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Glycan structures, both intracellular and exposed on the
surface of cells, play important roles in a large number of
biological processes, such as cell–cell recognition, ligand–
receptor binding, immunomodulation, and protein folding.[1,2]

Elucidation of the biological function of glycoproteins is
currently hampered mainly by the fact that they are not easily
available as homogenous isoforms but exist as complex
mixtures of different glycoforms.[3, 4] As of yet, there are no
generally useful strategies for the direct glycosylation of a
protein to generate a natural glycoprotein: the strategies of
Wong, Schultz, and co-workers are technically impressive but
not yet applicable to the general production of glycoproteins
on any scale.[5,6] Strategies therefore involve partial, specific
deglycosylation of existing glycoproteins to create more
homogenous populations of the glycoprotein, followed by
chemoenzymatic remodeling.[7, 8] These steps are required as
the synthetic chemical assembly of larger glycostructures is
essentially impossible on native proteins owing to the harsh
conditions required. Two general strategies are to use glycosyl
transferases[9] or the transglycosylation activity of glycosi-
dases.[10] Only modest yields of shorter glycopeptides have
generally been obtained by using the transglycosylation
activity of endo glycosidases, although one very recent
publication reports the high-yielding transglycosylation of a
core N-glycan structure by using an activated oxazoline-donor

sugar and a synthetic glycopeptide containing one N-linked b-
N-acetylglycosaminyl residue as an acceptor.[11]

Glycosynthases and thioglycoligases are two new classes
of mutant glycosidases recently developed for oligosaccharide
synthesis, but they have not yet been applied to glycoprotein
synthesis.[12,13] Indeed, the relatively high KM values for their
acceptors has caused concern that they would not be useful in
this role. The goal of this study was to explore the applicability
of these two classes of enzymes for the synthesis of
glycoproteins by first using a neoglycoprotein acceptor as a
model system to simplify the analysis. A particular goal was to
explore the generation of glycoproteins in which the terminal
sugar is linked through a glycosidase-resistant thioglycosidic
bond and determine if such thioglycoproteins are recognized
by other glycan-modifying enzymes. Through appropriate
applications of such technology, it should be possible to
generate therapeutic glycoproteins in which the terminal
sugar is sulfur-linked. Such proteins should enjoy consider-
ably longer serum half-lives.

The endo xylanase from Bacillus circulans (Bcx) was
chosen as the protein base for a model neoglycoprotein for
several reasons. First, it is a small, highly characterized
protein of approximately the same size as cytokines; for some
cytokines glycosylation is extremely important both for
activity and serum half-life.[14] Second, as it is an enzyme,
the effects of chemical and enzymatic manipulations on
overall structural integrity can easily be followed by activity-
based assays. Third, the three-dimensional structure of Bcx
has been solved by X-ray crystallography and extensive NMR
spectroscopy assignments.[15, 16] Furthermore, the native pro-
tein contains no cysteines, thus unique thiol groups can be
introduced at the surface by in vitro mutagenesis. This allows
site-selective modification of Bcx with sugar entities through
thiol-reactive reagents.[17] The sugar structures selected for
conjugation were cellobiose and its 4’-thio analogue because
these sugars function as good acceptors forAgrobacterium sp.
(Abg) glycosynthase and Abg thioglycoligase, respectively.
These are the enzymes that were used as glycosylation
catalysts.

Thiol-reactive cellobioside 1 was synthesized by reduction
and bromoacetylation of p-nitrophenyl cellobioside (see
Supporting Information). After reaction with Bcx S22C for
1 h, analysis with MALDI-TOF MS showed complete label-
ing with a mass increase equivalent to one incorporated label
(+ 474.2 Da) resulting in neoglycoprotein G2-Bcx (Fig-
ure 1A, B). This neoglycoprotein was then tested as an
acceptor for Abg 2F6 glycosynthase[18] by using a-galactopyr-
anosyl fluoride (a-GalF) as a donor and monitoring the
reaction with MALDI-TOF MS. Complete conversion of the
G2-Bcx into a glycoprotein bearing three sugar units (named
LacG-Bcx) was observed after overnight incubation (Fig-
ure 1C, Figure 2G, Scheme 1A). No incorporation was
observed in control reactions that used Bcx wild-type (wt)
or the unlabeled mutant Bcx S22C as acceptors. Likewise, no
reaction occurred upon incubation of G2-Bcx with only a-
GalF over extended periods of time. The time course for this
reaction showed conversion of � 80% in 200 minutes (see
Supporting Information) when a molar ratio of 19:1 for
acceptor/glycosynthase was used.
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Two sets of experiments were undertaken to confirm the
type of linkage formed by the glycosynthase on the surface of
the neoglycoprotein. Cleavage of the terminal galactose by
jack-bean b-galactosidase (b-Gal) and both the galactose and
the glucose by b-glucosidase from Abg (bifunctional b-
galactosidase/glucosidase), as shown by MALDI-TOF MS
(see Supporting Information), clearly shows formation of the
expected b linkage.[19] Confirmation of the terminal lactose
structure on the neoglycoprotein was provided by the action
of two glycosyl transferases with high specificities for lactose
as an acceptor: LgtC, an a-1,4-galactosyl transferase from
Neisseria meningitides,[20] and Cst1, an a-2,3-sialyltransferase
from Campylobacter jejuni.[21] Both enzymes used LacG-Bcx
as an acceptor, resulting in the formation of the Pk antigen
(Gal a-1,4-lactose) and sialyllactose epitopes, respectively, on
the surface of Bcx (Figure 2B, C). Finally, to confirm that all
manipulations were carried out on a properly folded protein
and that the glycosylation did not affect this conformation,

the xylanase activities of Bcx wt, Bcx S22C, and LacG-Bcx
were measured with 2,5-dinitrophenyl xylobioside as the

Figure 1. MALDI-TOF MS spectra of Bcx S22C before chemical glyco-
sylation (A), G2-Bcx (B), LacG-Bcx (C), 4SG2-Bcx (D), and GalSG-Bcx
(E). Average measured masses for the protein and calculated masses
(in brackets) are shown. Asterisks (*) denote artifact peaks from
sinapinic acid (SPA) matrix addition to the protein (�206–224 Da).
I= intensity.

Figure 2. MALDI-TOF MS spectra of LacG-Bcx (A), and the products
of glycosylation by Cst1 (B) and LgtC (C). Panels (D, E, F) show the
respective spectra for GalSG2-Bcx. Asterisks (*) denote artifact peaks
from SPA matrix addition to the protein (�206–224 Da). Average
masses measured for the protein and calculated masses (in brackets)
are shown. (G) SDS-PAGE analysis of all Bcx neoglycoprotein variants.
Small shifts in migration are observed, but more importantly the
complete conversions achieved in the glycosynthase and thioglycoli-
gase reactions are demonstrated. � indicates protein contamination
introduced with LgtC. I= intensity.
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substrate. No significant differences in kcat or KM from
literature values were observed,[22] confirming the integrity
of the protein (see Supporting Information).

Parallel studies to test the thioglycoligase approach
required incorporation of a 4’-deoxy-4’-thiocellobiosyl
moiety onto the neoglycoprotein. This was achieved by
incubating Bcx S22C with an excess of 2 (used in its disulfide
form to minimize self-polymerization) overnight, followed by
reduction with dithiothreitol (DTT). MALDI-TOF MS
analysis revealed about 50% incorporation to create thio-
neoglycoprotein Bcx-4SG2 (Figure 1D). This mixture of
labeled and unlabeled protein was directly used as an
acceptor for the Abg thioglycoligases, with the unreacted
Bcx S22C acting as a useful internal control. Three different
thioglycoligase mutants, namely Abg E170A, Abg E170G,
and Abg E170Q, were tested by using 2,4-dinitrophenyl b-d-
glucopyranoside (DNPGlc) and 2,5-dinitrophenyl b-d-galac-
topyranoside (DNPGal) as donors. Glycosylation of Bcx-
4SG2 was observed by MALDI-TOF MS when each of the
thioglycoligase mutants were used with DNPGlc (creating

GSG2-Bcx), whereas only Abg E170G was active when using
DNPGal as a donor (creating GalSG2-Bcx; Figure 1E and
Figure 2G). This specificity is in full accordance with earlier
observations.[23] Control reactions carried out with Bcx wt and
the “internal” control Bcx S22C showed no signs of glyco-
sylation, suggesting specific attachment of the hexose unit to
the thioglycoside part of the thio-neoglycoprotein. The
presence of a thioglycosidic linkage was established in three
ways. First, the mixture of GalSG2-Bcx and Bcx S22C was
treated with the thiol-reactive compound (+)-biotinyl-iodo-
ACHTUNGTRENNUNGacetamidyl-3,6-dioxaACHTUNGTRENNUNGoctanediamine (Pierce), and the reac-
tion mixture analyzed by MALDI-TOF MS. The mass of
Bcx S22C, but not that of GalSG2-Bcx, increased by the mass
of the biotin label (+ 415.5 Da), confirming the absence of a
free thiol in the latter case and thus selective glycosylation of
the 4-thio residue on the thio-neoglycoprotein. Further,
GalSG2-Bcx was then easily separated from the contaminat-
ing Bcx S22C by capturing the biotin-labeled protein on
streptavidin beads (Pierce). Second, GalSG2-Bcx was glyco-
sylated by LgtC and Cst1, with the thio-neoglycoprotein
proving to be a good acceptor for both transferases, as shown
by MALDI-TOF MS (Figure 2D,E,F). This confirms that a
thiolactose structure is present and that the presence of sulfur
does not affect the action of the transferase. Third, the
formation of a glycosidase-resistant thioglycoside linkage by
the thioglycoligase was confirmed by subjecting the samples
of GalSG2-Bcx to digestion with jack-bean b-Gal and
Abg.[24,25] In both cases cleavage was not observed by
MALDI-TOF MS. Thus, not only is a thioglycoprotein
produced for the first time, but it has also proven to be
resistant to glycosidase digestion.

In summary, we demonstrate unambiguously the utility of
the glycosynthase and thioglycoligase approaches for the
remodeling of glycoproteins, and describe the first generation
of a thioglycosylated glycoprotein. This work thereby com-
plements the recent demonstration of the synthesis of
thioglycoside-containing glycolipids by using the very low
inherent activities of a few glycosyltransferases to catalyze
thioglycoside formation.[26,27] The resistance of this thiogly-
coprotein, but not of its oxygen analogue, to glycosidase
digestion and the further glycosylation of both structures by
glycosyl transferases directly demonstrates the potential of
this approach for generating metabolically stable glycopro-
tein structures. Work is currently underway to extend this
strategy with other glycosynthases and thioglycoligases to
other glycosylated structures, particularly those which termi-
nate in a thiosialoside, and to install these in natural
glycoproteins.
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