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Abstract

The site on HIV-1 gp120 that binds to the CD4 receptor is vulnerable to antibodies. However, 

most antibodies that interact with this site cannot neutralize HIV-1. To understand the basis of this 

resistance, we determined co-crystal structures for two poorly neutralizing, CD4–binding site 

(CD4BS) antibodies, F105 and b13, in complexes with gp120. Both antibodies exhibited approach 

angles to gp120 similar to those of CD4 and a rare, broadly neutralizing CD4BS antibody, b12. 

Slight differences in recognition, however, resulted in substantial differences in F105- and b13-

bound conformations relative to b12-bound gp120. Modeling and binding experiments revealed 

these conformations to be poorly compatible with the viral spike. This incompatibility, the 
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consequence of slight differences in CD4BS recognition, renders HIV-1 resistant to all but the 

most accurately targeted antibodies.

More than 25 years after the discovery of HIV-1, an effective vaccine remains elusive. In 

this time, an estimated 60 million individuals have been infected by HIV-1, and ∼20 million 

have died (1). Identification of a site on the HIV-1 gp120 envelope glycoprotein that is 

vulnerable to neutralizing antibodies (2), along with the discovery that a major 

subpopulation of individuals infected with HIV-1 develops broadly effective antibodies 

against this site (3–7), has provided both a vaccine target and evidence that it is possible to 

induce broadly neutralizing antibodies in humans. The site of vulnerability corresponds to 

the initial site of attachment between gp120 on the viral spike and the CD4 receptor on the 

host cell. However, most CD4–binding site (CD4BS) antibodies do not effectively neutralize 

HIV-1 (8–10).

The HIV-1 gp120 envelope glycoprotein contains a number of features that help evade 

humoral immunity, including variable loops (11), N-linked glycosylation (12, 13), and 

conformational flexibility (14). How the initial site of CD4 attachment is protected, 

however, remains unclear. Of the variable loops, only one (V5, the least variable) is in close 

proximity, and the site itself is relatively conserved in sequence. N-linked glycosylation, 

meanwhile, surrounds half the site, though the site itself is free of glycosylation. In addition, 

though gp120 is conformationally flexible, the site of initial CD4 attachment is 

conformationally inert. In our experiment, we characterized neutralization breadth and 

potency for a panel of CD4BS antibodies, measured binding to gp120 variants with altered 

sites of CD4 binding, and determined co-crystal structures for two of these antibodies: (i) 

F105 (15) in complex with a YU2 gp120 core with V3 and (ii) b13 (16) in complex with an 

HXBc2 core stabilized to retain the CD4-bound conformation. The results show in atomic 

detail how the conformational flexibility of gp120 facilitates a decoy strategy that misdirects 

the humoral immune response.

To guide vaccine development, panels of reference HIV-1 isolates have recently been 

defined (17, 18). Tier 1 viruses are relatively easy to neutralize, whereas those in tier 2 are 

more difficult, and neutralization of tier 2 viruses is thought to be a necessary bar that an 

effective HIV-1 vaccine needs to surpass. To define the efficacy of CD4BS antibodies 

against these strains, we tested 10 CD4BS monoclonal antibodies, including the broadly 

neutralizing antibody b12 (19–21). Although CD4BS antibodies could neutralize diverse tier 

1 viruses, except for antibody b12, they were largely ineffective against tier 2 isolates (table 

S1) (22).

To understand the inability of most CD4BS antibodies to neutralize tier 2 viruses, we 

employed robotic and variational techniques (23, 24) to crystallize a CD4BS antibody in 

complex with gp120. We assessed more than 10,000 crystallizations of 11 CD4BS 

antibody–gp120 complexes, including four variants of gp120, five CD4BS antibodies, and 

two V3-directed antibodies (table S2). Diffraction data to 2.9 Å resolution were collected 

from an R32 crystal of the antigen-binding fragment (Fab) of antibody F105 in complex 

with a YU2 gp120 core containing an intact V3. Structure solution of the two complexes in 

the asymmetric unit was accomplished by molecular replacement (25), and refinement to 
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Rcryst 20.2% (Rfree 24.3%) defined the F105-gp120 structure, for all except gp120 residues 

302 to 326 and 396 to 411, which correspond to the flexible V3 and V4 regions, respectively 

(Fig. 1A, fig. S1, and table S3).

Overall, F105 binding to gp120 occurred primarily through heavy-chain interactions, which 

were similar in many respects to those of CD4. Instances of precise mimicry were observed, 

for example, between Arg100F of F105 and Arg59 of CD4, both of which make analogous 

hydrogen bonds to Asp368 of gp120 (Fig. 1C) (26). The approach angle of F105 was also 

comparable to that of CD4 (fig. S2); the F105-heavy chain resided 18% more within the 

CD4 envelope of approach than that of b12 (27). Moreover, F105 recognized a conformation 

in gp120 similar to that induced by CD4 (Fig. 1B); superposition of the inner and outer 

domains of core gp120 in F105 and CD4-bound conformations showed a root mean square 

deviation (RMSD) in Cα-positions of 1.97 Å, only about twice the RMSD of 0.78 Å 

between HIV-1 gp120 cores from strains HXBc2 and YU2, when both are bound to CD4. 

One critical part of gp120, however, the four-stranded “bridging sheet” (Fig. 2), was 

considerably altered from the CD4-bound state. All four strands of the sheet were displaced 

to uncover a hydrophobic surface (Fig. 2A), which served as a focus of F105 binding.

To assess the necessity and generality of access to this hydrophobic surface for CD4BS 

antibodies, we mutationally tethered the loop between strands β20 and β21 of the bridging 

sheet to the α1 helix by creating a disulfide bond between residues 109 and 428 (28). A 

monomeric 109-428 disulfide variant was recognized at close to wild-type levels by CD4 

and CD4-induced antibodies, 17b and m6. In contrast, binding was ablated to eight of the 

CD4BS antibodies, and only b12 and b13 were able to recognize the 109-428 variant (tables 

S4 and S5). The results suggest that most CD4BS antibodies rely on access to the 

hydrophobic surface under the bridging sheet (29). Such access necessitates movement of 

bridging-sheet strands β20 and β21, which abut the initial site of CD4 attachment, as well as 

of the neighboring strands, β2 and β3, from which the V1/V2 loops emanate. With F105 

bound, the tip of the V1/V2 stem shifts up to 40 Å, with respect to the equivalent region in 

the CD4-bound state (fig. S3).

To model the consequences of the F105-recognized alteration of the bridging sheet in the 

context of the oligomeric viral spike, we used the cryo–electron microscopy (EM) 

tomograms of the viral spike from the BaL isolate of HIV-1 (Fig. 2C) (30). In the BaL spike 

tomograms of CD4- and b12-bound states, ligand positions were used to orient placement of 

gp120 atomic-level models. We used these atomic-level models as guides for placement of 

the F105-bound conformation of gp120. Major clashes between equivalent protomers 

around the trimer threefold were predicted for expected positions of V1/V2 stem (Fig. 2C) 

(31). Although the precise displacement of the bridging sheet probably depends on antibody 

particulars, because of the constrained location of this sheet and especially of the V1/V2 

stem and its proximity to neighboring protomers at the trimer interface, displacement from 

the CD4-proximal face of gp120 probably results in a clash in the oligomeric context. Thus, 

CD4BS antibodies that access the hydrophobic region under the bridging sheet recognize or 

induce conformations in gp120 that are poorly compatible with the functional viral spike 

(32).
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Unlike other CD4BS antibodies, antibody b13 showed substantial, though reduced, binding 

to the 109-428 variant. In addition, b13, like b12, was able to recognize an outer domain–

only variant of gp120 (tables S4 and S5). To understand how b13 recognizes both 109-428 

and outer domain–only variants of gp120 (yet still cannot effectively neutralize HIV-1), we 

again turned to crystallography. In light of our difficulty in obtaining CD4BS antibody–

complex crystals with unconstrained versions of gp120, we crystallized the Fab of b13 with 

a 2-disulfide variant of gp120, which we had previously crystallized with b12 (crystals were 

also obtained with an outer domain–only variant, but these were not suitable for analysis) 

(2). The crystals formed in two space groups, C222 and C2221, which diffracted to 

minimum Bragg spacings of 2.5 and 3.2 Å, respectively. We determined the structures of 

both by molecular replacement and refined to Rcryst values of 17.8 and 19.6% (Rfree values 

of 23.9 and 23.7%), respectively (table S3). We describe the higher-resolution C222 

structure, which is depicted in Fig. 1D.

Antibody b13 bound gp120 similarly to antibody b12 (Fig. 1E). A rotation of only 17° 

would superimpose the variable portions of these two antibodies precisely (table S6). With 

b13, as with b12, heavy chain–only recognition was employed, with the central focus of the 

b13–complementarity determining loops on the CD4-binding loop of gp120 (Fig. 1F) (33). 

Despite this overall similarity in antibody recognition, the 17° difference in recognition 

moved the b13 epitope 6 Å toward the bridging-sheet region. This lead to a 13 Å movement 

in strands β20 and β21 of gp120. The β20–β21 movement was amplified by a more dramatic 

alteration in the neighboring β2–β3 strands, which twisted 152° from the CD4-facing side to 

the “back”-side of gp120. As the connection between strands β2 and β3 extends into V1/V2, 

we would expect such a change to be even more pronounced in the context of a full-length 

V1/V2 loop. Modeling the consequences of the ligand-induced alteration on the EM 

tomograms of the HIV-1 BaL isolate revealed substantial clashes between equivalent 

protomers around the trimer threefold to achieve the expected positions of V1/V2 in the 

b13-bound conformation (Fig. 2C) (34). Because the precise conformation observed in the 

monomeric crystal structure containing the flexible V1/V2 stem may not reflect solution or 

oligomeric behavior, we tested binding for the panel of CD4BS antibodies to an uncleaved 

form of the ectodomain (gp140) appended to a trimerization domain to confirm clash 

predictions (35). We did this for two primary isolate-derived variants, though because of 

avidity effects, we only measured on-rates. CD4 and b12 showed on-rates that were reduced 

four- to sixfold from that of gp120, whereas all other CD4BS antibodies showed more 

substantially reduced on rates (tables S4 and S7). We also measured binding to cell-surface 

viral spikes from the primary HIV-1 isolate JR-FL, in cleaved and uncleaved states, as the 

cell-surface cleaved state more accurately mimics the functional viral spike (36). CD4 and 

antibody b12 recognized cleaved and uncleaved spikes with similar affinity, whereas all 

other CD4BS antibodies showed markedly reduced recognition of the cleaved state (fig. S4). 

Thus, despite similarities in epitopes recognized by F105 and b13 and those recognized by 

CD4 and b12 (Fig. 3 and fig. S3), small differences in recognition induced [or selected (32)] 

more substantial differences in gp120 conformation. In particular, both F105 and b13 

recognized conformational shifts in the position of the V1/V2 stem, resulting in a V1/V2 

orientation poorly compatible with the functional viral spike. As functional viral spikes, 

which contain the properly formed attachment site, are an immunogenic minority—with 
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monomeric gp120 and viral debris in vast abundance—such conformational diversity begins 

to explain why CD4BS antibodies are frequently elicited but do not neutralize.

Our results reveal how induced conformation can modify the recognition of a site that is 

itself conformationally invariant. This mechanism represents a twist on that of 

conformational masking (37), whereby the virus uses quaternary constraints to resist 

conformational changes required for exposure or formation of a particular antibody epitope 

(and thereby resists binding of and neutralization by that particular antibody). 

Conformational masking was previously shown for epitopes like the CD4- and co-receptor–

binding sites on HIV-1, neither of which is fully formed in the nascent viral spike, or the V3, 

which is not accessible on most primary isolates. With the initial site of CD4 attachment, 

however, the target site is fully formed, reasonably accessible, and conformationally inert. 

However, the bridging sheet and V1/V2 loops detect and amplify any recognition that strays 

outside the target site (Fig. 3 and fig. S3). Should an antibody stray, even by just a few 

angstroms, then gp120 conformational changes that are poorly compatible with the 

functional viral spike become a constraining factor for binding and neutralization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Co-crystal structure of antibodies F105 and b13 in complex with HIV-1 gp120. (A) Fab 

F105 in complex with a YU2 gp120 core with intact V3. Polypeptide chains are depicted in 

ribbon representation, with F105 in dark and light blue for heavy and light chain, 

respectively, and gp120 in red (with β20/β21 and V1/V2 stem highlighted in green and cyan, 

respectively). (B) Cα-backbone traces for F105- and CD4-bound conformations of gp120. 

The F105-bound structure corresponds to the core with V3 determined here, whereas the 

YU2 structure corresponds to the original core, with V3 truncation (46). Dashed lines 

correspond to the disordered V3 (fig. S1) and V4 regions. (C) Similarities in recognition of 

Asp368 of gp120 by Arg100F of F105 (blue) and Arg59 of CD4 (yellow) (47). (D) Fab b13 in 

complex with an HXBc2 gp120 core restrained to be in the CD4-bound state. Polypeptide 

chains are depicted in ribbon representation with b13–heavy chain in purple, light chain in 

gray, and gp120 colored as in (A). (E) Cα-backbone traces for heavy chain of antibody b12 

(green) and antibody b13 (purple) in complexes with gp120 (red) after gp120-outer domain 

superposition. (F) Heavy-chain complementarity-determining regions (CDRs) for b13 

(purple) and b12 (green) binding the CD4-binding loop (red) of gp120.
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Fig. 2. 
Epitopes, bound conformations, and trimer modeling. (A) Epitope hydrophobicity. The 

surface of gp120 is shown in gray, with hydrophobic residues highlighted in green. Binding 

surfaces for CD4, F105, b12, and b13 are outlined in orange. (B) Ligand-bound 

conformation of gp120. Polypeptides of gp120 are depicted in ribbon representation with 

inner domains shown in light gray, outer domains in dark gray, and regions that in the CD4-

bound state correspond to the bridging sheet shown in red. Residues 109 and 428 are 

highlighted in blue and shown in stick representation. (C) Viral spike compatibility. Density 

maps derived from the cryo–electron tomography of HIV-1 BaL isolate spike are shown in 

gray for CD4 and 17b- and b12-bound states (first and third from left, respectively), along 

with optimal fits of atomic-level models (30). To model F105- and b13-bound forms of 

gp120 into likely viral spike orientations, the invariant β-sandwich of the gp120 inner 

domain was superimposed. Likely clashes of V1/V2 in the superimposed conformation with 

neighboring protomers close to the trimer axis are highlighted in light blue.
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Fig. 3. 
Immune evasion at the site of initial CD4 attachment. (A) Recognition similarity. Centers of 

recognition for CD4, F105, b12, and b13. After superposition of gp120 outer domains, the 

centers of the recognition surface of each ligand on gp120 is denoted by balls for CD4 

(yellow), F105 (blue), b12 (red), and b13 (purple). (B) Immune evasion. The initial site of 

CD4 attachment (cross-hatched yellow surface) is circumscribed by a combination of glycan 

(green) and conformational constraints. The surface on gp120 recognized by F105, b12, and 

b13 (that strays beyond the site of CD4 attachment) is shown in blue, red, and purple, 

respectively. Glycosylation sterically crowds the immune response toward the bridging-

sheet region (blue surface that F105 recognizes) or toward the V3 region (purple surface that 

b13 recognizes) (48). In either case, recognition of these regions of gp120 results in 

antibody-bound conformations of gp120 that are poorly compatible with the functional 

spikes of HIV-1 virions from tier 2 primary isolates.
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