2344

CARBOHYDRATES AND GLYCOBIOLOGY

REVIEW

Toward Automated Synthesis of
Oligosaccharides and Glycoproteins

Pamela Sears and Chi-Huey Wong*

The discovery of previously unknown functions associated with carbohy-
drates and the study of their structure-function relations are of current
interest in carbohydrate chemistry and biology. Progress in this area is,
however, hampered by the lack of convenient and effective tools for the
synthesis and analysis of oligosaccharides and glycoconjugates. Develop-
ment of automated synthesis of such materials is necessary to facilitate
research in this field. This review describes recent advances in carbohy-
drate synthesis, with particular focus on developments that have potential
application to the automated synthesis of oligosaccharides, glycopeptides,

and glycoproteins.

Saccharides have many key biological
functions (/-4). When conjugated to pro-
tein to form glycoproteins, they can alter
protein structure and function. As compo-
nents of glycolipids, they can play pivotal
roles in cell-cell recognition and signaling.
The extracellular matrix contains proteo-
glycans, large glycoconjugates that not
only modify the physicochemical proper-
ties of the solution but also are involved in
many recognition processes. Although nu-
merous carbohydrate structures occur in na-
ture, in general, the role of saccharide
structure in function has been minimally
studied. This can be attributed mainly to
the difficulty of synthesizing saccharides,
especially when compared with proteins
and nucleic acids. Nucleic acids can be
made easily and cheaply via chemical and
biological synthetic techniques, and protein
sequences, which are encoded by DNA, can
therefore be easily determined, produced,
and manipulated through recombinant
DNA technology. In addition, automatic
synthesizers are available for the synthesis
of polypeptides and oligonucleotides. Sac-
charides, however, are made (even in na-
ture) in a seemingly haphazard way, with
a diverse set of enzymes competing to pro-
duce very diverse products (/). There is no
information carrier that “encodes” a partic-
ular saccharide structure, and so creat-
ing libraries of saccharides with methods
akin to protein mutagenesis is not possible.
Furthermore, unlike proteins and nucleic
acids, saccharides are more difficult to syn-
thesize because (i) the molecules are typi-
cally branched rather than linear, (ii) the
monosaccharide units can be connected by
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a or B linkages, and (iii) oligosaccharide
synthesis requires multiple selective pro-
tection and deprotection steps.

This last requirement is quite formida-
ble, and currently there is no general route
for saccharide synthesis. In a glycosidation
reaction, both donors (monosaccharides ac-
tivated for reaction) and acceptors (which
receive the activated monosaccharide) con-
tain many similar functional groups that
must be differentiated and selectively pro-
tected. The product must then be selective-
ly deprotected for the next round of reac-
tions. The complexity of protecting-group
manipulation increases with every addi-
tional glycosidic linkage. Development of
stepwise solid-phase synthesis can simplify

the intermediate work-up and purification
steps, but the complexity of protecting-
group manipulation remains the same. Be-
cause of this problem, there is currently no
single stepwise synthetic approach that is
applicable to the synthesis of all oligosac-
charides or even just the >15 million pos-
sible tetrasaccharides that can be assembled
from the nine common monosaccharides
found in humans. In contrast, solid-phase
synthesis of peptides and oligonucleotides
involves only one protecting-group manip-
ulation in the iterative process.

In the past few decades, however, the
work of many research groups has started
to open up new paths to saccharide and
glycoconjugate synthesis. Coupling tech-
niques with better yields and stereoselec-
tivity have been worked out, and new pro-
tecting-group chemistries have also become
available. The possibility of constructing
libraries of saccharides, which was consid-
ered at one time to be a hopeless prospect,
is now appearing to be feasible. The next
step in making oligosaccharides widely ac-
cessible will be the automation of saccha-
ride synthesis. This review focuses on the
current state of the subject and emphasizes
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the developments with potential application
to the automated synthesis of saccharides,
glycopeptides, and glycoproteins.

Chemical Synthesis of
Oligosaccharides

Several approaches have been taken with suc-
cess for the chemical synthesis of oligosac-
charides (Fig. 1) (5—24). Most involve the
activation of the anomeric leaving group with
a Lewis acid and then displacement of that
leaving group by the free hydroxyl of the
acceptor sugar. The Koenigs-Knorr method
of coupling glycosyl halides, one of the first
techniques to gain widespread usage, is still
in common use (5), and most other glycosi-
dation reagents used to date proceed by the
same basic mechanism. The relative instabil-
ity of the sugar halide necessitates the con-
struction of the saccharide from the reducing
end, and in fact, many of the most successful
approaches are those that minimize side re-
actions of the activated sugar. New leaving
groups have been further developed to im-
prove the stability of the glycosyl donor and
their reactivity. Trichloroacetimidates (6),
prepared by the reaction of free sugars with
trichloroacetonitrile and base, are used most
frequently for coupling, as are glycosyl sul-
foxides (7), phosphites (8, 9), and phosphates
(10) and thio- (/]) and pentenyl glycosides
(12). Another scheme for glycoside synthesis
is to build the saccharide from the nonreduc-
ing to the reducing end with glycals (/3),
which can be activated through epoxidation
for either direct attack of the epoxide with the
aglycon or intermediate formation of, for ex-
ample, the thioacetal or phosphate.

The control of anomeric configuration of
the product can be complicated, especially
because the reaction can occur readily via
either an S 1- or an Sy 2-type reaction (first-
or second-order nucleophilic substitutions,
respectively). The anomeric configuration of
the activated sugar therefore does not ensure
the anomeric configuration of the product.
Furthermore, which products form can be
heavily influenced by the protecting groups
used. Acyl protecting groups at C-2 can
strongly direct the trans configuration at C-1
by forming an intermediate dioxocarbenium
ion (Fig. 1A). In general, a-1,2-cis-glyco-
sides, such as a-D-glucosides and a-D-galac-
tosides, can be formed either by taking ad-
vantage of the kinetic anomeric effect (/4) in
the displacement of glycosyl halides and thio-
glycosides or by direct displacement of B-tri-
chloroacetimidates under conditions that fa-
vor inversion (no participating substituent at
C-2 and a nonpolar solvent) (/5). B-1,2-
trans-Glycosides, such as B-D-glucosides and
galactosides, can be obtained by using polar
media to favor S 1 displacement and forma-
tion of the dioxocarbenium. Glucosyl and
galactosyl phosphates have, in all cases ex-
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plored, produced the -1,2-trans-glycoside,
regardless of the anomeric configuration of
the phosphate (/0), and glycal chemistry also
produces mainly the 3-anomer. a-1,2-trans-
Glycosides, such as o-D-mannosides, are
simple to obtain because they are favored
both by the kinetic anomeric effect and by the
presence of participating groups at C-2, but
B-1,2-cis-glycosides are still quite difficult to
construct. Preparation of the B-D-glucoside
followed by inversion at C-2 has been one
common method, and recent attempts to di-
rect the attack of the incoming sugar by
tethering it in a position that allows only
attack have been successful (/6-19).

In general, control of anomeric stereo-
chemistry is still a problem, especially when
the neighboring group participation is lack-
ing. Also, there are certain chemistries that do
not work well with some sugars. In nature,
only a—sialic acid linkages are observed, but
sulfoxide and trichloroacetimidate chemis-
tries only give the 3-anomer, a problem that
can be solved by using other activating
groups such as phosphites (8, 9), thioglyco-
sides (20), and 2-xanthates (21).

In automating oligosaccharide synthesis,
it is most convenient for the reactions to be
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performed on solid phase. This approach al-
lows the rapid removal of reactants, relatively
easy purification, and (in the case of library
construction) the encoding of the product ei-
ther by position (as in a two-dimensional
array “chip” format) or, for “mix and split”~
type library construction, by an accessory
encoding reaction (7), in which labels are
added to the solid support as the chain is
extended or by radio frequency—encoded
combinatorial chemistry technology (22).
Most of the saccharide-synthesis techniques
outlined above have been applied to solid-
phase synthetic strategies on a variety of sup-
ports (7, 13, 22-26). Polystyrene-based resins,
such as the Merrifield resin, are commonly used
(6, 24), although these do not necessarily have
the optimal characteristics for the synthesis of
sugars with regard to swelling properties and
reactant accessibility, particularly in hydrophil-
ic media (26). More hydrophilic supports, such
as polyethylene glycol-based resins, have been
used with good success (26), as have “hybrid”
resins, such as Tentagel, that have a polystyrene
core coated in polyethylene. To a lesser extent,
soluble supports, such as polyethylene glycols
and derivatives, have been used in oligosaccha-
ride synthesis.
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Fig. 2. Commonly used protecting groups and their removal conditions (in parentheses) [see
(5-23) and citations therein]. Abbreviations are as follows: Ac, acetyl; All, allyl; Ar, aryl; Bn,
benzyl; DDQ, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; DMAP, 4,-N,N-dimethylaminopyri-
dine; Lev, levulinoyl; Me, methyl; MsOH, methanesulfonic acid; Ph, phenyl; Phth, phthalimidyl;
Piv, pivaloyl; PMB, p-methoxybenzyl; TBDMS, tert-butyldimethylsilyl; TBDPS, tert-butyl-diphe-
nylsilyl; *Bu, tert-butyl; TFA, trifluoroacetic acid; Tr, trityl; Troc, trichloroethoxycarbonyl; and

TsOH, p-toluenesulfonic acid.
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There are many disadvantages to using a
solid support, however. Oligosaccharides and
glycopeptides are sterically hindered com-
pounds. Blocking one side of the molecule
further with a solid support is likely to drop
yields dramatically. Long flexible linkers can
be used to alleviate this problem somewhat,
but such linkers must be both cleavable and
yet compatible with the coupling and protec-
tion-deprotection reactions [e.g., photo- or
enzyme-sensitive linkers or linkers that can
be cleaved by Pd(0) or by olefin cross me-
tathesis]. Monitoring the reaction progress on
solid phase is also not trivial. In addition,
protecting-group manipulation on resins is
extremely difficult. Heterogeneous catalysts,
such as palladium supported on carbon, are
not effective in solid-phase synthesis because
of mass transport and surface-contact prob-
lems. Palladium nanoparticles, however, were
found to be useful in the debenzylation of
sugars attached to a polyethylene glycol-
acrylamide resin (27).

The most challenging task, however, is
the selection of orthogonal protecting groups
and their selective manipulation during syn-
thesis. Commonly used protecting groups in-
clude benzyl or silyl ethers and derivatives, as
well as acid- or base-sensitive protecting
groups (/5, 23, 28) (Fig. 2). Although condi-
tions have been developed for their selective
deprotection, in general, their application to
the synthesis of oligosaccharide libraries with
great diversity has not been demonstrated. To
date, the largest oligosaccharide made by
solid-phase synthesis is that reported by
Nicolaou (25) and Seeberger (29). Both
groups synthesized the same branched do-
decasaccharide on solid phase by using phe-
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OH
HO o HO
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HO OH
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Fig. 3. Synthesis of an oligosaccharide with
glycosynthases. In principle, exo-glycosidases
can be genetically altered to accept glycosyl
fluorides as donors to perform glycosidation.

.
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nyl thioglycosides (25) or glycosyl phos-
phates and imidates (29), and the products
were released from the support with photol-
ysis (25) or olefin cross metathesis (29).

Enzymatic Synthesis of
Oligosaccharides

In the past few decades, enzymatic approach-
es have been gaining popularity for the syn-
thesis of saccharides and glycopeptides (30,
31). Enzymes feature exquisite stereo- and
regioselectivity and catalyze the reaction un-
der very mild conditions. Extensive protec-
tion-deprotection schemes are thus unnec-
essary, and the control of anomeric config-
uration is simple. Glycosyltransferases, the
enzymes that are naturally used to synthe-
size saccharides, and glycosidases, en-
zymes normally used to hydrolyze glyco-
sidic bonds, have both been used. Draw-
backs to an enzymatic approach are the
availability and cost of the catalysts and
substrates, which can be large. The en-
zymes themselves are in many cases only
just becoming available, particularly in the
case of glycosyltransferases. The sub-
strates, which for glycosyltransferases are
the nucleotide-activated sugars, are rela-
tively expensive but can be prepared from
sugars or sugar phosphates through enzy-
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Transferases

matic or biological methods that have been
worked out (30, 32). Glycosidases, which
use cheaper substrates (such as sugar ha-
lides and p-nitrophenyl glycosides), can be
used, but the yields have typically been
lower. However, the Withers group recent-
ly found that mutagenesis of glycosidases
to remove one of the two catalytic carboxylates
in the active site produces an enzyme, coined a
“glycosynthase,” that can catalyze the synthesis
of a saccharide from a fluorosugar donor but
cannot catalyze hydrolysis of the resulting
product (33) (Fig. 3). Whether this approach
will be applicable to other exo-glycosidases
remains to be investigated.

Another drawback of the enzymatic ap-
proach is that although enzymes are excellent at
catalyzing the synthesis of natural products,
their ability to accept novel saccharides with
unusual or unnatural sugars as substrates may
be poor; at best, it will be unknown. Models for
the substrate preferences of glycosyltrans-
ferases are currently unavailable, and alteration
of their specificity with protein engineering has
experienced limited success. Prediction of reac-
tion products with novel substrates will become
easier as the enzymes begin to enjoy more
widespread use and their substrate specificities
become better characterized. Since the prepar-
ative-scale enzymatic synthesis of N-acetyllac-
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Fig. 4. Approaches to automated enzymatic saccharide synthesis. In (A), the enzymes are left in
solution, and the growing saccharide is immobilized on the solid phase. This approach simplifies
purification but requires an enzyme recovery step to avoid losing the expensive catalyst. Gray
circles represent the solid support. In (B), the growing saccharide is attached to a water-soluble
polymer, which is passed across columns of immobilized enzymes. Product recovery at the end can
be accomplished by precipitating the polymer or by affinity techniques if the polymer is tagged
with an affinity ligand (such as biotin). Alternatively, both enzymes and substrates can be used in

free form.
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tosamine involving sugar nucleotide regenera-
tion in the 1980s (34), enzymatic approaches
have been used in the synthesis of a great
number of oligosaccharides and glycoconju-
gates (3/). Further improvement in the area
with the multiple enzymes required for sugar
nucleotide regeneration immobilized on beads
has been developed (35).

The application of enzymes to an auto-
mated scheme is possible. The logic of such a
reaction scheme is conceptually simple be-
cause it is determined by the enzymes’ pre-
ferred reaction: The saccharide must be built

Fig. 5. (A) Traditional step-
wise solid-phase synthesis
requires on-resin protecting-
group manipulation, which
can become very complicat-
ed as the number of glyco-
sidic linkages increases. (B)
OptiMer’s one-pot approach
(42). OptiMer is a program
that predicts the optimal
type and order of addition of
partially protected sugars, on
the basis of a database of
relative reactivities. This ap-
proach requires preparation
of a number of building
blocks with their glycosida-
tion reactivities quantitative-
ly measured. A reactivity dif-
ference of >1000 between
the building blocks will give a
high-yield coupling. No pro-
tecting-group manipulation
and intermediate isolation is
required during the one-pot
synthesis. Red ovals in (A)
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stepwise, in a linear fashion, from the reduc-
ing end (Fig. 4). Conducting the reaction on
solid phase will require supplying the en-
zymes in solution, from which they must
either be recovered for recycling or discard-
ed. Recovery can be achieved via a variety of
techniques, such as affinity-based capture (of
affinity-tagged enzymes), passage through a
microfilter, or enzyme precipitation. En-
zymes are large molecules, and thus care
must be used in choosing the support for
solid-phase synthesis. The support, if porous,
should have pores large enough to accommo-

Stepwise Solid-Phase Synthesis

2nd Most reactive 3d .

OP OP,, OPg
o o ol

PO OP P,;0 OPy PgO OPg P,0 OP,

date these macromolecules and should be
hydrophilic to allow good swelling in water,
or the support should be rigid so that the
enzyme will not become entrapped (30). The
use of long cleavable tethers to attach the
growing saccharide may also help the sub-
strate to enter the enzyme’s active site. Many
resins have been used, including polysaccha-
ride-based resins (such as Sepharose), poly-
ethylene-based resins (such as SPOCC), and
- polyacrylamide supports (23, 26). However,
more standard solid-phase supports, such as
derivatized silica and polystyrene, have also
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been used with success (36, 37). Solution-
phase synthesis, although solving the prob-
lem of enzymatic accessibility, adds the prob-
lem of product recovery, which may be sub-
stantial, given the frequent complexity of the
reaction buffer required for enzymatic reac-
tions. A good approach may be to couple the
substrate to a water-soluble polymer, which
can be easily removed from solution either by
precipitation of the polymer or by affinity-
based capture (if an affinity label is attached
to the support). Water-soluble supports, such
as polyacrylamide that is not cross-linked,
have been used in the enzymatic synthesis
of saccharides and glycoconjugates, such as a
pseudo-ganglioside named “pseudo-GM3”
(38). Other water-soluble polymers, such as
polyethylene glycol (39) and thermorespon-
sive polyacrylamide (40), may find use in
enzymatic oligosaccharide synthesis. One
can thus envision a scheme in which glyco-
syltransferases (and, if necessary, the en-
zymes required for the regeneration of its
substrate) are immobilized onto a resin and
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packed into different columns. The substrate,
free or bound to a water-soluble resin with an
affinity tag, is passed through the columns in
sequence, depending on the glycosyltrans-
ferases desired. Intermediate isolation, if nec-
essary, can be achieved by capture of the
substrate via affinity capture, for example.
Attachment of enzymes and substrates to a
support is, however, not trivial. In the end,
given the high yields observed with glycosyl-
transferase-catalyzed glycosidations and the
simplicity of product isolation, the choice of
the reactor configuration is probably not crit-
ical, and both solution and solid-phase meth-
ods can be used for automated synthesis.

Programmable One-Pot Synthesis

A recent approach that shows promise for
automation is the use of one-pot reaction
schemes that use the reactivity profile of
different protected sugars (41, 42) to deter-
mine the outcome. The reactivity of a sugar is
highly dependent on the protecting groups
and the anomeric activating group used. By
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1,3-fucosyltransferase; Gal, galactose; GalT, B- 1,4-galactosyltransferase; GlcNAc, N-acetyl glucosamine;
IIDQ, 2-isobutoxy-1-isobutoxycarbonyl-1,2-dihydroquinoline; Man, mannose; NeuAc, N-acetyl neura-

minic acid; and SiaT, «-2,3-sialyltransferase.
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adding substrates in sequence from most re-
active to least reactive, one can assure the
predominance of a desired target compound
(Fig. 5). The key to this approach is to have
extensive quantitative data regarding the rel-
ative reactivities of different protected sug-
ars. A large amount of reactivity data for
>100 protected p-methylphenyl thioglyco-
sides was recently generated and used as the
basis of a computer program (OptiMer) that
selects the best reactants for one-pot synthe-
sis of a target compound (31, 42). p-Methyl-
phenyl thioglycosides were chosen because
they are applicable to most monosaccharides
and more reactive toward thiophilic activa-
tors, such as N-iodosuccinimide and dimeth-
ylthiosulfonium triflate, than are other thio-
glycosides (11, 20, 43, 44) that have been
used in practical synthesis.

This approach has been used with suc-
cess in the synthesis of a large number of
oligosaccharides, including the cancer an-
tigen Globo H hexasaccharide (Fig. 5C)
(45). Further work is needed to design a
complete set of building blocks (probably
~500 are needed) for use in the synthesis
of most bioactive saccharides. So far,
branch points have been incorporated by
using the thioglycosides of disaccharides as
reactants in the linear scheme. These reac-
tions are typically performed in solution,
but in order to facilitate removal of reac-
tants at the end, the final acceptor may be
attached to solid phase.

Future development in this approach is to
expand the building block repertoire and to
ensure their applicability in programmable
one-pot synthesis. Compared with stepwise
solid-phase synthesis, the one-pot approach
requires protecting-group manipulation only
at the stage of building block synthesis and
thus holds greater potential for automation
and for a greater diversity of oligosaccharide
structures (Fig. 5).

Glycopeptide Synthesis

Attachment of saccharide chains to peptides
can be accomplished in a number of ways. If
the saccharide is built stepwise from the non-
reducing to the reducing end, as is the case
with glycal-based synthetic schemes and the
one-pot strategy outlined above, then the ul-
timate acceptor can be an amino acid, pep-
tide, or glycopeptide. For coupling to hy-
droxylated amino acids, such as serine or
threonine, the chemistry is very much the
same as that used to construct the glycosidic
bonds: The activated anomeric position is
directly attacked by a deprotected hydroxyl
group on the peptide. In the case of NH,-
linked glycosides, the reducing-end sugar is
typically prepared first as a sugar azide,
which is then reduced and coupled to a free
aspartate via carbodiimide activation. The ac-
ceptor can be an amino acid, for which the
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product can be incorporated into solid-phase
peptide synthesis (SPPS) schemes to produce
the target glycopeptide (26, 46, 47), or it may
itself be the final polypeptide. Glycosylated
amino acids bearing typically one to three
sugars have been used successfully in solid-
phase synthesis of many glycopeptides.
Paulsen and co-workers (48) constructed a
variety of octapeptides containing three gly-
cosylation sites bearing either N-acetylgalac-
tosamine (GalNAc) or B-galactosyl-1,4-Gal-
NAc and have more recently synthesized mu-
cin glycopeptides containing many common
core structures (49).

One problem with attempting to couple a
large saccharide to a polypeptide has been
low yield, presumably due to steric factors.
Notably, Danishefsky and co-workers cou-
pled a high-mannose-type pentasaccharide to
a variety of tripeptides in 50 to 60% yield
(Fig. 6) (50). Likewise, attempting to use an
amino acid with a large pendant oligosaccha-
ride in a SPPS scheme will result in a rapid
drop-off of coupling yields as the oligosac-
charide increases in size and branching. This
problem was apparent in the solid-phase syn-
theses of glycosylated nonapeptides of vari-
ous sizes performed by Meldal and co-work-
ers (57), who incorporated amino acids con-
taining high-mannose-type oligosaccharides
with as many as 11 sugars in a triantennary
structure (Fig. 6). As the saccharide increased
in size, yields of the product dropped from
nearly 80% down to 35%. An alternate ap-
proach is to glycosylate the peptide in a
stepwise fashion from the reducing to the
nonreducing end through chemical or enzy-
matic methods. Typically, a singly glycosy-

Fig. 7. Biochemical

approaches to homo-

geneous glycoprotein

preparation. The gly-

copeptide used can

be prepared by solid +
phase and coupled to
the NH,-terminus of
a truncated protein
with protease or used
to replace the COOH-
terminal intein of a
protein-intein fusion.
Alternatively, the sug-
ar chain of glycopro-
teins prepared by fer-
mentation can be re-
modeled with en- +
zymes. All proteins
used can be prepared
using  recombinant
DNA technology and
fermentation.

Polypeptide

Protein-Intein
Fusion
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lated peptide is made by SPPS, the sugar is
selectively deprotected, and the oligosaccha-
ride is built up in a stepwise fashion. A
chemoenzymatic synthesis of a glycopeptide
derived from the mucosal addressin cell ad-
hesion molecule 1 was performed in this
manner, both in solution and on solid phase
(52). The singly glycosylated peptide was
constructed via SPPS, and the sugar was
completely deprotected to provide the sub-
strate for the action of three successive gly-
cosyltransferases. Similarly, a fragment of
the cell adhesion molecule PSGL-1 with an
attached sialyl Lewis x oligosaccharide was
built enzymatically onto a sulfated octapep-
tide with a pendant GalNAc (Fig. 6) (53). In
principle, the strategies used in the automa-
tion of oligosaccharide synthesis should be
applicable to the synthesis of glycopeptides,
and the sugar chain can be further elongated,
if necessary, through either chemical or en-
zymatic methods.

Glycoprotein Synthesis

Extension of glycosylated peptides into glyco-
proteins can be accomplished with a number of
approaches. Short peptides can be coupled to
larger ones by “native peptide ligation” strate-
gies (54). An 82-residue glycoprotein with two
sites of glycosylation was recently made
through chemical peptide synthesis with glyco-
sylated amino acids, followed by native peptide
ligation (55). However, this strategy puts con-
straints on the amino acid sequence adjacent to
the peptide bond to be formed; namely, the
NH,-terminal amino acid of the acyl acceptor
must be cysteine. Other strategies are also being
explored.

Q
Glycopeptide

Engineered
Proteases

Intein

Q
Glycopeptide

The simplest approach to glycoprotein
preparation, of course, is to let a cell do the
work and prepare glycoproteins via fermen-
tation. Unfortunately, fermentation produces
a population of many different glycoforms of
a given protein (/) because the saccharide
that a protein receives reflects the cumulative
effort of many glycosidases and transferases,
and the action of some of these will preclude
the action of others. The glycan produced will
be determined by many factors, including the
local protein structure around the glycosyla-
tion site and the relative amounts of glyco-
processing enzymes produced in the cell.
Many of these factors also vary with the cell
line, so a glycoprotein produced in one cell
line will have different glycosylation than the
same protein produced in another cell line.

This mixture, however, can be used as a
starting point in many schemes in which the
sugar chain is digested down to a simple
homogeneous core and then reelaborated en-
zymatically (Fig. 7). For example, N-glyco-
sylated proteins can have the glycans digest-
ed down to the innermost N-acetylglu-
cosamine by using endoglycosidases, thus
converting a heterogeneous population to a
homogeneous one in which each glycosyla-
tion site has only a single sugar attached.
These simple glycoproteins can then be elab-
orated enzymatically to increase the size and
complexity of the glycan by using glycosyl-
tranferases (56) or endoglycosidase-cata-
lyzed transglycosylation (57, 58). The trans-
glycosidase approach is limited by the sub-
strate specificity of the endoglycosidases,
which are enzymes that cleave between the
innermost N-acetylglucosamine residues of

O
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N,-linked oligosaccharides. Although many
of the endoglycosidases are quite specific for
certain classes of N,-linked glycans, one that
shows excellent promise is endoglycosidase
M from Mucor hiemalis, which accepts a
wide range of high-mannose—, hybrid-, and
complex-type glycans (58). The disadvantage
of these approaches is that the glycosylation
site is limited to the one produced by the
particular cell line used for production. An-
other option is to remove the glycosylated
sections by using proteases and then reattach
short, chemically synthesized glycopeptides
in their place (56). This ligation can be ac-
complished enzymatically through the use of
proteases or inteins, self-splicing polypep-
tides that are able to excise themselves from
proteins posttranslationally. In the latter case,
the peptide segment to be replaced is substi-
tuted at the genetic level with the sequence
encoding the intein.

Proteases can catalyze peptide synthesis
using either the thermodynamic approach
or the kinetic approach. In the thermody-
namic approach, peptides are condensed to
form the larger product typically by precip-
itation of the product or by conducting the
reaction in a solvent with low water activ-
ity. A more useful approach, as far as en-
zyme activity, stability, and solubility are
concerned, is the kinetic approach, in
which a peptide ester undergoes a compe-
tition between hydrolysis and aminolysis.
The ratio of aminolysis to hydrolysis can be
improved by adding an organic cosolvent to
lower the water concentration and suppress
amine ionization, by increasing the amine
nucleophile concentration, or by modifying
the enzyme active site. With regard to en-
zyme modification, the conversion of the
active-site serine of serine proteases to a
cysteine has been shown to be highly ef-
fective for creating a peptide ligase (59,
60). Glycosylation of proteins has long
been known to render them less susceptible
to protease activity, and so it might be
inferred that glycopeptides would be diffi-
cult to couple using proteases. A systematic
study of subtilisin-catalyzed synthesis of
glycopeptides showed that the protease
could couple glycopeptides successfully,
provided that the glycosylation site was not
at the forming bond and that the coupling
yields improved as the glycosylation site
was placed farther away from it (37, 60).
The most effective and practical glycopep-
tide ester leaving group is the benzyl-type
ester generated from a modified Rink
amide resin and cleaved with trifluoroace-
tic acid (37).

An alternate approach is to use intein-
mediated coupling of glycopeptides to larger
proteins. It is possible to intervene in the
natural splicing reaction by removing the
COOH-terminal extein, then allowing the re-

23 MARCH 2001

action to be completed with an exogenously
added nucleophile (6/), which may be a gly-
copeptide (62). As in the native peptide liga-
tion strategy, the peptide must contain a cys-
teine at the NH,-terminus.

Automatic synthesis of glycoproteins still
represents a sizable challenge. However, the
development of convenient methods for gly-
coprotein synthesis will allow us to study the
effect of carbohydrates on glycoprotein struc-
ture and function, a subject of current interest
(63, 64).

Future Prospects

Recent advances in synthetic carbohydrate
chemistry have solved some major problems
associated with carbohydrate research and
have provided new strategies for tackling
many interesting problems in glycobiology.
Many technical problems that hinder the de-
velopment of carbohydrate research still exist
and remain to be solved. Of particular impor-
tance is the development of convenient and
effective automated systems for the synthesis
of oligosaccharides and glycoconjugates. Fu-
ture efforts to reach this goal include, for
example, the development of new methods
for the rapid assembly of oligosaccharides
and for the attachment of sugars to proteins,
the design of new protecting groups, and the
simplification of protecting-group manipula-
tion. The development of such automated
systems that are easily accessible to both
biologists and chemists will have an impor-
tant impact on our understanding of carbohy-
drates in biological systems and on the devel-
opment of carbohydrate-based therapeutics.
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