
Fusion peptide of HIV-1 as a site of vulnerability to neutralizing 
antibody

Rui Kong1,*, Kai Xu1,*, Tongqing Zhou1,*, Priyamvada Acharya1, Thomas Lemmin2, Kevin 
Liu1, Gabriel Ozorowski3,4,5, Cinque Soto1, Justin D. Taft1, Robert T. Bailer1, Evan M. Cale1, 
Lei Chen1, Chang W. Choi1, Gwo-Yu Chuang1, Nicole A. Doria-Rose1, Aliaksandr Druz1, 
Ivelin S. Georgiev1, Jason Gorman1, Jinghe Huang6, M. Gordon Joyce1, Mark K. Louder1, 
Xiaochu Ma7, Krisha McKee1, Sijy O'Dell1, Marie Pancera1, Yongping Yang1, Scott C. 
Blanchard8, Walther Mothes7, Dennis R. Burton9,10, Wayne C. Koff11, Mark Connors6, 
Andrew B. Ward3,4,5, Peter D. Kwong1,†, and John R Mascola1,†

1Vaccine Research Center, National Institute of Allergy and Infectious Diseases, National 
Institutes of Health, Bethesda, MD 20892, USA

2Department of Pharmaceutical Chemistry, University of California San Francisco, San Francisco, 
CA, USA

3Department of Integrative Structural and Computational Biology, The Scripps Research Institute, 
La Jolla, CA 92037, USA

4Center for HIV/AIDS Vaccine Immunology and Immunogen Discovery, The Scripps Research 
Institute, La Jolla, CA 92037, USA

5International AIDS Vaccine Initiative, Neutralizing Antibody Center, The Scripps Research 
Institute, La Jolla, CA 92037, USA

6HIV-Specific Immunity Section, Laboratory of Immunoregulation, National Institute of Allergy and 
Infectious Diseases, National Institutes of Health, Bethesda, MD 20892, USA

7Department of Microbial Pathogenesis, Yale University School of Medicine, New Haven, CT 
06536, USA

8Department of Physiology and Biophysics, Weill Cornell Medical College of Cornell University, 
New York, NY 10021, USA

9Department of Immunology and Microbial Science, International AIDS Vaccine Initiative 
Neutralizing Antibody Center, Center for HIV/AIDS Vaccine Immunology and Immunogen 
Discovery, The Scripps Research Institute, La Jolla, CA 92037, USA

10Ragon Institute of Massachusetts General Hospital, Massachusetts Institute of Technology and 
Harvard University, Boston, MA 02142, USA

11International AIDS Vaccine Initiative, New York, NY 10038, USA

†Corresponding author. pdkwong@nih.gov (P.D.K); jmascola@nih.gov (J.R.M).
*These authors contributed equally to this work.

Supplementary Materials: www.sciencemag.org/content/352/6287/828/suppl/DC1

HHS Public Access
Author manuscript
Science. Author manuscript; available in PMC 2016 November 13.

Published in final edited form as:
Science. 2016 May 13; 352(6287): 828–833. doi:10.1126/science.aae0474.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.sciencemag.org/content/352/6287/828/suppl/DC1


Abstract

The HIV-1 fusion peptide, comprising 15 to 20 hydrophobic residues at the N terminus of the Env-

gp41 subunit, is a critical component of the virus-cell entry machinery. Here, we report the 

identification of a neutralizing antibody, N123-VRC34.01, which targets the fusion peptide and 

blocks viral entry by inhibiting conformational changes in gp120 and gp41 subunits of Env 

required for entry. Crystal structures of N123-VRC34.01 liganded to the fusion peptide, and to the 

full Env trimer, revealed an epitope consisting of the N-terminal eight residues of the gp41 fusion 

peptide and glycan N88 of gp120, and molecular dynamics showed that the N-terminal portion of 

the fusion peptide can be solvent-exposed. These results reveal the fusion peptide to be a 

neutralizing antibody epitope and thus a target for vaccine design.

Type 1 viral fusion machines, including HIV-1 envelope glycoprotein (Env), mediate virus 

entry through structural rearrangements that drive virus-cell membrane fusion (1–3). The 

hydrophobic N-terminal region of the gp41 transmembrane subunit (the fusion peptide), 

which is liberated by cleavage of the envelope precursor, is a critical element in this process 

because it directly interacts with the target-cell membrane in both intermediate and 

postfusion states (1–3). In the prefusion state, sequestration of the HIV-1 Env fusion peptide 

has been thought essential to avoid its being snared by the viral membrane or forming a 

hydrophobic aggregate with other fusion peptides. Published structures of trimeric HIV-1 

Env in its prefusion closed state indicated a surface-exposed fusion peptide located in the 

membrane-proximal quartile of the viral spike (4–6); however, substantial disorder of the N-

terminal portion of the fusion peptide in both antibody-bound and ligand-free crystal 

structures (6, 7) made exposure of the fusion peptide unclear.

A chronically HIV-1-infected individual, donor N123 (8, 9), displayed potent serum 

neutralization (fig. S1A); however, the epitope specificity of the serum-neutralizing 

antibodies could not be clearly categorized (fig. S1, B and C). We performed antigen-

specific single memory B cell sorting with the BG505 SOSIP.664 trimer (6, 10, 11); among 

92 antigen-specific B cells were 7 members of the clonal lineage N123-VRC34 (named for 

donor “N123” and antibody lineage “VRC34,” with specific clone “x” referred to as 

VRC34.“x”) (Fig. 1A and fig. S2). The most potent member of the clonal family 

(VRC34.01) neutralized 16 out of 22 HIV-1 Env-pseudoviruses, including BG505 (fig. S3), 

and further neutralized 49% of 208 HIV-1 strains (fig. S4 and database S1). VRC34.01 and 

clonal members bound to BG505 SOSIP.664, but not BG505 gp120 monomer in enzyme-

linked immunosorbent assay (ELISA) (Fig. 1B and fig. S5A), and VRC34.01-04, but not 

VRC34.05-07, bound to cell-surface BG505 trimer (fig. S5, B and C). In competition 

ELISA, VRC34.01 was partially inhibited by antibody PGT151 (12) (fig. S6), and on a 

panel of 28 glycan mutants of strain BG505, VRC34.01 displayed a profile distinct from 

PGT151 (fig. S7). VRC34.01 neutralization was reduced by elimination of the N88 glycan 

and was enhanced by glycan mutations N611Q and N611D. There was minimal effect on 

VRC34.01 neutralization when viruses were grown in the presence of glycosylation 

inhibitors kifunensine, swainsonine, or in GnTI−/− cells (fig. S8), suggesting that VRC34.01 

recognition does not require complex glycosylation. Similar to PGT151 (13), VRC34.01 

stained 293T cells expressing wild-type JR-FL Env, but not its uncleaved mutant (Fig. 1C). 
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Overall, these results indicated that VRC34.01 targets a unique trimer-specific, cleavage-

dependent epitope that involved glycan N88.

To define further VRC34 recognition, we crystallized a ternary complex formed by antigen-

binding fragment (Fab) VRC34.01, BG505 SOSIP.664, and Fab PGT122, a glycan-V3-

directed antibody (4, 6, 14). Diffraction data extended to 4.3 Å resolution, and we 

determined (15) and refined the ternary complex structure (Fig. 1D and table S1). Each 

gp120-gp41 protomer bound a single VRC34.01 Fab and a single PGT122 Fab (Fig. 1, D 

and E). VRC34.01 recognized an epitope in the gp120-gp41 interface consisting primarily of 

the fusion peptide on gp41 (residues 512 to 519, 55% interactive surface area) and glycan 

N88 on gp120 (26% interactive surface area) (Fig. 1E and table S2) (16).

The fusion peptide and glycan N88 formed a contiguous surface on HIV-1 Env, with the 

heavy and light chains of VRC34.01 oriented perpendicular to this surface, so that both 

heavy and light chains were involved in binding both fusion peptide and glycan N88 (Fig. 

1E). The first eight residues of fusion peptide (17) were embedded in a hydrophobic groove 

formed by complementarity-determining regions (CDRs) H1, H2, H3, L1, and L3, 

consistent with VRC34.01 neutralization of strain BG505 being knocked out by site-directed 

mutations in this region (fig. S9) (18). Glycan N88 was recognized by a pocket formed by 

CDRs L1, L2, and H3 of VRC34.01 (fig. S10) (19). Surface plasma resonance (SPR) studies 

of the N88Q variant of BG505 SOSIP.664 indicated removal of glycan N88 to decrease 

VRC34.01 affinity from 0.3 nM to 19.9 nM (Fig. 1F). The ability of VRC34.01 to recognize 

the N88Q mutant with nM affinity indicated its interaction with fusion peptide to dominate 

the energetics of interaction; a more substantial decrease in affinity (to 272 nM) was 

observed with a single-chain version of BG505, indicating the charged N terminus to be 

critical in VRC34.01 recognition (Fig. 1G). Consistent with the ternary complex crystal 

structure, negative-stain electron microscopy (EM) of Fab VRC34.01 and BG505 SOSIP.664 

trimer revealed a three-antibody to one-trimer stoichiometry (fig. S11).

We next cocrystallized Fab VRC34.01 with the N-terminal portion of the fusion peptide 

(residues 512 to 520). Diffraction data extended to 1.5 Å resolution, and we determined and 

refined the peptide-Fab structure (Fig. 2A and table S1). Well-defined electron density 

extended from 512 to 518, with the side chain of F519 partially ordered and residue L520 

completely disordered (fig. S12). A shallow groove spanning all of the CDRs except L2 held 

the fusion peptide in extended conformation, with residues A512, V513, I515, and V518 

fitting snugly into four hydrophobic pockets spanning the VRC34.01 paratope (Fig. 2A) 

(20). We also determined the ligand-free structure of VRC34.01 (table S1); no significant 

change in VRC34.01 paratope occurred upon fusion-peptide engagement (fig. S13).

About 50% of HIV-1 isolates tested were resistant to VRC34.01 (fig. S4 and database S1). 

This resistance could arise from structural or sequence variation. Because glycan N88 is 

conserved in 98.6% of HIV-1 sequences (21), we analyzed the fusion-peptide sequence of 

3943 HIV-1 sequences (22), which identified variation at several residues (Fig. 2B). We 

individually introduced less prevalent residues into the fusion peptide of the BG505-Env 

pseudovirus and assessed VRC34.01 neutralization. Several mutants displayed diminished 

neutralization, and a Thr insertion at position 514b led to complete resistance to VRC34.01 
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(Fig. 2C). Notably, most mutations led to incomplete neutralization, which could be 

potentially explained by the inability of VRC34.01 to remain tightly bound to the fusion 

peptide throughout the HIV-1 entry process (23, 24). We also analyzed the sequences and 

neutralization sensitivity of 208 Env-pseudoviruses. Two sequences lacked the glycosylation 

site at N88 and were resistant to VRC34.01 (database S2). The remaining 206 sequences, 

divided into three groups based on their fusion-peptide sequence (25), showed distinct 

VRC34.01 sensitivity (Fig. 2D and database S2). These results indicate that a dominant 

component of neutralization resistance to VRC34.01 stems from sequence variation of the 

fusion peptide, a corollary being that a majority of HIV-1 strains appear to be capable of 

assuming the solvent-exposed conformation of the fusion peptide observed in the 

VRC34.01-Env complex.

To delineate further the conformation of HIV-1 Env recognized by VRC34.01, we evaluated 

the interaction of VRC34.01 with cell-free virus and the contribution of this interaction to 

neutralization (Fig. 3A). These data indicated neutralization to be mediated primarily by 

binding to cell-free virus before cell surface attachment. Next we performed SPR assays to 

quantify VRC34.01 binding to soluble BG505 SOSIP.664 trimers (10), as well as a 

201C-433C variant (DS-SOSIP.664), which had been disulfide-stabilized to prefer the 

prefusion closed Env conformation (7). VRC34.01 bound tightly to 2G12-captured SOSIP.

664 and DS-SOSIP.664 trimers, as well as to CD4-Ig-captured DS-SOSIP.664 trimers (Fig. 

3B and fig. S14). In contrast, VRC34.01 binding to CD4-captured SOSIP.664, which 

undergoes CD4-induced conformational opening, was substantially reduced. VRC34.01 thus 

appears to recognize a prefusion Env conformation before CD4-induced rearrangement.

We tested the ability of VRC34.01-bound BG505 SOSIP.664 to engage CD4 by 

preincubating the Env trimer with an excess of VRC34.01 and analyzed interactions with 

CD4-Ig or 2G12 by SPR. Preincubation with VRC34.01 showed little effect on CD4 

engagement (Fig. 3C and fig. S15). Although VRC34.01 neutralized Env-pseudotyped JR-

FL virions (Fig. 3A and fig. S16), incubation with these virions showed little effect on 

attachment to TZM-bl cells expressing surface CD4 (Fig. 3D). Single-molecule fluorescence 

resonance energy transfer (smFRET) of JR-FL Env molecules on native virions revealed 

VRC34.01 to increase the population of a partially open conformation (24), which is a 

required entry intermediate (Fig. 3E). This is in contrast to other broadly neutralizing 

antibodies that stabilize the prefusion closed conformation (6, 24). We also tested the effect 

of VRC34.01 on the CD4-induced formation of bridging sheet, which is required for co-

receptor binding and virus entry (26, 27). We observed the CD4-induced formation of the 

bridging sheet formation–as detected by binding to antibody 17b–to be substantially 

inhibited by VRC34.01 (Fig. 3F and fig. S17). These results indicate that VRC34.01 

recognizes cell-free virus and is able to engage the prefusion closed state while stabilizing 

Env in an intermediate state; VRC34.01 thus appears not to interfere with virus attachment 

to cell surface CD4 but to inhibit CD4-induced formation of the bridging sheet (26), which 

is required for co-receptor engagement and viral entry.

We docked the VRC34.01-SOSIP.664 complex into EM-observed electron density (28), 

which positioned the N terminus of the fusion peptide ∼20 Å from the membrane (Fig. 4A). 

We carried out molecular dynamics simulations (29) over 500 ns on fully glycosylated 
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BG505 SOSIP.664 with fusion peptide initially in the VRC34.01-bound conformation (Fig. 

4B and fig. S18) (30); this analysis indicated residues 512 to 520 of the fusion peptide to be 

solvent-exposed, with the exposed residue range coinciding closely with the epitope 

recognized by VRC34.01 (Fig. 4B and fig. S18). Despite this flexibility, a 20 Å approach to 

the viral membrane (Fig. 4C), and intrinsic prefusion motion of HIV-1 Env (24), there did 

not seem to be an issue with the fusion peptide being trapped by the viral membrane or 

inducing trimer aggregation (31).

VRC34.01 antibody recognition of the fusion peptide is shared to a limited degree by 

antibody PGT151, which binds in the vicinity of VRC34.01 (figs. S9 and S11). To provide 

further insight into the antibody-specific recognition of the fusion peptide during HIV-1 

infection, we designed a VRC34-epitope scaffold (32, 33) (fig. S19 and database S3). This 

scaffold was used to assess 24 sera from a cohort of HIV-1-infected subjects. Ten sera 

displayed specific recognition of the fusion peptide (figs. S20 and S21), with four sera 

showing reduced neutralization when a fusion peptide-specific mutation G516A was 

introduced (fig. S22).

In summary, the N terminus of the fusion peptide on HIV-1 is antibody-accessible, binding 

and neutralizing antibodies against it are elicited during natural infection, and broadly 

neutralizing antibodies recognize it either partially (anti-body PGT151) (34, 35) or more 

completely (antibody VRC34.01). Taken together, our results indicate the fusion peptide of 

the Env trimer to be a region of interest for vaccine design against HIV-1.

 Supplementary Material
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Fig. 1. HIV-1-Env fusion peptide is targeted by antibody N123-VRC34.01
(A) Flow cytometric sorting of CD19+/IgG+/IgM− B cells from donor N123 that bind the 

BG505 SOSIP.664-PE probe. Cells are shown in dot plot format, with events to the right of 

the dotted line sorted. Red dots indicate VRC34 lineage B cells; SSC, side scatter. (B) 

Antibody binding to BG505 SOSIP.664 trimer and gp120 monomer. Mean and SD of three 

independent experiments shown. (C) Antibody staining of 293Tcells with surface expression 

of wild-type or uncleaved JR-FL Env trimer. MFI, median fluorescence intensity. Data are 

from one of three independent experiments. (D and E) Ternary complex crystal structure 

comprising Env trimer (BG505 SOSIP.664) and Fabs PGT122 and VRC34.01. One Env 

protomer and interacting Fabs is shown in ribbon representation; the rest of the complex is 

shown in surface representation, with the fusion peptide highlighted in red. (D) Side view. 

(E) View from the viral membrane. (Inset) An expanded view of the Env-VRC34.01 

interface. The fusion peptide (red) and glycan N88 (purple) comprise the VRC34.01 epitope. 

N-terminal residues recognized by VRC34.01 depicted as red spheres and glycan N88 as 

purple sticks. (F) Fab VRC34.01 binding to BG505 SOSIP.664 trimer (left panel) and to a 

glycan N88 knock-out mutant (N88Q, right panel) measured by SPR. Three-fold serial 

dilutions from 200 nM Fab injected onto the captured trimers. (G) VRC34.01 binding to 

fusion peptide (left panel) and to single-chain BG505 SOSIP.664 trimer (right panel), as 
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measured by SPR. Fab VRC34.01 Fab injected in two-fold serial dilutions starting from 128 

nM (left panel) and 3200 nM (right panel). For (F) and (G), three independent experiments 

were performed, with data from one representative experiment shown. Black lines indicate 

experimental data and green lines global fit to a Langmuir 1:1 binding model.
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Fig. 2. Fusion-peptide sequence variation is a dominant determinant of neutralization resistance 
to VRC34.01
(A) Crystal structure of complex between Fab VRC34.01 and a synthetic fusion peptide 

(comprising residues 512 through 520, red) is shown in ribbon representation with interface 

residues as sticks and the molecular surface of VRC34.01-peptide interactive residues in 

gray. Hydrogen bonds are indicated by dotted lines. The side chains of N52CDR H2 and 

Y97CDR H3 were hydrogen-bonded with fusion peptide residue 515 to 517, and side chains 

of E32CDR L1, E100A
CDR H3 formed electrostatic interactions with the free amine group of 

residue A512, anchoring the N terminus of fusion peptide. The last residue of the synthetic 

fusion peptide with ordered electron density, F519, stacked with the side chain of 

H53CDR H2. (B) Frequency of N-terminal amino acids of the fusion peptide. Red, most 

prevalent; blue, second-most prevalent; green, third-most prevalent; black, pooled rare 

residues; gray, sequence gap. (C) VRC34.01 neutralization of BG505 Env pseudoviruses 

containing fusion-peptide mutations. Variants displaying more than 75% neutralization at 

highest antibody concentration were termed “tolerated”; variants showing less than 75% 

neutralization were termed “affected.” Mean and SD of three independent experiments are 

shown. (D) Maximum percentage neutralization by VRC34.01 against 206 HIV-1 Env 

pseudoviruses grouped according to their fusion-peptide sequences (25). Each dot 

represented one Env pseudovirus. Results were based on serial dilutions, starting at 50 μg/ml 

of VRC34.01. For each group, the percentage of viruses with a maximum neutralization 

greater than 75% is indicated on top, with the bar showing the median and interquartile 

range in red.
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Fig. 3. VRC34.01 engages prefusion closed HIV-1 Env and inhibits CD4-induced rearrangements
(A) Neutralization of JR-FL by indicated antibodies in which parallel virus-antibody 

mixtures were either pelleted and unbound antibody removed (washed, red lines) or not 

pelleted and antibody not removed (unwashed, black lines) before infection of TZM-bl cells. 

Representative data from one of three independent experiments are shown. The mean and 

SD inhibitory concentration (IC50 and IC80) values are shown in table S3. (B) Affinity of 

interaction of indicated antibodies with BG505 SOSIP.664 (10) or stabilized DS-SOSIP.664 

(7). Standard errors from global fit of sensorgrams, obtained from independent injections of 

different concentrations of analyte, to a 1:1 Langmuir binding model are reported. Data sets 

are representative of at least two independent experiments. (C) Binding of BG505 SOSIP.

664 to CD4, either alone or in the presence of antibodies (36). Mean and SD of three 

independent experiments are shown. (D) Influence of antibody on virus-cell attachment (37). 

Mean % MFI and SD of four independent experiments are shown. (E) smFRETanalysis of 

VRC34.01 incubation with JR-FL Env on native virions shows an increase in the high-FRET 

state, which is associated mechanistically with a required intermediate in the HIV-1 entry 

pathway (24, 38). N is the number of FRET traces analyzed. (F) Influence of antibody on 

the CD4-induced activation of BG505 SOSIP.664. Activation of SOSIP was monitored by 

assessing binding to the CD4-induced antibody, 17b, at different time points (39). 

Representative data of three independent experiments are shown.
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Fig. 4. Fusion peptide accessibility and position relative to viral membrane
(A) Superposed EM map of the BG505 SOSIP.664-VRC34.01 complex and that of HIV-1 

Env trimers reconstructed from their membrane-bound context (EMDB 5019 and 5022) 

(gray meshes). Fab VRC34.01 bound to BG505 SOSIP.664, as extracted from the ternary 

complex crystal structure, was docked and shown in ribbon representation with VRC34.01-

contacting fusion peptide (512 to 519) in red spheres. (B) Fusion peptide in the context of a 

molecular dynamic simulation of fully glycosylated HIV-1 Env trimer. The degree of solvent 

exposure of each residue in the fusion peptide is depicted on a blue-to-yellow color scale, 

with antibody-contact surface and total surface area shown for context. (C) Range of 

distance to the viral membrane for each residue of the HIV-1 fusion peptide over the course 

of the molecular dynamics simulation. The median distance for each residue is represented 

as a horizontal line in each box. The mean value is represented as a small filled box. The 

height of each box is set by the 25th and 75th interquartile range, and the whiskers are 

determined by the 5th and 95th percentiles. The minimum and maximum distances for each 

residue over the length of the simulation is represented as “x.” See fig. S23 for an analysis of 

immune recognition of fusion peptide in other type 1 viral fusion machines.
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