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Abstract: The synthesis of pure, well-defined glycoproteinsis es-
sential to the study of the host of biological processes that they me-
diate. The use of a combined site-directed mutagenesis and
chemical modification strategy allowsthe site-selective synthesis of
homogenous glycoproteins, the determination of precise structure-
activity relationships and the design of new synthetic catalysts. This
general and powerful method is reviewed in the context of existing
preparative techniques and the wide-ranging applications of glyco-
proteins are highlighted
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1. Introduction

It is becoming ever clearer that the presence of carbohy-
drate units in naturally occurring structures and their mi-
metics has a dramatic effect on their physical, chemical
and biological properties. The ubiquity of glycoproteinsin
Nature reflects their broad functions as markers in cell-
cell communication events that determine microbial viru-
lence,! inflammation®® and host immune responses.*® In
addition, the correct glycosylation of proteinsiscritical to
their expression and folding,® and increases their thermal
and proteolytic stability.’

Access to well-defined scaffolds to probe the nature of
these processes is essential. Their manipulation is a dom-
inant primary goal in glycoscience and has driven and
continues to drive the synthesis of glycoconjugates and in
particular glycoproteins. They are the tools of the glyco-
biology trade.

Carbohydrate structures are unrivalled in the density of in-
formation that they can convey. Precise differencesin 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 proteinsand nucleic acids. A comparison of the permu-
tations 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 lan-
guage for information transfer of 4096 and 6.4 x 10’
'words), respectively, carbohydrates have accessto greater
than 1.05 x10*2 variations.®2 Add to this the additional va-
riety afforded by anomeric stereochemistry, ring size and
sub-unit modification (e.g., sulfation, phosphorylation or
acylation) and it can be quickly seen that this greater vari-
ety of possible combinations gives the language of carbo-
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hydrates exquisite eloquence. This language has been
christened glycocode - a term that well represents the po-
tential level of complex information that carbohydrate
structures are able to convey. It should also be noted that
this vast number of potential permutations represents a
technological barrier and meansthat no longer can the oli-
gosaccharidic portions of glycoproteins be made on an it-
erative basis since there are far too many possible
synthetic targets. It is therefore crucia that the design of
new glycoproteins is guided by the identification of the
associated functions and activities of existing structures.

The decipherers of glycocode are typically sugar-binding
proteins called lectins which, despite their very shallow
binding sites, show aremarkable specificity in their bind-
ing of multivalent complex carbohydrate structures.* The
carbohydrate-lectin interaction stands out as an unusually
weak and relatively undiscriminating one (K, in the order
of mM for monosaccharides)® when compared to othersin
Nature. This is largely due to the shallow, solvent-ex-
posed nature of the lectin binding sites, which make few
direct ligand contacts. The large difference in affinity
shown by these shallow sites as compared with deep is
amply illustrated by the influenza haemagglutinin lectin,
which binds siaic acids with an approximately 1000-fold
lower affinity than is shown by a neuraminidase found in
the same virus.’® However, when more than one saccha-
ride of the right type and in the right orientation are clus-
tered together thereis arapid increase in both affinity and
specificity by the corresponding lectin.** Thisincrease is
more than would be expected due to the increase in local
concentration (statistical effect) alone and has been
termed the "cluster” or "multivalent effect".12

The reasons for the cluster effect are yet to be rigorously
determined but their implications are profound. Firstly,
the steady biological reservoirs of soluble monosaccha-
rides are negligible inhibitors of any process that lectins
mediate. Secondly, the specificity of this type of binding
is exquisitely fine-tuned. It relies not only on the comple-
mentarity 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 ne-
cessity the corresponding display of each sugar ligand rel-
ative to the next. Thirdly, the kinetics of such binding are
different to those of monovalent binding and may afford
faster "on rates'. Fourthly, multipoint attachment is more
resistant to shear stresses.
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Nature ably exploits the tertiary structure of proteins as a
scaffold for multivalent display. Y et more complex third
order patterns are then in turn the product of the arrange-
ment of these glycoproteins on cell surfaces.

There are numerous examples of the important role that
the protein that displaysaglycan hasin determining activ-
ity. Asearly as 1929 it was appreciated that immunol ogi-
cal activity toward sugars may be greatly enhanced
through conjugation to proteins (for further details see
Section 4).1® Furthermore, the specificity of such immu-
nologica responses to sugars varies greatly with the na-
ture of the protein to which they are conjugated. For
example, synthetically prepared glycoproteins bearing the
oligosaccharide blood group determinant Lewis-y (L&)
do not generate antibodies that can react with naturally oc-
curring L& bearing structures. This could be due to a
number of factors such as different densities of carbohy-
drate on the conjugate, aswell asthe influence of the pro-
tein or the linker upon conformation or accessibility.
However, as yet, the reasons for such striking differences
are undefined - an effect is observed and it is one that re-
quires the preparation of glycoproteins for further investi-
gation.'4

Conversely there are a'so many examples of proteins and
peptides whose biological activities are enhanced by con-
jugation to carbohydrates. For example, the activity of the
anti-diuretic nonapeptide arginine-Vasopressin is almost
doubled through gal actosylation.*® Also, different ribonu-
clease B (RNase-B) glycoforms that were carefully sepa-
rated using capillary electrophoresis show 4-fold different
hydrolysisactivities. They also show decreased flexibility
and greater protease resistance, possibly through the ac-
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tion of theglycan asa"steric shield" for protease cleavage
sites.’®

The link between the glycan and the protein to whichiit is
to be conjugated can be of virtually infinite variety and
therefore a detailed discussion of different spacer armsis
outside the scope of this review. However certain impor-
tant structural features should be borne in mind. Several
studies have investigated the effect of spacer arm length
upon the affinity of some proteins (e.g., selectins'’ and the
asiaoglycoprotein receptor'®) for glycoconjugates. The
clear consensus result isthat an optimal length is required
that islong enough to allow accessihility but short enough
that the loss of entropy upon binding is not a prohibitive
cost in the binding equilibrium.

11 The need for pure, well-defined glycopro-

teins

Unlikethe biosynthesis of proteinsand nucleic acidsthere
appears to be no associated mechanism for proofreading
and correcting differently glycosylated biomolecules - the
result is mixtures. Therefore, glycoproteins occur natural-
ly in @ number of forms (glycoforms)® that possess the
same peptide backbone, but differ in both the nature and
site  of glycosylation. The different properties
exhibited'®?° by each component within these microheter-
ogeneous mixtures present regulatory difficulties® and
problemsin 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 required abundant sources and exten-
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sive chromatographic separation. Thereisthereforean ur-
gent need for alternative sources of homogenous
glycoproteins. The development of highly successful
small-molecul e carbohydrate containing ligands has often
involved careful structure-activity relationship (SAR) re-
finements.?? 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 gly-
can-protein link early to form glycopeptide building
blocks that may then be assembled. The second is the for-
mation of the link late on in the synthesis once the protein
scaffold for its presentation isin place. Given the instabil-
ity that may be associated with the link?* and the require-
ments for protection that need to be considered in the use
of glycosylated building blocks, it is clear why the latter
has often seemed the most attractive option. Whilst the
construction of the protein-carbohydrate link is the focus
of this review, the importance of a well-defined homoge-
neous source of glycan should not be understated. Thein-
dispensable syntheses of oligosacharides®*?® must
continue hand-in-hand with methods for their conjugation
to proteins and peptides.

2. Glycoprotein synthesis

21

The need for homogenous samples (single glycoforms)
that was outlined above has resulted in great effort in the
field of de novo synthesis of glycoproteins. The linear as-
sembly of glycosylated amino acids, has from the very
first examples, such as the use of N-acetylglucosaminyl
asparagine in the synthesis of a partial sequence of fibro-
blast interferon,?® provided well-defined products. Thus,
the required carbohydrate structure is attached to an ami-
no acid residue (typically serine and threonine for O-
linked glycopeptides and asparagine for N-linked glyco-
peptides). An excellent review of methods for the forma-
tion of the glycosidic link between peptides and glycans
hasvery recently been published.?” Suitably protected, the
glycopeptide is then used as a building block in strategies
that often rely heavily on standard peptide synthesis tech-
niques. That these elegant approaches are still some way
off synthesizing peptides of lengths approaching those of
proteins is a testament to the inherent difficulties of this
approach. Two factors limit the work; firstly the need not
only for extensive carbohydrate protection but also amino
acid protection regimes; and secondly the acid and base
lability of glycosylated amino acid residues.? Indeed, this
feature of glycoproteins has long been exploited to strip
glycans from protein surfaces. The necessary protection
and deprotection regimes, the use of solid phase tech-
nigues, including the introduction of specific linkers, and
coupling methods have all been tailored to be compatible

Glycopeptide assembly

with the presence of carbohydrates. Several excellent
reviews>2%-32 cover these aspects in detail.

A linear strategy in glycopeptide synthesis is more usual
since direct peptide glycosylation is often unsuccessful,
given the variety of functional groups that would be re-
quired to protect a given oligopeptide of any significant
length. However, Lansbury and co-workers have pio-
neered the use of glycosylamines in a convergent ap-
proach to glycopeptide synthesis. For example, HBTU-
mediated coupling of GIcNAc glucosamine with the side
chain aspartate carboxylate in a pentapeptide allowed the
formation of an Asn linked N-acetylglucosaminyl con-
taining glycopeptide (Scheme 1).%® This method was suc-
cessfully extended to peptides containing more complex
glycans such as the high-mannose core of N-linked glyco-
proteins, Mans(GIcNAC),.2 Furthermore, this method has
been expanded to encompass solid-phase bound glycosy-
lamines, which are then coupled to side chain carboxy-
lates in pentapeptides before the peptide chain is further
extended.®

2.2

Whilst the convergent glycosylation of oligopeptides is
successful, it is limited by a lack of suitable functional
groups when applied to proteins. For this reason alterna
tive glycoprotein synthesis techniques have been more
widely applied.?136-38

The use of 2-iminomethoxymethy! thioglycosides® and
reductive amination methods® are still after 20 years the
most frequently used strategies for glycoprotein prepara-
tion. The former may be readily prepared by the action of
methoxide on cyanomethyl thioglycosides that may in
turn be derived from 1-thioaldoses (Scheme 1a). For the
latter, Gray originally modified albumin with lactose
through NaBH;CN-mediated reduction*® (Scheme 1b) al-
though borane may also be used. This method isamenable
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.*? Conjugations through re-
ductive amination are often accompanied by low protein
loading levels, that in some cases are due to steric hin-
drance caused by short spacer arms. In a pragmatic ap-
proach to circumventing this problem, a second hydrazide
spacer arm can be used to extend an existing aldehyde ter-
minated spacer.*® Reaction of the maleimido terminus of
the resulting longer spacer arm with thiols introduced to
the surface of the protein keyhole limpet haemocyanin
(KLH) allowed 5-fold greater loading of the sialyl-Gal-
NAc disaccharide, sTn.

The use of glycosidic aromatic diazonium salts, derived
from the corresponding p-aminoaryl glycosides, as elec-
trophiles to functionalize proteins was first demonstrated
as early as 1929.% They modify a wide range of electron
rich side chains within protein structures, such as those of
aromatic tyrosinyl and tryptophanyl or nucleophilic lysi-
nyl and histidinyl residues (Scheme 1c).** p-Aminoaryl

Chemical glycoprotein synthesis
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Schemel Non-selective Chemical Methods for Protein Glycosylation

glycosides may also be elaborated to phenylisothiocyan-
ates, which react more selectively with amino groups
alone (Scheme 1d).*® A one-pot, two step preparation of
anomeric para-nitroanilide(pNA) pyroglutamates from
unprotected carbohydrates also provides an alternative
route to aromatic isothiocyanates.*® Following glycosy-
lamine formation with the a-amino group of pNA glutam-
ic acid, the side-chain y-carboxylic acid readily reacts
with the resulting secondary amine to give a pyro-
glutamate which may then be elaborated (Scheme 1€).

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-termi-

nus spacer arm carbohydrates.*” The esters were convert-
ed to acyl hydrazides before oxidation with nitrous acid to
give the corresponding acyl azides (Scheme 1f). 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 pro-
teinaceous amines (Scheme 1g).*84° Similarly, carbodiim-
ide chemistry™ and the use of N-carboxyanhydrides® has
also allowed the coupling of adonates and glycosylated
amino acids as sources of glycans bearing carboxylic ac-
ids. Hindsgaul and co-workers have described the use of
diethyl squarate for the coupling of carbohydates bearing
amino-terminus spacer arms to amines in BSA (Scheme
1h).52 2-chloroethyl-1-thioglyosides have also been used
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to indiscriminately alkylate protein amino and hydroxyl
groups.>®

A novel high temperature 'baking’ method has been de-
scribed for the modification of lyophilized proteins with
reducing oligosaccharides.> Remarkably, despite being
heated with the carbohydratein air at 95-120 °C for up to
40 minutes both trypsin and an 1gG antibody survived
with little loss of biological activity. The results of tryptic
digests and conjugate hydrolyses suggest that the mecha
nism of conjugation involves an Amadori rearrangement
with protein lysines which destroys the integrity of the re-
ducing end residue.

Although high levels of functionalization are thus easily
accessible using the above methods, a lack of residue se-
lectivity is often a drawback in the synthesis of well-de-
fined conjugates. In addition, these techniques may alter
the overall charge of the protein or destroy the cyclic na-
ture of glycans introduced.

2.3

Thetwo distinct methods outlined in the two previous sec-
tions are equally available to enzyme-catalyzed tech-
nigques. For example, subtilisin peptidases have been
elegantly used to catalyze the synthesis of glycopep-
tides,>>%® in spite of the fact that the natural specificity of
these enzymes has limited these peptide ligations to those
in which the glycosylated residues are typically at least
one residue distant (P,,P;... or P,',P5'...) from the amide
bond formed. Thus, while ligation of Z-Gly-OBz with H-
Gly-Ser(Ac;GIcNACB)-NH, was successful, no yield of
product was obtained with H-Ser(Ac;GIcNACB)-NH,.

In a rare use of enzymatic glycosylation on the solid
phase, the sL e*-Asn-Phe dipeptide was synthesized using
aminopropyl silica as a support and subsequently cleaved
from aglycine linker by the peptidase chymotrypsin.>” In
this context, it isinteresting to note that the ability of gly-
cosyltransferases to modify glycans on glycopeptides is
greatly influenced by the peptide backbone and the sites
that are glycosylated within it.®® For example, prolines,
negatively charged residues and the presence of a disac-
charide al inhibited the glycosylation of an adjacent
GIcNAc-Thr residue.

Convergent enzyme-catalyzed techniques have proved
more adaptable than linear. One of the very first examples
of the use of glycosyltransferasesin glycoprotein synthe-
sis was demonstrated by Paulson and co-workers who
used a sialyltransferase and CMP-N-Ac-neuraminic acid
to restore 95% of the siadic acids to a fully desialyalted
protein.®® The use of enzymes in glycoproteins synthesis
has recently culminated in the elegant synthesis of asingle
unnatural glycoform of ribonuclease B (RNase-B) 1 using
a series of protease and glycosyltransferase catalyzed re-
actions (Scheme 2).%° Takegawa and co-workers have ap-
plied endoglycosidase mediated transglycosylation to the
same partially deglycosylated RNAse-B 2 in the synthesis
of the MansGIcNACc, glycoprotein 3.5 Interestingly, Na-

Enzymatic glycoprotein synthesis

ture employs a similar mechanism in the case of Trypano-
soma cruz, the protozoon that causes Chagas disease.
This parasite does not synthesize sialic acid, but instead
expresses a transsialidase that catalyzes the transfer of
sidic acid from glycoconjugates found in the host to its
own surface proteins. The resulting sialylated glycopro-
teins are then bound by host sialic acid binding receptors
thereby alowing cellular invasion.®? Enzymatic ap-
proaches have even been used to directly modify cell sur-
face proteins.%® The use of a milk fucosyltransferase that
displays a broad substrate specificity allowed modifica
tion of glycans with fucosyl residues bearing a range of
substituents at C-6.

OH (@)
Q
HOS NH
NHAc
Subtilisin 8397
OH O,
Q
HOo NH
NHAc
2
(i) GalT, UDP-Gal Endo A,
(i) FucT-V, GDP-Fuc i
(iii) SialT, CMP-Sial MangGICNAC;—Asn
O, O,
sLe*—NH MangGIcNAc,-NH
1 3

Scheme2 Enzymatic Synthesis of Glycoforms of Rnase-B

An attractive approach to enzymatic glycoprotein synthe-
sisisto exploit the biosynthetic mechanism for the forma-
tion of the sugar-protein link in N-linked glycoproteins.
The enzymeresponsible, oligosaccharyltransferase, trans-
fersahigh mannose core oligosaccharide from afatty acid
pyrophosphate carrier to the side chain amide of an aspar-
agine (Asn) residue in the consensus sequence Asn-X-
Thr/Ser of the nascent glycoprotein. The use of this en-
zyme in isolated form in glycoprotein synthesis has how-
ever met with only modest success. Whilst transfer of
carbohydrates to a 17-residue peptide containing an un-
usual Asn-Asn-Thr-Ser sequence was possible, direct gly-
can transfer to RNase-A failed.®* Thus, such site-specific
glycosylation of proteins still remains an elusive goal and
as aresult there is till no general enzymatic method for
the synthesis of homogeneous glycoproteins. However,
through the use of enzymes the unification of both the

Synlett 1999, No. 9, 1495-1507 |SSN 0936-5214 © Thieme Stuttgart - New York



1500 B. G. Davis, J. B. Jones

NEW TOOLSIN SYNTHESIS

strategies outlined chemically in Sections 2.1 and 2.2 can
be imagined: enzyme catalyzed peptide ligation to con-
struct a (glyco)protein scaffold, perhaps bearing single
glycan tags, before convergent glycosylation by oligosac-
charyltransferase or glycosyltransferases.

24

In vivo methods, that alter the natural machinery of glyc-
osylation, offer promising opportunities®™ but, as yet, till
lead to heterogeneous products.®® The task is made diffi-
cult by the daunting array of biosynthetic glycosylation
products and thus the corresponding array of pathways
that need to be controlled or adapted. By expressing a par-
ticular glycosyltransferase or glycosidase in one organism
different glycosylation patterns may arise to those found
by expression of the same enzyme in ancther. In thisway
glycosylation patterns may be guided in aparticular direc-
tion. For example, mutant cells lines in which extraglyc-
osyltransferase 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) cdll line resulted in the
increased "misglycosylation” of N-linked glycoproteinsto
give glycans bearing a(2-6)Gal- instead of a(2-3)Gal-
linked sialic acid terminated residues.®’

Theinhibition of enzymesinvolved in the biosynthesis of
glycoproteins offers an alternative way of controlling
their structure. For example, the glycosyltransferase in-
hibitor tunicamycin inhibits the synthesis of the lipid-
linked pyrophosphate oligosaccharide precursor that is
used a glycosyl donor in the formation of N-linked glyco-
proteins.®® The resulting lack of donor prevents formation
of Asn-linked glycans and results in only O-glycosylated
proteins. Less drastic inhibition of later trimming steps
that are mediated by glycosidases can be used to create
smaller than natural ranges of Asn-linked glycoforms
rather than none at al. For example, the use of the glucosi-
dase inhibitor N-butyl deoxynojirimycin resulted in are-
duction in the number of glycoforms of the HIV surface

Molecular and cell biological techniques

@ N

HO 4 PO H,  HQ o
® NN 7 XA, O
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Scheme 3 Selective and Site-Specific Protein Glycosylation Methods

protein gp120 that were produced from more than 100 to
35

The prospects are also good for the glycosylation of larger
biomolecular complexes by taking advantage of the often-
relaxed specificities of biosynthetic pathways. Indeed, the
use of an unnatural N-levulinoylmannosamine as a pre-
cursor simply by feeding it to cells has alowed the intro-
duction of a unique ketone tag into sialic acid residues
found at cell surfaces® This allowed the selective intro-
duction of further glycans through reaction with ami-
nooxy and hydrazide-functionalized carbohydrates to
form imines and hydrazones according to the manner de-
scribed in Section 2.5 (Scheme 3a).”° This strategy issim-
ilar to one previously applied to aldehydes introduced
chemically to cell surfaces.” In a similar manner, neural
cell surfaces have been aso engineered by introducing an
unnatural N-propanoylneuraminic acid precursor.’

25

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. As
Scheme 3aillustrates, Bertozzi and co-workers have em-
ployed the selectivity of galactose oxidase to introduce an
aldehyde tag to the C-6 of aGalNAc residuein the antimi-
crobial 19-residue peptide drosocin.” (This type of strat-
egy has been christened chemoselective ligation and its
application to awide range of bioconjugates has recently
been reviewed.”) This tag was then selectivity reacted
with aminooxy glycosides to introduce further saccha-
rides viathe formation of an imine, in amanner previous-
ly demonstrated for the conjugation of spacer-arm
hydrazides with cell surface aldehydes.”* That this non-
native glycopeptide shows comparable biological activity
to the native form illustrates that certain unnatural linkag-
es can in certain circumstances be tolerated. Unfortunate-
ly, thisapproach still requiresthe linear construction of an
initial glycopeptide and so suffers from the same disad-
vantages of protection and lability outline in section 2.1.

Selective Protein Glycosylation
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However, it does hold the advantage that its application
may be based on other methods for the introduction of a
ketone tag (see Section 2.4). A similar chemoselective li-
gation approach has been applied to glycopeptide synthe-
sis. Both a- and lysine g-amino groups were derivatized
with aminooxyacetyl groups before reaction of the free
amine introduced with reducing sugars. The use of or-
thogonal N-protection also allowed regioselective glyco-
sylation.”™

2.6

In a sense, these selective approaches have avoided the
crux of glycoprotein synthesis - the formation of the car-
bohydrate-protein link - by relying on the presence of an
existing glycan in the protein structure as a tag for reac-
tion. Similarly, the elegant enzymatic methods of Wong
and co-workers and of Takegawa and co-workers de-
scribed in Section 2.3 still require that a protein-N-glycan
link be present from the start as a point of recognition for
the enzymes concerned. As these methods alter one gly-
can structure for another they are therefore better de-
scribed as glycoprotein remodelling (GPR) and they
afford the glycoscientist no choice over the site of glyco-
sylation.

Several methods have been proposed that tackle this cen-
tral issue. 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 albu-
min (BSA) to modify the single free cysteine present
(Scheme 3b)."® Later this method was applied by Dwek to
introduce chitotriose and a heptasaccharide stripped from
the surface of horseradish peroxidaseto BSA.”” Boons has
used dithiopyridyl methodology to make disulfide linked
BSA-N-acetyl-D-glucosamine constructs (Scheme 3c).”

For full control of glycosylation both choice of site (site-
selectivity) and glycan are needed. Recently, using acom-
bined site-directed mutagenesis and chemica modifica-
tion approach we have solved this problem for the first
time.”® &0

Site-Specific Protein Glycosylation

3. Site-Selective Glycosylation Using a Com-
bined Site-Directed M utagenesis and Chemi-
cal M odification Approach

31

This approach provides a general method that allows both
regio- and glycan-specific glycosylation of proteins. This
method is rapid, utilizes reagents that may be prepared in
afacile manner and is unlimited in the scope of sites and
glycansthat may be conjugated. The strategy involvesthe
introduction of cysteine as a chemoselective tag at prese-
lected positions within a given protein and then reaction
of its thiol residue with glycomethanethiosulfonate re-
agents (Scheme 4). Methanethiosulfonate (MTS) reagents
react specifically and quantitatively with thiols®* and al-
low the controlled formation of neutral disulfide linkages.

Site-Selective Glycosylation

HO ﬁ

Cys
TR xfcn

HS \4a—k o)
o Cys
B ey D
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\/\S

a

oY YO oY
YO Q Q
Y&' Yo&/@\/\S
YOO oy
bg > s e

oY oY
&/ X ;
YO Q Q o
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where for b-f: Y = H, g-k: Y = OAc

Scheme4 The Combined Site-Directed Mutagenesis and Chemical
Modification Approach to Site-Selective Glycosylation

Asour vehiclewe haveidentified the representative serine
protease subtilisin Bacillus lentus (SBL). SBL is an ideal
model protein for evaluating the validity of thisstrategy as
it does not contain a natural cysteine and is not naturally
glycosylated. Four SBL sites at different locations and of
different characteristics were selected for mutation to cys-
teine in order to provide a broad test of the glycosylation
methodology. S156 of the S,®-pocket is a surface-ex-
posed residue that permits the introduction of externally-
disposed glycans mirroring those found naturaly in gly-
coproteins.2 In contrast, N62 in the S, pocket, S166 in the
S, pocket, and L217 in the S;’ pocket have side chains
which are internally oriented and tested the applicability
of the method for introducing sugars at hindered loca
tions.

Broad applicability with respect to the sugar moiety was
evaluated by using the representative library of protected
and deprotected, mono- and disaccharide methanethiosul-
fonates4a-k. Two types of glycosylating reagents, the un-
tethered methanethiosulfonate 1a and the ethyl-tethered
methanethiosulfonates 1b-k, were prepared from their
parent carbohydrates in good to excellent yields. The
preparation of these reagentsin fully protected 1a,g-k and
deprotected 1b-f forms allowed the effects of increased
steric bulk and hydrophobicity to be assessed.

The glyco-MTS reagents la-k were reacted with SBL-
N62C, -S156C, -S166C and -L217C in aqueous buffer.®
These reactions were rapid and quantitative, as judged by
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Figurel Precise Glycan Structure-Hydrolytic SARsfor Glycosylated forms of SBL Relative to Unglycosylated Wild-Type (WT) Using suc-
AAPF-pNA at pH 8.6. For each glycan the number of acetate groups present is indicated by a label above the corresponding bar. A value of

zero indicates that the value was not determined.

monitoring changes in specific activity and by titration of
residual free thiols with Ellman’s reagent.® The glycosy-
lated proteins were purified by size-exclusion chromatog-
raphy and dialysis, and their structures were confirmed by
rigorous ES-MS analysis. Each of the glycosylated en-
zymes appeared as a single band on non-denaturing gradi-
ent PAGE, thereby establishing their high purities.
Moreover, through adjustment of pH and appropriate se-
lection of the glycosylation site, we were able to prepare
differently acetylated glycoforms of SBL. We attribute
this valuable site-dependent deacetylation to a novel in-
tramolecular SBL-catalyzed process. In al cases, modifi-
cation with the fully deprotected reagents 1b-f led to site-
specific glycosylations and the formation of single glyco-
forms. These therefore represented the first examples of
homogenous glycoproteins in which both the site of glyc-
osylation and the structure of the glycan introduced had
been predetermined.

32 Precise SARsthrough Site-Selective Glycosy-

lation

This method provides a highly controlled and versatile
route that is virtually unlimited in the scope of the sites
and glycansthat may be conjugated, and opens up hitherto
inaccessible opportunities for the systematic determina-
tion of the properties of glycosylated proteins. This poten-
tial was clearly demonstrated by the determination of
detailed glycan structure-hydrolytic activity relationships
for alibrary of 48 glycosylated forms of SBL .8

The effects of glycosylation upon SBL were assessed by
the determination of k. and K, for the hydrolysis an
amide bond in the standard substrate succinyl-Ala-Ala
Pro-Phe-p-nitroanilide (Suc-AAPF-pNA) at pH 8.6. The

kinetic parameters for the amidase activity of some of the
48 enzymes generated are compared with those of WT
and unmodified mutants in Figure 1. The site-selective
glycosylation method shown in Scheme 4 allowed the in-
troduction of structurally related monosaccharides, D-glu-
cose, D-galactose and D-mannose, in addition to the
disaccharide lactose.

Some clear features emerge from the precise set of struc-
ture-activity relationships that were generated. Subtle
configurational changes in the carbohydrate moiety had a
profound effect upon the catalytic activity of SBL. For ex-
ample, the D-mannosylated enyzme L217C-SEt-a-
Man(Ac), displayed a 5-fold higher amide bond cleaving
catalytic activity than the b-glucosylated enzyme L217C-
SEt-B-Glc(Ac); and illustrates clearly the remarkable ef-
fect of the glycan introduced.

To examine the cause of such interesting variations, the
k.../Kys of acetylated glycosylated CMMswere also com-
pared with those for deprotected glycosylated CMMswith
the same glycan structure and stereochemistry (Figure 2).
This separated the effects of acetylation from the effects
of glycosylation and allowed the underlying effects of
modification to be dissected. It is clear from Figure 2 that
the anomeric stereochemistry of the acetylated glycans
modulates k.,/Ky,. Thus, at positions 62 and 217 acetyla-
tion enhanced the activity of a-glycosylated SBL s but de-
creased that of B-glycosylated. This trend is reversed at
position 166 where, in contrast, acetylation enhanced the
k../Kys of B-glycosylated SBL s but decreased those of -
glycosylated. Consistent with its surface exposed nature
changes at position 156 are more modest, but still allowed
control of activity, particularly through glycosylation with
disaccharide lactose.
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3.3 Using Glycosylation to Tailor the Synthetic
Utility of Enzymes

As part of our ongoing program to tailor the activity of
SBL for use in synthesis,®”-# we screened these enzymes
for activity against the esterase substrate succinyl-Ala-
Ala-Pro-Phe-S-benzyl.®° Gratifyingly, 22 enzymes dis-

played greater than wild type (WT) activity. In particular,
at position 217, in the S;" pocket, all glycosylations in-
creased k.../Ky, up to 8.4-fold greater than WT for L217C-
SBGIc(Ac), - the most active enzyme we have synthesized
using this approach.
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Furthermore, the ratio of amidase to esterase activity,
(Keat/ K esterase I (Keat/ K amidase (E/A), Was increased rela-
tivetowild typefor all 48 glycosylated formsof SBL. The
most dramatic changes were observed at positions 62 and
217 and L217C-SBGlc(Ac); displayed an E/A that was
17.2-fold greater than WT. The high activity of thisglyco-
form was rationalized by molecular modelling analysis,
which suggested that the carbohydrate moiety in this en-
zyme occupiesthe S;’ leaving group pocket and enhances
the rate of deacylation of the acyl-enzyme intermediate.

These glycosylated enzymes are ideal candidates for use
as catalysts in peptide synthesis as they have greatly in-
creased (kcat/KM)esterase and severely reduced (kcat/KM)amidase
and therefore favour the formation of the amide bond over
hydrolysis. In preliminary investigations, these powerful
catalysts have allowed syntheses of dipeptides that were
not possible using the unglycosylated catalyst.*

The extension of this method to the glycosylation of other
synthetically-useful enzymesis now in progress.®

4 Applications of Glycoprotein

The future of carbohydrate science will be honed by the
application of its products; the applications of glycopro-
teins are therefore an important backdrop to this review
and are the context in which their synthesis should rightly
be judged.®** The functions and versatility of glycosylat-
ed biomolecules are, as a consequence of their ability to
transmit sophisticated information, incredibly broad and
the potential applications of glycoproteins are therefore
correspondingly wide. For example, glycoproteins have
been implicated in physiological processes ranging from
receptor mediated endocytosis, protein quality-control,
the interaction and subseguent invasion of pathogens, and
the triggering of effectsthat lead to the release of biomod-
ulators. A thorough understanding of these processes is
essential to their successful exploitation in pharmaceuti-
cal therapies that either block lectin-mediated process
through inhibition or that exploit this binding to target de-
signed 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 in-
herent flaws associated with carbohydrate therapeutics.*®

4.1 Probing protein activity, function and mech-

anism

In addition to their critical role in communication events,
glycosylated proteins have long been known to have
greater resistance to thermolysis and proteolysis.®” A
much lesswidely explored aspect, which we have aready
illustrated (Section 3.2, 3.3) isthe use of glycosylated en-
zymes as tailor-made catalysts. Other examples include
carbohydrate-protease conjugates, which show greater
stabilities at high temperatures® and in organic sol-
vents,®"% and aso catalyze high yielding peptide synthe-

ses.® RNase-A which has been mono- and di-
glycosylated by EDC-mediated coupling of D-glu-
cosamine to carboxylates at Asp 53 and Glu 49 displays
lower catalytic activity but greatly enhanced thermal sta-
bility.1%

An interesting aspect of N-linked protein glycosylation is
itsrolein the "quality control" of proteinsthat are formed
during tranglation. Without correct glycosylation many
proteins fail properly to fold. This suggests a novel role
for added glycans as indicators of correct protein struc-
ture. In N-linked glycoprotein biosynthesis a 14-residue
oligosaccharide core is added as a first step and then
trimmed down to size. It has been suggested that, if na-
scent protein fails to fold properly, these glycans are in-
correctly displayed and cannot be processed in these
trimming steps, leading to rejection and degradation.
Therefore, these apparently superfluous trimming steps
may not simply be a means to glycan structure but steps
along a "quality controlled" protein production line.® It
has also been suggested that glycans aid the folding and
transport of proteins by protecting them from proteolysis.’

In agueous solution aturn is induced in a SY SPTSPSY S
segment of the C-terminal domain of RNA polymerase 11
when the threonine side chain is N-acetyl-D-glucosaminy-
lated, whereas the corresponding non-glycosylated pep-
tide adopts a randomly-coiled structure.’®* This striking
difference in structure in agueous solution is a clear indi-
cation of theimportance of glycosylation, even by asingle
saccharide, upon loca peptidic structure and opens the
door to a host of such crucial structural subtletiesin glyc-
osylated proteins. Moreover, this result tallies well with
recent suggestionsthat reversible glycosylation of thissite
might act as a regulatory mechanism for the control of
transcription akin to phosphorylation.1%?

Glycoproteins which act as antifreeze in the serum of
deep-seafish allow them to be survive at temperatures as
low as -2 °C. Their ability to lower freezing point is not
proportional to concentration and is not accompanied by
altered melting points. This non-colligative effect is
thought to arise from a mechanism that inhibitsice nucle-
ation and crystal growth. Oligomeric glycopeptide ana
logues of such proteins have been prepared and show
significant antifreeze properties.1®

4.2

The specificity of the hepatic asialoglycoprotein Gal/Gal-
Nac-specific receptor'® has been widely exploited for liv-
er targetting and in many cases has been the model for
targetted drug delivery® and gene delivery®®% thera-
pies. For example, covalent attachment of drugs through
various degradable linkers to lactosaminylated and galac-
tosylated human serum albumin has allowed the targetted
delivery of anti-inflammatory agents, such as Naprox-
en,181% and anti-virals, such as arabanoside-AMP,1°
which are absorbed into hepatic cells through receptor-
mediated endocytosis.'*! Furthermore, the immunogenic-

Drug delivery
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ities of such glycoproteins are low if prepared with a high
degree of homogeneity.1%

4.3

Helicobacter pylori are the bacteria that cause gastric ul-
cers. They attach themselvesto gut cells by binding to ex-
tracellular sialylated glycoproteins. This adhesion has
been effectively inhibited, as part of an anti-ulceritic strat-
egy, by abumin glycosylated with 3-sialyllactosyl resi-
dues.’? It isinteresting to think that the array of sialylated
conjugatesin human milk might servethe same anti-adhe-
sive function as these synthetic glycoconjugates and once
again highlights the importance of studying Nature's tac-
tics as models for our own.

Anti-infectives

4.4

Theuse of complex oligosaccharides as haptensfor thein-
duction of antibodies has arich history dating back to the
discovery in 1929 that oligosaccharides may be rendered
immunogenic through their attachment to proteins '3!3
Asearly as 1936 their use as a strategy to combat pneumo-
cocci was described.’* However, until the 1970's this
work was limited by the often-minute amounts of oli-
gosaccharides available from natural sources. Inaseminal
series of four papersin 1975,* Lemieux and co-workers
completed the total synthesis of the Lewis-a (L€?) trisac-
charide using newly developed glycosidation techniques
and conjugated it to BSA using the acyl azide method (see
section 4.2) which they developed for the purpose.

As an approach to a potential anticancer vaccine, Dan-
ishefsky and co-workers have used reductive amination to
construct a hexasaccharide-keyhole limpet haemocyanin
(KLH) protein conjugate, at an approximate ratio of sugar
. protein of 150:1. The hexasaccharide moiety, termed
globo H, which was constructed using glycal methodolo-
gy, was originally isolated from a glycoceramide associ-
ated 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 mon-
oclonal antibodies raised against cancerous cells.!*> Other
potential anticancer vaccines have been reported based on
other tumour-associated epitopes,*® such asthe sialyl-Tn
motif; which as a KLH-conjugate has shown promisingly
higher survival ratesin clinical trials.*’

T-cells mediate intercellular immune responses and are
particularly useful as they allow even infants under the
age of two to be effectively vaccinated. Whilst oligosac-
charides alone do not typically elicit T-cell responses, the
discovery™® that glycopeptides do, has allowed immune
responses to sugars to be probed systematically. The re-
cent developments in the synthesis of more complex gly-
cans bound to peptides and proteins in a site-specific
manner described in this review should allow these as-
pects to be probed in ever-greater detail in the future.

Vaccines

4.5

The approaches used to target drugs described in section
4.2 may also be used to target physiologicaly beneficia
enzymes. For example, the mannosylation of enzymes has
allowed the targetting of enzymes to particular diseased
cells. Replacement B-glucocerebrosidase, an enzyme
which is lacking in Gaucher disease,**° and the beneficial
anti-oxidant effects of superoxide dismutase (SOD)%°
have both been directed to macrophages. SOD has aso
been conjugated with sodium hyaluronate, a polymer of
the dimeric motif GIcNAc-glucuronic acid. This com-
bined the ability of SOD to catalyze superoxide anion de-
composition with the hydroxyl radical scavenging
capacity of hyaluronate in a potentially dual-action anti-
inflammatory.2!

Novel analytica techniques have aso utilized glycopro-
teins. For example, layer-by-layer deposition of a man-
nose-specific lectin and mannosylated enzymes (glucose
oxidase and lactate oxidase) on a platinum surface a-
lowed the preparation of a sensitive active-enzyme elec-
trode.’?

Other therapeutic strategies and uses

5. Futuredirections

The work described in this review shows that the glycosy-
lation of enzymes allows the development of novel syn-
thetic catalysts. The ability of such site-selective
glycosylation methods to glycosylate the binding pockets
of synthetically useful enzymes also creates further op-
portunities to broaden substrate specificity. For instance,
such an array of hydrogen bonding hydroxyl groups may
enhance the specificity of peptidases towards hydrogen
bonding substrates such as glycosylated amino acids and
overcome some of the shortcomings of existing enzyme-
catalyzed glycopeptide formation.5>%6

Finally, in order that the application of glycoconjugatesin
therapeutic strategies becomes more widespread certain
features must be addressed. Any of the glycoprotein struc-
tures described above represent potential sources of im-
munogenicity and hence much attention has been paid to
the development of biocompatible polymers as aterna-
tives. By building on the advances of glycoprotein appli-
cations, certain large (> 100kDa) biocompatible
polymers, may offer al the advantages of glycoproteins
but with reduced immunogenicity.'? Unfortunately many
glycoproteins are also poorly characterized and so future
efforts must also focus on homogeneity as a goal. In this
context, the precision and rigour of synthetic chemistry
has a crucia role to play. Collaborations between those
making glycoproteins and those applying them will no
longer be viewed as multi- or inter-disciplinary - they are
part of anew unified discipline intent on making exciting,
well-defined molecules with enormous potential for the
treatment of disease, the eucidation of biochemical and
physiologica mechanisms, and as powerful finely-tuned
catalysts.
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