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Abstract

Glycosylation is one of the most prevalent posttranslational modifications that profoundly affects 

the structure and functions of proteins in a wide variety of biological recognition events. However, 

the structural complexity and heterogeneity of glycoproteins, usually resulting from the variations 

of glycan components and/or the sites of glycosylation, often complicates detailed structure— 

function relationship studies and hampers the therapeutic applications of glycoproteins. To address 

these challenges, various chemical and biological strategies have been developed for producing 

glycan-defined homogeneous glycoproteins. This review highlights recent advances in the 

development of chemoenzymatic methods for synthesizing homogeneous glycoproteins, including 

the generation of various glycosynthases for synthetic purposes, endoglycosidase-catalyzed 

glycoprotein synthesis and glycan remodeling, and direct enzymatic glycosylation of polypeptides 

and proteins. The scope, limitation, and future directions of each method are discussed.

1. INTRODUCTION

Glycoproteins are an important class of biomolecules that are involved in a wide variety of 

physiological and disease processes.1 The biological functions of protein glycosylation are 

truly multifaceted.1 It is well documented that glycosylation can profoundly affect a 

protein’s intrinsic properties such as the conformations, protease stability, antigenicity, and 

immunoge-nicity.2 The glycans of glycoproteins can also directly participate in a number of 
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biological recognition processes including intracellular trafficking, cell adhesion, signaling, 

development, host-pathogen interactions, and immune responses, to name a few.1‘3–5 For 

example, N-glycosylation plays an important role in the lectin (calnexin/calreticulin)-

mediated protein folding and the ER-associated degradation pathways in quality control;6,7 

the mannose-6-phosphate (M6P)-tagged glycosylation of lysosomal enzymes is critical for 

successfully targeting the enzymes to lysosomes for degrading various dysfunctional 

biomolecules; ,9 cell surface glycans often serve as ligands for glycan-binding protein 

mediated host-pathogen interactions such as bacterial and viral infections; 10–14 and aberrant 

glycosylation is often associated with disease development and progression such as cancer 

and autoimmune disorders.15–17 A majority of therapeutic proteins, including monoclonal 

antibodies, are glycosylated, and the presence as well as the fine structures of the sugar 

chains are critical for the stability and biological functions. 8,19 Thus, understanding the 

structure and functions, as well as the control of the glycosylation status, is essential for the 

development and production of efficient protein-based therapeutics.20,21

A major challenging in dealing with glycoproteins comes from the structural heterogeneity 

of natural and recombinant glycoproteins usually aroused from the variations of glycan 

components and/or the sites of glycosylation. In fact, recombinant glycoproteins such as 

therapeutic antibodies are usually produced as mixtures of glycoforms that have the same 

protein backbone but differ in the pendent oligosaccharides, from which pure glycoforms are 

difficult to isolate using current chromatographic techniques. This situation significantly 

hampers a detailed understanding of the structure-function relationships and slows down the 

therapeutic and diagnostic applications of glycoproteins.18,21–27 Thus, efficient methods that 

allow controlling glycosylation during expression or permit in vitro construction of glycan-

defined glycoproteins are urgently needed. Tremendous progress has been made in recent 

years for producing structurally well-defined, homogeneous glycoproteins, including tailor-

made glycoforms of intact antibodies.28–31 These include total chemical synthesis,32–45 “tag 

and modify” approaches for site-selective protein-glycan conjugation,46–48 chemoenzymatic 

synthesis using enzymes for key modification andligation,28–31,49–62 and glycosylation 

engineering by manipulating the biosynthetic pathways in different host expression systems.
63–69

The present review provides a survey of the chemoenzymatic methods that have been 

developed for the synthesis of glycopeptides and glycoproteins carrying defined 

oligosaccharides, with a focus on the advances in the past decade. Particular attention was 

turned to the following areas: the generation of various glycosynthases from glycosidases for 

synthetic purposes, the endoglycosidase-catalyzed glycoprotein synthesis and glycan 

remodeling of intact glycoproteins, and the direct enzymatic glycosylation of polypeptides 

and proteins using oligosacchar-yltransferase, N-glycosyltransferase, O-GlcNAc transferase 

and O-GalNAc transferase. Selected examples are presented to discuss the concept of the 

respective methods, while more indepth technical points can be found in the cited primary 

literature.
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2. GENERAL ASPECTS OF THE STRUCTURE, FUNCTION, AND 

SYNTHESIS OF GLYCOPROTEINS

2.1. Structural Features of Glycans and Glycoproteins

The covalent attachment of mono- or oligosaccharide moieties to proteins, collectively 

called protein glycosylation, is one of the most prevalent posttranslational modifications 

(PTMs). Protein glycosylation was once considered as the event only reserved in eukaryotic 

systems. However, recent discoveries have shown that protein glycosylation is also a 

common phenomenon in some microorganisms, including bacteria, archaea, and fungi.70,71 

In contrast to most other PTMs, such as phosphorylation, that usually involve a simple 

functional group transfer to one or a handful of amino acid residues, glycosylation can be 

much more complex and structurally and functionally diverse.1,72 So far, over 40 different 

types of the sugar-amino acid junctions have been identified that involve at least 8 different 

amino acid residues and 13 different proximal monosaccharides.73,74 While microorganisms 

are found to have diverse rare monosaccharide units in secondary metabolites, surprisingly 

only a dozen or so common monosaccharides are present in typical eukaryotic glycoproteins 

(Figure 1). Nevertheless, the limited numbers of building blocks can still form incredibly 

diverse structures due to the huge possibilities of linkage types, anomeric stereochemistry, 

and/or additional noncarbohydrate decorations of the sugar chains.

For most glycoproteins found in eukaryotic systems, the glycans are attached to the proteins 

through three major types of linkages. One is the N-linked glycosylation, in which the 

oligosaccharide (N-glycan) is attached to the amide side chain of an asparagine residue in a 

consensus (Asn-Xaa-Ser/Thr) sequence, where Xaa could be any amino acids except 

proline, through the pGlcNAcβ1-Asn linkage; another is the O-linked glycosylation, where 

the sugar is linked to the hydroxyl group of a Ser or Thr residue in the protein backbone. 

The O-glycosylation is represented by the mucin type O-glycoproteins in which O-glycans 

are attached to protein through a GalNAcα1-Ser/Thr linkage and by proteoglycans in which 

the large glycosaminoglycans are attached to the proteins via a conserved GlcAα1,3-

Galβ1,3-Galβ1,4-Xylβ1-Ser linkage. On the other hand, many proteins are anchored to the 

cell surface through a special glycosyl phosphatidylinositol (GPI)-anchor that locates the 

proteins at the cell surface for functions. In addition to the attachment of complex N- or O-

glycans or GPI anchors, glycosylation with even a simple monosaccharide moiety has also 

been found to play important roles as represented by the O-GlcNAc glycosylation of many 

nuclear and cytoplasmic proteins in modulating signal transduction75,76 and the O-

fucosylation and O-mannosylation in development.3 Typical structures of the glycans and 

glycan-protein linkages found in mammalian systems are depicted in Figure 2. It should be 

pointed out that each class of glycoproteins can have huge variations in the glycan structures 

attached. For example, the N-glycoproteins can be further categorized into high-mannose 

type, complex type, and hybrid type depending on the nature of the pendant N-glycans.

2.2. Biosynthesis of Glycoproteins

Except for the attachment of simple monosaccharide moieties, such as O-GlcNAc 

glycosylation that involves a simple transfer of a monosaccharide to the protein by the 

GlcNAc transferase using UDP-GlcNAc as the substrate, the biosynthesis of typical N- and 
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O-glycoproteins often consists of multiple steps involving a large panel of enzymes such as 

glycosyltransferases, glycosidases, and various carbohydrate modifying enzymes. For 

example, the biosynthesis of eukaryotic N-glycoproteins involves dozens of steps in two 

cellular compartments: the ER and the Golgi (Figure 3). First a large oligosaccharide 

precursor, Glc3Man9GlcNAc2, is assembled on a lipid (dolichol) carrier at the ER membrane 

that involves a large panel of glycosyl-transferases. Then the dolichol-linked oligosaccharide 

is transferred by a multisubunit oligosaccharyltransferase (OST) to the asparagine (Asn) side 

chain in a consensus sequence Asn-Xaa-Ser/Thr of a nascent polypeptide on the ribosome. 

Then the precursor is processed to a unique monoglucosylated glycoform 

(Glc1Man9GlcNAc2) that is a key intermediate involved in the calnexin/calreticulin 

chaperone-mediated protein folding in protein quality control. Once correctly folded, the 

precursor is trimmed further to Man8GlcNAc2-protein in the lumen of the ER and then 

translocated to the Golgi apparatus for further processing to produce different glycoforms, 

such as high-mannose, complex, and hybrid type glycoforms (Figure 3). The processing of 

the N-glycans is carried out by various glycosidases and glycosyltransferases in a species-, 

cell type-, protein-, and/or site-specific manner. Many of the enzymes are differentially 

expressed and sensitive to the physiological state of the cells, resulting in the production of 

diverse and heterogeneous glycoprotein glycoforms.

In contrast to N-glycosylation that begins with the assembly of a large oligosaccharide 

precursor structure, the biosynthesis of O-glycans occurs in a stepwise manner in the Golgi 

apparatus, starting with the attachment of the first sugar, N-acetylgalactos-amine (GalNAc) 

to the hydroxyl group of a Ser or Thr residue in an a-glycosidic linkage under the catalysis 

of a polypeptide:- GalNAc transferase (ppGalNAcT). Then the sugar chain is further 

extended by sequential additions of monosaccharides under respective glycosyltransferase to 

form various O-glycan core structures (Figure 4). Although different ppGalNAc transferases 

show some preference to polypeptide sequence for attachment of the GalNAc moiety, there 

is no consensus sequence for O-glycosylation. All the enzymes involved in the N- and O-

glycan biosynthesis can be explored for synthetic purposes. Recently, Moremen and co-

workers have constructed an expression vector library encoding most of the known human 

carbohydrate enzymes, including glycosyltransferases, glycoside hydrolases, and 

sulfotransferases, as well as other glycan-modifying enzymes.77 This library provides a 

highly valuable resource for recombinant enzyme production useful for chemoenzymatic 

synthesis of oligosaccharides and glycoproteins.

2.3 Major Approaches for the Synthesis of Homogeneous Glycoproteins

Natural and recombinant glycoproteins are usually produced as mixtures of glycoforms that 

possess the same protein backbone but differ in the pendent glycans, from which pure 

glycoforms are extremely difficult to isolate. While the genetic approaches via glycosylation 

pathway engineering in different host expression systems have been able to produce certain 

controlled glycoforms of glycoproteins,63–67,78–84 the glycoforms that can be achieved by 

genetic approaches are limited and, in many cases, it is still difficult to obtain pure 

glycoforms through recombinant production. On the other hand, the chemical and 

chemoenzymatic synthesis of a given homogeneous glycoprotein usually has to deal with 

three major tasks: the production of the polypeptide or protein backbone; the preparation or 
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building up of the oligosaccharide/glycan component; and the conjugation of the glycan to 

the protein/polypeptide backbone.

The past decade has witnessed tremendous progress in the method development for 

producing glycan-defined glycoproteins. Major synthetic strategies that are promising for 

the construction of homogeneous glycoproteins are listed Figure 5. These include the native 

chemical ligation of preassembled polypeptides and glycopeptides (Figure 5a); the 

chemoselective ligation of tagged proteins and activated glycans (Figure 5b); the 

endoglycosidase-catalyzed convergent glycosylation for N-glycoprotein synthesis and 

glycan remodeling (Figure 5c); the direct enzymatic glycosylation of intact proteins (Figure 

5d); and the posttranslational glycan modifications of glycoproteins (Figure 5e).

The total chemical synthesis ofglycoproteins involving native chemical ligation, as well as 

the “tag and modify” strategy (depicted in Figure 5a and Figure 5b) has been the focus of a 

number of excellent accounts.26,33,36,38,41,43,47,85 Indeed, the application and further 

development of the native chemical ligation concept, including expressed protein ligation 

(EPL), for ligating large glycopeptides and polypeptides have now made it possible to 

construct some large and complex intact glycoproteins such as the glycoprotein hormone α- 

and β- subunits,86,87 glycosylated human interferon-β,88 the glycosylated ribonuclease,89,90 

and the fully glycosylated human erythropoietin (EPO).91–95 It should be pointed out that 

native chemical ligation involving large glycopeptides is not trivial, often leading to low 

yield, particularly when the bulky glycans are near the ligation sites. This was exemplified 

by the total synthesis of EPO, where the NCL protocol that was worked out for making the 

truncated EPO glycoform actually failed to produce the fully glycosylated EPO glycoform, 

which eventually required a new design of the synthetic scheme.92 In parallel, enzymatic and 

chemoenzymatic synthesis is emerging as an attractive approach that complements and 

expands the chemical methods for constructing homogeneous glycoproteins. For example, 

the discovery of an array of endoglycosynthases derived from the endo-β-N-

acetylglucosaminidases has enabled a highly convergent synthesis of large glycopeptide and 

glycoproteins, and the combined use of the wild type endoglycosidases (for deglycosylation) 

and the mutant enzymes (for subsequent attachment of a large N-glycan en bloc) has been 

particularly useful for glycan remodeling of intact natural and recombinant glycoproteins 

including therapeutic antibodies (Figure 5c).29–31 Moreover, the direct enzymatic 

glycosylation of proteins is emerging as a practical approach to making homogeneous 

glycoproteins, thanks to the structural analysis and substrate specificity studies of related 

enzymes, including the bacterial oligosaccharyltransferase (PglB) that can transfer both N- 

and O-glycans and the N-glycosyltransferase (NGT) that can transfer a monosaccharide 

moiety to a consensus N-glycosylation site (Figure 5d).96–101 On the other hand, 

postglycosylational trimming and remodeling of glycoproteins, as depicted in Figure 5e, 

provides another chemoenzymatic approach to novel homogeneous glycoforms. In contrast 

to the above-mentioned endoglycosidase-catalyzed glycan remodeling that involves 

deglycosylation and endoglycosidase-catalyzed transglycosylation,29–31 glycosyltransferases 

can also be used to extend the sugar chain to give different glycoprotein glycoforms. As an 

example, Warnock and co-workers reported the in vitro enzymatic galactosylation of human 

serum IgG that contains truncated Fc glycans (mixtures of G0F, G1F, and G2F glycoforms) 

into mainly a homogeneous G2F glycoform of the antibody using a recombinant bovine 
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galactosyltransferase (GalT).102 Under an optimized condition of substrate/enzyme 

concentrations, the human serum IgG was enzymatically remodeled to the G2F glycoform 

on a kilogram scale with a purity of 98% for the neutral fraction of Fc N-glycans. As another 

class example, Wong and co-workers demonstrated the glycan remodeling of bovine 

ribonuclease (RNase) B (a heterogeneous glycoprotein containing Man5-9GlcNAc2 high-

mannose gly-cans) to a homogeneous glycoform carrying a novel N-linked sialyl Lewis X 

moiety.103 This was achieved by deglycosylation of RNase B with Endo-H, followed by 

sugar chain elongation by sequence additions of galactose, sialic acid, and fUcose using 

β1,4-galactosyltransferase, α2,3-sialyltransferase, and α1,3-fuco-syltransferase, respectively 

(Figure 5e). While diverse glyco-forms could be built up using different combinations of 

glycosyltransferases, a limitation of this approach is that sequential sugar chain extension by 

a combined use of several glycosyltransferases could not guarantee the homogeneity of the 

end product, as incomplete transformation at any of the enzymatic steps could end up with 

mixtures of truncated glycoforms.

In addition to direct enzymatic glycosylation of proteins and enzymatic sugar chain 

elongation, some other enzymes such as transpeptidases and transglutaminases have been 

explored for “native ligation” between preassembled peptides, glycopeptides, and/or 

oligosaccharides to make novel homogeneous glycopep-tide/glycoprotein conjugates.60,104 

Sortases are a class of membrane-bound transpeptidases found in Gram-positive bacteria 

that are responsible for covalent anchoring of cell surface proteins to bacterial cell walls. 

Sortases such as the sortase A (SrtA) from Staphylococcus aureus recognize a conserved 

pentapeptide signal, LPXTG (where X is a variable amino acid), at the C-terminus of the 

target protein, that hydrolyzes the peptide bond between the T and G residues to form an 

enzyme thioester intermediate, and finally transfer the protein acyl group to the N-terminus 

of the oligoglycine side chain of cell wall peptidoglycan, resulting in the conjugation of the 

target protein to the cell wall. Interestingly, SrtA was found to have very promiscuous 

substrate recognition and was able to take various molecules with a flexible primary amine 

group as the acceptor substrate, making the SrtA catalyzed ligation a very promising method 

for site-specific bioconjugation. For example, Guo and co-workers have explored the SrtA-

catalyzed trans-peptidation for chemoenzymatic synthesis of various glyco-

sylphosphatidylinositol (GPI)-linked peptide and proteins,105–107 macrocyclic peptides and 

glycopeptides,108 and liposome-conjugated peptides;109 Roy and co-workers used the SrtA 

catalyzed reaction to ligate polypeptide and aminosugars to synthesize novel glycopeptides;
110 Nishimura and co-workers synthesized large MUC1 type glycopeptides carrying O-

glycan and N-glycan chains through a SrtA-mediated ligation between two glycopeptide 

fragments carrying the sorting signal sequence LPKTGLR and an Gly-Gly moiety, 

respectively;111 and Ploegh and co-workers successfully used a SrtA-catalyzed trans-

peptidation reaction between a class II MHC-binding single domain antibody fragment 

(VHH7) and a synthetic MUC1-(Tn) fragment to create a two-component glycopeptide 

vaccine that could elicit a strong MUC1(Tn)-specific immune response in mice.112 On the 

other hand, microbial transglutaminase also had a broad acceptor substrate specificity and 

has been used for the chemoenzymatic synthesis of neoglycopeptides.113–115

Taken together, recent developments in chemical and chemoenzymatic methods have made it 

possible to obtain various homogeneous glycoprotein glycoforms. Further optimization of 
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the existing methods, as well as continuous efforts in exploring new approaches, will 

provide efficient and new tools for making structurally well-defined glycoproteins for basic 

research and therapeutic explorations.

3. GLYCOSIDASE-CATALYZED TRANSGLYCOSYLATION AND THE 

GLYCOSYNTHASE CONCEPT

One unique feature of enzymatic glycosylations is their precise control of the anomeric 

configuration and regiochemistry without the need of protecting groups. Both 

glycosyltransferases and glycosidases have been vigorously studied and explored for 

synthetic purposes.28,116 Glycosyltransferases are the natural enzymes for constructing 

glycosidic bonds. However, a broad application of glycosyltransferases for practical and 

large scale synthesis ofglycoconjugates remains to be fulfilled because most membrane-

associated glycosyltransferases are not easily available (not stable and difficult to express in 

most cases), have stringent substrate specificity, and usually require expensive sugar 

nucleotides (the Leloir pathway) or sugar phosphate (the non-Leloir pathway) as the donor 

substrates. In contrast, glycosidase-catalyzed glycosylation, usually in a transglycosylation 

mode, has several advantages, including the usually easy access to the enzymes, the use of 

readily available donor substrates, and the relaxed substrate specificity for acceptors in 

general. The typical mechanisms of glycosidases for hydrolysis and transglycosylation, as 

well as the mechanism-based approaches to generating synthetically more efficient glyco-

synthase mutants are discussed in this section.

3.1. Common Mechanisms of Glycosidase-Catalyzed Hydrolysis and Transglycosylation

Glycoside hydrolase (GH), commonly called glycosidase, is a large group of enzymes, 

found in essentially all kingdoms of life. Naturally glycosidases are responsible for 

hydrolyzing distinct glycosidic bonds in glycans and glycoconjugates. Based on sequence 

and folding similarity, these enzymes have been classified into 148 families by the end of 

2017 in the Carbohydrate-Active Enzyme database (CAZy, http://www.cazy.org/), which is 

coupled with a comprehensive encyclopedia (CAZYpedia, http://www.cazypedia.org) and 

has been frequently updated during the last two decades. The common mechanisms of 

glycosidase-catalyzed hydrolysis and trans-glycosylation are depicted in Figure 6, which 

were first proposed by Koshland in 1953.117 Most glycosidases undergo either a double 

displacement (retaining) or single displacement (inverting) catalytic mechanism. For a 

typical retaining glycosidase, the double displacement is facilitated by two key catalytic 

residues, a nucleophilic residue (the nucleophile) and a general acid/base residue, which are 

usually an aspartic or glutamic acid. During a retaining glycosidase-catalyzed reaction, the 

acid/base residue synergistically protonates the glycosidic oxygen to activate the glycosidic 

bond to facilitate the attack by the nucleophilic residue, leading to the formation of an 

enzyme—substrate covalent complex (intermediate). Subsequently the general acid/base 

residue activates a water molecule to attack the enzyme—substrate complex leading to 

hydrolysis or activates an alcoholic acceptor leading to the formation of a new glycosidic 

bond (transglycosylation) (Figure 6a). For an inverting glycosidase, the protonated 

glycosidic bond is directly replaced by the attack of a water molecule (for hydrolysis) or 

another acceptor (for transglycosylation) under the activation by the general base residue 
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(Figure 6b). In the case of a substrate-assisted mechanism, the nucleophile comes from the 

2-acetamido group to form an oxazolinium ion intermediate, which subsequently undergoes 

hydrolysis or transglycosylation (Figure 6c).

One major drawback in glycosidase-catalyzed transglycosylation is the inherent product 

hydrolysis. Since the transfer product can also serve as a substrate and be rehydrolyzed by 

the glycosidase,62,118,119 thus, in using glycosidases for synthetic purposes, usually an 

excess of an easily synthesized glycoside is used as the donor substrate to drive the reaction 

to favor product formation (kinetic control).120,121 To overcome this problem, a major 

breakthrough in recent years is the invention of glycosynthases, a class of novel glycosidase 

mutants that are devoid of product hydrolysis activity but can use a suitable activated 

glycosyl donor for promoting glycosidic bond formation. 28,30,56,62,116,122–127

3.2. Development of the Glycosynthase Concept

In 1998, Withers and co-workers reported the first glycosynthase (Abg E358A) by 

engineering the β-glycosidase from Agrobacterium sp., which was generated by mutation at 

the nucleophile residue E358128 (Figure 7a). Shortly after this, Planas and co-workers 

reported the first endoglycosynthase through site-directed mutation of the nucleophile E134 

of the retaining 1,3–1,4-β-glucanase from Bacillus licheniformis.129 In addition, Moracci 

and co-workers described another interesting glycosynthase approach, which used an 

activated glycosyl species as substrate but rescued the transglycosylation activity of the 

nonhydrolyzing glycosidase mutant with exogenous sodium formate or azide as an external 

nucleophile (Figure 7b).124,130,131 Glycosynthases derived from inverting glyco-sidases 

were also reported and similarly require an activated sugar donor with an opposite anomeric 

configuration to facilitate transglycosylation (Figure 7c).132–137

Following these pioneering studies, a number of glycosidases belonging to different 

glycoside hydrolase families and covering exo-, endo-, retaining, and inverting types have 

been successfully converted into glycosynthases.134,138–152 As an early example of applying 

glycosynthases for modifying glycopeptide and neoglycoproteins, Withers and co-workers 

have shown that the glycosynthases Abg E358G/S were capable of transferring a galactose 

moiety to solid-phase glycopeptide with high efficiency (>90%) (Scheme 1a).153 Later an 

improved mutant (2F6) to the parental glycosynthase (Abg E358G) was screened out and 

applied in a highly efficient synthesis of neoglycoprotein via chemical ligation and 

glycosynthase-catalyzed transglycosylation (Scheme 1b).154,155

To date, dozens of glycosynthases have been successfully developed to efficiently access 

valuable oligosaccharides and glycoconjugates.28,30,124 Protein engineering, including 

directed evolution coupled with various screening methods, has further expanded the scope 

of novel glycosynthases with either enhanced transglycosylation activity or altered substrate 

specificity.155–159 Recently, Rovira, Davis, and co-workers reported an unusual engineered 

glycosidase for efficient synthesis of disaccharide (78–100%), using an unexpected β-

galactoside as donor substrate for a β-glycosynthase (SsβG E387Y) derived from Sulfolobus 
solfataricus.160 A front-side (same face) retaining mechanism was proposed based on 

structural and computational analysis for this special SNi-like glycosynthase-catalyzed 

transglycosylation.
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Glycosynthases usually require a highly activated species as the glycosyl donor with an 

anomeric configuration opposite to that of the original substrate. For most β-glycosynthases, 

the relatively stable a-glycosyl fluoride is often the choice as the glycosyl donor substrate. 

But α-glycosynthases are less common, partly because the corresponding β-glycosyl 

fluoride is much less stable with a half-life of ca. 20 min in an aqueous buffer (pH 7).161 

While exploiting a more suitable glycosyl donor such as the stable glycosyl azide to evolve 

α-glycosynthase is of great interest, 146,152,162 the glycoligase concept (see below) provides 

an attractive alternative approach.30 Considering the huge number of glycosidases 

characterized and classified to date, it is believed that more useful glycosynthases will be 

created to fulfill the urgent need in the synthesis of structurally well-defined biologically 

important glycans and glycoproteins.

3.3 The Glycoligase Concept

In contrast to typical glycosynthase generated by mutation at the critical nucleophilic 

residue, glycoligase is an alternative glycosidase mutant created by mutation at the general 

acid/ base residue of a retaining glycosidase (Figure 8). For glycoligase to work as a 

synthetic enzyme, a highly activated glycosyl donor such as a glycosyl fluoride with the 

same anomeric configuration as that of the substrate should be provided to allow a fast 

formation of enzyme—substrate complex without the help from the catalytic acid/base. 

Then the enzyme—substrate complex would be active enough and provide a suitable 

microenvironment to accommodate a suitable acceptor to act to form a new glycosidic bond 

instead of activation of water for hydrolysis.30 For a typical thio-glycoligase, a quickly 

formed intermediate is attacked by a deprotonated thio-sugar acceptor to give an S-linked 

glycoside (Figure 8a), while an O-linked product is generated when normal sugar acceptor is 

applied (Figure 8b).

In 2003, Withers and co-workers first developed two thio-glycoligases, Abg E171A and 

Man2A E429A using 2,4-dinitrophenyl β-glycosides as activated substrate to synthesize 

thio-disaccharides in high yield (around 70%).163 In a novel application, Withers and co-

workers described protein modification using the thioglycoligase Abg E170G (Scheme 2).
154 A metabolically stable thio-neoglycoprotein was synthesized by coupling chemical 

ligation and thioglycoligase-catalyzed trans-glycosylation. In 2006 the same group reported 

the first case of a-thioglycoligases, YicI D482A and MalA D416A, in the synthesis of thio-

linked disaccharides using a-XylF and α-GlcF as substrate, respectively.164 In 2010, the 

same group found that the thioglycoligase YicI D482A can also form O-linked 

disaccharides.165 Following the pioneering work, several glycoligases derived from different 

GH families have been successfully created for the synthesis of functional oligosaccharides.
154,166–169 Recently, Kim and co-workers developed several potent O-glycoligases in the 

synthesis of functional α-glycosides, including maltooligosaccharide, 3-O-maltosyl 

ascorbate, and various aryl glycosides.170–172 In 2017, Matsuo and co-workers reported an 

endo-a-mannosidase mutant (E407D), which is able to synthesize natural high-mannose-

type glycan with low efficiency (4–42%) in a glycoligase manner.173 As the aspartic acid 

could still play a role of the glutamic acid residue as a general acid/base to promote substrate 

and/or product hydrolysis, it is possible that the glycosylation activity could be further 

improved by introducing some inert residues, like alanine, serine, or glycine.
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Most recently, Wang and co-workers generated a Lactobacillus casei a-fucoligases (AlfC 

E274A/G/S) that permits efficient direct core-fucosylation of glycopeptides (Scheme 3a) and 

glycoproteins, including intact antibodies (Scheme 3b).174 The discovery of the new α-

fucoligases enables direct core-fucosylation of various mature intact glycoproteins that 

would not be achievable by the biosynthetic enzyme, FUT8, which has strict substrate 

specificity.175

While much effort has been devoted into the development of novel glycosynthases in the last 

two decades, glycoligase strategy is emerging as an attractive approach to synthesis and 

modifications of oligosaccharides and glycoproteins, especially for those glycoconjugates 

containing a-glycosidic linkages.30 So far about ten S- and O-glycoligases have been 

successfully created, including both α- and β-types. However, the number of currently 

available glycoligases is still limited and there is no general rule about how to select 

promising candidates from the vast number of glycosidases in the database. Selection and 

evolution of those glycosidases with inherent transglycosylation activity could be a good 

starting point to generate new glycoligases and glycosynthases as well.170,174,176 The 

development of novel glycosynthase and glycoligases provides exciting new tools for 

oligosaccharide and glycoprotein synthesis.

3.4. Discovery of a New Class of Endoglycosynthases from endo-β-N-
Acetylglucosaminidases (ENGases)

For those glycosidases such as the endo-β-N-acetylglucosami-nidases (ENGases) that 

proceed in a substrate-assisted mechanism, the conventional approach to generating glyco-

synthase by mutating the nucleophilic residue of a retaining glycosidase would not work, as 

the nucleophile is the 2-acetamido group in the substrate instead of a residue in the enzyme. 

In 2008, Wang and co-workers reported the first example of ENGase-based glycosynthases 

by screening a series of Endo-M mutants using a Man9GlcNAc N-glycan oxazoline as the 

activated donor substrate.177 A special residue, N175, which promotes sugar oxazolinium 

ion intermediate formation, was identified, and mutation at this critical residue led to 

mutants (N175A and N175Q) that were devoid of hydrolysis activity but could use the 

activated glycan oxazoline as substrate for glycosylation (Figure 9a). This approach, 

involving mutation of a key residue that promotes the oxazolinium ion intermediate 

formation during the catalysis, has been expanded to several other GH family 85 ENGases, 

including Endo-A,178 Endo-D,179 and Endo-CC.180 These glycosynthases have been very 

useful for glycopeptide synthesis and glycoprotein glycan remodeling.31

In 2012, Wang and co-workers described glycosynthase mutants (D233A and D233Q) from 

Endo-S, an endoglycosi-dase from Streptococcus pyogenes, which are particularly useful 

and specific for Fc antibody glycan remodeling.181 This was the first example of 

endoglycosynthases derived from the GH18 family ENGases. Later on, Wang and co-

workers successfully generated glycosynthases such as the D184 M mutant from Endo-S2, a 

GH family 18 bacterial endoglycosidase from a serotype of S. pyogenes, that demonstrated 

much higher efficiency and more relaxed substrate specificity for antibody Fc glycan 

remodeling.182 More recently, the same research group reported glycosynthase mutants such 
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as D165A from Endo-F3, another GH18 ENGase, which could transfer triantennary N-

glycans to fucosylated GlcNAc-peptides and intact deglycosylated antibodies (Figure 9b).183

Related to the strategy to mutate the residue critical for promoting oxazolinium ion 

formation during catalysis, Fairbanks and co-workers reported that a different Endo-A 

mutant could be generated by site-directed mutation at the general acid/ base residue E173 

and the resulting E173H and E173Qmutants were found to be capable of using the 

Man3GlcNAc-oxazoline for glycosylation of an GlcNAc moiety (Figure 9c).184 While the 

mechanism of the mutants to catalyze the glycosylation remained to be characterized, one 

possible explanation could be that the E173H or E173Q mutation might weaken the general 

acidity of this critical residue to reduce its hydrolytic activity on a grand-state glycosidic 

bond (e.g., the product), but the histidine or glutamate residue could still serve as a generate 

base to activate the acceptor for glycosylation when sugar oxazoline was used as an 

activated donor substrate. It would be interesting to see if this special mutation strategy 

could be extended to other ENGases to generate special glycosynthases. Taken together, the 

discovery of novel endoglycosynthases capable of using glycan oxazoline as donor substrate 

for enzymatic glycosylation of GlcNAc-peptides/proteins represents a landmark progress in 

the field.

4. ENDOGLYCOSIDASES AND ENDOGLYCOSYNTHASES FOR 

GLYCOPROTEIN SYNTHESIS AND GLYCAN REMODELING

4.1. Transglycosylation Activity of endo-β-N-Acetylglucosaminidases (ENGases)

The endo-β-N-acetylglucosaminidases (ENGases) are a class of endoglycosidases that can 

remove N-glycans from glycoproteins by hydrolyzing the β1,4-glycosidic bond in the N,N’- 
diacetylchitobiose core. They belong to the glycoside hydrolases (GH) family 85 or family 

18 and are widely distributed in nature, ranging from bacteria, fungi, plants, and animals to 

humans.185–187 In addition to the inherent hydrolytic activity, some ENGases also possess 

transglycosylation activity, i.e., the ability to transfer the released oligosaccharide to a 

suitable acceptor such as a GlcNAc-peptide to form a new glycopeptide or a related 

glycoconjugate. These include Endo-A from Arthrobacter protophormiae,188–190 Endo-M 

from Mucor hiema-lis,191 Endo-CE from Caenorhabditis elegans,186 Endo-BH from 

alkaliphilic Bacillus halodurans C-125,192 Endo-D from Streptococcus pneumoniae,193 

Endo-F1/F2/F3 from Flavobacterium meningosepticum,183‘194 Endo-S/S2 from 

Streptococcus pyogenes, 181,182,195, and Endo-CC from Coprinopsis cinerea.180,196 These 

enzymes show different substrate specificity in hydrolysis and transglycosylation. For 

example, Endo-A and Endo-CE are specific for high-mannose type N-glycans, while Endo-

M can use both high-mannose type and complex type N-glycans. Table 1 provides a 

summary of the substrate specificity of various endoglycosidases in hydrolysis and potential 

transglycosylation.

In contrast to the method using glycosyltransferases that add monosaccharides one-by-one, 

the endoglycosidase-catalyzed method is highly convergent, involving the transfer of a large 

intact oligosaccharide en bloc to a preassembled GlcNAc-polypeptide to form a new 

glycopeptide in a regio- and stereospecific manner.55,57,213,214 The ENGase-catalyzed 
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glycosylation is emerging as a general chemoenzymatic method for the synthesis of large 

homogeneous N-glycopeptides and glycoproteins and for glycan remodeling of intact 

glycoproteins including intact therapeutic antibodies.29–31 Among others, a recent review by 

Fairbanks gave an excellent account of the application of ENGases for glycopeptide and 

glycoprotein synthesis.31 Here we provide an overview of the development of the ENGase-

based chemoenzymatic method with a focus on recent examples.

In 1995, Takegawa and co-workers reported the first example of using the Endo-A’s 

transglycosylation activity to remodel the glycans on bovine ribonuclease B, a natural 

glycoprotein of 124 amino acid carrying a heterogeneous high-mannose type N-glycan at the 

Asn-34.215 While the yield was estimated to be less than 5% by SDS-PAGE analysis, this 

study provided proof-of-concept data showing that it is possible to use the ENGase-

catalyzed hydrolysis and transglycosylation to prepare neoglycoproteins via a glycan 

remodeling approach. The bacterial enzyme Endo-A and fungus enzyme Endo-M were the 

two ENGases extensively used for N-glycopeptide synthesis. In 1996, Inazu, Yamamoto, and 

co-workers reported the synthesis of an N-glycopeptide via the Endo-M catalyzed 

transglycosylation using a synthetic GlcNAc-peptide as the acceptor and a complex type 

Asn-linked N-glycan as the donor substrate.216 In the same year, Lee and co-workers 

reported the first example of Endo-A catalyzed synthesis of a C-linked glycopeptide as an 

inhibitor for peptide N-glycanase F and A (PNGase F and A) (by strict definition, they are 

N-glycosylamidases).217,218 Since then, a number of complex glycopeptides have been 

synthesized by the ENGase-catalyzed transglycosylation. These include glycosylated 

calcitonin,219,220 glycosylated fragments of the nicotinic acetylcholine receptor (nAChR),221 

glycosylated substance P,222 large HIV-1 envelope glycoprotein fragments,223,224 and 

homogeneous CD52 antigens carrying full-size high-mannose and complex type N-glycans.
225 This chemoenzymatic method was also used for the synthesis of multivalent glyco-

polymers,226,227 natural and neo-glycopro-teins,215,228,229 glycosylated cyclodextrins,230 

and glycosylated insulin.231

Despite these useful synthetic applications, a broader application of the ENGase-catalyzed 

transglycosylation has been hampered by several limitations, including product hydrolysis 

by the enzyme, the limitation to the use of only natural N-glycans/glycopeptides as donor 

substrates that are difficult to obtain in pure forms, and the relatively low transglycosylation 

yield (5–20%). Thanks to the concerted efforts from different research groups worldwide, 

remarkable progresses have been made in the past decade that have adequately addressed the 

major limitations of this chemo-enzymatic method. These include the exploration of 

synthetic glycan oxazolines as donor substrates for transglycosylation, which expands the 

substrate availability and dramatically enhances the glycosylation efficiency; the discovery 

of new enzymes with distinct substrate specificity for transglycosylation; and the generation 

of novel glycosynthase mutants that are devoid of product hydrolysis activity but can take 

the activated glycan oxazolines as donor substrate for enzymatic glycosylation.
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4.2. Exploration of Sugar Oxazoline as Activated Substrates for ENGase-Catalyzed 
Glycosylation

In analogy to some GH family 18 chitinases232–234 and some GH family 20 β-N-

acetylhexosaminidases235,236 that proceed via a substrate-assisted mechanism, ENGases 

were also implicated to follow the same substrate-assisted mechanism for catalyzing 

hydrolysis and transglycosylation via a sugar oxazolinium ion intermediate involving the 

participation of the 2-acetamido group. There were precedents that synthetic disaccharide 

oxazolines corresponding to polysaccharide subunits could serve as a substrate for 

enzymatic polymerization to polysaccharides by chitinases and related enzymes with trans-

glycosylation activities.237–240 Logically, it would be interesting to examine if synthetic 

oligosaccharide oxazoline corresponding to N-glycans could serve as substrate of ENGases 

for transglycosylation. Nevertheless, an initial attempt to test this feasibility using wild type 

Endo-A and a semisynthesized Man6GlcNAc oxazoline failed to yield any detectable trans-

glycosylation product, probably due to the very fast hydrolysis of the Man6GlcNAc 

oxazoline and/or the Man6GlcNAc2-peptide (if any) by the wild type Endo-A.213

In 2001, Shoda and co-workers first reported that Endo-A and Endo-M could use a simple 

disaccharide oxazoline derived from Manβ1,4-GlcNAc for transglycosylation to form a p-

nitrophenyl trisaccharide derivative, which was designed for the purpose of detecting the 

transglycosylation activity.241 The yield was about 50% when 2-fold excess of the sugar 

oxazoline was used, but it was found that the trisaccharide product Manβ1,4-GlcNAcβ1,4-

GlcNAc-pNP was not hydrolyzed by Endo-A or Endo-M. This seminal study suggested that 

an activated sugar oxazoline corresponding to a truncated N-glycan could be recognized by 

the enzyme for transglycosylation but the resulting ground-state product would be resistant 

to enzymatic hydrolysis because of the truncated structures. In 2005, Wang and co-workers 

first reported that synthetic sugar oxazolines could serve as excellent donor substrates for 

ENGase-catalyzed N-glycopeptide synthesis.242,243 They demonstrated that using a 

GlcNAc-containing 34-mer peptide of HIV-1 gp41 as an acceptor, which was readily 

prepared by automated solid-phase peptide synthesis, the synthetic Man3GlcNAc oxazoline 

could serve as an excellent donor substrate for the Endo-A catalyzed glycosylation to give 

the corresponding N-glycopeptide carrying the Man3GlcNAc2 pentasaccharide core in 75% 

yield, when only 2-fold excess of the donor substrate was used (Scheme 4a). The enzymatic 

reaction proceeded quickly under very mild conditions (phosphate buffer, pH 6.5, 23 °C). It 

was found that the resulting Man3GlcNAc2-peptide product (ground state) could be 

hydrolyzed only very slowly by Endo-A under the reaction conditions, while the 

Man3GlcNAc-oxazoline was highly active for the Endo-A catalyzed glycosylation, thus 

permitting the accumulation of the transglycosylation product.

As another example, a cyclic 47-mer HIV-1 glycopeptide derived from the V3 domain of 

gp120 carrying two core N-linked pentasaccharide was also efficiently synthesized by the 

chemoenzymatic method.243 The synthesis was achieved by a concise two-step approach: 

the solid-phase synthesis of the 47-mer polypeptide that contains two GlcNAc moieties and 

the subsequent high-yield double glycosylation catalyzed by Endo-A, with Man3GlcNAc-

oxazoline as the donor substrate (Scheme 4b). The synthetic V3 glycopeptides were 

successfully used for probing the effects of glycosylation on the global conformations of the 
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V3 domain and on the protection of the polypeptide against protease digestion.243 Taken 

together, the results suggest that the use of synthetic sugar oxazolines as highly activated 

substrates not only expanded the substrate availability but also led to substantial 

enhancement of the overall synthetic efficiency for ENGase-catalyzed transglycosylation, 

permitting a high-yield assembly of large glycopeptides that are otherwise difficult to obtain 

by pure chemical methods.

Subsequently Wang and co-workers evaluated the donor substrate structural requirement in 

the enzymatic trans-glycosylation using an array of truncated and modified sugar oxazolines, 

including LacNAc-oxazoline, N,N’-diacetylchito-biose-oxazoline, Glcβ1,4-GlcNAc-

oxazoline, and 6’-O-benzyl-Manβ1,4-GlcNAc-oxazoline, and tested their activity toward 

Endo-A.244 It appeared that the Manβ1,4-GlcNAc-oxazoline was the minimum structure 

recognized by Endo-A for an efficient transglycosylation. Interestingly, Endo-A was found 

to tolerate selective modification on the β-mannose moiety, such as an attachment of a tag or 

an additional sugar residue at the 6’-position, without significant loss of substrate activity.

Independently, Fairbanks and co-workers made key contributions to the early development 

of the sugar oxazoline based chemoenzymatic method.31,245–249 The group synthesized a 

series of truncated and modified N-glycan oxazolines and tested their activity for 

glycosylation with Endo-M, the fungus ENGase. A very interesting finding was that the glc-

containing disaccharide oxazoline, Glcβ1,4-GlcNAc-oxazoline, showed a residual activity in 

Endo-M catalyzed transglycosylation, giving a 5% yield. However, when the disaccharide 

was extended to a trisaccharide derivative with an additional α1,3-linked mannosyl residue 

attached to the glucose moiety, the resulting trisaccharide oxazoline became an excellent 

substrate for Endo-M, giving a 91% yield of the glycosylation product, without product 

hydrolysis.

More recently, Matsuo and co-workers further demonstrated the structural requirement of 

the sugar oxazoline donors in the Endo-M catalyzed transglycosylation.250 A series of 

tetrasac-charide oxazoline derivatives was synthesized in which the innermost β-mannose 

moiety was replaced with other monosaccharides including β-glucose, β-galactose, and β-

talose, as well as a 4-alkynylated derivative. The transglycosylation activity ofEndo-M and 

its two mutants, N175Qand N175A, on these tetrasaccharide donors was tested with p-

nitrophenyl N-acetylglucosaminide (GlcNAc-pNP) as the acceptor. It was found that the β-

mannose moiety could be replaced by glucose and talose without significant loss of the 

activity; however, substitution of the β-mannose moiety with a galactose resulted in almost 

abolishment of the acceptor activity to Endo-M and its mutants. Interestingly, the 

tetrasaccharide oxazoline could tolerate modification at the 4-hydroxy group of the β-

mannose moiety with an alkyl functional group, which opens an avenue for further 

modification by click chemistry.

On the other hand, several studies were performed to evaluate the acceptor substrate 

specificity in the ENGase-catalyzed transglycosylation. Early study by Takegawa and co-

workers demonstrated that both GlcNAc and glucose (Glc) were excellent substrates; 

mannose and some disaccharides such as N;N’-diacetylchitobiose and gentiobiose could also 

serve as acceptor at higher concentrations; but galactose could not act as an acceptor for the 
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Endo-A catalyzed transglycosylation.189 Lee and co-workers further demonstrated that using 

Man9GlcNAc2Asn as the donor, L-fucose could serve as an acceptor for Endo-A catalyzed 

transglycosylation to form a novel Man9GlcNAc-Fuc conjugate in which the Man9GlcNAc 

was determined to be β1,2-linked to the L-fucose moiety.251 Later on, Inazu and co-workers 

reported that the 1,3-diol structure from the 4- to 6-hydroxy functions of GlcNAc appeared 

important as a substrate for the Endo-M catalyzed trans-glycosylation. Interestingly even an 

acyclic 1,3-diol structure consisting ofprimary and secondary hydroxyl groups could serve 

as an acceptor substrate.252 More recently, Manabe and coworkers studied the acceptor 

substrate specificity of Endo-CC N180H and Endo-M N175Qmutants using a range of 

modified GlcNAc and related derivatives.253 It was revealed that both mutants could accept 

compounds with a 1,3-diol structure consisting of primary and secondary hydroxyl groups 

for transglycosylation when a sialoglycopeptide (SGP) was used as the donor substrate. 

Interestingly, it was found that the Endo-CC N180H was able to take deglycosylated 

antibody as an acceptor for Fc glycan remodeling while the Endo-M N175Q mutant could 

not.253

Realizing the broad acceptor substrate specificity, Wang and co-workers tested an array of 

natural products containing a terminal glucose or GlcNAc moiety and found that those 

compounds could serve as an acceptor for the Endo-A catalyzed glycosylation with sugar 

oxazolines as donors to give a class of new glycosylated natural products carrying a novel 

glucose-linked N-glycan.254 Moreover, the ENGase-catalyzed trans-glycosylation was 

applied to the GlcNAc-terminated Asn-linked N-glycan core as an acceptor, leading to the 

synthesis of a class of novel N-glycan clusters that were successfully used for studying the 

ligand specificity of lectins.255 Furthermore, Wang and coworkers designed and synthesized 

a simple disaccharide oxazoline, Glcβ1,4-GlcNAc-oxazoline, and demonstrated that the 

glucose terminated sugar oxazoline could serve as both an acceptor and a donor substrate for 

Endo-A catalyzed reaction, leading to polymerization to form a novel hybrid of chitin and 

cellulose oligomers.256 This was the first example of an ENGase-catalyzed polymerization.

In 2006, Wang and co-workers first extended the sugar oxazoline method to glycosylation 

remodeling of glycoproteins, using bovine ribonuclease B (RNase B) as a model 

glycoprotein system.257 RNase B is a natural glycoprotein consisting of 124 amino acid 

residues. It carries a heterogeneous high-mannose type N-glycan (Man5—9GlcNAc2) at the 

Asn-34 site. In this approach, the heterogeneous N-glycan in RNase B was removed by 

enzymatic deglycosylation with Endo-H, leaving only the innermost GlcNAc being still 

attached at the Asn-34. Then a homogeneous N-glycan was installed at the glycosylation site 

by enzymatic glycosylation from a corresponding glycan oxazoline (Scheme 5). The initial 

test with Man3GlcNAc-oxazoline showed that Endo-A could efficiently glycosylate the 

GlcNAc-RNase to give a homogeneous RNase glycoform, Man3GlcNAc2-RNase, in 82% 

yield without the need of denaturing the protein (phosphate buffer, pH 6.5, 23 °C). A 

synthetic mimic of a complex type glycan oxazoline carrying two terminal β-galactose 

moieties was synthesized and found to also serve as excellent substrate for glycosylation 

remodeling of RNase B.257 Subsequent work showed that various truncated and modified N-

glycans could be introduced by enzymatic glycosylation with respective synthetic glycan 

oxazolines via the glycan remodeling approach (Scheme 5a).258 Of particular interest was 

the site-specific introduction of an azide-tagged core pentasaccharide into glycoprotein, 
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which permitted further site-specific modifications of the glycoproteins through click 

chemistry involving the azide-alkyne 1,3-dipolar cycloaddition.259–261 For example, Cu(I)-

catalyzed click chemistry between an alkyne-containing α-Gal epitope and the azide-tagged 

RNase resulted in simultaneous introduction of two copies of a-Gal epitopes into RNase in 

excellent yield (Scheme 5b). The resulting glycoprotein could be specifically recognized by 

anti-a-Gal antibodies in human serum.258

While the wild type ENGases were efficient to catalyze the transglycosylation with 

truncated N-glycan oxazolines due to the diminished hydrolysis activity of the enzymes 

toward the truncated N-glycan oxazolines and the corresponding glycoproteins, the use of 

larger natural sugar oxazolines corresponding to natural high-mannose or complex type N-

glycans could be problematic, as the products would turn out to be excellent substrates of 

Endo-A or Endo-M and could be hydrolyzed quickly by the wild type enzymes.247 As 

discussed in the following sections, this problem was adequately addressed by the 

generation of novel endoglycosidase mutants (glycosyn-thases) that lack the product 

hydrolysis activity but can still use the activated sugar oxazoline as donor substrate for 

glycosylation.

4.3. Generation of ENGase-Based Glycosynthases with Diminished Product Hydrolysis 
Activity for Glycosylation

Despite the fact that the wild type enzymes could take modified N-glycan oxazoline as 

donor substrates for an efficient synthesis of various glycopeptides and glycoproteins 

carrying truncated and/or unnaturally modified N-glycans, the method would be problematic 

for the synthesis of natural glycoproteins carrying full-size natural N-glycans, as the wild 

type enzymes are expected to hydrolyze the product quickly. A potential solution to this 

problem is to generate novel glycosynthase mutants that could use glycan oxazoline as 

substrate for transglycosylation but lack product hydrolysis activity. However, the 

conventional approach116,122,128,262 to generating glycosynthases by mutating the key 

nucleophilic residue in a retaining glycosidase would not work, as the ENGase-catalyzed 

reaction proceeds via a substrate-assisted mechanism where the nucleophile is the 2-

acetamido group in the substrate. The first example of ENGase-based glycosynthases was 

reported in 2008 by Wang, Yamamoto, and co-workers.177 By screening a series of mutants 

generated around the putative catalytic sites of Endo-M against a synthetic Man9GlcNAc 

oxazoline corresponding to the natural high-mannose N-glycan, they identified a mutant, 

N175A, that was able to catalyze the transglycosylation with the highly activated sugar 

oxazoline Man9GlcNAc-oxazoline but did not hydrolyze the glycopeptide product.177 It was 

proposed that the N175 residue functioned to orientate and promote the oxazoline ring 

formation during hydrolysis. Thus, mutation of this critical residue to an alanine rendered 

the enzyme incompetent of hydrolysis, but it could still accommodate the preassembled 

sugar oxazoline as a substrate for transglycosylation when a GlcNAc-peptide acceptor is 

available. Following this strategy, an analogous glycosynthase, EndoA-N171A, was 

generated from enzyme Endo-A, which could efficiently use high-mannose type glycan 

oxazolines for transglycosylation with diminished product hydrolytic activity.178 In addition, 

the Endo-M mutant was also efficient to transform complex type N-glycan oxazoline for 

glycoprotein synthesis (Scheme 6).178 Subsequent systematic mutagenesis on the N175 
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residue of Endo-M led to the discovery of additional glycosynthase mutants.263 In particular, 

one of the mutants, Endo-M N175Q, was identified to be much more efficient than other 

mutants for catalyzing trans-glycosylation to form homogeneous complex glycopeptides.263 

This approach was also applied to Endo-D, leading to the discovery of N322A mutant as a 

glycosynthase that could use truncated high-mannose type N-glycan oxazoline as substrate 

for Fc N-glycan remodeling.179 More recently, a novel mutant (N180H) was generated from 

Endo-CC1 enzyme.180 The N180H mutant was capable of transferring biantennary complex 

type N-glycan, which might serve as a substitute to the Endo-M N175A or N175Qmutant.
180

In 2012, Davis and co-workers demonstrated that Endo-S, an ENGase from Streptococcus 
pyogenes of the GH18 family, possessed transglycosylation activity and was able to use 

Man3GlcNAc oxazoline for glycosylation of deglycosylated human IgG.195 While the yield 

was not reported, the transglycosylation product was assessed by mass spec analysis of the 

N-glycans released from the product. Later on it was verified that the wild type Endo-S 

catalyzed transglycosylation with Man3GlcNAc oxazoline ended up with very low yield, 

partly due to quick hydrolysis of the Man3GlcNAc oxazoline by the wild type enzyme.264 At 

about the same time, Wang and co-workers reported the first example of glycosynthases 

from the GH18 family ENGases. An array of mutants, including EndoS-D233A and D233Q, 

were generated by site-directed mutagenesis of Endo-S, an ENGase from Streptococcus 
pyogenes. The mutants were able to efficiently transfer synthetic biantennary complex type 

N-glycan oxazolines to the deglycosylated intact IgGs without product hydrolysis.181 Later 

on, Wang and co-workers performed a systematic mutagenesis on the D184 residue of Endo-

S2, a GH family 18 bacterial endoglycosidase from a serotype of S. pyogenes. They 

replaced the D184 with the other 19 natural amino acids and tested the transglycosylation 

activity of the mutants.182 It was found that a number of mutants showed transglycosylation 

activity specific for glycosylation of the IgG-Fc domain. One of the mutants, D184M, was 

identified as the most efficient mutant for catalysis of IgG trans-glycosylation. In 

comparison, the Endo-S2 glycosynthases are much more efficient than the corresponding 

Endo-S mutants. Moreover, in contrast to the Endo-S enzyme that is limited to transferring 

of only biantennary complex type N-glycan on IgG-Fc, the Endo-S2 and its glycosynthase 

mutants have much more relaxed substrate specificity and are able to act on high-mannose 

type, complex type, and hybrid type Fc N-glycans, making them the most powerful enzymes 

so far discovered for Fc glycan remodeling of intact antibodies.182 In addition, Wang and co-

workers also generated glycosynthase mutants from Endo-F3, another GH18 ENGase from 

Flavobacterium meningosepti- cum.183 The mutants (D165A and D165Q) could transfer 

both bi- and triantennary N-glycans to fucosylated GlcNAc-peptides and intact 

deglycosylated antibodies. The two mutants are the first glycosynthases capable of 

transferring triantennary complex type N-glycans. The glycosynthase mutants generated 

from various ENGases and their donor and acceptor substrate specificity are summarized in 

Table 2. Additional applications of the glycosynthase mutants for chemoenzymatic synthesis 

of complex N-glycopeptides and homogeneous glycoproteins are given in the following 

sections.

In parallel to mutagenesis studies, important structural studies have also been performed on 

several ENGases from the GH85 and GH18 family. These include the crystal structures 
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ofEndo-A complexed with an oxazoline analog, Man3GlcNAc-thiazo-line;199 the crystal 

structure of an Endo-A mutant, E173Q;198 the crystal structure of Endo-D from 

Streptococcus pneumoniae, another family GH85 ENGase;202 and the crystal structure of 

Endo-S.209 These structural analyses identified key residues involved in the mechanism of 

the substrate-assisted catalysis and also revealed the unusual folds such as the V-shape 

structure of the Endo-S enzyme. More recently, the crystal structure of full-length Endo-S in 

complex with a biantennary complex type N-glycan was solved, revealing how the enzyme 

interacts with the oligosaccharide.268 Taken together, the structural information obtained in 

these studies forms a basis for engineering of ENGases aiming to generate new 

glycosynthase mutants with improved catalysis efficiency or altered substrate specificity.

The discovery of these glycosynthases provides a unique opportunity to construct complex 

N-glycopeptides and glycoproteins that are otherwise difficult to obtain by other methods. 

This chemoenzymatic method permits independent manipulations of the sugar and protein 

portions and thus avoids the long-standing problem of incompatibility of protecting group 

manipulations on sugar and protein portions in chemical N-glycopeptide synthesis. Coupled 

with an ENGase-catalyzed enzymatic deglycosylation, the glycosynthase-catalyzed glyco-

sylation also provides a unique approach for glycan remodeling of glycoproteins including 

therapeutic antibodies to produce homogeneous glycoforms valuable for functional studies 

and potentially for therapeutic applications. Selected examples were provided in the 

following section to showcase the applications.

4.4. ENGase-Catalyzed Synthesis of Biologically Interesting Glycopeptides and 
Glycoproteins

4.4.1. Synthesis of CD52 Antigen, Glycosylated CMV Antigen, and 
Glycosylated Pramlintide.—CD52 is a glycosylphosphatidylinositol (GPl)-anchored 

glycopeptide antigen that is present on sperm cells and human lymphocytes. Sperm-

associated CD52 antigen carries both a complex type N-glycan and an O-glycan on the 

polypeptide backbone. However, isolation of structurally well-defined CD52 antigens from 

natural sources is extremely difficult as they are present in heterogeneous glycoforms. To 

obtain homogeneous materials for structural and functional studies, Wang and co-workers 

reported the first chemoenzymatic synthesis of homogeneous CD52 glycoforms that carry 

both N- and O-glycans at the predetermined sites269 (Scheme 7). The synthetic strategy 

consists of three key steps: (1) introduction of monosaccharide primers (Asn-linked GlcNAc 

and Thr-linked GalNAc) at the natural N- and O-glycosylation sites in the CD52 sequence 

by SPPS using glyco-amino acids as building blocks; (2) selective extension of the GlcNAc 

sugar chain by an Endo-M N175A catalyzed transglycosylation with a complex N-glycan, as 

the GalNAc moiety is not an acceptor for Endo-M N175A catalyzed transglycosylation; and 

(3) extension of the O-GalNAc sugar chain by T-synthase that specifically recognizes the 

GalNAc moiety to add a β1,3-linked Gal to the acceptor to afford the target CD52 antigen in 

high yield (Scheme 7).

Core-fucosylated bi- and triantennary complex glycoforms of CD52 were also synthesized 

by using Endo-F3 and its glycosynthase mutants.183,194 Wang and co-workers first screened 

ENGases from Flavobacterium meningosepticum of the GH 1S family for transglycosylation 
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and found that they possessed transglycosylation activity and were highly selective for the 

α1,6-fucosylated GlcNAc acceptor. Thus, reaction of a complex type N-glycan oxazoline 

and the Fucα1,6GlcNAc-CD52 under the catalysis of wild type Endo-F3 gave the 

corresponding core-fucosylated CD52 in 55% yield. Recently, Wang and co-workers 

reported glycosynthase mutants derived from Endo-F3, and the use of the D165A and 

D165Qmutants in place of the wild type Endo-F3 resulted in the synthesis of core-

fucosylated, complex CD52 glycopeptide antigen in essentially quantitative yield when an 

excess of the donor substrate was used (Scheme 8).183 It should be mentioned that the Endo-

F3 mutants could transfer triantennary complex type N-glycan, while other previously 

reported ENGases and their mutants, including Endo-A, Endo-M, Endo-D, Endo-S, and 

Endo-S2 could not recognize triantennary N-glycans.

Fairbanks and co-workers synthesized a series of glycosylated 19-mer peptide antigens 

derived from a human cytomegalovirus (CMV) by an ENGase-catalyzed approach (Figure 

10).270 Subsequent cell based assay indicated that the glycosylation increased the binding of 

the peptide antigen to antigen presenting cells (APCs), probably through the interaction with 

the mannose receptor (MR) widely expressed on the APCs. Moreover, an embedded 9-mer 

peptide epitope was crosspresented by the APCs to a cytotoxic T-lymphocyte clone (CTL, 

CD8+). Thus, glycosylation with a high-mannose glycan may provide a way to augment the 

immunogenicity of a peptide vaccine candidate by improved presentation and processing of 

the antigen.

Fairbanks and co-workers also reported the chemoenzymatic synthesis of an array of 

glycosylated variants of pramlintide, a peptide-based antidiabetes drug.271 The goal of this 

work was to improve the pharmacokinetic property of the drug, which itself is of low 

solubility and has a low in vivo half-life. In this study, the E173H mutant of Endo-A and the 

N175Qmutant of Endo-M were used to introduce the Man3 and a sialylated complex type N-

glycan into the peptide from the respective glycan oxazoline as the donor substrate (Scheme 

9). Subsequent structure— activity relationship studies indicated that most of the 

glycosylated pramlintide thus synthesized acted as potent receptor agonists. The results 

suggest that glycosylation provides a promising method for optimizing the pharmacokinetic 

properties of pramlintide, which may lead to more efficient agents for treating diabetes and 

obesity.272

4.4.2. Synthesis of HIV-1 Glycopeptide Antigens.—The development of the 

ENGase-based chemoenzymatic methods has made it possible to efficiently synthesize 

various complex N-glycopeptides. In particular, this chemoenzymatic method has been 

useful for the construction of various homogeneous HIV-1 glycopeptide antigens to probe 

the glycan specificity and fine epitope structures of those glycan-reactive broadly 

neutralizing antibodies.29,273 As an approach to define the epitopes of the broadly HIV-

neutralizing antibodies, PG9 and PG16 that target HIV-1 V1 V2 glycopeptide domains, 

Wang and co-workers designed and synthesized more than 25 homogeneous V1 V2 

glycopeptides derived from the gp120 of two HIV-1 strains (CAP45 and ZM109).274 The 

glycopeptides carried different N-glycans at the conserved glycosylation sites (Asn160 and 

Asn156 or Asn173), and the varied glycosylation patterns were designed to probe the glycan 

specificity of the antibodies in antigen recognition. The chemoenzymatic synthesis was 
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summarized in Scheme 10a. Briefly, the synthesis of glycopeptides carrying a single N-

glycan was achieved by the synthesis of a common precursor, GlcNAc-peptide by SPPS. 

Then respective N-glycans were transferred to the GlcNAc-peptide to obtain the respective 

target glycopeptide.

However, the construction of glycopeptides carrying two different N-glycans would be more 

difficult, as the enzyme-catalyzed glycosylation normally would not show a clear site-

selectivity. To address this problem, a limited amount (2.5 mol equiv) of the glycan 

oxazoline donor was used in the Endo-D N322Q-catalyzed transglycosylation in the first 

step, which led to the formation of ca. 1:1 mixture of the two monoglycosylated peptide 

intermediates (ZM-GP10 and ZM-GP11). After careful HPLC separation, the respective 

monoglycosylated peptide was subjected to the second enzymatic glycosylation with a 

complex type N-glycan to provide the target glycopeptides carrying two distinct N-

glycans274 (Scheme 10b).

The availability of the synthetic V1 V2 glycopeptides with varied patterns of glycosylation 

permits a detailed surface plasmon resonance (SPR) evaluation of the antigen recognition by 

antibodies PG9 and PG16. The binding data indicated that a Man5GlcNAc2 glycan at 

Asn160 was essential for recognition by antibodies PG9 and PG16. Moreover, the SPR 

binding study further revealed that the presence of a sialylated N-glycan at the secondary 

glycosylation site (Asn156 or Asn173) significantly enhanced the affinity of the antibodies 

for the glycopeptide. This study led to the identification of a high affinity V1 V2 

glycopeptide antigen that may serve as a valuable component of an HIV-1 vaccine.274

While the glycopeptides carrying two distinct N-glycans were synthesized by the above-

described method, the dependence on HPLC separation of the monoglycosylated 

intermediates was a major limitation of the approach, which is tedious and might not be 

generally applicable to other glycopeptides. To address this issue, Wang and co-workers 

recently developed a selective protection group strategy that allows sequential enzymatic 

additions of different N-glycans in a polypeptide.275 For this purpose, they designed and 

synthesized two distinguishably protected GlcNAc-Asn building blocks: one carried the 

acidlabile O-DEIPS groups on the GlcNAc moiety, and the other building block had the 

base-labile O-acetyl groups on the GlcNAc moiety. After incorporation of the O-DEIPS 

protected and O-acetyl protected building blocks at the N160 and N173 sites, respectively, in 

the automated solid phase peptide synthesis (SPPS), the O-DEIPS protected groups were 

selectively removed during the acid-promoted global peptide deprotection to have a free 

GlcNAc moiety at the N160 site, to which a Man5 glycan was selectively introduced by an 

Endo-M N175Q catalyzed glycosylation. Then the O-acetyl protecting groups on the 

GlcNAc moiety at the N173 site were selectively deprotected by hydrazine treatment, and 

the resulting free GlcNAc could be elongated to different sugar chains by the second 

enzymatic glycosylation to generate a library of glycopeptides (Scheme 11). By using this 

approach, the efficiency of the synthesis of the identified V1 V2 glycopeptide antigens was 

significantly improved. SPR and ELISA binding analysis were performed to evaluate the 

affinity of antibodies PG9 and PG16. The results confirmed the essential role of a 

Man5GlcNAc2 glycan at the N160 for PG9 and PG16 binding. Interestingly, a sialylated N-

glycan at the N173 site was found to also be critical for the high affinity binding to the 
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antibodies, which was not revealed by the original crystal structural study of antibody 

PG9.276

More recently, Wang and co-workers extended this chemo-enzymatic approach to the 

synthesis of libraries of HIV-1 V3 glycopeptide antigens for characterizing the neutralizing 

epitopes of the V3 glycan dependent broadly neutralizing antibodies, including PGT128, 

10–1074, and PGT121.277 Using the improved chemoenzymatic method, a systematic 

synthesis of various homogeneous V3 glycopeptides was achieved, including the V3 

glycopeptides derived from the HIV-1 JR-FL strain carrying defined N-glycans at the N332, 

N301, and N295 sites (Scheme 12). Antibody binding studies revealed that antibody 

PGT12S could recognize all the glycopeptides with a high-mannose N-glycan at the N332, 

N301, and/or N295 site, though with relatively low affinity for all of them, suggesting a 

glycosylation site promiscuity for PGT12S recognition; the PGT121 antibody demonstrated 

binding specificity for a sialylated N-glycan at the N3G1 site; and antibody 10–1074 was 

highly specific for glycopeptide carrying a high-mannose N-glycan at the conserved N332 

site.277

On the basis of the glycopeptide mapping results, Wang and co-workers recently designed 

and synthesized a novel three-component immunogen that consists of a 33-mer V3 

glycopeptide epitope, a universal T helper epitope P30, and a lipopeptide (Pam3CSK4) that 

is a ligand of Toll-like receptor 2 (TLR2).278 A copper(I)-catalyzed azide-alkyne [3 + 2] 

cycloaddition (click chemistry) was applied to assemble the lipopeptide and HIV V3 

glycopeptide (Scheme 13). First, an alkyne-tagged V3 glycopeptide was synthesized that 

carries the conserved Man9GlcNAc2 glycan at the N332 site; then the T cell epitope peptide 

P3G and the Pam3CSIK. lipopeptide were synthesized by stepwise SPPS using Fmoc 

chemistry to give the lipopeptide, in which a Lys(N3) residue was placed at the C-terminus 

of the P30 peptide. Finally, site-specific ligation between the alkyne-tagged V3 glycopeptide 

and the azide-containing lipopeptide using click reaction afforded the three-component V3 

glycopeptide immunogen. The immunogenicity of the synthetic glycopeptide was evaluated 

by rabbit immunization. The results indicated that the self-adjuvanted glycopeptide could 

elicit substantial glycan-dependent antibodies that exhibited cross-reactivity toward various 

HIV-1 gp120 glycoproteins.278

HIV-1 envelope glycoproteins gp120 and gp41 are displayed as a trimer of heterodimer on 

the virus surface, which are the actual targets of broadly neutralizing antibodies. To mimic 

the trimeric display of the glycopeptide antigens on HIV-1 envelope trimer, Wang and co-

workers designed and synthesized trivalent HIV-1 V3 domain glycopeptide.279 The target 

was constructed through combined chemoenzymatic glycopeptide synthesis and the click 

reaction. Antibody binding studies indicated that the broadly neutralizing antibody 10–1074 

showed a remarkable multivalency in the glycopeptide antigen recognition, as reflected by 

the over 2G-fold enhanced affinity of 10–1074 for the trivalent glycopeptide construct over 

the monovalent highmannose type V3 glycopeptide. Interestingly, another V3 glycopeptide 

specific antibody, PGT12S, did not show apparent multivalent interaction. This study reveals 

a distinct antigen recognition mode by the two antibodies and suggests that synthetic 

multivalent glycopeptides might better mimic the neutralizing epitopes than the monomeric 

glycopeptide.279 More recently, Wang and co-workers included the multivalent glycopeptide 
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antigen into a three-component HIV-1 vaccine design.280 Chemoenzymatic synthesis 

coupled with click chemistry was used to assemble the lipopeptide-glycopeptide carrying 

three copies of the high-mannose V3 glycopeptide derived from the HIV-1 JR-FL gp120. As 

revealed by rabbit immunization studies, the multivalent glycopeptide construct showed 

substantially enhanced immunogenicity over the corresponding monovalent V3 glycopeptide 

construct. The antisera was cross-reactive to heterologous HIV-1 gp120s andthe trimeric 

gp140s with higher affinity than those from the monovalent glycopeptide immunogen. It 

should be mentioned that the antisera from this preliminary immunization did not show 

neutralization activities against tier 1 and tier 2 HIV-1. This is probably due to the lack of 

somatic maturation. Since the glycopeptide construct could raise substantial glycan-

dependent antibody responses, which have been difficult to achieve by most other HIV 

immunogens so far tested, the synthetic HIV-1 V3 glycopeptide could serve as a key 

component for further immunization studies together with other HIV-1 vaccine candidates.
280

Independently, Danishefsky and co-workers have also made key contributions to the 

synthesis of HIV-1 glycopeptides and subsequent antigen binding and immunization studies.
281–283 They took a multistep chemical synthesis approach to constructing the complex 

HIV-1 glycopeptides. In comparison, the chemoenzymatic synthesis using the ENGase-

catalyzed glycosylation for attachment of N-glycans to a preassembled polypeptide 

precursor appears to be more flexible and actually more efficient because of its high 

convergence and efficiency.

4.4.3. Total Chemoenzymatic Synthesis of Saposin C.—The endoglycosidase-

catalyzed glycosylation, when coupled with chemical protein synthesis, also provides a 

highly convergent approach to make full-size glycoproteins. In 2012, Nakahara and co-

workers used this strategy to achieve the total synthesis of saposin C, a hydrophobic 

glycoprotein.284 Briefly, the GlcNAc-protein precursor was prepared by native chemical 

ligation of fragments synthesized by SPPS, followed by folding to provide the correctly 

folded GlcNAc-saposin C. Then a biantennary complex type oligosaccharide was transferred 

to the GlcNAc moiety by Endo-M N175Q, using the corresponding glycan oxazoline as the 

donor substrate to afford the full-size glycosylated saposin C (Scheme 14). This study 

demonstrates the feasibility of the chemoenzymatic approach for constructing large N-

glycoproteins for structural and functional studies.

4.4.4. Chemoenzymatic Synthesis of Mannose-6-phosphate (M6P)-
Containing Glycoproteins.—Lysosomal storage diseases are caused by the deficiency of 

respective lysosomal hydrolases responsible for the degradation of substrates stored in 

lysosomes.8 More than 50 different human lysosomal storage diseases have been identified 

today, including the Gaucher, Fabry, and Pompe diseases, which affect 1 in 7000 newborns.
8,285,286 Currently, the only method for treating these diseases is the so-called enzyme 

replacement therapy (ERT) by infusing directly exogenous recombinant lysosomal enzymes.
287,288 However, a major issue in ERT is the relatively low cellular uptake of the 

recombinant enzymes. One way to address this problem is to tag the enzymes with a 

mannose-6-phosphate (M6P) oligosaccharide ligand, which can be recognized by cation-
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independent M6P receptor CI-MPR expressed on cell surface lysosome for receptor-

facilitated cellular uptake.287,289,290 Several methods have been explored to M6P-

oligosaccharide ligands into the target enzymes. These include chemical conjugation of 

natural or synthetic M6P-containing oligosaccharides to the target enzyme to make the 

conjugates, and the enzymatic phosphorylation of highmannose oligosaccharide containing 

enzymes to introduce the M6P moiety.291–298 Despite these efforts, the nonselective 

chemical conjugation usually leads to the formation of heterogeneous mixtures of 

neoglycoconjugates that may have different pharmacokinetic properties and potential issues 

of immunogenicity in humans because of the unnatural con-jugation.

In 2016, Fairbanks and co-workers reported the first chemoenzymatic synthesis of a 

phosphorylated glycoprotein containing the M6P moieties using the ENGase-catalyzed 

glycosylation.299 In this work, the authors chemically synthesized a M6P containing 

tetrasaccharide oxazoline and showed that wild type Endo-A could transfer it to the 

deglycosylated RNase B to form the corresponding phosphorylated glycoprotein (Scheme 

15). Interestingly it was found that Endo-D had only low activity on the phosphorylated 

Man3GlcNAc oxazoline for transfer while Endo-M was unable to efficiently transfer the 

M6P glycan oxazoline under the same conditions.

Shortly afterward, Wang and co-workers reported an expanded study on the 

chemoenzymatic synthesis of M6P containing phosphorylated glycoproteins via the 

ENGase-catalyzed glycan remodeling.300 In this study, several phosphorylated high-

mannose glycan oxazolines with different patterns of M6P substitution were designed and 

synthesized by multistep chemical synthesis, including the late stage introducing of the 

phosphate group during the oligosaccharide synthesis (Scheme 16). Using ribonuclease B as 

a model enzyme, it was shown that the Endo-A N171A mutant could efficiently transfer the 

large M6P-glycans to the deglycosylated ribonuclease B to afford homogeneous 

glycoproteins carrying M6P oligosaccharides (Scheme 17). A novel cyclic glycopeptide 

carrying two M6P-oligosaccahrides was also synthesized by enzymatic glycosylation.300 

SPR binding studies revealed that a single M6P moiety located at the low α1,3-branch of the 

oligomannose context was sufficient for a high-affinity binding to receptor CI-MPR (KD = 

61 nM). Interestingly, the presence of a M6P moiety located at the α1,6-branch of the 

oligomannose was found to be dispensable. The glycoprotein carrying the truncated M6P-

containing pentasaccharide showed a KD of 168 nM. Interestingly, the synthetic cyclic 

bivalent M6P polypeptide showed the highest affinity to the M6P receptor with a KD of 2 

nM, which was more than 20-fold more efficient in binding to the M6P receptor than the 

corresponding linear bivalent M6P glycopeptide. These data suggest that a close proximity 

of two M6P-oligosaccharide ligands in the peptide/ protein context is critical to achieve high 

affinity for the CI-MPR.300 This study identified the oligosaccharide containing a single 

M6P at the low a1,3 arm as an efficient MPR ligand. The present study suggests that the 

pattern of the M6P substitution, the oligosaccharide context, and the valency all are 

important for the high-affinity binding to the CI-MPR, the major M6P receptor. It is 

interesting to see if this chemoenzymatic method could also be efficiently applied for glycan 

remodeling of recombinant lysosomal enzymes, which usually contain multiple N-glycans. 

If successful, the present chemoenzymatic M6P glycan remodeling method would provide a 

unique approach for enhancing ERT.

Li and Wang Page 23

Chem Rev. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4.4.5. Chemoenzymatic Glycan Remodeling of Human Erythropoietin (EPO).
—The endoglycosynthase-catalyzed en bloc transfer of a large, preassembled glycan to a 

GlcNAc-protein acceptor (e.g., a deglycosylated protein) in a single step is particularly 

appealing for transforming recombinant heterogeneous glycoproteins to various 

homogeneous glycoforms. The effectiveness of this approach was demonstrated by the 

glycosylation remodeling of bovine ribonuclease B as a model natural N-glycoprotein. 

These include the remodeling of this glycoprotein into homogeneous glycoforms carrying 

well-defined high-mannose type, complex type, phosphorylated form, and 

GlqMan9GlcNAc2 glycans, proving unique tools for functional studies.178,258,299–302 

However, RNase B carries only a single glycosylation site. Recently Wang and co-workers 

expanded this approach to glycan remodeling of human erythropoietin (EPO), a therapeutic 

glycoprotein that carries three N-glycans. For the glycan remodeling, a fully fucosylated 

Man5GlcNAc2 glycoform of EPO was expressed in an engineered HEK293 cell line 

(HEK293S GnT I−/−) concurrent with overexpression of FUT8, the enzyme responsible for 

core-fucosylation.303 Deglycosylation of the fucosylated Man5GlcNAc2 glycoform of EPO 

by Endo-H gave the EPO intermediate carrying three Fucα1,6-GlcNAc moieties at the 

original three glycosylation sites (Asn24, Asn38, and Asn83). It was found that Endo-F3 

D126A mutant could transfer sialylated N-glycan to the intermediate to give fully 

glycosylated EPO when a large excess of sialylated N-glycan oxazoline was used. 

Surprisingly, a remarkable site selectivity was observed in this enzymatic transformation 

when the reaction was run with 6 equiv of sialyl glycan oxazoline, leading to selective 

glycosylation of two of the three sites. LC-MS/MS glycosylation site-profiling analysis of 

the glycosylation product indicated that the Asn38 and Asn83 sites were occupied while the 

Asn34 site was not transglycosylated.304

Transglycosylation of the rest of the GlcNAc at the Asn24 site (after defucosylation) with an 

excess of azide-tagged Man3GlcNAc oxazoline by Endo-A gave a site-selectively 

glycosylated EPO (Scheme 18).304 The observed site-selectivity of the enzymatic 

glycosylation in an intact glycoprotein suggests that the chemoenzymatic method may be 

further explored to achieve site-selective glycan engineering in a multiply glycosylated 

protein, which currently cannot be achieved by a genetic approach.

4.5. ENGase-catalyzed Fc glycan remodeling of therapeutic monoclonal antibodies

Monoclonal antibodies (mAbs) of the IgG type are a major class of therapeutic proteins that 

are widely used for the treatment of cancer, autoimmune diseases, and infectious diseases. 

Ample studies have demonstrated that the presence and fine structures of Fc N-glycans can 

profoundly impact the effector functions of antibodies.18,305 Despite the importance of Fc 

glycosylation, controlling the patterns of glycosylation has been challenging in the 

production of antibodies. To explore the endoglycosidases for glycan remodeling on 

antibodies, Wang and co-workers reported in 2008 the first example showing that 

endoglycosidases can perform deglycosylation and reglycosylation on an intact Fc domain 

under mild conditions, without the need of denaturing the Fc domain (Scheme 19).306 This 

was exemplified by glycan remodeling on a recombinant human IgG1-Fc domain expressed 

in yeast Pichia pastoris. Briefly, the yeast heterogeneous oligomannose N-glycans were 

removed by Endo-H to give GlcNAc-Fc domain. Then various truncated N-glycans could be 
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transferred to the GlcNAc moiety by Endo-A to give a panel of homogeneous glycoforms of 

IgG-Fc domain, under mild reaction conditions.306 The group further extended the glycan 

remodeling approach to synthesizing additional Fc glycoforms including those carrying 

bisecting monosaccharides for probing their effects on Fc/IIIa receptor binding.307 SPR 

binding studies indicated that the presence of a bisecting GlcNAc moiety did enhance the 

affinity of the antibody for the Fc/IIIa receptor.179,307 The high affinity of Fc for the Fc/IIIa 

receptor expressed on effector cells such as NK T-cells is often used as an indication of 

enhanced antibody-dependent cell-mediated cytotoxicity (ADCC) activity in vivo.

A major breakthrough was made in 2012 by Wang and coworkers, who generated 

glycosynthase mutants from Endo-S, an endoglycosidase from Streptococcus pyogenes, 

which could efficiently perform Fc glycan remodeling on intact full-size antibodies. 81 They 

found that two mutants, Endo-S D233A and D233Q, were able to transfer complex type N-

glycan from the corresponding glycan oxazoline to deglycosylated rituximab to form a 

homogeneous new glycoform of the antibody, without product hydrolysis (Scheme 20). A 

panel of homogeneous glycoforms, including the sialylated complex type, nonfucosylated 

complex type, and azide-tagged glycoforms, were synthesized efficiently. This 

chemoenzymatic method was also used by several research groups to synthesize specific 

glycoforms of antibodies for functional studies.308–314 For example, Wong and co-workers 

applied the Endo-S mutants (D233A and D233Q) for Fc glycan remodeling of an intact 

antibody to generate a series of antibody glycoforms. Subsequent binding studies and cell-

based assays led to the identification of a sialylated biantennary N-glycan as a common and 

optimized structure for the enhancement of ADCC and complement-dependent cytotoxicity;
308 Shirai and co-workers used Endo-S D233Q mutant and other glycosynthases to assemble 

a relatively large glycoform library of an anti-Her2 antibody, including both full-size and 

truncated Fc N-glycans, and performed Fc/ receptor binding and cell-based assays.309 The 

availability of the glycoform library enabled detailed structure—activity relationship studies 

and revealed how special Fc N-glycans would affect the receptor binding, the ADCC, and 

the complement dependent cytotoxicity (CDC) activities; Davis and co-workers evaluated 

the reaction conditions (ratio of substrates, substrate concentrations, temperature, and time) 

for the Endo-S mutant catalyzed transformation with an anti-Her2 antibody.311 The study 

led to an optimal condition that reduced the formation of byproducts caused by the potential 

reactions between the active sugar oxazoline and certain amino acid side chains. Moreover, 

through the use of modified sugar oxazolines containing non-natural functional groups, 

antibody variants containing defined numbers of selectively addressable chemical tags such 

as an alkyne moiety were generated that could be further explored for attachment of cargo 

molecules such as fluorescent probes or drug molecules.

As a continuous effort aiming to expand the scope of the glycan remodeling strategy, Wang 

and co-workers created novel glycosynthase mutants from Endo-S2, an endoglycosidase 

from Streptococcus pyogenes of serotype M49.210,315 In contrast to Endo-S that is specific 

for biantennary complex type Fc N-glycans, Endo-S2 demonstrates a much broader glycan 

substrate specificity than Endo-S, enabling an efficient deglycosylation of essentially all 

major types of Fc N-glycans.210 A systematic mutagenesis at D184 that was identified as an 

equivalent to the D233 of Endo-S by sequence alignment, followed by the evaluation of the 

19 mutants, led to the discovery of several mutants, including the D184M, that not only had 
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much higher catalytic efficiency than the corresponding Endo-S mutants but also had much 

more relaxed substrate specificity, capable of transferring complex type, high-mannose type, 

and hybrid type N-glycans (Scheme 20).182 This discovery significantly expanded the scope 

of the Fc N-glycan remodeling for glycoengineering of antibodies. Recently, Wong and co-

workers generated additional mutants of Endo-S2 at other residues and found that some of 

the mutants such as T138Q also demonstrated reduced hydrolytic activity while maintaining 

the transglycosylation activity to generate new glycoforms of antibodies.267

As an application of the Endo-S2 mutants, Wang and coworkers constructed a focused 

library of structurally well-defined homogeneous glycoforms of antibody rituximab through 

the Endo-S2 catalyzed Fc glycan remodeling and used them to assess the effects of various 

combination of Fc glycosylation on effector functions through in vitro FcγR binding 

analyses, cell-based ADCC activity assays, and in vivo cellular depletion studies.316 This 

study revealed that core fucosylation significantly decreased the Fc/RIIIa binding and 

reduced the in vitro ADCC activity and the in vivo IgG-mediated cellular depletion, 

regardless of sialylation status. However, the effect of sialylation on ADCC was dependent 

on the status of core fucosylation. In the presence of core fucose, sialylation significantly 

decreased ADCC activity and suppressed antibody-mediated cell killing in vivo. In contrast, 

sialylation did not significantly impact ADCC activity in the absence of core fucosylation.

To streamline the chemoenzymatic glycan remodeling of antibodies, Wang and co-workers 

performed a site-specific covalent immobilization of the endoglycosidases (Endo-S2 and its 

glycosynthase mutant D184M) using a recombinant microbial transglutaminase (MTG) and 

evaluated the immobilized enzymes in deglycosylation and glycosylation of a therapeutic 

antibody.317 It was demonstrated that the immobilized Endo-S2 and its mutant, D184M, 

could be efficiently used for glycan remodeling to generate homogeneous antibody 

glycoforms without the need of intermediate purification, thus streamlining the 

chemoenzymatic Fc glycan remodeling of antibodies.

Wang and co-workers also generated glycosynthase mutants from Endo-F3, another GH18 

family endoglycosidase.183 Two mutants, the D165A and D165Q mutants, were shown to be 

capable of efficiently transferring both bi- and triantennary complex type N-glycans 

(Scheme 20). The Endo-F3 mutants were the first glycosynthase mutants that were able to 

transfer triantennary complex type N-glycans, while the previously discovered 

glycosynthases from Endo-A, Endo-M, Endo-D, Endo-S, and Endo-S2 could not. 

Interestingly, these Endo-F3 mutants were highly specific for core-fucosylated N-glycans 

and were unable to attach glycans to nonfucosylated GlcNAc moieties.183

It should be pointed out that while pairing the glycosynthase mutants and the corresponding 

glycan oxazoline substrate provides a unique approach to glycoprotein synthesis and 

antibody Fc-glycan remodeling, some side reactions between the highly active sugar 

oxazolines and certain side chains on the protein might occur if the reaction conditions are 

not controlled and/or the enzyme activity is relatively low.301,311 Davis and co-workers 

performed a LC-MS analysis of possible side reactions when a large access of sugar 

oxazoline, relatively high temperature, and prolonged time were applied for the reaction 

between glycan oxazoline and the deglycosylated trastuzu-mab.311 The byproducts were 
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proposed to be caused by the nonenzymatic glycation of glycan oxazoline with certain lysine 

residues, and the side-reactions were minimized by adding glycan oxazolines in portions and 

using more enzymes with a shortened reaction time.311 On the other hand, Wang and 

coworkers demonstrated that by using a highly active glycosynthase mutant, such as the 

Endo-S2 D184M, antibody glycan remodeling could be performed with a significantly 

reduced amount of glycan oxazoline and within a short reaction time (less than 1 h) to give 

essentially quantitative glycosylation of the antibody without any side reactions.182,316,317

Recently Ohno and co-workers reported that sugar oxazoline reacted with primary amines in 

water to produce sugar imidazolines and eventually sugar imidazoles when heated in water.
318 In another model study, Ito and co-workers performed the reactions between sugar 

oxazoline and peptide under different conditions and identified disubstituted acetamidine as 

a byproduct.319 It was further proposed that the acetamidine derivative was formed via the 

attack of the oxazoline ring by the amino group of lysine in the peptide.319 These are 

interesting findings, but since the model reactions were performed under relatively harsh 

conditions (high temperature and/or high pH), it is still not clear how efficiently this side 

reaction might occur under the relatively mild enzymatic reaction conditions (at ambient 

temperature in a neutral buffer).

As an alternative approach to minimize these potential side reactions, several groups 

recently attempted to develop enzymatic methods that avoid the use of glycan oxazolines for 

antibody glycosylation.320,321 In one study, Wong and coworkers expressed trastuzumab in 

yeast P. pastoris and examined its deglycosylation with a panel of endoglycosidases and 

transglycosylation with wild type Endo-S2 using the sialoglyco-peptide (SGP) as the donor 

substrate instead of glycan oxazoline.320 Interestingly, when a large excess (over 1000 mol. 
equiv.) of SGP was used, Endo-S2 could catalyze the transglycosylation to give up to 80% 

of the glycoengineered antibody. Although using kinetic control at high donor substrate 

concentrations to drive a glycosidase-catalyzed glycosylation is not a new concept, this 

study presents an impressive example that “old concept” could be explored for a special 

application, and the use of the cheap, stable ground-state donor substrate (SGP) could avoid 

any potential side reactions even when it was used at molar concentrations. In another study, 

Iwamoto and coworkers generated improved mutants of Endo-S by introducing additional 

mutations to the D233Q mutant background.321 It was found that the double or triple 

mutants, including Endo-S D233Q/Q303L, D233Q/E350Q, and D233Q/Y402F/D405A, 

could perform transglycosylation with the stable SGP substrate at a relatively low donor/

acceptor ratio to provide the target antibody carrying the sialylated Fc N-glycans in a high 

yield. Interestingly, the glycan remodeling reaction could be carried out in a one-pot manner 

when Endo-M or Endo-CC were included for in situ deglycosylation of the antibody without 

the need of isolating the deglycosylated antibody intermediate for transglycosylation. More 

recently, Manabe and co-workers reported that the Endo-CC mutant, N180H, could also 

perform transglycosylation of deglycosylated antibody using SGP as the donor substrate at a 

high concentration.253 Taken together, these recent discoveries have now made it possible to 

construct various homogeneous and specific antibody glycoforms, offering exciting new 

opportunities for probing the biological functions and for discovering novel antibody-based 

therapeutics.
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4.6. Chemical and Chemoenzymatic Synthesis of N-Glycan Oxazolines

A broad application of the ENGase-catalyzed glycosylation for glycoprotein synthesis and 

glycan remodeling requires an easy access to respective glycan oxazolines as the activated 

donor substrates. In the past decade, a variety of oligosaccharide oxazolines corresponding 

to the natural N-glycans and their modified derivatives have been prepared either by total 

chemical synthesis or by semisynthesis using N-glycans isolated from natural sources. A 

review was recently published by Fairbanks that gave an excellent account on this topic.322 

In this section, we provide a highlight on the common approaches to the synthesis of glycan 

oxazolines that are useful for the ENGase-catalyzed glycosylation.

4.6.1. Chemical Synthesis of Oligosaccharide Oxazolines Corresponding to 
N-Glycans.—Sugar oxazolines have been widely used as activated subunits for Chitinase- 

or hyaluronidase-catalyzed polymerization to form functionalized chitin and 

glycosaminoglycans.119,323,324 Early work on the synthesis of oligosaccharide oxazolines 

involved a stepwise chemical synthesis to build the oligosaccharide skeleton, changing all 

protecting groups into O-acetyl protecting groups, Lewis acid-catalyzed conversion of the 

peracetylated oligosaccharide into the corresponding sugar oxazoline, and finally the global 

de-O-acetylation to provide the free sugar oxazoline. Scheme 21 showed one of the early 

examples for the synthesis of tetrasaccharide oxazolines corresponding to the N-glycan core.
242 In this synthesis, a key Manβ1,4-GlcNAc disaccharide was synthesized in which the 3- 

and 6-hydroxy groups of the mannose residue were selectively deprotected and were subject 

to a double glycosylation with a mannosyl trichloroacetimidate to form the tetrasaccharide 

structure. Then the 2-azide group was reduced and N-acetylated, and all other protecting 

groups were changed to O-acetyl groups. Initial treatment of the per-O-acetylated 

tetrasaccharide with Lewis acid such as TMSOTf in dichloroethane gave a mixture of the 

corresponding oxazoline derivative and the α-glycosyl acetate anomer that could not be 

easily converted into the sugar oxazoline under the condition.325 Fortunately, using a 

combination of TMSBr, BF3 Et2O, and 2,4,6-collidine in dichloroethane326 successfully 

converted the acetate into sugar oxazoline derivative in good yield. Finally, de-O-acetylation 

using a catalytic amount of MeONa in MeOH afforded the free tetrasaccharide oxazoline 

(Scheme 21a). As another example, azide groups were selectively introduced at the 6-

position of the external mannose moieties by protecting group manipulations, and the 

corresponding azide-containing sugar oxazoline was prepared in a similar way (Scheme 

21b).258 The introduction of azido functionality provides a means for further site-specific 

modifications of the glycoproteins through click chemistry.258

While a number of sugar oxazolines were synthesized in this manner, the three-step 

procedures are tedious and, more importantly, hydrolysis of O-glycosidic linkages during a 

prolonged Lewis acid treatment would be problematic when large oligosaccharide is 

involved. An important development in this field came from the work of Shoda and co-

workers in 2009, when they reported a single step conversion of unprotected 

oligosaccharides containing an N-acetyl aminosugar such as GlcNAc at the reducing end 

into free sugar oxazoline in water using an excess of 2-chloro-1,3-dimethylimidazolinium 

chloride (DMC) as a dehydrating reagent agent (Scheme 22).327 Under basic conditions in 

water, the anomeric hydroxyl group, which is more acidic than other hydroxyl groups, was 
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selectively activated by DMC, and subsequent intramolecular reaction by the neighboring N-

acetyl group participation resulted in the formation of sugar oxazoline. The yield was 

excellent in most cases and the free sugar oxazoline could be readily purified by a single 

size-exclusion chromatography if it is large enough. This important discovery significantly 

simplifies the preparation of N-glycan oxazolines which are an important donor substrate for 

the ENGase-catalyzed glycosylation for glycopeptide synthesis and glycoprotein glycan 

remodeling.29,31

The development of this method allowed an efficient synthesis of even very large 

oligosaccharide oxazolines in excellent yield. Wang and co-workers reported a convergent 

chemoenzymatic synthesis of several monoglucosylated glycoprotein glycoforms, using 

bovine ribonuclease (RNase) as a model glycoprotein. These glycoforms were designed as 

specific ligands of calnexin (CNX) and calreticulin (CRT), two important lectins involved in 

protein folding and quality control (Scheme 23).302 That approach included the chemical 

synthesis of a selectively modified oligosaccharide, Gal1Glc1Man9GlcNAc, its single step 

conversion into the corresponding glycan oxazoline by DMC treatment (quantitative 

conversion), and the EndoA-N171A catalyzed transfer to GlcNAc-RNase to form the 

homogeneous glycoforms. The Glc1Man9GlcNAc2-RNase glycoform was synthesized by 

selective removal of the terminal galactose using β-galactosidase as the enzyme. The affinity 

of the glycoforms to the lectins was probed by SPR analysis. The results indicated that 

Glc1Man9GlcNAc2-RNase glycoform had high affinity to lectin CRT, while those 

glycoforms lacking the terminal glucose moiety did not show CRT-binding activity.302 The 

experimental data confirm the essential role of the glucose moiety in the glycoproteins in the 

lectin binding and specific recognition during the lectin-mediated protein folding.

4.6.2. Semisynthesis of N-Glycan Oxazolines Using N-Glycans Isolated from 
NaturalSources.—The diversity of glycoforms of N-glycoproteins that can be reached by 

the chemoenzymatic method will also rely on the availability of diverse N-glycan structures. 

While chemical synthesis provides the flexibility to make both natural and selectively 

modified oligosaccharides, total chemical synthesis is tedious and technically demanding, 

particularly for construction of complex natural N-glycans. Fortunately, some natural N-

glycans could be isolated from natural sources on a relatively large scale, which could serve 

as the starting materials for the preparation of a collection of full-size N-glycans and related 

truncated forms.

The chicken egg yolk contains a rich sialoglycopeptide (SGP) that can be isolated on large 

scale as a source of biantennary complex type N-glycans. It was demonstrated that the 

disialyl biantennary complex type N-glycan (SCT) can be readily prepared from chicken egg 

yolks through organic solvent precipitation, reverse-phase chromatography, Endo-M 

digestion, and final gel filtration chromatography of the released glycans (Scheme 24).
29,194,255,301,328,329 Recently the isolation procedure of SCT glycoform was further 

optimized to a gramscale production by using a cheaper source, the egg yolk powder ($4.45/

kg).330,331 The SCT glycan can be further trimmed by sialidases and β1,4-galactosidase to 

obtain additional structures.182,332 Finally, the free N-glycans could be converted to the 

corresponding glycan oxazolines in a single step DMC-promoted conversion (Scheme 24).
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As another example, ultrapure high mannose N-glycan (Man9GlcNAc2) was readily 

obtained on a preparative scale (100 mg/batch) from soybean flour through fractional 

precipitation, sequential Pronase and Endo-A digestion of the crude soybean agglutinin 

glycoprotein fraction, and gel filtration chromatography of the released glycans (Scheme 

25).29,177,178,333 The obtained Man9GlcNAc2 glycan can be further trimmed and extended 

by α1,2-mannosidase and glycosyltransferases for the synthesis of additional structures, 

including hybrid type N-glycans.182 Distinct high mannose N-glycans, including 

GlcMan9GlcNAc2, Man9GlcNAc, Man6GlcNAc, and Man5GlcNAc, could also be achieved 

from egg yolk and chicken ovalbumin.334–337

Recently, Wang and co-workers reported the synthesis of a triantennary complex type N-

glycan oxazoline, starting with bovine fetuin, a natural glycoprotein carrying sialylated bi- 

and triantennary N-glycans.183 Briefly, the N-glycans were released from bovine fetuin by 

Endo-F3 treatment. After solid-phase extraction and ion-exchange chromatography, the 

sialylated triantennary N-glycan was separated. Sialidase-catalyzed desialylation gave the 

triantennary complex type glycan (TCT) on a preparative scale (25 mg/batch) with over 95% 

purity. Finally, the N-glycan was transformed into the glycan oxazoline by DMC treatment 

followed by size-exclusion chromatography (Scheme 26). The glycan oxazoline was 

successfully used to prepare novel glycoforms of therapeutic antibodies that are not readily 

available by recombinant expression.183

In addition to total chemical synthesis and semisynthesis using N-glycans isolated from 

natural sources, tremendous progress has been made in the chemoenzymatic synthesis of 

complex N-glycans in recent years, as demonstrated by Boons, Peng George Wang, and 

other groups.338–341 Thus, the availability of diverse N-glycans and corresponding glycan 

oxazolines has further expanded the scope of the ENGase-catalyzed glycosylation for 

glycoprotein synthesis and glycan remodeling.

5. DIRECT ENZYMATIC GLYCOSYLATION OF POLYPEPTIDES AND 

PROTEINS

The ENGase-catalyzed glycosylation provides a very attractive method for the synthesis of 

complex glycopeptides and for global glycan remodeling of glycoproteins to provide 

homogeneous glycoforms. The advantages of this chemoenzymatic method are the high 

convergence of the approach, the nature of native ligation to restore the natural glycoside 

linkage, and the flexibility to manipulate the protein and oligosaccharide components 

independently. However, a prerequisite for this approach is the need of installation of a 

monosaccharide (a GlcNAc or Glc moiety) in the polypeptide or protein component to serve 

as a handle (acceptor) for enzymatic oligosaccharide transfer. Thus, an efficient method for 

direct introduction of a monosaccharide moiety to a preassembled polypeptide or protein 

would further expand the scope. Moreover, direct “native” ligation between a preassembled 

glycan and a free polypeptide or protein is becoming another attractive approach to 

homogeneous glycoproteins. This section highlights recent progress in this area.
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5.1. Eukaryotic Oligosaccharyltransferase (OST) Catalyzed in Vitro Glycosylation of 
Polypeptides

In the biosynthesis of eukaryotic N-glycoproteins, the oligosaccharyltransferase (OST) is the 

sole enzyme responsible for transferring a large N-glycan precursor (Glc3Man9GlcNAc2) en 
bloc from a dolichol-phosphate glycolipid to a consensus sequon NXS/T on the nascent 

unfolded protein.342–344 Eukaryotic OST is in fact a multisubunit protein complex consisting 

of at least 9 subunits, and all of them are transmembrane proteins.345 Some early in vitro 
enzymatic studies from Coward, Imperiali, and several other laboratories have shown that 

OST is able to transfer truncated N-glycan core from the corresponding glycosyl-phosphate 

dolichol to synthetic peptides containing the consensus NXS/T sequence.346–355 However, a 

practical application of the eukaryotic OST for in vitro glycoprotein synthesis has not been 

fulfilled. Major hurdles include the instability of the eukaryotic enzyme complex, the 

complexity of the membrane-bound multiple protein subunits that are required for catalytic 

activity of the STT3 subunit, and the difficulty to obtain the dolichol-associated glycolipids 

as the substrates. More importantly, the eukaryotic OST is not suitable for transferring 

oligosaccharide to folded proteins. In fact, during biosynthesis, the precursor N-glycan is 

transferred to nascent protein (polypeptide) before folding.356,357

5.2. Prokaryotic Oligosaccharyltransferase-Catalyzed in Vitro Glycosylation of 
Polypeptides and Proteins

For decades, protein N-glycosylation was assumed to be an event occurring only in 

eukaryotic systems. However, this view was changed in 1999 when Campylobacter jejuni, a 

Gramnegative bacterium that is a human gut mucosal pathogen, was found to possess a 

protein N-glycosylation machine.358–360 The C. jejuni contains a gene cluster, termed the 

“Pgl gene cluster”, which is involved in the assembly of a novel heptasaccharide on an 

undecaprenyl-pyrophosphate carrier and its subsequent transfer to the asparagine side chain 

in a consensus NXS/T sequence of endogenous proteins at the bacterial periplasmic space.
70,358,361,362 In contrast to the eukaryotic OST that consists of multisubunit proteins with the 

STT3 protein as the catalytic subunit, a single subunit protein, PglB, was found to be 

responsible for oligosaccharide transfer in C. jejuni and some other prokaryotic organisms.
70,363

In 2005, Imperiali and co-workers reported the cloning, overexpression, and purification of 

four key Pgl glycosyltrans-ferases (PglA, PglH, PglI, and PglJ) and demonstrated an in vitro 
enzymatic assembly of the heptasaccharide, GalNAca1,4-GalNAcα1,4-(Glcβ1,3)-

GalNAcα1,4-GalNAcα1,4-GalNAcα1,3-Bac, on a synthetic undecaprenyl-pyrophosphate, 

where Bac is bacillosamine (2,4-diacetamido-2,4,6-trideoxyglu-cose).364 The successful in 
vitro reconstitution of the sequential activities of the glycosyltransferases in the biosynthetic 

pathway provides a detailed characterization of the functions and biosynthetic sequence of 

these Pgl enzymes and provides important insights in manipulating the biosynthetic 

pathways of bacterial N-glycosylation. Further studies from the same group demonstrated 

that the C. jejuni oligosaccharyltransferase PglB had relatively relaxed substrate specificity 

on the undecaprenyl pyrophosphate-linked saccharide substrate for peptide glyco-sylation, 

and a wide variety of saccharides with different lengths and also modified subunits could be 
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transferred by PglB from the undecaprenyl pyrophosphate-linked saccharide donor sub 

strates.98,365

More recently, Imperiali and co-workers evaluated the substrate specificity of Pgl 

glycosyltransferases and found that most of the Pgl enzymes could tolerate azide-modified 

UDP-sugar substrates, including the UDP derivatives of 2,4-diacetamidobacillosamine and 

N-acetylgalactosamine.366 Their experimental data indicated that PglC was quite flexible to 

add modified bacillosamine derivative to the lipid diphosphate carrier and the PglA and PglC 

were active for extending the sugar chain with N-azidoacetyl modified GalNAc derivative to 

form the respective undecaprenyl pyrophosphate-linked saccharides (Scheme 27). In 

addition, it was also demonstrated that the bacterial PglB was able to transfer the azide-

tagged sugar from the glycolipid to a peptide containing the consensus N-glycosylation 

sequence to form the corresponding N-glycopeptides with site-specifically introduced azide 

functionality at the respective monosaccharide unit366 (Scheme 28). The azide-tagged 

glycolipids and glycopeptides would be very useful for studying the roles of C. jejuni cell 

surface glycoconjugates in host pathogen interactions, e.g., through biorthogonal reactions 

for tracking and cell surface imaging.

In a separate study, Davis and co-workers investigated the lipid carrier specificity of the C. 
jejuni PglB by testing a series of well-designed, natural and unnatural C10, C20, C30, and 

C40 polyisoprenol sugar pyrophosphates, including those bearing repeating cis-prenyl units.
367 The study revealed that some short, synthetically accessible C20 prenols could serve as 

excellent lipid carriers of oligosaccharides for PglB catalyzed glycosylation (Scheme 29). 

For example, the lipid-linked diphosphate GlcNAc with at least four prenyl units (ωEZZ) 

was an excellent substrate of PglB and the enzymatic glycosylation with a peptide 

containing a consensus sequon D/EZNXS/T could reach up to 92% yield, which was 

significantly higher than the yields previously reported (<20%).368,369 Interestingly, the 

modified GlcNAc derivatives, 6-azido-GlcNAc and GlcNAz linked to the lipid, were found 

to be inactive for PglB glycosylation. The sugar chain of the resulting GlcNAc-peptides was 

further extended by respective enzymatic glycosylation to give different glycopeptides 

(Scheme 29b). Impressively, AcrA, an endogenous C. jejuni protein, could be doubly 

glycosylated by PglB using this rationally designed lipid-linked GlcNAc donor substrate 

with a yield of 95%, showing the high efficiency of the PglB-catalyzed in vitro N-

glycosylation with the synthetic donor substrate.

In comparison with the eukaryotic OST that recognizes a conserved NXS/T sequence for N-

glycosylation, PglB appears to have strict acceptor substrate specificity.370 It was shown that 

PglB required an extended N-glycosylation sequence, D/E-Z-N-X-S/T, in the polypeptide 

acceptor, where Z and X are any amino acids except proline, and it can transfer 

oligosaccharides to the extended sequence but only when it is located in a flexible region.371 

In an in vitro protein N-glycosylation assay, PglB was able to efficiently glycosylate either 

folded or unfolded proteins, like native AcrA and active GFP protein, with an extended 

sequence (D/EZNXS/T) on a flexible region.372 However, it only showed marginal 

glycosylation activity toward fully folded RNase A, while its activity was significantly 

restored by partially or completely unfolding the acceptor protein. The in vitro N-

glycosylation assay indicated that PglB has relatively strict acceptor substrate specificity, as 
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it can only efficiently glycosylate the acceptors with an extended N-glycosylation consensus 

sequon on a flexible region. A similar result was reported recently by Imperiali and co-

workers.373 In a quantitative radioactivity-based in vitro assay of a bacterial N-glycosylation 

system, PglB was able to glycosylate flexible peptides and full-length folded proteins with 

an extended consensus sequon.374 DQNAT was found to be the optimal sequon for PglB 

mediated N-glycosylation of a small bacterial model protein, Im7. Interestingly, the enzyme 

could not transfer the N,N’-diacetylchitobiose moiety, which is the core disaccharide found 

on eukaryotic N-glycoproteins. Recently an extensive study on the N-glycosylation site 

preferences of PglB homologues from different bacteria was performed by DeLisa and co-

workers using an ectopic trans-complementation in vivo assay.375 Among 15 active PglB 

analogs, 5 of them exhibited a preference to noncanonical AQNAT motif, indicating that 

PglB homologues from different bacteria could have diverse determinants on their preferred 

N-glycosylation sites.

It should be pointed out that for in vitro studies, an efficient expression of recombinant PglB 

enzyme is required. Peng George Wang and co-workers reported that PglB was able to be 

overexpressed at a level of 1 mg/L culture in E. coli C43 (DE3), a host cell suitable for toxic 

protein expression.369 The enzyme activity was confirmed using a synthetic shorter Und-PP-

GalNAc (2 cis, 2 trans) as donor substrate and polypeptide KDFNVSKA as an acceptor.

In 2002, Aebi and co-workers reported the first functional transfer of the C. jejuni protein N-

glycosylation machinery (the pgl gene cluster) into E. coli.96 Later on, the same group 

demonstrated that the pgl gene cluster of Campylobacter lari encoding a functional 

glycosylation machinery could be reconstituted in E. coli and showed that the N-glycan 

produced in this system consisted of a linear hexasaccharide.376 The C. lari PglB also 

preferred a primary consensus of D/E-Z-N-X-S/T (where Z and X can be any amino acid but 

proline). Interestingly, the PglB exhibited a relaxed substrate specificity toward the acceptor 

site and could glycosylate the asparagine residues of a protein at sequences DANSG and 

NNNST.

In parallel to the biological and functional studies, there have been tremendous studies on 

the structures of the bacterial PglB. In 2011, Locher and co-workers reported the first crystal 

structure of PglB from C. lari that revealed the fold of PglB and related STT3 proteins.100 

Similar structures were found in the related AglB protein from Archaeoglobus f ulgidus.
377,378 These structural studies, together with more detailed biochemical analysis,379,380 

provided insights into the molecular mechanism of sequon recognition and, particularly, the 

unexpected reactivity and mechanism of carboxamide activation in bacterial N-linked 

protein glycosylation. More recently, Locher and co-workers solved the crystal structure of 

C. lari PglB in complex with an acceptor peptide and a nonhydrolyzable lipid-linked 

oligosaccharide.381 This crystal allowed a ternary complex to be trapped and its structure to 

be determined at 2.7-Å resolution. The structure revealed the role of the external loop EL5, 

which is conserved in all OST enzymes, in substrate recognition. The N-terminal half of 

EL5 recognized the donor substrate lipid-linked oligosaccharide, while the C-terminal half 

interacted with the acceptor peptide. Taken together, these structural studies provided a 

molecular basis for rational engineering of PglB for improving the catalytic efficiency and/or 

for altering its substrate specificity to expand its synthetic applications.
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5.3. Use of PglB-Catalyzed Glycosylation for the Synthesis of Glycoproteins Carrying 
Eukaryotic N-Glycans

Although the protein N-glycosylation machinery from the C. jejuni and C. Lari systems has 

been successfully transferred into E. coli, the biotechnology’s workhorse for protein 

expression, bacterial N-glycans are quite different from the mammalian N-glycans and are 

highly immunogenic. On the other hand, the ENGase-catalyzed glycosylation can conjugate 

preassembled N-glycans to proteins, but it requires the attachment of a GlcNAc moiety into 

a protein to serve as a primer for transglycosylation In 2010, Wang, Aebi, and co-workers 

reported a combined method to produce homogeneous glycoproteins carrying humanized N-

glycans (Figure 11).382 The method involves the expression of a glycoprotein in an E. coli 
system that harbors a glycoengineered C. jejuni glycosylation machinery.371 In this 

glycoengineered E. coli system, the genes responsible for the biosynthesis of the 

bacillosamine (Bac) were deleted, enabling the replacement of the Asn-linked first sugar 

(Bac) by a GlcNAc moiety in the resulting recombinant glycoprotein. The outer GalNAc 

moieties were then trimmed off by the bacterial a-N- acetylgalactosaminidase to give the 

GlcNAc-protein, which served as the key intermediate for subsequent ENGase-catalyzed 

glycosylation to afford the target homogeneous eukaryotic glycoproteins (Figure 11). 

Several glycoproteins, including the complex type AcrA, glycosylated human IgG-Fc CH2 

domain, and a single-chain antibody F8, were synthesized by this method. It should be 

pointed out that while this method combines the advantage of protein expression in E. coli 
and the flexibility of in vitro chemoenzymatic glycan remodeling, the yield for the in vivo 
initial glycosylation of the mammalian heterologous proteins was relatively low (5–40%). 

These problems should be addressed in future studies.

In 2012, DeLisa and co-workers reported a bottom-up glycoengineering method for 

producing eukaryotic N-glyco-proteins in E. coli (Figure 12).383 In this approach, the yeast 

glycosyltransferases responsible for constructing the pentasaccharide N-glycan core 

(Man3GlcNAc2) were engineered in E. coli to build up the N-glycan glycolipid precursor. 

When coexpressed with PglB, the bacterial oligosaccharyltransferase PglB from C. jejuni, 
the production of a glycosylated protein carrying a Man3GlcNAc2 glycan was detected. 

Unfortunately, the glycosylation yield was very low (ca. 1%). This was understandable, as 

previous studies indicated that the lipid-linked eukaryotic oligosaccharides were poor 

substrates in in vitro assays.374 It should be noted that although the core structure, 

Man3GlcNAc2, was the primary oligosaccharide formed in this engineered biosynthetic 

pathway, other truncated N-glycans, including Man1GlcNAc2, Man2GlcNAc2, and 

Man4GlcNAc2, were also detected. The efficiency of this N-glycoprotein expression system 

could be improved if an engineered PglB with enhanced activity on the lipid-linked 

eukaryotic oligosaccharide could be generated. Crystal structures ofPglB were solved,100,381 

which provide a molecular basis for rational engineering and or directed evolution for 

broadening its substrate specificity and catalytic efficiency.

5.4. Use of PglB-Catalyzed Glycosylation for Producing Glycoconjugate Vaccines

Although PglB cannot efficiently transfer eukaryotic N-glycans from the corresponding the 

lipid-linked eukaryotic oligosaccharide donors, the enzyme actually could accommodate a 

wide variety of lipid-linked oligosaccharides and even polysaccharides so long as the 
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reducing end monosaccharide is a bacillosamine or another 2-acetamino-2-deoxy-

monosaccharide moiety, in which the 4-position of the reducing end monosaccharide is not 

modified.97,384 In 2005, Aebi and co-workers first explored this unique property of PglB to 

produce glycoconjugate vaccine in E. coli.97 The authors engineered E. coli cells to merge 

the lipopolysaccharide (LPS) biosynthesis and the protein N-glycosylation by PglB, which 

was able to transfer the O-polysaccharide from a lipid carrier (undecaprenyl pyrophosphate) 

to an acceptor protein (Figure 13). The relaxed specificity of the PglB 

oligosaccharyltransferase toward the polysaccharide structures enabled the production of 

poly-saccharide-protein conjugates containing two distinct E. coli or Pseudomonas 
aeruginosa O-antigens, which could serve as candidate vaccines. Following this concept, a 

number of bacterial glycoconjugate vaccines have been synthesized by hijacking the 

biosynthetic pathways and PglB catalyzed polysaccharide transfer. Some of them have been 

successfully applied in clinical trials.385–391

5.5. Bacterial N-Glycosyltransferase (NGT)-Catalyzed Glycosylation of Proteins

The activity of N-glycosyltransferase (NGT) was found more than three decades ago, but 

only until 2000 was the enzyme first isolated and the activity was confirmed.392 The purified 

enzyme from Saccharothrix aerocolonigenes was found to be able to transfer a glucose 

moiety to the derivatives of an indolocarbazole with an N-linked glycosidic bond.392 In 

2003, St Geme and coworkers reported that HMW1C was an essential enzyme for the 

glycosylation of HMW1 adhesion, which is involved in the attachment of respiratory 

pathogen Haemophilus inf luenza to human epithelial cells.393,394 The HMW1C was 

confirmed to be an N-glycosyltransferase to attach glucose or galactose to the asparagine 

site of HMW1 adhesion at a consensus sequence of N-X-S/T similar to OST.395 

Independently, Yeo and co-workers demonstrated that a novel protein from Actinobacillus 
pleuro-pneumoniae (ApHMW1C), sharing a high-level homology with HMW1C, was able 

to regulate the N-glycosylation of HMW1 in a similar manner.396 Shortly afterward the 

same group solved the crystal structure of ApHMW1C and found that this HMW1C-like 

enzyme shared the same structure with HMW1C but harbored a unique catalytic activity 

different from other members in the GT41 family.397

Aebi and co-workers reported the expression of the HMW1C-like N-glycosyltransferase 

(ApNGT) in E. coli and performed a detailed biochemical analysis of the enzyme.99,101 

These studies confirmed that ApNGT could transfer a glucose or galactose moiety from the 

corresponding UDP-sugars to a peptide containing the N-X-S/T sequence to form an N-

linked Glc or Gal-peptide. Later on, the same group successfully transferred the ApNGT N-

glycosylation system from A. pleuropneumoniae to E. coli.398 When coexpressed, the 

ApNGT was able to perform N-glycosylation of endogenous and/or recombinant protein in 

the cytoplasm of E. coli.

The ability of ApNGT to directly introduce a monosaccharide moiety in a polypeptide/

protein provides an excellent starting point to produce full-size glycopeptides/glycoproteins 

when it is combined with an endoglycosidase-catalyzed glycosylation. In 2013, Wang and 

co-workers reported a two-step enzymatic glycosylation strategy that involves the 

introduction of a glucose moiety in a polypeptide at the consensus N-glycosylation sequence 
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(NXS/T) by N-glycosyltransferase (NGT), followed by an ENGase-catalyzed transfer of N-

glycans.399 The glucose moiety could be efficiently introduced by NGT and the glucose 

moiety was an excellent acceptor for the Endo-M N175A catalyzed transfer of both high-

mannose and complex type N-glycans, as exemplified by the synthesis of several HIV-1 

gp41 glycopeptides (Scheme 30). Interestingly, it was found that in contrast to the natural 

GlcNAc-Asn linkage, the Glc-Asn linked glycopeptide was resistant to the hydrolysis by 

PNGase F. Moreover, the Glc-Asn linked glycopeptide demonstrated more than 10-fold 

lower hydrolytic activity toward Endo-M than the natural GlcNAc-Asn linked glycopeptide. 

This chemoenzymatic method should be generally applicable to other target glycopeptides, 

and the new properties of the Glc-Asn linked glycopeptides might be explored for different 

applications such as the synthesis of glycopeptide analogs with improved stability against 

PNGases and endoglycosidases.

The crystal structure of the NGT from A. pleuropneumoniae (ApNGT) was recently solved, 

which shows an N-terminal a- helical domain fold and a C-terminal GT-B fold with two 

Rossmann-like domains.397 Based on this structure, Peng George Wang and co-workers 

carried out site-directed mutagenesis around the domain involved in the recognition of the 

N-glycosylation site aiming to broaden the acceptor substrate specificity of ApNGT.400 

Screening of the mutants against a small library of synthetic peptides revealed that the 

introduction of small hydrophobic residues at a critical residue, Q469 of ApNGT, could 

weaken the stringency of ApNGT and led to significant enhancement of the glycosylation 

efficiency for both short peptides and proteins. The usefulness of the identified Q469A 

mutant was exemplified by the glycosylation of a HMW1 adhesion fragment, carrying 12 

NXS/T consensus sequons, and 3 of them are potential sites for wild type ApNGT. It was 

shown that the mutant could attach glucose moiety to 7 of those sites. Moreover, 

coexpression of the Q469A mutant with a protein bearing 10 optimized N-glycosylation 

sites resulted in homogeneous N-glycosylation, which could not be achieved by the wild 

type ApNGT.

In another related study, Peng George Wang and co-workers demonstrated that the ApNGT 

mutant Q469A also exhibited a broader donor substrate specificity than wild type ApNGT 

and was able to transfer a glucosamine (GlcN) residue from UDP-GlcN to a peptide 

(Scheme 31).401 After conversion of the GlcN to GlcNAc by a glucosamine N-

acetyltransferase (GlmA), the resulting GlcNAc-peptide was extended in the sugar chain by 

an endo-β-N-acetylglucosaminidase M mutant (Endo-M N175Q) catalyzed glycosylation to 

provide a glycopeptide carrying a natural N-glycan. This is a remarkable study, and it is 

expected that the method will be applicable for synthesizing other biologically interesting N-

glycopeptides or N-glycoproteins for various applications. More recently, Peng George 

Wang and coworkers expressed and characterized the N-glycosyltransferase from 

Aggregatibacter aphrophilus.402 In contrast to ApNGT that is restricted to transfer Glc and 

Gal, the new NGT, named AaNGT, was able to utilize a variety of nucleotide-activated sugar 

donors, including UDP-Glc, UDP-Gal, UDP-Xyl, GDP-Glc, dGDP-Glc, and UDP-GlcN, to 

glycosylate peptides with the consensus N-glycosylation sequence. Moreover, the AaNGT 

was able to transfer glucosamine from UDP-GlcN, making it particularly synthetically 

useful when coupled with the glucosamine N-acetyltransferase (GlmA) to convert the GlcN 

moiety to a GlcNAc residue for subsequent sugar chain elongation.402
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5.6. Enzymatic O-GlcNAc Glycosylation of Proteins and Sugar Chain Elongation

O-linked GlcNAc modification of protein is an important dynamic glycosylation process 

occurring in nuclear, mitochondrial, and cytoplasmic compartments of cells.75,403 The 

monosaccharide is attached to proteins by an O-GlcNAc transferase (OGT) at the Ser or Thr 

residues in a protein. Recently, Peng George Wang and co-workers described an efficient 

site-directed glycosylation of peptide/protein with homogeneous O-linked N-glycans using 

OGT transferase coupled with an endoglycosidase mutant-catalyzed sugar chain extension.
404 It was achieved by transferring an O-GlcNAc to chemically synthesized peptide 

sequences, derived from bioactive proteins (Scheme 32a). The method was further expanded 

to an in vivo O-GlcNAc modification of a bovine protein, α-Crystallin mutant (Crys-A), by 

coexpressing OGT and Crys-A in E. coli and a subsequent N-glycosylation on the GlcNAc 

site using Endo-M N175Qin vitro (Scheme 32b). The GlcNAc-O-Crys-A protein was 

produced on a milligram-scale and could be remodeled with a sialo biantennary complex 

type N-glycan using Endo-M mutant with approx. 30% conversion yield. Several specific O-

GlcNAc peptides derived from human proteins were also successfully converted into N-

glycosylated O-linked glycopeptides by using the Endo-M mutant. It was observed that by 

introducing N-glycan on the O-GlcNAc site of peptides, the N-glycosylated O-GlcNAc 

peptides were resistant to OGA-catalyzed hydrolysis.

5.7. Enzymatic O-GalNAc Glycosylation of Proteins

O-Glycoproteins are another important class of glycoproteins in which the carbohydrate 

component is linked to the hydroxyl group of amino acids such as serine, threonine, 

tyrosine, or 5-hydroxylysine in the protein through an O-glycosidic bond.73,405 Although O-

glycosylation can involve the attachment of a range of monosaccharides, including GalNAc, 

galactose, GlcNAc, mannose, fucose, glucose, or xylose, the most prevalent O-linked 

glycoprotein is the mucin-type glycoproteins, where the GalNAc moiety is attached to a Ser 

or Thr residue in an a-glycosidic bond.405 Mucins are glycoproteins with dense O-glycan 

clusters in which the carbohydrate can account for up to 70% by mass. Mucin glycoproteins 

play important roles in normal physiological processes such as embryo development, 

organogenesis, and tissue homeostasis.406 On the other hand, aberrant glycosylation in 

mucins is often associated with cancer metastasis and progression.407 For example, much 

smaller, truncated O-glycans including the GalNAc (Tn antigen), Gal^1,3-GalNAc (T 

antigen), or sialylated GalNAc (STn antigen) moieties are often found on the type 1 mucin 

glycoprotein (MUC1) in various cancer cells, which are an important class of tumor-

associated carbohydrate antigens.407 The structural and functional diversity and the potential 

in use of the tumor-associated carbohydrate antigens as novel biomarkers for diagnosis and 

for cancer vaccines have driven the interest in synthesis of mucin O-glycopeptides and O-

glycoproteins.42,408–411

The extracellular domains ofMUC1 contain tandem repeats of a polypeptide consisting of 20 

amino acid residues, HGVTSAPDTRPAPGSTAPPA. This sequence contains five potential 

O-glycosylation sites, including Thr-4, Ser-5, Thr-9, Ser-15, and Thr-16. Tremendous work 

has been carried out in chemical synthesis of mucin glycopeptides with a focus on 

development of carbohydrate-based cancer vaccines.33,42,408–412 The general approach is to 

synthesize different glycoamino acid building blocks and then to incorporate them in the 
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solid-phase peptide synthesis SPPS).42,411 A major advantage of the glycoamino acid 

building block-based strategy is its flexibility to install the O-glycans at any sites along the 

peptide sequence.413–417 However, it remains a big challenge to use pure chemical synthesis 

to build large mucin glycopeptides or glycoproteins with multiple domain repeats, 

particularly when multiple O-linked oligosaccharides are introduced and the acidlabile sialic 

acid residues are involved.

Chemoenzymatic synthesis that combines chemical manipulations and enzymatic 

transformations provides a promising alternative approach to large O-glycopeptides and 

glycoproteins. In this approach, primer sugars such as the Thr/Ser-linked GalNAc moieties 

are usually introduced into the polypeptide first using SPPS and then the sugar chain is 

extended by different glycosyltransferases to achieve the targets.418–424 In particular, the 

early work on the successful chemoenzymatic assembly of the sulfate- and sialyl Lewis X 

containing PSGL-1 glycopeptides and subsequent P-selectin binding study, reported by 

Cummings, Wong, and co-workers, showcases the power of chemoenzymatic synthesis for 

making h-eavily modified O-glycopeptides for biological evaluation. 418–421

Alternatively, direct introduction of GalNAc moieties coupled with subsequent sugar chain 

elongation could also be achieved by exploring the biosynthetic pathways for O-

glycoprotein assembly. As an example, Clausen and co-workers described an impressive 

chemoenzymatic synthesis of large MUC1 glyco-peptides carrying Tn and STn motifs on a 

60-mer mucin polypeptide backbone.425 Briefly, the 60-mer MUC1 polypeptide was 

synthesized by SPPS. Then the Tn antigens (GalNAc-Ser/Thr) were introduced into the 

peptide by sequential glycosylation with an array of recombinant polypeptide GalNAc 

transferases by taking advantage of their unique site-selectivity. Then, the sugar chains were 

extended through glycosylations with the recombinant core 1 β3Gal transferase (C1Gal-T1) 

and the recombinant murine sialyltransferase (ST6GalNAc-I) to provide the target O-

glycoprotein carrying multiple T and STn antigens (Scheme 33). The structure and site 

selectivity of glycosylation in the intermediates and final glycopeptide were verified by mass 

spectroscopic analysis. As an application for cancer vaccine, the synthetic glycopeptides 

were conjugated to a carrier protein, KLH, and the glycopeptide-KLH conjugates were 

immunized in mice to evaluate the different glycosylation patterns on immunogenicity. The 

results indicated that a higher dense glycosylation pattern with the Tn/STn antigens gave 

much stronger immune responses than the lower substituted glycopeptide, and the elicited 

antibodies could recognize specifically cancer cells.425 This study showcases the power of 

the chemoenzymatic synthesis as a tool in design, construction, and evaluation of mucin 

glycopeptide-based cancer vaccines.

Compared with N-glycosylation, mucin O-glycosylation does not have a strict consensus 

sequence for signaling the attachment of GalNAc. Nevertheless, various GalNAc transferase 

isoforms involved in the biosynthesis do have sequence preference. Indeed, systematic 

studies of the substrate specificity of various GalNAc transferase isoforms reveal a complex 

balance between redundancy and hierarchy within this family of enzymes.426 So far, about 

20 peptide-specific GalNAc transferase isoforms have been found and classified into two 

subfamilies, I and II.426 Members (GalNAc-T1–3, 5, 6, 8, 9, 11, 13–16, and 18–20) from 

subfamily I prefer peptide substrates, called “peptide-preferring” isoforms, while GalNAc-
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T4, 7, 10, 12, and 17 from subfamily II favor glycopeptide substrates, called “glycopeptide-

preferring” isoforms.427–429 For example, GalNAcT-1, 2, and 5 prefer non- and 

monoglycosylated peptide substrates, and they usually participate in the initial step of 

peptide glycosylation; GalNAcT-3 and 4 prefer GalNAc glycosylation of protein substrates 

carrying 1 or 2 neighboring glycosylated sites; and GalNAcT-10 can be used to further 

glycosylate the resting site with high density of existing O-GalNAc glycosylation.426 After 

introduction of the primer GalNAc moieties, the sugar chain could be extended by other 

glycosyltransferases such as different galactosyltransferases and sialyltransferases to 

diversify the glycan structures. Future studies should be directed to further characterization 

and improved expression of these GalNAc transferase isoforms as well as related enzymes 

aiming to explore the novel substrate specificity of these enzymes for in vitro 
chemoenzymatic synthesis of O-glycoproteins with varied density and patterns of 

glycosylation.

6. CONCLUDING REMARKS

Glycoproteins, the conjugates of glycans and proteins, are an important class of 

biomolecules that demonstrate unique structural features and diverse biological functions. 

Yet, a detailed understanding of the structure—activity relationships of glycoproteins, as 

well as their therapeutic and diagnostic applications, has been hampered by the structural 

heterogeneity of glycoprotein glycoforms that are formidable to isolate by current 

chromatographic techniques and are also difficult to control during recombinant production.

To address this urgent need, both chemical and enzymatic methods have been remarkably 

progressed in the past decade and, as surveyed in this review, the chemoenzymatic methods 

that combine the flexibility of chemical synthesis and the specificity ofenzymatic 

transformation are emerging as the most promising approaches that have now made it 

possible to assemble various natural and tailor-made glycoproteins including intact 

therapeutic antibodies.

Despite this tremendous progress, the synthetic methods for constructing homogeneous 

glycoproteins are still far from maturation. For chemical synthesis, the use of the prototype 

native chemical ligation and more recently developed auxiliary-based ligation has now made 

it possible to construct some large natural glycoproteins such as the fully glycosylated 

human erythropoietin (EPO). Nevertheless, each target glycoprotein may pose special 

challenges, and a careful choice of ligation strategy and a thoughtful design of the synthetic 

scheme would be essential. For the chemoenzymatic methods, one bottleneck is the strict 

substrate specificity of many enzymes that limits a wider application of a specific enzymatic 

transformation. Novel and more efficient enzymes such as enabling oligosaccharyl-

transferases and N-glycosyltransferase are needed for site-specific direct enzymatic 

glycosylation of folded recombinant proteins so that oligosaccharide components can be 

directly conjugated to proteins with native glyco-amino acid linkages. Another challenge in 

the field is how to achieve site-specific posttranslational “mutagenesis” on glycans, i.e., the 

alteration or modification of glycans at predetermined sites in a multiply glycosylated 

glycoprotein. Continuous efforts in exploring new synthetic methods and concepts are 

needed to assemble more complex natural and/or tailor-made glycoproteins for addressing 
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structural and biological problems. The ability to produce homogeneous natural and tailor-

made glycoproteins, such as cytokines, glycoprotein hormones, glycoengineered therapeutic 

antibodies, and structurally well-defined antibody-drug conjugates, will certainly speed up 

the development of more effective glycoprotein-based therapeutics in the years ahead.
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Figure 1. 
Structures and symbols of common monosaccharide units found in eukaryotic systems.
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Figure 2. 
Chemical structures and symbol representations of representative glycan-amino acid 

linkages found in eukaryotic glycoproteins: (a) complex type N-glycan; (b) core 2 O-glycan; 

(c) GlcNAc-glycosylation; (d) proteoglycan linkage; (e) linkage strcuture of GPI anchored 

proteins. In many cases, the monossaccharide units in the above structures can be subjected 

to further carbohydrate or various noncarbohydrate modifications.
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Figure 3. 
Biosynthesis of eukaryotic N-glycoproteins.

Li and Wang Page 67

Chem Rev. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Biosynthesis of O-glycoproteins with typical O-glycan core structures.
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Figure 5. 
Major approaches for synthesizing homogeneous glycoproteins.
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Figure 6. 
Catalytic mechanisms of different types of glycosidases. R1 and R2 could be sugar or other 

moieties. In the case of the substrate-assisted mechanism, X is an essential residue to 

facilitate the formation or stability of reaction intermediate and could be an asparagine or 

aspartic acid residue.
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Figure 7. 
Catalytic mechanisms of glycosynthases. R, R1, and R2 could be sugar or other moieties.
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Figure 8. 
Catalytic mechanism of S-glycoligase and O-glycoligase.
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Figure 9. 
Catalytic mechanism of glycosylation via ENGase mutants derivated from distinct GH 

families. R could be sugar or other moieties. X could be alanine, glutamine, methionine, or 

histidine residue.
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Figure 10. 
Structures of the synthetic glycosylated CMV-peptides derived from a human 

cytomegalovirus (CMV).
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Figure 11. 
Enzymatic synthesis of glycoproteins carrying eukaryotic N-glycans by coupling engineered 

C. jejuni PglB N-glycosylation pathway in E. coli with in vitro enzymatic glycan-

remodeling.
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Figure 12. 
Enzymatic protein glycosylation by engineeering eukaryotic N-glycan assembly coupled 

with PglB-catalyzed N-glycan transfer in E. coli.
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Figure 13. 
C. jejuni PglB mediated enzymatic synthesis of glycoconjugate vaccines carrying bacterial 

O-antigens.
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Scheme 1. 
Glycosynthase-Catalyzed Modification of Glycopeptide and Glycoprotein
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Scheme 2. 
Synthesis of Thio-neoglycoprotein by Chemical Ligation and Subsequent 

Transglycosylation via a Thioglycoligase
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Scheme 3. 
Glycoligase-Catalyzed Direct Core Fucosylation of Glycopeptide and Glycoprotein
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Scheme 4. 
Sugar Oxazolines as Donor Substrates for ENGase-Catalyzed Synthesis of N-Glycopeptides
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Scheme 5. 
Chemoenzymatic Synthesis of Homogeneous Glycoproteins by ENGase-Catalyzed 

Glcosylation Remodeling with Sugar Oxazolines
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Scheme 6. 
Chemoenzymatic Synthesis of Homogenous Glycoforms Ribonuclease B by ENGase-

Derived Glycosynthases
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Scheme 7. 
Chemoenzymatic Synthesis of CD52 Glycopeptide Antigens Containing Both N- and O-

Glycans
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Scheme 8. 
Synthesis of CD52 Glycopeptide Carrying Fucosylated Bi- And Triantennary N-Glycan 

Using Endo-F3 D165A
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Scheme 9. 
Chemoenzymatic Synthesis of Glycopramlintides Using ENGase Glycosynthase Mutants
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Scheme 10. 
Chemoenzymatic Synthesis of HIV-1 V1 V2 Glycopeptides Carrying Defined N-Glycans
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Scheme 11. 
Convergent Chemoenzymatic Installation of Two Distinct N-Glycans in the V1 V2 Cyclic 

Peptide
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Scheme 12. 
Chemoenzymatic Synthesis of V3 Glycopeptides Carrying Two N-Glycans
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Scheme 13. 
Chemoenzymatic Synthesis of a Three-Component Glycopeptide Immunogen
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Scheme 14. 
Chemoenzymatic Synthesis of Hydrophobic Glycoprotein Saposin C

Li and Wang Page 91

Chem Rev. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 15. 
Enzymatic Synthesis of Phosphorylated RNase B Containing M6P Moieties
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Scheme 16. 
Chemical Synthesis of M6P-Containing High-Mannose N-Glycan Oxazolines as Enzyme 

Substrates
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Scheme 17. 
Chemoenzymatic Glycosyiation Remodeling of Ribonuclease B with M6P N-Glycans
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Scheme 18. 
Glycan Remodeling of Human Erythropoietin (EPO)
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Scheme 19. 
Chemeonzymatic Synthesis of Various IgG-Fc Glycoforms
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Scheme 20. 
Chemoenzymatic Glyco-Remodeling of Therapeutic Antibodies Using Endoglycosidases 

and Glycosynthase Mutants
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Scheme 21. 
Chemical Synthesis of Oligosaccharide Oxazolines
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Scheme 22. 
Direct Conversion of Unprotected Oligosaccharide Containing a Reducing End GlcNAc 

Moiety to Oligosaccharide Oxazoline in Water
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Scheme 23. 
Synthesis of Glucose-Containing High-Mannose N-Glycan Oxazoline
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Scheme 24. 
Semisynthesis of Sialyl Biantennary Complex Type N-Glycan Oxazoline (SCT-ox)
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Scheme 25. 
Semisynthesis of High Mannose Type N-Glycan (Man9-ox)

Li and Wang Page 102

Chem Rev. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 26. 
Semisynthesis of Triantennary Complex Type N-Glycan Oxazoline (TCT-ox)
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Scheme 27. 
Chemoenzymatic Synthesis of Und-PP-Trisacchandes Carrying Site-Specific Azido Groups
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Scheme 28. 
In Vitro Enzymatic Synthesis of N-Glycopeptides Carrying Site-Specific Azido Groups 

Using C. jejuni PglB
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Scheme 29. 
In Vitro Chemoenzymatic Synthesis of N-Glycopeptides Using PglB as the Enzyme and 

Synthetic Lipid-Linked GlcNAc as the Donor Substrates
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Scheme 30. 
Enzymatic Synthesis of Glycopeptidesbearing Complex N-Glycans by Coupling ApNGT 

and Endo-glycosidases
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Scheme 31. 
Enzymatic Synthesis of Glycopeptides Carrying Natural Eukaryotic N-Glycans Scheme
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Scheme 32. 
Site-Specific Enzymatic Synthesis of Glyco-Peptide/Protein Carrying O-Linked Eukaryotic 

N-Glycans
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Scheme 33. 
Chemoenzymatic Synthesis of MUC1 Glycoproteins Carrying Multiple Tn, T, and STn O-

Glycans

Li and Wang Page 110

Chem Rev. Author manuscript; available in PMC 2019 September 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Li and Wang Page 111

Table 1.

Substrate Specificity of Endoglycosidases for Hydrolysis of N-Glycans and Glycoproteins

Enzyme Organisms GH family N-Glycan substrate Core-fucose hydrolyzed? Assistant residue General acid/base ref

Endo-A Arthrobacter protophormiae 85
HM/Hyb

a  No
N171

b
E173

b 197–199

Endo-M Mucor hiemalis 85
HM/Hyb/CT

a  No
N175

b
E177

b 200

Endo-D Streptococcus pneumoniae 85 truncated HM  Yes N322 E324 201, 202

Endo-CE Caenorhabditis elegans 85
HM/Hyb

a  No N152 E154 186

Endo-BH Bacillus halodurans 85
HM/Hyb

a
 ND

c N170 E172 192

Endo-Om Ogatea minuta 85
HM/Hyb/CT

a  No N194 E196 203, 204

Endo-CC1 Coprinopsis cinerea 85
HM/Hyb/CT

a
 ND

c N180 E182 180, 196

Endo-CC2 Coprinopsis cinerea 85
HM/Hyb/CT

a
 ND

c N186 E188 196

Endo-H Streptomyces plicatus 18
HM/Hyb

a  Yes D172 E174 205

Endo-F1 Elizabethkingia meningoseptica 18
HM/Hyb

a  Yes D180 E182 206

Endo-F2 Elizabethkingia meningoseptica 18
CT

a  Yes D169 E171 194, 206

Endo-F3 Elizabethkingia meningoseptica 18
CT/TCT

a  Preferred D165 E167 194, 206

Endo-BI1 Bif idobacterium longum 
subsp. infantis

18
HM/Hyb/CT

a  Yes D184 E186 207

Endo-BI2 Bif idobacterium longum 
subsp. infantis

18 HM/CT
 ND

c
ND

c
ND

c 207

Endo-S Streptococcus pyogenes 18 CT  Yes D233 E235 195, 208–211

Endo-S2 Streptococcus pyogenes 18 HM/Hyb/CT  Yes D184 E186 210, 212

a
The abbreviations for N-glycans: HM, high-mannose type; Hyb, hybrid type; CT, biantennary complex type; TCT, triantennary complex type.

b
The numbering of amino acids refers to the peptide sequence after cleavage of an N-terminal signal peptide as described in the original 

publications.

c
Not determined.
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Table 2.

Substrate Specificity of Endoglycosynthase Mutants for Glycosylation with Glycan Oxazolines and Acceptors

Enzyme Donor (N-glycan oxazoline) GlcNAc-Acceptor Core-fucose accepted? Mutants ref

Endo-M
   HM/CT

a Peptides/proteins    No
N175A

b 177, 178, 263, 
265

   No
N175Q

b

   Yes
N175Q/W251N

b 266

Endo-A
   HM/CT

a Peptides/proteins    No
N171A

b 178,184

   No
E173Q

b 28

   No
E173H

b 28

Endo-D
   Truncated HM

a Peptides/proteins    Yes N322A 179

   Yes N322Q

Endo-S
   CT

a Antibodies    Yes D233A 181

   Yes D233Q

Endo-F3
   CT/TCT

a Peptides/Proteins/antibodies    Required D165A 183

   Required D165Q

Endo-CC1
   HM/CT

a Peptides/proteins
   ND

c N180H 180, 196

   ND
c N180Q

Endo-S2
   HM/Hyb/CT

a Antibodies    Yes D184M 182

   Yes D184Q 182

   Yes T138Q 267

a
The abbreviations for N-glycans: HM, high-mannose type; Hyb, hybrid type; CT, biantennary complex type; TCT, triantennary complex type.

b
The numbering of amino acids refers to the peptide sequence after cleavage of an N-terminal signal peptide as described in the original 

publications.

c
Not determined.
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