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Abstract

A new class of glycan-reactive HIV-neutralizing antibodies, including PG9 and PG16, has been 

recently discovered that appear to recognize novel glycopeptide epitopes on HIV-1 gp120. 

However, further characterization and reconstitution of the precise neutralizing epitopes are 

complicated by the heterogeneity of glycosylation. We report here the design, synthesis, and 

antigenic evaluation of novel cyclic V1V2 glycopeptides carrying defined N-linked glycans at the 

conserved glycosylation sites (N160 and N156/N173) derived from gp120 of two HIV-1 isolates. 

Antibody binding studies confirmed the necessity of a Man5GlcNAc2 glycan at N160 for 

recognition by PG9 and PG16, and further revealed a critical role of a sialylated N-glycan at the 

secondary site (N156/N173) in the context of glycopeptides for antibody binding. In addition to 

defining the glycan specificities of PG9 and PG16, the identified synthetic glycopeptides provide a 

valuable template for HIV-1 vaccine design.

Characterization of the epitopes for broadly neutralizing antibodies (bNAbs) is a critical step 

in HIV vaccine design1–4. Extensive N-linked glycosylation of the HIV-1 envelope 

glycoprotein gp120 constitutes a strong defense mechanism for the virus to evade host 

immune surveillance because of the generally weak immunogenicity of the viral N-
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glycans5,6. For a long time, 2G12 was the only known carbohydrate-reactive broadly 

neutralizing antibody (bNAb), which had evolved a special domain-swapped structure to 

recognize a novel cluster of high-mannose type N-glycans on gp120 7,8. Recently, a new 

class of glycan-reactive bNAbs, including PG9/PG16, CH01-CH04, and the PGT series 

antibodies represented by PGT121 and PGT128, has been discovered from HIV-infected 

individuals9–12. These antibodies neutralize primary HIV-1 strains with remarkable breadth 

and potency, and share a common feature of antigen recognition: they all target glycan-

reactive quaternary epitopes located primarily in the first, second, and third variable regions 

(V1V2 and V3) of gp120. Epitope mapping via mutational and biochemical analysis 

indicates that PG9 and PG16 recognize two conserved N-glycans in the V1V2 domain, one 

at the N160 (HXB2 numbering) glycosylation site and the other at N156 (for the majority of 

HIV-1 strains) or N173 (for ZM109 strain)10. Recent structural study of PG9 antigen-

binding fragment (Fab) and its complex with a scaffolded V1V2 domain reveals a novel 

antigen recognition mode for PG9, showing that a Man5GlcNAc2 N-glycan at N160 

provides the major contacts for the antibody, with additional contributions from another N-

glycan at N156 (CAP45 strain) or N173 (ZM109 strain) and a strand of V1V2 peptide13. In 

the ZM109 co-crystal structure, only the protein proximal GlcNAc of the N173 glycan is 

resolved, whereas in the CAP45-bound structure, the complete Man5-linked structure at 

N156 is visualized. Interestingly, the N-glycans at the N156 and N173 sites are located at a 

spatially identical position binding to the same pocket. These structural studies indicate that 

a conserved glycopeptide antigen in the V1V2 domain might constitute the neutralizing 

epitope of PG9. X-ray structural studies on antibodies PGT127 and PGT128 Fabs and their 

complexes with a recombinant gp120 outer domain also show a similar antigen recognition 

mode, with two glycans and a peptide motif in the V3 domain as the essential components of 

the epitopes of PGT127/128 14.

Despite these impressive structural studies, the precise nature of the neutralizing epitopes, 

particularly the fine structures of the N-glycans at the respective sites, remain to be 

characterized. Further analysis of the epitopes is complicated by the complexity and 

heterogeneity of HIV-1 gp120 glycosylation15–17. Indeed, to facilitate crystallization by 

minimizing glycosylation heterogeneity, the scaffolded V1V2 and the glycosylated gp120 

outer domain used for these structural studies were expressed in GnTI−/− mammalian cells 

that lack β-N-acetylglucosaminyl transferase I, a key enzyme essential for processing high-

mannose N-glycans to hybrid and complex type N-glycan structures. As a result, the 

glycoforms generated might not represent the actual glycosylation patterns found in native 

gp120. To further characterize the neutralizing epitopes of antibody PG9 and PG16, we 

launched a project aiming to reconstitute the minimal antigenic glycopeptide structures 

through a synthetic chemistry approach. In this paper, we report the design, synthesis and 

antigenicity of a series of homogeneous cyclic glycopeptides corresponding to the V1/V2 

domain, in which defined N-glycans were installed selectively at the pre-determined 

glycosylation positions (N160 and N156/N173). More than 25 V1V2 glycopeptides 

containing high-mannose or complex type N-glycans and their combinations were 

synthesized by a novel chemoenzymatic method. Antibody binding studies confirmed that a 

Man5GlcNAc2 glycan at the N160 position was essential for PG9 and PG16 recognition. 

Surprisingly, our data also revealed a critical role of a terminal sialylated complex type N-
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glycan at the secondary glycosylation site (N156 or N173) for recognition by PG9 and 

PG16, which was not revealed by previous structural and biochemical studies.

RESULTS

Design of cyclic V1V2 glycopeptides as putative epitopes

The recently solved crystal structure of PG9 in complex with a scaffolded V1V2 domain 

suggests that the putative PG9 epitope consists of the glycans attached to N160 and N156/

N173 and a strand of V1V2 peptide (aa154–177) 13. On the basis of this recognition mode, 

we designed V1V2 cyclic glycopeptides (aa154–177) derived from two HIV-1 strains 

(ZM109 and CAP45) as the first synthetic targets to mimic this epitope (Fig. 1). A disulfide 

bond was engineered into the V1V2 sequence at positions K155 and F176 to stabilize the β-

hairpin found in the crystal structure. In glycopeptide series of GP2–4, different types of N-

glycans were installed at the N160 position. The second set of glycopeptides (GP5–8) 

carried two N-glycans, one at N160 and the other at N156 (CAP45 strain) or N173 (ZM109 

strain) sites. A biotin tag was selectively introduced at the N-terminus of the glycopeptides 

to facilitate oriented immobilization of the glycopeptides on streptavidin chips, which may 

minimize the disruption of conformational epitopes in antibody binding and detection.

Chemoenzymatic synthesis of the V1V2 glycopeptides

Synthesis of large, biologically relevant glycopeptides carrying complex natural N-glycans 

is still a challenging task18,19. Here we employed a chemoenzymatic method that we have 

developed for synthesis of complex glycopeptide/glycoprotein 20,21 to construct the 

designed V1V2 glycopeptides. In this approach, a monosaccharide moiety (e.g., GlcNAc) is 

installed at the pre-determined glycosylation site in peptide/protein during solid-phase 

peptide synthesis (SPPS) and then a synthetic glycan, in the form of activated glycan 

oxazoline, is transferred to the GlcNAc moiety by an endoglycosynthase mutant to provide a 

homogeneous glycopeptide/glycoprotein 22–33. This enzymatic ligation method is highly 

convergent, allows independent synthetic manipulation of the glycan and protein portions, 

and results in the formation of the native β-1,4-glycosidic linkage between the two core 

GlcNAc moieties found in all natural N-glycans. The use of novel glycosynthase mutants 

ensures high-yield synthesis without product hydrolysis. The synthesis of the ZM109 V1V2 

glycopeptides carrying an N-glycan at N160 (ZM-GP2, ZM-GP3, and ZM-GP4) was shown 

in Fig. 2. Briefly, the precursor polypeptide (ZM-GP1) carrying an Asn-linked GlcNAc 

residue at N160 and a biotin tag at the N-terminus was synthesized by automated SPPS, 

using Fmoc-(Ac3GlcNAc)Asn-OH as the building block to introduce the Asn-linked 

GlcNAc moiety to give ZM-GP1 after deprotection, cyclization, and RP-HPLC purification. 

For the synthesis of Man5GlcNAc2-containing glycopeptides, we developed a semi-

synthesis of the donor substrate, Man5GlcNAc oxazoline (1) using bovine ribonuclease B 

(RNase B), a glycoprotein carrying Man5–9GlcNAc2 glycan, as the starting material. Thus, 

trimming RNase B with a recombinant α-1,2-mannosidase34 followed by treatment with 

Endo-D, an endo-β-N-acetylglucosaminidase from S. pneumoniae32 that can hydrolyze 

specifically the Man5GlcNAc2 glycan released the Man5GlcNAc oligosaccharide. This 

glycan was efficiently converted to 1 via a single-step transformation in aqueous 

solution35,36 (see Online Methods and Supplementary Results, Supplementary Fig. 1a). The 
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purity and identity of 1 were confirmed by MS, HPAEC-PAD, and 1H-NMR analysis 

(Supplementary Fig. 1b–1f).

The synthesis of glycopeptide ZM-GP1 was achieved by the reaction between ZM-GP1 and 

1 under the catalysis of an endoglycosidase mutant, EndoD-N322Q that we have recently 

reported 32. We found that the EndoD-N332Q mutant was highly efficient for transferring 

Man5GlcNAc oxazoline and gave an essentially quantitative transformation when a 3-fold 

excess of oxazoline was used, although the Endo-D mutant was inactive for the larger high-

mannose and complex type glycan oxazolines because of its strict substrate specificity. The 

excess glycan oxazoline was efficiently recovered as free glycan after reaction and was 

reused. The synthesis of glycopeptide ZM-GP3 carrying a Man9GlcNAc2 glycan at N160 

was accomplished by an EndoA-N171A catalyzed glycosylation of ZM-GP1 with 

Man9GlcNAc-oxazoline (2) 26. Similarly, glycopeptide ZM-GP4 carrying a sialylated 

complex type N-glycan was synthesized by transglycosylation of ZM-GP1 with complex 

type glycan oxazoline (3) 36 under the catalysis of EndoM-N175A 25 (Fig. 2). A linear 

(acyclic) glycopeptide carrying Man5GlcNAc2 at N160 site, ZM-GP2a, was also prepared 

in order to evaluate the importance of the cyclization for antibody binding. The purity and 

identity of the synthetic glycopeptides (ZM-GP2, ZM-GP3, and ZM-GP4) were confirmed 

by their HPLC and ESI-MS analysis (Supplementary Fig. 2). It should be pointed out that 

the regio- and stereo-specificity of the endoglycosidase-catalyzed transglycosylation ensures 

the formation of the native β-1,4-glycosidic linkage between the two core GlcNAc moieties 

found in all natural N-glycans, as confirmed by detailed NMR and enzymatic conversion 

analysis 23,26,37. The corresponding glycopeptides of the HIV-1 CAP45 strain carrying a 

defined N-glycan at the N160 site were synthesized in the same manner as for the 

preparation of the ZM109 glycopeptides (Supplementary Fig. 3).

The synthesis of the ZM109 glycopeptides carrying two N-glycans commenced with the 

preparation of the precursor glycopeptide, ZM-GP9, in which two GlcNAc moieties were 

introduced at the N160 and N173 glycosylation sites by SPPS (Fig. 3a). To synthesize the 

glycopeptide carrying two Man5GlcNAc2 moieties (ZM-GP5), an excess (5 equivalent) of 1 
was used for enzymatic glycosylation of ZM-GP9 with EndoD-N322Q, giving ZM-GP5 in 

excellent yield. However, the synthesis of glycopeptides carrying two distinct N-glycans (at 

N160 and N173) would be more challenging. To address this issue, we performed a 

controlled transglycosylation of ZM-GP9 using 2.5 molecular equivalent of 1, leading to the 

formation of two mono-glycosylated isomeric compounds, ZM-GP10 and ZM-GP11, 

together with the double-glycosylated compound ZM-GP5. Fortunately, the three 

glycopeptides could be readily separated by RP-HPLC (Fig. 3b). ESI-MS analysis of ZM-

GP5, ZM-GP9, ZM-GP10, and ZM-GP11 indicated that ZM-GP10 and ZM-GP11 were 

isomers with a Man5GlcNAc2 at either the N160 or the N173 position (Supplementary Fig. 

4a–d). Further characterization of the identity of the two isomers was achieved by site-

specific digestion with chymotrypsin (specific for phenylalanine amide bond) and trypsin 

(specific for lysine and arginine amide linkage), followed by LC-MS analysis of the 

fragments (Supplementary Fig. 5). The results revealed that ZM-GP10 carried the 

Man5GlcNAc2 glycan at N160 while ZM-GP11 carried the Man5GlcNAc2 at N173 site. 

Upon separation of the two mono-glycosylated peptides, a sialylated complex type N-glycan 
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was installed on the remaining GlcNAc moiety by glycosylation with 3 under the catalysis 

of EndoM-N175A to give ZM-GP6 and ZM-GP7, respectively, in which the two conserved 

N-glycosylation sites carry distinct N-glycans (Fig. 4a). Treatment of ZM-GP6 with Endo-D 

selectively removed the Man5GlcNAc glycan to give a truncated glycoform, ZM-GP6d, 

useful for probing how a sialylated N-glycan at N173 alone contributes to antibody binding. 

In addition, treatment of ZM-GP6 with a bacterial sialidase gave another new glycoform, the 

asialylated derivative (ZM-GP8). All the compounds were purified by RP-HPLC and 

characterized by ESI-MS (Fig. 4b–4e). The CAP45 series glycopeptides carrying two N-

glycans at N160 and N156 positions were synthesized following the same strategy. Briefly, 

the monoglycosylated derivatives (CAP-GP10 and CAP-GP11) were synthesized by 

controlled glycosylation of CAP-GP9 with 1 (Supplementary Fig. 6). The glycopeptide 

products were readily separated by RP-HPLC and characterized by ESI-MS (Supplementary 

Fig. 7). Further characterization of the site of glycosylation in the two isomers was achieved 

by digestion with chymotrypsin followed by LC-MS analysis of the fragments, which 

unambiguously confirmed that the CAP-GP10 carried a Man5GlcNAc2 glycan at N160 

while the CAP-GP11 carried a Man5GlcNAc2 glycan at N156 position (Supplementary Fig. 

8). Finally, further enzymatic glycosylation of the remaining GlcNAc moiety with 3 gave 

CAP-GP6 and CAP-GP7, respectively, which carry two distinct N-glycans at the N160 and 

N156 positions (Supplementary Fig. 9). Treatment of CAP-GP6 with Endo-D selectively 

removed the Man5GlcNAc glycan to give CAP-GP6d. Enzymatic desialylation of CAP-GP6 

gave the asialylated glycopeptide (CAP-GP8). Again, the purity and identity of the final 

glycopeptide products were confirmed by HPLC and ESI-MS analysis (Supplementary Fig. 

10).

SPR binding studies with PG9/PG16 Fab

To assess the affinity of antibody-antigen interactions, we used PG9/PG16 Fab instead of 

the bivalent whole IgG in order to simplify the kinetic assessment of affinity between Fab 

and antigen interaction by SPR analysis. The biotin-tagged glycopeptides were immobilized 

on streptavidin chips and antibody Fabs were used as the analytes. The binding responses 

provided a quick assessment of the affinity of these synthetic glycopeptides for the antibody 

Fabs. The SPR sensorgrams for the binding of ZM-GP6 and CAP-GP6 with PG9/PG16 Fabs 

were shown in Fig. 5 (for binding of additional compounds, see Supplementary Fig. 11; the 

KD values were summarized in Supplementary Table 1). Our data revealed that PG9 Fab 

showed apparent affinity only for those glycopeptides carrying a Man5GlcNAc2 glycan at 

the N160 position. The cyclic peptides without an N-glycan, or with a GlcNAc, a 

Man9GlcNAc2, or a complex type N-glycan at the N160 position, all did not show binding 

at up to 100 µM. This result was consistent with the observation from previous structural 

study showing that a Man5GlcNAc2 at N160 made the major contact with PG9 Fab13. 

Comparison of the cyclic glycopeptide ZM-GP2 (KD = 106 µM) and the linear glycopeptide 

ZM-GP2a (KD = 330 µM) indicated that the cyclic glycopeptide ZM-GP2 had at least 3-fold 

higher affinity for PG9 Fab than that of the corresponding linear (acyclic) glycopeptide, 

ZM-GP2a, suggesting that cyclization played a positive role in enhancing the affinity by 

constraining the conformations. Surprisingly, installation of an additional Man5GlcNAc2 at 

the second glycosylation site, N156 (for the CAP45 strain) or N173 (for the ZM109 strain), 

as implicated by the crystal structure,13 neither enhanced nor decreased the affinity for PG9 
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Fab. However, attachment of a sialylated complex type N-glycan at N156 or N173 resulted 

in a substantial enhancement of the affinity. As estimated by the dissociation constant (KD), 

the affinity of PG9 Fab for ZM-GP6 (KD = 5.1 µM) carrying a sialylated N-glycan at N173 

and a Man5GlcNAc2 at N160 was about 20-fold higher than that of PG9 Fab for the ZM-

GP2 (KD = 101 µM) carrying two Man5GlcNAc2 glycans. The importance of sialylation at 

the N173 glycan for the PG9 binding was confirmed by the fact that desialylation of ZM-

GP6 reduced the affinity of PG9 Fab by 34-fold (ZM-GP8, KD = 176 µM). This tendency 

was also found for the CAP45 series glycopeptides, where the CAP-GP6 ((KD = 6.9 µM), 

which carries a Man5GlcNAc2 and a sialylated N-glycan at the N160 and N156 positions, 

respectively, showed about 20-fold higher affinity than that of the CAP-GP5 (KD = 130 µM) 

carrying two Man5GlcNAc2 glycans. On the other hand, the ZM-GP6d and CAP-GP6d, in 

which the Man5GlcNAc was removed by Endo-D did not show binding at up to 100 µM, 

suggesting that a sialylated N-glycan at N173 alone was not enough for efficient recognition 

by PG9. For the PG16 Fab, it was found that a Man5GlcNAc2 glycan at the N160 position 

alone did not seem to provide sufficient affinity for the antibody, as no binding was detected 

at up to 100 µM for those glycopeptides carrying only a Man5GlcNAc2 at N160. However, 

installation of an additional sialylated N-glycan at the N156 (for the CAP45 strain) or the 

N173 position (for the ZM109 strain) in combination with a Man5GlcNAc2 glycan at N160 

resulted in significant enhancement in affinity for PG16 Fab. These results suggest that a 

Man5GlcNAc2 at the N160 position is essential for PG9 and PG16 recognition, while an 

additional sialylated N-glycan at the secondary glycosylation site (N156/N173) is critical for 

a much tighter interaction. The synthetic glycopeptides, ZM-GP6 and CAP-GP6 had a 

comparable affinity as that of the recombinant, 1FD6-scaffolded ZM109 V1V2 domain for 

PG9 Fab (KD = 5.6 µM) 13. Nevertheless, the affinity of ZM-GP6 was still about 16- and 54-

fold lower than that of another scaffolded V1V2 domain (1JO8-ZM109V1V2, KD = 0.32 

µM) and the ZM109 gp120 (KD = 0.097 µM), respectively (Supplementary Table 1). These 

results may suggest that the 1JO8-protein scaffold and the gp120 protein domain could 

present the V1V2 glycopeptide antigenic structures better than the minimal synthetic 

glycopeptide epitopes by confining the favorable β-hairpin conformations that PG9 

recognizes. It is likely that having all four strands of V1/V2 (as present in the scaffolded 

V1V2 domain and gp120) would increase the stability of the β-sheet and keep strands B and 

C in the proper orientation13.

Glycopeptides as coating antigens for detecting PG9/PG16

We examined the feasibility of using the synthetic biotinylated V1V2 glycopeptides as 

coating antigens to detect PG9 and PG16 IgG antibodies. The biotinylated glycopeptides 

were immobilized on streptavidin microplates and titrated against PG9 and PG16 

monoclonal antibodies at serial dilutions. We found that the V1V2 glycopeptides having a 

Man5GlcNAc2 glycan at the N160 position (the GP2, GP5, GP6, and GP8 of the ZM109 and 

CAP45 strains) could detect PG9 with a clear dose response (Supplementary Fig. 12 a–b). 

The presence of a sialylated N-glycan at the N173 (for the ZM109 strain) or the N156 

position (for CAP45 strain) significantly enhanced the sensitivity of detection. When the 

apparent EC50 values were used as an estimate of the detection sensitivity (Table 1), the 

sialylated glycopeptide (ZM-GP6, EC50 = 0.008 µg/mL, 0.05 nM) was about 50-, 40- and 

30-fold more sensitive for PG9 detection than the glycopeptides without a glycan at N173 

Amin et al. Page 6

Nat Chem Biol. Author manuscript; available in PMC 2014 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(ZM-GP2, EC50 = 0.41 µg/mL), with a second Man5GlcNAc2 at N173 (ZM-GP5, EC50 = 

0.34 µg/mL), or with a desialylated N-glycan at the N173 position (ZM-GP8, EC50 = 0.24 

µg/mL), respectively. The same trend was also found for the CAP45 series of glycopeptides. 

In the case of antibody PG16, the dependence on a sialylated glycan at the secondary site 

was apparent, as revealed by the fact that only the glycopeptides (ZM-GP6 and CAP-GP6) 

that carry both a Man5GlcNAc2 at N160 and a sialylated N-glycan at N173/N156 were 

sensitive for detection of PG16 (Supplementary Fig. 12 c and Table 1). These ELISA results 

were consistent with the SPR binding data. In comparison with the 1FD6-scaffolded V1V2 

recombinant glycoproteins (ZM109 V1V2 and CAP45 V1V2)13, glycopeptide ZM-GP6 

(EC50 = 0.008 µg/mL) in the current ELISA format was more sensitive (12-fold) than the 

1FD6-scaffoled ZM109 V1V2 (EC50 = 0.1 µg/mL) for PG9 detection, and the CAP-GP6 

glycopeptide (EC50 = 0.027 µg/mL) was also more sensitive than the corresponding 1FD6-

scaffolded CAP45 V1V2 (EC50 = 0.2 µg/mL) 13. For detection of PG16, the ZM-GP6 (EC50 

= 0.22 µg/mL) was more sensitive (15-fold) than the scaffolded ZM109 V1V2 (EC50 = 3.4 

µg/mL), while the CAP-GP6 (EC50 = 20 µg/mL) was about 2-fold less sensitive than the 

scaffolded CAP45 V1V2 domain (EC50 = 9.1 µg/mL) 13. However, it should be pointed out 

that the two ELISA studies used different methods for antigen immobilization, which may 

result in difference in orientation and density of the coating antigens.The synthetic 

glycopeptides were immobilized via their biotin handles onto a streptavidin–coated plate, 

whereas the scaffolded antigens were coated directly onto the plate. The clustering and site-

specific orientation of glycopeptides on the immobilized streptavidin in the present ELISA 

format could enhance the avidity of PG9/PG16 binding, which may explain the enhanced 

sensitivity of antibody detection observed in the present ELISA. Taken together, these 

results suggest that the well-defined synthetic V1V2 glycopeptides could serve as efficient 

coating antigens for sensitive detection of glycopeptide-specific, PG9/PG16-like broadly 

neutralizing antibodies in biological samples.

DISCUSSION

Characterization of the fine epitopes of the newly discovered, glycan-reactive broadly 

neutralizing antibodies such as PG9 and PG16 is significant for HIV vaccine design. 

However, a major difficulty in this pursuit is the structural heterogeneity of glycosylation of 

envelope glycoprotein gp120 15–17. Protein N-glycosylation is a complex co- and post-

translational modification that involves a series of glycan processing steps and often results 

in production of mixtures of glycoforms38. It is currently impossible to install a structurally 

well-defined N-glycan at selected glycosylation sites in gp120 by cell-based expression 

systems. In the present study, we address this challenge by design and synthesis of a series 

of homogeneous HIV-1 V1V2 glycopeptides, in which well-defined N-glycans are installed 

at the pre-determined glycosylation sites (N160 and N156/N173). More than 25 V1V2 

glycopeptides belonging to two different HIV-1 strains were synthesized by an efficient 

chemoenzymatic method. SPR binding and ELISA analysis indicated that the presence of a 

Man5GlcNAc2 glycan at the N160 position was essential for the recognition by PG9 and 

PG16. Moreover, our data also revealed a critical role of a terminal sialylated N-glycan at 

the secondary glycosylation site (N156 or N173). The importance of the terminal sialic acid 

in the secondary N-glycan was apparent by the fact that desialylation resulted in more than 
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30-fold decrease in affinity for PG9 and PG16 binding (ZM-GP6 vs. ZM-GP8 and CAP-

GP6 vs. CAP-GP8). Glycopeptide ZM-GP6 showed a comparable affinity for PG9 Fab as 

the 1FD6-scaffolded ZM109 V1V2 domain. However, the fact that the affinity of the 

minimal synthetic V1V2 glycopeptide (ZM-GP6) for PG9 was still 50-fold lower than that 

of the corresponding HIV-1 ZM109 gp120 suggests that further constraining of the 

glycopeptide in the favorable β-hairpin structure may enhance the affinity of the synthetic 

glycopeptide epitopes. Our data showed that both the nature and the location of the N-

glycans in the context of the V1V2 polypeptide were critical for recognition by the 

antibodies, as N-glycans or V1V2 peptides alone were not sufficient for the antibody 

binding, neither did the antibody bind to those glycopeptides where the right N-glycans were 

misplaced. Our results point to an exciting opportunity to identify and reconstitute well-

defined glycopeptide neutralizing epitopes for HIV-1 vaccine design. Further improvement 

on the glycopeptide antigens is possible by a combination of synthesis and structure-activity 

relationship studies.

The dependence of a sialylated complex type N-glycan at the secondary glycosylation site 

for antigen recognition by PG9 and PG16 was not revealed by previous structural and 

biochemical studies, partially due to the difficulty to control the glycosylation at individual 

sites for the recombinant glycoprotein antigens. A recent crystal structural study on PG16 

Fab in complex with a scaffolded V1V2 domain expressed in 293F cells in the presence of 

swainsonine, which results in glycoforms carrying both Man5GlcNAc2 and hybrid N-

glycans, showed that a sialylated hybrid N-glycan at the secondary site (N156/N173) did 

provide critical contacts with residues in PG16 (Peter Kwong et al, unpublished data). These 

new structural data are consistent with our findings on the glycan specificity of PG9 and 

PG16. A relevant broadly neutralizing antibody, PGT121, the neutralizing activity of which 

appears to depend on glycans at N332 and N301 sites in the V3 domain, can bind to 

complex type N-glycans as revealed by crystal structure and glycan microarray analysis39. 

On the other hand, antibodies PGT127 and PGT128 have been shown to be specific for 

high-mannose type (Man8GlcNAc2 or Man9GlcNAc2) glycans at N332 and/or N301 in the 

V3 domain14. These have raised important questions on what types of N-glycans are 

actually present at the N332 and N301 glycosylation sites of gp120 of most HIV-1 strains 

and what glycan structures, in the context of V3 domain, are required for the recognition by 

PGT121, PGT127 and PGT128. The chemoezymatic synthesis approach described here 

should be also applicable for further characterization and reconstitution of glycopeptide 

eptitopes of these bNAbs. The cyclic V1V2 glycopeptide epitopes of PG9 and PG16 

identified in the present study should be highly valuable for HIV-1 vaccine design. For 

example, the synthetic glycopeptide epitopes can be conjugated and displayed on a virus-

like particle platform such as bacteriophage Qβ 40 to provide a vaccine candidate. In this 

case, a dense, highly ordered repetitive epitope display pattern on Qβ is likely important for 

enhancing the immunogenicity and the possibility to raise PG9-like antibodies, as a recent 

structural study indicates that PG9 binds preferentially native gp120 trimer by recognizing 

an additional N160 glycan on the adjacent gp120 molecule in the trimeric spike41. Finally, 

the synthetic biotinylated V1V2 glycopeptides would be valuable as coating antigens for 

detecting PG9/PG16-like bNAbs from sera of HIV-infected individuals or those involved in 

HIV vaccine trials.
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ONLINE METHODS

Peptide synthesis

Peptides were prepared via solid-phase peptide synthesis (SPPS) on a Pioneer automatic 

peptide synthesizer (Applied Biosystems) using the Fmoc approach. 

Fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids were used as building blocks, 2-

(1-H-azabenzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HATU) was 

used as the coupling reagent, and a CLEAR amide resin was used as the solid support. To 

install a GlcNAc moiety at a pre-determined site, Fmoc-Asn(Ac3GlcNAc)-OH was used as 

the building block to replace the corresponding Fmoc-Asn(Trt)-OH at the site during SPPS. 

The Fmoc deprotection was achieved with 20% piperidine. A biotin tag was added at the N-

terminus of the peptide at the end of the peptide synthesis by treatment of the resin-bound 

N-terminal deprotected peptide with succinymidyl-6-(biotinamido)hexanoate in the presence 

of DIPEA. The Peptides were cleaved from the resin by treatment with Cocktail R (TFA/

thioanisole/EDT/Anisole, 90/5/3/2), followed by precipitation with cold ether. In the case of 

GlcNAc-containing peptides, the crude peptides were treated with 2.5% aqueous hydrazine 

to remove the O-acetyl groups from the GlcNAc moiety, which also led to simultaneous 

cyclization via a disulfide bond formation between the two cysteine residues. The peptides 

or GlcNAc-peptides were purified by reverse phase HPLC (RP-HPLC). The purity and 

identity of the peptides were analyzed by RP-HPLC and ESI-MS.

HPLC

Analytical RP-HPLC for peptide/glycopeptide analysis was performed on a Waters 626 

HPLC instrument with a C18 column (3.5 µm, 4.6 × 250 mm) at 40°C with a flow rate of 

0.5 mL/min. The column was eluted with a suitable gradient of aq. MeCN containing 0.1% 

TFA. Preparative RP-HPLC was performed with a Waters 600 HPLC instrument on a 

Waters C18 column (5.0 µm, 10 × 250 mm). The column was eluted with a suitable gradient 

of aq MeCN containing 0.1%TFA at a flow rate of 4 mL/min.

Mass spectrometry

ESI-MS spectra were measured on a LXQ linear ion trap mass spectrometer (Thermo 

Scientific). MALDI-TOF MS spectra were measured on a MALDI-TOF/TOF 4800 

spectrometer (Applied Biosystems) with 2,5-dihydroxybenzoic acid as the matrix and Cal 

4700 standard peptide mixture was used (Applied Biosystems) as internal standard.

Preparation of Man5GlcNAc and Man5GlcNAc oxazoline (1)

A solution of bovine ribonuclease B (RNase B) (200 mg) in a phosphate buffer (5 mL, 10 

mM, pH 6.5, containing 5 mM of CaCl2) was incubated with a recombinant murine α-1,2-

mannosidase (40 µg) for 23 h. LC-MS monitoring indicated that more than 90% of the high-

mannose N-glycans (Man5–9GlcNAc2) on RNase B was converted into the Man5GlcNAc2 

glycoform together with a minor fraction of the Man6GlcNAc2 glycoform. The mixture was 

subjected to gel filtration on a Sephadex G-25 column and the glycoprotein fractions were 

pooled and lyophilized. The glycoproteins were then dissolved in a phosphate buffer (5 mL, 

50 mM, pH 7.2) and treated with Endo-D (an endo-β-N-acetylglucosaminidase from 
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Streptococcus pneumoniae (100 µg), which can specifically release the Man5GlcNAc 

without hydrolysis of the Man6GlcNAc2 glycoform.. The solution was incubated for 3 h at 

23 °C and the released Man5GlcNAc was then separated from the protein portions by 

preparative RP-HPLC using a gradient of 5–25% aq. acetonitrile containing 0.1% TFA. The 

proper fractions containing Man5GlcNAc were lyophilized to obtain the free glycan 

Man5GlcNAc (10.6 mg), the purity and identity were characterized by HPAEC, MS and 

NMR analyses (supplementary Fig. 1). HRMS MALDI-TOF MS: calcd for C38H65NO31, 

1031.354, found 1054.349 [M + Na]+.

To a solution of Man5GlcNAc (10.3 mg, 100 µmol) in H2O (0.5 mL) was added Et3N (42 

µL, 0.3 mmole) and 2-chloro-1,3-dimethylimidazolinium chloride (DMC) (17 mg, 0.10 

mmole) at 0 °C. The reaction mixture was stirred for 0.5 h and the reaction was monitored 

by DIONEX HPAEC-PAD which indicated that the free oligosaccharide was converted into 

a new product that was eluted earlier than the reducing sugar under the HPAEC conditions 

(supplementary Fig. 1). The product was purified by gel filtration on a Sephadex G-10 

column using 0.1% TEA (aq.) as the eluent to afford the Man5GlcNAc oxazoline (1) (9.6 

mg, 94%) as a white solid after lyophilization. The purity and identity of the Man5GlcNAc 

oxazoline were confirmed by HPAEC and NMR analysis (Supplementary Fig. 1a and Fig. 

1f).1H NMR (400 MHz, D2O): δ 1.98 (3H, CH3), 3.29–4.30 (36H, m), 4.67 (1H, s, 

overlapped with H-OD signal), 4.79 (2H, br s, overlapped with H-OD signal), 4.98 (1H, s), 

5.02 (1H, s), 6.00 (1H, d, J = 6.8 Hz, H-1, oxazoline).

Chemoenzymatic synthesis of glycopeptides

Full-size glycopeptides were synthesized by enzymatic transglycosylation of the chemically 

synthesized GlcNAc-containing peptide precursors with respective glycan oxazolines as the 

donor substrates. Representative procedures for the enzymatic transfer of Man5GlcNAc, 

Man9GlcNAc, and a complex type N-glycan were exemplified by the synthesis of ZM-GP2, 

ZM-GP3, and ZM-GP4, respectively. Other glycopeptides carrying one or two of the 

respective natural N-glycans were prepared by the chemoenzymatic method in a similar 

manner.

a. Synthesis of glycopeptide ZM-GP2 carrying a Man5GlcNAc2 moiety: A solution of 

the GlcNAc- peptide (ZM-GP1) (2.42 mg, 0.73 mmol) and 1 (3.00 mg, 2.19 mmol) 

in a phosphate buffer (0.97 mL, 50 mM, pH 7.2) was incubated with EndoD-

N223Q (final concentration, 40 ng/µL). The reaction was monitored by RP-HPLC. 

After 0.5 h, the reaction was quenched with 0.1% aq. TFA. The transglycosylation 

product was purified by RP-HPLC to give ZM-GP2 (2.79 mg, 89%). ESI-MS of 

ZM-GP2: calcd M = 4310.48; found, 863.13 [M + 5H]5+, 1078.23 [M + 4H]4+, 

1437.56 [M + 3H]3+. Deconvolution data, M = 4310.65 ± 0.33.

b. Synthesis of glycopeptide ZM-GP3 carrying a Man9GlcNAc2 moiety: A solution of 

the GlcNAc- peptide (ZM-GP1) (2.01 mg, 0.61 mmol) and the Man9GlcNAc -

oxazoline (2) (3.04 mg, 1.83 mmol) in a phosphate buffer (0.81 mL, 50 mM, pH 

7.2) was incubated with EndoA-N171A (final concentration, 0.1 µg/µL). The 

reaction was monitored by RP-HPLC. After 3 h, the reaction was quenched with 

0.1% aq. TFA. The transglycosylation product was purified by RP-HPLC to give 
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ZM-GP3 (2.14 mg, 71%). ESI-MS of ZM-GP3: calcd M = 4958.90; found 828.89 

[M + 4H]4+, 992.78 [M + 5H]5+, 1240.67 [M + 4H]4+, 1654.25 [M + 3H]3+. 

Deconvolution mass 4958.74 ± 0.11.

c. Synthesis of glycopeptide ZM-GP4 carrying a sialylated complex type N-glycan: A 

solution of the GlcNAc-peptide (ZM-GP1) (2.17 mg, 0.66 mmol) and the 

(NeuGalGlcNAc)2Man3GlcNAc-oxazoline (3) (3.96 mg, 1.98 mmol) in a 

phosphate buffer (0.74 mL, 50 mM, pH 7.2) was incubated with EndoA-N171A 

(final concentration, 0.5 µg/µL). The reaction was monitored by RP-HPLC. After 3 

h, the reaction was quenched with 0.1% aq. TFA. The transglycosylation product 

was purified by RP-HPLC to give ZM-GP4 (2.89 mg, 83%). ESI-MS of ZM-GP4: 

calcd M = 5299.04; found 1060.77 [M + 5H]5+, 1325.68 [M + 4H]4+, 1767.13 [M + 

3H]3+. Deconvolution mass 5299.19 ± 1.07.

d. Synthesis of acyclic glycopeptide ZM-GP2a: the cyclic glycopeptide carrying a 

N160 Man5GlcNAc2 glycan (ZM-GP2) (410 µg, 95 nmole) was dissolved in 7M 

guanidine HCl (0.2 mL) followed by addition of DTT (0.5 mg, 3.25 µmole) to 

reduce the disulfide bond. The mixture was stirred for 1h and then idoacetamide 

(2.4 mg, 13 µmole) was added to block the free cysteine. The mixture was stirred 

for 0.5 h in dark and the crude product was purified by preparative HPLC to afford 

the acyclic title compound (361 µg, 86% yield); analytical RP-HPLC, tR = 19.8 min 

(gradient, 0–90% aq. MeCN containing 0.1% TFA for 30 min; flow rate, 0.5 mL/

min); ESI-MS: calcd M = 4,426.60; found 886.37 [M + 5H]5+, 1107.56 [M + 

4H]4+, 1476.09 [M + 3H]3+. Deconvolution mass, 4,426.38 ± 0.12.

Surface plasmon resonance (SPR)

SPR measurements were performed on a Biacore T100 instrument (GE Healthcare) at 25 °C. 

Biotinylated glycopeptides were immobilized on streptavidin-coated sensor chips (SA) in a 

solution of 1X HBS-P buffer (0.1 M HEPES, 0.15 M NaCl, 0.5% v/v surfactant P20, pH 

7.4) by injecting the samples manually until 20–30 RU (low loading) or 300–330 RU (high 

loading) was achieved. PG9 Fab or PG16 Fab was injected over four cells at 2-fold 

increasing concentrations with a flow rate of 50 µl/ min for 3 min and allowed to dissociate 

for another 5 min. Regeneration was performed by injection of 3 M MgCl2 with a flow rate 

of 50 µL/min for 3 min followed by injection of 1X HBS-P buffer with a flow rate of 50 

µl/min for 5 min. Data were collected at the rate of 10 Hz. T-100 Biacore Evaluation 

software was utilized to subtract appropriate blank references and to fit the sensorgrams 

globally applying a 1:1 Langmuir binding model. Mass transfer effects were checked by the 

tc values displayed by the T-100 Biacore evaluation software. No significant mass 

transportation effects were observed.

Enzyme-linked immunosorbent assay (ELISA)

The 96-well ELISA microtiter plates were first coated with 10 µg/mL streptavidin in PBS 

and incubated at 4°C overnight. After washings with PBS/0.5% Tween-20, nonspecific 

binding was blocked with 5% sodium caseinate (w/v) in PBS at room temperature for 1 h. 

Plates were washed three times, and then 2 µg/mL of the respective biotinylated 

glycopeptide antigen in 1% casein was added. Plates were incubated at 37 °C for 1 h. Then 
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plates were again washed, and titrated against 1:3 serial dilutions of human monoclonal 

antibodies (PG9 IgG and PG16 IgG) in 1% sodium caseinate starting at 20 µg/mL. The 

plates were incubated at 37°C for 2 h. After washing, a solution (100 µL) of 1:3000 diluted 

horseradish peroxidase (HRP)-conjugated goat anti-human IgG in 1% PBS was added to the 

plates. The plates were kept 1 h at 37 °C and then the plates were washed and a solution of 

3,3′,5,5′-tetramethylbenzidine (TMB) was added. Color was allowed to develop for 5 min, 

and then the reaction was quenched by adding a solution of 0.5 M H2SO4 (200 µL) to each 

well. The readout was measured at a wavelength of 450 nm.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Structures of the designed V1V2 glycopeptides derived from HIV-1 ZM109 and CAP45 
strains
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Figure 2. Chemoenzymatic synthesis of ZM109 V1V2 glycopeptides carrying defined N-glycans 
at the N160 site
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Figure 3. Controlled glycosylation and HPLC separation of mono- and doubly glycosylated ZM-
glycopeptides
a) synthetic scheme; b) the HPLC separation of the mono- and doubly glycosylated ZM-

glycopeptides. The reverse phase HPLC was performed on a C18 column with a linear 

gradient of 15–30% MeCN in 30 min.
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Figure 4. Chemoenzymatic synthesis and ESI-MS characterization of the doubly glycosylated 
ZM-glycopeptides
a) the synthetic scheme; b) ESI-MS of ZM-GP6; c) ESI-MS of ZM-GP7; d) ESI-MS of ZM-

GP6d; and e) ESI-MS of ZM-GP8.
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Figure 5. SPR analysis of the binding of synthetic V1V2 glycopeptides to PG9/PG16 Fabs
Biotinylated glycopeptides were immobilized on streptavidin chips and antibody PG9 Fab or 

PG16 Fab flowed through as analytes. The surface-plasmon resonance sensorgrams were 

recorded with 2-fold serial dilutions starting at the highest concentration of 100 µM. a) PG9 

Fab and ZM-GP6; b) PG9 Fab and CAP-GP6; c) PG16 Fab and ZM-GP6; d) PG16 Fab and 

CAP-GP6ZM-GP6. The fitted curves were shown in orange color. The binding of ZM-GP2, 

ZM-GP5, ZM-GP8, CAP-GP2, CAP-GP5 and CAP-GP8 was shown in Supplementary Fig. 

11. The following ZM- and CAP-glycopeptides did not show apparent binding responses at 
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up to 100 µM: ZM-GP1, ZM-GP3, ZM-GP4, ZM-GP7, ZM-GP9; CAP-GP1; CAP-GP7, 

CAP-GP9; and those non-glycosylated peptides.
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