
Introduction

Glycoproteins have assumed a rather notorious position
among biologists and chemists. Owing to their oligosaccharide
substituents, glycoproteins are not under direct genetic
control but are instead the products of secondary metabolism.
Glycoproteins have defied traditional genetic approaches to
biological study because of the heterogeneous and template-
independent nature of their biosynthesis. This feature has
frustrated efforts on the part of biologists to elucidate the
biological functions of glycoproteins, particularly in circum-
stances in which the precise structure of the glycan determines
biological activity. It is becoming apparent that oligosacchar-

ides on a polypeptide can modulate protein folding, intra- and
intercellular trafficking, and receptor binding and signaling.[1]

These discoveries at the forefront of biological research have
created a requirement of some urgency for glycoproteins of
well-defined structure.

In parallel, chemists have discovered glycoproteins to be
alluring yet formidable synthetic targets. Glycoproteins
embody all of the complexity of oligosaccharide chemistry,
including difficult glycosyl coupling reactions and extensive
protecting group manipulations, compounded with the chal-
lenges of solid-phase peptide synthesis. Consider the struc-
tures of prototypical glycoprotein glycans from the N-linked
(1) and O-linked (2) families (Figure 1). The synthesis of
merely the core fragments, the regions in closest proximity to
the polypeptide backbone, can require complex orthogonal
protection schemes to form branched oligosaccharide struc-
tures. The methods for such transformations that are currently
at our disposal are not compatible with the complex
functionality of the polypeptide backbone, precluding the
chemical elaboration of the oligosaccharide from the poly-
peptide scaffold. The convergent assembly of separately
prepared oligosaccharides and proteins is also marked by
several obstacles. Despite these challenges, in recent years
several groups have conquered glycopeptide fragments, and
some impressive structures have been reported.[2] In partic-
ular, advances in enzymatic glycosylation methods promise to
lift the burden of protecting-group manipulations in future
glycoprotein syntheses.[3]

Still, while chemists continue to progress toward a general
and accessible synthesis of native glycoproteins, there are
pressing issues in biology that have inspired parallel efforts
toward the synthesis of glycoprotein mimetics. For example, a
native glycoprotein may lack the stability or bioavailability
required for a specific therapeutic or basic science application.
Isosteric analogues have been designed to circumvent these
problems. The field of glycoprotein mimicry is also driven by
the urgency of certain biological problems, which overrides
the preference for a native structure. The goal shifts to
obtaining as rapidly as possible a synthetic mimic with
comparable biological activity. At present, the synthesis of
native glycoproteins is a time-consuming and encumbered
process, but glycoprotein mimics with subtly altered structures
can be made with reasonable facility. In this article, we
highlight recent concepts in glycoprotein mimicry that address
these issues at the chemistry/biology interface.
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Discussion

Stable glycopeptide isosteres : It is well established that
glycosylation of peptide drugs can dramatically alter their
pharmacokinetic properties. Indeed, many native glycopro-
teins have been considered as therapeutic agents and a
handful are now in clinical use.[4] But there is room for
improvement of these compounds, particularly with respect to
the stability of the sugar-peptide linkage. The primary path-
way for glycoprotein degradation involves enzymatic cleavage
of the glycan from the peptide backbone, an event that, if
thwarted, could increase the lifetime of glycopeptide drugs.
Chemists have observed that substitution of the glycosidic
CÿO or CÿN bonds found in O-linked and N-linked
glycoproteins, respectively, with a CÿS or CÿC bond confers
resistance to enzymatic hydrolysis.[5] In addition, C- and S-
glycosides demonstrate solution conformations and biological
activities similar to their native counterparts.[6] Accordingly,
much effort has been devoted to the synthesis of C- and S-
glycopeptide analogues.

The replacement of the oxygen atom of an O-linked
glycopeptide with a sulfur atom is a conceptually straightfor-
ward approach to isosteric mimicry. In practice, this has been
accomplished by coupling an activated sugar derivative with a
protected cysteine residue. Several S-glycosylated cysteine
derivatives have been reported[7] (a representative example
(4) is shown in Figure 2), and some of these analogues have
been incorporated into peptides by standard solid-phase
methods.[7a, 8] S-Glycopeptides have also been prepared using
a building block derived from glycosylation of 3-mercapto-
propionic acid.[7c]

While structurally similar to
S-glycopetides, C-glycopeptides
present a greater synthetic chal-
lenge because of the require-
ment of stereoselective CÿC
bond formation at the anomeric
center. Several groups have met
this challenge with the synthesis
of C-glycosyl serine analogues,
which were incorporated into
glycopeptides by traditional
methods.[9] For example, Beau
and co-workers[9c] prepared a
C-linked analogue of the Tn
antigen (GalNAca-Ser) (5, Fig-
ure 2), an O-linked motif found
in several epithelial tumor gly-
coproteins.[10] Synthetic glyco-
peptides comprising the C-
linked Tn analogue may serve
as future generations of tumor
vaccines.

In contrast to O-linked gly-
copeptides which are degraded
through glycosidic bond hydrol-
ysis, N-linked glycopeptides are
hydrolyzed at the glycosyl
amide (6, Figure 3) by enzymes
from the N-glycanase family.[11]

Figure 2. Comparison of a native O-linked glycan (3) and two stable
glycopeptide isosteres, an S-glycoside (4)[7b] and a C-glycoside (5).[9c]

Several groups have sought analogues of N-linked glycopep-
tides which resist the action of these enzymes. In one
approach, Kessler et al. reversed the orientation of the
glycosyl amide affording C-glycosyl analogue 7.[12] Such
derivatives may be resistant to N-glycanase cleavage just as
retro-inverso peptides resist proteolytic cleavage.[13] In an
elegant alternative approach, Lee and co-workers[14] com-
bined C-glycoside chemistry with enzymatic chemistry to
construct a C-linked analogue of a high-mannose N-linked
glycopeptide (8, Figure 3). The synthetic strategy consisted of
two key steps: the chemical synthesis of a peptide bearing a C-
linked GlcNAc residue followed by enzymatic transfer of a
Man9GlcNAc moiety onto the core GlcNAc. The C-glyco-
peptide (8) was found to be resistant to N-glycanase-catalyzed
hydrolysis and, furthermore, displayed inhibitory activity
toward the enzyme.

Figure 1. Representative N-linked (1) and O-linked (2) glycans. The conserved core structures within each family
are indicated in color.
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Glycopeptoids : Peptoids, or N-substituted oligoglycines (9,
Figure 4), are achiral peptide mimics in which side chains are
sited on the amide nitrogen atom of each glycine monomer
rather than the a-carbon atom of each amino acid.[15] Peptoids
were designed in order to overcome several shortcomings of
synthetic peptides as potential drugs, including susceptibility

Figure 4. General structure of a peptoid (9)[15] and an O-linked glyco-
peptoid (10) bearing the Tn antigen.[16c]

to proteolytic degradation and poor bioavailability. While
these highly flexible molecules are indeed resistant to
proteolysis, the problem of oral bioavailability still exists. To
address this problem, Roy and co-workers designed a new
class of mimetics which they named glycopeptoids.[16] The O-
linked glycopeptoid 10 (Figure 4), which bears multiple Tn
antigens, was prepared in order to evaluate the role of

multivalency in antigen presen-
tation.[16c] A method for the
synthesis of a C-linked glyco-
peptoid building block has re-
cently been reported by Kessler
and co-workers.[17] When incor-
porated into glycopeptoids, the
C-glycoside should provide ad-
ditional stability towards chem-
ical and enzymatic hydrolysis.

Synthesis of glycopeptide mim-
ics by chemoselective ligation :
The concepts that have been
described thus far were moti-
vated by the need for metabol-
ically stable glycopeptide mim-
etics. While glycopeptide iso-
steres and glycopeptoids are
resistant to hydrolysis, the con-
struction of these analogues is
still a time-consuming and chal-
lenging endeavor. The synthesis

of such analogues becomes especially difficult when dealing
with larger oligosaccharide structures, such as the naturally
occurring O- and N-linked glycans depicted in Figure 1).
Moreover, biologists eager to study the roles of protein-
associated glycans in biological systems typically do not have
the synthetic expertise to prepare native complex glycopro-
teins. Their collaborators in synthetic chemistry may require
several years to generate small quantities of a relatively
simple structure, stalling the progress of research at the
biological forefront.

As early as the 1970�s, it was apparent that oligosaccharides
could be attached via non-native linkages to normally
unglycosylated proteins, such as bovine serum albumin
(BSA), generating neoglycoproteins that have since found
use in a myriad of biological studies.[18] Methods for the
synthesis of neoglycoproteins capitalized on the inherent
reactivity of certain amino acid side chains, in particular the e-
amino group of lysine and the sulfhydryl group of cysteine,
and were of sufficient simplicity that extensive synthetic
expertise was not required. The protein component of these
reagents was considered largely irrelevant, serving merely as a
scaffold for multivalent presentation of the carbohydrates and
for the simultaneous attachment of convenient molecular
probes. More recently, chemists have shifted their attention to
the construction of glycoprotein mimetics in which the
sequence and structure of the underlying protein, and the
specific sites of glycosylation, are of biological relevance.
Some of the methods developed for classical neoglycoprotein
synthesis are now being revisited in the context of structurally
defined glycopeptide mimetics with unnatural sugar ± peptide
or glycosidic linkages.

A technique that promises to be extremely powerful for the
site-specific attachment of carbohydrates to peptides is based
on the concept of chemoselective ligation. Originating in the
field of protein chemistry, the technique involves the coupling
of two mutually and uniquely reactive functional groups in an

Figure 3. Comparison of a native N-linked glycopeptide (6), a retro-amide C-glycosyl analogue (7),[12] and a high-
mannose C-linked glycopeptide (8).[14]
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aqueous environment.[19] Chemoselective ligation reactions
are of such high selectivity that no protecting groups are
needed. Even in the presence of a multitude of potentially
reactive functionalities, two chemoselective ligation partners
will react only with each other. Reactions that have proven
useful for chemoselective ligation include the coupling of
aminooxy groups with ketones or aldehydes to afford the
corresponding oximes, and reactions of thiolate anions with a-
haloacetamides to form the corresponding thioesters or
thioethers.

Modifications of endogenous cysteine residues : The chemo-
selective reaction of cysteine thiols with electrophilic carbo-
hydrates originated with neoglycoproteins and is now widely
used for the construction of glycopeptide mimetics of defined
structure. For example, a-haloacetamido[20] or bromoethyl
glycosides[21] react selectively with cysteine sulfhydryl groups
on unprotected peptides to afford modified glycopeptides
with non-native sugar ± peptide linkages (11 and 12, Figure 5).

With respect to synthetic facility, the a-haloacetamido glyco-
sides are superior, as they can be prepared from unprotected
free oligosaccharides through glycosylamine intermedia-
tes.[20b] In principle, complex oligosaccharides from natural
sources[2f] could be attached to peptides in this fashion without
any protecting group manipulations. It should be noted,
however, that multiple cysteine residues cannot be differ-
entiated, that is, a single cysteine residue cannot be glycosy-

lated site-specifically in the presence of others. In order to
maintain an unmodified cysteine residue, one must employ
orthogonal cysteine protecting groups during solid-phase
peptide synthesis.

Exploiting orthogonal functionality : An alternative strategy
for the generation of glycopeptide analogues could proceed
by the introduction of a novel functional group into the
peptide scaffold, one that is not normally found among amino
acid side chains and is chemically orthogonal to native amino
acid components. The ketone group fulfills these require-
ments, and toward this end a method for the synthesis of
glycopeptide mimetics has recently been described which
exploits the highly selective condensation reaction of ketones
with aminooxy groups to afford oximes.[22] Ketone-containing
peptides were generated by solid-phase peptide synthesis
(SPPS) with amino acid 13,[23] which bears an unnatural
ketone side chain (Scheme 1a). Reaction of ketopeptide 14
with aminooxy sugars such as compound 15 afforded glyco-

peptide mimetics in which an
oxime substitutes for the native
sugar ± peptide bond. In this
fashion, an oxime-linked ana-
logue (16) of the antimicrobial
glycopeptide drosocin was pre-
pared.[22]

This chemoselective ligation
strategy is not limited to the
synthesis of peptides bearing
simple monosaccharides. More
complex oligosaccharides can

be generated from simple aminooxy sugars using established
enzymatic methods. For example, elaboration of aminooxy
lactose (17, Scheme 1b) by enzymatic sialylation and fucosy-
lation afforded sialyl Lewis x analogue 18, which was then
allowed to react with ketopeptide 14 to generate an oxime-
linked glycopeptide bearing a structural motif similar to that
found in O-linked mucin-like glycoproteins.[24] Alternatively,
unprotected glycosylamines can be converted to aminooxy,

Figure 5. a-haloamides[20] and bromoethyl glycosides[21] have been conjugated to cysteine thiols to generate
glycopeptide mimetics such as 11 and 12.

Scheme 1. a) Synthesis of an oxime-linked glycopeptide (16) by means of an unnatural ketoamino acid (13).[22] b) Enzymatic conversion of aminooxy lactose
to sialyl Lewis x analogue 18.[24] a(2,3)-ST�a(2,3)-sialyltransferase and a(1,3)-FucT�a(1,3)-fucosyltransferase.
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hydrazide, or thiosemicarbazide derivatives in a straightfor-
ward manner, and each of these can be chemoselectively
ligated to ketopeptides.[24] Like a-haloacetamides, these latter
nucleophilic carbohydrate derivatives can be generated from
small quantities of unprotected free oligosaccharides through
glycosylamine intermediates. Thus, precious oligosaccharides
isolated from natural sources could potentially be converted
to coupling partners suitable for conjugation to ketone-
containing peptides.

An alternate strategy for the chemoselective synthesis of
glycopeptide analogues with non-native sugar ± peptide link-
ages has recently been described by Mutter and co-workers.[25]

Free reducing sugars were reacted with peptides bearing
internal N,O-disubstituted aminooxy groups (19, Scheme 2) to

Scheme 2. Reaction of free reducing sugars with peptides bearing N,O-
disubstituted aminooxy groups (19) to generate b-N-linked glycopeptide
analogues (20).[25]

produce b-N-linked glycopetide analogues (20). The reducing
terminal pyranose unit was preserved and the peptide was
glycosylated with high anomeric stereoselection without the
need for activation at the anomeric center or protection of
functional groups. Free reducing oligosaccharides have also
been appended to the N-terminus of synthetic peptides
adorned with an N-terminal aminooxy group.[26]

As the synthesis of glycopeptide mimetics is motivated by a
need for biologically active structures, a crucial question is:
how does the substitution of the native sugar ± peptide bond
with a non-native linkage affect bioactivity? Despite a
multitude of strategies for their construction, very few
glycopeptide mimetics have actually been evaluated for
activity relative to their native counterparts. One study has
shown that replacement of the sugar ± peptide bond with an
oxime linkage has no detrimental effect on function, even in a
molecule whose activity is normally dependent on glycosyla-
tion. The oxime-linked analogue of drosocin (16, Scheme 1a),
a 19-amino-acid glycopeptide with a single site of O-linked

glycosylation,[27] was found to be comparable in bacteriostatic
activity to the native molecule.[22]

It may be that in some cases the loss of the native sugar ±
peptide linkage results in reduced bioactivity of the glyco-
protein. Indeed, it has been demonstrated in model glyco-
peptides that the monosaccharide units most proximal to the
peptide backbone can profoundly influence local peptide
structure.[28] These observations have directed attention to
new sites of unnatural linkage substitution such as glycosidic
bonds within the pendant glycan. As an example of this
alternative approach, chemoselective ligation chemistry was
combined with enzymatic chemistry to generate modified O-
linked glycopeptides with native sugar ± peptide linkages.[29]

First, a glycosylated amino acid building block was incorpo-
rated into a peptide using standard solid-phase methods to
produce a glycopeptide bearing a proximal GalNAc (21,
Scheme 3). Next, a chemically unique functional group for
chemoselective ligation was introduced by means of the
enzyme galactose oxidase, which selectively converts galac-
tose or GalNAc residues to the corresponding C-6 alde-
hydes.[30] Finally, the aldehyde (22) was coupled to a synthetic
aminooxy sugar to afford an oxime-linked analogue (23) of
the b1!6 glycosidic linkage that is commonly found in
native O-linked glycoproteins. Flexibility in the elabora-
tion of outlying glycoforms could be achieved while the
native peptide-proximal GalNAc-a-Thr linkage was main-
tained.

These ketone- or aldehyde-based chemoselective ligation
strategies have the advantage over traditional methods for
neoglycoprotein synthesis in that they are site-selective.
Ketone, aldehyde, and aminooxy groups do not normally
reside within polypeptides, so once installed at a specific
position, they can be glycosylated in a controlled manner. In
addition, these ligation reactions are orthogonal to thiol
alkylations, allowing one to conjugate two different oligosac-
charides to ketone and thiol groups within a peptide in one
synthetic step (see Scheme 4). The one-step dual modification
of synthetic peptides using these mutually compatible reac-
tions has recently been achieved with biophysical probes.[23]

Future Directions

These novel concepts in glycopeptide mimicry have enabled
the synthesis of glycopeptide analogues with improved
pharmacokinetic properties or impressive glycan structures
that are difficult to achieve in their native form. Still, most of

Scheme 3. General strategy for the synthesis of glycopeptide mimics with C-6 oximes.[29]
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Scheme 4. General strategy for the one-step modification of peptides with
two different oligosaccharides.

the synthetic targets described were rather small with respect
to peptide length, representing fragments of glycoproteins
several orders of magnitude larger in size. Glycopeptide
synthesis must by definition be restricted by the limitations of
solid-phase peptide synthesis, currently executed in a routine
fashion for peptides of around 60 amino acids or less. Protein
chemists are now addressing this limitation with the develop-
ment of new strategies for convergent segment condensation.
Two recent technologies, native chemical ligation[19a, 31] and
the related expressed protein ligation,[32] have taken the
forefront in this regard. The strategies described above for
synthesizing glycopeptide mimetics could be merged with
these protein synthesis techniques to afford full-length
glycoprotein mimetics of unlimited size.

Finally, in nature many glycoprotein molecules reside on
the surfaces of cells, anchored to the plasma membrane. The
glycans of cell-surface glycoproteins contribute to many
extracellular recognition events that govern the life of the
cell. Perhaps it is now time to ask whether we can construct
glycoproteins or their mimetics in the context of a cell surface.
While this is a somewhat radical notion, the ability to generate
glycoproteins of defined structure on cell surfaces would
provide avenues for biological investigation for which there is
no current alternative. The exogenous addition of structures
onto cells is not a new concept, having been demonstrated
with recombinant GPI-anchored proteins which passively
insert into the plasma membrane when added to cells in
culture.[33] However, the attachment of chemically synthesized
glycoproteins or mimetics has not been reported and would
represent a landmark experiment. Chemically synthesized
glycoproteins could be attached to cell surfaces through a
suitable cell surface anchor. Several groups have taken steps
in this direction with the conjugation of synthetic oligosac-
charides to endogenous glycoprotein glycans using enzymatic
and chemical methods.[34] In this fashion, novel glycoprotein

landscapes were created on living cells. The extension of these
approaches to include synthetic glycoproteins and their
mimetics is a major frontier in cell surface engineering.
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