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SUMMARY

The glycan ligands recognized by Siglecs, influenza viruses, and galectins, as well as many plant 

lectins, are not well defined. To explore their binding to Asparagine (Asn)-linked N-glycans we 

synthesized a library of isomeric multiantennary N-glycans that vary in terminal non-reducing 

sialic acid, galactose, and N-acetylglucosamine residues, as well as core fucose. We identified 

specific recognition of N-glycans by several plant lectins, human galectins, influenza viruses, and 

Siglecs and explored the influence of sialic acid linkages and branching of the N-glycans. These 

results show the unique recognition of complex-type N-glycans by a wide variety of glycan-

binding proteins and their abilities to distinguish isomeric structures, which provides new insights 

into the biological roles of these proteins and the uses of lectins in biological applications to 

identify glycans.
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INTRODUCTION

N-glycosylation is a complex yet exquisitely controlled post-translational modification of 

glycoproteins. Complex N-glycans with core fucose and terminal sialic acids residues are 

implicated in many biological and pathological events. Altered branching and core 

fucosylation of N-glycans are associated with cancer progression(Taniguchi and Kizuka, 

2015). Additionally, sialylated N-glycans directly serve as ligands for influenza virus 

recognition(Byrd-Leotis, et al., 2014), and are suggested to function as signaling receptors 

for endogenous cell communication molecules, such as Siglecs(Peng and Paulson, 2017). 

However, due to the structural complexity, it has been difficult to define the molecular 

mechanisms by which these N-glycans exert their functions. A library of naturally occurring 

complex N-glycans, therefore, would be valuable for investigating the structural 

requirements for recognition and probing molecular mechanisms associated with key 

biological processes.

Preparation of N-glycans typically relies on either isolation from natural sources or complete 

chemical synthesis, each with its own limitations. Complete resolving of N-glycan pools 

obtained from natural sources to harvest each N-glycan isomer remains challenging. De 
novo chemical synthesis of complex N-glycans requires significant expertise to overcome 

the difficulties in generating regio- and stereoselective glycosidic linkages(Steffen, et al., 

2007; Sun, et al., 2008; Walczak and Danishefsky, 2012).

To address such difficulties and inefficiencies, chemoenzymatic approaches have been 

developed in order to synthesize symmetrical(M., et al., 2012; Peng, et al., 2017; Shivatare, 

et al., 2013; Unverzagt, 1996; Wu, et al., 2016) and asymmetrical(Calderon, et al., 2016; 

Hanashima, et al., 2005; Li, et al., 2015; Shivatare, et al., 2016; Wang, et al., 2013) N-

glycans. However, most of these approaches rely on chemical synthesis to produce a number 

of initial core structures in the early steps, which is often time-consuming and difficult to 

scale up. In addition, many of the product N-glycans either contain aglycone such as 

azidoethyl and aminopentyl, or need derivatization with bifunctional “linkers” such as 

AEAB(Song, et al., 2009) and 2-amino-methyl N,O-hydroxyethyl(Bohorov, et al., 2006) to 

facilitate functional assays. However, there is evidence that the linker used to immobilize the 

glycan may affect the ability of a glycan to be recognized by its binding partner(Grant, et al., 

2014; Padler-Karavani, et al., 2012; Tessier, et al., 2013). As the natural linker, asparagine 

(Asn) retains, at least to some extent, the presentation of the glycans within the context of 

the peptide backbone and the amide nitrogen in correct anomeric linkage. It has also been 

proven to be one of the preferable linkers in terms of its favorable glycan presentation 

properties(Grant, et al., 2014). Preserving the Asn-linkage in N-glycan synthesis, therefore, 

becomes the preferred choice. Thus far, N-glycans with full range of topological branches, 

sialic acid linkages, and core fucosylation have not been readily available, and in particular, 

Asn-linked N-glycans are scarce. Only derivatives of biantennary N-glycans have been 

successfully synthesized with Asn linkage(Calderon, et al., 2016; M., et al., 2012). Although 

the comprehensive array from Consortium for Functional Glycomics (CFG) contains Asn-

linked N-glycans, this array lacks multiantennary complex type N-glycans. Thus, a 

systematic approach that can efficiently produce those highly complex Asn-linked N-

glycans in a reasonable amount is highly desirable.
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We herein report an integrated chemoenzymatic approach to efficiently generate a library of 

complex multiantennary Asn-linked N-glycan isomers in sub-milligram quantities. Our 

strategy takes advantage of a sialylated glycopeptide (SGP)(Seko, et al., 1997), which can be 

purified from chicken egg yolk powder in large quantities, and a set of recombinant human 

glycosyltransferases. This approach yields a library of 32 N-glycosylasparagine isomers, all 

of which occur naturally in human and other mammals (See the database of 

UniCarbKB(Campbell, et al., 2014) http://www.unicarbkb.org/ and CFG http://

www.functionalglycomics.org for information). These compounds can be conveniently 

converted to free reducing-glycans. These sequence-defined N-glycans also bring insights 

into the unique binding specificities of N-glycan binding partners including plant lectins, 

human galectins, influenza viruses, and Siglecs.

RESULTS

We designed an N-glycan library composed of 32 naturally occurring bi-, tri- and 

tetraantennary, complex type structures for synthesis (Fig. 1). Sixteen (1-16) of them are 

precursors with no sialic acid. The other sixteen (17-32) are fully capped with either α2,3- 

or α2,6-sialic acid. Each non-core fucosylated glycan has a core fucosylated counterpart in 

the library. The branching patterns of the triantennary N-glycans are isomers of either the so-

called 2,2,4- (with β1,4-linked GlcNAc branch on the α3-linked Man) or 2,2,6-form (with 

β1,6-linked GlcNAc branch on the α6-linked Man).

Generation of a sialylated biantennary glycopeptide SGP and the Fmoc-labelled N-
glycosylasparagine core structure

To generate the library, we reasoned that the GlcNAc-terminating biantennary structure 1 
would be a suitable starting compound. This compound can be conveniently generated by a 

few steps of chemoenzymatic reactions from a sialylated biantennary glycopeptide 

designated SGP (39), which is abundantly available in chicken egg yolk(Seko, et al., 1997; 

Sun, et al., 2014; Zou, et al., 2012). Around 1.5 g SGP was harvested from 1.36 kg egg yolk 

powder (Fig. 2a), which is comparable to the previous report(Sun, et al., 2014). The 

compound was analyzed by MALDI-MS and ESI-MS (Fig. 2b) and the results are in good 

accordance with the predicted value.

The SGP was then converted to the Asn-linked GlcNAc-terminating biantennary compound 

1 by sequential removal of terminal sialic acid, Gal, and trimming the peptide to one amino 

acid (Fig 2c). This was achieved by mild acid hydrolysis, galactosidase and pronase 

digestion, respectively. This reaction order minimizes the requirement for purification with 

>90% conversion. Fmoc was thereafter selectively installed at the amine of the Asn residue 

to facilitate subsequent purification and MS analysis. The product (1a) gave a characteristic 

fluorescence signal at excitation (Ex) and emission (Em) at 254 and 340 nm, respectively.

N-glycan chemo-enzymatic synthesis

Starting from the biantennary compound 1a, a set of six human-derived recombinant 

glycosyltransferases were used to expand the library (Supplemental Scheme 1). The 

compound 1a was branched by either MGAT4a or MGAT5 to produce the 2,2,4- (2a) and 
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2,2,6-form (3a) tri-antennary N-glycan precursors, respectively. The compound 1a was also 

sequentially treated with MGAT4a and MGAT5 to harvest a tetra-antennary precursor 4a. 

Compounds 1a to 4a were then galactosylated by B4GALT1 to harvest 9a through 12a, and 

subsequently sialylated by either ST3GAL4 or ST6GAL1 to produce the Neu5Acα2,3- and 

Neu5Acα2,6-terminating structures 17a to 20a, and 25a to 28a, respectively. The precursor 

1a was also successfully fucosylated by FUT8 to generate the precursor 5a. This compound 

was similarly branched, elongated and capped to produce the other 16 core-fucosylated 

compounds. We also treated the precursor 1a with hexosaminidase to harvest the Man-

terminating compound 33a. In all reactions, the substrates were quantitatively converted and 

the yields were >90%. All of the Fmoc-labelled Asn-linked N-glycans generated were 

analyzed by HPLC (Supplemental Fig. S1) and MALDI-MS. The detected m/z were in 

accord with the predicted values (Supplemental Table S1). The Asn-linked oligosaccharides 

1 to 33 can be easily generated by incubation with 5% piperidine (Fig. 3a and b). All of the 

purified Asn-linked N-glycans were analyzed by NMR and the protons were successfully 

assigned (Supporting Information). Those Asn-linked N-glycan isomers were used to 

generate a new sequence-defined N-glycan array in order to study their biological functions, 

which will be discussed below.

Unexpectedly and importantly, we identified a method to convert the Asn-linked glycans to 

free reducing oligosaccharides (Fig. 3c and d). MALDI-MS showed no change in the size of 

compound 1 after PNGase F incubation (Fig. 3d), suggesting the enzyme is unable to release 

glycans from a single asparagine, as would be predicted(Fan and Lee, 1997). By 

comparison, brief treatment with sodium hypochlorite (NaClO - bleach) shifted the peak to 

the right on size exclusion chromatography (Fig. 3c). MALDI-MS (Fig. 3d) indicates the 

successful removal of the Asn residue and the generation of the free reducing glycan 1b. The 

remaining thirty-one Asn-linked compounds were easily converted to reducing glycans in 

the same manner using bleach.

Microarray construction and interrogation using sequence-specific N-glycan binding 
partners

Sequence-defined N-glycans are ideal standard compounds for unambiguous detection of N-

glycans in biochemical and clinical studies. We thus sought to define the binding 

specificities of various N-glycan binding partners. To perform the task, we constructed an N-

glycan microarray with the 33 Asn-linked N-glycans, together with five glycan conjugates 

(34-38) from the collection in our laboratory (Fig. 1).

Lectins—Plant lectins have been widely used for decades to detect N-glycans with certain 

structural features(Cummings and Kornfeld, 1982). However, the specificity of many lectins 

was originally characterized using hapten inhibition assays or affinity chromatography with 

limited number of N-glycan variants. Thus, re-evaluation of the lectin specificities in direct 

binding assays with a larger number of sequence-defined N-glycan isomers is needed. We 

assayed fifteen plant lectins in this array at two concentrations and the binding of each 

individual lectin was strikingly different (Fig. 4, Supplemental Fig. S2, Supplemental Table 

S2). Each lectin has individual structural preferences, some of which have not been 

adequately demonstrated previously. As the binding patterns of each lectin tested at higher 
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concentrations (Supplemental Fig. S2) were very similar to those at lower concentration 

(Fig. 4), we discuss below only the data at lower concentrations unless otherwise specified.

Interestingly, although known to bind to terminal sialic acid and GlcNAc(Gallagher, et al., 

1985), Wheat Germ agglutinin (WGA) showed binding to N-glycans terminated with 

GlcNAc-, Galβ1–4GlcNAc- and Neu5Acα2,3- in a similar manner, which is consistent with 

a recent report(Wu, et al., 2016). Furthermore, binding of WGA was only detected to the 

biantennary and the 2,2,6-form triantennary, but not to the 2,2,4-counterparts nor the 

tetraantennary N-glycans, suggesting a branching preference of this lectin.

By contrast, Datura stramonium agglutinin (DSA) exhibited preference for the 2,2,4-form 

tri- and tetraantennary, both of which contain the C4 GlcNAc on the α1,3-linked mannose. 

This is consistent with the previous report that DSA bound certain types of branched N-

glycans(Crowley, et al., 1984; Cummings and Kornfeld, 1984; Endo, et al., 1988; Green and 

Baenziger, 1989).

Our results of Lens culinaris agglutinin (LCA) concurred with the prior finding that its 

binding is restricted to N-glycans with α1,6-linked core fucose(Kornfeld, et al., 1981). In 

addition, we found LCA only bound the biantennary and the 2,2,6-form triantennary, which 

resembled the branching preference of WGA. Our data provides direct evidence for the 

tolerance of LCA to the C6 GlcNAc on the α1,6-linked mannose which confirmed the 

previous observation through cell transfection assays using MGAT5(Nakagawa, et al., 2008). 

As a comparison, Pisum sativum agglutinin (PSA)(van Wauwe, et al., 1975) was also tested 

on the array and it showed an almost identical binding pattern with LCA. This is consistent 

with the previous report that the two lectins had similar binding preference for core 

fucosylated N-glycans(Tateno, et al., 2009).

Phaseolus vulgaris leukoagglutinin (L-PHA) and its isolectin, Phaseolus vulgaris 
erythroagglutinin (E-PHA) have distinct binding specificities. L-PHA is known to bind to 

the β1,6-branch of the N-glycan backbone(Cummings and Kornfeld, 1982; Hammarström, 

et al., 1982) and indeed, only the 2,2,6-form triantennary and the tetraantennary were bound. 

E-PHA has a broader tolerance to branching patterns. In addition to those that were bound 

by L-PHA, it also bound biantennary and the 2,2,4-form triantennary N-glycans. It has been 

reported that E-PHA binds bisected complex-type N-glycans(Cummings and Kornfeld, 

1982), but these are not yet available for testing on our array.

Concanavalin A (ConA) is known to bind biantennary and high mannose N-

glycans(Baenziger and Fiete, 1979; Kornfeld and Ferris, 1975; OGATA, et al., 1975). 

Interestingly, in addition to those, weak binding was also observed to GlcNAc-terminating 

triantennary species (compounds 2, 3, and 6, 7). Elongation with Gal (compounds 10, 11 and 

14, 15) seemed to block this binding.

Of note, among all the lectins above, LCA and ConA were the only two that could 

accommodate the non-reducing terminal α2,6-sialic acid; all could tolerate α2,3-sialic acid. 

This is important to take into consideration when these lectins are used in biochemical or 

clinical applications.
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Erythrina cristagalli lectin (ECL) and Ricinus communis agglutinin (RCA-I), which 

recognize terminal β-1,4-linked Gal(Debray, et al., 1986; Iglesias, et al., 1982) and terminal 

Gal(Baenziger and Fiete, 1979), respectively, bound strongly to all Gal-terminating glycans. 

RCA-I, but not ECL, tolerated the presence of α2,6-sialic acid especially used at higher 

concentration, whereas neither could accommodate the α2,3- counterparts.

Sambucus nigra agglutinin (SNA) and Maackia amurensis lectin I (MAL-I) bound to α2,6- 

and α2,3-linked sialylated species, respectively, consistent with previous 

observations(Shibuya, et al., 1987; Shibuya, et al., 1987; Wang and Cummings, 1988). 

Interestingly, MAL-I had a slight preference towards the β1,4-linked branch which 

resembles DSA. In addition, non-sialylated Gal-terminating glycans were also bound by 

MAL-I, but the intensity was much lower than those with α2,3-sialic acid. The tolerance of 

the Gal-terminating glycans was prominent when using at a higher concentration 

(Supplemental Fig. S2). This was also confirmed by binding assays followed by 

Arthrobacter ureafaciens neuraminidase treatment of the array (Supplemental Fig. S3), 

which will be discussed in the section on influenza viruses.

Aleuria aurantia lectin (AAL), which is reported to recognize terminal fucose 

residues(Kochibe and Furukawa, 1980; Yamashita, et al., 1985), showed strong binding to 

all core-fucosylated glycans. Compared to LCA and PSA, AAL did not show preference 

towards particular branching patterns. Another fucose-binding lectin, Ulex europaeus 
agglutinin I (UEA-I), which is reported to recognize fucose in the H-antigen Fucα1–2Gal-

(Matsumoto and Osawa, 1969), did not show any binding as that determinant is not present 

on this array.

Griffonia simplicifolia lectin (GSL-II) only bound strongly to those GlcNAc-terminating 

sequences as previously reported(Iyer, et al., 1976). Galanthus nivalis agglutinin (GNA), 

which is reported to recognize specific alpha-mannose-containing N-glycans(Shibuya, et al., 

1988), did not show binding signals to any complex-type N-glycans but only to the two 

mannose-terminating N-glycans.

Altogether, these studies have identified unique recognition of complex N-glycans and the 

nuanced specificities of a group of important lectins that are widely used in glycan analysis.

Galectins—Galectin-1 and -3 are arguably the two most well-studied human galectins and 

potentially interact with endogenous and exogenous glycans. Human galectin-1 plays an 

important role in apoptosis, and tumor progression and metastasis. It was suggested that 

complex N-glycans are ligands for human galectin-1(Patnaik, et al., 2006; Stowell, et al., 

2008). Indeed, binding by the recombinant human galectin-1 was observed at 50 μg/ml with 

the LacNAc (Galβ1–4GlcNAc)-terminating glycans, with or without core fucose (Fig. 5, 

Supplemental Table S2). The tetraantennary N-glycan with four LacNAc sequences was 

most strongly bound. Importantly, our result clearly shows the tolerance of galectin-1 to 

α2,3- but not to α2,6-linked sialic acid, which is consistent with the previous observations 

by microarray using small glycan epitopes(Stowell, et al., 2008) and in cell-based 

assays(Earl, et al., 2010; Patnaik, et al., 2006).
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Human galectin-3 is involved in early development, tissue regeneration, cancer, immune and 

inflammatory responses, as well as recognition/effector functions against potential 

pathogens. As the only chimera-type in the galectin family, human galectin-3 is known to 

bind poly-N-acetyllactosamine containing glycans(Noll, et al., 2016; Song, et al., 2009; 

Stowell, et al., 2008) and the core 1 O-glycan (Galβ1–3GalNAcα-)(Yu, et al., 2007). 

However, although studies suggest that galectin-3 binding is associated with the expression 

of highly branched complex N-glycans(Guo, et al., 2008; Hirabayashi, et al., 2002), its N-

glycan binding preference has not been clear. We observed strong binding to the LacNAc 

containing N-glycans with the recombinant human galectin-3 at 50 μg/ml concentration 

(Fig. 5, Supplemental Table S2). Weak or no binding was detected with the biantennary and 

the 2,2,6-form isomeric triantennary structure, which resembles the lectin DSA, although it 

differs in the lack of binding to the GlcNAc terminating sequences. Similar to galectin-1, 

galectin-3 can tolerant the presence of α2,3- but not α2,6-linked sialic acid. Our result 

suggests that galectin-3 can preferentially bind the N-glycan backbone sequences in the 

absence of poly-LacNAc extension.

Influenza viruses—Influenza viruses bind to terminal sialic acid in a linkage specific 

manner, as mammalian strains exhibit binding to α2,6-linked sialic acid receptors while 

avian strains show a preference for α2,3-linked receptors(Air, 2014; Byrd-Leotis, et al., 

2017; Xiong, et al., 2014). Existing glycan microarrays have been utilized for the receptor 

binding characterization of various strains of influenza(Byrd-Leotis, et al., 2017; Byrd-

Leotis, et al., 2014; Gulati, et al., 2014; McBride, et al., 2016; Nycholat, et al., 2012; Smith 

and Cummings, 2014), however such arrays as the CFG array do not have pairwise 

combinations of α2,3- vs. α2,6-sialic acid terminating structures or fucosylated vs. non-

fucosylated structures.

Our sequence-defined N-glycan array enables quick diagnostic appraisal of influenza A 

virus receptor specificity. Two well-characterized strains of recombinant viruses, X-31 and 

X-31 HAM, were chosen for investigation. X-31 expresses the HA and NA genes from A/

Aichi/2/68 in combination with the internal genes of the A/PR/8/34 strain(Kilbourne, 1969), 

while X-31 HAM contains an HA L226Q mutation which alters the specificity to recognize 

2,3-linked sialic acid receptors(Rogers, et al., 1983). On the sequence-defined N-glycan 

microarray, X-31 bound to glycans 26, 28, and 31, which all terminate in α2,6-linked sialic 

acid (Fig. 6, Supplemental Table S3). The presence of a core fucose, on glycan 31, had no 

impact on the glycan recognition. By contrast, X-31 HAM bound most strongly to the α2,3-

sialylated glycans 19, 20, 23, and 24, which is consistent with the reported specificity. 

Treatment of the array with Arthrobacter ureafaciens neuraminidase completely removes 

X-31 binding (Fig. 6), indicating the requirement for terminal sialic acid for recognition. 

This neuraminidase treatment was completed under conditions that result in reduction of 

SNA binding to background levels (Supplemental Fig. S3). Interestingly, the same treatment 

revealed that MAL-I binds to selected de-sialylated structures that were originally α2,6-

sialylated (Compounds 17-32), in agreement with our observation that this lectin recognizes 

non-sialylated glycan structures (Fig. 4 and Supplemental Fig. S2).
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Siglecs—Siglecs are endogenous sialic acid binding lectins that participate in cell 

signaling, adhesion, and are particularly important in immune cell regulation(Bornhofft, et 

al., 2018; Varki, et al., 2017). We investigated 11 recombinant human Siglecs, Siglec-1 to 

-11 and rat-derived Siglec-4 to explore their N-glycan binding. As the affinity of Siglec-

ligand interaction is generally thought to be low, we also performed the binding assay with 

Siglecs precomplexed with the secondary antibodies to increase the binding avidity.

Of the 12 tested, only four Siglecs showed binding to the N-glycan array (Fig. 7, 

Supplemental Table S4). Siglec-1 preferentially bound to NeuAcα2–3Galβ1–4GlcNAc- 

containing N-glycans, irrespective of the presence of core fucosylation (Fig. 7a). The 

binding was independent of the branching pattern. Structures with more α2,3-linked NeuAc 

elicited stronger signals. Siglec-9 showed almost identical binding preference to Siglec-1 

(Fig. 7b). Binding signals of the two Siglecs without precomplex were higher than those of 

precomplexed, suggesting that the affinities of Siglec-1 and -9 are higher. Human Siglec-9 

has been reported to selectively bind 6-sulfo LeX (Neu5Acα2–3Galβ1–4(Fucα2–3)

(6S)GlcNAc-)(Macauley, et al., 2014), a structure which is not on this N-glycan array. We 

thus corroborated this finding using the CFG glycan microarray v5.4 (Supplemental Fig. S4, 

Supplemental Table S5). In addition to 6-sulfo LeX, Siglec-9 also exhibited strong binding 

to α2,3-sialic acid-containing glycans that lack either sulfate or fucose, suggesting that 

sulfation and fucosylation are not essential for Siglec-9 binding. Although no binding was 

detected to the α2,3-sialylated tri- and tetraantennary N-glycan structures on the CFG array, 

these glycans also contain a bisecting GlcNAc, which may prevent the binding. It is also 

possible that the binding determinant is inappropriately presented by the synthetic 2-amino-

methyl N,O-hydroxyethyl linker used for those N-glycan structures on the CFG array.

In comparison to Siglec-1 and -9, previous data indicated that Siglec-2 and -10 preferentially 

bound to Neu5Acα2–6-containing glycans, although Siglec-2 may require the presence of 

C6-sulfate on the GlcNAc to enhance the binding(Macauley, et al., 2014). Our data showed 

that Siglec-2 and -10 both preferentially bound α2,6-sialylated N-glycans although some 

weak binding was detected to the α2,3-sialylated N-glycans with Siglec-10 (Fig. 7c and d). 

Preincubation with the secondary antibody significantly increased the binding intensity, 

suggesting multivalency may be important to achieve the avidity required for the recognition 

of these two Siglecs. This was also reflected by the observation that glycans containing 

higher numbers of branches (and thus more binding epitopes) elicited higher binding signals.

No binding was detected with the other Siglecs on the N-glycan array. However, Siglec-8 

showed strong and exclusive binding towards one compound, Neu5Acα2–3(6S)Galβ1–

4GlcNAc- among 600 probes on the CFG array (Supplemental Fig. S4, Supplemental 
Table S5). The N-glycan containing this sulfated epitope was not present on our N-glycan 

array.

Collectively, our data indicates that sialylated multiantennary N-glycans are potential 

endogenous receptors for Siglecs-1, -2, -9 and -10, and more binding partners may be 

discovered as we grow the diversity of this N-glycan array.
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DISCUSSION

The results of our study provide new information about the glycan-binding specificities of a 

number of important molecules including human and plant proteins and influenza viruses. 

Insights into their recognition of N-glycans was greatly facilitated by the successful 

development of an integrated chemoenzymatic strategy for synthesis of a library of highly 

complex multiantennary N-glycan isomers, which encompasses variations in branching 

pattern, core fucosylation and terminal sialic acid linkage, and coupling of the N-glycan 

library to a microarray platform.

A major advantage of our synthetic strategy to generate useful N-glycans for this study is the 

preservation of the reducing terminal natural spacer asparagine, which increases the 

efficiency of glycosyltransferase reactions. In two direct comparisons, the reaction by 

ST3GAL4 and ST6GAL1 with an AEAB conjugate of the biantennary N-glycan was slow 

and the yield was not satisfactory (Supplemental Fig. S5). It is therefore difficult to achieve 

quantitative sialylation with the AEAB-linked tri- and tetraantennary N-glycans. In addition, 

it has been shown that FUT8 requires the presence of an appropriate peptide or other 

structural elements for its reactivity(Yang, et al., 2017). Thus Asn-linked N-glycans are ideal 

substrates for core-fucosylation reactions. Moreover, beta-linked Asn would more closely 

resemble the natural configuration of the N-glycans on glycoproteins, and thus present a 

more biologically relevant conformation for binding interrogation.

The sequence-defined N-glycan microarray platform sheds light on the fine specificities of 

the widely-used N-glycan binding plant lectins (Table 1, see Supplemental Discussion for 

detailed comparison) and provides guidance for their applications. Although the backbone-

binding lectins, WGA, LCA, PSA, ConA, E-PHA, L-PHA and DSA can accommodate the 

α2,3-sialic acid, only LCA, PSA and ConA can tolerate the existence of α2,6-sialic acid. 

While lectins such as E-PHA, L-PHA and DSA are widely used in many histology studies to 

evaluate the expression of N-glycans with particular branching patterns(Croci, et al., 2014; 

Dennis, et al., 1987), desialylation is essential prior to staining with these lectins, as the 

binding epitope may be masked by the α2,6-sialic acid, and lead to false-negative results. 

Enhanced lectin staining, on the other hand, may result from either increased expression of 

the corresponding branches or simply loss of α2,6-linked sialic acid capping.

Similarly, LCA stained α-fetoprotein (designated AFP-L3) has been suggested a good 

biomarker for hepatocellular carcinoma in clinical settings(Pinho and Reis, 2015; Taniguchi 

and Kizuka, 2015). Patients with high AFP-L3 have been associated with elevated 

expression of core fucosylation and the glycosyltransferase gene FUT8(Li, et al., 2001; 

Taketa, et al., 1993). Our study suggested that only core fucosylated N-glycans with 

biantennary and the 2,2,6-isoform triantennary but not the 2,2,4-isoform or the 

tetraantennary were positively bound by LCA. Thus, positive expression of AFP-L3 in HCC 

patients may be due to the combination of a relatively lower level of MGAT4 and a higher 

level of FUT8. Thus, our results improve the understanding in tumor-specific glycan 

expression and cancer biology.
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Our newly synthesized N-glycan library also provides valuable insights into specificities of 

other glycan binding partners. It has been known for years that the linkage conformation of 

the terminal sialic acid to the penultimate galactose is important for species specificity of 

influenza viruses. However, there have been no N-glycan libraries that contain naturally 

occurring bi-, tri- and tetraantennary structures with pairwise combinations of α2,3- vs. 

α2,6-sialic acid terminating structures, or core-fucosylated vs. non-fucosylated structures. 

Our data with X-31 and X-31 HAM are good examples to show that, the sequence-defined 

N-glycan array enables quick interrogation of the receptor binding characteristics of newly 

isolated influenza viruses, which helps to identify the adaptation markers that are predictors 

of cross-species transmission and potential pandemic threats. Screening of a larger cohort of 

influenza viruses is now underway.

Our data also identified potential natural ligands for human Siglecs-1, -2, -9 and -10. We 

demonstrated that these Siglecs, although generally thought to require clustered display, can 

directly bind to multiantennary N-glycans with correct sialic acid conformation. Considering 

that the local concentration of sialylated epitopes on cell surface can be higher due to the 

presence of multiple copies of multiantennary N-glycans, engagement of Siglecs with 

ligands may be stronger than on the array, which could be enough to elicit the downstream 

cell signaling.

In summary, our strategy enables efficient and convenient production of highly complex 

asparagine-linked multiantennary N-glycans. The synthesis takes advantage of regio- and 

stereoselective glycosyltransferases to efficiently generate N-glycan isomers, which would 

otherwise be extremely difficult for chemical synthesis and separation. As additional 

glycosyltransferases become available, we anticipate that N-glycans with more 

modifications such as poly-N-acetyllactosamine, Lex, sialyl-Lex, and blood group antigens 

can be synthesized to quickly expand the N-glycan collection. The success in their in vitro 
biosynthesis allows for the generation of an N-glycan microarray, which offers an excellent 

high-throughput platform to elucidate N-glycan recognition specificities of various glycan 

binding partners. Our arrays, as a unique resource, will be available for other researchers to 

explore their own biologically relevant glycan binding partners in the future.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Dr. Richard Cummings (rcummin1@bidmc.harvard.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The glycosyltransferases were generated in the HEK293 cells (Freestyle 293-F cells, male, 

Thermo Fisher). Cells were maintained in serum-free medium (Freestyle-293 Expression 

Medium, Thermo Fisher) at 37°C at 5% CO2 on an orbital shaker at 150 rpm.
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METHOD DETAILS

Materials—All chemicals were purchased from Sigma-Aldrich and used without further 

purification. HPLC solvents were purchased from Fisher Scientific. Details of the 

commercial substances are listed in the Key Resources Table. Plasmids of six 

glycosyltransferases, FUT8, MGAT4a, MGAT5, B4GalT1, ST3Gal4 and 

ST6Gal1(Moremen, et al., 2017) were kindly provided by Professor Kelley Moremen at the 

Complex Carbohydrate Research Center, University of Georgia, Athens, GA. In addition, 

Professor Moremen also kindly provided two purified glycosyltransferases, MGAT4a and 

MGAT5 that were directly used in the synthesis. The human galectin-3 was recombinantly 

expressed and purified as described previously(Noll, et al., 2016). Two strains of influenza 

virus, X-31 and X-31 HAM were reported previously(Benton, et al., 2015) and prepared in 

house.

Preparation of the N-glycan library—Detailed protocol regarding the extraction of 

SGP, synthesis of the Fmoc-labelled asialo-, agalacto-biantennary N-glycan core structure, 

production of the glycosyltransferases, and the enzymatic reactions for generating the N-

glycan library are in Supporting Information. The products generated in this study were 

analyzed by HPLC, MS and NMR.

HPLC analysis and purification—HPLC analysis and semi-preparative purification of 

the Fmoc-labelled Asn-linked glycans were performed on a Shimadzu HPLC CBM-20A 

system. It contained a UV detector SPD-20AV and a fluorescence detector RF-20A. UV 

absorption at 254 nm and fluorescence at 254 nm excitation (Ex) and 340 nm emission (Em) 

were used to detect and quantify the Fmoc-tagged glyco-amino acid.

Analytical and semi-preparative HPLC were performed using 250 ˣ 4.6 mm and 250 ˣ 10 

mm Zorbax NH2 columns, respectively. The mobile phases were acetonitrile, water, and 250 

mM ammonium acetate. The concentration of water increased from 16% to 40% and the 

ratio of ammonium acetate from 4% to 50% over 60 min.

Mass spectrometry—An UltrafleXtreme MALDI-TOF/TOF system from Bruker 

Daltonics (Billerica, MA) was used for MALDI-TOF MS analysis of the glycans and their 

derivatives. MS was performed in reflective positive or reflective negative mode. 2,5-

Dihydroxybenzoic acid (10 mg/ml in MeOH:H2O=1:1) was used as the matrix.

ESI-MS analysis was performed on an Orbitrap Fusion Lumos from Thermo Fisher 

Scientific (San Jose, CA). The sample after column clean-up was injected directly into the 

mass spectrometer using a syringe. Full MS data acquisition was set at 120K resolution. 

Electrospray settings for the direct infusion was set at 4.0KV in positive ion mode with the 

S-lens set at 30 volts; capillary temperature at 250°C for efficient desolvation and ionization 

of the positively charged ions. The mass range used for the study was m/z 150 to 2000. The 

AGC target setting for the Full MS was at 1E6. The Orbitrap Fill times were set at 120 ms. 

HCD energy values were set at 35 eV used as normalized collision energy for the glycan 

analyzed in this paper.
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NMR—1H and 13C NMR spectra were recorded on a Bruker Avance II 600MHz and an 

Agilent 700MHz NMR Magnet System at the NMR core facility at Harvard Medical School. 

The compounds were deuterium oxide exchanged three times before reconstitution in 

deuterium oxide for analysis. The NMR data is presented in part VI of the Supplemental 

Information. Characterization of the generated glycans/glycan conjugates are as follows: 

Chemical shift (in parts per million (ppm) relative to water as the internal standard), 

multiplicity (s = singlet, d = doublet, t = triplet, dd = doublet of doublet, m = multiplet 

and/or multiple resonances), coupling constant in Hertz (Hz), integration. All NMR signals 

were assigned on the basis of 1H NMR, 1H-1H COSY, 1H-1H TCOSY, and 1H-13C HSQC 

experiments.

Microarray printing—Glycan conjugates were reconstituted in phosphate buffer (100 mM 

sodium phosphate, pH 8.5) at final concentration of 50 μM. Control glycan conjugates were 

reconstituted in phosphate buffer to a final concentration of 100 μM. All conjugates were 

arrayed onto Nexterion H NHS functionalized slides (Schott AG, Louisville, KY) using a 

sciFLEXARRAYER S11 from Scienion AG (Berlin, Germany). The average drop volume 

was within 5% variation of the target volume of 330pL. After printing, slides were incubated 

at room temperature in a humidity cabinet set at 80% relative humidity overnight. The slides 

were then blocked with 50 mM ethanolamine in 100 mM sodium tetraborate buffer (pH 8.5) 

for 1 hour and washed briefly with 1x phosphate buffered saline with 0.05% polysorbate 20 

(Tween-20). This was followed by brief rinsing with ultrapure water before drying by 

centrifugation. The slides were stored desiccated at -20°C until use.

Microarray analysis—The glycans were printed on NHS-coated glass slides and assayed 

as previously described(Song, et al., 2016). The detailed procedures were in Supporting 

Information. After rehydration using TSM buffer (20 mM Tris–HCl, 150 mM sodium 

chloride, 0.2 mM calcium chloride, and 0.2 mM magnesium chloride), the microarray slides 

were probed with biotinylated lectins, human galectin-1, galectin-3, influenza viruses, or 

Siglecs. The bound lectins were detected with cyanine 5-streptavidin (Invitrogen) at 0.5 

μg/mL. Human galectin-1 was detected with mouse anti-human galecin-1 followed with 

Alexa Fluor 488 labelled anti-mouse IgG (H+L). The recombinant human galectin-3 was 

labelled with biotin using EZ-Link™ Sulfo-NHS-LC-LC-biotin (Thermo Scientific) prior to 

the binding assay according to the previous report(Noll, et al., 2016). The bound galectin-3 

was thereafter detected with cyanine 5-streptavidin at 0.5 μg/mL. Two strains of influenza 

viruses, X-31 and X-31 HAM, were labeled with Alexa Fluor-488 NHS ester 24 hours prior 

to the assay. Excess label was dialyzed away and the HA titers of each virus were obtained 

using chicken erythrocytes. The viruses were assayed at 128 HAU/50 μL on the microarray. 

The microarray slides were also pretreated with Neuraminidase A at 3000 U/mL or buffer 

alone for 18 hours followed by virus incubation. Binding was directly quantified after 

thorough washing. Twelve recombinant Siglecs were tested at two concentrations (5 and 50 

μg/mL) without precomplexation. Binding was detected by overlaying with Alexa Fluor-488 

labelled anti-human IgG or Penta-His. In addition, Siglecs were precomplexed with the 

secondary antibody at 1:3 (w/w) ratio to anti-Human IgG or Penta-His 15 minutes prior to 

addition of binding buffer towards the final concentration (20 μg/mL). After incubation, the 

binding signals were directly quantified.
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Slides were scanned with a Genepix 4300A, microarray scanner from Molecular Devices 

(Sunnyvale, CA). Scanned images were quantified using Genepix Pro 7 software. For 

cyanine5 and Alexa488 fluorescence, a setting of 649 nm (Ex) and 670 nm (Em) and 495 

nm (Ex) and 519 nm (Em) were used, respectively. All images obtained from the scanner 

were in grayscale and colored for easy discrimination. The results are quantified as shown in 

the data quantitation section.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data quantitation for the array analysis—The signal intensities were quantified by the 

GenePix Pro 7 that is associated with the microarray scanner and processed by Excel 

(Microsoft). The results are shown as relative fluorescence units (RFUs) by averaging the 

background-subtracted fluorescence signals of four replicate spots with error bars 

representing the standard deviation among the four values.

DATA AND SOFTWARE AVAILABILITY

All of the N-glycan microarray datasets related to this work are shown in the Supplemental 

Information and are publicly available at the National Center for Functional Glycomics 

(NCFG) website: https://ncfg.hms.harvard.edu/ncfg-data

ADDITIONAL RESOURCES

Not applicable.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

N-glycosylation is an important post-translational modification that is involved in many 

biological and pathological events. The N-glycan ligands recognized by a group of 

important proteins such as Siglecs, galectins, influenza viruses, as well as many plant 

lectins, are elusive due to the lack of a library of well-characterized standards and a high-

throughput platform. Taking a highly efficient chemoenzymatic approach, we produced a 

library of naturally occurring isomeric asparagine-linked glycans. They vary in non-

reducing terminal sialic acid, galactose, and N-acetylglucosamine residues, as well as 

core fucose. The success of their synthesis enables a careful investigation of a number of 

N-glycan binding partners on microarrays. Our results elucidate the unique glycan-

binding specificities of several plant lectins, human galectin-1 and -3, influenza viruses, 

and Siglecs, providing important guidance in their biological and clinical applications in 

identifying glycans with certain structural features. Our data also shed light on the natural 

ligands for those molecules, which may lead to the rational design of efficient inhibitors. 

Our N-glycan library is now poised as a discovery platform for other glycan binding 

partners that are associated with key biological processes.
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Figure 1. 
Composition of the 32 complex-type naturally occurring N-glycans and controls used in this 

study. Sixteen (1-16) of the N-glycans are precursors with no sialic acids. Half of them (1-8) 

are GlcNAc-terminating and the other half (9-16) are Gal-terminating structures. The other 

sixteen (17-32) are fully capped with either α2,3- (17-24) or α2,6-sialic acid (25-32). Both 

non-fucosylated and fucosylated species are present in each subgroup. Six glycans from the 

archival collections of our lab were printed as controls on the array including two mannose-

terminating compounds Man3-Asn (33) and Man5-AEAB (34), two complex-type N-

glycans NA2-AEAB (35) and A2-AEAB (36), and α2,6- and α2,3-sialic acid containing 

glycans LSTc-AEAB (37) and LSTd-AEAB (38). The symbolic nomenclature for glycans is 

shown.
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Figure 2. 
Generation of the SGP and the Fmoc protected biantennary glycosylasparagine compound 

1a. (a) A sialylated biantennary glycopeptide designated SGP (39) is abundantly available in 

chicken egg yolk and can be extracted by 40% acetone and purified by active charcoal/celite 

(2:1) column. Around 1.5 g SGP was harvested from 1.36 kg egg yolk powder. (b) Negative 

ion-mode MALDI-MS and positive ion-mode ESI-MS analyses of the purified SGP. (c) The 

SGP was converted to the target, Fmoc protected biantennary compound 1a, by mild acid 

hydrolysis, galactosidase and pronase digestion and Fmoc derivatization.
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Figure 3. 
Generation of the asparagine-linked N-glycans and reducing N-glycans. (a) and (b) Normal 

phase HPLC and MALDI-MS analyses of the substrate 1a and the product after 5% 

piperidine treatment. (c) and (d) Size exclusion chromatography and MALDI-MS analyses 

of the substrate 1 and the products after PNGase F or NaClO treatment. Dashes indicated the 

shift of the elution time of the product peak.
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Figure 4. 
Microarray analyses of sequence-specific lectins using the newly prepared N-glycan array. 

Results are shown as relative fluorescence units (RFUs) by averaging the background-

subtracted fluorescence signals of 4 replicate spots, error bars represent the standard 

deviation among the 4 values. The RFUs and the standard deviation were listed in 

Supplemental Table S2. These lectins shown here were also tested at a higher concentration 

and the data were shown in Supplemental Fig. S2. The probes are numbered as shown in 

Fig. 1 and grouped as indicated in the colored panels.
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Figure 5. 
Microarray analyses of recombinant human galectin-1 and -3. (a) and (b), The recombinant 

galectin-1 and -3 were tested at 5 and 50 μg/mL. Galectin-1 was detected by mouse anti-

human galecin-1 followed by Alexa Fluor 488 labelled anti-mouse IgG (H+L). Galectin-3 

was directly labelled with biotin and detected by cyanine 5-streptavidin. Results are shown 

as relative fluorescence units (RFUs) by averaging the background-subtracted fluorescence 

signals of 4 replicate spots, error bars represent the standard deviation among the 4 values. 

The RFUs and the standard deviation of 50 μg/mL were listed in Supplemental Table S2. 

The probes are grouped as indicated in the colored panels.

Gao et al. Page 25

Cell Chem Biol. Author manuscript; available in PMC 2020 October 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Microarray analyses of two strains of recombinant influenza viruses. Two strains of 

influenza viruses X-31 and X-31 HAM with HA titers of 128 HAU/50 μL, were labeled with 

Alexa Fluor-488 NHS ester and probed with the array. The slides were also pretreated with 

Arthrobacter ureafaciens neuraminidase or buffer alone 18 hours prior to incubation with 

X-31 to confirm the sialic acid-dependence. The RFUs and the standard deviation were 

listed in Supplemental Table S3. The probes are grouped as indicated in the colored panels.
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Figure 7. 
Microarray analyses of recombinant human Siglec-1, -2, -9 and -10 with N-glycans in the N-

glycan array. (a-d) Human Siglec-1, -2, -9 and -10 were tested at 50 μg/mL without 

precomplex or at 20 μg /mL with preincubation with either anti-His (for Siglec-1) or anti-

human IgG (for the other Siglecs). The RFUs and the standard deviation were listed in 

Supplemental Table S4. The probes are grouped as indicated in the colored panels.
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Table 1.

Summary of lectin specificities observed in this study. Shaded in grey indicates the binding epitope for each 

lectin. The red x shows the additional sequence in certain positions significantly reduces lectin binding. The 

symbol +/− means the substitution can be tolerated by the lectin. The table also shows whether α2,3-, α2,6-

sialic acid and core fucose are tolerated by each lectin. The symbolic nomenclature for glycans are shown in 

Fig. 1.

Lectin Sequence
Tolerance of other modifications

α2,3-Neu5Ac α2,6-Neu5Ac core Fuc

WGA Yes No Yes

DSA Yes No Yes

LCA or PSA Yes Yes Must

L-PHA Yes No Yes

E-PHA Yes No Yes

ConA Yes Yes Yes

GNA high mannose N-glycans unknown unknown unknown

GSL-II No No Yes

ECL No No Yes

RCA-I No Yes Yes

SNA No N/A Yes

MAL-I N/A No Yes

AAL Yes Yes Yes

UEA-I Not bound on this array
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-human galectin-1 (clone # 933133) R&D Systems Cat#MAB1152

Goat polyclonal anti-Human IgG (H+L), Alexa Fluor 488 Thermo Fisher Cat#A-11013

Rabbit polyclonal anti-Mouse IgG (H+L), Alexa Fluor 488 Thermo Fisher Cat#A-11059

Mouse monoclonal anti penta-His, Alexa Fluor 488 Qiagen Cat#35310

Bacterial and Virus Strains

X-31 John W. McCauley (Benton, D.J. et. al. 2015) N/A

X-31 HAM John W. McCauley (Benton, D.J. et. al. 2015) N/A

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Egg yolk powder Magic Flavors N/A

Pronase EMD Millipore Cat#53702-250KU

Phosphatase Sigma Cat#P5931-200UN

β-galactosidase Sigma Cat#G5160

Neuraminidase (Arthrobacter ureafaciens) New England Biolabs Cat#P0722L

UDP-Gal Sigma; Chemily Cat#U4500; Cat#SN02006

UDP-GlcNAc Chemily Cat#SN02009

GDP-Fucose Chemily Cat#SN02002

CMP-sialic acid Sigma; Chemily Cat#233264; Cat#SN02001

Fmoc N-hydroxysuccinimide ester Sigma Cat#46920-5G-F

293 Freestyle expression medium Thermo Fisher Cat#12338018

Polyethylenimene Polysciences, Inc Cat#23966

Valproic acid Sigma Cat#P4543-100G

His-Pur Ni-NTA resin Thermo Fisher Cat#88221

WGA Vector Labs Cat#B-1025

DSA Vector Labs Cat#B-1185

LCA Vector Labs Cat#B-1045

PSA Vector Labs Cat#B-1055

L-PHA Vector Labs Cat#B-1115

E-PHA Vector Labs Cat#B-1125

ECL Vector Labs Cat#B-1145

RCA-I Vector Labs Cat#B-1085

Con A Vector Labs Cat#B-1005

SNA Vector Labs Cat#B-1305

MAL-I Vector Labs Cat#B-1315

GSL-II Vector Labs Cat#B-1215

AAL Vector Labs Cat#B-1395
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REAGENT or RESOURCE SOURCE IDENTIFIER

GNA Vector Labs Cat#B-1245

UEA-I Vector Labs Cat#B-1065

Recombinant human Siglec-1/CD169 R&D Systems Cat#5197-SL

Recombinant human Siglec-2/CD22 Fc Chimera R&D Systems Cat#1968-SL

Recombinant human Siglec-3/CD33 Fc Chimera R&D Systems Cat#1137-SL

Recombinant human MAG/Siglec-4a Fc Chimera R&D Systems Cat#8940-MG

Recombinant human Siglec-5/CD105 Fc Chimera R&D Systems Cat#1072-SL

Recombinant human Siglec-6/CD327 Fc Chimera R&D Systems Cat#2859-SL

Recombinant human Siglec-7/Fc Chimera R&D Systems Cat#1138-SL

Recombinant human Siglec-8/Fc Chimera R&D Systems Cat#9045-SL

Recombinant human Siglec-9/Fc Chimera R&D Systems Cat#1139-SL

Recombinant human Siglec-10/Fc Chimera R&D Systems Cat#2130-SL

Recombinant human Siglec-11/Fc Chimera R&D Systems Cat#3258-SL

Recombinant Rat MAG/Siglec-4a Fc Chimera R&D Systems Cat#538-MG

Recombinant Human Galectin-1 R&D Systems Cat#1152-GA

Recombinant Human Galectin-3 Laboratory stock (Noll, et al., 2016) N/A

Streptavidin - Cyanine 5 Invitrogen Cat#434316

Sulfo-NHS-LC-LC-Biotin Thermo Scientific Cat#21338

Alexa Fluor-488 NHS Thermo Scientific Cat#A20000

Critical Commercial Assays

Deposited Data

Experimental Models: Cell Lines

Human: Freestyle 293-F Thermo Fisher Cat#R79007

Experimental Models: Organisms/Strains

Oligonucleotides

Recombinant DNA

Plasmid: B4GALT1-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) HsCD00522296

Plasmid: ST3GAL4-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) HsCD00413174

Plasmid: ST6GAL1-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) HsCD00413052

Plasmid: MGAT4A-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) HsCD00413158

Plasmid: MGAT5-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) N/A

Plasmid: FUT8-pGEn2-DEST Kelley Moremen (Moremen et al, 2017) HsCD00413179

Software and Algorithms

Other

Nexterion H NHS functionalized slides Schott AG Cat#1070936
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