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Abstract

N -glycans are normally involved in crucial physiological and disease processes by interactions 

with glycan binding proteins. So far structurally defined N-glycans are good candidates for glycan 

binding study. Herein, a class of homogeneous asymmetric N-glycans was synthesized by 

coupling glycan-oxazoline and N-glycans using EndoM N175Q catalyzed quick glycan extension. 

Branch-biased binding and spacial inhibition caused by bulky group on the other branch of N-

glycan were observed in glycan protein interactions involving lectins and these glycans by glycan 

microarray study. These new compounds are valuable for functional glycomic studies to better 

understand new functions of glycans and glycan-binding proteins.

Introduction

N-linked glycans are the sugar chains bonded to a peptide and a protein through the side 

chain of asparagine residue, which is a predominant protein modification in eukaryotes, also 

widely exists in archaea, but is very rare in eubacteria.1–3 N-glycans are involved in many 

crucial biological functions such as protein folding, degradation,4–7 cell differentiation, cell 

adhesion, host-pathogen interaction and cancer metastasis.8–10 In nature, N-glycans possess 
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an inherited complexity and diversity. In mammalian cells, N-glycans have numerous 

structures which usually contain different glycan epitopes (sugar residues linked to each 

other in a specific sequence) in different branches.11 Since glycan epitopes are usually the 

binding partners of specific antibodies or glycan-binding proteins (e.g. lectins), the study of 

binding pattern of a glycan epitope in an asymmetric N-glycan will deepen our 

understanding of the roles of context in glycan-binding events involving asymmetric N-

glycans.

Owing to the structural microheterogeneity, it is difficult to acquire homogeneous and 

structurally defined N-glycans from natural source. Although synthetic efforts on symmetric 

N-glycans are prominent,12–18 unfortunately, due to structural complexity, strategies for 

chemically, chemoenzymatically or enzymatically synthesis of asymmetrically branched N-

glycans are very limited. By chemical synthesis of core structure and enzymatic extension of 

terminal epitopes, a group of asymmetric single- or bi-antennary N-glycans was synthesized 

with terminal glycan epitopes reported by our gourp.19 With the aid of orthogonal protection 

groups, Boons group achieved synthesis of tri-antennary N-glycans with distinctive 

appendages to different branches.11 Later, they further developed the strategy by 

incorporation of unnatural glycosyl linkages to fulfil selective installation of distinct 

appendages at different branching points, and generating N-glycans with more complex 

structures.20 Recently, with the aid of a series of glycosidases and glycosyltransferases, our 

group demonstrated completely enzymatic preparation of asymmetric N-glycans from 

naturally isolated N-glycans, which can circumvent the dependence on chemical preparation 

of N-glycan core structures.21 Based on the limited accessibility of asymmetrically branched 

N-glycans, glycan-binding studies involving asymmetric N-glycans11 are rare, although 

glycan microarray studies has burst over the past two decades.22–23 EndoM is an endo-β-N-

acetylglucosaminidases (ENGases) from Mucor hiemali that can hydrolyze the N,N′-
diacetylchitobiose moiety in the core pentasacharide of mammalian N-glycans. The mutant 

EndoM N175Q, which has a decreased hydrolytic activity, can transfer natural N-glycans or 

oxazoline N-glycans to any peptide or protein with a GlcNAc residue to form a β1–4-

glycosidic linkage, hence becoming a useful tool in the synthesis of homogeneous 

glycopeptides and glycoproteins.24–26 Lai-Xi Wang and co-workers found that ENGase-

based glycosynthases can synthesize a class of symmetric N-glycan clusters with isolated 

glycan as donor and acceptor.27 Based on the above approaches, herein, by one-step 

transglycosylation, we alternatively developed a strategy to produce a new class of 

homogeneous and structurally well-defined asymmetric single- or bi-antennary N-glycans in 

which one branch is terminated by a tetrasaccharide motif (Man2GlcNAc2) in the core 

pentasaccharide of mammalian N-glycans, and investigated the influence of context on the 

binding to terminal glycan epitopes by glycan microarray.

Results and discussion

The class of asymmetric N-glycans we synthesized in this study contains core glycan motifs 

at both core position and terminal position (red rectangles in Groups A and B in Scheme 1, 

blue rectangles in Groups C and D in Scheme 2), and may serve as a good candidate for 

deep exploration of the function of core glycan and terminal glycan motif. The synthesis of 

the asymmetric N-glycans were performed (Scheme 1–3, Groups A–D) by using two N-
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glycan oxazolines (a and b) that were chemically synthesized as donors (Supplementary 

Information V), and ten asymmetric N-glycans with only one free terminal β1–2GlcNAc 

residue (1–10) that were chemoenzymatically synthesized as acceptor (Supplementary 

Information V). Group A or B glycans contain double α1–3Man branch core glycan motifs 

(i.e. core pentasaccharide minus α1–6Man), and the terminal α1–3Man branch core glycan 

motif located in α1–3Man branch or α1–6Man branch, respectively. Similarly, Group C or 

D glycans contain double α1–6Man branch core glycan motifs (i.e. core pentasaccharide 

minus α1–3Man) and the terminal α1–6Man branch core glycan motif located in α1–3Man 

branch or α1–6Man branch, respectively.

Glycan oxazolines (50 nM) and asymmetric N-glycans (1–10, 10 nM) were incubated with 

EndoM N175Q (50 μg) in 50 mM PBS (pH 6.5) at 30°C for 1 h. The reaction mixtures were 

analyzed by HPLC-HILIC-ELSD, and the conversion rate were calculated according to the 

peak area ratio of product peak over the sum of product peak and remaining acceptor peak. 

Then, the glycan products were subsequently purified under the monitor of A210nm 

according to the retention time from the analytical run, as previously 

reported19,28,29(Supplementary Information III). The collected substance was lyophilized 

and analyzed by MS (Supplementary Information VIII).

For compounds 1–6 and 8–10, which contain only one terminal β1–2GlcNAc residue, the 

corresponding asymmetric N-glycans were prepared simply by one-step transglycosylation 

and subsequent HPLC purification. However, to achieve selective transglycosylation on N-

glycans with two terminal β1–2GlcNAc branches, acceptor 7 was partially protected by 

peracetylation of GlcNAc residue on the α1,3Man branch for the synthesis of asymmetric 

N-glycans. After 7a0 and 7b0 were synthesized by EndoM N175Q, deacetylation was 

performed to provide 7a and 7b (Scheme 3, Supplementary Information V), which belong to 

Group B and Group D, respectively. Since the peak of 7 was overlapped with peak of 

impurity in HPLC chromatograph, conversion rate was unable to calculate for compound 

7a0 or 7b0.

The substrate specificity of EndoM N175Q is reflected by the conversion rate of 

transglycosylation reactions. Generally speaking, the conversion rate was higher for 

transglycosylation to α1–6Man branch than to α1–3Man branch (Group B vs. Group A, 

Group D vs. Group C, respectively), regardless of which donor was used (Schemes 1–2). 

However, when b was donor, out of 9 structures we designed, only 4 glycans were 

synthesized. The failure of producing the corresponding xb glycans can be a result of space 

hindrance caused by the appendage on the non-acceptor branch (i.e. the branch without 

terminal β1–2GlcNAc residue).

However, the length of the non-acceptor branch is not the only factor that determines the 

conversion rate of this transglycosylation reaction, which can be illustrated by the highest 

conversion rates for 4a and 8a comparing to those for other glycans in each group, 

respectively (Scheme 1).

To better understand the interactions between glycan and proteins, we labelled all 

asymmetric N-glycans (both acceptors and products for comparison) with AEAB (N-
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(aminoethyl)-2-amino benzamide, Supplementary Information VI), generated customized 

glycan arrays via Z Biotech (Aurora, CO, USA; the slide is available from Z biotech and 

Chemily LLC.; Supplementary Information VII) and examined the recognition of 6 plant 

lectins (SNA, ECL, PHA-E, GNA, WGA, and ConA) as well as 2 hemoagglutinin proteins 

(HAs) of 2009 H1N1 influenza A viruses to the asymmetric N-glycans [NR19941 (HA of 

A/New York/18/2009 H1N1) and NR42486 (HA of A/Czech Republic/32/2011 H1N1; A/

Czech Republic/32/2011 (H1N1) is an influenza A virus isolated from the seasonal 

outbreaks of 2009 H1N1 virus and the viruses have been adapted to the human population 

for two influenza seasons); BEI Resources Repository] (Supplementary Information VII). 

The results are illustrated as histograms in Figure 1 and Figure S1.

SNA30 and HAs of 2009 H1N1 influenza A viruses31 are known to bind Siaα2–6Gal. It is 

interesting that results from our experiments suggested that they exhibited different 

preferences to the two branches in the asymmetric N-glycans. Specifically, SNA preferred to 

bind α1–3Man branch (9>5), while both HAs showed higher binding to α1–6Man branch 

(5>9). Nevertheless, the binding of all three proteins to their favorite branch was hampered 

slightly (for SNA, 5a<5, 9a<9) or significantly (for HAs, almost no detectable binding for 

5a and 9a) when the other branch was extended by the transglycosylation reaction, 

demonstrating the extended glycans in the other antennary have impaired glycan epitope 

binding between glycans and SNA or HA proteins of the 2009 H1N1 virus.

ECL can bind Galβ1–4GlcNAc,32 and in this study, it demonstrated preferential binding to 

the epitope in α1–3Man branch (8>4). PHA-E, another lectin that recognizes outer Gal,27 

favors the Gal located in α1–6Man branch (4>8). When the other branch was elongated by 

transglycosylation, the binding to Gal of both lectins decreased (8a<8, 4a<4). PHA-E also 

binds terminal GlcNAc,27 but preferred GlcNAc in α1–3Man branch (1>10, 2>6). Likewise, 

bulky groups on the other branch (branched Man3 or sialylated LacNAc) hindered the 

binding of PHA-E to GlcNAc regardless of which branch this GlcNAc is in (3, 5, and 9).

WGA, which is reported to bind chitin oligomers (GlcNAcn),27 in this study liked GlcNAc 

in α1–3Man branch (1>10), and displayed substantial increases in binding for most glycans 

(2a–9a vs. 2–9) when the glycans were extended with α1–3Man branch core glycan motif, 

no matter the extension located in α1–3Man branch or α1–6Man branch. In contrast, 

elongation with α1–6Man branch core glycan motif did not show this effect (2b vs. 2), 

indicating that WGA favors binding to GlcNAc oligomers linked with α1–3Man branch. In 

addition, no binding to Siaα2–6Gal was detected further confirmed that WGA only binds to 

Sia in Siaα2–3Gal, consistent with our previous observation.29

GNA is a lectin that binds high-mannose glycans especially Manα1–3Man epitope.27 Before 

transglycosylation, it exhibited higher binding to glycans exposing only Manα1–3Man at the 

terminal than those exposing only Manα1–6Man (2 vs. 6) or exposing both Manα1–3Man 

and Manα1–6Man (3 vs. 6). The binding also decreased as the branches extended, due to the 

masking effect of the extension on Man in glycan core. After transglycosylation, the glycans 

containing terminal Manα1–3Man epitope displayed higher binding than the original 

glycans (xa vs. x) and than those containing terminal Manα1–6Man epitope (xa vs. xb).
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Conclusions

In summary, we have synthesized a class of asymmetric N-glycans by a facile 

transglycosylation approach, which can form structurally defined asymmetric N-glycans by 

easily assembly of glycan oxazoline and N-glycan acceptor, and applied them for the 

binding study of lectins to glycan epitopes locating in different branches. Also, donor and 

acceptor substrate specificity of EndoM N175Q was investigated. The binding study 

revealed that lectins selectively bind to their recognizable epitopes on different branches in 

asymmetric N-glycans. Meanwhile, the elongation of glycans on the other antenna is 

influential to the binding pattern of glycan terminal epitope. In addition, these new 

compounds may serve as valuable tools for functional glycomic studies, which may function 

as specific inhibitors in a given biological or pathological process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Glycan microarray analyses. Binding profiles with five plant lectins (including Sambucus 

nigra lectin (SNA), Erythrina cristagalli lectin (ECL), Phaseolus vulgaris erythroagglutinin 

(PHA-E), wheat germ agglutinin (WGA) and Galanthus nivalis lectin (GNA)) and one viral 

lectins (hemoagglutinin (HA) NR19941 from human influenza viruses) were examined.
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Scheme 1. 
Groups A and B glycans were synthesized by EndoM N175Q with α1–3Man branch glycan 

oxazoline as donor
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Scheme 2. 
Groups C and D glycans were synthesized by EndoM N175Q with α1–6Man branch glycan 

oxazoline as donor (N/A: No product detected, hence conversion rate is not applicable.)
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Scheme 3. 
Selective transglycosylation achieved by using selectively acetylated glycan 7 as acceptor.
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