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Abstract

We describe here the synthesis of novel multivalent HIV V3 domain glycopeptides and their 

binding to broadly neutralizing antibodies PGT128 and 10-1074. Our binding data reveal a distinct 

mode of antigen recognition by the two antibodies and further suggest that multivalent 

glycopeptides could mimic the neutralizing epitopes more efficiently than the monomeric 

glycopeptide.

Graphical abstract

Synthetic bi- and trivalent HIV V3 glycopeptides show significantly enhanced affinity for HIV-

neutralizing antibody 10-1074

The HIV-1 envelope glycoprotein (Env) trimer is responsible for viral entry into host cells 

and is the primary target for vaccine design.1 The sequence variation and heavy 

glycosylation are two strong defense mechanisms for the virus to evade immune recognition, 

making it challenging to develop an effective vaccine.2, 3 Nevertheless, broadly neutralizing 

antibodies (bNAbs) do exist in sera from 10–30% of HIV-1 infected individuals, suggesting 

the possibility to raise neutralizing activities by vaccination.4 Recently, a series of glycan-
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reactive bNAbs have been isolated, including the PG9 and PG16 antibodies targeting the 

V1V2 domain,5, 6 and the PGT121-128 bNAb series targeting the V3 domain.7–10 

Characterizing the epitopes of these bNAbs is a critical step for designing an effective 

vaccine against HIV-1.7, 11 However, the task has been hampered by the heavily 

heterogeneous glycosylation patterns of gp120 and the difficulty to obtain homogeneous 

immunogen glycoforms to study these epitopes. Toward this end, synthetic chemistry has 

showcased the power in defining the structural details of the glycan-associated epitopes of 

HIV-neutralizing antibodies.12–16 We have recently used a chemoenzymatic method to 

synthesize a library of homogeneous gp120 V1V2 glycopeptides for characterizing the 

glycan specificity and minimal epitopes of PG9 and PG16.17, 18. Danishefsky and co-

workers identified a glycopeptide dimer as the preferred epitope of PG9 by applied chemical 

synthesis.19, 20 The PGT121-128 antibody series belongs to a new class of glycan dependent 

bNAbs that are more potent than PG9 and PG16.7 For example, PGT128 has shown great 

breadth in HIV neutralization,21 while 10-1074 has shown protection by passive 

immunization in animal models and HIV-1 infected individuals.22–25 Structural studies have 

revealed that these antibodies bind to the base of the gp120 V3 loop interaction with the 

N332 glycan that is highly conserved across the majority of HIV-1 isolates.9, 10 But so far, 

no synthetic glycopeptide antigens have been reported to mimic their epitopes. Since the 

HIV-1 gp120/gp41 Env subunits are present on the viral surface as a trimer,10 and since 

some of the V3-glycan specific antibodies have shown preference for native Env trimer over 

monomeric gp120,26 we hypothesized that multivalent V3 glycopeptides could be more 

efficient in recapitulating their epitopes.27 Herein, we report the synthesis of mono-, bi- and 

trivalent gp120 V3 glycopeptides as potential mimics of the V3 glycopeptide domains 

present in Env trimer. Our binding studies revealed a clearly different mode of antigen 

recognition of the glycopeptides by the PGT128 and 10-1074 antibodies. While PGT128 did 

not show preference among mono-, bi- and trivalent V3 glycopeptides, the 10-1074 showed 

dramatically enhanced binding to the bi- and trivalent V3 glycopeptide over the monomer, 

suggesting that the trivalent V3 glycopeptide could better mimic the actual epitope of bNAb 

10-1074.

We first selected the mini-V3 glycopeptide derived from the JR-FL strain as the base 

glycopeptide with a deletion of the highly variable tip sequence, which allowed the high-

resolution structure determination of the recombinant gp120 outer domain in complex with 

PGT128.21 A Man9GlcNAc2 glycan was placed at the conserved N332 site as previously 

structural study and our recent glycopeptide mapping data indicated that PGT128 and 

10-1074 antibodies recognize high-mannose glycan at N332.8, 21, 28 A chemoenzymatic 

method was used to synthesize the cyclic V3 glycopeptide subunit carrying defined N-

glycans, and the copper (I)-catalyzed alkyne-azide 3+2 cycloaddition (click chemistry) was 

employed to assemble multivalent glycopeptides on a peptide scaffold. Synthesis of the 

mini-V3 glycopeptide is depicted in Scheme 1. The precursor cyclic polypeptide 1 was 

synthesized by automated solid-phase peptide synthesis (SPPS), in which a GlcNAc moiety 

was placed at the pre-determined N332 site using Fmoc-Asn-(Ac3GlcNAc)-OH as a building 

block. An alkyne moiety was placed at the N-terminus of the peptide to allow site-specific 

ligation to a scaffold for multivalent presentation. In addition, a biotin tagged precursor 2 
was synthesized to facilitate site-specific immobilization for binding analysis. The 
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Man9GlcNAc glycan was prepared from Man9GlcNAc2Asn and converted to the activated 

glycan oxazoline 3 following previously reported procedure.29 The endoglycosidase mutant 

EndoA-N171A was used to transfer the high-mannose glycan to the precursor 1 and 2 to 

form natural glycosidic linkage.30 The corresponding alkyne-glycopeptide 4 and biotin-

glycopeptide 5 were obtained in 87% and 89% yields after HPLC purification.

A linear bivalent scaffold 6 bearing two Lys(N3) residues and a biotin tag was synthesized 

by SPPS (Scheme 2). After HPLC purification, the azide group was ligated to the V3 

glycopeptide 4 by click chemistry to afford the bivalent glycopeptide 7 in 68% yields. 

Similarly, a linear trivalent scaffold 8 bearing three Lys(N3) residues was also synthesized 

and ligated with glycopeptide 4 to afford the trivalent glycopeptide 9 in 43% yield. The 

purity and identity of the bi- and trivalent glycopeptides (7 and 9) were characterized by 

analytical HPLC and ESI-MS analysis (Supporting Information).

The binding of the synthetic glycopeptides to the Fab domain of PGT128 and 10-1074 

antibodies was first evaluated by SPR analysis. The biotin-tagged glycopeptide antigens (5, 

7 and 9) were captured on Neutravidin coated CM5 chips to an identical response unit (RU), 

with almost identical amount of glycopeptides on the binding surface. The Fabs of PGT128 

and10-1074 were run as analytes to evaluate the binding. Consistent with previous ELISA 

analysis,26 we did not observe significant binding preference for mono-, bi- and trivalent 

glycopeptides (5, 7 and 9) by the PGT128 Fab, which showed similar affinities with quick 

on and off rates (Figure 1a–c). The PGT128 IgG showed only slightly enhanced (2–3 fold) 

binding affinity for the bi- and trivalent glycopeptides 7 and 9 (KD = 1.5 and 1.1 μM, 

respectively) over the monovalent glycopeptide 5 (KD = 3.7 μM), probably due to a 

moderate avidity effect in the antibody-antigen interactions (Figure S1).

The 10-1074 Fab displayed weak binding to the monovalent glycopeptide 5 (KD = 3.88 μM), 

but showed enhanced binding affinity to the bi- and trivalent glycopeptide antigens (7 and 9, 

KD = 0.31 and 0.19 μM, respectively) (Figure 1d–f). This corresponded to a 13 and 20-fold 

enhancement of affinity over the monovalent glycopeptide 5. Interestingly, there was no 

significant difference in the binding affinities of 10-1074 Fab between the bi- and trivalent 

glycopeptides (7 and 9). Since the Fab binding could eliminate the avidity effect, these 

results suggest that two V3 glycopeptide units in the bi- or trivalent glycopeptides were most 

likely involved in the interaction with the 10-1074 Fab. The binding of the 10-1074 IgG was 

also consistent with that of the Fab binding (see Figure S2). For both 10-1074 Fab and IgG 

binding, the enhancement of the overall affinities for the bi- and trivalent glycopeptides (7 
and 9) were contributed mainly by a decrease in the off rates. The slow dissociation for the 

bi- and trivalent glycopeptides further suggested that 10-1074 Fab is interacting with two 

distinct binding sites to accommodate the glycopeptides, indicating an apparent multivalent 

effect in antigen recognition.31, 32

The SPR binding results were verified by ELISA analysis (Figure 2). The PGT128 antibody 

showed only a moderate enhancement in the binding to bi- and trivalent glycopeptides (7 
and 9) over the monovalent glycopeptide 5 (Figure 2a). However, the binding of 10-1074 

IgG was greatly enhanced with the bi- and trivalent glycopeptides. The EC50 values for the 

bi- and trivalent glycopeptides (7 and 9) were more than 25-fold lower than that of the 
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monovalent glycopeptide 5. Significant enhancement of binding by bi- and trivalent antigens 

was also observed in ELISA analysis using the 10-1074 Fab (Figure 2c). Taken together, 

both the SPR and ELISA analyses suggested that the bi- and trivalent glycopeptides 

recapitulated the 10-1074 epitope better than the monovalent glycopeptide.

For comparative analysis, we also synthesized the corresponding non-glycosylated trivalent 

peptide 10 (Scheme S1) and the trivalent high-mannose glycan 11 (Scheme S2), 

respectively. Consistent with previous array results,8 both 10-1074 Fab and IgG did not 

recognize the nonglycosylated trivalent peptide, neither did 10-1074 bind with the trivalent 

high-mannose glycan structures without the V3 peptide portions (Figure. 3). We also 

synthesized monovalent and trivalent JR-FL V3 glycopeptides carrying a sialylated complex 

N-glycan at the N332 site, and performed its binding for the 10-1074 antibody. Under the 

same conditions, no binding was observed for both monomeric and trimeric forms of the 

complex type glycopeptides (data not shown). This result implied that both the high-

mannose N-glycan and the V3 peptide elements were critical for the recognition by antibody 

10-1074. For PGT128, the Fab did not show any binding to the trivalent peptide 10 and the 

trivalent high-mannose glycan 11 under the same binding conditions (Figure 3). But weak 

recognition to the trivalent high-mannose glycan was detected by the PGT128 IgG (Figure 

S3). To assess whether the observed distinct binding mode of PGT128 and 10-1074 is 

generalizable to other HIV-1 strains, we synthesized mono-, bi- and trivalent V3 

glycopeptides derived from the CN54 strain, carrying a high-mannose N-glycan at the 

conserved N332 site of gp120 (Scheme S3–5). Similar to the binding with the JR-FL 

glycopeptides, the 10-1074 Fab displayed significantly enhanced binding affinity for the bi- 

and trivalent glycopeptides (13 and 14, KD = 0.32 and 0.21 μM, respectively) over the 

monovalent glycopeptide 12 (KD = 4.96 μM), indicating a significant binding preference of 

10-1074 for the bi- and trivalent glycopeptide (Figure S4). For PGT128, again no significant 

binding preference among mono-, bi- and trivalent glycopeptides was observed. Taken 

together, the binding data from both the JR-FL and CN54 V3 glycopeptides indicate that the 

multivalent presentation could dramatically enhance the affinity of 10-1074, however, the 

PGT128 does not show preference to multivalent antigen presentation. For PGT128, 

previous structural studies showed that mostly the heavy chain interacts with the V3 loop.21 

On the other hand, a recent X-ray structural analysis of 10-1074 Fab in complex with an Env 

trimer (BG505 SOSIP.664) indicates that both the heavy and light chains are involved in the 

primary interaction with the N332 high-mannose N-glycan and the “GDIR” peptide motif in 

the gp120 V3 loop, together with secondary or minimal interactions with the N301 and/or 

N156 glycans.10 In addition, the X-ray crystal structure study of PGT124 antibody, a 

homologous antibody of 10-1074, showed similar mode of recognition with both the chains 

of the antibody.33 Our binding analysis with the well-defined synthetic glycopeptides appear 

to be consistent with these structural studies in that a high-affinity binding of 10-1074 

requires both the high-mannose N-glycan at N332 in the context of the V3 polypeptide. We 

also performed an ELISA binding of the JR-FL Env trimer and gp120 with 10-1074 Fab. 

Our preliminary binding analysis indicated that 10-1074 showed comparable binding affinity 

to the Env trimer and the gp120 (Figure S5). This result implies that the synthetic 

multivalent glycopeptides (7 and 9) may position glycans within the context of the 

multivalent scaffold at proximity, so that the 10-1074 might be able to accommodate an 
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additional N-glycan from another glycopeptide domain to enhance the affinity. Antibody 

10-1074 is a highly potent anti-HIV-1 antibody with broadly neutralizing activities. Recent 

clinical trials have demonstrated that 10-1074 could efficiently suppress viremia in HIV-1-

infected individuals.25 On the other hand, a recent report has shown that immunization with 

a synthetic mini-V3 glycopeptide is able to induce glycan-dependent antibodies in 

macaques.34 Thus, the identification of a high-affinity antigenic assembly that also offers the 

desired glycan homogeneity as demonstrated by the synthetic bi- and trivalent V3 

glycopeptides constitutes a critical step for a successful vaccine design.

In conclusion, the chemoenzymatic synthesis of the homogeneous V3 glycopeptide and its 

bi- and trivalent forms has enabled the characterization of the glycan specificity and subunit 

requirement in antigen recognition by two broadly HIV-neutralizing antibodies, PGT128 and 

10-1074. These studies have revealed that both antibodies recognize an essential V3 

glycopeptide subunit with a high-mannose N-glycan installed at N332 site. In contrast to 

PGT128, the remarkably enhanced affinity of 10-1074 to the bi- and trivalent V3 

glycopeptides suggest that the synthetic multivalent V3 glycopeptides may efficiently mimic 

the neutralizing epitope of the broadly neutralizing antibody on viral surface, which provide 

a valuable component for vaccine design. Immunization of a synthetic glycoconjugate 

vaccine based on the trivalent glycopeptide structure is in progress and the results will be 

reported in due course.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
SPR sensorgrams of binding between mono-, bi- and trivalent glycopeptides (5, 7 and 9) and 

antibody Fab fragments. a–c: with PGT128 Fab; d-f: with 10-1074 Fab. The Fab fragments 

were run from 1000 nM with 1:2 serial dilutions. Data were fit with a 1:1 Langmuir binding 

model (fitting was shown in black). Ka was given in M−1S−1; Kd in S−1 and KD in M.
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Figure 2. 
ELISA analysis of the binding between mono-, bi- and trivalent glycopeptides (5, 7 and 9) 

and antibody IgGs. a) with PGT128 IgG; b) with 10-1074 IgG; c) with 10-1074 Fab; d) 

EC50 values (nM). Dash denoted no binding.
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Figure 3. 
SPR sensorgrams of the binding between antibody Fab fragments and nonglycosylated 

trivalent V3 peptide or trivalent glycans. a) with trivalent V3 peptide (10); b) with trivalent 

Man9GlcNAc2 glycan (11). Fabs were run from 1000 nM with 1:2 serial dilutions. Data 

were fit with a 1:1 Langmuir binding model (fitting was shown in black). Ka was given in 

M−1S−1; Kd in S−1 and KD in M.S1)
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Scheme 1. 
Chemoenzymatic synthesis of HIV-1 JR-FL mini-V3 glycopeptide carrying a high-mannose 

glycan at N332 site.
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Scheme 2. 
Synthesis of JR-FL mini-V3 bivalent glycopeptide antigen 7 and trivalent glycopeptide 

antigen 9.
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