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ABSTRACT Human immunodeficiency virus type 1 (HIV-1) envelope (Env), a hetero-
trimer of gp120-gp41 subunits, mediates fusion of the viral and host cell membranes after
interactions with the host receptor CD4 and a coreceptor. CD4 binding induces rearrange-
ments in Env trimer, resulting in a CD4-induced (CD4i) open Env conformation. Structural
studies of antibodies isolated from infected donors have defined antibody-Env interac-
tions, with one class of antibodies specifically recognizing the CD4i open Env conforma-
tion. In this study, we characterized a group of monoclonal antibodies isolated from HIV-
1 infected donors (V2i MAbs) that displayed characteristics of CD4i antibodies. Binding
experiments demonstrated that the V2i MAbs preferentially recognize CD4-bound open
Env trimers. Structural characterizations of V2i MAb-Env-CD4 trimer complexes using sin-
gle-particle cryo-electron microscopy showed recognition by V2i MAbs using different
angles of approach to the gp120 V1V2 domain and the b2/b3 strands on a CD4i open
conformation Env with no direct interactions of the MAbs with CD4. We also character-
ized CG10, a CD4i antibody that was raised in mice immunized with a gp120-CD4 com-
plex, bound to an Env trimer plus CD4. CG10 exhibited characteristics similar to those of
the V2i antibodies, i.e., recognition of the open Env conformation, but showed direct con-
tacts to both CD4 and gp120. Structural comparisons of these and previously character-
ized CD4i antibody interactions with Env provide a suggested mechanism for how these
antibodies are elicited during HIV-1 infection.

IMPORTANCE The RV144 HIV-1 clinical vaccination trial showed modest protection
against viral infection. Antibody responses to the V1V2 region of HIV-1 Env gp120 were
correlated inversely with the risk of infection, and data from three other clinical vaccine tri-
als suggested a similar signal. In addition, antibodies targeting V1V2 have been correlated
with protections from simian immunodeficiency virus (SIV) and simian-human immunode-
ficiency virus (SHIV) infections in nonhuman primates. We structurally characterized V2i
antibodies directed against V1V2 isolated from HIV-1 infected humans in complex with
open Env trimers bound to the host receptor CD4. We also characterized a CD4i antibody
that interacts with CD4 as well as the gp120 subunit of an open Env trimer. Our study
suggests how V2i and CD4i antibodies were elicited during HIV-1 infection.

KEYWORDS CD4i antibody, CG10 antibody, HIV-1 Env, V2i MAb, monoclonal
antibodies

The HIV-1 envelope glycoprotein (Env), the only viral protein on the surface of the
virus, interacts with target cells to mediate fusion between the viral and host cell

membranes, a process that marks the initiation of HIV-1 infection (1–3). The trimeric
Env is composed of three copies of gp120-gp41 heterodimers (1). To infect cells, the
gp120 subunit interacts with the host cell receptor CD4 and undergoes a series of con-
formational changes that lead to the exposure of the binding site for a host cell core-
ceptor, either CCR5 or CXCR4 (4, 5). Env binding to its coreceptor results in further
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changes, including the insertion of the gp41 N-terminal fusion peptide into the host
cell membrane and subsequent fusion of the viral and host cell membranes (1).

Soluble versions of HIV-1 Env ectodomains that were stabilized in a closed, prefu-
sion conformation (SOSIP.664 trimers) (6) have been used to characterize interactions
between antibodies and Env in the presence and absence of soluble CD4 (sCD4) (7),
with the clade A BG505 SOSIP (6) and the clade B B41 SOSIP (8) being commonly used
in structural studies. Structural characterizations using X-ray crystallography or single-
particle cryo-electron microscopy (cryo-EM) depicted different conformational states
(Fig. 1), including (i) a closed, prefusion state in which the gp120 V1V2 region is posi-
tioned at the trimer apex, shielding the V3 loop and the coreceptor binding site (7, 9–
11), (ii) an “occluded open” state in which the trimer is open due to outward rotation
of the gp120 protomers, but with no local structural rearrangements in the V1V2 and
V3 regions with respect to the remainder of the gp120 subunit (12, 13), and (iii) a CD4-
induced, fully open state in which the gp120 protomers rotate outwards with the V1V2
region displaced by ;40 Å to the sides of the trimer, exposing V3 and the coreceptor
binding site (12, 14, 15).

HIV-1 Env is targeted by various types of antibodies, including rare broadly neutral-
izing antibodies (bNAbs) that neutralize multiple HIV-1 strains (16). Although the epi-
topes of bNAbs have been mapped to the closed, prefusion Env trimer (7) and an
occluded-open Env conformation (12, 13), one class of antibodies, CD4-induced (CD4i)
antibodies, recognize Env regions that are exposed as a result of Env conformational
changes induced by CD4 binding (17). CD4i antibodies are not considered bNAbs
because they are not very potent neutralizers, perhaps because their epitope is hidden
on the ligand-free, closed-conformation trimer and/or because of the limited steric
accessibility of the epitope when the viral Env is attached to CD4 on the host cell (18).
However, because they bind to relatively conserved regions of gp120, these antibodies
tend to recognize multiple HIV-1 strains (19–23) and can mediate antibody-dependent
cellular cytotoxicity (ADCC) (24).

FIG 1 HIV Env trimers can adopt several conformational states. Env gp120 subunits are light gray, gp41 is dark
gray, V1V2 regions are orange, and V3 is blue. HIV-1 Envs in different conformational states are shown in side
(top) or top (bottom) views. (Left) Closed, prefusion Env trimer conformation with gp120 V1V2 at the apex of
the trimer (PDB code 5CEZ); (middle) occluded open conformation with outwardly rotated gp120 protomers
but no local structural rearrangements in V1V2 or V3 (PDB code 7TFN); (right) CD4-bound fully open
conformation (sCD4 not shown) with V1V2 regions largely disordered and displaced from the trimer apex to
the sides of the trimer and the V3 base fully exposed with the remainder of V3 disordered (PDB code 6U0L).
Regions that were buried in a closed Env conformation (left) but exposed in the sCD4-bound open
conformation (right) are indicated by green shading inside a dotted black oval.
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CD4i antibodies were initially structurally characterized as complexes of an antibody
Fab bound to a monomeric gp120 core that contained truncations in the N and C ter-
mini, V1V2 and V3 loops, as first demonstrated in the structure of gp120 complexed
with the CD4i antibody 17b and sCD4 (25). The CD4i epitopes on a monomeric gp120
core are located near the base of the V3 loop and the gp120 bridging sheet, a four-
stranded anti-parallel b-sheet comprising the gp120 b20 and b21 strands and the b2
and b3 strands at the base of V1V2. The anti-parallel four-stranded bridging sheet
(b20-b21-b2-b3) configuration was later observed in sCD4-bound, open-conforma-
tion SOSIP Env trimer structures (12, 14, 15, 26). However, the first closed-conformation
SOSIP Env trimer structures showed a rearranged three-stranded bridging sheet in
which the b2 and b3 gp120 strands switched positions from the four-stranded bridg-
ing sheet conformation to a three-stranded conformation in which b21 is parallel to
the b3 strand and b2 adopts a helical conformation on the opposite side of b3 (9, 10).
The three-stranded sheet conformation has subsequently been observed in Env trimer
structures lacking bound sCD4 (7). Although an Env trimer-sCD4-coreceptor structure
is not yet available, CD4i antibodies mimic host coreceptors in that they require confor-
mational changes within Env for binding. Some CD4i antibodies, e.g., E51 and 412d,
mimic the N-terminal residues of the CCR5 coreceptor by including sulfotyrosines in
their heavy chain complementarity-determining region 3 (CDRH3) regions (15, 27, 28).

The gp120 V1V2 region induces antibodies in infected individuals (29), and results
from the RV144 clinical vaccine trial indicated that antibody responses against the
V1V2 region correlated inversely with the risk of infection (30, 31). Data from three
additional human vaccine trials also suggested a role for V1V2 antibodies in reducing
the risk of HIV infection (32–34). Multiple V1V2-specific antibodies have been isolated
from HIV-1 donors (35). Structures of Env complexed with V1V2 bNAbs, e.g., CAP256-
VRC26.25 (36, 37) and PG9 (38, 39), showed a single Fab binding to the apex of a closed
Env trimer. Other antibodies that recognize the V1V2 region, V2i antibodies, e.g., 697D,
1361, 1393A, and 830A, were isolated from HIV-infected human donors and recognize
conformational epitopes on gp120 but not V2 peptides (40–44). These antibodies are
primarily derived from the VH1-69 gene segment and exhibit weak cross-neutralizing
activity against neutralization-sensitive pseudotyped viruses (40–44). Given that the
monomeric gp120 core in gp120-CD4i antibody complexes adopts the bridging sheet
conformation found in the gp120s of open-conformation sCD4-Env trimer-CD4i anti-
body complexes (25), we investigated whether V2i monoclonal antibodies (MAbs) tar-
get the Env V1V2 region similarly to CD4i antibodies that recognize open-conformation
Envs. Here, we present single-particle cryo-EM structures of V2i MAbs in complex with
an sCD4-bound open SOSIP Env. For comparison, we also structurally characterized
CG10, a CD4i antibody isolated from a gp120-sCD4-immunized mouse that was devel-
oped to characterize conformational rearrangements of gp120 associated with recep-
tor binding (45, 46). Here, it is demonstrated that CG10 can directly engage both
gp120 and CD4 in an open Env trimer-sCD4 complex. The structures demonstrate a va-
riety of binding poses for these antibodies, all of which can be classified within the
CD4i class of antibodies that recognize an sCD4-bound open Env trimer conformation.

RESULTS
Binding experiments demonstrate that V2i MAbs require sCD4 for recognizing

Env trimer. To investigate whether V2i MAbs recognize closed or sCD4-bound open
Envs, we evaluated binding of V2i antibody Fabs to either a ligand-free, closed B41
SOSIP Env trimer or a sCD4-bound open trimer. C-terminally tagged soluble SOSIP
trimers were immobilized on an enzyme-linked immunosorbent assay (ELISA) plate
using an anti-tag antibody, and the binding of a V2i Fab to trimer was subsequently
detected in the presence or absence of sCD4 (Fig. 2A). As a positive control for CD4i
antibody binding, we used a Fab from 17b, whose epitope is buried in a closed Env
trimer but exposed in an open trimer and on gp120 monomers (12, 14, 25). As
expected, 17b showed enhanced binding in the presence of sCD4 (Fig. 2B). The same
behavior was observed for Fabs from V2i MAbs 1361, 1393A, 830A, and 697D (40–44);
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FIG 2 ELISAs demonstrate that V2i MAb Fabs preferentially recognize the sCD4-induced open conformation of B41 Env. (A) Schematic view of an ELISA in
which D7324-tagged B41 SOSIP trimer was captured by the anti-D7324 antibody JR-52 (6), and V2i Fabs were added in the absence (sCD42, left) or
presence (sCD41, right) of sCD4. (B) Positive control demonstrating preferential binding of the CD4i 17b Fab in the presence of sCD4. (C) Binding of the
indicated V2i Fabs to B41 Env in the presence and absence of sCD4.
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thus, maximal binding was observed in the presence of sCD4. These observations sug-
gest that these V2i MAbs recognize the Env trimer similarly to CD4i antibodies,
whereas anti-V1V2 bNAbs such as CAP256-VRC26.25 or PG9 recognize the closed Env
conformation (36–39). In contrast to the other V2i antibodies, 830A exhibited weak
binding to the sCD4-free, closed conformation trimer (Fig. 2C).

V2i MAbs bind to the CD4-induced open Env conformation. To further investi-
gate the recognition mechanism of V2i MAbs, we structurally characterized V2i Fabs
complexed with an sCD4-bound SOSIP trimer. We prepared complexes for single-parti-
cle cryo-EM by incubating a V2i Fab with SOSIP trimer and sCD4, initially starting with
B41 Env trimers but switching to BG505 SOSIPs upon finding improvements in resolu-
tion for complexes with BG505. Structures of V2i Fab-BG505-sCD4 complexes were
reconstructed to 7.5 Å, 6.1 Å, 7.0 Å, and 7.3 Å overall resolutions for Fabs 1393A, 1361,
697D, and 830A, respectively (see Fig. S1 and Table S1 in the supplemental material).
Although these resolutions prohibited analyses of detailed side chain interactions, we
could identify the polypeptide backbones and improve the quality of map densities at
the Fab-gp120 interaction regions using local refinement methods (47, 48). To gener-
ate coordinates, we fitted the structure of an asymmetrically open BG505 Env trimer
bound to sCD4 (PDB code 6U0L [15]) into the EM maps. To generate Fab coordinates,
we used a crystal structure of 830A Fab (PDB code 4YWG) as a template (49), aligned
its sequence to those of other V2i Fabs, replaced side chains that differed using polya-
lanine, and subsequently fit the Fab models into their respective EM maps.

Density maps of V2i Fab-BG505-sCD4 complexes showed that the Envs in all four
structures adopted a fully open sCD4-bound Env conformation (12, 14, 15) in which
the three gp120 protomers were rotated and displaced from the trimer 3-fold axis to
expose the central region of Env and the V1V2 regions were displaced from the trimer
apex to the sides of the Env to expose a largely disordered V3 region (Fig. 3). In all four
V2i Fab-Env-sCD4 structures, the V2i Fab contacted the V1V2 region as well as the anti-
parallel b2 and b3 strands of the four-stranded bridging sheet (Fig. 3 and 4). Since
these regions are not accessible in the closed prefusion or occluded-open Env confor-
mations (Fig. 1), these V2i antibodies are predicted to recognize only the open, sCD4-
bound conformation of Env.

Antibodies 1393A and 1361 approached the gp120 b2/b3 strands and the V1V2
regions nearly vertically from the apex of an open trimer, with their VH-VL domains fac-
ing downward (Fig. 3A, top). The angles of approach for 1393A and 1361 were compa-
rable to those of CD4i Fabs such as 17b and E51, although the latter target the Env cor-
eceptor binding site instead of its V1V2 region (12, 14, 15). Antibody 830A recognized
a similar gp120 region yet approached the sides of the gp120 protomers, resulting in a
nearly horizontal alignment of the antibody VH-VL and CH-CL domains (Fig. 3A, bottom),
whereas antibody 697D approached the V1V2 region at an angle between that seen
for the 1393A and 1361 antibodies and for antibody 830A (Fig. 3A, bottom). Finally, a
portion of the V1V2 region (residues Gln130gp120 to Glu190gp120) that was disordered in
structures of BG505 SOSIP and B41 SOSIP Env trimers bound to sCD4 and CD4i Fabs
(e.g., 17b-B41-sCD4 [PDB code 5VN3] [12], 17b-BG505-sCD4-8ANC195 [PDB code
6CM3] [14], and E51-BG505-sCD4 [PDB code 6U0L] [15]) (Fig. 3B) was resolved in the
structures involving the 1393A and 1361 Fabs (Fig. 3A). An ordered portion of V1V2
was also observed in the 21c-B41-sCD4-8ANC195 structure (PDB code 6EDU) in which
the B41 V1V2 was stabilized by the 21c antibody light chain (14). For the 1393A- and
1361-Env complexes, the ordered portion of V1V2 was stabilized by the Fab heavy
chains (Fig. 3B and 4).

Analysis of the structure of the 830A-BG505-sCD4 complex showed that the anti-
body bound to a side of the V1V2 region that could be partially accessed in a closed
Env trimer (Fig. 4), rationalizing the ELISA results in which weak binding of 830A to an
sCD4-free, closed-conformation trimer was detected (Fig. 2C).

To the limits of their respective resolutions, we found no detectable differences in
epitopes recognized by V2i complexes with sCD4-bound BG505 or with B41 (data not
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shown), consistent with similarities of the complexes of the CD4i antibody 17b with ei-
ther sCD4-BG505 (14) or sCD4-B41 (12).

Comparison of Env trimer recognition by V2i antibodies and a stringent CD4i
antibody. V2i antibodies elicited during natural HIV-1 infection that exhibited CD4i
antibody characteristics were compared to CG10, a CD4i antibody that was elicited in a
mouse immunized with a gp120-sCD4 complex (45). Unlike most other CD4i antibod-
ies, CG10 was hypothesized to be strictly dependent on a CD4-induced conformation
of gp120, typically the result of sCD4 binding (45, 46), as seen for prototype CD4i anti-
bodies, such as 17b, that require sCD4 for binding to cell surface HIV-1 Env trimers (19)
or to soluble BG505 SOSIP Env trimers (6). The requirement of sCD4 for 17b binding to
Env is understood to reflect CD4-induced conformational changes, as the 17b Fab
showed no direct contacts with sCD4 in crystal structures of 17b-gp120-sCD4 com-
plexes or 17b-Env-sCD4 cryo-EM structures (12, 14, 25). In contrast, 21c, although
described as a CD4-relaxed CD4i antibody that bound monomeric gp120s in the ab-
sence of sCD4, some (14), but not all (50), studies showed contacts with sCD4 as well
as with gp120 in structures of both sCD4-gp120 monomer and sCD4-Env trimer com-
plexes (14, 50). To compare sCD4 requirements for V2i and CD4i antibodies that recog-
nize Env trimers, we solved a 4.1-Å cryo-EM structure of CG10 complexed with sCD4
and the clade B B41 SOSIP (Fig. 5A and Fig. S2) and a 1.4-Å crystal structure of CG10
Fab (Fig. 5B and Table S2) that was fit into the CG10-B41-sCD4 density (Fig. 5A and
Table S3).

The crystal structure of unbound CG10 Fab showed ordered complementarity-

FIG 3 V2i Fabs adopt a variety of poses to recognize Env-sCD4. Fab heavy chains (HCs) are dark blue,
light chains (LCs) are light blue, sCD4 is yellow, gp120 is light gray, gp41 is dark gray, and the
ordered portion of gp120 V1V2 is orange. (A) Structures are shown as surface representations. A
disordered V3 loop is indicated by dotted lines. (B) Surface depictions of previous CD4i Fab-Env-sCD4
complex structures: E51-BG505-sCD4 (PDB code 6U0L), 17b-BG505-sCD4-8ANC195 (PDB code 6CM3),
and 21c-B41-sCD4-8ANC195 (PDB code 6EDU).
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determining regions (CDRs) on both the antibody heavy and light chains. Comparison
of the VH-VL domains in the bound and unbound Fab structures showed that the con-
formational changes came mainly from the CDRH3 loop, while the rest of CDRs
remained similar when bound to the sCD4-B41 complex (Fig. 5C) (root mean square
deviation [RMSD] = ;1.5 Å for superimposition of 235 VH-VL Ca residues). The CG10-
B41-sCD4 complex structure revealed an unusual interaction of the CG10 Fab CDRH3
with residues from both the B41 gp120 and sCD4 in which CDRH3 residue Tyr97CG10 HC

was sandwiched between positively charged residues on gp120 (Lys432gp120) through
a cation-p interaction and sCD4 (Arg59sCD4) through a hydrogen bond (Fig. 5A). This
architecture requires the existence of positively charged residues from both gp120 and
sCD4 at their respective positions, likely explaining why CG10 was classified in the
“stringent” class of CD4i antibodies (46). The specificity of this distinct interaction was
demonstrated by binding experiments in which CG10 bound with higher affinity to
gp120s from subtype B strains such as JR-FL and YU2, compared to a gp120 from sub-
type A strain BG505 (46), which can be explained by a lysine-to-glutamine substitution
at BG505 residue 432gp120 that would disrupt the “sandwich” structure (Fig. 5A). Finally,
the structure showed limited CG10 Fab contacts with the b2/b3 V1V2 strands that are
displaced by sCD4 binding (12, 14, 15) (Fig. 5A), rationalizing previous observations
demonstrating CG10 binding to gp120 cores with V1V2 truncations (46, 51).

DISCUSSION

The RV144 HIV-1 clinical vaccine trial showed a moderate but statistically significant
decrease (31.2%) in risk of viral infection (52). In that study, a robust antibody response
against the gp120 V1V2 region was inversely correlated with the risk of infection (30,
31, 53, 54). While vaccination trials such as RV144 using monomeric gp120 immuno-
gens induced antibodies with cross-reactive profiles (30, 31), the antibodies elicited
against epitopes exposed on monomeric gp120, but buried on a closed-conformation

FIG 4 V2i Fabs contact gp120 b2, b3, and V1V2. Surface depictions of a gp120 monomer from the
indicated Fab-trimeric Env-sCD4 structure are shown with the b2, b3, and V1V2 regions highlighted.
Fab HCs are dark blue, LCs are light blue, sCD4 is yellow, gp120 is light gray, gp41 is dark gray,
gp120 V1V2 is orange, the gp120 b2 and b3 strands are teal and green, respectively, and dashed
lines indicate connections in V1V2 where density is missing in the EM maps. For the complexes with
1393A and 1361, a portion of V1V2 (orange) was stabilized by the Fab HC. (Bottom right) For the
complex with V2i Fab 830A, the b2 and b3 strands were displaced and bent upwards, and the 830A
epitope that is partially exposed in the closed Env conformation is highlighted in a red dashed oval.
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Env trimer, have weak neutralizing activity compared to that of bNAbs that target the
closed prefusion Env conformation. Nonetheless, the RV144-induced antibodies that
target the V1V2 Env domain displayed antiviral activities, such as ADCC (55). How anti-
bodies of this type can protect against viral infection has not yet been resolved; none-
theless, V1V2-specific antibodies have repeatedly been implicated in human trials as
contributing to a reduced risk of HIV infection (31–34). To better understand the nature
of these antibodies, we characterized four MAbs isolated from HIV-1-infected donors
that target the V1V2 region of gp120 and that preferentially bind gp120 monomers
rather than Env trimers (40–44). These V2i antibodies displayed little or no neutralizing
activity in vitro in the absence of sCD4 but could mediate weak but detectable neutrali-
zation in the presence of sCD4 (56). They also mediated other antiviral activities, such
as blocking of the binding of the a4b7 integrin (a receptor on a subset of CD41 T cells
that potentially facilitates HIV-1 seeding and replication in mucosae) (57–60), virus cap-
ture (61), and Fc-dependent antiviral effector functions (60).

Binding experiments suggested that the V2i antibodies preferentially recognized a
CD4-bound open Env trimer conformation (Fig. 2C). Structural analysis using single-
particle cryo-EM validated the binding results by showing that the V2i epitopes were
inaccessible in the closed prefusion Env conformation (Fig. 3 and 4). Accordingly, these
V2i antibodies can be categorized as CD4i MAbs that target the V1V2 region of sCD4-
bound Env. For comparison, we also structurally characterized a CD4i antibody, CG10,
that was isolated from a mouse that was immunized with a gp120-sCD4 complex for
the purpose of revealing potential gp120 epitopes associated with CD4 binding (45,
46). An apparently CD4-induced epitope on gp120 monomers had been generated by
gp120 binding to M2, a short peptide that bound gp120 without occluding the CD4
binding site (62). Thus, binding of CG10 to the gp120-M2 complex illustrates that CD4

FIG 5 CG10 recognizes the CD4-induced open Env conformation and interacts with both sCD4 and
gp120. (A) (Left) Surface representation of the cryo-EM structure of the CG10-B41-sCD4 complex. Env
gp120 protomers are light gray, gp41 is dark gray, sCD4 is yellow, CG10 Fab HC and LC are dark and
light blue, respectively, and V1V2 regions are orange. (Right) Close-up of CG10 residue Tyr97HC
forming an interaction network with Lys432gp120 and Arg59CD4. The gp120 four-stranded bridging
sheet is colored in brown, purple, teal, and green for the b20, b21, b2, and b3 strands, respectively.
(B) X-ray structure of the CG10 Fab with colored CDR loops and HC and LC in dark and light gray,
respectively. (C) Superimposition of the VH-VL domains of the unbound (dark and light brown for VH

and VL, respectively) and bound (dark and light green) CG10 Fab.
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itself is not absolutely required for CG10 binding to monomeric gp120. However, the
structure of CG10-B41-sCD4, a complex of an Env trimer bound to both CG10 and
sCD4, revealed a direct interaction between the antibody and sCD4, which further
explains the reported stringency of the requirement for sCD4 for binding of CG10 to
HIV-1 Env (45, 46) (Fig. 5A).

Unlike CG10, which was generated in response to recognition of an injected sCD4-
gp120 complex (45), the V2i antibodies characterized in this study were isolated from HIV-
1-infected donors, raising the question of how these antibodies were elicited since their
epitopes are not completely accessible on closed, prefusion Env trimers (Fig. 1). Here, we
propose two scenarios that could lead to the production of this type of antibody.

First, although cryo-electron tomography studies of Env conformations on HIV-1 vi-
rions show Env trimers in a closed, prefusion conformation (63–66), it is possible that
ligand-free Env trimers can transiently adopt an open conformation that mimics a
CD4-induced open conformation. This hypothesis is supported by studies of the dy-
namics of Env trimers showing structural changes occurring in the absence of CD4 that
suggest that trimers can be in equilibrium between closed and more open conforma-
tions (67). Support for this model comes from biological studies. For example, studies
focused on the Env V1V2 domain showed that the relative level of V2i MAb binding to
Env-transfected cells increases with increasing time of exposure of cells to the MAb
(56). The transient exposure of cryptic epitopes on unliganded trimers is further sup-
ported by data showing that V2i antibodies displayed an increased ability to neutralize
virus if exposure of virus to V2i antibodies is extended beyond the 1-h incubation time
typically used in in vitro neutralization experiments (56); this suggests that during the
extended incubation period, epitopes occluded in the closed trimer become exposed
for periods long enough to be recognized and bound by antibodies. These data, show-
ing that unliganded trimers can undergo transient antigenic alterations, imply that
they can also present transiently exposed epitopes as immunogenic determinants that
can induce an immune response.

A second possibility is that V2i and other CD4i antibodies are elicited by CD4-gp120
complexes on target cells that form after gp120 is shed during fusion between the
host and viral membranes, as suggested by electron tomography imaging of virus-host
cells linked by prehairpin intermediates trapped by fusion inhibitors (68) (Fig. 6). In this
scenario, CD4 binding followed by coreceptor binding to Env induces trimer opening
(Fig. 6A), formation of the prehairpin intermediate in which the Env fusion peptide is
inserted into the host cell membrane (68), and shedding of gp120 protomers (Fig. 6B).
This process would generate membrane-associated CD4-gp120 complexes that remain
on the surface of the host cell after fusion (Fig. 6B), serving as antigens that could elicit
V2i and CD4i antibodies, and could function as targets for Fc-dependent antiviral activ-
ities of V2i antibodies (60). In addition, misfolded and uncleaved Envs, as well as gp160
monomers or dimers, that could be found on the surface of virions or infected cells
might also contribute to the generation of this type of antibody.

MATERIALS ANDMETHODS
Protein expression and purification. Native-like HIV-1 Env trimers SOSIP.664 (BG505 and B41-

D7324) contained SOS mutations at positions A501Cgp120 and T605Cgp41, the IP mutation (I559Pgp41), an
improved furin cleavage site (REKR to RRRRRR), and a truncation after gp41 residue 664 (6, 8). For BG505,
an additional mutation was introduced to include a potential N-linked glycosylation site at residue
332gp120 (T332Ngp120). For B41 including the D7324 tag (6), the GSAPTKAKRRVVQREKR tag sequence was
added after residue 664 in the gp41 ectodomain. Both Env trimers were expressed in Expi293F cells as
described previously (13, 14). Transfected cell supernatants were filtered and Env trimers were purified
as described previously (13) by a 2G12 immunoaffinity column followed by size exclusion chromatogra-
phy (SEC) using a Superose 6 16/600 column (Cytiva). B41 SOSIP.664 v4.2 (8) was expressed in CHO sta-
ble cell lines kindly provided by Al Cupo and John Moore (Weill Cornell Medical College) and purified as
described for BG505 SOSIP trimers produced in Expi293F cells.

All Fabs and sCD4 proteins were expressed in Expi293F cells. Fab light chain and 6�His-tagged
heavy chain expression vectors were cotransfected and purified by nickel-nitrilotriacetic acid (Ni-NTA)
chromatography followed by Superdex 200 Increase 10/300 GL column (Cytiva) SEC as previously
described (13). The sCD4 expression vector encoded the D1D2 subunits of sCD4 (D1D2 domain residues
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1 to 186) followed by a Strep II Tag. sCD4 protein was purified by StrepTrap HP affinity columns (Cytiva)
followed by SEC using a Superdex 200 Increase 10/300 GL column (Cytiva).

ELISA for MAb binding of CD4-induced Env. ELISAs were conducted by coating Corning Costar 96-
well assay high binding plates (07-200-39) with the JR-52 MAb (kind gift of James Robinson, Tulane
University), a mouse IgG that recognizes the D7324 tag (6), at 5 mg/mL in 0.1 M NaHCO3 (pH 9.6) and
incubating at 4°C overnight. Excess JR-52 MAb was removed and plates were blocked for 1 h at room
temperature with 3% bovine serum albumin (BSA) in TBST (20 mM Tris, 150 mM NaCl, 0.1% Tween 20).
Blocking buffer was removed and D7324-tagged B41 SOSIP was added at 5 mg/mL. After a 1-h incuba-
tion at room temperature, B41-D7324 was removed. For some experiments, sCD4 was added at 100 mg/
mL and incubated for 2 h at room temperature. His-tagged Fabs were serially diluted with 3% BSA in
TBST at a top concentration of 100 mg/mL and incubated for 2 h at room temperature. Fabs were
removed and plates were washed twice with TBST. Mouse anti-His tag MAb conjugated with horseradish
peroxidase (GenScript; A00186) at a 1:8,000 dilution was added and incubated for 30 min at room tem-
perature. Plates were then washed 3 times with TBST. Colorimetric detection was accomplished using 1-
Step Ultra TMB (3,39,5,59-tetramethylbenzidine)-ELISA substrate solution (Thermo Fisher Scientific;
34029), and color development was quenched with 1.0 N HCl. Absorption was measured at 450 nm. Two
independent biological replicates for each ELISA were performed.

Cryo-EM sample preparation. V2i Fab-BG505-sCD4 and CG10-B41-sCD4 complexes were prepared
by incubating purified and concentrated Fabs with soluble trimers and sCD4 at a molar ratio of 3.6:1:3.6
Fab/Env/sCD4 at room temperature for 4 h. A final concentration of 0.02% (wt/vol) fluorinated octylmal-
toside (Anatrace) was added to samples before cryopreservation. Cryo-EM grids were prepared using a
Mark IV Vitrobot (Thermo Fisher) operated at 12°C and 100% humidity. A 2.5-mL volume of concentrated
sample was applied to 300-mesh Quantifoil R1.2/1.3 grids, incubated for 20 s, and blotted for 4 s, and
grids were then plunge frozen in liquid ethane that was cooled by liquid nitrogen.

FIG 6 Model of postinfection formation of CD4-gp120 complexes on the host cell. (A) Open-
conformation Env trimer (light and dark gray with fusion peptide in red and the N terminus of gp41
in cyan) on a viral membrane after binding to the host cell CD4 (yellow) on the host membrane. (B)
Model of the prehairpin intermediate structure linking the viral and host cell membranes that is
formed after host cell coreceptor binding (68). As potential targets to elicit V2i and CD4i antibodies
during HIV-1 infection, cell surface CD4-gp120 complexes formed after gp120 shedding (black arrows)
are shown on the host cell membrane.
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Cryo-EM data collection and processing. Cryo-grids were loaded onto a 300-kV Titan Krios electron
microscope (Thermo Fisher) equipped with a GIF Quantum energy filter (slit width 20 eV) operating at a
�105,000 magnification (nominal). Defocus ranges for all complexes were set to 1.8 to 3.0 mm. Movies
for 1393A, 1361, 697D, and 830A complexes were recorded with a 6k � 4k Gatan K3 direct electron de-
tector operating in superresolution mode with pixel size of 0.416 Å�pixel21 using SerialEM v3.7 software
(69); movies for the CG10-BG505-sCD4 complex were recorded with a 4k � 4k Gatan K2 Summit direct
electron detector operating in superresolution mode with a pixel size of 0.695 Å�pixel21. The recorded
movies were sectioned into 40 subframes with dose rate of 1.5 e2/Å2�subframe, generating a total dose
of 60 e2�Å2. Totals of 3,239 (1393A-BG505-sCD4), 2,412 (1361-BG505-sCD4), 2,340 (697D-BG505-sCD4),
1,872 (830A-BG505-sCD4), and 3,528 (CG10-B41-sCD4) movies were motion corrected using MotionCor2
(70) with 2� binning, and contrast transfer functions (CTFs) of the motion-corrected micrographs were
calculated using CTFFIND v4.1.14 (71). Particles were automatically picked in cryoSPARC v3.2 (47) using
the “Blob picker” program and classified using the “2D classification” program. Good 2D classes were
selected for a second iteration of reference-free 2D classification. Ab initio models were generated and
were subsequently refined with 3D refinements in cryoSPARC v3.2 (47, 48). 3D Fourier shell correlation
(FSC) of maps was calculated using the remote 3DFSC processing server as described previously (72).
The quality of EM map densities for Fab-gp120 interfaces was slightly improved using the cryoSPARC
“Local refinement,” in which particle alignments were focused on one protomer of a Fab-gp120-sCD4
complex (47, 48).

X-ray crystallography. Crystallization screens for CG10 Fab were carried out using the sitting drop
vapor diffusion method at room temperature by mixing the Fab with an equal amount of screen solution
(Hampton Research) using a TTP Labtech Mosquito automatic pipetting robot. CG10 Fab crystals were
obtained in 14% (wt/vol) polyethylene glycol 4000 (PEG 4000)–0.1 M morpholineethanesulfonic acid (MES;
pH 6.6) at room temperature. Crystals were looped and cryopreserved in liquid nitrogen.

X-ray diffraction data were collected using a Pilatus 6M detector (Dectris) at Stanford Synchrotron
Radiation Lightsource (SSRL) beamline 12-2 at a wavelength of 1.0 Å. Data were indexed, integrated and
scaled in XDS (73, 74), and merged with AIMLESS v0.7.4 (75). The CG10 Fab structure was determined by
molecular replacement using PHASER v2.8.2 (76) using a mouse antibody with separated VH-VL and CH-
CL domains as the search models (PDB code 4CMH). Coordinates of the Fab were refined using Phenix
v1.19.2 (77, 78) and iterations of manual refinement using Coot v0.9 (79) (Table S1).

Model building. For V2i Fab-BG505-sCD4 complexes, coordinates for BG505 Env and sCD4 were fit-
ted into the corresponding regions of density maps using an open-conformation BG505 trimer structure
(PDB code 6U0L) (15). Coordinates for 830A Fab were fitted using the crystal structure of a 830A-gp120
complex (PDB code 4YWG) (49). For other V2i Fab coordinates (1393A, 1361, and 697D), residues that dif-
fered from those in 830A were replaced with polyalanines and fitted into their respective EM maps. For
the CG10-B41-sCD4 cryo-EM complex, coordinates for CG10 Fab, B41 gp120 and gp41 subunits, and
sCD4 were fitted into the corresponding regions of the EM density maps using the following coordinates
for initial fitting: sCD4, gp120 and gp41 from an open-conformation B41 SOSIP (PDB code 5VN3) (12)
and the unbound CG10 Fab (this study). Iterations of whole-complex refinements were carried out in
Phenix (real space refine) (78) and manually done using Coot (79).

Structural analyses. Structural figures were made using PyMOL v2.5.1 (Schrödinger, LLC) or ChimeraX
v1.2.5 (80). Interacting residues between CG10 Fab and B41-sCD4 were analyzed in PDBePISA (81) using the
following definitions: potential hydrogen bonds were assigned using geometric criteria of an interatomic dis-
tance of ,3.5 Å between the donor and acceptor residues and an A-D-H angle of .90°. Hydrogen atoms
were added to proteins using PDB2PQR (82). The maximum distance allowed for van der Waals interaction
was 4.0 Å. RMSDs were calculated for Ca atoms after superimposition in PyMOL v2.5.1 (Schrödinger, LLC) of
the CG10 Fab from the CG10-B41-sCD4 complex and the unbound CG10 Fab X-ray structure.

Data availability. Cryo-EM maps generated in this study have been deposited in the Electron
Microscopy Data Bank (EMDB) with accession codes EMD-27209, EMD-27210, EMD-27211, and EMD-27212
for V2i Fab complexes 1393A-BG505-sCD4, 1361-BG505-sCD4, 697D-BG505-sCD4, and 830A-BG505-sCD4,
respectively. The cryo-EM map for CG10-B41-sCD4 complex was deposited in the EMDB under the accession
code EMD-27208, and atomic model coordinates were deposited in the Protein Data Bank (PDB) under code
8D5C. The X-ray structure of CG10 Fab was deposited in the PDB under the code of 8D54.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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