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Abstract—Homogeneous glycopeptides and glycoproteins are indispensable for detailed structural and functional studies of
glycoproteins. It is also fundamentally important to correct glycosylation patterns for developing effective glycoprotein-based thera-
peutics. This review discusses a useful chemoenzymatic method that takes advantage of the endoglycosidase-catalyzed transglyco-
sylation to attach an intact oligosaccharide to a polypeptide in a single step, without the need for any protecting groups. The
exploration of sugar oxazolines (enzymatic reaction intermediates) as donor substrates has not only expanded substrate availability,
but also has significantly enhanced the enzymatic transglycosylation efficiency. Moreover, the discovery of a novel mutant with
glycosynthase-like activity has made it possible to synthesize homogeneous glycoproteins with full-size natural N-glycans. Recent
advances in this highly convergent chemoenzymatic approach and its application for glycopeptide and glycoprotein synthesis are
highlighted.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Glycosylation is one of the most common posttransl-
ational modifications of proteins in eukaryotes. Protein
glycosylation plays an important role in protein folding
and intracellular trafficking.1,2 The covalently linked
oligosaccharides of glycoproteins are also involved in
many important cellular communication processes,
including cell adhesion, host–pathogen interaction,
development, and immune responses.3–7 However,
detailed structure–activity relationship studies and
biomedical applications of glycoproteins are often
hampered by their structural micro-heterogeneity. As
protein glycosylation involves a series of posttransl-
ational events that are not under direct genetic control,
glycoproteins are usually produced as a mixture of
glycoforms that have the same polypeptide backbone
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but differ in the pendant sugar chains, from which pure
glycoforms are difficult to isolate. To meet the urgent
need of homogeneous materials for basic research and
for biomedical applications, many research laboratories
worldwide have taken the challenge to develop
sophisticated synthetic methods for constructing com-
plex glycopeptides and glycoproteins carrying defined
oligosaccharides.

A number of excellent reviews have been published on
this topic in recent years.8–20 In general, three major
strategies have been applied for synthesizing homo-
geneous glycopeptides. The most common strategy is
to incorporate pre-formed glycosyl amino acids as build-
ing blocks in conventional solid-phase or solution-phase
peptide synthesis. This approach has been very success-
ful for preparing glycopeptides carrying relatively small
oligosaccharides. Recent work has also demonstrated
that when combined with native chemical ligation, this
approach is appropriate for constructing some large
N-glycopeptides and even selected glycoproteins.21–23
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Nevertheless, a potential problem of this approach is
that the bulky glycans attached in the building block
may result in low-yield coupling in solid-phase or
solution-phase peptide synthesis, and the O-glycosidic
linkages in the oligosaccharide moiety are susceptible
to acidic hydrolysis under strong acidic conditions
(e.g., TFA or HF treatment) required for final global
deprotection and the release of peptide from the resin.

Another strategy is the direct coupling between an
oligosaccharide glycosylamine and a pre-assembled
polypeptide containing a free or selectively activated
aspartyl side chain.24–27 The major advantage of this
approach is its convergence. A number of large and
complex glycopeptides have been constructed by this
strategy.28–31 However, a major concern of this
approach is the efficiency of the key coupling step, which
involves a large oligosaccharyl-amine and the protected
polypeptide. In addition, global deprotection of the
resulting side-chain protected glycopeptide with strong
acids remains a long-standing problem that may result
in partial hydrolysis of the attached oligosaccharide
moiety.

To address these problems, an alternative strategy is
to combine enzymatic elaboration of sugar chains with
chemical polypeptide synthesis. The chemoenzymatic
approach requires the preparation of only monosaccha-
ride-tagged polypeptides, and the enzymatic sugar chain
extension is performed in aqueous solutions with free
polypeptides, without the need for protecting groups.
Thus, this strategy avoids the problems associated with
chemical glycopeptide synthesis, such as the ‘incompat-
ibility’ of protecting group manipulations for glycosyl-
ation and final global deprotection.

Both glycosyltransferases and endoglycosidases have
been explored to elaborate sugar chains for this chemo-
enzymatic strategy. Common glycosyltransferases can
extend sugar chains by adding monosaccharides one at
a time.32 In contrast, the endoglycosidase-catalyzed
transglycosylation reaction can attach a large intact
oligosaccharide to a GlcpNAc polypeptide in a single
step, thus providing a highly convergent approach.33,34

A major disadvantage of this endoglycosidase-based
chemoenzymatic approach is the relatively low trans-
glycosylation efficiency and the issue of product hydro-
lysis, which is the focus of discussion of this review.

Another class of carbohydrate enzymes that also hold
great potential for in vitro glycoprotein synthesis are the
oligosaccharyl transferases (OST), which transfer an oligo-
saccharide precursor to the asparagine side chain of the
nascent protein during translation in N-glycoprotein
biosynthesis.35–39 However, the practical application of
OST for in vitro glycoprotein synthesis has not yet been
fulfilled, mainly because of the complexity and instabil-
ity of the multiple-subunit complex of the enzyme. In
contrast, the single-subunit protein oligosaccharyl trans-
ferase PglB, which was recently found to be responsible
for protein N-glycosylation in Campylobacter jejuni

could be further developed for in vitro glycoprotein
synthesis.40–42

In addition to chemical and chemoenzymatic synthe-
sis, an alternative approach toward homogeneous or less
heterogeneous glycoproteins is to perform engineering
of the glycan biosynthetic pathway in the host expres-
sion system. Toward this end, a major advance has been
made in engineering the yeast Pichia pastoris to produce
glycoproteins with humanized glycosylation.43,44 The
biosynthetic engineering process involves the elimina-
tion of endogenous yeast glycosylation pathways, and
incorporation with proper localization of a range of
eukaryotic proteins essential for human glycan
biosynthesis.45

It should be pointed out that each of the synthetic
approaches so far explored has their own advantages
and limitations. The construction of full-size homo-
geneous glycoproteins with defined oligosaccharides is
still a challenging task. The present review intends to
focus on recent advances in the endoglycosidase-
catalyzed transglycosylation strategy for the synthesis
of N-linked glycopeptides and glycoproteins. The scope,
limitation, and applications of the chemoenzymatic
synthetic strategy are discussed.
2. Endoglycosidase-catalyzed transglycosylation for

glycopeptide synthesis

endo-b-N-Acetylglucosaminidases (ENGases) are an
important class of endoglycosidases, which are able to
release N-glycans from glycoproteins by hydrolyzing
the b-(1?4)-glycosidic bond in the N,N0-diacetylchito-
biose core. These enzymes are widely distributed in
nature and have been found in microorganisms, plants,
animals, and human cells.46–48 Besides hydrolytic activ-
ity, several enzymes in this class have been found to pos-
sess transglycosylation activity, that is, the ability to
transfer the released oligosaccharyl moiety to a suitable
acceptor to form a new glycosidic linkage. These ENG-
ases include Endo-M from Mucor hiemalis,49 Endo-A
from Arthrobactor protophormiae,50,51 Endo-CE from
Caenorhabditis elegans,47 and Endo-BH from alkaliphilic
Bacillus halodurans C-125.52 The observation that a
GlcpNAc-containing peptide could serve as an efficient
acceptor for the ENGase-catalyzed transglycosylation
to form a new glycopeptide has suggested a new avenue
for a highly convergent assembly of glycopeptides.49,53–56

Thus, a new glycopeptide can be constructed by a concise
two-step approach: First, a GlcpNAc-containing
polypeptide would be synthesized, usually through
solid-phase peptide synthesis, and then an intact oligo-
saccharide would be transferred to the acceptor by an
appropriate ENGase to give the target glycopeptide
(Fig. 1).
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Figure 1. ENGase-catalyzed hydrolysis and transglycosylation.
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The most frequently used ENGases in this chemoenzy-
matic approach are the bacterial enzyme Endo-A and the
fungal enzyme Endo-M. These two endo-enzymes have
distinct substrate specificity. Endo-A is specific for
high-mannose type N-glycans, whereas Endo-M can
act on N-glycans of the three major types (high-mannose
type, hybrid type, and complex type), with preference to
the complex type sugars. As summarized in our previous
review,34 a series of bioactive glycopeptides have been
synthesized by this chemoenzymatic approach. Typical
examples include the glycosylated calcitonin,57 a
C-linked analog of N-glycopeptides,55,56 a glycosylated
fragment of the nicotinic acetylcholine receptor
(nAChR),58 a glycosylated substance P,59 large HIV-1
envelope glycoprotein fragments,60,61 and homogeneous
CD52 antigens carrying full-size high-mannose and
complex type N-glycans.62 These large, homogeneous
glycopeptides are otherwise difficult to obtain by other
means for structural and functional studies.

In comparison with the sequential extension of sugar
chains by common glycosyltransferases that add mono-
saccharides one at a time, a unique advantage of the
ENGase-catalyzed transglycosylation is the single-step
attachment of an intact oligosaccharide to the polypep-
tide to form a new glycopeptide. However, the ENG-
ase-based chemoenzymatic approach has encountered
several problems that have hampered its broad applica-
tion. First, ENGases are inherently glycosyl hydrolases.
In comparison with their hydrolytic activity, the trans-
glycosylation activity of ENGases is relatively low. Sec-
ondly, product hydrolysis will become a significant
problem when the product is accumulated, as the result-
ing glycopeptide is a substrate for the enzyme. Although
the incorporation of organic solvents in the reaction
medium can enhance the transglycosylation yield to
some extent,56,61–63 the overall efficiency is generally
low (5–20% in yield). Thirdly, the restriction of this
chemoenzymatic approach to the use of only natural
N-glycans or N-glycopeptides as the donor substrates
for transglycosylation has hitherto limited its usefulness,
as these natural substrates themselves are difficult to
obtain. Recent exploration of synthetic sugar oxazolines
(enzymatic reaction intermediates) as synthetic substrates
for the enzymatic transglycosylation, together with the
discovery of glycosynthase-like mutants of ENGases,
has specifically addressed these problems and made the
chemoenzymatic method a highly efficient one for
synthesizing N-linked glycopeptides and glycoproteins.
3. Exploring transition-state analog substrates for

endoglycosidase-catalyzed transglycosylation

To expand the substrate availability and to enhance the
overall efficiency of enzymatic transglycosylation for
glycopeptide synthesis, we and others have recently
explored synthetic sugar oxazolines, the presumed
enzymatic reaction intermediates, as donor substrates
for the ENGase-catalyzed transglycosylation.64–69 This
development was based on the assumption that the
ENGase-catalyzed reaction proceeds via a substrate-
assisted mechanism through the participation of the
2-acetamido group to form a 1,2-oxazolinium ion
intermediate, as demonstrated for some family-20
N-acetyl-b-hexosaminidases70,71 and some family-18
chitinases72–74 (Fig. 2).

There are precedents that disaccharide oxazoline
derivatives could serve as transition-state analog
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substrates for chitinase- and hyaluronidase-catalyzed
polymerization for polysaccharide synthesis.75–80 More
direct evidence was provided by Fujita et al., who have
demonstrated that a simple disaccharide oxazoline de-
rived from b-Manp-(1?4)-GlcpNAc could serve as a
substrate for detecting the transglycosylation activity
of Endo-A and Endo-M through the formation of a
PNP-tagged trisaccharide derivative.81 These observa-
tions prompted us to examine the feasibility of synthetic
sugar oxazolines as favorable substrates for chemoenzy-
matic synthesis of glycopeptides and glycoproteins.

For the purpose, we have synthesized di- and tetrasac-
charide oxazolines corresponding to the core of N-
glycans, Manp-(1?4)-GlcpNAc-oxazoline (1) and
Manp3GlcpNAc-oxazoline (2), respectively.64 Then, we
tested Endo-A and Endo-M catalyzed transglycosyl-
ation using GlcpNAc-heptapeptide (3) derived from
HIV-1 gp120 as the acceptor. It was found that the syn-
thetic oxazoline (1) could serve as a good substrate for
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(1 and 2) were excellent substrates for Endo-A, the
resulting glycopeptides (5 and 6) were completely resis-
tant to hydrolysis catalyzed by Endo-A under reaction
conditions.64 The great difference in enzymatic reaction
rates between the activated oxazoline substrates and
the ground-state substrate (the product) favors the accu-
mulation of the transglycosylation product.

This improved chemoenzymatic approach has been
successfully applied to the synthesis of a large HIV-1
gp120 fragment, a 47-mer V3 domain glycopeptide car-
rying two core N-linked pentasaccharide.65 The synthe-
sis was achieved by a concise, two-step approach. First,
the 47-mer polypeptide that contains two GlcpNAc moi-
eties was prepared by an Fmoc-based solid-phase pep-
tide synthesis, using GlcpNAc-Asn as building blocks
to introduce the two GlcpNAc tags. Then, the Endo-A
catalyzed transglycosylation was applied to attach two
N-glycans simultaneously to the acceptor, providing
the desired glycopeptide (8) in an excellent yield (Scheme
3). The synthetic V3 glycopeptides were used for prob-
ing the effects of glycosylation on the global conforma-
tions and the protease stability of the V3 domain.65

The high-yield, simultaneous enzymatic double glycosyl-
ation with the sugar oxazolines on a large polypeptide
attested to the power and potential of this chemoenzy-
matic approach for constructing large and complex
glycopeptides that are difficult to obtain by other means.
These experimental data have demonstrated that the use
of sugar oxazolines as activated substrates for ENGase-
catalyzed transglycosylation has not only expanded the
substrate availability, but also led to substantial
enhancement of the overall synthetic efficiency, allowing
a high-yield assembly of large glycopeptides in a highly
convergent manner, without the need for protecting
groups.

To evaluate the donor substrate structural require-
ment in the enzymatic transglycosylation, we have syn-
thesized an array of truncated and modified sugar
oxazolines, and tested their activity toward Endo-A66

(Scheme 4). It was found that the 60-modified oxazolines
(9 and 10) could serve as substrates for transglycosyl-
ation, allowing the synthesis of selectively modified
glycopeptides (15 and 16). However, the change of the
configurations at the 20 and/or 40-hydroxyl groups, as
in the case of b-Glcp-(1?4)-GlcpNAc-oxazoline 11

and LacNAc-oxazoline 12, or modification at the C-20

position as in the case of oxazoline 13, all resulted in a
total loss of substrate activity to Endo A (Scheme 4).
These results suggest that the b-Manp-(1?4)-
GlcpNAc-oxazoline moiety is the minimum structure
recognized by Endo-A for transglycosylation. However,
selective modification on the mannose moiety such as
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introducing a tag or additional sugar residue at the 60-
position could be tolerated without the loss of substrate
activity toward Endo-A.

Independently, Fairbanks and co-workers have syn-
thesized additional sugar oxazolines and tested their
activity for transglycosylation with Endo-M68,69

(Scheme 5). It was observed that the glucose-containing
disaccharide oxazoline, b-Glcp-(1?4)-GlcpNAc-oxazo-
line (11), was a substrate of Endo-M for transglycosyl-
ation to form the product 21, albeit at a low reaction
rate with only a 5% yield. This activity was in contrast
to Endo-A, which could not take compound 11 as a
substrate for transglycosylation.66

Very interestingly, when disaccharide 11 was extended
to a trisaccharide derivative with an additional a-(1?3)-
linked mannosyl residue attached to the glucose moiety,
the resulting trisaccharide oxazoline 17 became an excel-
lent substrate for Endo-M, and the transglycosylation
with acceptor 20 gave a 91% yield of the product 22.
Although the modified sugar oxazolines were active as
donor substrates, the resulting glucose-containing prod-
ucts 21 and 22 were completely inactive to hydrolysis by
Endo-M, due to the slight structural modifications.

However, when large sugar oxazolines corresponding
to the natural structure of N-glycans were used as sub-
strates, the chemoenzymatic synthesis became problem-
atic because of the hydrolysis of the resulting
glycopeptides by Endo-M. For example, when a Man-
p5GlcpNAc-oxazoline 19 was used as a donor substrate,
the optimized yield for compound 24 was approximately
30% (Scheme 5). This low yield was attributed to fast
competitive hydrolysis of the product rather than a slow
enzymatic turnover of the oxazoline donor, as the result-
ing product turned to be an excellent substrate for
Endo-M. Indeed, a prolonged incubation with Endo-
M led to almost complete hydrolysis of the product
24. Thus, product hydrolysis will become unavoidable
when the glycans attached on the polypeptide are
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excellent substrates for the endo-enzymes. This weakness
significantly limits the application of this chemo-
enzymatic method for synthesizing glycopeptides and
glycoproteins carrying natural N-glycans.
4. Generation of glycosynthase-like mutants for an
improved synthesis of glycopeptides carrying full-size

natural N-glycans

To address the low efficiency and product hydrolysis
generally associated with glycosidase-catalyzed synthe-
sis, a promising approach is to create novel glycosidase
mutants termed glycosynthases, which lack hydrolytic
activity because of the deletion of the nucleophilic resi-
due, but can still take an activated glycosyl donor such
as glycosyl fluoride with an opposite anomeric configu-
ration for catalysis to form a new glycosidic bond.82–84

As catalysis by ENGases proceed via a substrate-
assisted mechanism in which the nucleophile is the 2-acet-
amido group in the substrate, the general method to cre-
ate a glycosynthase by ‘knocking out’ the nucleophilic
residue in the enzyme cannot apply to ENGases. Thus,
we have teamed up with Professor Yamamoto’s group
to evaluate various Endo-M mutants aiming to diminish
the hydrolytic activity but to keep or enhance the trans-
glycosylation activity.85

A series of Endo-M mutants were created by site-
directed mutagenesis on residues in, or around, the puta-
tive catalytic region of wild type Endo-M. Their trans-
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glycosylation activity was examined using synthetic
sugar oxazolines as the activated substrate. For this
purpose, a large sugar oxazoline corresponding to the
natural high-mannose type N-glycan, Manp9GlcpNAc-
oxazoline (27), was synthesized. Briefly, the Asn-linked
oligosaccharide Manp9GlcpNAc2Asn, which was pre-
pared from soybean flour as previously described,86

was treated with Endo-A to give the Manp9GlcpNAc
oligosaccharide 25. This oligosaccharide was acetylated
and the resulting peracetylated compound was treated
with trimethylsilyl bromide and BF3�Et2O in the pres-
ence of collidine to give the peracetylated sugar oxazo-
line 26. Finally, de-O-acetylation with sodium
methoxide in methanol provided the free Man-
p9GlcpNAc-oxazoline 27 (Scheme 6).

The screening of the Endo-M mutants was performed
using Manp9GlcpNAc-oxazoline 27 as the donor sub-
strate and a small GlcpNAc-peptide 28 as the acceptor.
The experiments led to the discovery of two interesting
mutants, Y217F and N175A. The Y217F mutant was
found to possess a much enhanced transglycosylation
activity and yet relatively low hydrolytic activity, giving
a maximum yield of 50% for the product 29. In contrast,
the wild type Endo-M gave only 8% yield at the optimal
point, due to its relatively low transglycosylation activity
and also its quick hydrolysis of the product (Scheme 7
and Fig. 3). The enhanced transglycosylation activity
might be attributed to an increased affinity of the
mutant enzyme for the acceptor substrate, as implicated
by a smaller Km value of the Y217F for a model
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acceptor (GlcpNAc-MU) than that of the wild type
Endo-M. However, the Y217F mutant can still hydro-
lyze the product, given a longer incubation time (Scheme
7 and Fig. 3).

On the other hand, the N175A mutant acted as a gly-
cosynthase. That is, this mutant could take the highly
activated sugar oxazoline 27 as the donor substrate for
transglycosylation, but it lacked the activity to hydro-
lyze the glycopeptide product 29 that was formed,
resulting in the accumulation of the product. The yield
reached 60% within 2 h under the reaction condition,
but the complete conversion of the starting material 28

to product 29 could be achieved when an excess of sugar
oxazoline was added in several portions for a longer
incubation time (unpublished data). The usefulness of
this novel mutant for glycopeptide synthesis was exem-
plified by an efficient synthesis of an HIV-1 glycopeptide
inhibitor Manp9GlcpNAc2-C34 (30) (Scheme 8).

The N175A mutant represents the first glycosynthase
in the class of endo-b-N-acetylglucosaminidases that
proceed via a substrate-assisted mechanism. This glyco-
synthase holds great potential for the synthesis of large
glycopeptides and glycoproteins that carry natural,
full-size N-glycans. Nevertheless, the catalytic mecha-
nism of the glycosynthase is still to be characterized,
and it is still puzzling how a single mutant at the ‘inert’
asparagine residue N175 to an ‘inert’ alanine residue
could lead to a dramatic change in the hydrolytic and
transglycosylation activity of the endoenzyme. In addi-
tion, this mutant enzyme seems to have a much lower
turnover of substrate than the wild type Endo-M or its
mutant Y217F.85 Further structural and mutational
studies are required to enhance the efficiency of the
mutant.
5. Endoglycosidase-catalyzed transglycosylation for

glycoprotein synthesis and glycosylation engineering

Previous attempts to perform glycosylation remodeling
of glycoproteins using natural N-glycans as the donor
substrates and wild type Endo-A or Endo-M as the
enzyme met with little success. The yield of the glycopro-
tein product is very low (usually less than 5%) even when
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a large excess of donor substrates was used.53,87 This sit-
uation prompted us to extend the sugar oxazoline-based
chemoenzymatic method to glycoprotein synthesis, as
exemplified by the successful glycosylation remodeling
of bovine ribonuclease B.67 For the purpose, a novel
hexasaccharide oxazoline (35) (Galp2Manp3GlcpNAc-
oxazoline) was synthesized, which has two galactose res-
idues b-(1?4)-linked to the terminal mannose residues
in the core Manp3GlcpNAc (Scheme 9). This hexasac-
charide derivative can be regarded as a mimic of a
bi-antennary complex type N-glycan lacking the internal
GlcpNAc moieties.
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conditions (phosphate buffer, pH 6.5, 23 �C), giving the
homogeneous glycoprotein 37 carrying the core penta-
saccharide in 82% isolated yield. The larger sugar oxaz-
oline 35 was found to be an even better substrate for
transglycosylation catalyzed by Endo-A, giving the
corresponding homogeneous glycoprotein 38 in almost
a quantitative yield (Scheme 10).

Again, the glycoprotein, once formed, was completely
resistant to hydrolysis by Endo-A. This could be
explained by the fact that Endo-A hydrolyzes only
high-mannose type natural N-glycans, but glycoprotein
38 carries an unnatural N-glycan mimicking the com-
plex type sugar chain. The enzymatic transglycosylation
could take place under very mild, neutral conditions
without the need to denature the protein acceptor. These
results have clearly demonstrated that the sugar oxazo-
line-based chemoenzymatic approach is equally applica-
ble for synthesizing homogeneous glycoproteins with
defined oligosaccharides, when the acceptor substrate
is a GlcpNAc-protein instead of a GlcpNAc-peptide. It
is expected that homogeneous glycoproteins carrying
natural N-glycans could also be efficiently synthesized
by this approach, when the novel glycosynthase (mutant
N175A), which lacks the hydrolytic activity on natural
N-glycans, is used for the transglycosylation. The appli-
cation of the sugar oxazoline-based chemoenzymatic
method for total synthesis and glycosylation engineering
of an array of biologically interesting glycoproteins is
currently under way in our laboratory.
6. Preparation of GlcpNAc-functionalized polypeptides

and proteins

The discovery of the glycosynthase-like ENGase
mutant, in combination with the use of synthetic oligo-
saccharide oxazolines as substrates, has now made it
possible to synthesize full-size homogeneous glycopro-
teins in a highly convergent manner. Nevertheless, a suc-
cessful application of this approach for constructing a
range of homogeneous glycoproteins will also rely on
an easy access to GlcpNAc-functionalized proteins.
Several approaches are available for the preparation
of GlcpNAc-functionalized proteins, which are
summarized in Figure 4.

One approach is to apply chemical protein synthesis
techniques to ligate GlcpNAc-peptide and peptide
fragments to form a full-length GlcpNAc-protein. The
synthesis of Asn-linked GlcpNAc-peptides is not
particularly more difficult than common polypeptides,
as the N-linked GlcpNAc residue in the Asn-GlcpNAc
building block can be viewed as a special side chain,
which is actually stable toward the relatively strong acid
or alkaline treatment required for global polypeptide
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deprotection. When native chemical ligation or
expressed protein ligation is used for the conjugation
of GlcpNAc-peptide fragments, full-length proteins
containing one or more GlcpNAc residues at pre-
determined sites could be fulfilled.88,89

Another approach is to obtain GlcpNAc-proteins
from naturally existing glycoproteins through endo-
glycosidase treatment. In general, natural glycoproteins
exist as a mixture of glycoforms, but heterogeneous
glycans can be selectively removed by specific endo-N-
acetylglucosaminidases to leave only the innermost
GlcpNAc residue attached at the glycosylation sites.
Several endoglycosidases that act on different N-glycan
substrates are available. Thus, through appropriate
choice of the endo-enzymes, it is possible to selectively
remove high-mannose type N-glycans (e.g., using
Endo-F1, Endo-H) or complex type N-glycans (e.g.,
using Endo-F2 and Endo-M).

Alternatively, well-established yeast expression sys-
tems can be used to overproduce glycoproteins carrying
the yeast glycoforms, then the heterogeneous yeast-type
N-glycans (with or without hypermannosylation) can be
removed by Endo-A or Endo-H treatment to give
homogeneous, GlcpNAc-functionalized proteins.
Finally, the recently reported in vivo suppressor tRNA
technology also holds promise for introducing monosac-
charide moieties such as GlcpNAc residues into proteins
in a novel bacterial expression system.90,91 Taken
together, recent advances in chemical protein synthesis
and the exploration of novel protein expression system
have provided the flexibility for preparing various
GlcpNAc-functionalized proteins, thus making the
sugar oxazoline-based chemoenzymatic approach
feasible for constructing full-size homogeneous glyco-
proteins for different applications.
7. Conclusion

Homogeneous glycopeptides and glycoproteins are
indispensable for detailed structural and functional
studies of glycoproteins. Putting in place the correct
glycosylation pattern is also fundamentally important
for developing glycoprotein-based therapeutics. The
chemoenzymatic method described in this review, which
is based on endoglycosidase-catalyzed transglycosyl-
ation, provides a highly efficient approach for construct-
ing N-linked complex glycopeptides and glycoproteins
when synthetic sugar oxazolines are used as the donor
substrates.

Both natural and modified N-glycans can be intro-
duced via an appropriate choice of either wild type or
mutant ENGases. A particularly appealing feature of
the chemoenzymatic approach is the highly convergent
ligation between a pre-formed oligosaccharide moiety
and a polypeptide moiety in a regio- and stereo-specific
manner, without the need for any protecting groups.
Thus, this chemoenzymatic approach allows totally
independent synthetic manipulations of the oligosaccha-
ride and polypeptide/protein portions, and may provide
an ultimate solution to the long-standing problem of
‘incompatibility’ of protecting group manipulations in
glycopeptide synthesis.

Future studies should be directed to mechanistic stud-
ies of the ENGase-catalyzed transglycosylation to create
more efficient mutants as glycosynthases. In addition,
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diverse natural and selectively modified N-glycan
oxazolines should be synthesized and tested, aiming to
expand the scope of the chemoenzymatic method. It is
expected that this novel chemoenzymatic approach will
find wide application in constructing glycoproteins with
defined oligosaccharides for structural and biological
studies and for biomedical applications as well.
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