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Enzymes for Glycoprotein Synthesis

Chi-Huey Wong*

Abstract: More than 90% of human proteins are glycosylated and since protein glycosylation is understood to
play a role in folding, trafficking, stability, immunogenicity, and function there is a need to generate pure protein
glycoforms. Pure single protein glycoforms are difficult to obtain because the cellular machinary produces com-
plex mixtures for any given protein. In this article an overview is given of various approaches used to generate
specific single glycoforms of proteins, studies of the role of glycosylation in protein stability and function, and the
imaging and identification of new glycoproteins related to cancer.
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Introduction

A major challenge in the study of glyco-
proteins is to characterize the effects of
glycans on glycoprotein folding and func-
tion, in pure form. Pure, single protein
glycoforms are difficult to obtain, since
the cellular machinery produces complex
mixtures of glycoforms for any given pro-
tein. Given that more than 90% of human
proteins are glycosylated and protein gly-
cosylation is understood to play a role in
folding, trafficking, stability, immunoge-
nicity, and function,!!-8! there is a need for
methods of generating pure protein glyco-
forms. To date, biophysical, structural, and
functional characterizations have gener-
ally been limited to mixed populations of
inseparable glycoforms which have been
compared to deglycosylated protein which
was either enzymatically treated to remove
all glycans, expressed in a bacterial host
which lacks the protein glycosylation ma-
chinery found in eukaryotes, treated with
glycosidase inhibitors during expression,
or mutated to remove specific glycosyla-
tion sites.[%-11]
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Due to the importance of this prob-
lem, several approaches have been taken
towards generating specific single glyco-
forms of proteins. An early approach was
in vitro enzymatic remodeling of native
glycoprotein mixtures with a combination
of glycosidases to trim outer saccharides,
and glycosyltransferases to rebuild new
glycan structures.l'2-141 While conceptu-
ally simple, this approach is difficult in
practice because it requires each enzy-
matic step to go to completion in order
to obtain single glycoforms. If individual
steps do not reach 100% yield, the result
will be a mixture of glycoforms that is
similar in complexity to the native mix-
ture. A new approach, developed collab-
oratively between the Wong and Schultz
labs, takes advantage of bacterial expres-
sion of protein with incorporation of an
unnatural glycosyl amino acid.!!3-16] This
could be followed by in vitro enzymatic
elaboration of the glycan to produce de-
sired structures. Improvements in yield
are needed to make this process practical,
and once again the need for several enzy-
matic steps to convert the initial monosac-
charide to a full-length complex glycan
would lead to glycoform mixtures unless
each enzymatic step goes to completion.
In addition, it is difficult to incorporate
more than one glycosyl amino acid into
a protein using this method. A more con-
vergent route toward fully elaborated gly-
cans, with fewer individual steps, is nec-
essary to prevent this problem.

Another approach that holds great
promise is engineering of production or-
ganisms, such as yeast, to attach specified
N-linked glycans in pure form to proteins
that they are overexpressing.'’-191 The
significant commercial potential of this
approach for biopharmaceuticals is exem-
plified by the 2006 purchase of GlycoFi,
a company developing this technology,
by Merck. While the yeast engineering
approach is promising for production of

single glycoform biopharmaceuticals bear-
ing specific human glycans, it is not ideal
for production of O-linked glycoproteins
and analogues for biochemical research,
since any modification of a specific gly-
can would require re-engineering of a new
yeast strain. For this purpose, a modular
chemical approach in which different gly-
cans can be swapped out to make a series
of related glycoforms using the same set of
reactions, is more attractive.

Since the initial report of native chemi-
cal ligation (NCL),[201 many advances to-
wards total chemical synthesis of proteins
have been achieved.?!-28] These methods
have been applied to answer basic ques-
tions in protein folding and function,
which were otherwise difficult to answer
with expressed proteins containing native
sequences and naturally occurring amino
acids.[29-311 Earlier versions of NCL were
limited by the requirement for cysteine at
the ligation junction, as well as a strong
dependence on peptide sequence at the
ligation junction, primarily due to steric
influence on ligation yield. The invention
of removable thiol auxiliaries?7-32-35] has
expanded the sequence repertoire that is
accessible to NCL, and recently the new
methods have been applied to synthesis of
full-length glycoproteins!3¢! or fragments
thereof.[37-381 However, ligation junction
sequence dependence remains a serious
issue, as these auxiliary-based systems
rely on an amine that is less nucleophilic
and more hindered than a native peptide’s
N-terminal primary amine. Thus, these li-
gations are generally slower and proceed
in lower yields, and with more racemiza-
tion, than traditional cysteine-based NCL
ligations. A recent approach to NCL is ex-
pression of N-terminal cysteine containing
protein fragments, with subsequent native
chemical ligation (NCL) of glycopep-
tide thioesters. TEV protease specifically
cleaves its target sequence to produce an
N-terminal cysteine. This approach was
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used to assemble N-linked glycosylated
IL-2.04

Sugar Assisted Glycopeptide
Ligation

In 2006 our lab reported that a native
N-linked or O-linked saccharide attached to
asparagine or serine/threonine, respectively,
when appended with a thiol handle, was an
excellent auxiliary for promoting ligation
with a peptide thioester, in what we call
sugar-assisted ligation (SAL) (Fig.1).39-411

In SAL, the ultimate nucleophile is a
primary amine, as is the case for NCL (Fig.
1). It is therefore more reactive than auxil-
iaries attached directly to the nucleophilic
amine, as shown in Fig. 2. The convergent
nature and high efficiency of SAL, as well
as the improvements to the original method
which are outlined below, make it a prom-
ising technique for practical synthesis of
homogenous glycoproteins. The scope
and limitations of the first generation SAL
reaction were determined on peptide sub-
strates,[39401 with a Gly-Gly junction being
the fastest, Ala-Gly half as rapid, and Val-
Gly an order of magnitude slower. Isolated
yields for slower reactions are lower, due
to the competing thioester hydrolysis reac-
tion. Therefore, sterically hindered junc-
tions such as Ala-Val are not practical
from a synthetic standpoint: although the
desired product can be detected, yields are
poor. One of the goals of subsequent ef-
forts has been to improve ligation rates for
these difficult junctions, and/or suppress
the competing hydrolysis reaction.

One of the limitations of SAL and oth-
er thiol auxiliary-based approaches is the
need to remove the thiol function to obtain
fully native protein or glycoprotein. When
additional cysteine residues are present
in the protein, the thiol auxiliary must be
removed selectively using reductive de-
sulfurization, with orthogonal protection
of internal cysteine residues. We recently
reported a shorter alternative route, the
second generation SAL.[*21 The thiolacetic
acid moiety was shifted from the 2-posi-
tion of glucosamine to the 3-position, and
was connected through an ester rather than
an amide linkage. Thus, after ligation, the
thiol auxiliary could be removed by mild
hydrazinolysis rather than desulfurization
(Fig. 3).

Through efforts to suppress compet-
ing thioester hydrolysis rates when faced
with difficult ligation junctions, a mixed
aqueous/organic solvent system was dis-
covered, which allowed slow ligations
to reach synthetically useful yields. The
solvent consists of 4:1 by volume N-
methylpyrrolidinone (NMP) to standard
aqueous ligation buffer, containing 6M
guanidinium chloride as denaturant. Using

Native chemical ligation

Peptide 2

{ Transthicesterification
\Y@,
J 3N acyl transfer

Folding

Peptide 1

Sugar-assisted ligation

Fig. 1. Comparison of proposed mechanisms for the original native
chemical ligation (NCL) and sugar-assisted ligation (SAL). In NCL,

an obligatory N-terminal cysteine residue of peptide 2 undergoes a
transthioesterification reaction with a C-terminal thioester of peptide 1.
A subsequent intramolecular S-N acyl transfer results in peptide bond

formation. In SAL, a thiol auxiliary that plays the role of cysteine in NCL
is appended from an asparagine-linked carbohydrate. After acyl transfer
to form the native glycopeptide, the thiol can be reduced to provide the

native N-acetylglucosamine residue. In SAL, the N-terminal residue is

not limited to cysteine.

H
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Fig. 2. Comparison of thioester intermediates in peptide ligations
mediated by aryl thiol auxiliaries (i.e. ref. [27]), and SAL. The ultimate
amine nucleophile in the former case is an o-branched (except for
glycine) benzylic secondary amine which suffers considerable steric
hindrance. In the case of SAL, it is a peptide N-terminal primary amine,
as found in NCL. While the transition state ring size for intramolecular
S-N acyl transfer is larger for SAL, ligation rate and sequence tolerance
at the ligation junction remains comparable to other ligation methods.

these conditions, it was found that ligation
occurred even when the thiol auxiliary was
further removed from the ligation site (ex-
tended SAL).[“2431 Extended SAL greatly
increased the junction sequence repertoire
that is accessible to ligation. If the amino
acids neighboring the sugar residue were
difficult to ligate due to steric bulk, the
ligation site could be moved over one or
more residues until a satisfactory junction
was found (Fig. 4).

The hydrolysis-suppressing mixed
solvent system was found to enable direct
bimolecular coupling of peptide thioesters
with peptide N-terminal amines, in the ab-
sence of a thiol auxiliary or cysteine resi-
due.*4 The direct bimolecular aminolysis
has an obvious limitation relative to thiol

exchange-based intramolecular ligations,
because it is much more concentration-
dependent. As peptide substrates become
larger, it becomes more difficult to achieve
productive concentrations. Therefore, this
method may be limited to smaller peptide
and glycopeptide targets rather than full-
length glycoproteins. An additional caveat
is the requirement of protecting groups for
lysine residues. If left unprotected, pep-
tides containing lysines would produce
a mixture of desired peptide product and
isomeric material acylated at the lysine
side chain amine. Despite these techni-
cal limitations, we were encouraged by
the successful synthesis of a MUCI tan-
dem repeat consisting of 60 amino acids
and six glycans by the direct bimolecular
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Fig. 4. Extended SAL. In comparison to the original SAL reaction, the
thiol auxiliary-appended sugar is two amino acid residues removed
from the ligation junction rather than one. This allows for synthesis

of glycopeptide sequences in which the residues adjacent to the
glycosylation site are poor substrates (i.e. valine, as shown). The range
of sequences amenable to SAL is greatly expanded by the ability to skip

Fig. 3. Second-
generation SAL,
with the thiolacetic
acid auxiliary linked
as an ester to the
3-position of GIcNAc,
and subsequent
mild hydrazinolysis
to generate native
glycopeptides
containing internal
cysteine residues.

over difficult amino acid residues.

aminolysis reaction (Fig. 5). The presence
of glycans improves the solubility of the
peptide substrates, and may allow for ef-
ficient ligation of larger fragments than
would have been expected under these
conditions.

When the sugar-bound thiol auxiliary
was four, five, or six amino acids removed
from the ligation junction, the transition
states for the proposed intramolecular
acyl transfers in these cases are >20-mem-
bered rings, and the relative rates of these
super-extended SAL reactions are similar
to those of direct aminolysis reactions at
similar concentrations. However, ligation
rates for single extended SAL reactions
(as in Fig. 4) are faster than direct amin-
olysis rates, and comparable to those of
the original SAL reaction. Therefore we
believe in these cases the sugar-bound thi-
ol auxiliary is participating in the reaction
mechanism. As previously mentioned,
direct aminolysis reactions are likely to
be limited in utility to glycopeptides and
smaller glycoproteins because they are
bimolecular and therefore concentration-
dependent. However, the single extended
SAL, in which the auxiliary is two amino
acids removed from the ligation junction,

should be useful for synthesis of larger
targets in analogy to NCL and SAL. The
scope and limitations of the methods
described here were explored on small
peptide substrates for the sake of ease
of synthesis, since a large number of se-
quences had to be prepared to fully ex-
plore sequence dependence. The goal of
developing these methods, however, is to
enable chemical synthesis of full-length
homogenous glycoproteins, not just gly-
copeptides. As a proof of principle, the
original SAL method was applied to the
synthesis of a naturally occurring glyco-
protein, diptericin, an antimicrobial pro-
tein from Drosophila which consists of 82
amino acids, including two o-linked N-
acetylgalactosaminyl (GalNac) threonine
residues at positions 10 and 54, and no
cysteine residues. This simple model gly-
coprotein has been synthesized by NCL
in the past (with subsequent conversion of
the non-native cysteine to alanine). There-
fore this target is useful for gauging the
efficiency of SAL in comparison to earlier
methods. The synthetic approach toward
diptericin is illustrated in Fig. 6.

The C-terminal 30mer peptide bear-
ing the SAL auxiliary was synthesized

by standard Fmoc-based solid-phase pep-
tide synthesis. The central 16mer peptide
thioester was prepared by standard Boc-
based solid-phase methods. The native
alanine 37 of diptericin was temporarily
mutated to cysteine for subsequent use in
NCL, and synthesized in protected form.
As previously suggested by model pep-
tide studies, the Gly-Val ligation junc-
tion at amino acids 52-53 was amenable
to sugar-assisted ligation, resulting in
formation of the 37-82 fragment which
was deprotected with mercuric acetate to
unmask the N-terminal cysteine residue.
The C-terminal glycopeptide thioester
was synthesized by Fmoc-based solid-
phase synthesis via a side-chain anchor-
ing strategy,!*-46 using p-methoxybenzyl
ethers to orthogonally protect the sugar
hydroxyls instead of the traditional ac-
etate esters. Traditional NCL proceeded
smoothly, and was followed by desulfur-
ization to concomitantly remove the sugar
thiol auxiliary and mutate Cys37 back to
the native alanine. Thus, using a combina-
tion of ligation methods (NCL and SAL)
and suitable protecting group manipula-
tions, a highly convergent route to a native
glycoprotein was achieved.

All thiol-based ligation methods, in-
cluding NCL and SAL, require access
to peptide thioesters. As larger and more
complex glycoproteins become targets for
synthesis, the technical challenges of pre-
paring large, complex peptide thioesters
become more limiting. Therefore, devel-
opment of high-yielding, racemization-
free methods for solid-phase synthesis
of these key intermediates has been an
area of intensive research.*-301 Our ap-
proachl#¢l relies on side-chain anchoring
of the growing peptide rather than the
traditional C-terminal anchoring, to al-
low for synthesis by Fmoc methodology.
This approach was first demonstrated for
synthesis of peptide thioesters by Wang
and Miranda,!*3! through linkage to either
asparagine or glutamine. We developed
new linkage strategies to extend the ap-
plicability of the method, which uses a
C-terminal allyl ester as an orthogonally
protected precursor for subsequent gen-
eration of the thioester on-resin. Peptide
thioesters were successfully prepared
through side-chain linkages to Asp, Glu,
Ser, Thr, Tyr, and Cys, greatly expanding
the range of sequences that were amena-
ble to solid-phase Fmoc synthesis of cor-
responding peptide thioesters. The chem-
istry was shown to tolerate the presence of
glycosyl amino acids in the peptide. The
utility of the side-chain anchoring strat-
egy was demonstrated by synthesis of a
28mer glycopeptide thioester, which was
subsequently ligated by NCL to a N-ter-
minal cysteine-containing glycopeptide to
produce a 40mer N-terminal fragment of
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is associated with cancer, and these glycopeptides may be candidates for cancer vaccine
development.
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Fig. 6. Synthetic approach to SAL-mediated synthesis of diptericin, an 82-amino acid
glycoprotein. Two peptide ligation disconnections were designed. The first was a sugar-assisted
ligation between the C-terminal 30-amino acid peptide containing a a-linked GalNAc bearing the
thiol auxiliary, and a central 16mer thioester, bearing a protected cysteine at the N-terminal. After
cysteine deprotection, the second ligation, via traditional NCL, was effected between the resultant
46mer glycopeptide and a 36mer glycopeptide thioester. Desulfurization concomitantly generated
the native GalNAc and converted the cysteine used in the NCL reaction into the native alanine
residue found in diptericin.

erythropoietin, containing two N-linked
glycosylation sites (Fig. 7).

The methods described thus far have
been shown to be amenable to synthesis
of glycopeptides and proteins containing
monosaccharides attached through amino
acid side chains. Naturally occurring gly-
coproteins contain a range of more complex
glycans. We set out to investigate whether
SAL could be performed with extended,
native glycan structures rather than just
monosaccharides, since the method would
be most valuable if it could be applied to
convergent synthesis of native glycopro-
teins, rather than just truncated variants.[!l
A series of glycopeptides were synthesized
by a combination of solid-phase peptide
synthesis and enzymatic glycosylation to
systematically assess the effect of extended
glycan structures on SAL within the same
peptide sequence context (Fig. 8). Notably,
the presence of a free thiol auxiliary on the
first GIcNAc does not interfere with enzy-
matic transfer by any of the glycosyltrans-
ferases that were tested.

SAL-mediated ligations with the pep-
tides bearing extended glycans on the
4-postion proceeded in comparable yields
to those performed with monosaccharides
(Fig. 9). Glycosylation at both the 4- and
3-positions (Sialyl Lewis X), however,
prevented ligation from proceeding, most
likely due to steric occlusion of the thiol
auxiliary by the neighboring fucose. Fuco-
sylation at the 6-position did not prevent
ligation from occurring, however. Glyco-
sylation at the 3-position appears to be the
only modification that prevents SAL from
occurring.

In addition to building up oligosaccha-
rides one sugar at a time with glycosyltrans-
ferases, endoglycosidases have proven to
be useful tools for block transfer of certain
oligosaccharides when used in the reverse
(synthetic) direction with oligosaccharides
activated as oxazoline derivatives.[52-561 We
took advantage of this elegant methodol-
ogy developed by Wang and coworkers,
to synthesize and ligate a peptide contain-
ing the core trisaccharide common to all
N-linked glycans, Man-B-1,4-GlcNAc-J3-
1,4-GlcNAc-B-Asn (Fig. 10).

The various synthetic methods de-
scribed above were developed to address a
range of challenges in chemical synthesis
of glycoproteins. It remains to apply the
methods to preparation of single glyco-
forms of therapeutically important targets.
If successful, it will allow us to probe the
role of glycosylation in protein stability
and function with pure samples rather than
mixtures. These efforts will lead to discov-
ery of optimal glycoforms with respect to a
number of therapeutic parameters, includ-
ing biological half life, potency, and im-
munogenicity.
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Fig. 8. Synthesis of glycopeptide substrates for SAL experiments with extended glycans. A series
of pentapeptides was synthesized on solid phase bearing a thiolacetate on the O-linked GIcNAc
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Fig. 7. Synthesis of a 40mer N-terminal
glycopeptide domain of erythropoietin (EPO)
using a new side-chain anchoring strategy

for Fmoc-based solid-phase synthesis of a
28mer glycopeptide thioester. The growing
peptide was linked through the side chain of a
C-terminal threonine, protected orthogonally
as an allyl ester. After assembly of the 27mer
glycopeptide chain, the allyl ester was
deprotected and coupled on-resin to a glycine
thioester made in solution. After acidic resin
cleavage/side chain deprotection, the resulting
glycopeptide thioester was ligated by NCL to
a 12mer glycopeptide made by standard solid
phase methods.

Study of Glycosylation of Human
CD2 Folding

The technical challenges for prepara-
tion of single glycoforms for biochemical
characterization have opened the door to
recent computational efforts to dissect the
role of glycosylation in protein stability
and function.57] With improved methods
for chemical synthesis of single glyco-
forms, experimental validation of the com-
putational results will be possible.

The cell adhesion and signaling mol-
ecule CD2, which is expressed on T-lym-
phocytes and natural killer cells, has been
extensively studied as a model for the role
of glycosylation in protein folding and
function.?! The functional 105 amino acid
extracellular adhesion domain bears a sin-
gle glycosylation site at Asn65 in the hu-
man homolog. While the glycosylation site
is unique to the human protein (hCD2)[58]
(there is no glycosylation site in the rat
homolog, for instance), it is essential not
only for functional binding to the counter-
receptor hCDS58, but is in fact essential
for proper folding of the extracellular ad-
hesion domain of hCD2. Since the study
of effects on stability and function can be
reduced to a single glycosylation site, this
system is attractive for molecular-level
analysis of the origin of stabilization aris-
ing from protein glycosylation. However,
despite being a relatively simple glyco-
protein, a limited number of variants have
been accessible with existing technologies,
and even fewer variants can be obtained in
pure form. Wagner and collaborators stud-
ied the role of the single glycan on function
and folding of the extracellular adhesion
domain hCD2ad by NMR spectroscopy.!
The material used in their study was ex-
pressed in Chinese hamster ovary cell
culture as a mixture of high-mannose gly-
coforms Man, -GIcNAc,-Asn. Samples
were enzymatically treated with PNGase
F to remove the entire glycan, or with
endoglycosidase H to reduce the glycan
to a single GIcNAc. Thus, studies were
performed on a mixture of high-mannose
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Fig. 9. SAL reactions
with extended glycans.
Elaboration of the
thiol-containing glycan
at the 4-position to

a disaccharide or
trisaccharide did not
adversely affect the
isolated yields of SAL
products. Fucosylation
at the 3-position did
prevent ligation from
occurring, however.
Fucosylation at the
6-position slowed the
reaction relative to

the monosaccharide,
although an isolated
yield of 44% was
obtained for a Gly-Gly
junction in this case.

Fig. 10.
Endoglycosidase-
mediated transfer

of a disaccharide
oxazoline to thiol
auxiliary-containing
glycopeptide, and
sugar-assisted
ligation of the
resulting glycopeptide
containing the
common trisaccharide
core of all N-linked
glycans.

glycoforms, deglycosylated hCD2ad, and
a single monosaccharide truncated variant.
Existing glycan remodeling methods did
not allow for ready access to other glyco-
forms, such as complex oligosaccharides
or partially truncated variants.

With this set of CD2 variants, it was
determined that the glycan was essential

for binding to CD58, although it does not
make direct contacts with the counter-
receptor. It is also essential for proper
folding. The de-glycosylated variant was
unstable and tended to aggregate. The rat
sequence, which is stable and functional in
the absence of any glycan, has additional
compensating amino acid mutations to sta-

bilize the protein. Further analysis showed
much of the glycan was more highly or-
dered than it would be in the free oligo-
saccharide, as were the neighboring amino
acids of the polypeptide. An extensive
network of contacts was deduced between
glycan and polypeptide, especially to the
first two GlcNAc residues (Fig. 11). The
mannose residues were less well ordered,
although the presence of mixtures at these
positions likely complicated the analysis.
The importance of contacts with the first
GIcNAc residue was further supported
by characterization of the Endo H-treated
variant bearing only the single GIcNAc at
Asn65. Unlike the fully deglycosylated
variant, this one was stably folded, exhib-
ited a comparable CD spectrum relative
to the high-mannose mixture of variants,
and functionally bound to CD58 and anti-
C2 antibodies, albeit with poorer affinity.
These studies suggested a key role of the
N-linked glycan in folding and function of
CD2ad, and began to dissect the relative
contributions of specific sugar moieties.
However, the limited and heterogenous
data set prohibited more detailed charac-
terization.

We have been interested in generating
a more extensive library of glycosylated
variants of hCD2ad, to further dissect the
role of each carbohydrate residue in fold-
ing, and also in stability and function. The
roles in folding and function may be sepa-
rated in vivo, and modulated by different
sugars, since different glycosylation pat-
terns are present during folding and pro-
cessing in the Golgi (high-mannose type)
and in the mature, functional secreted pro-
tein (usually complex type in mammals).[60]
Some glycan variants can be accessed
through enzymatic remodeling of ex-
pressed mixtures of glycoforms, others can
only be accessed practically by chemical
synthesis. The conserved oligomannose
saccharide structure that is initially block
transferred to all N-linked glycosylation
sites is shown in Fig. 12. The outer three
glucose residues are involved in calnexin/
calreticulin (CNX/CRT)-assisted folding
and ER-associated degradation (ERAD)
of misfolded proteins, and are removed
early in the maturation cycle of newly syn-
thesized glycoproteins.[% Likewise, outer
mannose residues on the B and C arms are
frequently trimmed in mammals, to be re-
placed by other sugars in hybrid and com-
plex type glycans. However, the core Man,
GlcNAc, (paucimannose) pentasaccharlde
is conserved and common to all N-linked
glycans, and is most likely to play the key
role in N-linked glycan effects on glyco-
protein folding, stability, and function.

Using a combination of different ex-
pression hosts and enzymatic remodeling
techniques, we have generated a more ex-
tensive library of hCD2ad glycoforms, al-
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Fig. 11. Structure of the extracellular domain
of hCD25% showing stabilizing contacts with
neighboring amino acid residues. Although
structural and biochemical studies have
suggested the primary role of the single
N-linked glycan in CD2 folding and function,
access to only a limited set of glycan variants
has prevented a detailed molecular analysis of
the roles of individual saccharides.

beit still as mixtures of related structures.
Specifically, variants were expressed in E.
coli, HEK 293 cells (human kidney cell
line), and SF9 insect cell line to generate
unglycosylated, mixed complex and hy-
brid, and pauci- and high-mannosylated
glycoform mixtures, respectively. Enzy-
matic remodeling of these mixtures with
mannosidase or endoglycosidase produced
further mixtures of truncated variants (Fig.
13).1611 These sets of glycoform mixtures
were then analyzed with respect to fold-
ing kinetics and energetics, using stopped-
flow fluorescence spectroscopy. Refold-
ing of urea-denatured glycoprotein and
unfolding of glycoprotein in buffer upon
mixing with urea were monitored by the
intrinsic fluorescence of tryptophan. Mo-
noexponential folding and unfolding kinet-
ics in these glycoform mixtures suggested
that partial glycan heterogeneity did not
appreciably complicate the experiments,
and it was possible to draw a number of
conclusions based on comparison of these
samples. However, we expect with access
to pure single glycoforms by chemical
synthesis, including those bearing glycans
not accessible by expression and/or enzy-
matic remodeling, a clearer picture will be
achieved. Availability of pure glycoforms
of the hCD2ad will also facilitate more
detailed structural studies by both X-ray
crystallography and NMR spectroscopy.
Results of folding experiments showed
that the deglycosylated human sequence
was not properly folded under standard
conditions, as expected based on previous
reports. It could be induced to fold by ad-
dition of the osmolyte proline, however. In
contrast, all glycosylated variants, whether
truncated or extended, were able to fold
into a similar stable structure, with similar
kinetic parameters. It was concluded that
the glycans provided both a kinetic contri-
bution (increased folding rate) and a ther-

@-=calc

. = GIcNAc

QO = Man

~N-X-S/Tr
N-glycosylation sequon

Fig. 12. Schematic

of the structure of

the evolutionarily
conserved N-linked
oligosaccharide that is
initially transferred to
nascent glycoproteins.
Glucose residues

I-n are enzymatically
clipped early in

the maturation
process, and a linear
combination of
mannose residues

f-k may be retained,
removed, replaced,

or appended to
generate a complex
mixture of glycoforms.
The paucimannose
core a-e, containing
the asparagine-

linked chitobiose
disaccharide, is
conserved, and is most
likely to be important
in N-glycan mediated
effects on glycoprotein
structure and function.

High-mannose (Man5-9)

Chitobiose
Paucimannose

modynamic one (stabilization of the folded
state). Comparison of glycoform samples
3-7 suggested that all of the hastening
of folding component resides in the first
GlcNAc residue, since rates of all samples
were similar. A total of 3 kcal/mol of ther-
modynamic stabilization was dissected to
arise from the first GIcNAc (2/3 contribu-
tion) and the second and third sugars of the
core trisaccharide (1/3 contribution), with
negligible effect arising from outer sugars
of extended glycan structures. The analy-
sis may be complicated by the presence of
mixtures however, as well as fucosylation
of the key 1st GIcNAc in significant frac-
tions of samples 4-6.

The results suggest that the core tri-
saccharide (A—C in Fig. 12) is sufficient
for intrinsic acceleration of folding and
stabilization in hCD2ad, and the pres-
ence of this trisaccharide as the common
and conserved core in all N-linked gly-
cans may not be coincidental. To further
investigate this conclusion, and assist in
structural studies, we intend to synthesize
a series of pure glycoforms of this protein,
containing mono-, di-, and trisaccharides,
including non-native sequences only avail-
able through chemical and enzymatic syn-
thesis.

Imaging and Identification of New
Glycoproteins Related to Cancer

The cellular enzymatic machinery for
biosynthesis of oligosaccharides and glyco-
conjugates has been shown to be tolerant
of structural modifications to the natural

substrates. This has allowed for in vivo
incorporation of chemical handles into
glycoproteins. Selected modifications on
the C(6) of fucose (as azidofucose FucAz
or alkyne-modified Fucyne) are tolerated
by fucose kinase, GDP fucose phospho-
rylase, and fucosyltransferase, allowing
for incorporation of these probes into
growing glycoproteins in the Golgi.[62.63]
Likewise, N-acylmannosamines modified
with an alkyne on the 2-acyl group (Man-
NAcyne) were successfully incorporated
by the complex sialic acid biosynthetic
machinery and expressed in sialylated
glycoproteins. By enzymatically incor-
porating azido sugars or alkyne sugars,
the copper-catalyzed azide alkyne cy-
cloaddition (CuAAC) was used to click
on fluorogenic reporter groups (Fig. 14)
to enable imaging and quantitation of
fucosylation and sialylation in different
cell types.[93.64] For instance, increased
fucosylation and sialylation was detected
in prostate cancer cells relative to normal
prostate cells.

Enzymatic incorporation of chemi-
cally modified probes into cellular glycans
has also led to a new method of glycopro-
teomic analysis, GIDmap.[**] Combining
the metabolic oligosaccharide engineer-
ing methods with proteomic and glycomic
tools such as multidimensional mass spec-
trometry has allowed for proteome-wide
mapping of glycoproteins (Fig. 15). The
sugar probes developed by our group as
described here and by the groups of Ber-
tozzil%1 and Wilsonl®! will lead to identifi-
cation of new glycoproteins, and potential-
ly to discovery of new glycans associated
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