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Abstract
Protein glycosylation is a common and complex posttranslational modification of proteins, which
expands functional diversity while boosting structural heterogeneity. Glycoproteins, the end
products of such a modification, are typically produced as mixtures of glycoforms possessing the
same polypeptide backbone but differ in the site of glycosylation and/or in the structures of
pendant glycans, from which single glycoforms are difficult to isolate. The urgent need for glycan-
defined glycoproteins in both detailed structure-function relationship studies and therapeutic
applications has stimulated an extensive interest in developing various methods for manipulating
protein glycosylation. This review highlights emerging technologies that hold great promise in
making a variety of glycan-defined glycoproteins, with a particular emphasis in the following
three areas: specific glycoengineering of host biosynthetic pathways, in vitro chemoenzymatic
glycosylation remodeling, and chemo-selective and site-specific glycosylation of proteins.

INTRODUCTION
Recent advances in glycobiology and functional glycomics revealed diverse roles of glycans
and glycoconjugates in biological systems (1). The glycoprotein is an important class of
glycoconjugates involved in a wide variety of biological recognition processes: cell
adhesion, cell differentiation, host-pathogen interaction, and immune response (2-7). Intra-
molecularly, glycosylation plays an important role in modulating a protein's intrinsic
properties such as folding, intracellular trafficking, stability, and pharmacokinetics (8).
Protein glycosylation can be very diverse and dynamic. A survey suggests that there are at
least 41 different types of sugar-amino acid linkages, with N-glycosylation (at the side chain
of Asn), O-GalNAc glycosylation (at the Ser/Thr residues), and O-GlcNAc glycosylation (at
the Ser/Thr residues) as the major forms (9). While the common N- and O-glycans function
mainly at the cell surface, the dynamic O-GlcNAc glycosylation of nuclear, mitochondrial,
and cytosolic proteins plays important roles in signal transduction by interplay with protein
phosphorylation (10, 11). An important feature of protein glycosylation is the structural
complexity of glycans. Representative N- and O-glycan structures are shown in Figure 1.
The number of glycan variants can grow very rapidly when the glycan core is further
branched and decorated with various terminal sugars, e.g., sialic acids, and non-
carbohydrate functional groups such as sulfate, phosphate, and acetate. Another common
feature of glycosylation is structural heterogeneity. In contrast to nucleic acids and proteins
that are biosynthetically assembled on templates and under direct transcriptional control, the
biosynthesis of glycans on glycoproteins have no known template, and glycosylation
patterns are dictated by many factors (amino acid sequences, local peptide conformations at
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the glycosylation sites, and the accessibility and localization of activated substrates,
enzymes, and co-factors). As a result, glycoproteins are usually produced as mixtures of
glycosylation variants, i.e., glycoforms that share the same polypeptide backbone but differ
in the sites of glycosylation and/or in the structures of the pendant glycans.

Compelling evidence has shown that appropriate glycosylation is important for
pharmacokinetics, cellular distributions, and biological activities of therapeutic
glycoproteins (6, 7, 12-16). Nevertheless, the challenge in controlling glycosylation to a
desired, homogeneous glycoform is well reflected by the fact that most of glycoprotein-
based drugs are still produced as mixtures of glycoforms. Thus, when making therapeutic
glycoproteins, the manufacturer is required to deliver the products with strictly consistent
ratio and identity of glycoforms to ensure a reproducible clinical performance. In principle,
changes in quality attributes are acceptable only if they do not alter safety and clinical
efficacy (17). Even so, a recent study on three commercial glycoprotein drugs (darbepoetin
alfa, rituximab, and etanercept) on the market from different batches has revealed significant
changes in the identity of their glycoforms, implicating possible alterations of their clinical
efficacy (18). This study once again raises a serious regulatory question and re-emphasizes
the importance in controlling glycosylation when manufacturing glycoprotein-based
therapeutics.

The last decade has witnessed tremendous progress in this field, and many chemical,
enzymatic, and cell-based glycoengineering methods were explored in order to overcome a
series of technical hurdles on the road toward homogeneous glycoproteins, which are the
topics of a series of excellent recent reviews (19-34). This review highlights selected
emerging technologies that hold great promise in generating a variety of glycan-defined
glycoproteins. Emphasis is placed on recent developments in three areas: Engineering of
host glycan biosynthetic pathways, in vitro chemoenzymatic glycosylation remodeling, and
chemo-selective site-specific glycosylation of proteins. What was not covered in the present
review is the chemical synthesis of natural glycoproteins, which has also progressed to a
new level through the exploration and elegant application of various ligation methods such
as the native chemical ligation, expressed protein ligation, and sugar-assisted ligation
(35-41). Interested readers are referred to those recent reviews that had excellent coverage of
the general aspects of this topic (20, 22, 23, 25, 29, 31, 33, 42). Taken together, these
emerging technologies provide important new tools for deciphering the biological functions
of glycoproteins and for facilitating the development of glycoprotein-based therapeutics.

GLYCOENGINEERING IN MAMMALIAN CELLS
Most recombinant therapeutic glycoproteins currently used in clinical treatment, including
monoclonal antibodies (mAbs) and erythropoietin (EPO), are produced in Chinese hamster
ovary (CHO) cell lines (12, 43). The biosynthesis of mammalian glycoproteins involves a
highly complex glycosylation network. In the case of N-glycosylation, a common
oligosaccharide precursor (Glc3Man9GlcNAc2) is transferred by an
oligosaccharyltransferase (OST) from the dolichol pyrophosphate-linked glycolipid to the
amide nitrogen of an asparagine (Asn) side chain in a consensus sequence Asn-X-Ser/Thr of
a nascent polypeptide (where X is any amino acid but proline). The precursor is then
processed by ER α-glucosidases I and II (G-I and G-II) to the mono-glucosylated glycoform
(Glc1Man9GlcNAc2), which is the key intermediate in the calnexin/calreticulin-mediated
protein folding cycle in protein quality control. Once correctly folded, the precursor is
trimmed by G-II and the ER α-mannosidase (ER Mns-I) to Man8GlcNAc2-protein (Figure
2a). The Man8GlcNAc2 glycoform is then translocated to the Golgi apparatus, where the
glycoprotein is further trimmed by Golgi α-mannosidases (Mns-I and Mns-II) and is then
remodeled by a set of glycosyltransferases (e.g., GnT-III for bisecting; GnT-IV and GnT-V
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for branching; and SiaT for sialylation) to build various glycoforms (Figure 2b). The mature
glycoforms are the outcome of a very complex spatiotemporal glycosylation network. As a
result, mammalian glycoproteins are often produced as mixtures of glycoforms. The goal of
glycoengineering is to make glycoproteins carrying more defined glycans by controlling and
altering the glycan biosynthetic pathways.

One way to achieve more defined glycosylation is to perform mutagenesis and to select
mutants capable of producing specific glycoforms. Mutagenized CHO cells had specific
genes knocked out along the glycosylation pathways, and clones were screened against an
array of cytotoxic plant lectins to select toxic lectin-resistance (LecR) mutants that produce
glycoforms with altered or simplified glycans (44, 45). This approach led to the discovery of
a series of valuable LecR CHO cell lines capable of producing specific glycoforms with
more defined N- and O-glycans than the parent CHO cells (44, 45). For example, the Lec1
cell line produces predominantly high-mannose type glycoforms (46), the Lec2 cell line
produces asialylated glycoproteins (47), and the Lec13 cell line is capable of making
monoclonal antibodies with low fucose content that demonstrate enhanced antibody-
dependent cellular cytotoxicity (ADCC) (48). Interestingly, a recent glycomics analysis of
the N-glycan profiles from 9 LecR CHO mutants revealed that some CHO mutants could
make glycoforms carrying novel N-glycans of unexpected size and complexity, including
those with long poly LacNAc chains and terminal Lewis(x) and sialyl-Lewis(x)
determinants (49). These gain-of-function mutants suggest that simultaneous mutations on
several seemingly “unrelated” genes could result in the production of unusual N-glycans that
might not be predicted by targeted mutations, implicating the complexity of the
glycosylation network. This approach was also extended to the human embryonic kidney
(HEK) cell lines to generate HEK Lec mutants that restrict glycosylation predominantly to
Man5GlcNAc2 or hybrid types (50, 51). Most of the Lec cell lines are commercially
available from ATCC and are valuable for a wide application in glycobiology.

A complementary technology to mutagenesis is the use of specific small-molecule inhibitors
to block selected enzymes in the biosynthesis pathway, which can lead to the generation of
simplified and/or more uniformed glycoforms. For example, N-butyl deoxynojirimycin
inhibits the trimming of the Glc3Man9GlcNAc2-protein by ER α-glucosidases I and II, thus
leading to the glycoprotein carrying the full-length N-glycan precursor; kifunensine inhibits
the ER α-mannosidase-I (ER Mns-I) activity resulting in formation of the Man9GlcNAc2
glycoform; and swainsonine inhibits the Golgi α-mannosidase II (Mns-II), leading to the
generation of Man5GlcNAc2 and/or hybrid type glycoforms. This technology has been
successfully used in facilitating X-ray crystallographic studies on glycoproteins by
simplifying the glycosylation patterns (52); for producing mAbs with enhanced ADCC
function (53); and for probing structure-function relationships of HIV-1 envelope
glycoproteins by controlling the glycosylation at the high-mannose status (54-56).

While the knockout mutagenesis and inhibitor interference can simplify or re-direct
glycosylation, overexpression of certain glycoprocessing enzymes in the host system can
also change glycosylation profiles and enrich the production of desired glycoforms. Notable
examples in this category include: overexpression of α-2,3-SiaT and β-1,4-GalT in the host
cells to increase terminal sialylation, an important modification for prolonging the serum's
half-life of therapeutic glycoproteins (57); overexpression of GnT-I, GnT-IV and GnT-V to
increase the branching structures (58, 59); and overexpression of GnT-III to enhance the
bisecting GlcNAc containing glycoforms (60, 61). Since the presence of a bisecting GlcNAc
moiety blocks the biosynthetic attachment of a core fucose (detrimental to ADCC), this
GnT-III overexpressed CHO cell line has been successfully applied to produce monoclonal
antibodies with enhanced ADCC activity (60, 61).
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GLYCOENGINEERING IN NON-MAMMALIAN EUKARYOTIC CELLS
Glycoengineering in yeast

N-glycosylation in yeast shares the conserved early steps with mammalian cells, yielding the
common N-glycan, Man8GlcNAc2. Yeast glycan processing diverges from humans at this
point, when a crucial mannosyltransferase, Och1, adds an α-(1-6)-linked mannose to the α-
(1-3)-branching mannose of the Man3GlcNAc2 core. This newly added α-(1-6)-linked
mannose serves as the key starting point for an iterative chain elongation leading to
hypermannosylation of the glycan (62). Yeast, with its genetics being well characterized, is
a cost-effective and high-yielding system for expressing recombinant proteins. Nevertheless,
the hypermannose moieties are immunogenic in humans. Thus, abolishing or avoiding
hypermannosylation activity is the first step in generating recombinant humanized
glycoproteins from yeast. Several methods have been used to prevent hypermannosylation,
including: deletion of Och1 in S. cerevisiae and P. pastoris (63, 64); modification of the
Glc3Man9GlcNAc2 to a Man5GlcNAc2 lipid precursor before block transfer (65); and
addition of α-(1-2)-mannosidase to the ER-cis Golgi boundary using a C-terminal HDEL
peptide. Deletion or inhibition of the och1 gene is the most efficient means of preventing
hyper-mannosylation, but presents sickly phenotypes in S. cerevisiae. The methylotrophic
yeast, P. pastoris, is an alternative to S. cerevisiae, since disruption of the och1 gene has
little effect on its growth (66).

Once the biosynthesis in yeast is arrested at the Man8 or Man5 intermediates by knockout of
och1 or agl3 genes in P. pastoris, the high-mannose intermediates could be directed to the
mammalian biosynthetic pathways by functional transfer of the mammalian glycan
processing enzymes into yeast (Figure 2c). The advantage of glycoengineering yeast (e.g., P.
pastoris) to produce humanized glycoproteins is homologous secretory pathways to those in
mammalian system. A combinatorial genetic approach was used to introduce mammalian
Mns-I and GnT-I enzymes. Evaluation of the combinatorial libraries led to the identification
of an engineered strain capable of producing the key glycoform, GNM5 (64). A similar
approach was used for introducing Mns-II and GnT-II that catalyze the removal of the
terminal two mannose residues in GNM5 and the addition of a GlcNAc at the exposed
α-1,6-branch mannose, respectively. Screening of the libraries led to the discovery of a
strain that produces the key homogeneous complex type (G0) N-glycan (67) (Figure 2c).
Alternatively, the combinatorial genetic approach was also applied to engineering P.
pastoris in which alg3 was deleted arresting the biosynthesis at the Man5 stage. Introduction
and localization of Mns-I, GnT-I, Mns-II and GnT-II, together with the mammalian β-1,4-
galactosyltransferase, led to the production of the biantennary, galactosylated complex type
N-glycan (68). The addition of sialic acid to the terminus of complex type N-glycan
involved the transfer of genes responsible for biosynthesis and transfer of sialic acid moiety
along the secretary pathways into the yeast host. Evaluation of the library identified an
engineered strain that was able to produce recombinant human erythropoietin (EPO)
carrying remarkably uniformly disialylated N-glycan (69). The glycoengineered yeast
system was also applied for producing rituximab, a monoclonal antibody used for the cancer
treatment (70). The yeast recombinant rituximab carries a homogeneous complex N-glycan
Gal2GlcNAc2Man3GlcNAc2, which has the same antigen binding property as the CHO
produced commercial one, but demonstrated much higher affinity to FcγIIIa receptor and
much more potent ADCC activity than the CHO-produced, commercial rituximab. This is
mainly due to the absence of core fucose in the N-glycan from the yeast-expressed
rituximab. Application of similar glycoengineered strains to the production of human
lactoferrin (hLF) led to a high yield of recombinant hLF, but the recombinant glycoprotein
was still heterogeneous in glycosylation, with the desired S2G2 and G2 glycoforms as the
major components (71). This result suggests that homogeneity of glycosylation in the
engineered yeast also depends on specific sequence of the glycoproteins. In addition to the
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combinatorial genetic approach, an alternative method for glycoengineering of P. pastoris is
the use of GlycoSwitch technology (72). This approach consists of the disruption of och1
gene and the stepwise introduction of mammalian enzymes. Each engineering step results in
introduction and localization of one enzyme along the secretory pathway, but may consist of
multiple cycles of screening, analysis, and optimizations. Valuable engineered strains were
identified and successfully used for production of glycoproteins carrying human-like
complex type N-glycans (72). These remarkable accomplishments showcase the power of
glycoengineering yeast to produce defined protein glycosylation. Further work may be
directed to the optimization of the engineered strains for their stability and efficiency, as
well as evolving new strains capable of producing bisecting and branched mammalian N-
glycans.

Progress has also been made in engineering yeast cells to produce human-like O-linked
glycoproteins (73). Yeast does not have the glycosylation machinery to build GalNAc-Ser/
Thr linkage found in humans. In this study, genes encoding ppGalNAcT, β-(1,3)-GalT and
other enzymes essential for assembling the substrates were introduced into Saccharomyces
cerevisiae. Then yeast strains capable of making mucin type O-glycopeptide and O-
glycoprotein were selected. Meanwhile, the common yeast O-mannosylation pathway was
suppressed by incorporating a small-molecule inhibitor in the medium. This method was
successfully applied to produce human glycoprotein podoplanin carrying the O-linked
Galβ-1,3-GalNAc glycan. Upon in vitro sialylation, the resulting glycosylated podoplanin
could induce platelet aggregation, indicating the restoration of biological activity for which
the mucin-type glycosylation is required. It is to be tested whether the engineered strains are
equally efficient to produce other O-glycosylated proteins.

Glycoengineering in plant cells
While engineered CHO cells can generate glycosylation patterns similar to those found in
humans, there are several disadvantages of using mammalian expression system, including
instability, long incubation time, high cost of maintenance, and possible pathogenic
contamination from the serum in cell media. Plant cells share essentially the same initial
steps as that in mammalian system, until it reaches the GlcNAcMan3GlcNAc2 core in Golgi.
Then the core is decorated by additions of plant-specific bisecting β-1,2-xylose and core
α-1,3-fucose that are not found in mammalian N-glycoproteins (Figure 2d). The N-glycans
are often capped with α-1,4-fuocose and β-1, 3-galactose residues to form Lea structural
motifs, but plant cells lack the machinery to make highly branched and sialylated N-glycans.
Thus, the goal of making humanized glycoprotein in plant cells requires the elimination of
the plant-specific β-1, 2-xylose and core α-1, 3-fucose structural motifs that are highly
immunogenic in humans and meanwhile the addition of the enzymes and auxiliary proteins
that are needed to undertake humanized N-glycosylation. To achieve this goal, one approach
is to apply RNA interference (RNAi) technology to shut down expression of the plant-
specific endogenous α-1,3- fucosyltransferase (α-1,3-FucT) and β-1,2-xylosyltransferase
(β-1,2-XylT) genes. An impressive example is the production of human anti-CD30
monoclonal antibody in cell culture of the aquatic plant Lemna minor with an RNAi
construct targeting the expression of α-1,3-FucT and β-1,2-XylT genes (74). The resultant
recombinant mAb was shown to contain a single human bi-antennary (nongalactosylated) N-
glycan without attachment of plant-specific Xyl and Fuc-containing motifs. The RNA
interference method was also used for production of an HIV-neutralizing monoclonal
antibody 2G12 in Nicotiana benthamiana (a tobacco-related species) (75). The plant-
produced recombinant mAb carries a major humanized N-glycan and shows antigen-binding
and HIV neutralization activity similar to the mammalian cell-derived mAb.

To make more complex humanized glycoforms, an alternative approach is to transfer the
human N-glycan branching machinery into the plant system together with the deletion of the
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plant-specific glyco-genes. This was recently achieved by glycoengineering of the N.
benthamiana (76). Modification included the deletion of plant-specific XylT and FucT
genes and functional transfer of the modified genes encoding human GnT-III, GnT-IV, and
GnT-V enzymes. The engineered plants were used to express human erythropoietin (EPO)
and human serum transferrin, leading to the production of glycoforms carrying tri- and tetra-
antennary complex N-glycans with or without bisecting GlcNAc moieties. A key technical
point is that the genes encoding mammalian glycosyltransferases GnT-III, -IV, and -V were
modified by replacing the human cytoplasmic tail, transmembrane domain, and stem region
(CTS) with the plant-specific Golgi targeting sequences, so that they were appropriately
localized for the biosynthesis of the N-glycans. This remarkable study showcases the power
of plant glycoengineering to produce humanized therapeutic glycoproteins carrying complex
type N-glycans with great glycosylation uniformity.

Finally, as a way to produce sialylated glycoproteins in plants that do not have the
sialylation machinery, an entire mammalian sialylated N-glycan biosynthetic pathway was
introduced into N. benthamiana plants (77). It was shown that the coordinated expression of
the genes for the biosynthesis, activation, transport, and transfer of Neu5Ac to terminal
galactose in N. benthamiana plants deficient in endogenous xylosylation and fucosylation
was able to efficiently produce monoclonal antibody 2G12 carrying a biantennary complex
type N-glycan at the Fc domain. Surprisingly, the glycoengineered plant expression was able
to produce the mAb with a high level of Fc sialylation, which is in contrast to the
mammalian expression system (e.g. CHO cell line) that usually produces mAbs with a very
low level of Fc sialylation.

CHEMOENZYMATIC GLYCOSYLATION REMODELING
While glycoengineering of host expression system has achieved tremendous progresses,
complete control of expression to produce truly homogeneous glycoproteins remains
difficult. In vitro chemoenzymatic glycosylation remodeling of natural and recombinant
glycoproteins provides an attractive approach toward glycan-defined glycoforms. Most of
work in this category was done on N-glycoproteins. In this approach, the heterogeneous N-
glycans are enzymatically trimmed down to the innermost N-acetylglucosamine (GlcNAc),
giving a homogeneous GlcNAc-containing protein. The sugar chains are then extended by
enzymes such as glycosyltransferases and endoglycosidases to provide a mature, glycan-
defined glycoprotein. A classic example for this approach is the glycosylation remodeling of
ribonuclease (RNase) B (a heterogeneous glycoprotein containing Man5GlcNAc2 to
Man9GlcNAc2 glycoforms) to a homogeneous glycoform carrying an N-linked sialyl Lewis
X moiety (78) (Figure 3a). Briefly, the high-mannose N-glycan in RNase B was removed by
Endo-H to give GlcNAc-RNase B. The sugar chain was then elongated by sequence
additions of galactose, sialic acid and fucose under the catalysis of β-1,4-
galactosyltransferase, α-2,3-sialyltransferase, and α-1,3- fucosyltransferase, respectively, to
give a novel ribonuclease glycoform. But a potential drawback of this strategy is that
sequential sugar chain extension does not guarantee the homogeneity of end product, as
when one or more enzymatic steps do not go to completion, it will end up with mixtures of
glycoforms.

An alternative to sequential sugar chain extension is the en bloc transfer of a pre-assembled
large oligosaccharide to the protein in a single step under the catalysis of an endo-β-N-
acetylglucosaminidase (ENGase) (Figure 3b). ENGases are a class of endoglycosidases that
cleave N-glycans from glycoproteins by hydrolyzing the glycosidic bond in the chitobiose
core of N-glycans. A few ENGases were found to have transglycosylation activity capable
of transferring the released N-glycan to a GlcNAc acceptor to form a new glycosidic
linkage. Two enzymes of the glycoside hydrolase family 85 (GH85), the Endo-A from
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Arthrobacter protophormiae that is specific for high-mannose type N-glycans and the Endo-
M from Mucor hiemalis that can hydrolyze both high-mannose type and bi-antennary
complex type N-glycans, are particularly useful for synthetic purpose (79). While a block
transfer of a large oligosaccharide is a unique advantage of this strategy, use of this
enzymatic transglycosylation for synthesis had encountered significant limitations including:
the use of large excess of natural N-glycopeptide/N-glycan as donor substrate, low
transglycosylation yield, and product hydrolysis. Two important recent developments, the
exploration of synthetic sugar oxazolines as donor substrates and the generation of novel
glycosynthase mutants, have provided a timely solution to the major problems encountered
in the ENGase-catalyzed synthesis (27, 34, 79). The idea to explore sugar oxazolines as
donor substrates was originated from the assumption that ENGase-catalyzed reaction
proceeds by a substrate-assisted mechanism, in which the 2-acetamido group in the substrate
serves as a nucleophile to attack the anomeric center when the glycosidic oxygen is
protonated by the enzyme, forming a presumed sugar oxazolinium ion intermediate. The
oxazolinium intermediate should go either for transglycosylation or for hydrolysis. It was
hypothesized that the activated sugar oxazoline might serve as a good substrate for
transglycosylation. The hypothesis was proved correct and indeed synthetic sugar oxazolines
corresponding to the N-glycan core turned out to be excellent substrates for
transglycosylation for glycopeptide synthesis (80-83). Subsequent studies indicated that
Endo-A could efficiently take a series of truncated and selectively modified N-glycan
oxazolines for transglycosylation but had low hydrolytic activity on the glycopeptide
product carrying truncated N-glycans. The high transglycosylation activity of the activated
sugar oxazoline coupled with the low hydrolytic activity of the modified “ground-state”
glycopeptide product by Endo-A accounts for the highly efficient synthesis of various
glycopeptides carrying a truncated or selectively modified N-glycan (81, 82, 84-86). In
contrast, the Endo-M has more significant hydrolytic activity toward the truncated
glycopeptides, resulting in less efficient synthesis. It was found that Endo-A was also very
flexible for the structures of the acceptors and the chemoenzymatic approach was
successfully extended to glycosylation remodeling of ribonuclease B to provide various
homogeneous glycoforms carrying core N-glycans, azido-tagged N-glycans, and other large
oligosaccharide ligands (87, 88).

When the wild type enzymes (Endo-A and Endo-M) were applied to the synthesis of
glycoproteins carrying natural N-glycans, quick enzymatic hydrolysis of the product could
not be avoided, as the products are the natural substrates of these hydrolases. To address this
problem, novel glycosynthase mutants were created. Site-directed mutagenesis and
subsequent screening of a small mutant library led to the discovery of an Endo-M mutant,
N175A, which was able to take Man9GlcNAc oxazoline corresponding to the full-size
natural high-mannose type N-glycan for transglycosylation to form a large N-glycopeptide,
but lacked the hydrolytic activity on the natural glycopeptide product (89). An equivalent
mutant of Endo-A, the EndoA-N171A, was also a glycosynthase that could use
Man9GlcNAc oxazoline for transglycosylation with diminished product hydrolysis activity
(90). Added to the list was another Endo-A mutant, EndoA-E173Q, which also acted as a
glycosynthase for transglycosylation without product hydrolysis (91). The N171 of Endo-A
(equivalent to N175 in Endo- M) was predicted to be a residue essential for the orientation
of the 2-acetamido group and for promoting oxazoline formation during the hydrolysis.
Mutation at this critical residue thus aborted its function for promoting oxazoline formation,
resulting in the elimination of hydrolysis activity. But when external sugar oxazoline was
supplied, the mutant could still proceed with it at the catalytic site for transglycosylation.
The E173 of Endo-A (E177 of Endo-M) was assumed to be the general acid/base in the
catalysis. These assumptions were confirmed by the recently solved crystal structures of
Endo-A in complexes with GlcNAc-Asn and a non-hydrolyzable oxazoline analog,
Man3GlcNAc-thiazoline (92, 93).
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The discovery of the glycosynthase mutants permitted the synthesis of homogeneous
glycoproteins carrying intact natural N-glycans as well as selectively modified N-glycans
(Figure 4a). One important feature for the enzymatic method is preservation of the natural
pentasaccharide core, Man3GlcNAc2, in the glycoprotein product. Recently it was found that
EndoM-N175A and EndoMN175Q mutants were able to use both non-sialylated and
sialylated glycan oxazolines for transglycosylation, allowing the synthesis of sialylated
glycoproteins (90, 94-96). The combined use of these enzymes enabled the construction of a
class of novel N-glycan clusters, which showed unusual lectin recognition properties (97).
As another application, homogeneous Glc1Man9GlcNAc2 glycoforms were synthesized by a
combined chemical and enzymatic approach (98) . The mono-glucosylated high-mannose
type glycoform and a selectively modified (Galβ−1,4-G1Man9GlcNAc2) glycoform could be
specifically recognized by lectin calreticulin. The synthetic homogeneous glycoforms should
be valuable for deciphering the molecular mechanism of the calnexin/calreticulin-mediated
protein folding process, the study of which has hitherto been hampered by the difficulties in
obtaining glycan-defined glycoprotein intermediates.

Interestingly, wild type Endo-A was found to have a low but clearly detectable activity on
complex type N-glycan oxazoline for transglycosylation, but it did not hydrolyze the
“ground state” complex type glycoprotein (94). The promiscuity of Endo-A on the highly
activated sugar oxazolines implicates an exciting opportunity to improve its
transglycosylation activity on complex glycan oxazoline by directed evolution. In another
study, a systematic mutagenesis at the N175 site of Endo-M was performed, which
generated several mutants such as N175Q that showed much improved transglycosylation
activity (99). Kinetic studies indicated that most of the mutants had a large Km value (in the
mM range), implicating a low affinity to the substrates. Future studies should be directed to
improve the enzymatic efficiency, e.g., by site-directed mutagenesis or directed evolution.
Another family GH85 enzyme, Endo-D from Streptococcus pneumoniae, was also able to
perform transglycosylation with sugar oxazoline, but the wild type enzyme had low
transglycosylation efficiency, mainly due to quick hydrolysis of the substrate by the enzyme
(94, 100). It would be interesting to see how specific Endo-D mutants would work.
Recently, a class of glycoside hydrolase family 18 (GH18) enzymes, including Endo-F1,
Endo-F2, and Endo-F3 from Flavobacterium meningosepticum, was also found to have
transglycosylation activity (101). Specifically, the Endo-F3 recognized a core-fucosylated
GlcNAc-peptide acceptor for transglycosylation, permitting an efficient synthesis of core-
fucosylated complex N-glycopeptides. Endo-F3 represents the first endoglycosidase found
to be capable of taking core-fucosylated GlcNAc-peptide acceptor for transglycosylation. It
remains to be tested whether Endo-F3 is equally efficient to work with core-fucosylated
GlcNAc-protein acceptor.

The chemoenzymatic method uses a GlcNAc-containing protein as the key intermediate for
sugar chain extension, which can be obtained by de-glycosylation of natural or recombinant
glycoproteins produced in eukaryotic cells. E. coli could not make glycoproteins as it lacks
the protein glycosylation machinery. However, recent discovery of a protein N-
glycosylation machinery in Campylobacter jejuni (102, 103) and its successful functional
transfer into E. coli have raised an exciting opportunity to produce recombinant N-
glycoproteins in bacteria (104, 105). Nevertheless, the attached bacterial N-glycan, a unique
heptasaccharide GalNAc-α1,4-GalNAc-α1,4-[Glc-β1,3-]GalNAc-α1,4-GalNAc-α1,4-
GalNAc-α1,3-Bac-β1,N-Asn, is completely different from eukaryotic N-glycans, and the
glycan is linked to the asparagine (Asn) in an extended consensus sequence (D/EZNXS/T,
where Z and X can be other amino acids) through an unusual deoxysugar, bacillosamine
(Bac). Recently, this bacterial expression system was explored to produce homogeneous
glycoproteins with eukaryotic N-glycosylation (106). The method involves the engineering
and functional transfer of the C. jejuni glycosylation machinery in E. coli to express
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glycosylated proteins in which the bacterial Bac-Asn linkage was replaced with the key
GlcNAc-Asn linkage found in human N-glycoproteins. The external bacterial glycans were
then trimmed by α-N-acetylgalactosaminidase to the innermost GlcNAc, and then the
GlcNAc was extended by the ENGase-catalyzed transglycosylation to fulfill a eukaryotic N-
glycosylation. This method combines the power of protein expression in E. coli,
biotechnology's work horse, and the flexibility of the in vitro glycosylation remodeling
system, providing a potentially general platform for producing eukaryotic N-glycoproteins.
While this work provides proof-of-concept data, several problems remain, including the low
efficiency of glycosylating heterologous proteins and the requirement of an extended
consensus sequence at the glycosylation sites by PglB, the bacterial
oligosaccharyltransferase. Future studies should be directed to addressing these problems
including engineering PglB to expand its specificity and mechanistic investigations of the
glycoprotein secretary pathways.

As a notable example for its application, the chemoenzymatic method was successfully
applied to glycoengineering of human IgG-Fc (107, 108) . In an initial study, human IgG-Fc
was expressed in yeast Pichia pastoris, and the heterogeneous yeast N-glycans were
removed by Endo-H treatment to leave only the innermost GlcNAc attached at the
glycosylation sites. It was found that Endo-A could catalyze the transfer of Man3GlcNAc
oxazoline to the seemingly hindered GlcNAc residues of the Fc homodimer (GlcNAc-Fc)
under very mild conditions (pH 7.0, 23 °C), without the need of denaturing the Fc domain.
Thus the native structure of IgG-Fc homodimer was kept intact during glycosylation
remodeling processes. Complete glycosylation was achieved at the two glycosylation sites
of the homodimer, generating a homogeneous glycoform of IgG-Fc when excess sugar
oxazoline was used. On the basis of this initial success, an extended study aiming to
elucidate the structure-activity relationships related to the effects of Fc glycosylation on Fcγ
receptor binding was reported recently (108). The human IgG-Fc was expressed in CHO
cells in the presence of an α-mannosidase inhibitor, kifunensine, to confer the Endo-H
sensitive high-mannose glycoform, which was deglycosylated by Endo-H to provide the key
aceptor, GlcNAc-Fc as a homodimer. A series of sugar oxazolines were chemically
synthesized and transferred to the GlcNAc-Fc acceptor by Endo-A to give an array of
homogeneous Fc glycoforms with altered glycan structures (Figure 4b). The Endo-A was
found to be remarkably efficient to take various modified N-glycan core oxazolines,
including the bisecting sugar-containing derivatives, for Fc glycosylation remodeling. SPR
binding studies unambiguously proved that the presence of a bisecting sugar moiety could
enhance the binding of Fc to the activating receptor FcγRIIIa, independent of Fc core-
fucosylation, but this modification had little effect on the affinity of Fc to the inhibitory Fcγ
receptor, FcγRIIb. It was also shown that the α-linked mannose residues in the
pentasaccharide Man3GlcNAc2 core was essential to maintain a high-affinity of Fc to both
FcγRIIIa and FcγRIIb. Further studies along this line should provide additional pure
glycoforms for more detailed structural and functional studies of human IgG-Fc
glycosylation.

CHEMO-SELECTIVE AND SITE-SPECIFIC GLYCOSYLATION OF PROTEINS
Site specific glycosylation of recombinant proteins can be achieved by chemo-selective
ligation between bio-orthogonally tagged proteins and glycans. In this approach, specific
tags are introduced at pre-determined glycosylation sites by site-directed mutagenesis. The
tags are then reacted with a modified glycan via bio-orthogonal chemo-selective ligation.
This topic was the focus of two excellent recent reviews (29, 32). Therefore, we provide
here only a brief highlight of this strategy. Figure 5a shows the general approach of this
protein glycosylation strategy. Of the natural amino acid residues, cysteine (Cys) is the most
widely used as a tag, which can be introduced by site-directed mutagenesis. The free
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cysteine residue in the expressed protein can be selectively modified with a thiol-reactive
functional group that is pre-installed in a sugar moiety to fulfill a site-specific glyco-
conjugation. A series of cysteine-reactive functionality, including glycosyl iodo-/bromo-
acetamide, glycosyl methanethiosulfonate (GlycoMTS), and glycosyl phenylthiosulfonate
(GlycoPTS), were installed in a sugar moiety and was ready for conjugation through a
disulfide or a thioether linkage. This strategy was applied to the production of artificially
glycosylated erythropoietin (EPO) by introducing cysteines at the conserved N-glycosylation
sites, followed by chemo-selective reaction with glycosyl iodoacetamide (109, 110). This
method was also successfully used to selectively introduce sugar chains at the conserved N-
glycosylation sites (Asn-297) of human IgG-Fc, probing the effects of the glycosylation on
antibody's effector functions (111). Another remarkable example was the use of this “tag
and modify” strategy to make novel anti-bacterial glycodendriproteins that contain branched
sugar chains at predetermined sites in the protein (112).

In addition to the natural Cys residue, the ability to introduce a series of novel functionalized
unnatural amino acid residues through genetic manipulation has significantly expanded the
scope and diversity of the “tag and modify” strategy. Common bio-orthogonal tags include
azide-, aldehyde-, alkyne, and alkene-containing residues, which can be selectively reacted
with an appropriate functional group installed in a sugar moiety under mild, bio-compatible
conditions. As an early example, unnatural amino acids containing a ketone “handles” were
introduced in protein by the amber codon suppression technology (113). Chemo-selective
reaction with a glyco-acylhydrazide allowed site-specific attachment of the sugar moiety
through an oxime linkage. Additional unnatural amino acids such as azido-homoalanine
(Aha) and homopropargylglycine (Hpg) can be incorporated into proteins by employing a
Met (-) auxotrophic strain, Escherichia coli B834 (DE3), to express the target protein in the
presence of the corresponding unnatural amino acids instead of methionine (114-116). As an
elegant application, the azide group served as a tag to introduce a GlcNAc moiety via a
triazole linkage through the Cu (I)-catalyzed alkyne-azide cycloaddition. The sugar chain
was then efficiently extended by an endoglycosidase-catalyzed transglycosylation to provide
a glycoprotein with a more complex sugar moiety (117). Another method to introduce an
aldehyde tag consists of two steps: the insertion of a five-residue consensus sequence
(CXPXR, where X can be any other amino acids) at the glycosylation sites during
recombinant expression and subsequent in situ oxidation of the Cys in the consensus
CXPXR sequence to a formylglycine (fGly) residue by a formylglycine generating enzyme
(FGE), which is co-expressed in the system (118, 119). FGE recognizes specifically the
CXPXR sequence, permitting site-specific modification of the Cys residue. This approach
was recently applied to site-specific glycosylation of human growth hormone (hGH) (120).
Briefly, the consensus CXPXR sequence was introduced into hGH and oxidized in situ by
the co-expressed FGE. The resulting aldehyde-bearing hGH was then reacted with synthetic
aminooxy-glycans under an acidic condition (pH 3.5-3.8) to give a moderate yield of the
glycosylated hGH. An important feature of such a ligation is that the oxime linkage could
closely mimic the sugar-amino acid linkages found in natural N- and O-glycoproteins. The
“tag and modify” technology allows a quick access to homogeneous glycoproteins and it
should find wide applications for both fundamental research and probably biomedical
applications. A drawback of this strategy is that unnatural sugar-amino acid linkages are
introduced into the conjugate, which might not perfectly mimic the natural counterparts and
could be potentially immunogenic if used in humans.

Since different tags could be selectively introduced at different sites in a protein by the
abovementioned genetic approach, it becomes possible to introduce multiple distinct glycans
and/or other functional groups in a given protein, through orthogonal chemo-selective
ligations. A remarkable example was recently reported for the construction of a synthetic
glycoprotein that functionally mimics the P-selectin glycoprotein ligand-1 (PSGL-1) (121).
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Two posttranslational modifications, including a sulfate group at Tyr-48 and a sialylated
glycan attached at the Ser-57 of PSGL-1, are essential for the binding of PSGL-1 to P-
selectin in the primary rolling/adhesion phases of the inflammatory response. The LacZ-type
reporter enzyme, Sulfolobus solfataricus β-galactosidase (SSβG), was used as a bacterial
scaffold protein to introduce a sulfotyrosine mimic group at position 439 and a sialylated
glycan at position 43. This was achieved by expression of a ten-point (Met)10(Cys)1 to
(Met43)1(Ile)9(Ser)1 SSβG mutant, which also contains an additional mutation at position
439 to introduce a Cys residue, in the Met-auxotrophic E. coli strain B834(DE3) in the
presence of a Met analog. The expression provided a tagged TIM-barrel protein SSβG-
Aha43-Cys439, which contains a thiol tag at site 439 and an azide tag at site 43. The tagged
protein was selectively reacted with a novel Cys-modifying reagent Tyr-MTS to introduce
the sulfotyrosine mimic at position 439, followed by a second orthogonal click chemistry
with the alkyne-containing sialyl Lewis X to attach a sialylated glycan at position 43 (Figure
5b). Binding studies demonstrated a clear synergistic effect between the sulfotyrosine mimic
and the sialoglycan for P-selectin recognition. Interestingly, the modified SSβG still
maintains a LacZ type enzyme activity. This property was successfully used to detect in vivo
inflammatory brain lesions by its specific recognition of P-selectin and subsequent
enzymatic reactions for X-Gal tissue staining (121). This remarkable achievement will
stimulate further interests in applying the “tag and modify” strategy for functional studies of
posttranslational modifications.

CONCLUSIONS
A major challenge in functional glycomics studies and development of carbohydrate-based
therapeutics is the structural micro-heterogeneity of glycoconjugates. Recent advances in
host glycoengineering and in vitro chemoenzymatic glycosylation remodeling have made it
possible to obtain a series of homogeneous, glycan-defined glycoproteins. In addition, bio-
orthogonal site-specific glycosylation is emerging as an attractive strategy permitting a
quick access to various glycosylated proteins for functional studies, although the unnatural
linkages introduced might not always perfectly mimic the functions of the natural
counterparts. These emerging technologies complement each other and can be combined to
further expand our synthetic repertoire. Despite enormous progress in this field, many
technical problems remain. In contrast to site-directed mutagenesis that permits site-directed
alteration of amino acid residues in proteins at will, there is no practical chemical and
biological means to discriminate different sites for introducing distinct glycans with natural
linkages; the preparation of homogeneous O-glycoproteins is lagging behind; extensive
mechanistic and genetic studies on the glycosylation network (particularly the secretory
pathways) are needed for glycoengineering in non-mammalian host system in order to have
a perfect control of the outcome; new enzymes and mutants with improved efficiency and
more flexibility in taking various glycans are needed for protein glycosylation remodeling;
and, finally, inventing new concepts to permit site-specific chemical glycosylation of
proteins through native sugar-amino acid linkages should be chemists’ next challenge. With
synergetic efforts from both chemists and biologists, we can expect another wave of new
advances in this exciting field in the next few years.
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KEYWORDS

Glycoprotein the covalent conjugate of a protein and a mono- or oligosaccharide

Glycoconjugate the covalent conjugate of a mono-/oligosaccharide with a non-sugar
moiety such as a lipid, a peptide, and a protein.

Glycoform glycoprotein variants that possess the same polypeptide backbone but differ
in the nature and site of glycosylation

Glycosylation the covalent attachment of a carbohydrate (usually through the reducing
end) to a hydroxyl group or other functional groups in another molecule to form a
glycosidic linkage.

Glycoengineering specific alteration of the glycan structures in a glycoconjugate by
chemical and biological means.

Chemoenzymatic a combined chemical and enzymatic approach to the synthesis of
natural and unnatural compounds.

Transglycosylation a glycohydrolase-catalyzed reaction in which the released sugar is
transferred to an acceptor other than water to form a new glycoside.
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Figure 1.
Structures of representative N- and O-linked glycans on glycoproteins. (a) high-mannose
type N-glycan; (b) bi-antennary complex type N-glycan; (c) core 1 O-GalNAc glycan; (d)
core 2 O-GalNAc glycan; (e) O-GlcNAc.
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Figure 2.
N-glycan biosynthetic pathways in eukaryotes and glycoengineering. (a) the shared early
steps in the ER leading to the Man8GlcNAc2 (M8) glycoform, which is translocated to Golgi
for further processing; (b) processing and branching in mammalian host leading to mature
glycoproteins; (c) glycan processing in yeast leading to hypermannosylation and its
engineering being directed to the mammalian glycosylation pathway; (d) glycan processing
in plants leading to plant-specific glycoform and its engineering being directed to the
mammalian glycosylation pathway.
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Figure 3.
Chemoenzymatic approaches to glycosylation remodeling of glycoproteins. (a) sugar chain
extension by sequential glycosyltransferase-catalyzed reactions; (b) sugar chain extension by
endoglycosidase-catalyzed transglycosylation.
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Figure 4.
Chemoenzymatic synthesis of different glycoforms by the ENGase-catalyzed
transglycosylation. (a) examples of synthetic RNase glycoforms produced by using ENGase
and related glycosynthase mutants; (b) glycoengineering of human IgG-Fc.
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Figure 5.
Chemo-selective and site-specific glycosylation of proteins. (a) a general chemo-selective
and site-specific strategy; (b) a dual tagging approach to generating a functional PSGL-1
mimic.
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