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The human immunodeficiency virus type 1 (HIV-1) gp120 exterior glycoprotein is conformationally flexible.
Upon binding the host cell receptor, CD4, gp120 assumes a conformation that is able to bind the chemokine
receptors CCR5 or CXCR4, which act as coreceptors for the virus. CD4-binding-site (CD4BS) antibodies are
neutralizing antibodies elicited during natural infection that are directed against gp120 epitopes that overlap
the binding site for CD4. Recent studies (S. H. Xiang et al., J. Virol. 76:9888-9899, 2002) suggest that CD4BS
antibodies recognize conformations of gp120 distinct from the CD4-bound conformation. This predicts that the
binding of CD4BS antibodies will inhibit chemokine receptor binding. Here, we show that Fab fragments and
complete immunoglobulin molecules of CD4BS antibodies inhibit CD4-independent gp120 binding to CCR5
and cell-cell fusion mediated by CD4-independent HIV-1 envelope glycoproteins. These results are consistent
with a model in which the binding of CD4BS antibodies limits the ability of gp120 to assume a conformation
required for coreceptor binding.

Human immunodeficiency virus type 1 (HIV-1) is the etio-
logical agent of AIDS in humans (1, 9). There are 40 million
people in the world currently infected by HIV-1. Curtailing the
continued spread of HIV-1 infection will probably require an
effective vaccine, which should ideally elicit both virus-neutral-
izing antibodies and cellular immune responses.

The HIV-1 envelope glycoproteins serve as the only viral
target for neutralizing antibodies (32). The trimeric envelope
glycoprotein complex contains three gp120 exterior envelope
glycoproteins and three gp41 transmembrane glycoproteins.
Virus binding to target cells is mediated by the interaction
between the gp120 glycoprotein and cellular receptors, CD4
and coreceptor molecules (CCR5 or CXCR4) that are mem-
bers of the chemokine receptor family (29). The gp120 glyco-
protein consists of a core and surface-exposed variable loops
(V1 to V5). Structural studies of gp120-CD4 complexes have
shown that the gp120 core molecule consists of an inner do-
main, an outer domain, and a bridging sheet (14). All three
gp120 elements contact the most amino terminal of the four
immunoglobulin domains of CD4.

Binding of the HIV-1 envelope glycoproteins to CD4 trig-
gers conformational changes that allow the binding of gp120 to
the chemokine coreceptor, ultimately leading to membrane
fusion and virus entry (20, 27). One of the important confor-
mational changes induced by CD4 is the movement of the
gp120 V1/V2 variable loops, which are thought to mask the
chemokine receptor-binding site on gp120 (31). It has been
shown that gp120 proteins with deletions or alterations in the
V1 and V2 loops often exhibit the ability to bind coreceptor in

the absence of the receptor CD4 (12). In some cases, viruses
with such altered envelopes can infect CD4-negative cells that
express the appropriate coreceptor (12, 13).

CD4 binding also induces conformational changes in the
gp120 core, as revealed by isothermal titration microcalorim-
etry (17, 21). These studies suggest that both full-length and
core gp120 glycoproteins exhibit a high entropy in the free
state, apparently sampling multiple conformations. CD4 bind-
ing entails an unusually large reduction in entropy, presumably
locking the gp120 core into a specific conformation.

The HIV-1 envelope glycoproteins elicit an antibody re-
sponse during natural infection (4–6); however, the elicitation
of broadly reactive neutralizing antibodies is inefficient. Many
of the naturally elicited antibodies do not recognize the func-
tional oligomeric envelope protein and fail to neutralize the
virus (19). Neutralizing antibodies are raised against both the
variable and conserved regions of the envelope glycoproteins
(16). The conserved gp120 neutralization epitopes consist of
regions near the CD4-binding site (CD4BS epitopes) (22, 24),
regions induced by CD4 binding (CD4-induced [CD4i]
epitopes) (23), and the carbohydrate-dependent 2G12 epitope
(25). The location of these epitopes on the crystallized gp120
core has been mapped by mutagenesis (30). The CD4BS
epitopes are located at the interface of the gp120 inner and
outer domains, and antibodies raised against this site can com-
pete with CD4 for binding gp120 (22). The CD4i antibodies
recognize conserved bridging sheet structures on gp120 that
are induced by CD4 binding and are near a conserved gp120
region that has been shown to be involved in coreceptor bind-
ing (23). The 2G12 antibody binds the carbohydrate-rich gp120
outer domain region (25).

Features of the gp120 structure are thought to contribute to
its inefficiency in eliciting neutralizing antibodies. These in-
clude the high degree of glycosylation, exposed variable loops,
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and the lability of the trimeric envelope glycoprotein complex
(4–6, 30, 32). More recently, it has been appreciated that the
high level of conformational flexibility of the gp120 core (17)
creates entropic barriers to the binding of antibodies (CD4BS
and CD4i antibodies) directed against the receptor-binding
regions of the molecule (15). Moreover, mutagenesis studies
have revealed that CD4 and CD4i antibodies induce a closely
related conformation in gp120, whereas CD4BS antibodies
preferentially bind other gp120 conformations (33). Thus, a
model emerges in which free gp120 samples many conforma-
tions. CD4 binding locks the gp120 core into a conformation
that is competent for chemokine receptor binding and is rec-
ognized by CD4i antibodies. This conformational transition

occurs on the pathway to virus entry. CD4BS antibodies bind
free gp120 and restrict its ability to assume the CD4-bound
conformation, thus disrupting the entry process. This model
predicts that, even when CD4 is not involved in the process,
CD4BS antibodies should exert inhibitory activity on corecep-
tor binding and envelope glycoprotein function. Herein, we
test this prediction.

We wished to study the effects of CD4BS antibodies on the
HIV-1 envelope glycoprotein-chemokine receptor interaction
in a situation where the presence of CD4 is not required.
Removal of the gp120 V1/V2 variable loops from the envelope
glycoproteins of the ADA primary HIV-1 isolate allows CD4-
independent binding to CCR5 and infection of CCR5-express-

FIG. 1. Inhibition of variable loop-deleted gp120 glycoprotein binding to CCR5 by CD4BS antibodies. Radiolabeled �V1/V2 gp120 glyco-
proteins from the ADA strain (A) or JR-FL strain (B) of HIV-1 were incubated at 37°C with Cf2Th cells expressing CCR5 in the presence of the
indicated amounts of CD4BS antibodies (F105, IgG1b12, and 15e) or a control antibody, C11. The amount of the �V1/V2 gp120 glycoproteins
bound to the Cf2Th-CCR5 cells is presented as the percentage of the amount bound in the absence of antibody. The experiment was performed
twice with comparable results.
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FIG. 2. Fab fragment and antibody inhibition of variable loop-deleted gp120 binding to CCR5. Radiolabeled �V1/V2 gp120 glycoproteins from
the ADA strain (A) or JR-FL strain (B) were incubated with Cf2Th cells expressing CCR5 (Cf2Th-CCR5) in the presence of the indicated amounts
of antibodies (left panels) or Fab fragments (right panels). The amount of the �V1/V2 gp120 glycoprotein bound to the Cf2Th-CCR5 cells is
presented as the percentage of the amount bound in the absence of added antibody or Fab. The experiment was performed twice with comparable
results.
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ing cells lacking CD4 (12). More recently, CD4-independent
binding of V1/V2 loop-deleted gp120 glycoproteins from other
HIV-1 isolates to either CCR5 or CXCR4 has been docu-
mented (2; A. Raja and J. Sodroski, unpublished observa-
tions). To examine the effect of CD4BS antibodies on CD4-
independent CCR5 binding, radiolabeled V1/V2 loop-deleted
gp120 glycoproteins from three R5 HIV-1 isolates, ADA, JR-
FL, and YU2, were produced transiently in 293T cells. The
amount of the �V1/V2 gp120 present in the supernatants was
estimated by precipitation, using a pool of sera from HIV-1-
infected individuals. For an assessment of the CD4-indepen-
dent binding of the �V1/V2 gp120 glycoproteins to CCR5, the
supernatants were incubated at 37°C with Cf2Th cells express-
ing CCR5. After washing, bound envelope glycoproteins were
detected by lysis of the cells and precipitation with pooled sera
from HIV-1-infected individuals and protein A-Sepharose
beads. The precipitated proteins were analyzed on sodium
dodecyl sulfate-polyacrylamide gels, which were autoradio-
graphed as described previously (12, 13). The effect of CD4BS
antibodies on CD4-independent CCR5 binding was assessed
by incubation of the radiolabeled supernatants containing the
�V1/V2 gp120 glycoproteins with CD4BS antibodies at various
concentrations at 37°C for 1 h prior to addition to the target
cells. Figure 1A shows that all three CD4BS antibodies tested,
F105, 15e, and immunoglobulin G1b12 (IgG1b12), inhibited
the binding of the ADA �V1/V2 gp120 glycoprotein to Cf2Th
cells expressing CCR5. The IgG1b12 antibody was less potent
than either the F105 or 15e antibodies. An enzyme-linked
immunosorbent assay of IgG1b12 antibody recognition of the

ADA �V1/V2 gp120 glycoprotein revealed that the IgG1b12
antibody did not recognize this protein as efficiently as the
other CD4BS antibodies (data not shown). By contrast, the
IgG1b12 antibody recognized the JR-FL and YU2 �V1/V2
gp120 glycoproteins efficiently (data not shown). Deletion of
the V1 and V2 variable loops from the gp120 glycoproteins of
some HIV-1 strains decreases recognition by the IgG1b12 an-
tibody (3, 16); apparently, this effect depends upon the strain
of origin of the gp120 molecule. Figure 1B shows that all three
CD4BS antibodies equivalently inhibited the CD4-indepen-
dent binding of the JR-FL �V1/V2 gp120 glycoprotein to
CCR5-expressing cells. Similar results were seen for the
�V1/V2 gp120 glycoprotein derived from the YU2 strain of
HIV-1 (data not shown). A control antibody, C11, did not
block the binding of the �V1/V2 gp120 glycoproteins to CCR5
(Fig. 1 and data not shown). The C11 antibody recognizes a
discontinuous epitope composed of elements derived from the
conserved N and C termini of gp120 (16), efficiently binds
variable loop-deleted gp120 proteins (3), and has previously
been shown not to interfere with gp120-coreceptor interactions
(29). We conclude that CD4BS antibodies can interfere with
the gp120-CCR5 interaction, even when CD4 is not involved in
promoting this interaction.

To determine if smaller, monovalent moieties directed
against the CD4BS epitopes could also interfere with CD4-
independent CCR5 binding, the above experiments were re-
peated using complete antibodies or Fab fragments of the
F105, F91, and IgG1b12 CD4BS antibodies. Figures 2A and B
show that Fab fragments of the CD4BS antibodies were able to

FIG. 3. Fab fragment and antibody inhibition of CD4-independent syncytium formation. 293T cells expressing the �V1/V2 envelope glyco-
proteins from the ADA HIV-1 strain were cocultivated with Cf2Th cells expressing CCR5 in the presence of antibodies (A) or Fab fragments (B).
IgG1b12, F105, and F91 are CD4BS antibodies, whereas 2G12 recognizes a distinct, carbohydrate-dependent gp120 epitope (25). The percentage
of syncytia observed, compared with the number seen in the absence of added antibody or Fab, is reported. The experiment was performed twice
with comparable results.
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inhibit the binding of �V1/V2 gp120 glycoproteins from the
ADA and JR-FL HIV-1 strains, respectively, to CCR5-ex-
pressing Cf2Th cells.

The V1/V2 loop-deleted ADA envelope glycoproteins can me-
diate HIV-1 entry into target cells lacking CD4 but expressing
CCR5 (12). Similarly, the V1/V2-deleted ADA envelope glyco-
proteins can fuse envelope-expressing cells and CD4-negative
cells that express CCR5. To examine whether CD4BS antibodies
could inhibit this CD4-independent cell-cell fusion, CD4BS anti-
bodies were added to mixtures of 293T cells expressing the
�V1/V2 ADA envelope glycoproteins and Cf2Th cells expressing
CCR5 but not CD4. Figure 3A shows that the F105 and F91
antibodies efficiently reduced the number of syncytia formed by
the �V1/V2 ADA envelope glycoproteins in a CD4-independent
setting. The IgG1b12 antibody was less efficient at inhibiting syn-
cytium formation in this assay, consistent with its inefficient rec-
ognition of the V1/V2 loop-deleted ADA envelope glycoproteins
(see above). Fab fragments of the CD4BS antibodies inhibited
syncytium formation with efficiencies comparable to those seen
with the complete antibodies (Fig. 3B). The formation of syncytia
in this assay was also inhibited by the 2G12 antibody and Fab
fragment (25). We conclude that CD4BS antibodies can inhibit
HIV-1 envelope glycoprotein function, even when CD4 is not
required for such function.

In most natural settings, in which HIV-1 is dependent upon
CD4 for entry into target cells, CD4BS antibodies block gp120-
CD4 interaction and thus inhibit virus replication. Here we
show that CD4BS antibodies and Fab fragments can block the
CD4-independent interaction of gp120 and CCR5 and can

block envelope glycoprotein-induced fusion of CD4-negative
cells. The comparable potency of inhibition seen for Fab frag-
ments and the complete CD4BS antibodies in most instances
suggests that steric factors contribute only modestly to the
observed inhibitory effects. The inhibitory effects of Fab frag-
ments in these assays contrast with the stimulatory effects of
two- or four-domain soluble CD4 molecules (29), which are
similar in size to Fab fragments. The results obtained are
consistent with recently proposed models of conformational
flexibility within the HIV-1 gp120 exterior envelope glycopro-
tein (15, 17, 33) (Fig. 4). Free gp120, certainly as a monomer
and probably to some extent in the assembled envelope glyco-
protein trimer, exhibits a high entropy and is thought to sample
many conformations (17). CD4 and the chemokine receptors,
as well as the CD4i antibodies, apparently bind closely related
or identical conformations of gp120, the CD4-bound confor-
mation (33). The acquisition of the CD4-bound conformation
promotes the virus entry process by allowing coreceptor bind-
ing and perhaps by triggering additional conformational
changes in the gp120 and/or gp41 glycoproteins important for
the membrane fusion process. Our results suggest that the
binding of CD4BS antibodies to the HIV-1 envelope glyco-
proteins inhibits coreceptor binding and envelope glycopro-
tein-mediated syncytium formation, even when CD4 is not
present. In conjunction with recent data suggesting that
CD4BS antibodies recognize gp120 conformations distinct
from the CD4-bound conformation (33), the observed inhibi-
tion may result from an inability of gp120, once bound to a
CD4BS antibody, to negotiate the transition required to as-
sume the CD4-bound conformation. This model raises the
possibility of identifying other inhibitors of HIV-1 receptor
binding by searching for molecules that restrict the ability of
gp120 to achieve a CD4-bound conformation. This mechanism
of inhibition might be compatible with a greater range of
chemical structures and potential gp120 binding sites than
steric interference with key gp120-CD4 contacts. Thus, com-
pared with steric hindrance, conformational restriction may be
easier to achieve with low-molecular-weight compounds. It is
encouraging that the IgG1b12 antibody, which in binding
gp120 induces only a small decrease in entropy (15), was able
to block CD4-independent CCR5 binding. This suggests that
gp120 ligands that prevent the transition to a CD4-bound con-
formation need not encounter a large entropic barrier to bind-
ing; i.e., they need not lock gp120 into a fixed conformational
state.

The proximity of the HIV-1 receptor-binding structures (14)
and their location in a conformationally flexible region of
gp120 (17) provide opportunities for complex mechanisms of
neutralization. Simple steric effects of CD4BS antibodies on
CD4 binding and CD4i antibodies on chemokine receptor
binding appear to be accompanied by inhibitory conforma-
tional effects on the binding of the heterologous receptor. In
addition to the example provided by these studies, the binding
of CD4i antibodies has been shown to inhibit gp120-CD4 bind-
ing, but only if the V1/V2 variable loops are present (3, 16).
This inhibition could result from a restriction on V1/V2 loop
movement that occurs upon CD4 binding (31).

Other examples exist of neutralizing antibodies that prevent
conformational changes in viruses that are important for in-
fection. It has been suggested that the 2F5 antibody inhibits

FIG. 4. Model of the mechanism of neutralization by CD4BS an-
tibodies. Free gp120 may sample multiple conformations but is locked
into the CD4-bound conformation by CD4 (17). This gp120 confor-
mation is competent for chemokine receptor binding and virus entry.
Because CD4BS antibodies prefer to bind other conformations of
gp120 (33), they prevent gp120 from assuming the CD4-bound con-
formation and from binding the chemokine receptor.
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postattachment, conformational changes in the HIV-1 gp41
envelope glycoprotein that are important for virus-cell mem-
brane fusion (8, 26). Neutralizing antibodies directed against
influenza virus, poliovirus, rabies virus, and adenoviruses have
been suggested to block conformational changes that are re-
quired for virus entry into the target cell (7, 10, 11, 18, 28).

Understanding the conformational flexibility available to the
functional HIV-1 envelope glycoproteins should provide in-
sights into strategies for limiting mechanistically important en-
velope glycoprotein conformational transitions. This knowl-
edge should assist attempts to intervene in the virus entry
process and to elicit more effective immune responses.
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