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. Introduction

It is becoming ever clearer that the presence of
carbohydrate units in naturally occurring structures

t E-mail: Ben.Davis@chem.ox.ac.uk. Phone: +44 (0)1865 275652.
Fax: +44 (0)1865 275675.

10.1021/cr0004310 CCC: $39.75

Received August 9, 2001

Ben Davis got his B.A. (1993) and D.Phil. (1996) from the University of
Oxford. During this time he learned the beauty of carbohydrate chemistry
under the supervision of Professor George Fleet. He then spent 2 years
as a postdoctoral fellow in the laboratory of Professor Bryan Jones at the
University of Toronto, exploring protein chemistry and biocatalysis. In 1998
he retumed to the U.K. to take up a lectureship at the University of Durham.
In the autumn of 2001 he moved to the Dyson Perrins Laboratory,
University of Oxford and received a fellowship at Pembroke College,
Oxford. His group’s research centers on chemical biology with an emphasis
on carbohydrates and proteins. In particular, the group’s interests
encompass synthesis and methodology, inhibitor design, biocatalysis,
enzyme mechanism, protein engineering, drug delivery, molecular model-
ing, molecular biology, and glycoscience. This work has received the RSC
Meldola Medal and Prize, AstraZeneca Strategic Research Award, DTI
Smart Award, and Mitzutani Foundation for Glycoscience Award.

and their mimetics has a dramatic effect on their
physical, chemical, and biological properties. The
ubiquity of glycoproteins in nature reflects their
broad functions as markers in cell—cell communica-
tion events that determine microbial virulence,!
inflammation,?® and host immune responses.* ® In
addition, the correct glycosylation of proteins is
critical to their expression and folding”™® and in-
creases their thermal and proteolytic stability.'®
Access to well-defined scaffolds to probe the nature
of these processes is essential. Their manipulation
is a dominant primary goal in glycoscience!**? and
has driven and continues to drive the synthesis of
glycoconjugates and in particular glycoproteins.

A. Coverage

Trivially, glycoproteins may be considered to be
polyamino acid—poly/oligosaccharide conjugates. As
such, synthetic strategies may be dissected as shown
in Scheme 1. Many of the terms that have been used
to describe the construction of linkages A, B, C are
arbitrary ones that have been coined over time by
various workers in the field but are nonetheless
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Scheme 1. Disconnective Analysis of Glycoprotein Synthesis?
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aThe order in which the three disconnective processes A, B, and C can be performed has a critical bearing on the strategies and
techniques to be used. In the table, the various permutations and corresponding techniques (see symbols and key) are listed. The
corresponding coverage of this review is noted by full, +/, partial, (+/), and none, x, and relevant sections are broadly noted.

useful and shall be used where appropriate in this
review. Many of these terms also describe extremes,
and as for all syntheses, they simply describe points
on a continuum of potential disconnective strategies.
For example, some bond formations used for protein
glycosylation have been or may be equally applied
to peptides or vice versa, and often the distinction
drawn is one of scale and not bonding type. On such
occasions a distinction made between, for example,
“protein glycosylation” and “glycopeptide synthesis”
may in fact be unhelpful in drawing useful chemical
parallels. On the other hand, different strategic
considerations for macromolecules or current limita-
tions in methodology might make such distinctions
valuable on a practical level.

It is not the intention of this review to provide a
complete coverage (coverage is noted by full, /,
partial, (+/), and none, x, in Scheme 1, and relevant
sections are broadly noted) of all methods for the
construction of carbohydrate—amino acid conjugates
but instead to focus on the formation of glycosylated
polypeptide structures. Consequently, many aspects
of glycopeptide synthesis and assembly will only be
covered in passing and where it is of potential or
direct relevance to glycoproteins. Many excellent
reviews have appeared on the topic of synthesizing
shorter-length glycopeptides, and the reader is re-
ferred to these.'® 26 Similarly, although they are
crucial prerequisite building blocks for glycoprotein
synthesis, the synthesis of proteins?’~3! or oligosac-
charides®72° will not be covered unless of direct
relevance. The reader is also referred to other excel-
lent reviews that have previously covered aspects of
glycoprotein synthesis either explicitly or as part of
larger reviews on glycoconjugates.1:40-44

Glycoscience is by necessity broad in the range of
techniques that it encompasses, and it is clear that
in this context the oft-applied and somewhat artificial
distinction between “chemical” and “biological” tech-
niques is unhelpful and has been avoided where

possible. Furthermore, because all such glycoproteins
have potential function, there will be no distinction
made between synthetic analogues, so-called neogly-
coproteins, and those that occur naturally. Indeed,
with the advent of an array of techniques adapted
from nature, the distinction between neo (which
simply means new) and natural has already blurred.

B. Carbohydrates as Communication Molecules
and the “Cluster” Effect

Carbohydrate structures are unrivalled in the
density of information that they can convey. Precise
differences in the nature of the linkages between two
residues, e.g., 1-2, 1—-3, 1—4, 1-6 for two pyranoses,
contrast with the linear nature of proteins and
nucleic acids. A comparison of the permutations of
hexamer formation illustrates this point well. Whereas
DNA (with a basis set of 4) and amino acids (with a
basis set of 20) may construct a biological language
for information transfer of 4096 and 6.4 x 107
“words”, respectively, carbohydrates have access to
greater than 1.05 x 10'? variations.*® Add to this the
additional variety afforded by anomeric stereochem-
istry, ring size, and subunit modification (e.g., sul-
fation, phosphorylation or acylation), and it can be
quickly seen that this greater variety of possible
combinations gives the language of carbohydrates
exquisite eloquence. This language has been chris-
tened glycocode, a term that well represents the
potential level of complex information that carbohy-
drate structures are able to convey. It should also be
noted that this vast number of potential permuta-
tions represents a technological barrier and means
that no longer can the oligosaccharidic portions of
glycoproteins be made on an iterative basis because
there are far too many possible synthetic targets. It
is therefore crucial that the design of new glycopro-
teins is guided by the identification of the associated
functions and activities of existing structures.
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The decipherers of glycocode are typically sugar-
binding proteins called lectins, which, despite their
very shallow binding sites, show a remarkable speci-
ficity in their binding of multivalent complex carbo-
hydrate structures.® The monosaccharide—lectin in-
teraction stands out as an unusually weak and
relatively undiscriminating one (K4 on the order of
millimolar for monosaccharides)*® when compared to
others in nature. This is largely due to the solvent-
exposed nature of the lectin binding sites, which
make few direct ligand contacts. The large difference
in affinity shown by these shallow sites compared
with the affinity of deep sites is amply illustrated by
the influenza haemagglutinin lectin, which binds
sialic acids with an approximately 1000-fold lower
affinity than is shown by a neuraminidase found in
the same virus.*” However, when more than one
saccharide of the right type and in the right orienta-
tion are clustered together, there is a rapid increase
in both affinity and specificity by the corresponding
lectin.*® This increase is more than would be expected
because of the increase in local concentration (sta-
tistical effect) alone and has been termed the “cluster”
or “multivalent effect”.*°

The reasons for the cluster effect are yet to be
rigorously determined,®*5! but their implications are
profound. First, the steady biological reservoirs of
soluble monosaccharides are negligible inhibitors of
any process that lectins mediate. Second, the speci-
ficity of this type of binding is exquisitely fine-tuned.
It relies not only on the complementarity of the
individual binding sites with a particular sugar
ligand but also on the relative arrangement of the
binding sites to each other in space and therefore by
necessity the corresponding display of each sugar
ligand relative to the next. Third, the kinetics of such
binding are different from those of monovalent bind-
ing and may afford faster “on rates”. Fourth, multi-
point attachment is more resistant to shear stresses.

C. Why Conjugate? Why Glycoproteins?

Nature ably exploits the tertiary structure of
proteins as a scaffold for multivalent display. Yet
more complex third-order patterns are then in turn
the product of the arrangement of these glycoproteins
on cell surfaces. There are numerous examples of the
important role that the protein that displays a glycan
has in determining activity. As early as 1929, it was
appreciated that immunological activity toward sug-
ars may be greatly enhanced through conjugation to
proteins (for further details see section 1.E).5? Fur-
thermore, the specificity of such immunological re-
sponses to sugars varies greatly with the nature of
the protein to which they are conjugated. For ex-
ample, synthetically prepared glycoproteins bearing
the oligosaccharide blood group determinant Lewis-y
(LeY) do not generate antibodies that can react with
naturally occurring LeY-bearing structures.>® This
could be due to a number of factors such as different
densities of carbohydrate on the conjugate, as well
as the influence of the protein or the carbohydrate-
to-protein attachment structure upon conformation
or accessibility. However, as yet, the reasons for such
striking differences are undefined; an effect is ob-
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served, and it is one that requires the preparation of
glycoproteins for further investigation.

There are also many examples of proteins and
peptides whose biological activities are enhanced by
conjugation to carbohydrates. For example, the activ-
ity of the antidiuretic nonapeptide arginine-Vaso-
pressin is almost doubled through galactosylation.5
Also, different ribonuclease B (RNase-B) glycoforms
that were carefully separated using capillary elec-
trophoresis show 4-fold different hydrolysis activities.
They also show decreased flexibility and greater
protease resistance, possibly through the action of the
glycan as a “steric shield” for protease cleavage
sites.®®

Although in nature O-(Ser/Thr) and N-(Asn) gly-
cosides dominate, the link between the glycan and
the protein to which it is to be conjugated can, in
theory and given the appropriate chemistry, be of
virtually unlimited variety, and therefore, a detailed
discussion of different spacer arms is outside the
scope of this review. However, certain important
structural features should be borne in mind. Several
studies have investigated the effect of spacer arm
length on the affinity of some proteins (e.g., selec-
tins®¢ and the asialoglycoprotein receptor®?) for gly-
coproteins. The clear consensus result is that an
optimal length is required that is long enough to
allow accessibility but short enough that the loss of
entropy upon binding is not a prohibitive cost in the
binding equilibrium.

D. Need for Homogeneity/Single Glycoforms

Glycoproteins occur naturally in a number of forms
(glycoforms)®® that possess the same peptide back-
bone but differ in both the nature and site of
glycosylation. The different properties exhibited®5°
by each component within these microheterogeneous
mixtures present regulatory difficulties** and prob-
lems in determining exact function through structure—
activity relationships. It has even been suggested
that these naturally occurring mixtures of glycoforms
provide a spectrum of activities that can be biased
in one direction or another as a means of fine-
tuning.%® Consequently, the few studies that have
compared single glycoforms successfully®® have re-
quired abundant sources and extensive chromato-
graphic separation. There is therefore an urgent need
for alternative sources of homogeneous glycoproteins.
The development of highly successful small-molecule
carbohydrate-containing ligands has often involved
careful structure—activity relationship (SAR) refine-
ments.®° If we are to achieve the same successes with
glycoproteins, then homogeneity must be one of the
first priorities. This goal is one that the field of
glycoprotein synthesis is now beginning to address.

Typically syntheses of glycoproteins adopt one of
two strategies. The first is the formation of the
putative glycan—protein link early to form glycopep-
tide building blocks that may then be assembled. The
second is the formation of the link late in the
synthesis once the protein scaffold for its presentation
is in place. Given the instability that may be associ-
ated with the link*? and the requirements for protec-
tion that need to be considered in the use of glyco-
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sylated building blocks, it is clear why the latter has
often seemed the most attractive option. While the
construction of the protein—carbohydrate link is the
focus of this review, the importance of a well-defined
homogeneous source of glycan should not be under-
stated. The indispensable syntheses of oligosac-
charides®?~3° must continue hand-in-hand with meth-
ods for their conjugation to proteins and peptides.

E. Glycoprotein Properties and Potential
Applications

The future of carbohydrate science will be honed
by the application of its products; the applications of
glycoproteins are therefore an important backdrop
to this review and are the context in which their
syntheses should rightly be judged.t14361.62 The func-
tions and versatility of glycosylated biomolecules are,
as a consequence of their ability to transmit sophis-
ticated information, incredibly broad, and the poten-
tial applications of glycoproteins are therefore cor-
respondingly wide. For example, glycoproteins have
been implicated in physiological processes ranging
from receptor-mediated endocytosis and protein qual-
ity control to the interaction and subsequent invasion
of pathogens and the triggering of effects that lead
to the release of biomodulators. A thorough under-
standing of these processes is essential to their
successful exploitation in pharmaceutical therapies
that block the lectin-mediated process through inhi-
bition or that exploit this binding to target-designed
glycoconjugates to lectin-expressing cells. Indeed, the
recent failure of a number of carbohydrate-based
drugs may be attributed to a poor understanding of
their supposed mechanism of action rather than due
to any inherent flaws associated with carbohydrate
therapeutics.®® When good understanding has been
achieved, the results have been impressive.6465

In addition to their critical role in communication
events, glycosylated proteins have long been known
to have greater resistance to thermolysis and pro-
teolysis.®® A much less widely explored aspect is the
use of glycosylated enzymes as tailor-made cata-
lysts.5” Examples include carbohydrate—protease
conjugates, which show greater stabilities at high
temperatures® and in organic solvents,®7° and those
that catalyze high-yielding peptide syntheses™ with
sometimes greatly enhanced synthetic utility, altered
stereospecificity,”? and increased activities.”> When
RNase A, a non-glycosylated RNase form, is chemi-
cally mono- and diglycosylated, it shows slightly
lower (80% of un-glycosylated) catalytic activity but
greatly enhanced thermostability.”*

An interesting aspect of N-linked protein glycosy-
lation is its post-translational role in the “quality
control” of protein synthesis. Without correct glyco-
sylation, many proteins fail to fold properly. This
suggests a novel role for added glycans as indicators
of correct protein structure. In N-linked glycoprotein
biosynthesis,”® a 14-residue oligosaccharide core is
added as a first co-translational step and then
trimmed down to size. It has been suggested that if
nascent protein fails to fold properly, these glycans
are incorrectly displayed and cannot be processed in
these trimming steps, leading to rejection and deg-
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radation. Therefore, these apparently superfluous
trimming steps may not simply be a means to glycan
structure but steps along a “quality-controlled” pro-
tein production line.”~°7¢ It has also been suggested
that glycans aid the folding and transport of proteins
by protecting them from proteolysis.'®

The conformational effects of protein glycosylation
may also be important,?%77 as highlighted by several
glycopeptide models. In aqueous solution a turn is
induced in a SYSPTSPSYS segment of the C-termi-
nal domain of RNA polymerase Il when it contains
a threonine O-linked to an a-b-GIcNAc monosaccha-
ride, whereas the corresponding non-glycosylated
peptide adopts a randomly coiled structure.”® This
result tallies well with recent suggestions that re-
versible glycosylation of this site might act as a
regulatory mechanism for the control of transcription
akin to phosphorylation.” Similarly, NMR studies on
pentapeptide ALN[GalS(1,6)GalS(1,6)GICNACSILT sug-
gest that glycosylation induces conformational bias®°
and those on YN[MansGIcNAC,]JLTS indicate a sta-
bilizing effect on peptide conformation.8! These strik-
ing differences in structure in agueous solution are
a clear indication of the importance of glycosylation,
even by a single saccharide, upon local peptidic
structure and open the door to a host of such crucial
structural subtleties in glycosylated proteins. How-
ever, it should be noted that the method of glycosy-
lation may also play a significant role; conformational
changes observed for the glycosylation of lysine side
chains through amide bond formation appeared to
have been largely due to charge neutralization rather
than to glycosylation per se.®?

Glycoproteins that act as antifreeze in the serum
of deep-sea fish allow them to survive at tempera-
tures as low as —2 °C. Their ability to lower the
freezing point is not proportional to concentration
and is not accompanied by altered melting points.
This noncolligative effect is thought to arise from a
mechanism that inhibits ice nucleation and crystal
growth. Oligomeric glycopeptide analogues of such
proteins have been prepared and show significant
antifreeze properties.83

The specificity of the hepatic asialoglycoprotein
Gal/GalNAc-specific receptor®* has been widely ex-
ploited for liver targeting and in many cases has been
the model for targeted drug delivery® and gene
delivery®®8” therapies. For example, covalent attach-
ment of drugs through various degradable linkers to
lactosaminylated and galactosylated human serum
albumin has allowed the targeted delivery® of anti-
inflammatory agents, such as Naproxen,®®% and
antivirals, such as arabinoside-AMP,?! which are
absorbed into hepatic cells through receptor-mediated
endocytosis.®? Furthermore, the immunogenicities of
such glycoproteins are low if prepared with a high
degree of homogeneity.%°

Helicobacter pylori are the bacteria that cause
gastric ulcers. They attach themselves to gut cells
by binding to extracellular sialylated glycoproteins.
This adhesion has been effectively inhibited, as part
of an antiulceritic strategy, by albumin glycosylated
with 3'-sialyllactosyl residues and illustrates how
glycoproteins might serve a useful role as antiadhe-
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sives.?® It is interesting to think that the array of
sialylated conjugates in human milk might serve the
same antiadhesive function as these synthetic gly-
coconjugates, and once again, this highlights the
importance of studying nature’s tactics as models for
our own.

The use of complex oligosaccharides as haptens for
the induction of antibodies has a rich history dating
back to the discovery in 1929 that oligosaccharides
may be rendered immunogenic through their attach-
ment to proteins.5294 As early as 1936, their use as a
strategy to combat pneumococci was described.%
However, until the 1970s, this work was limited by
the often minute amounts of oligosaccharides avail-
able from natural sources. In a seminal series of four
papers in 1975,% Lemieux and co-workers completed
the total synthesis of the Lewis-a (Le?) trisaccharide
using newly developed glycosidation techniques
and conjugated it to BSA using the acyl azide method
(see section 111), which they developed for the pur-
pose. Remarkably it took until 1987 for the first
carbohydrate—protein vaccine to be licensed, and
since then, the development of bacterial capsular
polysaccharide—protein conjugate vaccines has blos-
somed.%’

As an approach to potential anticancer vaccines,
Danishefsky and co-workers® have used, for ex-
ample, reductive amination to construct a hexasac-
charide-keyhole limpet hemocyanin (KLH) protein
conjugate®® at an approximate ratio of sugar to
protein of 150:1. The hexasaccharide moiety, termed
globo H, which was constructed using glycal meth-
odology, was originally isolated from a glycoceramide
associated with breast cancer. The synthetic globo
H—KLH conjugate was successfully used to induce
high anti-globo H antibody titers and induced cell
lysis, in the presence of human complement, at levels
approaching those of monoclonal antibodies raised
against cancerous cells. Other potential anticancer
vaccines have been reported on the basis of other
tumor-associated epitopes!® such as the sialyl-Tn
motif, which as a KLH conjugate has shown promis-
ingly enhanced survival rates in clinical trials.** The
importance of carbohydrates in anticancer strategies
has recently been reviewed.10?

T cells mediate intercellular immune responses and
are particularly useful because they allow even
infants under the age of 2 to be effectively vaccinated.
While oligosaccharides alone do not typically elicit
T-cell responses, the discovery® that glycopeptides
do has allowed immune responses to sugars to be
probed systematically. The recent developments in
the synthesis of more complex glycans bound to
peptides and proteins in a site-specific manner
described in this review should allow these aspects
to be probed in ever-greater detail in the future.

The approaches used to target drugs described
above may also be used to target physiologically
beneficial enzymes in so-called enzyme replacement
therapy (ERT). For example, the mannosylation of
enzymes has allowed the targeting of enzymes to
particular diseased cells. Replacement g-glucocer-
ebrosidase, an enzyme that is lacking in Gaucher
disease,'** and the beneficial antioxidant effects of

Chemical Reviews, 2002, Vol. 102, No. 2 583

superoxide dismutase (SOD)!% have both been di-
rected to macrophages. SOD has also been conjugated
with sodium hyaluronate, a polymer of the dimeric
motif GlcNAc—glucuronic acid. This combined the
ability of SOD to catalyze superoxide anion decom-
position with the hydroxyl radical scavenging capac-
ity of hyaluronate in a potentially dual-action anti-
inflammatory.10¢

Novel analytical techniques have also utilized
glycoproteins. For example, layer-by-layer deposition
of a mannose-specific lectin and mannosylated en-
zymes (glucose oxidase and lactate oxidase) on a
platinum surface allowed the preparation of a sensi-
tive active-enzyme electrode.%”

Il. Glycopeptide Assembly

The need for homogeneous samples (single glyco-
forms) that was outlined above has resulted in great
effort in the field of de novo synthesis of glycopro-
teins. The linear assembly of glycosylated amino
acids in particular has, from the very first examples
(such as the use of N-acetylglucosaminylasparagine
in the synthesis of a partial sequence of fibroblast
interferon®), provided well-defined products. Thus,
the required carbohydrate structure is attached to
an amino acid residue (typically serine and threonine
for O-linked glycopeptides and asparagine for N-
linked glycopeptides). An excellent review of methods
for the formation of the glycosidic link between
peptides and glycans (“Glycopeptide Synthesis”,
Scheme 1) has been published.?® Arsequell’s reviews
also contain good summaries of approaches to N-2*
and O-linked?® glycopeptide systems. Suitably pro-
tected, the glycoamino acid/peptide is then used as a
building block in strategies that often rely heavily
on standard solid-phase peptide synthesis (SPPS)
techniques. That these elegant approaches are still
some way off synthesizing peptides of lengths ap-
proaching those of proteins® is a testament to the
inherent difficulties of this approach. Two factors
limit the work: first, the need not only for extensive
carbohydrate protection but also for amino acid
protection regimes and, second, the acid and base
lability of glycosylated amino acid residues.3 Indeed,
this feature of glycoproteins has long been exploited
to strip glycans from protein surfaces. The necessary
protection and deprotection regimes, the use of
particular supports, including the introduction of
specific linkers, and coupling methods have all been
tailored to be compatible with the presence of car-
bohydrates. Several excellent reviews*~26 cover these
aspects in detail, but some recent examples that are
intended to illustrate these strategies follow.

A. Strategies for Forming the Glycosidic Linkage
A.l. Linkage Variety

A vast majority of the glycan—protein linkages ob-
served in nature are O-(Ser/Thr) and N-(Asn) glyco-
sides. Most common among the motifs are N-linked
motifs (GIcNAcS3-Asn) and O-linked motifs (GIcNAcS-
Ser/Thr and GalNAca-Ser/Thr), although other un-
usual linkage forms are also observed,’®® such as
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Scheme 2. Synthesis of the N-Link in
Glycosylasparagine Amino Acids?
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GlcNAc-a-Asn, 0 Glc-Asn,'*! GalNAc-Asn,**? Rha-
Asn,13 and even C-linked Mana-Trp.*** The Complex
Carbohydrate Structure Database (CCSD or Carb-
Bank) [http://bssv0l.lancs.ac.uk/gig/pages/gag/carb-
bank.htm] acts as the oligosaccharide equivalent to
GenBank by cataloguing many of these structures.
It allows access to information about structure,
author, etc. and the compilation of records that may
be submitted to the CCSD. A guide to its use has
recently been published.151%6 O-GLYCBASE [http:/
www.cbs.dtu.dk/databases/OGLYCBASE] is a data-
base of over 170 glycoproteins with experimentally
verified O-linked glycosylation sites, compiled from
protein sequence databases and literature. It contains
information about the glycan, information about the
sequence, and literature references and is http-linked
to other databases. The information in this database
has also provided the basis for a predictive neural
network that may be applied to predictions of mucin
type GalNAc O-glycosylation sites in mammalian
proteins and is available at http://www.cbs.dtu.dk/
services/NetOGlyc/. Given the apparent lack of con-
sensus sequences for O-glycosylation, which contrasts
with the fairly good predictability in N-glycosylation,
such tools are very useful.

A.2. Natural Linkage Types

The formation of N-linked glyco-Asn motifs through
diimide-mediated coupling of glycosylamines (Scheme
2a) with an Asp side chain carboxylate was first
demonstrated as early as 1961'!® and has been widely
exploited. Although by far the most popular method,
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it should be noted that amide bond formation of an
anomeric glycosylamine to an aspartate carboxylate
side chain is often plagued by the ready anomeriza-
tion of the glycosylamine, and this may lead to the
formation of anomeric mixtures of glycopeptides.19120
Some reports suggest that such anomerization is
reduced by the use of propanedithiol as a reduc-
tant.'?® The glycosylamine approach may also be
complicated by intramolecular aspartimide formation
if the Asp to be coupled is one residue toward the N
terminus of a glycinyl or alaninyl residue.

Other valuable methods exist. As a landmark
achievement, a protected Mang(1,4)GIcNAcS(1,4)-
GIcNAcS-Asn motif was first synthesized from the
reaction of the isothiocyanate of the protected trisac-
charide with the carboxylate side chain of a partially
protected Asp (Scheme 2b).2?? In the key amidation,
N,N-bisglycosylthiourea formation also competes.
Use of the Ritter reaction has allowed synthesis of
the key GIcNAcS-Asn linkage (Scheme 2¢).1% Thus,
reaction of certain nitriles followed by hydrolysis of
the nitrilium intermediates results in direct amide
formation. More complex amides, such as side chain
N-linked asparagine derivatives, were formed indi-
rectly from attack of the appropriate carboxylate side
chain on a S-acetonitrilium followed by deacetylation.
Neighboring group participation by a C-2 phthalim-
ide is an important factor to prevent preferential
o-amide formation.*?* Subsequent glycosylation of the
GIcNAc introduced in this way allowed GIcNAcj(1,4)-
GIcNAcS-Asn motif synthesis. Other aromatic car-
boxylic acids and effects of variations in glycosyl
substituents/protection on the glycosyl nitrilium have
also been investigated.*?® A silylated amide aspar-
agine side chain has been directly N-glycosylated
with glycosyl sulfoxide donors (Scheme 2d).1?6 Reac-
tion of glycosyl azides with Asp side chain carboxy-
lates in the presence of PPhs; 7 in DCM or MeOH
allows good yields of 5-Asn N-glycosides (Scheme
2e).128 While a majority of the above examples have
been applied to glyco-Asn synthesis prior to assembly,
convergent N-glycosylation of peptides also succeeds
(section 11.B.2).

A majority of O-linked glycoamino acids have been
synthesized by standard glycosylation techniques
with glycosyl donors.?° For example, O-glycosylation
of Ser or Thr with, for example, a trisaccharide
trichloroacetimidate glycosyl donor allows O-linked
trisaccharide—amino acid building blocks to be syn-
thesized.'?® Recently, the glycosylation of hexafluo-
roacetone-protected hydroxyl-bearing Ser, hydroxy-
Pro, and Tyr allowed preparation of glycosylated-
dipeptides in just three steps from unprotected amino
acid, e.g., T[Acs-O-6-Glc]Y in 70% overall yield from
T and Y.*30 As yet, no convergent O-glycosylation of
a peptide has been shown, and the failure of, for
example, pentenyl glycosides in this regard has been
noted.13!

A.3. Unnatural Linkages

Some valuable techniques for forming unnatural
glycan—peptide linkages (sometimes called “neogly-
copeptides”) may usefully be considered in the context
of glycoprotein synthesis. Some of the techniques that
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Scheme 3. Synthesis of Unnatural Link
Glycopeptides?
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follow have only been applied or indeed are limited
strategically to peptide systems alone. However,
others may be usefully adapted to larger protein
systems; indeed, few of the examples described in
section 111 (“Chemical glycoprotein synthesis”) con-
tain natural linkages.

The use of a serine-derived sulfamidate (Scheme
3a), based on previous methods,'3? allows reaction
with thiohexoses to create S-linked glycoamino acids
in water, and this is a method that could potentially
be adapted to convert N-terminal serines to glyco-
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sylcysteines in peptides, although some amino acid
epimerization was noted and this may limit its
general applicability.’3® Oxidative elimination of phe-
nylselenocysteine gives dehydroalanine in various
small peptides that can act as a,f-unsaturated
conjugative addition acceptors for various protected
and unprotected thiosugars, although with poor
stereoselectivity (Scheme 3a).13* Solid-supported un-
protected thioglucose can also be used as a nucleo-
phile to substitute a number of side chain amino acid
iodides to give S-linked glycoamino acids.’® Simi-
larly, iodide displacement of an iodoserine or Mit-
sunobu coupling using 1-deoxy-1-thio-GIcNAc gave
Fmoc-Cys[GIcNAc], although in this study racemiza-
tion was observed during iodide displacement be-
cause of in situ elimination and subsequent conjugate
addition.%6

Danishefsky and co-workers have created un-
naturally O-glycosylated glycoamino acids bearing
various tumor-associated antigens.*® The method
uses a pentenylglycoside-derived aldehyde and a
glycine phosphonate based on a Horner—Emmons
method first devised by Toone and co-workers.’3” The
resultant —(CH,),O-glycoside side chain amino acids,
e.g., 1 (Scheme 3b), were then peptide-coupled to
create a “multiantigenic peptide”. It should be noted
in the context of attempts to form natural O-glycoside
linkages to amino acids that despite various at-
tempts, convergent O-glycosylation by using the
O-pentenylglycosides as donors to glycosylate Ser or
Thr failed and was abandoned as a strategy.

Glycosylisocyanates prepared by oxidation of iso-
cyanides, in turn prepared from anomeric forma-
mides, react with amines to give urea linkages, and
this has allowed one example of a glycosylamino acid
conjugate to be formed (Scheme 3c).138

Chemoselective ligation3® approaches have been
variously applied to unnaturally linked glycopeptide
synthesis. Both a-amino and lysine e-amino groups
were derivatized with aminooxyacetyl groups before
reaction of the free amine with reducing sugars to
form oxime linkages (Scheme 3d). The use of orthogo-
nal N-protection also allowed regioselective glycosy-
lation.% In a very similar manner, reaction of a 12-
aa peptide containing an N-terminal aminooxyacetyl
function has also been described.**! The use of a basic
peptide allows this to be used as a method for
enhancing the MALDI-MS sensitivity of oligosaccha-
rides for carbohydrate sequencing work. Good ami-
nooxy selectivity over lysine N-selectivity, attribut-
able to a-effect-enhanced nucleophilicity, was observed.
Aminooxyacetyl Lys capping and oxime formation
with the reducing end of lactose has also been applied
to a sulfopeptide.'*? This type of oxime formation may
be plagued by low E versus Z stereocontrol and
equilibria between open-chain oxime carbohydrate
and cyclic hemiaminal pyrano or furano forms. In
contrast, N-methylaminooxyacetyl-capped lysines re-
act with the reducing ends of various glucosylsac-
charides to give cyclic 5-N-linked glycopyranosides
with moderate yield and good selectivity;'*® indeed,
as observed previously,'** Lys side chains in the
peptide do not react. Imperiali has recently adapted
these ideas by creating nonnatural tripeptides con-
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Scheme 4. Preparative-Scale Hydrazinolysis, Glycosylamine Formation, and Then Carbodiimide-Mediated

Coupling Gave 2150
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taining p-hydroxylamine and alanine-3-hydrazide
(Scheme 3d) and reacted them with N-acetylglu-
cosamine, also via its reducing end.*** Double chemose-
lective thioether and hydrazone formation in SPPS-
derived lysine clusters allowed glycosylation of lysine
side chain termini using thioethyl glycosides while
extending the keto-functionalized C terminus with
an antigenic hydrazide peptide sequence.#5146 Gly-
cosylmaleimides can be used to modify cysteinyl-
containing peptides*’ (see also section I111.B), and in
a reverse sense maleimidopeptides react with unpro-
tected 2-thioethyl-N-glycosides; the latter compounds
were easily prepared from the unprotected parent
carbohydrate.*48

B. Assembly Strategies
B.1. Linear Assembly

These techniques rely heavily on SPPS methodol-
ogy. Impressive examples include the synthesis of the
RNA polymerase Il C-terminal domain heptapeptide
repeat containing a single GIcNAcSSer and variously
N-acetylglucosamidated-Asn 11-aa sequence from the
C-terminal domain of mammalian neurofilaments.4°
Preparative scale hydrazinolysis allows N-glycans to
be stripped from N-linked glycoproteins such as
fetuin on scales of up to 500 mg for use in the
construction of glyco-Asn building blocks for use in
linear assembly. In this way, glycononapeptide 2
(Scheme 4) was synthesized from carbodiimide-medi-
ated coupling of oligosaccharylglycosylamines, de-
rived from the corresponding glycosylhydrazide-
stripping product after purification, with a protected
Asp.’® This building block was used in linear as-
sembly; product yields were lower for the synthesis
of the bulkier undecasaccharide-bearing glycoamino
acid than for a monosaccharide-bearing glycoamino
acid building block (35% and 78%, respectively).
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Scheme 5. First Synthesis of a
Glycophosphopeptide 315t
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The first example of the synthesis of a glycophos-
phopeptide 3 is shown in Scheme 5. The enzyme
labile group PhAcOZ was used to protect the N
terminus of a serine residue, which was glycosylated
with GIcNAc. This formed the key building block 4
in the synthesis of 3. Penicillin acylase allowed the
removal of PhAcOZ, and the free amine was coupled
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using carbodiimide to a glycosylated dipeptide, itself
prepared from key block 4. Again, enzyme cleavage
allowed the N terminus to be freed before further
couplings with peptides and finally a phosphoserine
residue bearing a protected phosphorylated side
chain. Global deprotection then afforded 4.5

Protease-mediated peptide ligation is as yet not
capable of general coupling of the glycopeptide block
because of the often stringent specificities of these
enzymes (see section IV.E).152:153

A hybrid strategy in which a glycosylated tripep-
tide was oligomerized up to 12 repeating units has
been reported. The tripeptide Z-AAT-Bn was glyco-
sylated with Galj(1,3)GalNAc, deprotected, and then
treated with diphenylphosphoryl azide as an activa-
tor to form an oligoglycopeptide with significant
antifreeze properties.® Block coupling strategies may
also be applied to the construction of non-proteolyz-
able (and therefore with potentially higher oral
bioavailability) peptide mimics (glycopeptoids)*** such
as the LN(GIcNAc)FKA mimic 5,515 (Figure 1),
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Figure 1. “Glycopeptoid” mimic 5 of LN(GIcNAC)FKA.1%5

which may also show interesting conformational
restriction as a result of rotamer formation. Simi-
larly, a linear glycopeptoid mimic of the Tn-antigen
(GalNAc-a-Ser/Thr) was prepared using a reiterative
TBTU-mediated coupling of a single orthogonally
protected aminoester building block.'>” This method
has been elegantly extended to the concept of glyco-
peptoids in which both the interresidue and side
chain distance may be varied. Through the incorpo-
ration of different aromatic, amine, and peptoid
spacer units, the spatial presentation of C-glycosides
in these structures may be optimized.'%8

B.2. Convergent Assembly

As has been shown above, a linear strategy in
glycopeptide synthesis is more usual because direct
peptide glycosylation is often unsuccessful, given the
variety of functional groups that would be required
to protect a given oligopeptide of any significant
length. However, Lansbury and co-workers have
adapted the use of glycosylamine coupling with
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carboxylates in a convergent approach to glycopeptide
synthesis. For example, HBTU-mediated coupling of
GlIcNAc glucosamine with the side chain aspartate
carboxylate in a pentapeptide 6 allowed the forma-
tion of an Asn-linked N-acetylglucosaminyl contain-
ing glycopeptide (Scheme 6).1%° This method was

Scheme 6. Glycosylamine Coupling with the Side
Chain of Aspartate in Peptides Allows Convergent
N-Linked Glycopeptide Synthesis!®®
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successfully extended to peptides containing more
complex glycans such as the high-mannose core of
N-linked glycoproteins, Mans(GIcNACc),.1%° Further-
more, this method has been expanded to encompass
solid-phase bound glycosylamines, which are then
coupled to side chain carboxylates in pentapeptides
before the peptide chain is further extended.6.162

The same convergent strategy has been applied to
the synthesis of a high-mannose core glycopeptide;
again, anomerization of the pentasaccharide glyco-
sylamine used led to the formation of a mix of o and
B Asn-GlcNAc linkages.'?° In a remarkable demon-
stration of this methodology a 15-mer glycosylamine
corresponding to a high-mannose H-type 2 blood
group determinant was coupled to the carboxylate of
a LADVT pentapeptide. Although the low yield for
this step (20%) indicates the apparent difficulties of
this type of convergent coupling, this is a remarkable
testament to the types of structures that can now be
constructed. 63 Despite these successful examples of
convergent N-linked glycopeptides, it should be noted
that the convergent O-glycosylation of peptides to
create O-linked (e.g., Ser/Thr) glycopeptides has not
been achieved.

B.3. Elaborative and Mixed-Assembly Strategies

A mixed strategy of an initial linear assembly
coupled with convergent elaboration may also be
successful. For example, in an elegant combination
of both chemical and glycosyltransferase-mediated
glycosylation, the synthesis of an undecasaccharide-
linked asparagine residue 7 (Figure 2) demonstrated
that highly glycosylated glycopeptide building blocks
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Figure 2. Undecasaccharide-asparagine 7 was formed through a combination of both chemical and glycosyltransferase-

mediated glycosylation.64

Scheme 7. Glycosyltransferase- and Sulfotransferase-Mediated Synthesis of the Sulfated, Differently
Glycosylated, N-Terminal Domain Segments of PSGL-1167
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were readily accessible.’® This was an important step
toward the first synthesis of a glycopeptide fragment
bearing this same full N-linked oligosaccharide,
which was achieved through a linear assembly of a
heptasaccharide-bearing Asn into a pentapeptide
followed by galactosyltransferase and sialyltrans-
ferase-catalyzed elaboration.16°

A sulfated N-terminal octapeptide from P-selectin
glycoprotein ligand (PSGL-1) containing a pentasac-
charide amino acid o(1,6)GalNAcaThr has been
synthesized using a combination of initial SPPS with
a disaccharide—amino acid building block and chemi-
cal tyrosine sulfation followed by glycosyltransferase-
mediated elaboration.®® The presence of sulfotyrosine
makes this a particularly difficult glycopeptide to
elaborate, and in this study alternative glycosyl-
transferases more tolerant than those used previ-
ously had to be found. In an excellent display of the
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power of glycosyltransferases in glycopeptide elabo-
ration (Scheme 7), the sulfated N-terminal domain
of PSGL-1 has been synthesized on a small scale and
characterized by HPLC and MS in two glycoforms
that crucially differ in their binding to P-selectin as
a result of only a subtle alteration of internal glycan
structure.'®’ Isolation of the required six glycosyl-
transferases and one sulfotransferase allowed 9 and
10 to be synthesized from the linearly SPPS-as-
sembled 23-aa monosaccharide glycopeptide 8.

B.4. Native Ligation Assembly

Coupling of a 24-aa mono-GalNAca-bearing N-
terminal portion thioester with a 58-aa mono-
GalNAca-bearing C-terminal portion that has a
cysteinyl N terminus allowed the synthesis of anti-
microbial O-linked glycoprotein diptericin.'%® This
ligation was based on the principle of native chemical
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Scheme 8. Native Ligation Assembly of
Glycoproteins: Native Chemical Ligation (b) of
C-Terminal Thioesters with Cysteinyl N-Terminus
Glycopeptides'®8170 and Expressed Ligation, [(a)
Then (b)]171,172
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ligation of C-terminal thioesters with N-terminal
cysteinyl peptides as developed by Kent.'®® This
essentially proceeds by a transthioesterification by
13 and a subsequent S — N shift (Scheme 8b).
Normally peptide thioesters may be synthesized
through SPPS using Boc-based protecting strategies
that do not cleave the normally employed thioester
linkage to the support. Fmoc methods cannot be used
because this leads to thioester degradation. However,
because of the acidity of the TFA treatment required,
Boc-based methods are incompatible with glycosidic
linkages. The adaptation of a novel sulfonamide
safety-catch linker allowed the synthesis of the
required glycopeptide thioester via Fmoc strategy. To
allow the syntheses, additional modifications were
also needed. Critically, alteration of residue 25 in 13
from Gly — Cys was necessary to allow native
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chemical ligation by incorporating a Cys at the N
terminus of the C-terminal portion. In addition, to
prevent intramolecular aspartimide formation during
SPPS, two Asp-Gly and Asp-Asn motifs were knocked
out by alteration of Asp — Glu. Finally, after ligation,
hydrazine treatment allowed deprotection of the
acetylated glycans.

Linear assembly of a 46-aa C-terminal segment
containing eight Ser/Thr-O-o-GalNAc residues fol-
lowed by native chemical ligation with a 47-aa
N-terminal peptide fragment has also allowed the
first synthesis of a mucin-type glycoprotein, the
chemokine lymphotactin.'’® Interestingly, expressed
ligation, i.e., recombinant preparation (expressed
protein ligation; see below and section V.D) of the
N-terminal thioester, failed in this system and lower
yields (38%) were also obtained from the native
ligation because of the presence of a valinyl residue
at the C terminus of the N-terminal fragment. In this
case, glycosylation appeared to have little or no effect
on the structure or activity of lymphotactin.

Expressed protein ligation (section V.D) has been
used to incorporate variously modified cysteines at
the C terminus of bacterially expressed mannan-
binding protein (MBP) including Cys-Asn(N-3-GIcNAc)
12.171 Thus, MBP was expressed in E. coli as a fusion
of 11 (Scheme 8a) to the N terminus of a widely used
intein from Saccharomyeces cerevisiae; this intein also
bears a chitin-binding domain at its C terminus.
Inteins are protein motifs that are self-spliced from
protein sequences. The first step of splicing is an N
— S acyl shift at the Cys N-terminal amino acid of
the intein with a suitable C terminus of the MBP
(Scheme 8a). The resultant thioester can be purified
on chitin beads before being transthioesterified to
give a soluble thioester of MBP. MBP can then be
natively ligated®® (Scheme 8b) with a cysteinyl
N-terminus peptide such as 12.

Bertozzi and co-workers have also used expressed
protein ligation to construct two model nonnatural
glycoproteins.*”? First, a 15-residue mucin-like gly-
copeptide stretch from human lymphotactin bearing
five peracetylated GalNAc[a]-Thr residues and one
peracetylated GalNAc[o]-Thr residue was constructed
by Fmoc SPPS. Second, a GlyCAM-1 central frag-
ment, the stretch that is not glycosylated in naturally-
occurring GlyCAM-1, was expressed as an intein—
chitin binding domain fusion protein in bacterial
culture and purified on chitin beads. These two por-
tions, the 15-aa glycopeptide, as a segment with a
cysteinyl N-terminus, and the unglycosylated 42-aa
GlyCAM segment, released as a C-terminal thioester,
were then ligated with approximately 70% conversion
simply through incubation for 48 h and then deacety-
lation using hydrazine hydrate before HPLC purifi-
cation. A second unglycosylated 77-aa domain was
also ligated to the same glycopeptide in this way.

lll. Chemical Glycoprotein Synthesis

While in certain cases, the convergent glycosylation
of oligopeptides may be successful, it is limited by a
lack of suitable functional groups (either by a lack of
reactivity or an inability to differentiate groups) when
applied to proteins. For this reason, alternative
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Scheme 9. Indiscriminate Glycoprotein Syntheses?
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glycoprotein synthesis techniques have been more
Wldely app|ied_11,40,44,62,66,67,173

A. Indiscriminate Glycosylation?™

The use of 2-iminomethoxymethy! thioglycosides'™
and reductive amination methods'’® are still, after
20 years, the most frequently used strategies for
glycoprotein preparation. The former may be readily
prepared by the action of methoxide on cyanometh-
ylthioglycosides that may in turn be derived from
1-thioaldoses (Scheme 9a). For the latter, Gray orig-
inally modified albumin with lactose through NaBHz-
CN-mediated reduction!”® (Scheme 9b), although
borane may also be used. This method is amenable
to other sources of aldehyde functionality such as
those generated by ozonolysis of unsaturated spacer
arms,'’® through periodate cleavage of diols, or the
hydrolysis of acetal-containing spacer arms.t’” Con-
jugations through reductive amination are often
accompanied by low protein loading levels, which in
some cases are due to steric hindrance caused by

short spacer arms. In a pragmatic approach to
circumventing this problem, a second hydrazide
spacer arm can be used to extend an existing alde-
hyde-terminated spacer.1’® Reaction of the maleimido
terminus of the resulting longer spacer arm with
thiols introduced to the surface of the protein keyhole
limpet hemocyanin (KLH) allowed 5-fold greater
loading of the sialyl-GalNAc disaccharide, sTn.

The use of glycosidic aromatic diazonium salts,
derived from the corresponding p-aminoarylglyco-
sides, as electrophiles to functionalize proteins was
first demonstrated as early as 1929.52 They modify a
wide range of electron-rich side chains within protein
structures, such as those of aromatic tyrosinyl and
tryptophanyl or nucleophilic lysinyl and histidinyl
residues (Scheme 9¢).17° p-Aminoarylglycosides may
also be elaborated to phenyl isothiocyanates, which
react more selectively with amino groups alone
(Scheme 9d).18% A one-pot, two-step preparation of
anomeric p-nitroanilide (pNA) pyroglutamates from
unprotected carbohydrates also provides an alterna-
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tive route to aromatic isothiocyanates.*® Following
glycosylamine formation with the a-amino group of
pNA glutamic acid, the side chain y-carboxylic acid
readily reacts with the resulting secondary amine to
give a pyroglutamate that may then be elaborated
(Scheme 9e). Glycosyl isothiocyanates have also been
used in this way as protein-labeling reagents to
elucidate carbohydrate transport mechanisms.82

In 1975, Lemieux and co-workers described the use
of highly activated acyl azides for the formation of
amides from proteinaceous amines and carboxylate
ester terminus spacer arm carbohydrates.®® The
esters were converted to acyl hydrazides before
oxidation with nitrous acid to give the corresponding
acyl azides (Scheme 9f). Mixed-anhydride methods
are well established for the activation of carboxylic
acids to form carboxyl derivatives, and in this way
aldonic acids may similarly be coupled to protein-
aceous amines (Scheme 9g).83184 Similarly, carbodi-
imide chemistry® and the use of N-carboxyanhy-
drides'® have also allowed the coupling of aldonates
and glycosylated amino acids as sources of glycans
bearing carboxylic acids. In a reverse sense, carbo-
diimide chemistry has also been employed in an
attempt to activate, and therefore glycosylate, protein
carboxylates (Scheme 9h).18” RNase-A was mono- and
diglycosylated (mixtures of mono 45%, di 34% and
unglycosylated 21% were obtained) by EDC-mediated
coupling of p-glucosamine via N-2 to what are sug-
gested to be Asp 53 and Glu 49 side chain carboxy-
lates by analogy with previous side chain carboxylate
reactions in RNase but are probably a distribution
among several of the >10 available carboxylates.”
Treatment of the protein with hydroxylamine was
assumed to have reversed concomitant tyrosine modi-
fication. A similar modification of a-chymotrypsin led
to broad heterogeneity and the formation of mixtures
bearing glucosaminyl residues on 1—7 of the avail-
able 17 carboxylates; long reaction times (18—21 h)
led, in some cases, to up to 75% autohydrolysis.'8

Hindsgaul and co-workers have described the use
of diethyl squarate for the coupling of carbohydrates
bearing amino-terminus spacer arms to amines in
BSA (Scheme 9i).18° 2-Chloroethyl-1-thioglycosides
have also been used to indiscriminately alkylate
protein amino and hydroxyl groups;*®® an essentially
analogous technique using 2-bromoethylglycosides
with short peptide sequences containing cysteine or
homocysteine and no basic residues allowed some
selectivity for S-alkylation.*!

A novel high-temperature “baking” method has
been described for the modification of proteins that
are lyophilized with reducing oligosaccharides.'®?
Remarkably, despite being heated with the carbohy-
drate in air at 95—120 °C for up to 40 min, both
trypsin and an 1gG antibody survived with little loss
of biological activity. The results of tryptic digests and
conjugate hydrolyses suggest that the mechanism of
conjugation involves an Amadori rearrangement with
protein lysines, which destroys the integrity of the
reducing end residue.

Although high levels of functionalization are thus

easily accessible using the above methods, a lack of
residue selectivity is often a drawback in the syn-
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thesis of well-defined conjugates. In addition, these
techniques may alter the overall charge of the protein
or destroy the cyclic nature of glycans introduced.

B. Chemoselective and Site-Specific
Glycosylation

In an attempt to increase the selectivity and
predictability of protein glycosylation, various novel
approaches have been described, all of which exploit
the chemoselectivities of different enzymatic and
traditional methods. Bertozzi and co-workers have
employed the selectivity of galactose oxidase to
introduce an aldehyde tag to the C-6 of a GalNAc
residue in the antimicrobial 19-residue peptide droso-
cin.'®® (This type of strategy has been christened
chemoselective ligation, and its application to a wide
range of bioconjugates has recently been reviewed.'39)
As Scheme 10a illustrates, this tag was then selectiv-
ity reacted with aminooxyglycosides to introduce
further saccharides via the formation of an oxime,
in a manner previously demonstrated for the conju-
gation of spacer-arm hydrazides with cell surface
aldehydes.®* That this nonnative glycopeptide shows
biological activity comparable to the native form
illustrates that certain unnatural linkages can in
certain circumstances be tolerated. A similar chemose-
lective ligation approach has been applied to various
glycopeptide syntheses (see section 11.A.3).140-142.144
Unfortunately, these approaches still require the
linear construction of an initial glycopeptide and so
suffer from some of the same disadvantages of
protection and lability outlined in section Il. How-
ever, they do hold the advantage that its application
may be coupled with other methods for the introduc-
tion of a ketone tag (see below and section V.A). Thus,
ligation of aminooxy-a-Gal with a keto-containing
analogue of drosocin, allowed an alternative conver-
gent glycosylation through oxime formation.'% This
nonnatively linked glycopeptide was almost as active
in bioassays as linearly assembled naturally glyco-
sylated drosocin. Similarly, the ready synthesis of
hydrazides, thiosemicarbazides, and aminooxyglyco-
sides of lactose, Gal, GalNAc, GIcNAc, and sLe*
allowed their attachment to the same ketone-con-
taining peptide.’% Bertozzi and co-workers have
cleverly adapted Flitsch’s iodoacetamide methodol-
ogy'®” (see Scheme 10b and below) to convergently
ligate Glc- and Gal-iodoacetamides to a C-3 thiol in
a GalNAca-Thr peptide.’® The required thiol-pro-
tected glycosylated amino acid was constructed and
assembled using SPPS to give a glycosylated 17-aa
glycopeptide that corresponds to the N-terminal
region of P-selectin glycoprotein (PSGL-1). Deprotec-
tion of the thiol and treatment with Glc- and Gal-
iodoacetamide allowed the synthesis of a Glc/Galg-
(1,3)GalNAco-Thr mimetic. No selectivity was observed
if a cysteine was present in the peptide sequence.

In a sense, although chemoselective, these ap-
proaches have avoided the crux of glycoprotein
synthesis (the formation of the carbohydrate—protein
link) by relying on the presence of an existing glycan
in the peptide/protein structure or an artificially
introduced reactive group as a tag for reaction.
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Scheme 10. Chemoselective and Site-Specific Glycoprotein Syntheses?
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Similarly, the elegant enzymatic methods of Wong
and co-workers and of Takegawa and co-workers
described in section IV.C still require that a protein—
N-glycan link be present from the start as a point of
recognition for the enzymes concerned. Because these
methods alter one glycan structure for another, they
are therefore better described as glycoprotein remod-
eling (GPR) and they afford the glycoscientist no
choice over the site of glycosylation.

Several methods have been proposed that tackle
this central issue by exploiting specificity for func-
tionality already found in proteins. Among the first
approaches was that of Flitsch and co-workers, who
reacted the a-iodoacetamide of N-acetyl-D-glucosamine
with oxidized bovine serum albumin (BSA) to modify
the single free cysteine present (Scheme 10b).1°7
Later, this method was applied by Wong and co-
workers to introduce chitotriose and a heptasaccha-
ride stripped from the surface of horseradish perox-
idase to BSA.1®° Boons has used dithiopyridyl method-
ology to make disulfide-linked BSA—N-acetyl-p-glu-
cosamine constructs (Scheme 10c).2%°° More recently,
glycosylmaleimides have also been described as cys-
teine-specific glycosylation reagents for the function-
alization of a cysteinyl-containing 11-aa peptide and
BSA (Scheme 10d)*” and are similar in concept to
earlier spacer-arm maleimide-terminated reagents.'’®

C. Site-Selective Glycosylation

For full control of glycosylation both choice of site
(site selectivity) and glycan are needed. A combined
site-directed mutagenesis and chemical modification
approach has solved this problem 67.73201-203 Thjs
approach provides a general method that allows both
regio- and glycan-specific glycosylation of proteins.

The strategy involves the introduction of cysteine as
a chemoselective tag at preselected positions within
a given protein and then reaction of its thiol group
with glycomethanethiosulfonate (glycoMTS) reagents
(Scheme 11). GlycoMTS reagents react specifically

Scheme 11. Site-Selective Glycoprotein Syntheses
through a Combination of Site-Directed
Mutagenesis and Chemical
Modificati0n67,73,2017203,205
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and quantitatively with thiols?°? and allow the con-
trolled formation of neutral disulfide linkages (Scheme
10e). Four sites on the representative serine protease
subtilisin Bacillus lentus (SBL), which does not
naturally contain cysteine, at different locations and
of different characteristics were selected for mutation
to cysteine in order to provide a broad test of the
glycosylation methodology. Broad applicability with
respect to the sugar moiety was evaluated by using
the representative library of tethered or untethered,
protected or deprotected, mono- and disaccharide
methanethiosulfonates. The homogeneous glycopro-
teins formed allowed the first systematic determina-
tions of the properties of novel glycoforms; detailed
glycan structure—hydrolytic activity relationships for
a library of 48 glycosylated forms of SBL were
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Scheme 12. Glycodendriproteins May Provide a More Rapid Way of Synthesising Functional
Glycoproteins Bearing Complex Multivalent Carbohydrate Structures2%®

determined.?®® Interestingly, internal glucosylation
of one binding pocket increased kg./Ky 8.4-fold and
the ratio of amidase to esterase activity, (Kcat/Km)esterase/
(Keat/ Km)amidase (E/A) 17-fold, relative to the unglyco-
sylated enzyme.” These glycosylated enzymes also
displayed enhanced utility as catalysts in peptide
synthesis and allowed syntheses of dipeptides that
were not possible using the unglycosylated catalyst.”

The use of a p-nitrophenylester linked thiogalac-
toside allowed an interesting site-selective glycosy-
lation in 60% yield of one lysine among four potential
lysines in a designed helix—loop—helix 42-aa polypep-
tide. The selectivity of the amide formation was con-
firmed by peptide digest mapping and was achieved
by fine-tuning of conditions to allow the formation
of an initial histidinyl-11-ester intermediate followed
by intramolecular acyl transfer to the i + 4 lysine-
15 to compete successfully with direct background
amidations with all lysines (the rates are such that
under these optimal conditions 94% of amidation
should be intramolecular).?®* Some conformational
effects of this glycosylation have also been noted.8?

In an impressive, recent example of site-selective
glycosylation through combined mutagenesis and
modification, Flitsch and co-workers have used their
iodoacetamide methodology (Scheme 10b) to glyco-
sylate three cysteine mutants of erythropoietin (EPO)
(Scheme 11).2% The three natural Asn glycosylation
sites chosen (sites 24, 38, and 83) have been shown
previously to be critically N-glycosylated with the
minimal N-linked oligosaccharide core for EPO to
have activity; therefore, the introduction of iodoac-
etamide-GIcNAc to the N24C, N38C, and N83C
mutants is an important starting step along this
road. Reactions of EPO mutants were monitored by
ESMS, and although only proceeding to approxi-
mately 60% conversion with 500-fold excess and after
24 h reaction time, it was possible to purify glycosy-
lated EPO from unglycosylated EPO using a lectin-
affinity column. Under these forcing conditions,
additional nonspecific glycosylation of histidine resi-
dues (probably in the His10 tag) was also observed,
thereby indicating that such glycosyliodoacetamides
may not be absolutely selective; this lack of selectivity
was circumvented by modification in the presence of
excess imidazole. It was possible to confirm glycosy-
lation of N83C unambiguously by proteolytic digest.

It should be noted that, as for BSA, the three
disulfide bonds in these EPO mutants were un-
touched by glycosylation of the single free cysteine.

More recently, the glycoMTS method (Scheme 10e)
has also allowed the synthesis of the first examples
of a homogeneous protein bearing symmetrically
branched multivalent glycans in which both the site
of glycosylation and the structure of the glycan
introduced have been predetermined.?°¢ 14 (Scheme
12) represents the first of a new class of glycoconju-
gate: the glycodendriprotein. Since terminal glycan
residues are typically the most important in glyco-
protein interactions, this may provide a more rapid
way of synthesizing functional glycoproteins bearing
complex multivalent carbohydrate structures than
the total synthesis of entire glycan structures.

IV. Enzymatic Glycoprotein and Glycopeptide
Synthesis

The two distinct sets of strategies outlined in the
two previous sections, linear assembly or convergent
glycosylation, are equally available to enzyme-
catalyzed techniques.

A. Elaboration of Glycans

Enzyme-catalyzed techniques for elaboration of
existing glycans on glycoamino acids/peptides/pro-
teins have proved particularly successful. One of the
very first examples of the use of glycosyltransferases
in glycoprotein synthesis was demonstrated by Paul-
son and co-workers who used a sialyltransferase and
CMP-N-Ac-neuraminic acid to restore 95% of the
sialic acids to a fully desialylated protein.2%” Enzy-
matic approaches have even been used to directly
modify cell surface proteins.?°® The use of a milk fuco-
syltransferase that displays a broad substrate speci-
ficity allowed modification of glycans by adding fuco-
syl residues bearing a range of substituents at C-6.

Glycosyltransferases are often used to elaborate
glycopeptide structures either prior to or after linear
assembly (see section 11.B.3). Indeed, highly glyco-
sylated glycopeptide building blocks, such as 7, for
use in linear glycopeptide assembly were first made
accessible through the use of glycosyltransferas-
es.164165 Much of this work has strong resonance with
the use of glycosyltransferases in oligosaccharide
synthesis,39:209-214
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Glycosyltransferase-mediated elaboration as a
chemoselective technique is particularly useful for
challenging structures rich in functionality such as
sulfopeptides,'%® although strategic considerations are
important with regard to the often stringent sub-
strate specificity of glycosyltransferases. The pres-
ence of sulfation in a PSGL-1 octapeptide made this
a particularly difficult glycopeptide to elaborate, and
alternative glycosyltransferases more tolerant than
those used previously had to be found. It should be
noted that enzyme availability is sometimes a stum-
bling block in such techniques; in particular, the
number of readily available branching GIcNAc-trans-
ferases is particularly limited. In an excellent display
of the power of glycosyltransferases in glycopeptide
elaboration (Scheme 7), the sulfated N-terminal
domain of PSGL-1 has been synthesized on a small
scale and characterized by HPLC and MS for two
glycoforms that crucially differ in their binding to
P-selectin as a result of only a subtle alteration of
internal glycan structure.’®” This was achieved by
isolation of the required six glycosyltransferases and
one sulfotransferase and allowed 9 and 10 to be
synthesized from a linearly SPPS-assembled 23-aa
monosaccharide-bearing glycopeptide.

In a rare early use of enzymatic glycosylation on
the solid phase, the sLe*-Asn-Phe dipeptide was
synthesized using aminopropylsilica as a support and
subsequently was cleaved from a glycine linker by
the peptidase chymotrypsin.?®® In this context, it is
interesting to note that the ability of glycosyltrans-
ferases to modify glycans on glycopeptides is greatly
influenced by the peptide backbone and the sites that
are glycosylated within it.?6 For example, prolines,
negatively charged residues, and the presence of a
disaccharide all inhibited the glycosylation of an
adjacent GIcNAc-Thr residue.

B. Trimming of Glycans

It is also possible to purify mixtures of glycoforms
through selective enzymatic degradation of unwanted
glycoforms.?!” Endoglycosidase-mediated wholesale
trimming of glycan structures also plays a role as the
first step in “glycoprotein remodeling” techniques (see
section 1V.C). The glycosylation of antibodies affects
activity and function,?'8 and their manipulation often
provides some good case studies in glycoprotein
synthesis methods. For example, terminal deglyco-
sylation of human IgGs with -galactosidase exposed
GIcNAc residues and thereby introduced interactions
with MBP.?19

An in vitro enzyme cycle that trims, using a specific
glucosidase, and adds, using a glucosyltransferase,
a Glca(1,3) unit to the tip of the glucosylated branch
in the initial N-linked glycoprotein glycan core has
been created.??® This cycle plays a critical role in
binding to lectin chaperones, calnexin, and calreti-
culin during folding in the endoplasmic reticulum
(ER).2

C. Alteration of Glycans (Glycoprotein
Remodeling GPR)

The combined trimming of existing glycan struc-
tures followed by elaboration to alternative ones has
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become known as “glycoprotein remodeling” (GPR).
Key to this technique and as a result of the difficulty
in making the glycan—protein link, at least one
glycan must remain to serve as a tag for specific
elaboration. For example, a synthesis of a single
unnatural glycoform of ribonuclease B (RNase-B) 16
was achived by endoH degradation down to a single
GIcNAcS-Asn followed by elaboration with the well-
established sequential system of galactosyltrans-
ferase, fucosyltransferase, and sialyltransferase to
construct an sLex glycoform (Scheme 13).22* Takeg-

Scheme 13. Glycoprotein Remodeling of RNase-B
Using Glycosyltransferases??! or
Endoglycosidases??3
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awa and co-workers have applied endoglycosidase-
mediated transglycosylation (the synthetic utility of
which was demonstrated using endoF and endoH as
early as 19862%?) to the same partially deglycosylated
RNase-B 15 in the synthesis of the MangGIcNAc,
glycoprotein 17.222 EndoA-catalyzed transglycosyla-
tion also allowed the addition of MangGIcNAc from
naturally derived MangGIcNAc,-Asn onto a chemi-
cally synthesized native N-link GIcNAc-Asn contain-
ing pentapeptide,??* and a nonnative C-linked ana-
logue?® in yields of 25—26%.2%6 This transglycosylation
activity of endoA is usefully improved by the use of
partial organic solvent systems, such as 35% aqueous
acetone.??” Such EndoA transglycosylation has also
been cleverly combined with chemical glycoprotein
synthesis techniques.??® Thus, transglycosylation us-
ing MangGIcNACc,-Asn as a donor onto p-isothiocy-
anatophenyl-g-p-Glc as an acceptor gave a high
mannose isothiocyanate MangGIcNAcGIc reagent
that was used to glycosylate the lysines of RNase-A,
lysozyme, and a-lactalbumin. EndoM endoglycosi-
dase shows a fairly broad substrate specificity toward
a variety of oligosaccharides in transfers to GIcNAc-
bearing peptides (up to pentapeptides) but only in
yields of up to 20%.22%230 Complex-type glycans were
transferred better than high-mannose-type. That
synthetic yields are inversely related to the ability
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to hydrolyze indicates that post-transglycosylation
hydrolysis of product may be an important determin-
ing factor in overall yield. EndoM also catalyzes the
transfer of (NeuAcGalGIlcNAcMan),ManGIcNAc to an
octapeptide bearing a single GIcNAc in HPLC-
determined yields of approximately 10%23! and allows
the synthesis of two different glycoforms of substance
P, an undecapetide,?®? all formed using the same
combined SPPS and transglycosylation strategy. The
use of a dimethylphosphinothioic anhydride coupling
(which avoided the need for protection of the glycan)
and Ag-catalyzed condensation of an N-terminal
fragment thioester with a C-terminal portion (which
required only side chain Lys and Cys protection) was
coupled with endoM-catalyzed transglycosylation to
readily yield a C-terminal sequence of eel calcitonin
in a nonnatural glycoform that bears a disialo bian-
tennary-type undecasaccharide: CSN|[(NeuAc-Gal-
GlcNAc-Man);Man-GIcNAc-GIcNAC]LSTCVLGKS-
GELHKLGTYPRTDVGAGTP-NH,.2%

Interestingly, nature employs a similar mechanism
in the case of Trypanosoma cruzi, the protozoan that
causes Chagas’ disease. This parasite does not syn-
thesize sialic acid but instead expresses a transsiali-
dase that catalyzes the transfer of sialic acid from
glycoconjugates found in the host to its own surface
proteins. The resulting sialylated glycoproteins are
then bound by host sialic acid binding receptors,
thereby allowing cellular invasion.?3*

D. Enzymatic Formation of the Glycan—Protein/
Peptide Link

An attractive approach to enzymatic glycoprotein
synthesis is to exploit the enzymes responsible for
the formation of the sugar-protein link in N-linked
glycoprotein biosynthesis.” The enzyme responsible,
oligosaccharyltransferase (OST), co-translationally
transfers a high mannose core oligosaccharide from
a fatty acid pyrophosphate carrier to the side chain
amide of an asparagine (Asn) residue in the consen-
sus sequence Asn-X-Thr/Ser of the nascent glycopro-
tein, although other sequences are also rarely glyc-
osylated (e.g., Asn-Ala-Cys).?®® The use of this enzyme
in isolated form in in vitro glycoprotein synthesis has,
however, met with only modest success. While trans-
fer of carbohydrates to a 17-residue peptide contain-
ing an unusual Asn-Asn-Thr-Ser sequence was pos-
sible, direct glycan transfer to RNase-A failed.?®¢ In
addition, transfer to sequences in which X = Pro are
not possible, and those in which X = Trp, Asp, Glu,
Leu are inefficient.?3” Thus, such site-specific glyco-
sylation of proteins still remains an elusive goal, and
as a result, there is still no truly general enzymatic
method for the synthesis of homogeneous glycopro-
teins. Interestingly, an endogalactosaminidase has
recently been used to transfer Gals(1,3)GalNAca to
the side chain hydroxyl of a serinyl residue in a
hexapeptide.?®® Furthermore, the use of a microbial
transglutaminase to transamidate the side chain
y-carboxamide group in the dipeptide Z-GIn-Gly with
—0O(CHy>)3S(CHy>)NH> glycosides (shorter spacers were
unsuccessful) to form an unnaturally N-linked gly-
copeptide has been described.?3%24° Both of these
methods hint that general enzyme-catalyzed strate-
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gies for forming some key glycan—protein linkages
may not be far off.

E. Glycopeptide Ligation

Subtilisin peptidases have been elegantly used to
catalyze the synthesis of glycopeptides,®2152 although
the natural specificity of these enzymes has limited
these peptide ligations to those in which the glyco-
sylated residues are typically at least one residue
distant (peptide site P,,Ps... or P, ,P3'...) from the
amide bond formed. Thus, while ligation of Z-Gly-
OBz with H-Gly-Ser(AcsGIcNAcS)-NH; was success-
ful, no yield of product was obtained with H-Ser(Acs-
GIcNAcS)-NH,. The use of this ligation method
coupled with other enzyme-mediated strategies cul-
minated in a truly elegant synthesis of a single
unnatural glycoform of ribonuclease B (RNase-B) 16
using a protease-catalyzed ligation of fragments of
the protein backbone, including a fragment contain-
ing a single GIcNAcS-Asn residue, followed by gly-
cosyltransferase-catalyzed elaboration reactions of
that glycan (Scheme 13).2%

V. Molecular and Cell Biological Techniques

In vivo methods that alter the natural machinery
of glycosylation offer promising opportunities.241-243
Although, prokaryotic, e.g., bacterial systems, do not
typically glycosylate proteins, the use of eukaryotic
systems can circumvent this problem. Unfortunately,
as yet, this leads to heterogeneous products.?** The
task is made difficult by the daunting array of
biosynthetic glycosylation products and thus the
corresponding array of pathways that need to be
controlled or adapted.?*> These pathways, the levels
of enzymes that drive them and their activities, differ
subtly according to species, cell type, and protein. By
expression of a particular glycoprotein in one organ-
ism, glycosylation patterns may arise that are dif-
ferent from those found by expression of the same
enzyme in another. In this way glycosylation patterns
may be guided in a particular direction. Thus,
expression in, for example, plants?*® or mice?*” may
allow the production of patterns that are similar but
subtly altered compared to those in mammalian
systems. The use of yeast to study the N-linked
biosynthetic pathway and associated congenital dis-
eases has been reviewed.?*® However, as yet, such
biosynthetic “glycosylation engineering” still also
produces mixtures.

A. Biosynthesis Augmentation

Broad changes in glycosylation patterns can be
achieved through “glycosylation engineering”, which
regulates levels of the glycosyltransferases involved
in post-translational elaboration of protein-linked
glycans. For example, cell lines or cultures in which
extra glycosyltransferase-expressing genes have been
introduced may be used to enhance the presence of
particular sugars in glycan structures. The addition
of a sialyltransferase to a Chinese hamster ovary
(CHO) cell line resulted in the increased “misglyco-
sylation” of N-linked glycoproteins to give glycans
bearing o(2—6)Gal- instead of a(2—3)Gal-linked sialic
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acid terminated residues.?®® Similarly, tetracycline-
regulated expression of the GIcNAc-transferase in-
volved in “bisecting” (i.e., glycosylation of OH-4 of the
p-Man residue in N-linked glycans) the core of
N-linked glycans in CHO cells also expressing an
antitumor 1gG created an increase in bisected gly-
coforms from 25% to 50%, thereby increasing the
cytotoxicity of the 1gG.?*° Transfection of CHO cells
with GIcNAc-transferase and fucosyltransferase ac-
tivity using either two separate plasmids vectors®s!
or one polycistronic vector?3? allows the construction
of sLeXon PSGL-1. The use of one plasmid prevented
disparate expression levels.

Baculovirus vectors allow introduction of mam-
malian glycosyltransferases into insect cell systems
that normally produce N-linked glycoproteins with
limited glycan diversity.?>® For example, introduction
of human GIcNAc-transferase | allows a high degree
of further processing that is normally lacking in
insect cells;?** similarly, early expression of bovine
pl,4-galactosyltransferase gave galactosylated N-
glycans.?® Plants have also proved to be suitable
hosts; again, additional f(1,4-galactosyltransferase
activity is the key to altering plant N-glycosylation
patterns toward those more like mammalian sys-
tems.?%® Thus, expression of human $1,4-galactosyl-
transferase in tobacco plants resulted in N-linked
glycoproteins of which 15% bore terminal f1,4-
galactosyl residues. Excitingly, crossing of this trans-
genic plant with one expressing mouse antibody
(“plantibody”) allowed in planta glycosylation engi-
neering to produce galactosylated antibodies.

The prospects are also good for the glycosylation
of larger biomolecular complexes by taking advantage
of the often-relaxed specificities of biosynthetic path-
ways. Indeed, the use of an unnatural N-levulinoyl-
mannosamine (Man-Lev) as a precursor in preference
to the natural precursor ManAc can be achieved
simply by feeding it to cells, and this has allowed the
introduction of a unique ketone tag into sialic acid
residues found at cell surfaces.?®” This allowed the
selective introduction of further glycans through
reaction with aminooxy and hydrazide-functionalized
carbohydrates to form imines and hydrazones ac-
cording to the manner described in sections Il and
11 (Scheme 10a).2%8 This strategy is similar to one
previously applied to aldehydes introduced chemi-
cally to cell surfaces.’® In a similar manner, neural
cell surfaces have been also engineered by introduc-
ing an unnatural N-propanoylneuraminic acid pre-
cursor.?>® There is also good evidence that in certain
cases the level of glycosylation is also influenced by
levels of the intracellular nucleotide—mono/diphos-
phate donor substrates for glycosyltransferases that
may in turn be increased simply by increasing the
concentration of their biosynthetic precursors in
incubation media. Thus, increasing glucosamine con-
centration increased GIcNAc-UDP levels in CHO cells
and hence levels of bisecting GIcNAc structures.260

The powerful Man-Lev technique was also used to
display biotin on cell surfaces.?6 This “cell surface
engineering” utilized a biotin hydrazide to give cells
that were far more readily transfected by adenovirus
when pretreated with an avidin-to-(anti adenovirus
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antibody) conjugate. In addition, an aminooxy-func-
tionalized Eu®* complex MRI contrast reagent was
constructed and localized through ligation.?6? The use
of peracetylated N-azidoacetylmannosamine as a
precursor allowed the cell surface display of azido-
sialic acids through hydrolysis of the acetate groups
and then biosynthetic processing.?®® Staudinger-type
reaction with a biotinylated phosphine ester results
in intramolecular amide formation and hence bioti-
nylation of the cell surface. The great power of this
method is that azides and phosphines are not nor-
mally found in nature and therefore are unlikely to
react in the absence of each other. This method,
therefore, could allow intracellular ligation as well.
A traceless variant that extrudes the phosphine oxide
formed has also been published to allow amide
formation.?®* Very recently, a salvage pathway in
CHO cells has allowed the incorporation of a 2-keto
analogue of GalNAc into cell surface glycoprotein but
not a 2-keto analogue of GIcNAc.2%°

B. Biosynthesis Inhibition

The inhibition of enzymes involved in the biosyn-
thesis’ of glycoproteins offers an alternative way of
controlling their structure. For example, the glyco-
syltransferase inhibitor tunicamycin inhibits the
synthesis of the lipid-linked pyrophosphate oligosac-
charide precursor that is used as a glycosyl donor in
the formation of N-linked glycoproteins.?® The re-
sulting lack of donor prevents formation of Asn-
linked glycans and results in only O-glycosylated
proteins. Less drastic inhibition of later trimming
steps, which are mediated by glycosidases in the ER
and Golgi, can be used to create smaller than natural
ranges of Asn-linked glycoforms rather than none at
all. For example, the use of the glucosidase inhibitor
N-butyldeoxynojirimycin (NBDNJ) resulted in a re-
duction in the number of glycoforms of the HIV
surface protein gp120 that were produced from more
than 100 to 3.5 NBDNJ shuts down the early glu-
cosidase trimming in HIV glycoprotein biosynthesis
and results in poorly processed N-glycans of gp120.267
Inhibition of trimming glycosidases also alters the
function of 1gGs by altering the glycosylation pat-
tern.?%8 Swainsonine, a branch-trimming o-mannosi-
dase Il inhibitor, reduces the formation of the
GIcNACcA(1,6) branch in N-linked glycans.?%® Mutation
of the gene that encodes for a-mannosidase Il in mice
leads to lupus-like automimmune disease, thereby
showing the importance of N-glycosylation.2”®

C. Noncoded Methods

Hecht?"1272 and Schmidt?’® have both proposed the
adoption of in vitro use of misacylated tRNAs in non-
sense codon suppression read-through techniques?’*
to exploit the natural mechanism of protein biosyn-
thesis (translation). Unlike natural protein glycosy-
lation, which occurs co- and post-translationally, this
method requires the synthesis of AY“tRNA acylated
with glycosylated amino acids (Scheme 14). In this
way GlcfSer was incorporated in place of Ser at
position 286 of firefly luciferase.?’*272 Schmidt and
Wieland have also described the preparation of a
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Scheme 14. Glycoprotein Synthesis Using Misacylated tRNAs in Non-Sense Codon Suppression
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hARF protein altered to contain GIcNAc(Ac)s-a-Ser
instead of a Lys in this way.?”® To this end, Hecht
and co-workers have recently demonstrated the
synthesis of tRNAs acylated with Gal, Glc, Man or
GIcNAc-Ser, albeit in very low overall yields due to
difficulties in achieving efficient acylation and depro-
tection steps.?’® Once it is a routine method, it will
be interesting to see how glycoproteins made in this
way through pretranslational glycosylation will differ
from natural glycoproteins, which are co-/post-trans-
lationally glycosylated especially given the apparent
role of glycosylation in correct protein folding. It is
also interesting too to see the further possibilities for
combining read-through techniques with those of
chemical glycoprotein synthesis. For example, Schulz
and co-workers have exploited the read-through
technique to introduce unnatural ketone “handles”
into proteins.?’® A combination of such a step with,
for example, the oxime methodology of Bertozzi and
co-workers (Scheme 10a)'®® would create another
potential site-selective glycosylation technique.?8°

D. Expressed Protein Ligation

Expressed protein ligation (Scheme 8) has been
used to incorporate variously modified cysteines at
the C terminus of bacterially expressed mannan-
binding protein (MBP) including Cys-Asn(GIcNAcS).t"*
Thus, MBP was expressed in E. coli as a fusion to
the N terminus of a widely used intein from Saccha-
romyces cerevisiae; this intein also bears a chitin-
binding domain at its C terminus for purification.
Once expressed, this portion self-spliced the binding
domain, and the resulting thioester used in native
chemical ligation.

Bertozzi and co-workers have also used expressed
protein ligation to construct two model nonnatural
glycoproteins:'’? a 42-aa GlyCAM-1 central fragment
stretch that is not glycosylated in full GlyCAM-1 was
also expressed as an intein—chitin binding domain
fusion protein in bacterial culture and purified on
chitin beads. This was released as a C-terminal

stop
codon

thioester and then coupled with a 15-aa glycopeptide
through native chemical ligation. A second unglyco-
sylated 77-aa domain was also ligated to the same
glycopeptide in this way.

VI. Summary and Perspective

This review has illustrated the remarkable diver-
sity of techniques available for the construction of
glycoproteins. The complexity of synthesis is still an
issue but by judicious and combined use of some of
the complementary techniques described in this
review, practical syntheses of complex glycoproteins
will be achieved.’>1%® Now that semisynthesis is
possible!”? using some of the variety of techniques
described above and total synthesis from glycopep-
tides may soon be a realistic prospect,'? we will have
to ask ourselves which method should we employ to
obtain truly natural glycoproteins. Since glycosyla-
tion has an important role in correct protein folding,
it is unlikely to be enough to “just make it”, and in
this regard the timing of glycosylation and assembly
strategy in any synthesis may too become a vital
issue.

As well as acting as vital probes of carbohydrate
communication, these methods may be exploited for
great biomacromolecular structural diversity. Thus,
in addition to the preparation of naturally occurring
glycoprotein structures, we may now also start to use
glycosylation on sites that are not normally glycosy-
lated as tools for creating novel protein function and
architecture. For example, glycosylation of enzymes
allows the development of novel synthetic catalysts;
site-selective glycosylation of their binding pockets
can broaden synthetic utility.”

It is a sobering thought that while the protein
backbone sequence can be confidently predicted
through genomics, since protein glycosylation occurs
co- and post-translationally, the latter is only known
empirically. Only by examining the protein after
glycosylation and relating its properties to its struc-
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ture (glycomics®?) can we begin to understand some
of the relationships and principles. Some striking and
intriguing processes mediated by protein glycosyla-
tion are emerging. It appears that O-GIcNAc glyco-
sylation plays a role in a yin—yang type relationship
with protein phosphorylation in signal transduc-
tion?”” and protein glycosylation has been heavily
implicated as a potential trigger in prion diseases.

Finally, in order that the application of glycocon-
jugates in therapeutic strategies becomes more wide-
spread, certain features must be addressed. Any of
the glycoprotein structures described above represent
potential sources of immunogenicity, and hence,
much attention has been paid to the development of
biocompatible polymers as alternatives. By building
on the advances of glycoprotein applications, certain
large (>100kDa) biocompatible polymers may offer
all the advantages of glycoproteins but with reduced
immunogenicity.?”® Unfortunately many glycopro-
teins are also poorly characterized, and so future
efforts must also focus on homogeneity as a goal. The
time is rapidly passing when mixtures of glycoforms
will be viewed as “pure” by regulatory authorities just
because they have the same peptide backbones.** In
this context, the precision and rigor of chemistry have
a crucial role to play. Collaborations between those
making glycoproteins and those applying them will
no longer be viewed as multi- or interdisciplinary;
they are part of a new unified discipline intent on
making exciting, well-defined molecules with enor-
mous potential for the treatment of disease, intent
on the elucidation of biochemical and physiological
mechanisms, and that is able to powerfully fine-tune
protein properties.

VII. Note Added after ASAP Posting

Squarate coupling (ref 189) was in fact first used
for glycoprotein synthesis by Tietze and co-workers,
see: Tietze, L. F.; Schroter, C.; Gabius, S.; Brinck,
U.; Goerlach-Graw, A.; Gabius, H.-J. Bioconjugate
Chem. 1991, 2, 148. | am grateful to readers for
bringing this to my attention.
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A valuable point was raised by a reviewer. In this manuscript
protein glycosylation methods have been divided into classes of
chemoselective, site-specific, and site-selective methods. This
distinction is arbitrarily based on the overall glycosylation
strategy and does not necessarily reflect the inherent specificity
or selectivity of a given reaction. For example, use of the same
chemoselective (e.g., thiol-reactive) reaction will give rise only
to chemoselectivity in a protein with multiple existing cysteine
thiols, to site specificity when used to glycosylate a single,
already existing cysteine thiol, and to site selectivity when used
to modify a single cysteine thiol that is introduced at a prese-
lected position in a previous step of the strategy.

This wonderful idea was suggested by a reviewer.
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