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1. Introduction

The development of methods that allow the chemical syn-
thesis of peptides and small proteins is of utmost importance
for the advancement of life science-oriented enterprises.
Today, peptide synthesis has reached a level of maturity
that gives non-chemists the opportunity to readily synthe-

size well-de®ned materials suitable for a systematic evalu-
ation of structure±activity relationships. The degree of
complexity that can be realized by routine synthesis,
however, by no means matches that of naturally occurring
proteins. The majority of proteins are post-translationally
modi®ed, re¯ecting the subtle mechanisms by which protein
function can be regulated. Of the many types of protein
modi®cation possible, this review will focus on the syn-
thesis and use of two very common methods, namely the
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attachment of carbohydrate and lipid groups to amino acid
side chains. It will be demonstrated that with the help of
these synthetic peptide conjugates, the effect of glycosyl-
ation and lipidation on protein structure, localization and
function can be studied in molecular detail.

Synthetic peptide conjugates are of high utility not only for
analysing but also for in¯uencing biological processes. For
example, the attachment of pharmacophoric groups to
peptides furnishes conjugates that are invaluable tools for
modern cell biology. This feature will be illustrated by
describing how these peptide conjugates have helped in
unravelling the physiological roles of proteasome-mediated
protein degradation and of caspase-mediated proteolysis
during apoptosis.

2. Glycopeptides

The most abundant post-translational modi®cation is protein
glycosylation, which introduces an enormous structural
diversity to proteins. By the attachment of glycans protein
structure and activity can be regulated.1 Glycoproteins are
involved in biological recognition events such as cell
adhesion, cell differentiation and infection.2±5 Aberrant
glycosylation is associated with various conditions such as
autoimmune and infectious diseases and cancer. Since
glycoproteins exist in various glycoforms, the isolation of
well-de®ned glycopeptides from natural sources is
extremely dif®cult. In addition, recombinant proteins that
are synthesized by cells in a necessary but arti®cial environ-
ment might display an altered glycosylation pattern. Chemi-
cal synthesis, however, is able to provide a homogeneous
material.

2.1. The glycosidic linkage

Almost all of the naturally occurring glycosidic linkages can
be classi®ed into the N-glycosides, which are attached to the
side chain amide of asparagine, and the more diverse
O-glycosides, which are linked to the side chains of
hydroxyl group-containing amino acids. This review will
focus on O-glycosylation which is ideally suited to demon-
strate that post-translational modi®cations can increase the
chemical complexity by both an altered chemical reactivity
and a high structural diversity. The core fragment that is
most commonly displayed in O-glycopeptides, is the a-d-
GalNAc residue attached to serine and threonine. A variety
of different tissue-speci®c glycosyltranferases act upon the
a-d-GalNAc bridgehead, leading to a diverse set of so-
called mucin-type O-glycosides. Mucins are excessively
O-glycosylated proteins that are expressed on the cell
surface of various epithelial cell types.6 These proteins
constitute one important class of tumour-associated antigens
and hold much promise as potential targets for tumour
therapy (Fig. 1).

The b-O-glycosidic attachment of d-N-acetylglucosamine
(GlcNAc)7 to serine is found on nuclear pore proteins, tran-
scription factors and cytoskeletal proteins and seems to be
involved in transcriptional regulation analogous to phos-
phorylation.8,9 Structural proteins such as collagens contain
hydroxylysine and frequently are O-glycosylated by b-d-

galactose or Glca1!2Galb1 moieties.10,11 Interestingly,
b-d-Gal-containing peptide fragments of type II collagen
seem to induce T-cells mediating rheumatoid arthritis in a
mouse model (Fig. 2).

2.2. Acid and base lability of O-glycopeptides

In developing a methodology for glycopeptide synthesis, the
additional complexity and lability conferred by the carbo-
hydrate group must be considered. Glycopeptide synthesis
therefore presents a synthetic challenge, particularly with
respect to protecting group chemistry, which has to allow
for selective removal of these groups without harming
the acid- and base-labile glycoconjugates. In a well-
documented example, acidolysis of the glycopeptide
t-butyl ester 1 was plagued by undesirable cleavage of the
fucosidic linkage (Scheme 1).12 Fortunately, however,
acetylation of the trisaccharide rendered the fucoside less
labile. Global acetyl protection of the glycan hydroxyl
groups is now a standard technique in solid phase glyco-
peptide synthesis. The glycosidic linkages of common
carbohydrates such as GalNAc, GlcNAc, Gal, Glc and

Figure 1. Selected examples of O-glycosidically attached oligosaccharides
that are found on mucin-type peptides.

Figure 2. A serine-containing b-O-linked GlcNAc moiety is found on
nuclear pore proteins, transcription factors and cytoskeletal proteins. The
Glca1!2Galb disaccharide is found O-glycosidically attached to
hydroxylysine in collagen and the phenolic hydroxyl group of tyrosine in
glycogenine occurs in a glycosylated form.
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Man, particularly when they are acylated, survive short
treatment with TFA used for removal of side chain protect-
ing groups in solid phase synthesis. The stability of
O-glycosidic bonds, however, depends on several
parameters such as the amount of scavenger used and the
structure of the glycopeptide.13 The number of possible
protecting groups is further limited by the base lability of
the O-glycosidic linkage. Under basic conditions, typically
a 0.12M solution of sodium methoxid in methanol, which are
normally used for the removal of carbohydrate O-benzoyl
groups, abstraction of the serine or threonine a-proton, e.g.
in 3, can induce b-elimination of the carbohydrate to
furnish the dehydro alanine 4 (Scheme 1).14 The removal
of O-acetyl protecting groups proceeds smoothly, however,
when a highly diluted solution of sodium methoxide is used
(vide infra). Morpholine or piperidine are not basic enough
to promote b-elimination and application of the well-
established and probably most versatile Fmoc strategy is
therefore feasible.15

2.3. Solid phase synthesis of O-glycopeptides

The synthesis of glycopeptides16±20 in solution has been
successfully carried out, but the repetitive isolation of the
intermediates renders this approach rather cumbersome.
Solid phase synthesis, however, offers the opportunity to
automate the repetitive process.21±24 In addition, the use of
a large excess of the building blocks can drive peptide
couplings to completion, which is sometimes dif®cult to
achieve in solution-based approaches. As a result, glyco-
peptides often can be synthesized in higher yields in the
solid phase than in solution. Even more important, however,
is the high speed of automated solid phase synthesis and
the possibility of readily implementing parallel or combina-
torial synthesis formats.25,26

The crucial step in any synthesis of a glycopeptide is the
introduction of the carbohydrate group. The carbohydrate
can be conjugated to a full-length peptide, although stereo-
selective O-glycosylation reactions are dif®cult to achieve
with complex glycosyl donors or acceptors. Preformed
glycosyl amino acid building blocks are most commonly

employed in the stepwise assembly of the peptide backbone.
In this simple yet very ef®cient approach the correctly
protected glycosyl amino acid is coupled in the same way
as a simple amino acid. Thus, with a few alterations of the
protecting group chemistry, the protocols of modern peptide
synthesizers can be used. Access to the desired glycosyl
amino acid is, however, required which in most cases is
not commercially available. Several recent reviews have
focused on the construction of glycosyl amino acid linkages
to which the reader is referred.27,28

The large abundance of a-O-linked GalNAc moieties in
O-glycopeptides stimulated many research groups to devise
solid phase synthesis schemes. The groups of Bock, Meldal
and Paulsen have contributed signi®cantly to this ®eld as
they recognized the potential of solid phase synthesis and
devised parallel and combinatorial synthesis formats. In the
synthesis of MUC2 and MUC3 peptides containing oligo-
saccharides with TN-antigen, core 1 (T-antigen), core 2, core
3, core 4 and core 6 structure, preformed O-acyl protected
glycosyl amino acid building blocks were employed in the
preparation of 45 differently glycosylated decamers
(Scheme 2).29 For example, the synthesis of the TN-antigen,
core 1 (T-antigen) and core 2 containing MUC2 decamers 8
was performed in parallel on a manual 20-column peptide
synthesizer. The Wang resin was chosen as the solid
support. TBTU/HOBt activation was performed for the
core 1 and the core 2 building blocks (1.5 equiv.) and penta-
¯uorophenyl (Pfp) esters with addition of 3,4-dihydro-3-
hydroxy-4-oxo-1,2,3-benzotriazine (Dhbt-OH) for the non-
glycosylated Fmoc-amino acids 6. After the TFA cleavage,
the glycopeptides 7 were treated with dilute sodium
methoxid in methanol to remove the O-acetyl and
O-benzoyl protecting groups.

The conditions required for the removal of O-benzoyl
protecting groups can give rise to b-elimination and
epimerization (Scheme 1). The use of peracetylated
building blocks allows the application of milder conditions.
Kihlberg and co-workers30 and Liebe and Kunz31 inde-
pendently reported the incorporation of O-acetyl protected
O-sialyl-TN threonine building blocks. Liebe and Kunz

Scheme 1. Acid lability of the a-fucosidic linkage and b-elimination of O-linked glycans under basic conditions.
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employed the HYCRON linker in their synthesis of a sialyl-
TN-containing MUC1 undecamer (Scheme 3). The
HYCRON linker had already been reported to enable a
highly ef®cient synthesis of mucine-type O-glycopeptides
with an overall yield of 95%.32 The Fmoc-proline deriva-
tized HYCRON-polystyrene resin 9 was extended using
TBTU/HOBt activation and the less basic DMF/morpholine
for the removal of the Fmoc groups rather than DMF/piper-
idine. The release of the protected glycopeptide 11 was
accomplished by applying a Pd0-catalysed allyl transfer to
the nucleophile morpholine. Subsequent treatment with
TFA and aqueous sodium hydroxide removed the protecting
groups to give the desired sialyl-TN-glycopeptide 12. The
high orthogonality of allyl-type linkers is of particular value
when protecting group manipulations have to be performed
on a solid phase (cf. Scheme 7). It is likewise of high versa-
tility when protected glycopeptide fragments are to be used
in solid phase fragment condensations.33

Although acetylation is by far the most popular and usually
the most versatile means of protecting the carbohydrate
hydroxyl groups and stabilizing the glycosidic bonds,

there are cases in which side reactions have been reported.
On condition that the coupling of the O-acetylated glycosyl
amino acid to the resin bound peptide is unusually slow an
O!N-acetyl shift might irreversibly block the nucleo-
phile.30 The basic conditions needed for the O-deacetylation
can cause cysteine-induced degradations15 and, if hydrazine
is used, hydrazide formation of Asn-residues.34 b-Elimina-
tion as well as epimerization can be problematic if the
O-deacetylation conditions are not carefully adjusted.

Nakahara et al. favoured O-benzyl protection for the synthe-
sis of the B-chain of the a2HS-glycoprotein.35 O-Benzyl
groups, however, are dif®cult to remove in the presence of
cysteine and methionine residues. In addition, since
O-benzylation is used in carbohydrate chemistry to prepare
armed/activated glycosyl donors and acceptors it inevitably
enhances the acid lability of glycosidic bonds. A possible
solution to this problem is the use of acid-labile carbo-
hydrate protecting groups. Christiansen-Brams et al.
proposed O-TMS protection, which is unfortunately too
labile to be of general utility.36 Kihlberg's group has
pioneered the use of hindered silyl-type protecting groups

Scheme 2. (a) i 20% piperidine, DMF; ii 3 equiv. Fmoc-AA-Pfp, Dhbt-OH, DMF (or 1.5 equiv. glycosyl amino acid, TBTU, DIPEA, DMF); cleavage: TFA/
H2O (95:5); (b) NaOMe, MeOH.
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such as TBDMS- and TBDPS-ether as well as protection
through 4-methoxybenzyl ethers.37 For the solid phase
synthesis of glycopeptides derived from type II collagen,
the disaccharide-5-hydroxynorvaline conjugate was incor-
porated into an Fmoc-based protocol (Scheme 4). Starting
from the Wang-like hydroxymethylphenoxy-modi®ed
TentaGel resin 13, the Fmoc-amino acids were coupled
using DIC/HOBt-activation. The glycosyl amino acid was
activated as a hydroxy-azabenzotriazole ester using only
1 equiv. of the building block. After the TFA-cleavage,
the desired O-disaccharide peptide conjugate 15 was
obtained in 45% overall yield. One advantage of this
protecting group pattern is that the carbohydrate as well as
the peptide side chains are liberated during the TFA-induced
cleavage from the resin.

In their quest toward strategies that minimize the number of

steps for the building block preparation, Bock, Meldal and
Paulsen have synthesized glycopeptides containing
O-linked 2-azido-2-deoxy-galactosyl residues.38 The
conversion of the 2-azido into a 2-acetamido group was
performed on the resin-bound glycopeptides 16 rather than
on the building block (Scheme 5).39 The progress of this
conversion was monitored by IR spectroscopy by following
the disappearance of the azide stretch. The subsequent TFA-
cleavage released the O-acetylated glycopeptides 18.
Finally, sodium methoxid-catalysed transacetylation
liberated the glycopeptides such as 19 in overall yields
ranging from 10 to 57%. Unfortunately, in all syntheses a
by-product was formed in 10±15% yield. The reduction of
the azide group with thioacetic acid, which was carried out
for 2±8 days, led to the formation of thioacetamides, which
were sometimes dif®cult to remove.

A similar strategy has been applied to the solid phase
synthesis of glycopeptides containing b-O-linked N-acetyl-
glucosamine. The 2-acetamido group, which is responsible
for the notoriously low yields in glycosylation reactions
employing GlcNAc-donors, was replaced by the N-dithia-
succinylimido (Dts)40 group. In a multiple-column synthe-
sis, the use of the building blocks 20 and 21 was compared
(Scheme 6).41 After coupling of the N-Dts-protected build-
ing block 20, removal of the Dts group was accomplished by
treatment with dithiothreitol in the presence of diisopropyl-
ethylamine (DIPEA) followed by N-acetylation. Although
the synthesis of building block 20 is more straightforward,
its incorporation resulted in lower yields compared to the
use of the building block 21.

A convergent route, which would utilize resin-bound glyco-
peptides as acceptors for on-resin glycosylation reactions,
would omit the need to synthesize complex glycosyl amino
acid building blocks in solution. Although progress has been
made in this area,42 the necessity of differentiating between
numerous protecting groups of the supported glycopeptide
complicates the synthesis of complex oligosaccharides.

Glycosyltransferases have been shown to produce selective
glycosylation reactions in the absence of protecting
groups.43 The application of glycosyltransferases in solid
phase synthesis, however, requires a linkage permitting
the removal of protecting groups without detaching the
supported substrates. The HYCRON linker, which enables
both the application of the Boc and the Fmoc strategy,
satis®es these demanding properties as demonstrated by
the chemoenzymatic solid phase synthesis of glycopeptides
containing the SLeX-tetrasaccharide b-glycosidically linked
to threonine residues.44 In order to allow the use of both
aqueous and organic solvents CPG 22 was used as the
solid support. The synthesis was performed following the
usual Fmoc protocol (Scheme 7). For the removal of all side
chain protecting groups, the supported glycopeptide 23 was
treated with TFA and the unprotected glycopeptide 24 was
then subjected to enzymatic galactosyl and sialyl transfer
reactions as pioneered by Schuster et al.45 The glyco-
conjugate 26 was released under mild conditions, taking
advantage of the Pd0-catalysed cleavage of the allylic linkage.

A direct glycosylation of peptidic hydroxyl groups would
eliminate the bottleneck of glycosyl amino acid synthesis

Scheme 3. (a) i 50% morpholine, DMF; ii Fmoc-AA-OH, TBTU, HOBt,
NMM, DMF; (b) [Pd(PPh3)4], morpholine, DMF/DMSO (1:1), 42%; (c) i
TFA, PhOMe, EtSMe; ii NaOH, MeOH, 76%.
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and would facilitate access to highly diverse O-glyco-
peptides with variable peptide and carbohydrate structures.
Until recently, most efforts were plagued by low yields in
the O-glycosylation of resin-bound peptide acceptors.32,46,47

As a recent study shows, the low yields could be due to an
effect of the resin.48 An inert resin, the POEPOP resin, was
prepared by anionic polymerization of mono- and bis-
epoxypolyethylene glycol, thereby avoiding the presence
of amide bonds which could possibly act as scavengers.49

The supported pentapeptide 28 was subjected to the

glycosylation reaction employing ®ve different trichloro-
acetimidate-activated donors 29a,b, 32a,b and 34 (Scheme
8). The yields of the glycopeptides 30a,b, 33 and 35
obtained after TFA cleavage were reported to be 41±78%
relative to the yield determined for the synthesis of the
acceptor peptide.

A high degree of convergence with respect to the peptide
group is provided by the on-resin condensation of peptide
fragments. Fragment condensations can be performed on
both the N- and the C-termini when the glycopeptide is
connected through the carbohydrate or the peptide side
chain to the solid support. Nakahara and co-workers have
linked the primary 6-hydroxyl group of an Fmoc/All-
protected T-antigen-threonine conjugate to a silyl tether.50

Removal of a C-terminal allyl group furnished a segment
which was ®rst C-terminally and then N-terminally
elongated to afford a T-antigen-peptide cluster. Lampe et
al. employed an acetal-type linkage to attach a fucosyl
threonine via the 3- and 4-hydroxyl groups of fucose.51

Further elaboration on both the C- and the N-terminal end
was demonstrated as well as mild acid cleavage to release
fucopeptides as SLeX mimetics.

Scheme 4. (a) i 20% piperidine, DMF; ii Fmoc-AA-OH, DIC, HOBt, DMF (glycosyl amino acid, DIC, HOAt, DMF); (b) TFA/H2O/PhSMe/ethanedithiol
(87.5:5:5:2.5).

Scheme 5. (a) CH3COSH; (b) TFA/H2O (95:5); (c) NaOMe, MeOH, 41%
core 5, 42% core 7. Scheme 6. Building blocks used for the evaluation of on-resin deprotection.
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Chemical fragment condensations often suffer from the poor
solubility of the protected peptide moieties and are prone to
racemization at the C-terminus of the acyl donor. In
contrast, enzyme-catalysed fragment condensations are
free of racemization and use side chain unprotected
substrates, increasing the solubility of the peptide frag-
ments. Witte et al. have reported the solid phase synthesis

of peptide and glycopeptide esters for subsequent use in
enzyme-catalysed fragment condensations (Scheme 9).52

For the synthesis of a partial sequence of the C-terminal
region of ribonuclease B, Rink resin 36 which was loaded
with a conjugate of N-Fmoc-protected alanine and the acid-
and base-stable PAM linker was subjected to a standard
Fmoc-based synthesis protocol. Standard TFA-cleavage
conditions removed all acid-labile side chain protecting
groups and detached the N-Fmoc-protected peptide±PAM
ester 37 from the solid support. It was essential to use a
benzhydrylamine-type linker since PAM amides contrary
to PAM acids can serve as acyl donors in enzyme-catalysed
peptide couplings. Accordingly, the segment condensation
of 37 with the N-terminally unprotected glycotripeptide 38
was achieved by catalysis using the protease subtilisin
affording the glycopentadecapeptide 39 in 84% yield.

Native Chemical Ligation53 is a technique which utilizes the
selective coupling between a C-terminal peptide thioester
and an N-terminal cysteine to enable a chemical condensa-
tion of unprotected peptide fragments.54 The thioester inter-
mediate is subject to a spontaneous intramolecular S!N
acyl transfer by which the ®nal ligation product is formed
(see inset in Scheme 10). Recently, a Native Chemical
Ligation was employed for the total chemical synthesis of
the 82-residue glycoprotein 47 (Scheme 10).55 Crucial for
the Native Chemical Ligation is access to peptide thioesters
such as 44. The commonly used standard Fmoc/t-Bu
strategy is not applicable, since thioesters would not survive
the conditions needed for removal of the Fmoc groups. The
use of Ellman and co-workers' modi®cation of Kenner's
sulfonamide linker,56 however, allowed the post-assembly
formation of the glycopeptide thioester. In this study, the
N-terminal 24-mer fragment 42, which contained one
O-linked GalNAc moiety, was synthesized on the sulfona-
mide-modi®ed resin 40 according to Fmoc/t-Bu strategy.
Thiolytic cleavage of the acid- and base-stable sulfonamide
linker commenced with iodoacetonitrile alkylation of the
acidic sulfonamide 42. The resulting tertiary sulfonamide
43 was then cleaved by thiolysis with a large excess of
benzyl mercaptan to release the glycopeptide thioester 44.
Subsequent removal of the acid-sensitive protecting groups
completed the synthesis of the acyl donor 45. Using Native

Scheme 8. (a) Standard Fmoc-SPPS; (b) TMSOTf, CH2Cl2; (c) i piperidine; ii Ac2O; iii 95% TFA; (d) NaOMe, MeOH; (e) TFA/H2O.

Scheme 7. (a) i 50% morpholine, DMF; ii Fmoc-AA-OH, HBTU, HOBt,
NMM, DMF; iii N-acetylation: AcOH, HBTU, NMM, HOBt, DMF; (b)
TFA/H2O/ethanedithiol (40:1:1); (c) i UDP-Gal, b-1,4-GalTase, 50mM
HEPES (pH 7), 5mM MnCl2, 378C; ii CMP-NeuNAc, a-2,3-sialyltransfer-
ase, 0.1M HEPES (pH 7), 5mM MnCl2, alk. phosphatase, 378C; (d) i
Pd(PPh3)4], morpholine, DMF, DMSO, 9%; ii a-1,3-FucTase, GDP-Fuc,
0.1M HEPES (pH 7), 378C, 59%.
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Chemical Ligation, fragment 45 was coupled to the chemi-
cally synthesized C-terminal segment 46 before O-deacetyl-
ation afforded the fully deprotected glycoprotein 82-mer 47.
It seems reasonable to assume that this technique could
provide a basis for the synthesis of a variety of biologically
interesting glycoproteins having a degree of complexity that
was almost impossible to achieve by previous methods.

2.4. Biological studies with synthetic glycopeptides

These recent improvements in the synthetic methodology
and technology make it possible to provide access to homo-
geneous glycopeptides which are complex enough to study
the structural and biological in¯uences of protein glycosyl-
ation.20,57,58 In the following sections, selected examples

Scheme 10. (a) Fmoc-Gly, PyBOP, DIPEA, DMF; (b) standard Fmoc-SPPS, N-terminal amino acid coupled as N-Boc-protected building block; (c) ICH2CN,
DIPEA, NMP; (d) BnSH, THF; (e) TFA:PhOH:H2O:PhSMe:EDT (82.5:5:5:5:2.5), 4 h, 21% overall yield (based on resin capacity); (f) 6M Gn´HCl, 100mM
NaH2PO4, pH 7.5, 4% PhSH, 55%; (g) 5% aq. H2NNH2, DTT, 53%.

Scheme 9. (a) Standard Fmoc-SPPS, cleavage: TFA/Et3SiH/H2O (95:2.5:2.5), 89%; (b) subtilisin 8397 K256Y, 50mM triethanolamine/DMF (1:9), 84%.
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will be presented in which synthetic glycopeptides have
been employed to unravel the role of carbohydrate attach-
ment in epitope mapping, in MHC binding and T-cell
induction and in the immunotherapy of cancer.

2.4.1. Epitope mapping. Monoclonal antibodies directed
against tumour-associated glycopeptide antigens are used
in in vitro and in vivo tumour diagnostics. Although mono-
clonal carbohydrate-directed antibodies might display a
highly speci®c binding event, direct elucidation of the
recognized structure is complicated by the multivalent
nature and the heterogeneity of the non-immunogenic part
of the glycoconjugates. In order to study the binding
characteristics of these diagnostically relevant carbo-
hydrate-directed antibodies, synthetic glycopeptides are an
invaluable tool.

Mucins, heavily O-glycosylated proteins expressed on
epithelial cells, have been the subject of intense research
efforts. The mucin structure is dominated by a variable
number of tandem-repeat sequences. In the MUC1 mucin,
these span a 20-amino acid sequence, which is highly
immunogenic. Upon carcinogenesis certain glycosyl trans-
ferases are expressed in lower concentrations leading to
aberrant glycosylation of the mucins.59 Amongst the most
important tumour-associated antigens are the TN- and the
sialyl-TN-antigen, which are found in human colon cancer,
ovarian cancer and breast cancer.60±64 The T-antigen was
demonstrated to be tumour speci®c in breast tissue.65

A plethora of monoclonal antibodies directed against
tumour-relevant mucin structures exist. The studies of
Spencer et al. revealed that, although antibodies might
recognize a peptide epitope, increasing glycosylation can
confer a signi®cant enhancement of the binding af®nity to
the peptides.66 Fluorescence binding quenching studies with
the monoclonal antibody C595, which recognizes a PDTR
epitope of the MUC1 peptide 48, showed that the introduc-
tion of three GalNAc residues at threonines 9 and 21 and at
serine 20 (49) increased the MUC1 peptide/antibody asso-
ciation constant. Interestingly, this increase appeared to
coincide with a population increase of the PPII helix confor-
mation of 49 as indicated by circular dichroism spectro-
scopy in cryogenic mixtures. It was therefore proposed
that the PPII helix is stabilized by MUC1 glycosylation
with GalNAc residues and hence the antibody's binding
af®nity (Fig. 3).

A similar result was obtained by Karsten et al. who
examined the binding of 28 Asp-Thr-Arg (DTR)-speci®c
anti-MUC1 antibodies to 12 synthetic MUC1 20- and 21-
mers containing T- and TN-antigens at various positions.67

The DTR motif is a preferred target for the majority of the
peptide-speci®c anti-MUC1 antibodies. Although previous

studies suggested that this motif represents an effective
target for B- and T-cells only if it is non-glycosylated, the
binding and inhibition analyses performed by Karsten et al.
revealed that glycosylation within this motif can enhance
the binding.

The high speci®cities of carbohydrate-speci®c antibodies
which were obtained by immunizing mice with human
cancer cell line-derived immunogens have been compared
with the speci®city of antibodies generated by using
synthetic clustered sialyl-TN- and TN-glycopeptides.68 Bind-
ing and inhibition experiments using the synthetic peptide
conjugates revealed that clinically used sialyl-TN-reactive
antibodies cross-reacted with TN-serine clusters. The only
antibody that showed a strong selectivity for the sialyl-TN-
epitope was obtained by immunization with a synthetic
immunogen.

2.4.2. Glycopeptides in binding to MHC molecules and
T-cell recognition. In the event of a speci®c immune
response towards foreign substances, the immune system
follows two principal pathways, namely humoral immunity,
in which antibodies speci®cally bind to the challenging anti-
gens, and cellular immunity, which is mediated by cells
rather than molecules and employs cytolytic T-cells for
recognition and lysis of antigen-charged cells. The cellular
and humoral immune response both depend on the
assistance of T-helper cells, the induction of high-af®nity
antibodies only being possible with the aid of T-helper cells.
T-cells recognize antigens on the surface of accessory cells.
Every cell constantly converts endogeneous proteins to
small peptides by means of its proteasome (4.2). These frag-
ments are transported into the endoplasmatic reticulum, in
which the 10±20-mer peptides bind to MHC class I
molecules. After transfer through the Golgi network, the
peptide±MHC I complex is located on the cell surface and
presented to CD81 cytolytic T-cells provided that certain
residues anchor the peptide to the MHC-binding cleft. If the
T-cell receptor (TCR) recognizes non-self peptides on the
MHC I±peptide binding groove, a cytolytic response
towards the antigen-presenting cell can be triggered.
Specialized antigen-presenting cells (APC) such as macro-
phages internalize proteins by endocytosis. After passage
through an acidic compartment these proteins are degraded
and the resulting peptides are bound to MHC class II
molecules. Recognition of MHC II±peptide complexes by
T-helper cells is then able to induce the production of cyto-
kines, which are necessary for B-cell activation.

Carbohydrates are known not to bind to MHC molecules,
but whether glycopeptide fragments would bind to MHC
molecules was not known until early this decade. An excel-
lent review has described the data that have been collected
between 1992 and 1997.24 Recently, Jensen et al.
immunized mice with the synthetic glycopeptide 53 and
raised MHC class II Ek-restricted T-cell hybridomas that
proliferated and secreted interleukin 2 (IL-2) upon activa-
tion with 53.69 The synthetic glycopeptides that were used
for activation of the T-cell hybridomas differed in the glycan
moiety, which was attached to a known Ek-binding peptide
derived from haemoglobin. Remarkably, 19 of the 22 tested
hybridomas responded only to the glycopeptide 53. The
three other clones responded to the unglycosylated peptide

Figure 3. Attachment of three GalNAc residues to a 25-mer mucin peptide
48 is suf®cient to increase both the population of glycopeptides 49 adopting
a PPII helix conformation and the binding of the monoclonal antibody
C595.66
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51, displaying a total lack of cross-reactivity between the
glycopeptide and unglycosylated peptide. Most of the
hybridomas were equally activatable by the GalNAc-serine-
and GalNAc-threonine-containing peptides 54 and 53,
respectively. Seventeen of 19 glycopeptide 53-responsive
hybridomas were able to distinguish between the aGal-
NAc-containing glycopeptides 53 and 54 and the aGlc-
NAc-containing glycopeptides 58, indicating that the
glycan is the entity recognized by the T-cell receptor.
Since aGalNAc peptides, in which amino acids pointing
to the T-cell receptor have been replaced by alanine were
unable to activate the hybridomas, it was therefore
concluded that both the glycan and the solvent-exposed
parts of the glycan-carrying peptide were recognized by
the T-cell hybridomas (Fig. 4).

T-cells were shown to recognize a glycopeptide derived
from type II collagen.70 The IL-2-producing hybridomas
obtained after immunization of mice with type II collagen
were incubated with peptides 61 and 62 together with the
glycopeptides 63±66. The synthetic peptides 61 and 62 acti-
vated only a few collagen-reactive T-cell hybridomas
although a peptide spanning the same sequence was demon-
strated to be immunodominant when obtained through

proteolytic cleavage of native collagen.71 It was reasoned
that post-translational modi®cation of the lysine residues
such as glycosylation was responsible. Indeed, the majority
of the hybridomas were stimulated upon incubation with
glycopeptide 64, in which the central hydroxylysine carried
the b-galactosyl moiety. The same hybridomas proved
unreactive towards glycopeptides 65 and 66, which
contained the Glca1!2Gal-disaccharide b-linked to
hydroxynorvaline, but a few were cross-reactive with glyco-
peptide 63 containing a b-galactosylated hydroxynorvaline
at an identical position. These investigations provided the
®rst example of immunization with a natural glycopeptide
eliciting carbohydrate-speci®c T-cells (Fig. 5).

The molecular basis of the recognition of MHC class I±
glycopeptide complexes by the T-cell receptor has been
suggested, based on the crystal structures of glycopeptides
68 and 69 with H-2Db MHC.72 Both glycopeptides were
used to raise H-2Db-restricted, carbohydrate-speci®c CTL
clones. Interestingly, all clones that were directed against 69
showed a strong cross-reactivity to 68.73 In contrast, the
CTL clones obtained through immunization with 68 were
highly speci®c for 68. The crystal structures revealed that
the backbone conformations of the two glycopeptides bound
by the H-2Db groove were strikingly different. The highly
cross-reactive CTL clone displayed a TCR with a short
CDR3 loop to allow access to glycan 69, which accommo-
dated a large volume. This led to the selection of a highly
promiscuous TCR, which also recognized 68. The TCR
directed against the MHC-bound 68 contained a longer
CDR3 loop, which was suggested to be able to make
additional contacts to the peptide residues (Fig. 6).

2.4.3. Glycopeptides for the immunotherapy of cancer.
During carcinogenesis, the majority of cells experience a
dramatic transformation of the glycosylation machinery.
As a result, many proteins that are expressed on the surface
of the cancer cells display an altered glycosylation pattern.74

Only a few types of oligosaccharides are tumour-associated
and for some tissue, even tumour-speci®c, structures. These
include TN-, sialyl-TN- and T-antigens and Lewis-X and
Lewis-A structures, which are strongly increased in expres-
sion of cancer cells. Additionally, increased b-1,6-GlcNAc-
branching of N-linked glycans and a general increase in
sialylation are commonly observed. A large body of data
obtained in clinical and experimental settings revealed that
the increased expression level of certain saccharides is
correlated with poor prognosis. These altered glycan struc-
tures may therefore be regarded as a means of distinguishing
the tumour cell from a normal cell. Vaccination with
synthetic tumour antigens with the help of immuno-
stimulatory adjuvants could target the immune system to
the cancer cells. Synthetic antigens are usually of low
molecular weight and are hence poorly immunogenic.

Figure 4. Selected examples of synthetic peptides and glycopeptides that
have been used for the evaluation of the carbohydrate speci®city of MHC
class II-restricted T-cell hybridomas raised against the O-glycosylated self
peptide 53.69

Figure 5. Synthetic peptides and glycopeptides that were used in order to
demonstrate that the majority of T-cells obtained after immunization with
native type II collagen speci®cally recognizes glycopeptide 104 with no
cross-reactivity to the unglycosylated peptides 101 and 102.70

Figure 6. The crystal structures of the H-2Db MHC class I molecule in a
complex with peptide 67, glycopeptide 68 or glycopeptide 69 suggested a
molecular basis for the non-reciprocal pattern of cross-reactivity of cyto-
toxic T-cells that were obtained through immunization with 68 and 69.72
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Conjugation to immunogenic carrier proteins such as KLH
or BSA, however, was shown to elicit an immune response
that was directed against the synthetic carbohydrate or
glycopeptide hapten as well as the tumour cells.75 Immune
responses to synthetic carbohydrate-derived vaccines have
until now been largely restricted to the stimulation of anti-
body production. High antibody titres can prevent meta-
stasis by the eradication of circulating tumour cells. In
addition, the antibody response could mediate tumour
destruction by targeting the cytolytic complement system
to the cancer cells.

Danishefsky's group have synthesized trimeric TN-peptides
as partial structures of mucin-related antigens (Fig. 7).76

Immunization studies revealed that conjugation to KLH
induced high IgM and moderate IgG titres in mice. The
sera from mice were able to attack TN-positive LS-C
colon cancer cells as evaluated by ¯ow cytometry assays
(detection of surface-bound antibodies) and complement-
mediated cytotoxicity assays (51Cr-release upon comple-
ment-mediated lysis of target cells). Despite repeated
booster immunizations, however, the immune response
was dominated by high IgM titres and there was no evidence
for an IgM to IgG class switch. Together with the lack of
secondary response, this indicates a usually less effective
T-cell-independent antibody response, which is characteris-
tic of many carbohydrate antigens. A hexaglycosidic globo
H-KLH-conjugate, the most complex vaccine to date that
was evaluated in phase I clinical trials,77 and a sialyl-TN-
KLH-conjugate,78,79 behaved in a similar manner.

The ®rst successful attempt to induce a T-cell dependent
immune response against carbohydrate epitopes has
recently been reported.80 The synthetic immunogen 69
was designed as a multiple antigenic TN-glycopeptide
containing a well-known T-cell epitope from the type I
poliovirus (Fig. 8). Remarkably, an IL-2-secreting T-cell
hybridoma cell line speci®c for the unglycosylated polio-
virus peptide (T in Fig. 8) showed a strong cross-reactivity
to the conjugate 69. T-cell stimulation was achieved with a
10 000-fold lower dose compared to a construct in which
the TN-antigen was omitted. Clearly, presentation of 69 by
MHC was enhanced through either a favourable intra-

cellular processing or an increased endocytosis of 69 by
the antigen-presenting cells. The sera obtained from
immunized mice were able to recognize the native TN-anti-
gen on human Jurkat T-lymphoma and LS180 adenocarci-
noma cell lines. Interestingly, the humoral response was
dominated by IgG antibodies supporting the notion that a
T-cell-dependent response was induced. The survival of
tumour-bearing BALB/c mice obtained by grafting the
TN-positive TA3/Ha tumour cell line showed a 2-fold
increase after immunization with 69 when compared to
the untreated control groups.

3. Lipopeptides

Two decades ago, the ®rst prenylated polypeptide,
Rhodotorucine A, the mating factor from the fungus
Rhodospiridium toruloides, was discovered.81 The notion
that entire proteins could be post-translationally modi®ed,
however, has only recently been realized. In one of the key
experiments, the use of mevalonate biosynthesis inhibitors
revealed that products of mevalonate metabolism other than
cholesterol were essential for cell cycle progression.82,83 It
was soon observed that a metabolite of mevalonate was
incorporated into proteins.84 The nuclear membrane-
associated protein lamin B was the ®rst of these proteins
to be identi®ed.85,86 The structural analysis exposed a
farnesyl group which was attached to a C-terminal
cysteine.87 Interest in protein lipidation then increased
rapidly after it was recognized that Ras88 and Rab89 proteins
are subject to post-translational lipidation. Both proteins
belong to the Ras (Rat-adeno-sarcoma) superfamily and
are critical for cell signalling regulation and for the regula-
tion of a wide variety of intracellular vesicular traf®cking
pathways, respectively. The important role of lipidation is to
anchor these proteins to the membrane that is primarily
essential for the bioactivity. Another role of lipidation is
to modulate protein±protein interaction.

Three different types of lipid groups have been found to date
(Fig. 9) namely N-terminal myristoylation90 of a glycine,
S-prenylation91,92 of cysteine residues at or close to the

Figure 7. The mucin-derived glycopeptide±KLH conjugate contains three
clustered TN-antigens and was used in clinical trials as a putative synthetic
vaccine against prostate cancer.76

Figure 8. The fully synthetic immunogen 69 that contains a multiply anti-
genic TN-glycopeptide as B-cell epitope (B) and a well-known T-cell
epitope (T) was shown to elicit a T-cell-dependent immune response that
increased the survival of tumour-bearing mice.80
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C-terminus (with one of two distinct isoprenoid lipids, the
15-carbon farnesyl or the 20-carbon geranylgeranyl), and
S-palmitoylation90,93 of cysteines throughout proteins. In
addition, a few O-acylated peptides or proteins have been
identi®ed.94,95 Two of the known modi®cations (prenylation
and myristoylation) are metabolically stable, whereas
palmitoylation is a dynamic process.96,97 Prenylated proteins
can comprise up to 2% of total cellular protein98,99 of which
geranylgeranylated proteins represent 80%.100,101

Particularly in the case of the Ras proteins, fully and
correctly lipidated proteins cannot be obtained from yeast
or baculoviral expression systems. In addition, such bio-
logical techniques are not suitable for the introduction of
modi®ed lipid groups into the proteins. It is again chemical
synthesis that can provide ef®cient tools for the further study
of these regulation processes.

3.1. Ras proteins

Four isoforms of Ras exist, H-Ras, N-Ras, K-RasA and
K-RasB. All Ras isoforms terminate in a farnesylated
cysteine methyl ester. In addition, fully modi®ed N-Ras
and K-RasA are palmitoylated at a cysteine residue close
to the C-terminus, whereas H-Ras is palmitoylated twice.
K-RasB is not palmitoylated, but contains a cluster of eight
lysine residues near its C-terminus which is thought to
confer membrane-anchoring ability by electrostatic contacts
with the negatively charged phospholipids (Fig. 10).

Ras proteins act in signal transduction pathways as molecu-
lar binary switches. Ras activation involves the exchange of
bound GDP for GTP. The reverse reaction, hydrolysis of the
bound GTP, regenerates GDP, leading to Ras deactiva-
tion.102±104 Ras proteins are key regulators of cell growth
in all eukaryotic cells. Gene expression, apoptosis and
remodelling of the actin-cytoskeleton are all controlled by
Ras proteins. Mutations of Ras can therefore be highly
oncogenic and it comes as no surprise that mutations of
Ras are found in approximately 30% of all human
cancers, reaching values of 80% for some of the major
malignancies.105±107

Ras proteins undergo a series of post-translational modi®ca-
tions and Ras traf®cking has recently been discussed.108,109

This involves a cytosolic Ras precursor being farnesylated
at a cysteine of a C-terminal recognition motif.110 A speci®c
protease cleaves a C-terminal tripeptide, leaving a prenyl-
cysteine as the new C-terminus. After C-terminal methyl-
ation, one or two further palmitic acids can be attached via a
labile thioester linkage to cysteine residues just upstream of
the recognition motif. The locus of the palmitoyl transferase
is discussed controversially: in the kinetic trapping
model,111,112 only palmitoylation at the plasma membrane
results in an irreversible membrane insertion of the
farnesylated Ras proteins, whereas in the other models,
palmitoylation takes place at the endoplasmic reticulum
followed by transfer of the fully lipidated proteins to the
plasma membrane via the exocytic pathway.113,114

3.2. Rab proteins

Rab proteins belong to the Ras superfamily and play key
roles in the secretory and endocytic pathways.115 In contrast

Figure 9. Lipid modi®cations of proteins and their chemical labilities.

Figure 10. Structures of lipid-modi®ed C-termini of the Ras proteins.
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to Ras, most Rabs are doubly geranylgeranylated at a
C-terminal motif.93 Both cysteine residues are modi®ed
with geranylgeranyl moieties by geranylgeranyl transferase
II (GGTase-II). This enzyme does not recognize a de®ned
C-terminal motif and only acts on a Rab protein if it is in a
complex with a special recruiting protein, the Rab escort
protein (REP).116 After prenylation, the Rab protein remains
complexed to REP and is delivered to the target membrane.

The signal transduction process and the vesicular traf®cking
pathway are both still not fully understood. It is shown in the
following sections that, for the further study of biological
phenomena in¯uenced by these or other proteins, character-
istic peptides which embody the correct lipid modi®cations
of their parent proteins, as well as analogues with varied
structure or eventually entire proteins, can serve as ef®cient
tools.117

3.3. Synthesis of peptides containing one lipid group

Peptides bearing only one type of lipid modi®cation
tolerate basic or acidic conditions and can be synthesized
by employing established protecting group techniques.
The synthesis of N- and O-acylated compounds, e.g.
N-myristoylated or O-palmitoylated peptides, is possible
by following standard solid phase chemistry procedures
either by using an already modi®ed building block or by
on-resin acylation.118±121

Despite the wide occurrence of S-palmitoylated proteins,
very few syntheses of S-acylated peptides have been
reported. S-acylation of a selectively S-deprotected peptide
was demonstrated to be feasible by both solution122 and
solid phase123 methodology. Treatment of the resin-bound
peptide 70 with 2 equiv. of palmitoyl chloride and diiso-
propylethylamine, for example, resulted in selective
S-palmitoylation to give the product 71 (Scheme 11).
Cleavage from the resin and simultaneous deprotection
was achieved by treatment with tri¯uoroacetic acid.

The S- and O-palmitoylation of unprotected peptides has
recently been described.124 The use of TFA during the
acylation reaction prevented the undesired acylation of the
amino groups, which, however, did occur under prolonged
reaction times.

The synthesis of prenylated peptides has been addressed in
various studies and the different prenylation procedures
have recently been reviewed.125 The synthesis of the acid-
labile prenylated peptides is usually performed by solid

phase synthesis of the unmodi®ed peptide followed by
S-prenylation during the ®nal steps of the synthesis.
Depending on the solubility of the peptide, prenylation
was accomplished either under neutral, alkaline or
acidic conditions adding KF´2H2O,111 DIPEA126,127 and
Zn(OAc)2,

128,129 respectively (Scheme 12).

The most common problems that can occur during the
S-alkylation arise from the limited solubility of the starting
materials and oxidation of the thiol group to the disul®de.
When an excess of alkyl halide is used, formation of
sulfonium ions is possible, which can be accompanied by
alkylation of functional groups other than the cysteine thiol.
Some of these problems may be avoided by using acidic
conditions, since the solubility of peptides is often much
higher in acidic solvents and the nucleophilicity of the
free amino and carboxyl groups is reduced and disul®de
formation thus suppressed. Farnesylation of the peptide
74, for example, which corresponds to the K-RasB C-termi-
nus, under alkaline conditions (DMF, H2O, KHCO3) proved
to be unsatisfactory. Treatment with farnesyl bromide at pH
4 in the presence of Zn(OAc)2, however, furnished the
product 75 in a high yield.128

Following a completely different approach, S-alkylated
peptides have been synthesized according to the Fmoc
strategy. Cysteine methyl ester 76 was selectively S-farne-
sylated in high yields and subsequently elaborated to the
pentapeptide 80 by repeated coupling and Fmoc deprotec-
tion steps (Scheme 13).130 It should be emphasized that, by
introducing the S-prenylation through the coupling of a

Scheme 11. On-resin palmitoylation. (a) i PalCl, iPr2EtN; ii TFA.

Scheme 12. Prenylation under neutral and acidic conditions, respectively.
(a) FarBr, KF´2H2O, MeCN/DMF 9:1; (b) i TFA; ii Zn(OAc)2, FarBr,
DMF, MeCN, H2O, TFA, pH 4; iii DTT, KHCO3.
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preformed building block, the product isolation was greatly
simpli®ed.

An alternative route to prenylated peptides is enzymatic
prenylation which is performed either by a farnesyl trans-
ferase (FTase) or a geranylgeranyl transferase I (GGTase-I).
For this procedure, a prenyl pyrophosphate is required as a
reactant. An elegant approach for analysing the stereo-
chemistry at the C1 farnesyl centre has recently been
described.131 A general route to the dipeptide 84 was either
farnesylation of the peptide 82 using FTase followed by
enzymatic degradation or alkylation of l-cysteine with
farnesyl chloride 86 in NH3/MeOH131,132 and DCC coupling
of the resulting cysteine adduct with N-dansyl-glycine
(Scheme 14).

3.4. Synthesis of peptides with two different lipid groups

For the synthesis of peptides incorporating both lipid modi-
®cations, namely the acid-labile prenyl group and the base-
and nucleophile-labile S-acyl group (Fig. 9), the number of
suitable protecting groups is dramatically limited. Here,
protecting groups are required which can be removed
under extremely mild and preferably neutral conditions.
The use of enzyme-labile protecting groups is particularly
attractive since enzymatic transformations can often be

carried out under extremely mild reaction conditions
(pH�6±8, rt).133±135 An alternative strategy is the applica-
tion of noble metal-mediated transformations which also
proceed under virtually neutral conditions.136,137

3.4.1. Enzymatic C-terminal deprotection. The choline
ester moiety has been introduced as an enzyme-labile
protecting group for the reversible blockage of the C-termi-
nal carboxyl group.138 Acetylcholine esterase (AChE) and
butyrylcholine esterase (BChE) were demonstrated to
selectively cleave choline esters of simple peptides and
sensitive peptide conjugates such as phosphorylated and
glycosylated peptides,139 nucleopeptides140 and lipidated
peptides.140±142

One example of the advantageous use of choline esters is
shown in Scheme 15. In the synthesis of the N-Ras lipo-
peptide 93, the choline ester 88 was readily prepared by
treatment of the corresponding 2-bromoethyl ester 87 with
trimethylamine.143 Removal of the Boc group followed by
coupling with palmitoylated cysteine 89 gave access to the
tripeptide 90. The choline ester was selectively removed by
means of BChE. The addition of cyclodextrins proved to be
a formidable substitute for the standard organic cosolvents,
achieving an enhanced solubility of the peptide 90 and a
smooth conversion to the free acid. Ef®cient coupling of
the lipid-modi®ed tripeptides 91 and 92 in high yield
completed the synthesis of the target hexapeptide 93. The
choline ester strategy was also successfully applied to the
synthesis of myristoylated and palmitoylated hexapeptides
corresponding to the Ga0

-protein N-terminus.142

3.4.2. Enzyme-labile amine protecting groups. Urethane-
type protecting groups are indispensable for avoiding the
racemization of activated amino acids. The development
of enzyme-labile urethane-type protecting groups is

Scheme 13. Fmoc strategy in the synthesis of alkylated peptides. (a) FarBr,
Et3N, DMF, 95%; (b) i Fmoc-Leu-Pro-OH (78), EDC, HOBt, 93%; ii
piperidine, 90%; iii Fmoc-Met-Gly-OH (79), EDC, HOBt, 46%; iv piper-
idine, 90%.

Scheme 14. Enzymatic and chemical synthesis of the farnesylated dipep-
tide 84. (a) FTase; (b) carboxypeptidase Y; (c) NCS, Me2S; (d) i Cys, NH3/
MeOH; ii N-Dansyl-Gly, DCC.

Scheme 15. Chemoenzymatic synthesis of S-palmitoylated and S-farnesy-
lated hexapeptide 93. (a) Me3N, acetone, 97%; (b) i HBr/AcOH, thioani-
sole, 99%; ii Aloc-Cys(Pal)-OH (89), EDC, DMAP, 88%; (c) BChE, pH
6.5, dimethyl-b-cyclodextrin, 76%; (d) EDC, HOBt, H-Leu-Pro-Cys(Far)-
OMe (92), 97%.
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complicated, however, since most available enzymes do not
attack urethane structures. The amino protecting group must
therefore be designed such that an O-alkyl or an O-ester
bond becomes subject to enzyme-mediated hydrolysis.
This can result in the direct release of a carbamate, e.g.
BGloc (tetrabenzylglucosylcarbonyl),144 or in a spontaneous
fragmentation of a spacer group which links the urethane
and an enzyme-cleavable residue. In both examples, subse-
quent decarboxylation of the carbamates liberates the amino
group, the latter strategy being depicted in Scheme 16.
Depending on the acyl group of the p-acyloxybenzyl-
urethane, its fragmentation can be initiated by the attack
of an appropriate enzyme. It is important to note that the
hydrolytic event occurs away from the variable part of the
peptide.

A frequently used enzyme-labile protecting group is the
p-acetoxybenzyloxycarbonyl (AcOZ) group which was
originally introduced as a base-labile blocking group.145

AcOZ urethanes can be cleaved ef®ciently by hydrolytic
enzymes such as an acetyl esterase from the ¯avedo
of Citrus sinensis Pers and a lipase from Mucor
miehei.145±148 The lipase tolerates the large amounts of
cosolvent that are often required due to the hydrophobicity
of lipidated peptides. In palmitoylated peptides, the M.
miehei lipase apparently preferentially hydrolysed the
palmitic acid thioester rather than the acetate of the blocking
function and the acetyl esterase in combination with cyclo-
dextrins proved to be the superior method.

The AcOZ strategy was successfully employed in the
synthesis of the C-terminal N-Ras heptapeptide 100. In
this process, the tripeptide 94 was deprotected using the
lipase from M. miehei148 (Scheme 17). The presence of
20 vol% of methanol was required to solubilize the lipidated
peptide and make it accessible for the biocatalyst. To trap

the quinonemethide that is formed upon deprotection, the
enzymatic transformation was carried out in the presence of
KI and/or NaSH as scavenger nucleophiles. Subsequent
elongation and deprotection yielded the farnesylated
pentapeptide 97. Coupling with the AcOZ-protected and
S-palmitoylated dipeptide carboxylic acid 98 gave
access to the doubly lipidated heptapeptide 99. Finally,
the N-terminal blocking group was removed by means of
acetyl esterase-mediated fragmentation of the urethane to
yield the target peptide 100.

3.4.3. Allylic esters and the allyloxycarbonyl group: a
noble metal-sensitive alternative. Application of the allyl
(All)149,150 and allyloxycarbonyl (Aloc)130,151 protecting
group strategy is of considerable utility, particularly when
employed for the protection of carboxyl and amino groups
of sensitive peptide conjugates such as lipopeptides. The
allyl and the Aloc protecting group are both readily cleaved
under very mild and, in particular, neutral conditions in the
presence of a Pd0 catalyst and suitable allyl group scaven-
gers such as morpholine,151 N,N 0-dimethylbarbituric acid
(DMB),152 phenyltrihydrosilane (PhSiH3) or N-methyl-N-
(trimethylsilyl)tri¯uoroacetamide (CF3CON(SiMe3)CH3).

153

The allyl ester was advantageously employed in the synthe-
sis of the N-myristoylated and S-palmitoylated N-terminus
of human Ga0

protein (Scheme 18).142 Starting with the
doubly lipidated dipeptide 101, the allyl ester was removed
in high yield by Pd0-mediated transfer of the allyl group to
morpholine. The gradual elongation with the dipeptide allyl
esters 103 and 106 and Pd0-mediated removal of the allyl
group ®nally delivered the desired lipidated G protein hexa-
peptide 107. The three allyl ester cleavages performed in
this sequence proceeded with complete selectivity and with-
out any undesired side reactions.

Scheme 16. General principle of enzymatic amine deprotection according
to the fragmentation strategy.

Scheme 17. Synthesis of the C-terminal N-Ras lipoheptapeptide 100.
(a) Lipase from Mucor miehei, KI buffer, 20% MeOH, 308C, pH 5, 65%;
(b) AcOZ-Met-Gly-OH (96), EDC, HOBt, 80%; (c) i lipase from M. miehei,
KI buffer, NaSH, 20% MeOH, 308C, pH 5, 48%; ii AcOZ-Gly-Cys(Pal)-OH
(98), DIC, HOBt, 61%; (d) acetyl esterase from oranges, phosphate buffer,
pH 6, 378C, dimethyl-b-cyclodextrin, 35%.
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The allyl ester141,147,154 and the Aloc group130,155,156 have
been successfully employed in syntheses of various Ras
peptides. The suitability of the Aloc group for the construc-
tion of lipidated peptides was demonstrated by the synthesis
of the maleimidocaproyl (MIC)-modi®ed, S-palmitoylated
and S-farnesylated heptapeptide 112 which corresponds to

Scheme 19. Synthesis of the lipidated N-Ras C-terminus via Aloc strategy.
(a) i Cys(Far)OMe (77), EEDQ, 98%; ii [Pd(PPh3)4], morpholine, 88%; (b) i
Aloc-Met-Gly-OH (110), EDC, HOBt, 62%; ii [Pd(PPh3)4], morpholine,
72%; (c) EDC, HOBt, 48%.

Scheme 20. Synthesis of a lipidated 29-mer peptide corresponding to the N-terminus of endothelial NO synthase. (a) Immobilized PGA, phosphate buffer, pH
6.8, dimethyl-b-cyclodextrin, 20% MeOH, KI, 53%; (b) i PhAcOZ-Gly-Pro-OH (117), HOAt, EDC, CH2Cl2, 82%; ii CLECS, pH 6.8, 0.1M KI, dimethyl-b-
cyclodextrin, 20% MeOH, 39%; (c) H-Gly-Pro-Pro-Cys(Pal)-OAll (118), HOOBt, EDC, CHCl3/CF3CH2OH (3:1), 91%; (d) i [Pd(PPh3)4], DMB, DMSO,
92%; ii H-Leu-(Gly-Leu)3-Gly-OAllpCF3CO2H (121), HOAt, NEt3, EDC, DMSO, 72%; iii [Pd(PPh3)4], DMB, DMSO, 87%; iv H-Leu-Cys(Pal)-Gly-OAll
116, HOAt, EDC, NMP, 86%; (e) i [Pd(PPh3)4], DMB, DMSO, 69%; ii H-Lys(Boc)-Gln(Trt)-Gly-OtBu (123), HOAt, EDC, NMP, 86%; iii CF3CO2H/
ethandithiol/H2O (95:2.5:2.5), 31%.

Scheme 18. The allyl ester in the synthesis of the lipidated N-terminus of
human Ga0

protein. (a) [Pd(PPh3)4], morpholine, 85%; (b) H-Thr-Leu-OAll
(103), EDC, HOBt, 75%; (c) [Pd(PPh3)4], morpholine, 84%; (d) i H-Ser-
Ala-OAll (106), EDC, HOBt, 43%; ii [Pd(PPh3)4], morpholine, 84%.
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the N-Ras C-terminus (Scheme 19).155 The pentapeptide 80
is readily accessible via the Aloc methodology.130 Subse-
quent condensation with the MIC-modi®ed, S-palmitoylated
dipeptide 111 resulted in the formation of the target peptide
112.

The successful interplay of chemical and enzymatic
methods for the synthesis of lipidated peptides has recently
been demonstrated.157 In the synthesis of an N-myristoyl-
ated and doubly S-palmitoylated fragment corresponding to
the N-terminus of endothelial NO synthase, the allyl ester
and the enzyme-removable p-phenylacetoxybenzyloxy-
carbonyl (PhAcOZ) group were employed as key protecting
groups.158 The phenylacetate moiety is recognized and
cleaved by penicillin G acylase (PGA).

One of the critical steps was deprotection of the palmitoyl-
ated tripeptides 113 and 114 using immobilized penicillin G
acylase (Scheme 20). The accessibility of the poorly soluble
dipeptides could be enhanced by addition of dimethyl-b-
cyclodextrin and 20 vol% of methanol. Coupling of the
tripeptide 115 with the dipeptide 117 and deprotection
using cross-linked enzyme crystals (CLECs) of penicillin
G acylase furnished the palmitoylated pentapeptide 118.
Iterative elongation of the myristoylated decapeptide 119
and removal of the allyl groups afforded the myristoylated
and doubly palmitoylated target peptide 124. The proper
choice of solvent and work-up conditions were crucial for
the success of the fragment condensations. In addition, lipi-
dated peptides such as 119, 120 and 122 are highly hydro-
phobic and tend to form secondary structures. Solubility and
isolation problems could be avoided using highly polar
solvents, such as DMSO, N-methylpyrrolidone (NMP) and
CHCl3/tri¯uoroethanol, for the condensation reactions and
DMSO for the allyl ester cleavage.

This successful preparation of a 29-mer peptide, containing
three lipid groups, con®rms the ef®ciency of the combined
use of the enzymatic deprotection and allyl protecting group
technology and its applicability to the synthesis of large
peptides.

3.5. Synthetic lipopeptides in biological investigations

The development of the methodologies discussed above has
allowed for the synthesis of a variety of lipid-modi®ed

peptides representing characteristic partial structures of
the parent naturally occurring lipidated proteins. For the
study of biological phenomena, however, analogues with a
modi®ed lipid or peptide structure may be required. In addi-
tion, because of the minute amounts of probes used many
biological enterprises depend on the introduction of reporter
groups, which also enable the monitoring of the intracellular
fate of the peptide conjugates.

Lipidated and biotin-labelled Ras peptides have been
successfully used for determining the in¯uence of the
lipid residues on the binding of lipid-modi®ed proteins to
model membranes (Fig. 11).141

A monolayer on a BIAcorew chip,159 which consisted of
long-chain alkanethiol molecules, was charged with a
second hydrophobic layer by applying small unilamellar
vesicles on to the sensor surface. Vesicles were prepared
by mixing the carrier lipid DMPC (dimyristoylphospha-
tidylcholine), a buffer and a solution of the biotinylated
peptide or lipid in methanol. Enrichment of streptavidine
that binds to the biotinylated peptide leads to a detectable
increase of the refractive index. An evaluation of the
stability of peptide conjugate insertion revealed that the
signal of a surface charged with the monofarnesylated
peptide 125 declined by 50% within approximately 3 h
(Fig. 12). In contrast, a surface that was loaded with the
farnesylated and palmitoylated peptide 126 showed only a
moderate loss of the resonance signal, indicating that a
double hydrophobic modi®cation of the peptides is neces-
sary to obtain a stable insertion of the peptide±streptavidine
complex in the model membrane.

Figure 11. Structures of biotinylated and lipidated peptides used in the
BIAcorew system.

Figure 12. Stability of streptavidin signal after binding to biotinylated lipopeptides or B-DHPE (biotinylated dihexadecanoyl-phosphatidylethanolamine) as a
positive control. DMPC vesicles alone show no binding of streptavidin, whereas B-DHPE shows a constant resonance signal, indicating a stable insertion of
the DHPE moiety in the DMPC matrix.
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For the determination of membrane binding or subcellular
distribution by ¯uorescence microscopy, fully lipid-
modi®ed ¯uorescently labelled peptides were prepared.
Fluorescein isothiocyanate, rhodamine B isothiocyanate
and 4-chloro-7-nitrobenzofurazan (NBD-Cl) were
converted to their respective ethylenediamine conjugates
and these were attached to the carboxyl groups of suitably
protected peptides.142 Alternatively, a peptide such as
the dipeptide 127 was conjugated via its N-terminus to
S-bimanylthioacetic acid (Bim-Ta-OH) 128 or 7-nitro-
benzofurazene-4-aminocaproic acid (NBC-Aca-OH) 129.
Coupling with the pentapeptide 80 gave access to the
¯uorescently labelled fully lipid-modi®ed heptapeptides
131a,b (Scheme 21).147

The different NBD-labelled hepta- and pentapeptides corre-
sponded to the C-terminus of human N-Ras and were
employed in membrane binding and cell localization
studies.112,147 The peptides 131b and 132, for example,
were microinjected into NIH3T3 ®broblast cells and the
distribution of the ¯uorophore was monitored by confocal

laser ¯uorescence microscopy.147 While the farnesylated
peptide 132 was distributed in the cytosol, the doubly lipi-
dated heptapeptide 131b was highly enriched in the plasma
membrane.

The heptapeptides 133 and 134 were transferred into CV-1
®broblasts by incubation with peptide-loaded vesicles.112

Treatment with [3H]-palmitate resulted in the production
of the S-[3H]-palmitoylated cysteine-containing peptide
133. A signi®cant palmitoylation of the peptide 134 which
contained a serine instead of a cysteine was not detected.
Interestingly, the S-acylated peptide was localized at the
plasma membrane, even when the incubation was
performed in the presence of the vesicular transfer inhibitor,
brefeldin A. This indicated that the plasma membrane is a
major locus of S-acylation of the N-Ras C-terminal peptide.
It therefore seems likely that the kinetic trapping model
holds true.111,112 Accordingly, a singly lipid-modi®ed
protein which contains an S-acylation site in close proximity
to the isoprenylated residue is irreversibly inserted into
membrane surfaces only when a second hydrophobic modi-
®cation is attached (e.g. by means of the still putative prenyl
protein-speci®c palmitoyl transferase).111,112

With the help of conjugates which link a differently lipi-
dated peptide to a protein, the examination of numerous
fully lipid-modi®ed proteins becomes possible. It was there-
fore required to prepare peptides with a reactive linker such
as the maleimido group. The synthesis of these peptides was
achieved by selective introduction of the maleimidocaproyl
(MIC) linker at the N-terminal peptide amino group (Fig.
13).155

Truncated oncogenic H-RasG12V 1±181 proteins with a
C-terminal cysteine at position 181 were expressed
recombinantly in E. coli. These Ras proteins were allowed
to react with MIC-modi®ed lipopeptides in stoichiometric
amounts (Scheme 22). The biological function of the hybrid
proteins was evaluated by microinjection into rat pheo-
chromocytoma PC12 cells. Biologically active oncogenic
H-Ras induces cell differentiation as measured by the
number of neurites formed.160 After microinjection of onco-
genic truncated H-RasG12V 1±181 lacking the cysteine for
farnesylation and for palmitoylation, no neurites were
formed (Fig. 14(b)), whereas after microinjection of full-
length recombinant oncogenic Ras protein, 79% of injected
cells developed neurites (Fig. 14(a)). Microinjection of the

Scheme 21. Synthesis of N-terminal ¯uorescently labelled lipid modi®ed
peptides 131a,b and 132. (a) i DIC, HOBt, Marker-CO2H (128, 129); ii
[Pd(PPh3)4], DMB; (b) 130a,b, DIC, HOBt; (c) NBD-Aca-OH (129), DIC,
HOBt. Figure 13. Maleimido-modi®ed peptides.
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coupling product of H-RasG12V 1±181 heptapeptide 135
(Fig. 14(c)) and H-RasG12V 1±181 with peptide 136 (Fig.
14(d)) resulted in a comparable differentiating phenotype of
the PC12 cells. Inter alia it could therefore be shown that the
biological activity of Ras is not dependent upon a farnesyl-
ated residue and that the hybrid proteins can serve as ef®-
cient tools for biochemical, biophysical and biological
experiments.

The methodology illustrated in Scheme 22 allows the
construction of a widely applicable biological readout
system in which any protein can be chemically fused to a

membrane-anchoring module. By using an oncogenic Ras
protein molecule the ability of different lipopeptide tails to
localize the protein to the plasma membrane after micro-
injection into PC12 cells can be quanti®ed. Conversely, by
conjugating a particular lipopeptide tail, which is known to
ef®ciently anchor a protein to the plasma membrane, to
various protein molecules, it may be possible to determine
the interaction of those protein molecules with or at the
plasma membrane or with other membrane-bound proteins.

The development of biological readout systems, such as
that described above, should provide invaluable tools for

Scheme 22. Fusion of H-Ras protein to the palmitoylated and farnesylated MIC-modi®ed heptapeptide 135.

Figure 14. Microinjection of H-Ras proteins and their hybrids (speci®ed below the ®gure).
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determining membrane±protein interactions and may assist
in unravelling the molecular details of important biological
processes such as cellular signalling cascades.

4. Peptide conjugates as tools for assessing the biological
role of protein degradation

4.1. Apoptosis

In multicellular organisms, the constancy of cell number
(homeostasis) is regulated by the rate of cell proliferation
and cell death. Developmental biologists were the ®rst to
recognize that the controlled autodigestive process of
apoptosis (programmed cell death) is a life-saving event
for multicellular organisms.161,162 Excess and old (erythro-
cytes, epidermal cells) or potentially dangerous (auto-
immune T-cells, mildly injured cells) cells are regularly
eliminated by activating their intrinsic cell death machinery.
If the homeostasis of the organism, the rate of proliferation
and cell death, is out of balance several well-known diseases
occur and excessive apoptosis is associated with AIDS,
Alzheimer's disease and Parkinson's disease, myocardial
infarction, stroke and toxin-induced liver diseases.163,164 In
contrast, the regulatory process of apoptosis is inhibited in
cancer, autoimmune disorders and viral infections.

A mechanism of apoptosis has been suggested, based on
genetic studies of the nematode Caenorhabditis elegans.161

Sequence-analogy studies of the protein CED-3, one of the
two proteins responsible for programmed cell death during
C. elegans development, revealed a high homology to the
human protease, interleukin-1-converting enzyme (ICE).
This indicated that proteolysis plays a major role in
apoptosis. After less than a decade of frenetic research, a
whole family165 of highly speci®c proteases could be
identi®ed, and these are now called caspases.166 Once
activated (a number of articles have described activating
pathways167±173) caspases make surgical incisions at a
discrete number of special proteins resulting either in acti-
vation of a proenzyme or inactivation of a protein but never
in its complete degradation. Among the substrates are DNA
repair enzymes, cell cycle regulators, transcription proteins,
DNA fragmentation factors and also structural proteins such
as lamin, actin, Gas2, keratin and spectrin.165,174,175

4.1.1. Classi®cation of caspases. The proteolytic
mechanism and the substrate speci®city of the caspases
was investigated using peptide-based substrates and inhibi-
tors.176 The recognition sequence for the caspases contains
at least four amino acids N-terminal from the cleavage site
(P1±P4). X-Ray analysis of the two most distinct members,
caspase-1 and caspase-3, revealed that proteases of the
caspase family contain a cysteine residue at the active
site.177±180 Caspases are very speci®c proteases, with an
unusual and absolute requirement cleavage after aspartic
acid.181

According to the traditional approach, a large number of
different peptide substrates or peptide-based inhibitors has
to be individually synthesized and analysed in order to
determine the substrate speci®city of an unknown protease.
A more rapid and ef®cient approach to analyse the proteo-

lytic speci®city of a whole protease family was demon-
strated using Positional-Scanning Synthetic Combinatorial
Library (PS-SCL).176,182 This library comprised a ¯uoro-
genic tetrapeptide-aminomethylcoumarin (AMC) conjugate
with the general structure Ac-X-X-X-Asp-(AMC). If a
member of this library is subjected to enzymatic cleavage,
a ¯uorescence signal can be detected that is due to the
released AMC reporter. The substrate requirements for the
positions P2±P4 were determined by preparing separate
sublibraries for every position P2, P3 and P4. In each of
the three sublibraries (20 wells, each containing 400
compounds) two positions (X) were occupied by an iso-
kinetic mixture of all proteogenic amino acids whereas the
third position was occupied with one of 20 distinct amino
acids. A representative example for the preparation of the P4
position library is outlined in Scheme 23.

The side chain carboxylic acid of N-Aloc-l-aspartic acid-a-
AMC 138 was ®rst attached to the resin 139 functionalized
with the HMPB linker. After removal of the Aloc protecting

Scheme 23. Preparation of the P4 position library 142. X represents the
isokinetic mixture of proteogenic amino acids and O represents the spatially
addressed amino acid. (a) DIAD/PPh3; (b) i Pd(Ph3)4/DMB; ii isokinetic
equiv. Fmoc-X-OH/HOBt/EDC; iii 25% pip/DMF; iv isokinetic equiv.
Fmoc-X-OH/HOBt/EDC; (c) i transfer to 20 vessels; ii 25% pip/DMF; iii
Fmoc-O-OH/HOBt/EDC; iv 25% pip/DMF; v Ac2O/py/DMF; vi TFA/H2O/
PhOH/TIS.182
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group, an isokinetic mixture of Fmoc-protected amino acids
(X) was coupled. In an isokinetic mixture, the proportion of
each amino acid in the reaction mixture is varied inversely
to its reaction rate, guaranteeing the synthesis of an equi-
molar mixture of each peptide.183 The Fmoc group was
removed before a second coupling with the isokinetic
mixture of Fmoc-amino acids was performed. The polymer
141 was then transferred into 20 individual reaction vessels.
The Fmoc groups were removed and one single amino acid
(O) was added to each vessel, which now had a distinct
amino acid residue at the P4 position. After the ®nal
Fmoc removal and terminal N-acetylation, the tetra-
peptide-AMC conjugate was detached from the resin by
TFA treatment.

Thornberry and co-workers were able to distinguish three
subfamilies. The nature of the P4 position proved to be the
most important for the subclassi®cation. Addition of group I

caspases (-1, -4, -5), for example, resulted only in a strong
¯uorescence when peptide conjugates were used that were
synthesized in the vessels that contained hydrophobic amino
acids such as tryptophan as single amino acids. Group II
caspases (-2, -3, -7, CED-3) require aspartic acid at the P4
position. Group III caspases (-6, -8, -9, -10) are less speci®c
but prefer branched, aliphatic side chains (Val, Leu).

4.1.2. Caspase inhibitors. Immense efforts have been
undertaken to develop potent tools which allow an inter-
vention into programmed cell death. Speci®c inhibitors
were synthesized ®rstly to block speci®c caspases, in
order to study their physiological role in apoptosis. Speci®c
caspase inhibitors might additionally become therapeutic
tools for curing diseases caused by irregulated apoptosis.

A suitable motif for the design of caspase inhibitors proved
to be the linkage of a recognition moiety, usually a tri- or
tetrapeptide, with an electrophile that readily reacts with the
thiol group of the active site cysteine residue.184,185 Peptide
aldehydes are amongst the most potent and widely used
caspase inhibitors.181,186 Based on the results of PS-SCL,
the optimal peptide aldehyde inhibitor for caspase-1, Ac-
WEHD-CHO, displays a dissociation constant Ki of
56pM182 and the caspase-3 inhibitor, Ac-DEVD-CHO, has
a Ki value of 230pM.179 Cocrystallization of caspase-1 and
caspase-3 with their corresponding aldehyde inhibitors
enabled access to the crystal structures. The inhibitor
formed a covalent but easily hydrolyzable adduct by gener-
ating a thiohemiacetal with the cysteine residue. Surpris-
ingly, the carbonyl group of the aldehydes was not
involved in binding to a putative oxyanion hole. Instead,
the oxyanion appeared to participate in the hydrogen-bond
network which involved the catalytic histidine residue
(Fig. 15).181

A common feature of all caspases is that an aspartic acid
residue is essentially required at the P1 position and hence,
only one amino acid aldehyde precursor 146 needed to be
prepared, which in a second step could be conjugated to
different peptides (Scheme 24).182,187 The selectively
protected aspartic acid building block 143, for example,
was converted to the mixed anhydride and then reduced to
the corresponding alcohol 144. After a Swern oxidation, the
generated aldehyde 145 was treated with benzyl alcohol.
Subsequent TFA treatment furnished the O-benzylacylal
146 as a masked aspartal. For the synthesis of a caspase
inhibitor, the removal of the Aloc group and the attachment
of a tripeptide can be performed simultaneously, the
caspase-1-speci®c inhibitor, Ac-WEHD-CHO, 148 being
generated by in situ coupling of the tripeptide, Ac-
WE(OBzl)H-OH and ®nal hydrogenolysis.

Unfortunately, peptide aldehydes do not only inhibit
cysteine proteases such as caspases but also serine and
threonine proteases (see Section 4.2.2). In addition, peptide
aldehydes readily react with all types of nucleophiles and
their cellular uptake is insuf®cient. In the quest for high
af®nity inhibitors showing a high selectivity and membrane
permeability, two classes of irreversible cysteinase inhibi-
tors were developed, namely the ¯uoromethyl and the
acyloxymethyl ketones. In a ®rst reversible step, the nucleo-
philic thiol of the enzyme attacks the keto group forming a

Figure 15. Complex of caspase-3 active site and the peptide aldehyde
inhibitor, Ac-DEVD-CHO.171

Scheme 24. Preparation of the caspase-1-speci®c tetrapeptide aldehyde
inhibitor, Ac-WEHD-CHO (148). (a) i Butylchloroformiate/NMM; ii
NaBH4; (b) DMSO/(COCl)2/Et3N; (c) i BnOH/TsOH/Sieves; ii TFA; (d)
Ac-WE(OBzl)H-OH/(PPh3)2PdCl2/Bu3SnH/EDC/HOBt; (e) H2/Pd(OH)2/
C.
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thiohemiketal and irreversible inactivation of the enzyme
then proceeds through displacement of the leaving group,
X, to form a thiomethyl ketone with the active Cys site of
the enzyme (Scheme 25).

Among the a-substituted ketones, the ¯uoromethyl ketones
were found to ful®l the criteria for a selective cysteinase
inhibitor.184 The rate of alkylation of the model thiol,
glutathione, was reduced to 0.2% compared to the ®rst
generation chloromethyl ketone. Fluoromethyl ketones
still display a high degree of reactivity towards cysteine
proteases, whilst serine proteases, as desired, show a con-
siderably reduced susceptibility. The most promising ¯uoro-

methyl ketone-based caspase inhibitor is Z-VAD-fmk 157.
The increased lipophilicity of Z-VAD-fmk 157 confers a
high membrane permeability which has helped in elucidat-
ing the role of caspases in apoptosis, particularly when
living cells were used.165,188

Acyloxymethyl ketones were originally developed as irre-
versible inhibitors for the lysosomal cysteinase, cathepsin
B.189 In this class of a-substituted ketones, the displaced
group is an arylcarboxylate which is known to be a weak
leaving group in SN2 reactions. By varying the substitution
pattern of the arylcarboxylate a ®ne tuning is possible. The
2,4,6-trimethylbenzoyloxymethyl ketone, for example, was
12-fold less reactive against displacement by other thiols
than the corresponding ¯uoromethyl ketone.189 The most
notable feature of caspase-1 inhibition by tetrapeptide
acyloxymethyl ketones is the extraordinarily rapid rate of
inactivation observed, which is independent of the leaving
group pKa.

190 It was therefore concluded that the rate-
determining step was the binding and not the substitution
reaction.

Revesz et al. have developed methods suitable for large-
scale preparation of aspartate-based acyloxymethyl and
¯uoromethyl ketones.191 The synthesis of the ¯uoromethyl
ketone 157 commenced by subjecting 2-¯uoroethanol 152
to a Swern oxidation followed by 1,2-addition of 3-nitro-
propanoic acid t-butyl ester. Hydrogenation of the nitro-
alcohol 153, which was formed furnished the amine 154
which was coupled with the dipeptide, Z-Val-Ala-OH,
using carbodiimide activation. A subsequent Dess±Martin
oxidation delivered the ¯uoromethyl ketone 156 which,

Scheme 25. Irreversible caspase inhibition by acyloxymethyl (I) and ¯uoro-
methyl (II) ketones. In a ®rst step, the nucleophilic thiol group of the
cysteine residue attacks the keto group forming a thiohemiketal (150)
and subsequently replaces the a-substituent, generating a thiomethyl ketone
(151).

Scheme 26. Preparation of the ¯uoromethyl ketone 157. (a) i (COCl)2/
DMSO/Et3N; ii 3-nitropropyl acid t-butyl ester; (b) H2/Raney-Nickel; (c)
Z-Val-Ala-OH/HOBt/DMAP/EDC; (d) Dess±Martin; (e) i TFA; ii EtOH/
HCl.

Scheme 27. Preparation of the acyloxymethyl ketone 162. (a) i BnNH2; ii
H2, Pd/C; (b) Z-Val-Ala-OH/HOBt/EDC; (c) i EtOH/H2O K10 Mont-
morillonite; ii 2,6-Dichlorobenzoyl chloride/py/DMAP/DMPU; (d) Dess±
Martin.
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after transesteri®cation, yielded the desired ¯uoromethyl-
ketone 157 (Scheme 26).

For the synthesis of the acyloxymethylketone 162, pentene-
carboxylic acid ethyl ester 158 was treated with benzyl-
amine and subsequently hydrogenated. The released amine
159 was coupled to the dipeptide, Z-Val-Ala-OH, as
described above. The ketal 160 was subsequently converted
to the diol which was selectively esteri®ed at the primary
hydroxyl group to yield the benzoate 161. A subsequent
Dess±Martin oxidation completed the synthesis of the
acyloxymethylketone 162 (Scheme 27).

4.2. The proteasome

In a living cell, the majority of proteins is constantly turned
over by a dynamic process of degradation and synthesis.
When out of balance, cells can start to proliferate in an
uncontrolled manner, a feature characteristic of tumour
cells. Eukaryotic cells evolved two major systems for the
degradation of proteins, one of which involves a lysosomal
pathway, in which, preferably, membrane-associated and
extracellular proteins are endocytosed and degraded by
lysosomal proteases (e.g. cathepsins). The majority of
cytosolic proteins are hydrolysed by an alternative proteo-
lytic system, proteasome or multicatalytic protease
complex.

The 26 S proteasome is located in both the cytosol and the
nucleus of all eukaryotic cells.192±194 It consists of the 20 S
core particle as the proteolytic centre and the 19 S regula-
tory complex at the entry of the 20 S core particle. The 20 S
core particle is a cylinder of 28 subunits arranged in four
stacked rings.195 In T. acidophilum, the 20 S proteasome is
comprised exclusively of a- and b-subunits, which build an
a7b7b7a7 structure (Fig. 16).196

Proteolysis occurs in the central chamber which is
assembled by the b-subunits. The a-subunits form narrow
gates (13 AÊ diameter) and therefore prevent unspeci®c
degradation of folded proteins. In eukaryotic proteasomes,
the a-ring allows the binding of the regulatory 19 S

complex. The 19 S complex consists of ca. 20 different
subunits with a chaperone- and transporter-like function.
Other subunits are required for the binding and cleavage
of ubiquitinated protein substrates.197,198

4.2.1. Peptidase activity of the proteasome. In the
mammalian proteasome, multicatalytic protease, three
distinct protease activities have been identi®ed.199 One
activity is described `trypsin-like', because it preferentially
hydrolyses peptide substrates after basic residues, one
`chymotrypsin-like', hydrolysing after large hydrophobic
residues and one `post-glutamyl-peptide hydrolytic'
(PGPH) activity, cleaving after acidic residues. For the latter
activity, recent results indicated a higher speci®city for Asp
than for Glu, so that `caspase-like' seems to be a more
appropriate description.200 Although this classi®cation is
useful for model peptides, it should be noted, however,
that natural protein substrates are hydrolysed at almost
every position.195

Mutational analysis of the b-subunit of T. acidophilum indi-
cated that the N-terminal threonine residue was essential for
proteolytic activity.201 The X-ray structure of the 20 S
proteasome, in which the aldehyde inhibitor, Ac-Leu-Leu-
Norleucinal, was covalently bound via a hemiacetal to the
side chain hydroxyl group of the N-terminal Thr1, revealed
a particular type of protease.196 In contrast to classical serine
and cysteine proteases, there was no catalytic triad. The side
chain hydroxyl group of Thr1 is probably activated by either
the free amino terminus of Thr1 or the 1-amino group of a
proximal lysine 33 (Scheme 28).202

Figure 16. Schematic representation of the 20 S proteasome of Thermo-
plasma acidophilum. The catalytic activity is centred inside the b-subunit.

Scheme 28. Two possible mechanisms for proteolytic activity of the proteasome. The essential base for acceptance of the hydroxyl proton in the transition
state resides in (a) the N-terminal amino group of Thr1, or in (b) a lysine amino group found near the active site.
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4.2.2. Proteasome inhibitors. Essential in understanding
the physiological role of the proteasome in mammalian
cells is the knowledge of how to modulate its proteolytic
activity in vitro and in vivo. In the last few years, several
novel proteasome inhibitors have been developed.202,203 A
recently developed class of inhibitors is based on a combi-
nation of two inhibitory functions. These bivalent inhibitors
display an increased selectivity for the distinct proteolytic
activities of the proteasome. A classical peptide aldehyde,
for example, was equipped with a maleimide function as a
thiol-reactive handle, leading to a high selectivity for the
trypsin-like proteolytic activity of the proteasome
(Fig. 17).204 Within a few minutes of incubation a complete
inactivation of the b2-subunit was achieved. However, one
limitation for the use of this inhibitor in more complex
systems is the fact that the maleimide moiety is reactive
towards all types of thiols.

For exploiting the unique topography of the six active sites,
two peptide aldehydes were conjugated to a polyethylene
glycol (PEG) spacer.205 The highly solvated and unstruc-
tured PEG was chosen to mimic a random coiled poly-
peptide substrate. The coupling of well-established peptide
aldehyde inhibitors to the PEG dicarboxylic acid (Scheme
29) furnished homobivalent and heterobivalent peptide
conjugates. The former conjugate, which contained either
Leu-Leu-Nle-H or Arg-Val-Arg-H as the head groups for
chymotrypsin-like or trypsin-like activity, respectively,
improved the selective inhibition by 2-fold compared to
the single peptide aldehyde inhibitor. Interestingly, a hetero-
bivalent inhibitor 172, which consisted of one Leu-Leu-Nle-
H and one Arg-Val-Arg-H moiety, blocked both the chymo-
trypsin- and the trypsin-like activity at nanomolar concen-
trations. Unfortunately, peptide aldehydes also inhibit
cysteine proteases such as lysosomal cathepsins and
calpains. The reactive aldehydes can, additionally, bind
unspeci®cally to free amino groups of any protein to form
Schiff bases. Novel inhibitors were therefore developed
with the aim of achieving a higher selectivity in targeting
the Thr protease.

A second class of peptide-based proteasome inhibitors, the
peptide±vinyl sulfones, proved to be very effective.206,207

These peptides contain a vinyl sulfone moiety at the
C-terminus acting as a Michael acceptor for the nucleophilic
hydroxyl group of the catalytic Thr1. For the preparation of
the vinyl sulfones, the amino acid 173 is converted to the
Weinreb amide and subsequently reduced to the amino-
aldehyde 174 (Scheme 30). The vinyl sulfone 175 is then
generated by a Wittig reaction. After removal of the Boc-
protecting group, Z-Leu-Leu-OH is coupled under standard
conditions to furnish 177.

In contrast to the peptide aldehydes, the vinyl sulfones act as

Figure 17. A schematic representation of the bifunctional inhibitor,
maleoyl-b-Ala-Val-Arginal in a complex with the b2-subunit of the yeast
proteasome, containing exclusively a Cys residue in close proximity.
According to the proposed mechanism, the inhibitor ®rst reversibly forms
a hemiacetal with the active site Thr. Subsequently, the thio group adds to
the maleimide leading to an irreversible blocking of the trypsin-like proteo-
lytic activity of the proteasome.195

Scheme 29. Preparation of bivalent peptide aldehyde inhibitors. (a) i
CH3NHOCH3/TBTU/HOBt/DIPEA; ii LiAlH4; (b) NaOAc/semicarbazide
HCl; (c) i 25% TFA/DCM; ii Boc-Leu-Leu-OSu; iii 25% TFA/DCM; (d) i
EtOH/HCl; ii H2/Pd±C; (e) 1 equiv. 169/TBTU/HOBt/DIPEA; (f) i
2 equiv. 166/TBTU/HOBt/DIPEA; ii AcOH/37% HCHO/MeOH; iii 95%
TFA.
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suicide substrates leading to an irreversible linkage between
the inhibitor and the substrate (Scheme 31). Originally, the
vinyl sulfones were developed as inhibitors against the
softly nucleophilic cysteine proteases,208 but they were
surprisingly less reactive against lysosomal cysteine
proteases than the peptide aldehydes. In addition, Z-tri-
leucine vinyl sulfones were demonstrated to covalently
block all of the active b-subunits of the proteasome whereas
the corresponding aldehydes only blocked the chymotrypsin
and post-acidic subunits.

Peptidyl boronic acids are a promising class of novel highly

selective peptide-based proteasome inhibitors.209 Compared
to the corresponding aldehyde, peptidyl boronic acids
display an inhibitory potency that is increased by 100-fold
(e.g. Z-Leu-Leu-Leucinal Ki�4nM and Z-Leu-Leu-Leu-
B(OH)2 Ki�0.03nM). The boronic acid reversibly binds to
the active site of the proteasome, but due to the very low
SZB bond strength, cysteine proteases such as lysosomal
cathepsins are not subject to inhibition by peptidyl boronic
acids at low picomolar concentrations. For the synthesis of
peptidyl boronic acids, an initial Grignard reaction formed
the i-butylboronic acid 182 (Scheme 32).210,211 Esteri®ca-
tion was performed by treating the boronic acid with
pinanediol. The boronic ester 183 was chlorinated using
(dichloromethyl)lithium to afford 184. Subsequent treat-
ment with lithiohexamethyldisilazane and acid desilylation
yielded the leucine analogue amino boronate 185. Under
standard conditions the peptide moiety was coupled and
the free peptidyl boronic acid 186 was liberated.209

4.2.3. Inhibitors as tools for cell biologists. Due to the
availability of potent inhibitors in the past few years, several
unexpected results have demonstrated the physiological
importance of proteasome-mediated protein degradation.203

The blocking of the proteasome pathway enabled the
stabilization of short-lived proteins and made it possible
to isolate and identify the physiological role of several
regulatory proteins (e.g. NF-kB, p53 and CDK).198 The
degradation of these proteins was believed for a long time
to take place in lysosomes. Proteasome inhibitors, however,
were able to block 90% of the degradation of abnormal and

Scheme 30. Preparation of the vinyl sulfone 177. (a) i CH3NHOCH3/
PyBOP/DIPEA; ii LiAlH4; (b) (EtO)2P(O)CH2S(O)2CH3/NaH/TsOH;
(c) 4M HCl/1,4-dioxane; (d) Z-Leu-Leu-OH/PyBOP/DIPEA.

Scheme 31. Mechanism of inactivation of proteasome by vinyl sulfone. The
vinyl sulfone acts as a Michael acceptor for the nucleophilic hydroxyl group
of the active site Thr1, blocking its proteolytic activity irreversibly.

Scheme 32. Preparation of peptidyl boronic acids. (a) i MgB(OEt)3; ii H2O/
H2SO4; (b) pinanediol; (c) LiCHCl2; (d) i LiN(SiMe3)2; ii TFA; (e) i Z-Leu-
Leu-OH/TBTU/DIPEA; ii i-BuB(OH)2/aq. HCl.
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regulatory proteins.212,213 In contrast, lysosomal inhibitors
accounted for a minority of 10±20% of total protein
degradation.

Proteolytic degradation by the proteasome plays an impor-
tant role in the immune response to foreign pathogens (cf.
Section 2.4.2).193 The short peptides that are presented by
cell surface MHC molecules are generated during break-
down of intracellular proteins by the proteasome. By block-
ing the protein breakdown, peptide aldehydes and
lactacystin214 also completely prevented the MHC presenta-
tion on the cell surface.212,213 Further evidence for the
important role of the proteasome in the antigen presentation
was the discovery that the cytokine g-interferon (IFN-g)
which stimulates antigen presentation induces a reorganiza-
tion of the proteasome.215 After treatment of the cell with
IFN-g in the newly built proteasomes, the proteolytic
b-subunits b1, b2 and b5 are replaced by new subunits
LMP2, LMP7 and MECL1. This novel `immuno-
proteasome' has enabled the processing and the presentation
of antigens to be improved in order to ensure a highly
ef®cient immune response.

5. Conclusion and outlook

The examples described in this review demonstrate that the
recent improvements in the synthetic methodology have
enabled the synthesis of a variety of modi®ed peptides
such as glycopeptides, lipopeptides and peptide pharmaco-
phore conjugates. It is particularly encouraging that the
degree of peptide conjugate complexity that can be accessed
by current techniques meets the many needs of biological
and medicinal research. The use of synthetic glycopeptides
revealed that the attachment of carbohydrates can create and
mask B- and T-cell epitopes, which will have an impact on
tumour diagnostics and tumour therapy. It now seems pos-
sible to direct proteins to plasma membranes in order to
study the biological role of membrane insertion. Only
through the design of highly speci®c caspase and protea-
some inhibitors has the unravelling of the physiological
importance of protein degradation and processing at the
molecular level been achieved. The synthesis of very
complex target molecules, however, is still a research
project in its own right and remains an area for highly
specialized chemists. One of the main goals will therefore
be to match the different time scales of chemical and bio-
logical research. Solid phase-based synthesis appears to be a
well-suited and automatable synthetic tool that allows a
rapid and, if desired, combinatorial, access to peptide
modi®cations. The combined use of chemical and
enzymatic methods with orthogonal ligation strategies
such as Native Chemical Ligation holds much promise
and can enable the synthesis of entire proteins and protein
modi®cations within a reasonable time.

The human genome has been sequenced and is expected to
facilitate the identi®cation of disease-related proteins. As
the age of proteomics commences, it will become of utmost
importance to analyse and in¯uence post-translational
protein modi®cations. Routine procedures of protein over-
expression do not allow a complete control of protein
modi®cation and processing. A promising approach is the

intein-mediated Expressed Protein Ligation, a splicing
event, which might provide a general biocatalysis of protein
fragment condensation within a living cell.
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