position n in the sequence and G2 is in position (n � 1), then
G1� is at position (n � 9) and G2� at position (n � 10) and so on. (B) Two
orthogonal views of the �-roll found in the protease from P. aeruginosa.Calcium
ions are shown as balls sandwiched between the chains
(Reproduced with permission from Lilie et al.,61 FEBS Lett., Blackwell
Science).
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Figure 22 Dimer of Tenebrio molitor antifreeze protein; (a) stabilization by hydrogen
bonding to two ranks of ordered water molecules (b) surface of Tenebrio molitor
antifreeze protein showing regular ordering of bound water molecules and
showing the flat nature of the resulting surface when one rank of the water
molecules is in place
(Reproduced with permission from Liou et al.62 and Nature, copyright 2000,
Macmillan Magazines Ltd)

Figure 23 Tenebrio molitor antifreeze protein. (a) Side view of �-helix and (b) end-on view.
Threonine side chains present outwards from the helix and cystine disulfide bonds
can be seen within the backbone, near the N-terminus The flatness of the �-sheet
is assisted by the opposite side being pulled inwards, and repulsions between the
threonine side chains
(Reproduced with permission from Liou et al.62 and Nature, copyright 2000,
Macmillan Magazines Ltd)
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Figure 24 Overall fold of E. coli CyaY. (Upper) Stereo ribbon diagram showing the second-
ary structure elements. Six �-strands (arrows), two �-helices (ribbons) and a
310-helix are labelled. (Lower) Topology diagram
(Reproduced with permission from Cho et al.,65 copyright 2000, National
Academy of Sciences, USA)

ataxia, an autosomal recessive neurodegenerative disease and frataxin homo-
logues have been identified in mammals, worms, yeast and bacteria.

The CyaY proteins of �-purple bacteria are believed to be closely related to the
ancestor of frataxin, and this context encouraged the effort to be made to
determine the crystal structure of the CyaY protein fromEscherichia coli at 1.4 A�
resolution. This reveals a previously unidentified fold consisting of a six-stranded
antiparallel �-sheet flanked on one side by two �-helices, a fold that is likely to be
shared by all members of the conserved frataxin family. This structure (Figure 24)
provides a starting point for the interpretation of disease-associated mutations in
frataxin and for understanding the possible functions of this protein family.65
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7 Adhesion and Binding Studies

7.1 Textbooks and Monographs. — Textbooks cover protein—protein interac-
tions,66 protein—protein recognition67 and RNA-binding proteins.68

7.2 New Results from Binding Studies. — These studies involve either (a) pro-
tein—protein interactions or (b) protein complex formation with non-protein
species. The first of these categories is covered here but there are several relevant
papers located in other sections of this chapter.

New knowledge on protein—protein interactions for individual organisms,
obtained through interpretation of complete genome sequences, is starting to
appear in the literature. A comprehensive analysis of protein—protein interac-
tions in Saccharomyces cerevisiae, whose genome data were reported in April
1996, has been published.69

7.2.1 Reversible Dimerization. In the course of protein engineering studies on
human FKBP, a single point mutation in the ligand-binding site (Phe36 to
Met36) was discovered to convert the normally monomeric protein into a
ligand-reversible dimer. The mutant (FM) forms discrete homodimers with
micromolar affinity that can be completely dissociated within minutes by the
addition of monomeric synthetic ligands. These unexpected properties form the
basis for a ‘reverse dimerization’ regulatory system involving FM fusion pro-
teins, in which association in the ground state and addition of ligand abolishes
interactions. This offers the basis for constructing a ‘reverse dimerization’ system
that should be broadly applicable as a disaggregation switch for intracellular
processes.70

7.3 Protein–Protein Interactions Involving Chaperones. — The term ‘chaperone’
is often used to describe proteins that protect other proteins from stress-induced
aggregation. They are therefore at the forefront of research into diseases caused
by protein denaturation. Studies with �-crystallin (see also ref. 51) illustrate the
numerous stages that are involved in this important type of protein—protein
interaction. The chaperone binds and acts cooperatively with other heat-shock
proteins to renature the stabilized and partly-denatured protein in an ATP-
dependent mode. Where the denatured protein is an enzyme, some far-reaching
consequences can be expected. Thus, denatured �-crystallin (see also ref. 51) is
incapable of catalytic activity alone, but with the assistance of other chaperones
there is recovery of function.71 �-Crystallin does not recognize stable molten
globule states of cytosolic proteins and becomes involved only with proteins that
are otherwise on an irreversible path to aggregation.72

Complexes formed by �-crystallin have been described, a recent example
involving �-crystallin (alias lactate dehydrogenase B4) isolated from duck eye
lens.73

7.4 Metallochaperones. — Another subdivision of the chaperone family covers
metallochaperones, proteins that ensure the safe delivery of metal ions that could
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otherwise enter into adventitious reactions or other mischief at various unin-
tended binding sites.74

7.4.1 Case Studies in Chaperones. The effects of molecular chaperones and
folding catalysts on the folding and subunit assembly of heterodimeric luciferase
after de novo synthesis of subunits in rabbit reticulocyte lysate have been deter-
mined.75

ClpA, a bacterial member of the Clp/Hsp100 chaperone family, is an ATP-
dependent molecular chaperone and is the regulatory component of the ATP-
dependent ClpAP protease. Its behaviour has been studied in some detail in a
recent study of the mechanism of binding and unfolding of proteins by ClpA and
translocation to ClpP, a fusion protein that joins the ClpA recognition signal
from RepA to green fluorescent protein (GFP).

This was studied as a model substrate and revealed a clear sequence of events.
ClpAP degrades the fusion protein in vivo and in vitro, the substrate binding
specifically to ClpA in a reaction that requires ATP binding but not ATP
hydrolysis. Binding alone is not sufficient to destabilize the native structure of the
GFP portion of the fusion protein. Upon ATP hydrolysis the GFP fusion
protein is unfolded, and the unfolded intermediate can be sequestered by ClpA if
a non-hydrolysable analogue is added to displace ATP. ATP is required for
release.

Although ClpA is unable to recognize native proteins lacking recognition
signals, including GFP and rhodanese, it interacts with those same proteins
when they are unfolded. Unfolded GFP is held in a non-native conformation
while it is associated with ClpA, and its release requires ATP hydrolysis. Degra-
dation of unfolded untagged proteins by ClpAP requires ATP even though the
initial ATP-dependent unfolding reaction is bypassed. These results suggest that
there are two ATP-requiring steps: an initial protein unfolding step followed by
translocation of the unfolded protein to ClpP, or in some cases, release from the
complex.76

7.5 Proteins Complexed with Non-protein Species. — Saxiphylin, from the
plasma of the North American bullfrog Rana catesbiana, is a saxotonin-binding
protein with two thyroglobulin Type I domains that has broader activity as an
inhibitor of papain-like cysteine proteases.77 Inhibition by proteins requires a
preliminary binding step or steps involving the protein inhibitor and an active
site domain of the enzyme. A newly discovered insect immunoglobulin binds
insulin and related peptides and inhibits their activities.78

The details of the binding geometries shown in several recent examples are
usually deduced from crystallographic analysis or NMR spectra. Three C-
terminal residues of intestinal fatty acid binding protein participate in four
main-chain hydrogen bonds and two electrostatic interactions to sequentially
distant backbone and side chain atoms (Figure 25).79 These three residues are key
elements controlling late folding events in the development of the native confor-
mation of this protein.

Troponin-C and troponin-I of skeletal muscle participate in a critical molecu-
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Figure 25 (Left) IFABP showing the orientation of side chains 129-131 and their contact
with sequentially distant �-strands. (Right) Hydrogen bonds and salt-bridges
that are disrupted by truncation inW6F IFABP1—128
(Reproduced with permission from Clerico et al.79 and Elsevier Science)

lar switch for calcium-dependent regulation of the contractile mechanism, which
involves a �-hairpin of troponin-I as the inhibitory region.80 Secretagogin is a
novel Ca2�-binding protein81 (calcium-binding proteins are also referred to in
refs. 61, 182).

Endothelial differentiatioactor I binds calmodulin, and therefore this protein
may have relevance to angiogenesis.82 A new calmodulin-type protein (given the
name calmodulin-like skin protein) from human epidermis has a possible role in
the regulation of events in late keratinocyte differentiation. It is capable of
binding with calcium and calmodulin to expose hydrophobic parts that prob-
ably interact with target proteins.83

Interactions between cytochrome f and plastocyanin have been determined
(Figure 26).84

Immune response involves an initial binding of antigen to cellular Fc recep-
tors, followed by various cellular effector functions of the immune system.
Structures of complexes of human IgG1 Fc fragment with Fc�R111 have been
determined (Figures 27—29)85 and also the corresponding complex of Fc�R1�
with the Fc fragment of human IgE,86 have been determined. These provide a
model for the immune complex recognition process.

Crystal structure determination of fibroblast growth factor receptor ectodo-
main bound simultaneously to a ligand and to a heparin disaccharide has been
reported. It shows the molecular architecture of the complex, centred around the
heparin molecule. A structural basis for the essential role of heparin sulfate in
FGF signalling is provided through this study.87

Species that have become known as chemokines (chemoattractant cytokines),
are generally small (5—20 kDa) basic proteins that are involved in heparin
binding and leucocyte-directing activities. New examples include fractalkine,
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Figure 26 Turnip cytochrome f and pea plastocyanin.The side chains of Tyr83 and His87 of
plastocyanin and the side chains of the aromatic shield residues Tyr1, Phe4 and
Tyr160 and the invariant Gln7, of cytochrome f, are shown
(Reproduced with permission from Gong et al.,84 Eur. J. Biochem., Blackwell
Science)

notable for its novel quaternary arrangement (Figures 30, 31).88

7.6 Lectins. — Lectins are continuing to grow in stature, because of their roles
in several important contexts, exerting effects through binding, e.g. Diocleinae
Grandiflora lectins bind trimannosides concanavalin A and 3,6-di-O-(�--man-
nopyranosyl)--mannose (this is found in the core region of all asparagine-linked
carbohydrates).89 X-Ray crystallographic study shows that an unusual carbohy-
drate binding site (Figure 32) is a feature of the complex of leukoagglutinin (one
of the lectins of the legume tree Maackia amurensis) with sialyllactose90 (see also
ref. 52).

A mammalian peptidoglycan and its designated recognition protein show
high affinity, and the resulting complex has an antibacterial function in neu-
trophils.91

7.7 Dissociation (see also Section 5.3 and ref. 108). — The opposite of folding
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Figure 27 Overall structure of the sFc�RIII-hFc1 complex. (a) Dimer axis of hFc1 (red and
blue) oriented vertically .The proline sandwich (Pro329 of the C�2-A domain and
Trp87 and Trp110 of sFc�RIII (green), the upper one-third of the structure) is
shown in ball and stick form, together with the carbohydrate residues of the Fc
fragment and the inter-chain disulfide bridge of the Cys229 residues. (b) View
after rotation by 90° about the vertical axis
(Reproduced by permission from Sondermann et al.85 and Nature, copyright
2000, Macmillan Magazines Ltd)

and aggregation, dissociation and denaturation, represent one of the long-
established areas of study when it comes to protein behaviour. In a recent
example, ferritin from Listeria innocua has been shown to dissociate below pH 2,
a consequence of dismemberment of the hydrophilic and hydrophobic interac-
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Figure 28 C�trace of the complex, oriented as in Figure 27. (a) Trp95 and Tyr14 form a new
hydrogen bond as a consequence of complexation and are shown in ball and stick
form (the complex is cyan, and free sFc�RIII is magenta). (b) Overlay of the
complex and hFc1 structures (colours as in (a))
(Reproduced with permission from Sondermann et al.85 and Nature, copyright
2000, Macmillan Magazines Ltd)

Figure 29 Omit map of the hinge region of the complex, oriented as in Figure 27 (a)
intermediate (b) final electron density map showing detail in the region of Cys229
and Ser157 (colour coding as in Figure 27)
(Reproduced with permission from Sondermann et al.85 andNature, copyright
2000, Macmillan Magazines Ltd)
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Figure 30 Stereo ribbon drawing of CDF asymmetric unit
(Reproduced with permission from Hoover et al.88)

Figure 31 Ribbon drawing of CDF monomers (monomer D). Monomer B is nearly identical
to monomer D, whereas monomers A and D differ within residues 5—15. Also,
residues 68—74 are ordered in monomer D producing a C-terminal extension of
the �-helix by 1.5 turns
(Reproduced with permission from Hoover et al.88)

6: Proteins 397



Figure 32 Model of the interaction between MAH and the tetrasaccharide NeuAc(2-
3)Gal(1-3)[NeuAc(2-6)]GalNAc. (a) Stereoview of theMAHbinding. (b) Sche-
matic representation of the modelled interaction between sialyloligosaccharide
andMAH. Residues differing from theMAL binding site are boxed. (c) Connolly
surface of the MAH binding site coded according to the electrostatic potential
from blue (negative) to red (positive). The galactose in the monosaccharide
binding site is shown in magenta
(Reproduced with permission from Imberty et al.90)
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Figure 33 Model of hPTH(1—34)(red) binding to the PTH/PTHrP receptor (blue). Resi-
dues at the ligand-receptor interface are highlighted in yellow. The sequence
starting at N and ending at C is hPTH, shown sitting in the receptor crevice. (b)
Side view of (a) rotated through 90° and an enlarged view of this region
(Reproduced with permission from Jin et al.93)
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Figure 34 Diagrams of the FO (Left) and FR (Right) conformations of thioredoxin reduc-
tase. NADP� and AADP� are bound respectively in the two structures
(Reproduced with permission from Williams et al.,96 Eur. J. Biochem., Black-
well Science)

tions that sustain the dodecameric quaternary structure.92

7.8 Receptors. — Interaction of sequence 1—34 of human parathyroid hormone
with the hormone receptor has been modelled (Figure 33), in view of the interest
in this peptide that results in increased bone density formation in patients with
osteoporosis.93

8 Enzyme Studies

8.1 Textbooks and Monographs. — Textbooks have covered proteolytic en-
zymes94 and tyrosine phosphoprotein phosphatases95 (see also refs. 1, 4, 8).

8.2 New Studies. — The two proteins comprising the thioredoxin—thioredoxin
reductase system are of considerable interest as indicators of a wide variety of
diseases including rheumatoid arthritis, HIV-AIDS and cancer, and their im-
portance as prospective drug targets is therefore understandable. A series of
mini-reviews has appeared covering various aspects of this enzyme system
(Figure 34).96 The first structure (NMR) of a thermostable thioredoxin supports
the hypothesis for the role of long range electrostatic interactions in favouring
thermostability in proteins97 (see also ref. 129).
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Scheme 2 Involvement of cysteine residues in mode of action of peptide methionine sulfoxide
reductase
(After Lowther et al.100)

Mammalian thioredoxin reductases are dimers homologous to glutathione
reductase with a selenocysteine residue in a conserved C-terminal sequence
-Gly-Cys-SeCys-Gly-, and selenium is required for the proper function of this
enzyme, thus explaining the essential role of this trace element in cell growth.98 A
new family of omega class glutathione transferases has been found in several
species, including human. The defining difference is the presence of cysteine at
the active site rather than tyrosine and serine which is characteristic of all other
known eukaryote glutathione transferases.99

Disulfide—thiol interchange is involved in catalysis by peptide methionine
sulfoxide reductase, as depicted in Scheme 2.100 Several cysteine residues are
implicated and a parallel disulfide reduction operation is needed to restore the
enzyme to its catalytic state at the end of each cycle.

Another enzyme, �-fetoprotein (a large serum glycoprotein used routinely to
mark embryonic disorders through changes in its level in serum during preg-
nancy) has received an astonishing amount of attention (about 11 000 papers,
roughly one published each day since 1969), but is still largely a mystery in terms
of its structural features; some details of the relationship between conformational
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Figure 35 Rat heme oxygenase-I heme complex showing the protein backbone and heme.
Eight helices are present
(Reproduced with permission from Sugishima et al.,104 FEBS Lett., Blackwell
Science)

transitions in AFP and its function have emerged from a scrutiny of existing
results.101

X-Ray studies have given structural details for the the complex formed be-
tween amylomaltose from Thermus aquaticus and its potent inhibitor acarbose (a
maltotetraose derivative).102

An NMR study of the N36-boxB RNA complex has been reported. N36 is the
N-terminal 36-residue peptide from the N-protein from bacteriophage 	 and
includes the characteristic arginine-rich motif that is involved in transcriptional
antitermination of phage 	. This work demonstrates further the power of direct
spectroscopic analysis in assignments of structural features to protein—RNA
complexes.103 Homonuclear and heteronuclear NMR data (2D and 3D) for three
mutant peptides were interpreted to reveal the roles of particular residues in the
formation of this complex. A description of rat heme oxygenase-I complexed
with heme (Figures 35, 36) has appeared.104

X-Ray studies of the ribosome-inactivation protein, saporin SO6 from
Saponaria officinalis, interacting with the ribosome reveal a fold in the protein
that is typical of other plant toxins.105

Purple bacteria (Rhodobacter sphaeroides) engage in photosynthesis through
membrane-bound reaction centres which amount to protein complexes carrying
the requisite pigments and cofactors. An X-ray study of the system carrying
anthraquinone in place of the essential redox component, ubiquinone-10, has
been conducted so as to gain understanding of the energetics of the quinone
system as a whole.106

Interactions have been delineated within the four subunits of polymerase � (the
first proofreading polymerase, essential for chromosomal replication, to be
purified from yeast).107 Yeast pyruvate decarboxylase complexed with its ac-
tivator pyruvamide has been probed at 2.4 Å resolution by X-ray crystal analysis
(Figure 37).108

A kinetic study that also features in this paper shows that pyruvamide triggers
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Figure 36 Electron density near heme in rat heme oxygenase-I heme complex.View takes in
the distal side of heme
(Reproduced with permission from Sugishima et al.,104 FEBS Lett., Blackwell
Science)

a disorder—order transition of two active-site loop regions as a key stage in the
activation process.

The tertiary structure of a complex formed from caspase-9 after inhibition by
Ac-Asp-Val-Ala-Asp-fluoromethyl ketone has been described (Figures 38—41).109

Feedback regulation of pantothenate kinase by coenzyme A has been ex-
plained on the basis of newly-clarified structural features of the system (Figure
42).110

Allosteric regulation of pyruvate kinase, an essential catalyst within the
glycolytic pathway, has been studied through a standard site-directed mutagen-
esis approach (Figure 43).111

The membrane-associated serine protease, corin, has been established to be
the long-sought pro-atrial natriuretic peptide converting enzyme (pro-ANP)
responsible for releasing the biologically active cardiac hormone, ANP, within
cardiac myocytes. These results follow from the recent successful cloning and use
of corin, an enzyme that is highly expressed in the heart.112 The cleavage in
pro-ANP by corin is highly sequence specific. The implication is that the corin-
mediated pro-ANP activation may play a role in regulating blood pressure
because atrial natriuretic peptide (ANP) is essential for the regulation of blood
pressure. ANP is synthesized as a precursor, pro-ANP, that is converted to
biologically active ANP by an unknown membrane-associated protease.

The first three-dimensional structures of the acetylcholinesterase of fruit fly
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Figure 37 Electron density at the bound pyruvamide (a) at the active site (b) at the interface
between the pyruvamide domain and the R domain
(Reproduced with permission from Lu et al.,108 Eur. J. Biochem., Blackwell
Science)

(Drosophilamelanogaster) and of its complexes with two potent inhibitors 1,2,3,4-
tetrahydro-N-(phenylmethyl)-9-acridinamine and 1,2,3,4-tetrahydro-N-(3-iod-
ophenylmethyl)-9-acridinamine have been reported.113 Also the structures of
alcohol dehydrogenase allozymesADHS, ADHF, andADHUF fromDrosophila
melanogaster.114
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Figure 38 Superimposed structures of caspases-1, -3, -8 and the predicted structure of
caspase-9
(Reproduced with permission from Chou et al.,109 FEBS Lett., Blackwell
Science)

�-Galactosidase from E. coli has multiple metal-binding sites.115

Adenosine kinase from the pathogen protozoan parasite Toxoplasma goudii
allows the organism to acquire purines from their host. This opens up targets for
antiparasitic chemotherapy, since the pathogen depends on this route for life-
enabling nutrients, and a structure determination of the enzyme at 1.8 Å resol-
ution reveals structural differences from the human enzyme that were anticipated
on the basis of sequence differences.116

The active site of formate dehydrogenase from Candida boidinii binds NAD�

(Figures 44, 45).117

Ovotransferrin is a glycoprotein that folds into two distinct homologous lobes
(N- and C-lobes). The interdomain disulfide bridge has no role in iron uptake but
is important in maintaining conformation (Figure 46).118

Cathepsin-like cysteine proteases contain a hydrophobic stack of three tryp-
tophan side chains, a structural feature that stabilizes prodomains.119

Urokinase, and plasminogen formed from it by processing, are serine pro-
teinases whose genesis is regulated by �3�1-integrin.120 Leucocyte �2-integrins,
among the first adhesion molecules to be studied, have been reviewed.121 Intimin
and its receptor are bacterial proteins that mediate adhesion between mam-
malian cells and attaching and effacing pathogens, such as enteropathogenic E.
coli which cause considerable morbidity and mortality in many parts of the
world. With such an impetus, numerous studies, including X-ray structure
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Figure 39 Caspase-9 alkylated by Ac-Asp-Val-Ala-Asp-CH2-F (the alkyl group is in ball
and stick form at the top)
(Reproduced with permission from Chou et al.,109 FEBS Lett., Blackwell
Science)

determination of this complex, have been reported.122

The structure of a novel bacterial esterase at atomic resolution has been
reported, and further details of the function of this enzymewill be needed so as to
allow interpretation of its mode of action.123

Holliday junction resolving enzymes (metal ion-dependent endonucleases)
recognize and cleave four-way DNA junctions that arise through strand ex-
change between homologous duplexDNA species (Figure 47). The enzymeHjc is
a member of this family that repairs branched DNA by manipulating the
adjacent region into a 2-fold symmetric X-shape, as shown by a site-directed
mutagenesis study, the first in this area, that assigns roles to the various catalytic
residues of this enzyme.124

The m5C RNA and m5C DNA methyl transferases use different cysteine
residues as catalysts. Notwithstanding the highly homologous sequences and
similar functions, them5CRNAmethyl transferase is unusual in using a different
cysteine side chain as a catalytic nucleophile than is used by the m5C DNA
methyl transferase. The catalytic cysteine seems to be determined, not by the
target base that is modified, but by whether the substrate is DNA or RNA. The
function of the conserved ProCys sequence in the RNAm5Cmethyl transferases
remains unknown.125

8.3 Newly Discovered Enzymes. — All caspases studied previously (see also
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Figure 40 Caspase-9 alkylated by Ac-Asp-Val-Ala-Asp-CH2-F (the alkyl group is in ball
and stick form at the near left) showing binding interactions with nearby group-
ings
(Reproduced with permission from Chou et al.,109 FEBS Lett., Blackwell
Science)

refs. 109, 126, 174, 176) have been shown to cleave protein substrates at the
carboxy-terminal side of an aspartate residue, but aDrosophila caspaseDRONC
(one of seven caspases in this species) is unique in cleaving peptides either at a
peptide bond following a glutamate or following an aspartate, depending on the
nearby substrate structure.126 A caspase eliminates a key factor that could reverse
neural apoptosis by catalysing the cleavage of cAMP response element binding
protein, a transcription factor that mediates the nerve growth factor survival
signals.127

Cyclophilins from the human parasite nematode Brugia malayi have peptidyl-
prolyl cis—trans isomerase activity. X-ray crystal analysis of a complex formed
between one of these proteins and cyclosporin A gives insight into the reasons for
the low affinity of cyclophilins for the drug, and explains the resistance to it,
shown by the nematode.128

The first biochemical analysis of the separate stages of the condensation of
indole with serine catalysed by a thermostable tryptophan synthase at high
temperature has been described. The condensation involves indole 3-glycerol
phosphate as a key intermediate. The study has been based on the enzyme from
Thermococcus kodakaraensis KOD1, the first archaeal representative of this
class.129

A serine hydrolase is a key determinant in the microbiological degradation of
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Figure 41 Caspase-9 alkylated by Ac-Asp-Val-Ala-Asp-CH2-F (the alkyl group is in ball
and stick form at the top) showing binding interactions with nearby groupings
(Reproduced with permission from Chou et al.,109 FEBS Lett., Blackwell
Science)

polychlorinated biphenyls.130 These industrial chemicals persist in the environ-
ment, even though their use has been banned for more than 20 years, and it has
been assumed until now that their degradation would have to depend on abiotic
agencies.

�-1,3-Glucanase from ripe banana fruit closely resembles previously charac-
terized plant �-1,3-glucanases.131 The involvement of this enzyme (Figure 48) in
the ripening and softening of the fruit was considered to be likely.
Methionine aminopeptidase structure and function have been reviewed (part

of a special issue of the journal concerned with preoteolytic enzymes and their
inhibitors).132 A display of the structure of this enzyme and its interactions with a
bestatin-type inhibitor is shown in Figure 49. Figure 50 summarises the struc-
tures of the five known types of this enzyme.
Cyclomaltodextrinase is a multispecific enzyme of the �-amylase family (Fig-

ure 51), that releases maltose and panose by cleavage of �-1,4-glycosidic bonds.
An N-terminal extension of about 130 amino acid residues, not seen in �-
amylases that are unable to deal with cyclomaltodextrin and pullulan, contrib-
utes to the active site.133

8.4 Mechanistic Studies. — Classical methodology continues to serve well the
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Figure 42 Stereoview of the overlapping site of two ligands, AMPPNP and CoA. The
binding pockets of AMPPNPand CoA are shown in yellow and cyan, respective-
ly. CoA (magenta) and AMPPNP (black) are shown in lines. (a) Residues of the
AMPPNP-bound enzyme are shown (in brown) but residues of the CoA-bound
enzyme are not shown for clarity. The carboxyl group of Glu249 of the
AMPPNP-bound enzyme coincides with the pantetheine moiety of CoA. (b)
Residues of the CoA-bound enzyme are shown in green, but residues of the
AMPPNP-bound enzyme are not shown for clarity.The carboxyl group of Glu44
of the CoA-bound enzyme coincides with the adenine base of AMPPNP
(Reproduced with permission from Yuri et al.110)

needs of those studying newly-discovered enzymes. Several citations located in
other parts of this chapter can be consulted to give appropriate guidance on
methods that employ state-of-the-art laboratory instrumentation. Most of the
papers selected for inclusion in this section deal with unusual, often ground-
breaking, studies.

8.4.1 Enzyme Activity at Low Temperatures. Enzyme activity at �100 °C has
been established for the first time, with beef liver catalase and calf intestine
alkaline phosphatase, using either methanol:ethyleneglycol:water (70:10:20) or
dimethyl sulfoxide:ethyleneglycol:water (60:20:20) as medium. The implication
drawn,134 that molecular motion is not essential for enzyme activity since the
temperature in these experiments is below the dynamic transition state for these
proteins, seems to sweep away a range of current assumptions underpinning
mechanisms for enzyme catalysis, and will need further experimental support
from a broader range of examples.
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Figure 43 (A) Schematic representation of the E. coli PK crystallized in the inactive
T-state. Subunits related by the molecular twofold axis running in the vertical
direction. Dashed lines connect Phe345 to Leu352 (the sequence 346 to 351 is
disordered). (B)The E. coli subunit [top left hand corner of Figure 43(A)].The
C� atoms of the mutated residues are outline by grey spheres
(Reproduced with permission from Valentini et al.111)
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Figure 44 Subunit of C. boidinii FDH model with ATP bound to the active site. The
coenzyme binding domain is to the left and the catalytic domain is to the right.
NAD� is shown as a ball and stick representation
(Reproducedwith permission fromLabrou et al.,117Eur. J.Biochem., Blackwell
Science)

Figure 45 (A) Diagram showing the side chains of the of C. boidinii FDH model that
interact with the cofactor NAD�.The nicotinamide moiety of NAD is omitted for
clarity with the remainder of the NAD shown in uniform light grey. Lys360 is
shown in dark grey. In the absence of NAD�, Lys360 forms a salt bridge with
Asp195, so explaining its unusually low reactivity to oADP. (B) On binding of
NAD�, a conformation change is suggested to occur,withLys 360 then becoming
a contributor to the interaction with NAD�

(Reproducedwith permission fromLabrou et al.,117Eur. J.Biochem., Blackwell
Science)

8.4.2 Enzyme Activity at Low pH. Aspergillopepsin II, which in spite of its name
is a non-pepsin type proteinase, carries aspartate and glutamate residues as
essential contributors to the active site, so there is little surprise that the optimum
pH for its catalysis of the hydrolysis of milk casein is as low as 2.6 (and the
optimumpH for hemoglobin is less than 2).135 Seven aspartate and five glutamate
residues in the enzyme were replaced by site-directed mutagenesis, with aspara-
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Figure 46 The Cys478-Cys71 disulfide bond in relation to the screw axis of the C-lobe of
apo and holo ovotransferrins. Conformational transitions between the apo and
holo forms involve rotation of the two domains about the screw axis that is
represented by a circle with a filled circle inside it. The large filled sphere is an
iron atom
(Reproduced with permission fromMauralidhara and Hirose.118)

gine and glutamine residues, respectively, to pinpoint the active site contributors.
Proton shifts are an inherent part of enzyme catalysis, and have been a

constant feature of mechanistic studies. A two-step reaction mechanism
(catalysed alternatively by acid and base) with partial proton shuttles and charge
redistributions promoted by short strong H bonds (SSHBs) (playing a dual role
as an amphi-acid/base catalyst) is proposed to explain the enormous rate enhan-
cement observed in enzymatic reactions involving carbanion intermediates. The
SSHBs in the two-step reactions are found to be responsible for enhancing
enzyme—substrate interactions in favour of the transition state structure over
that of reactant. A study presents evidence of the role of SSHB in driving partial
proton shuttles and charge redistributions in ketosteroid isomerase (KSI) for
which a large stabilization energy for EIs/TSs relative to ES comes from both the
enhanced H-bond energy (of SSHBs relative to normal H bonds) and the MO
interaction energy (by the electronic charge redistributions due to charge trans-
fers and polarization involving excess electron dissipation to the catalytic resi-
dues and possibly by partial covalent bonding). Thus, the activation barrier is
lowered predominantly by both preorganization-driven SSHB and SSHB-
driven proton shuttles and charge redistributions. The origin of the catalytic role
of SSHB is explained with a dual role of very strong proton donor/acceptor
to/from substrate in catalytic activation involved in two-step reactions to be
catalysed alternatively by acid and base.
This understanding will help to open up a new avenue for designing novel

enzymes and antibodies acting through this mechanism.136

8.4.3 Classical Methods of Probing Enzyme Catalytic Mechanisms. The tech-
niques of site-directed mutagenesis (refs. 24, 111, 124, 135), irreversible inhibition
(refs. 109, 179), and mass-spectrometricmonitoring of reaction mixtures (refs. 23,
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Figure 47 (A) Model of the catalytic domain of Hjc and its interaction with the Holliday
junction (predicted secondary structure). Proposed catalytic residues and metal
ions are shown as stick and space filling representations, respectively. (B) The
Hjc-junction complex. Catalytic domains are represented by ribbons with the
positions of the magnesium ions and the conserved residues Arg13 and Arg28
indicated as stick representations. The model DNA junction structure is shown in
grey with a backbone ribbon highlighting the position of junction cleavage in red
(Reproduced with permission from Kvaratskhelia et al.124)

25) are discussed elsewhere in this chapter. Another less targetted way for
probing protein structure is illustrated for the pyruvate decarboxylase compo-
nent of the pyruvate dehydrogenase multi-enzyme complex of Bacillus
stearothermophilus, with limited trypsin proteolysis being shown to affect the
active site.137
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Figure 49 Active site interactions of methionine aminopeptidase with a bestatin-type inhibi-
tor. His79 and His178 are important contributors to the mechanism of action of
the enzyme. Two cobalt ions are shown as spheres near the inhibitor, depicted in
(a—c) as a skeleton structure
(Reproduced with permission from Lowther and Matthews132 and Elsevier
Science)

Figure 48 Banana �-1,3-glucan endohydrolase. (A) �-Sheet strands form a crown
surrounded by an outer crown of �-helices to form the (�/�)8 TIM-barrel.
Arrows indicate the line along which the active site lies within the structure. (B)
Localization of three conserved glutamate residues entering the catalytic groove
(Reproduced with permission from Peumans et al.,131 Eur. J. Biochem.,
Blackwell Science)
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Figure 50 Structures (a—e) are the known type I and type II methionine aminopeptidases
characterised by �-sheet arrangements that lead to the whimsical name ‘pitta
bread’ enzymes. Cobalt or manganese ions are held within these structures (see
Figure 49)
(Reproduced with permission from Lowther and Matthews132 and Elsevier
Science)

The mechanism of action of 8-(S)-amino-7-oxononanoate synthase has been
elucidated based on spectroscopic, kinetic and crystallographic studies.138 This is
a pyridoxal-5�-phosphate dependent enzyme that catalyses the decarboxylative
condensation of -alanine with pimeloyl-coenzyme A in a stereospecific manner
(Scheme 3).

8.4.4 Intra-enzyme Contacts Established by Photo-crosslinking. Azido-
phenylacetylation of a cysteine residue followed by photo-crosslinking has been
used to probe contacts between the ribonuclease H domain of HIV-1 reverse
transcriptase (Figure 52).139
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Figure 51 Glycoside hydrolase Family 13 members [CGTase � Bacillus circulans; oligo-
1,6-glucosidase � Bacillus cereus; TAA � �-amylase of A. oryzae; isoamylase
� Pseudomonas amyloderamosa; ThMA� CD-degrading enzyme from Ther-
mus sp]
(Reproduced with permission from Park et al.133 and Elsevier Science)

Peroxynitrite (a mixture of NO and the superoxide anion O2�) inactivates
cytochrome P450BM3. The essential groups that are targetted in this process are
considered to be tyrosine residues which undergo nitration and thiol groups that
are oxidized by ferryl species.140

A tyrosine residue activates the epoxide moiety of a substrate to attack by an
aspartate carboxylate ion (Scheme 4) in the catalytic cycle of the widely distrib-
uted enzyme epoxide hydrolase, on the way to the product (a 1,2-diol).141

An endonuclease of the amoeboflagellate Naegleria has a zinc ion skirted by
cysteine and histidine residues as part of the active site (Scheme 5).142

Hydrolysis of ATP by �-actin (see also ref. 48) involves arginine residue 177 as
a constituent of the active site (Figure 53).143

A pancreas-specific glycosylated protein disulfide isomerase binds substrate
peptides through their tyrosine and tryptophan residues.144

A protein required for disulfide bond formation in vivo uses quinones (which
show a propensity to act as electron aceptors) as redox reagents in a novel
catalytic process.145

The nonapeptide sequence -Arg-Trp-Thr-Asn-Asn-Phe-Arg-Glu-Tyr- (resi-
dues 183—191) of matrix metalloproteinase MMP-1 is critical for the expression
of collagenolytic activity of this enzyme;146 this sequence makes up the catalytic
domain (Figure 54), in combination with the C-terminal hemopexin domain and
other structures, to fulfil a role in the cleavage of the collagen triple helix.
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Scheme 3 8-(S)-Amino-7-oxononanoate synthase mechanism deduced from spectroscopic
assignments
(After Webster et al.138)

Based onUV-visible spectroscopic data, Baldwin’s group has concluded that a
[2Fe—2S]2� cluster characteristic of wild-type biotin synthase is also a feature of
mutants prepared from it by replacing each of the three conserved cysteine
residues with an alanyl residue;147 Baxter’s group has provided complementary
results for [Fe—S] cluster-binding residues of E. coli biotin synthase, and a
conclusion that the conserved cysteine residues Cys53, Cys57 and Cys60, are
crucial for [Fe—S] cluster-binding while Cys188 plays a different, unknown,
structural role.
The arachidonic acid component of a complex with murine apo-cyclo-

oxygenase and prostaglandin possesses a distorted conformation (X-ray
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Figure 52 Positioning of the RNase H domain within duplex DNA of HIV-1 RT to account
for azidophenacyl-mediated cross-linking to template and primer nucleotides. All
structural features of HIV-1 RT other than the C-terminal p66 RNase H domain
have been omitted for clarity. Within the RNase H domain, the last structural
element, �-helix E�, has been indicated for reference.The white portion represents
C-terminal RNase H residues. Native residues 559 and 560 along with the
cysteine introduced at position 561 modelled onto the published X-ray structure
are shown in white. Template and primer nucleotides are green and blue, respect-
ively, as are the nucleotides to which azidophenyl-mediated cross-linking could be
achieved
(Reproduced with permission from Rausch et al.139)

Scheme 4 Mechanism of oxirane cleavage catalyzed by epoxide hydrolase
(After Yamada et al.141)
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Scheme 5 Active site detail of endonuclease fromNaegleria
(After Elde et al.142)

Figure 53 (A) Overview of �-actin (see also Figure 6). The bound nucleotide�cation
complex and the side chain of Arg177 are shown. (B) Close-up view around
Arg177
(Reproducedwith permission fromSchuler et al.,143Eur. J.Biochem., Blackwell
Science)
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Figure 54 Nonapeptide and matrix metalloproteinase-1 (MMP-1) and analogue MMP-3
(stromelysin-1 into which various lengths ofMMP-1 were introduced),mentioned
in the text.Light blue for �-helices, green for �-strands, gold for connecting loops;
Zn and Ca ions are purple and grey spheres, respectively; the nonapeptide
183-191 is dark blue. (A) Ribbon diagram (upper and lower domains are the
catalytic and hemeopexin domains, respectively). (B) Surface of catalytic domain
of MMP-3. Surface of 183-191 (red) superimposed on the MMP-3 catalytic
domain (green). (C) Superimposition of MMP-1 (red) and MMP-3 (green) on
the nonapeptide
(Reproduced with permission from Chung et al.146)

crystal structure analysis) that is suggestive of an important role for this compo-
nent, in setting up this enzyme that starts off eicosanoid synthesis in vivo.148

8.5 Heme-binding Enzymes. — Heme-binding aspartic proteinase from eggs of
the hard tick (Boophilus microphus) must possess a docking site for heme so as to
explain the increased specificity of the enzyme towards hemeproteins, and there-
by suggesting a novel way of regulating the activity of proteinases.149

8.6 Proenzymes. — A glycoprotein �-subunit with 92 amino acid residues in-
cluding five disulfide bonds has been found to combine with four distinct
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Figure 55 The glycoprotein �-subunit featured in this study
(Reproduced with permission from Darling et al.150)

Figure 56 (A) Schematic diagram of native �-antichymotrypsin (ACT). (A) Front view of
ACT, with Trp194, Trp215 and Trp276 shown as van der Waals spheres. (B)
Side view, highlighting the location of Trp276
(Reproduced with permission from Pearce et al.152)
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Figure 57 Native and pentasaccharide-bound antithrombins indicating the structural
changes in secondary structure that accompany binding. The pentasaccharide is
shown in ball and stick form. The central �-sheet (red), reactive centre loop
(yellow), helix D (cyan), helix A (green), and P1 arginine (red) are shown;
secondary structural changes in the pentasaccharide-bound structure are yellow
(Reproduced with permission from Huntington et al.155)

Figure 58 Hinge region interactions for native (a) P14-fluorescein (b) and pentasaccharide-
bound (c) antithrombins
(Reproduced with permission from Huntington et al.155)
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Figure 59 Native �-antithrombin (see also Figure 57). (A) This structure includes a
rectangle containing Lys335 and the contents of this rectangle are re-drawn in
(B) showing the side chains of Lys335 and of neighbouring residues
(Reproduced with permission from Im and Yu.156)

�-subunits for the genesis of four hormones: chorionic gonadotrophin, luteiniz-
ing hormone, thyroid-stimulating hormone and follicle-stimulating hormone.
Conventional residue replacement (Cys replaced by Ala) in a planned fashion
shows the importance of some of the disulfides comprising the cystine knot
(Figure 55) in sustaining a suitable three-dimensional structure for the system.150

8.7 Proteins as Enzyme Inhibitors. — A preceding section covering binding and
adhesion involving proteins could also have been used to cover proteins as
enzyme inhibitors, since binding ability is inherent in such behaviour. Plasma
hyaluronan-binding protein shows the properties of a serine protease that can be
inhibited by several proteins, including the Kunitz-type protease inhibitor do-
main of amyloid �-protein precursor.151 Another Kunitz type protease inhibitor
is referred to in ref. 169.
Serpins fulfil essential regulatory roles, but trauma leading to their misfolding

and aggregation can lead to breakdown or imbalance of systems in which they
are involved. This is implicated in a number of diseases, ranging from emphy-
sema and liver disease, to cancer and dementia, for example, so considerable
effort is being devoted to the folding pathways in this area, and stable intermedi-
ates I1 and I2 in the folding pathway (N to I1 to I2 to U, and the reverse pathway;
N � native, U � unordered) of �1-antichymotrypsin have been established to
have lost 20% of the secondary structure of the native conformation N (Figure
56).152

This serpin, like �1-proteinase inhibitor and �1-macroglobulin, prevents ad-
hesion molecules such as fibronectin from undergoing degradation and they are
thus retained in an available state.153 The conformational stability of the serpin
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Figure 60 Selected interactions between amylase (main chain shown in grey) and inhibitor
(main chain shown in white) in the HAS-0.19 complex. Thinner dotted lines are
shorter enzyme loops, labelled A—D. In the TMA complex His305 is partly
obscured by Asp356 and Trp59 is partly hidden by Pro54
(Reproduced with permission from Franco et al.,159 Eur. J. Biochem., Blackwell
Science)

�1-antitrypsin is increased in citrate-containing media.154

Antithrombin is a serpin with the unique property of circulating in an inactive
native conformation, activation requiring binding to a specific pentasaccharide
sequence (Figures 57, 58) that is found in heparin.155

�1-Antitrypsin and other serine protease inhibitors are proteins that are in a
metastable state in their native form (Figure 59).156 Lys-335 is critical for controll-
ing the activity of the inhibitor.
An X-ray structure for this serpin has been published.157 A 30-residue exten-

sion loop allows conversion of the structure into a very stable state.158

X-Ray structures of human and insect salivary �-amylases complexed with
inhibitors have provided improved understanding of these enzymes and may
assist the rational design of new and simpler inhibitors (Figure 60).159

Natural inhibitors of proteinases are very rarely encountered, but a novel
inhibitor, Streptomyces caespitosus neutral protease inhibitor, of the metallo-
protease from Streptomyces caespitosus has been isolated from Streptomyces sp.
I-355.160 It also inhibits the serine proteinase subtilisin, so conforming to the
general behaviour of several other natural proteins, but as a ‘double headed’
inhibitor it stands apart.
Clitocypin is a novel cysteine proteinase inhibitor from Clitocybe nebularis.161
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Figure 61 The location of randomized residues in �-lactamase inhibitory protein (BLIP)
around Asp49 and Phe142 featured in this study are shown in black
(Reproduced with permission from Huang et al.166)

Prodomains of several cysteine proteases of the papain family are potent
inhibitors of their parent enzymes, cathepsins K, L and S.162 A 152-residue
protein from kiwi fruit (Actinidia chinensis) acts as a powerful inhibitor of plant
pectinmethylesterase; this adds to a growing list of proteins that inhibit enzymes
involved in sugar metabolism.163

A new �-lactamase inhibitory protein has been located in Streptomyces ex-
foliatus SMF19.164

‘Family 12’ proteins of Helicobacter pylori are �-lactamases of a new class,
designated class E.165 A �-lactamase inhibitory protein (Figure 61) binds tightly
to several members of this broad class of enzymes, and is a promising candidate
for pharmaceutical development since the binding affinity of this protein can be
adjusted by protein engineering.166

Other studies in the same vein include Pseudomonas aeruginosa �-lactamase
PSE-4.167

Two ribosome-inactivating proteins have been isolated from Solomon’s seal
(Polygonatum multiflorum).168

The hookworm Ancylostoma ceylanicum secretes a broad spectrum Kunitz-
type serine protease inhibitor (see also ref. 151).169 Scorpine, a novel 75-residue
protein from the scorpion (Pandinus imperator) with three disulfide bridges and a
unique sequence for an insect protein, has antibacterial properties and is a potent
inhibitor of ookinete and gamete stages in the life cycle of Plasmodium berghei.170

Self-inhibition illustrated by myosin light chain kinase may be just one
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Figure 62 The protein C anticoagulant pathway. (a) Domain organisation of protein C. (b)
Complex between �-thrombin and TME456, alkylated with the inhibitor, L-Glu-
Gly-L-Arg-chloromethyl ketone (the alkyl group introduced using this reagent is
shown in ball form in �-thrombin). A sodium atom associated with TME456 is
shown as a sphere
(Reproduced with permission from Fuentes-Prior et al.179 and Nature, copy-
right 2000, Macmillan Magazines Ltd)

example of a more extensive phenomenon. The enzyme contains a regulatory
segment, an autoinhibitory region and a calmodulin-binding sequence that can
fold back on its catalytic core to inhibit kinase activity.171

8.8 Enzyme Inhibition by Non-protein Species. — These studies continue to
offer valuable insights into enzyme behaviour that often give useful pointers to
clinical applications using effective inhibitors as medicaments.
The first evidence has been acquired that all-trans retinoic acid interacts with

protein kinase C, one of a family of key regulatory enzymes in signal transduc-
tion. This is important since it effectively decreases the activity of the enzyme and
may have implications for cancer therapy.172

An ongoing topic of pharmaceutical interest concerns the retroviral proteinase
that is responsible for the maturation of the HIV nascent viral particle to an
infectious entity. Thorough reviews are available, covering the results of all
published studies.173

Inhibitors of one of the most intensively studied enzyme families, the caspases
(see also refs. 109, 126, 174, 176), offer rewards in terms of novel treatment of
diseases characterized by excessive apoptosis, such as osteoarthritis.174 Benefits
are also likely to follow, from successful intervention into the action of caspases
that are linked to Alzheimer’s disease,175 with caspase-12 now known to have
direct links with the disease.176

A compendium of theories for the cause of Alzheimer’s disease occupies a
volume of Annals of the New York Academy of Sciences.177

The sequence of events in blood protein coagulation is also an ongoing topic
of investigation with more refinement of the research objectives being shown.
Peptides are now seen to bind at exosites rather than the catalytic sites of
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Figure 63 Sequence of human TME456 fragment (some secondary structure features are
indicated)
(Reproduced with permission from Fuentes-Prior et al.179 and Nature, copy-
right 2000, Macmillan Magazines Ltd)

thrombin and related proteins that possess serine proteinase activity. The result
is to block the activation of the tissue factor—factor VIIa complex in the fibrin
clot-formation process, and so peptides offer themselves as potential anti-coagu-
lants.178 Thrombin irreversibly inhibited by reaction with -Glu-Gly--Arg-
chloromethyl ketone has been combined with thrombomodulin, for assessment
of the anti-coagulant activity of the complex (Figures 62, 63).179

9 Signal Regulatory Proteins

9.1 Receptor-like Membrane Proteins. — Membrane proteins are the most
biomedically important family of proteins, according to ref. 180, a statement that
seems exaggerated to a reader thinking over a long list of other physiologically
important proteins. The claim is made on the basis that the majority of pharma-
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Scheme 6 Energy penalty arising from Gln259-Gln262 interactions in or near the active site
of protein tyrosine phosphatase-�. The alternative scheme involving Gln262
outside the active site involves no energy penalty
(After Peters et al.182)

ceutical agents are directed at membrane protein targets. The application of
standard methods of structure determination to membrane proteins is very
difficult, and less than 0.2% of the Protein Data Bank comprises proteins in this
category.180

Receptor-like trans-membrane proteins contain a cytoplasmic proline-rich
region and four cytoplasmic tyrosine residues that, when phosphorylated, bind
SH2 domain containing tyrosine phosphatases. One of these enzymes,
SIRP�1,181 has been suggested to be a negative regulator of growth hormone
signalling. Residue 259 (a glutaminyl residue) is a major determinant of substrate
specificity of protein tyrosine phosphatases 1B and � (Scheme 6).182

Anchorage on a membrane by a 20-residue peptide (an analogue of the fusion
peptide of the influenza virus hemagglutinin) has been shown to depend on
pH.183 Two of the five glutamate residues of the peptide were concluded to be
crucial to the anchorage.

9.1.1 Presenelins. Presenelins 1 and 2 are polytopic membrane proteins that are
mutated into �-amyloid proteins in most of the early onset Alzheimer’s disease
cases, but the non-conserved hydrophilic loop domain is not essential to this
behaviour.184 These mutations are followed by perturbed Ca2� homeostasis; this
was something of a mystery until the binding of sorcin by presenelins was
appreciated, the sorcins being well-known to be involved in Ca2� channel
modulation.185

It has become apparent in the last few years that a compelling strategy to treat
and prevent Alzheimer’s disease may involve understanding first how certain
integral membrane proteins undergo unusual proteolytic cleavages within their
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transmembrane domains, and then to work on inhibiting this process pharma-
cologically. The substrate of interest in Alzheimer’s disease is the amyloid
precursor protein, but several other proteins apparently are cleaved by a highly
similar or identical proteolytic activity within their respective transmembrane
domains, including the Notch family of cell-surface receptors required for cell
fate determination and the Ire1 proteins that initiate signalling in the unfolded
protein response pathway. According to ref. 186, the role of secretase is to cleave
PS within a membrane domain (see also refs. 187 and 188 for a ‘commentary’ on
this topic).
An unusual intramembranous cleavage of the �-amyloid precursor protein by

�-secretase is the final step in the generation of amyloid �-peptide (A�). Two
conserved aspartates in transmembrane (TM) domains 6 and 7 of presenilin (PS)
1 are required for A� production by �-secretase. The C-terminal fragments, C83
and C99, of �-amyloid precursor protein are the direct substrates of �-secretase
and can be co-immunoprecipitated with both PS1 and PS2. PS/C83 complexes
were detected in cells expressing endogenous levels of PS. These complexes
accumulatewhen �-secretase is inactivated either pharmacologically or bymuta-
ting the PS aspartates. PS1/C83 and PS1/C99 complexes were detected in
Golgi-rich and trans-Golgi network-rich vesicle fractions. In contrast, complexes
of PS1 with APP holoprotein, which is not the immediate substrate of �-se-
cretase, occurred earlier in endoplasmic reticulum-rich vesicles. The major por-
tion of intracellular A� at steady state was found in the same Golgi/trans-Golgi
network-rich vesicles, and A� levels in these fractions were markedly reduced
when either PS1 TM aspartate was mutated to alanine. Furthermore, de novo
generation of A� in a cell-free microsomal reaction occurred specifically in these
same vesicle fractions and was markedly inhibited by mutating either TM
aspartate. Thus, PSs are complexed with the �-secretase substrates C83 and C99
in the subcellular locations where A� is generated, indicating that PSs are
directly involved in the pathogenically critical intramembranous proteolysis of
APP.
Mutations in the presenilin-1 and -2 genes account for about 50% of early

onset familial Alzheimer’s disease cases. Proteolytic cleavages of the integral
membrane protein, �-amyloid precursor protein (APP), result in generation of
the 40- and 42-residue amyloid �-peptides that accumulate to high levels in brain
regions important for memory and cognition in Alzheimer’s disease. APP is
cleaved by �-secretase to generate a 99-residue C-terminal fragment that then is
cleaved by �-secretase to generate A�40 and A�42. �-Secretase has a critical role
in determining the amount of A� produced by cells, but its identity is not
definitively established.189

A model for the neuronal Rab-Sec1-syntaxin 1a system in relation to mem-
brane fusion has been investigated by X-ray crystal analysis (Figure 64).190

From previous studies, the presence of a parallel four-helix bundle at the
membrane is thought to be a contributory factor for ensuring membrane fusion.
An extraordinary series of deductions has led to elucidation of the pathway

followed during the passage of a proton across the cell membrane in the photo-
cycle of bacteriorhodopsin (Figure 65). The detail that has been drawn out
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Figure 64 (a) Yeast SLY1-20 mutant on the nSec1-syntaxin 1a complex. (b) View of the
Rop Arg50 to Cys50 mutation position. (c) View of the syntaxin 1a Glu165 to
Ala/Leu166 to Ala mutations in the Habc/H3 linker region. Hydrophobic resi-
dues that face the linker from H3 and Hc are shown in (c)
(Reproducedwith permission fromMisura et al.190 andNature, copyright 2000,
Macmillan Magazines Ltd)

includes movements of neighbouring helices induced by the retinal Schiff base
that are an essential feature for this process.191

10 Processing of Proteins Relevant to Their In Vivo Functions

Maillard reactions, classically the preserve of amino acid chemistry, have been
recognized as applicable to protein substrates under attack in vivo from ad-
vanced glycation end-products. Crosslinks in �-amyloid proteins are introduced
in this way, and resulting insoluble deposits are the hallmark of the onset of
Alzheimer’s disease. Significantly, glycation is accelerated by metal ions (Cu�,
Cu2�, Fe2�, Fe3�),192 but little of value can be extracted from this observation, in
terms of preventative therapy.

10.1 Domains of Prion Proteins. — The prion domain (Ure2p; the first 65 amino
acid residues of the N-terminus) of yeast (Saccharomyces cerevisiae) induces
autocatalytic formation of amyloid fibres by a recombinant fusion protein. This
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Figure 65 The proton pathway through which bacteriorhodopsin deals with retinal photo-
chemistry. Bacteriorhodopsin is shown in purple, superimposed by its structure at
a late stage in the process shown in yellow. This figure shows movements of
regions of the protein that accompany light absorption. Retinal bound as a Schiff
base at Lys216 and the Asp85 residue (labelled D85) are shown. This aspartate
residue is the first proton recipient from the Schiff base
(Reproduced with permission from Sass et al.191 and Nature, copyright 2000,
Macmillan Magazines Ltd)

demonstrates the ability of this domain to mediate a prion-like conversion
process among a broader range of proteins.193

Membrane protein O-mannosylation at the endoplasmic reticulum by
dolichyl phosphate with mannose:protein-O-mannosyl transferases, a process of
fundamental importance in numerous physiological processes, is the subject of a
detailed study.194 A number of membrane insertion points were identified (Figure
66).

10.2 Inteins and Exteins. — The first example of a true precursor to an intein
arises for VMA29 as the mini-precursor of PI-SceI; a crystal structure gives a
view of the pre-spliced state of the precursor (Figures 67—69).195
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Figure 66 Schematic presentation of the dolichyl phosphate-mannose:proteinO-mannosyl-
transferase (ScPmt1p). ScPmt1p spans the ERmembrane seven times.The amino
terminus and loops 2, 4 and 6 face the cytoplasm. A putative ‘leave-one-out’
topology of loop 4 is indicated. The loop 1, loop 3 and loop 5 segments as well as
the carboxyl terminus are oriented toward the ER lumen
(Reproduced with permission from Girrbach et al.194)

S-Glutathionation of proteins adjusts the intracellular redox state and could
assist in vivo oxidative and nitrosation processes.196

11 Other Biological Functions for Proteins

A compost-dwelling earthworm, Eisenia foetida (Savigny), has a modest ability
to concentrate trace elements and specifically cadmium through its Cd-metal-
lothionein, an essential detoxification strategy. This unexpectedly small (41
residue) protein (Scheme 7) contains 12 cysteine residues that bind four Cd ions,
and the protein owes its conformational stability to an adamantane-like three-
dimensional arrangement.197

Drosomycin is a 44-residue protein from Drosophila melanogaster that is the
first antifungal protein to be found in an insect species.198 The solution structure
of this protein, a three-stranded�-sheet and an �-helix stabilized by four disulfide
bonds, is a motif characteristic of antibacterial insect defensins. This is now
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Figure 67 Close-up view of the zinc coordination at the C-terminal splicing junction of
molecule B of VMA29. The purple sphere is a zinc atom
(Reproduced with permission from Poland et al.195)

Figure 68 (a) Superpositioned ribbon diagram of the VMA29 (blue) and GyrA (red) HINT
modules. For clarity, the endonuclease domain (Endo/Linker) and DNA recogni-
tion region (DRR) of VMA29 were not included in the diagram. The zinc atom
from VMA29 is shown as a purple sphere. (b) Stereoview of the superposition of
residues involved in protein splicing from VMA29 (blue) and GyrA (red). The
superposition was as indicated in (a)
(Reproduced with permission from Poland et al.195)
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Figure 69 (a)—(d) Proposed mechanism of protein splicing involving a structural zinc atom.
The red arrows indicate points of nucleophilic attack. Blue residues are part of
N-extein and aqua residues are part of the C-extein; black residues are part of the
intein
(Reproduced with permission from Poland et al.195)

supplemented by details of the site of its interaction with fungal hyphae (Figure
70).
The cytotoxicity of ribonuclease A is a consequence of its conformational

stability (see also ref. 42);199 it has been suggested that factors that allow avoid-
ance of proteolysis, confer cytotoxicity on a protein.
The two forms of dimeric ribonuclease A have been given new scrutiny; the

conformational isomers have been known for many years but were thought to
have no structural or functional differences, but they do indeed differ in detail,
thus clarifying current misunderstandings.200

P-Glycoprotein catalyses the hydrolysis of ATP and couples this process to
drug transport. This behaviour is relevant to multidrug resistance since it causes
the transport of hydrophilic compounds from cells and prevents the accumula-
tion of cancer drugs and HIV protease inhibitors at particular sites.201

12 Viral Proteins

This title refers to the literature covering the protein content of intact virus
particles, and the topic is included here to illustrate the application of physical
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Scheme 7 41-Residue peptide from 80-residue prepropeptide (post-translational cleavage
peptide of putative gene product coded by the metallothionin cDNA) described in
ref. 197
(After Gruber et al.197)

Figure 70 Hydrophobic clusters containing the basic hydrophobic dyad essential for anti-
fungal activity of drosomycin. The dyad is Lys38—Trp40 in the upper structure
and Lys44—Ile46 in Rs-AFP2 in the lower picture
(Reproduced with permission from Landon et al.,198 J. Peptide Res., Blackwell
Science)

methods of structure determination to total biological entities that include
protein constituents, even though the protein only makes up a minor part of the
whole.
The scale of this task for analytical techniques, and the successes of current

structure determination methods, can be appreciated by reference to the estab-
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lishment of the structure of the reovirus core, an assembly with relative molecu-
lar mass close to 52 million. This entity is essentially a molecular synthesis
machine that synthesizes, modifies and exports viral messenger RNA in an
operation that takes place within a protein shell. The protein shell appears to be
common to all groups of double-stranded RNA viruses.202
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