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ABSTRACT

The HIV envelope binds cellular CD4 and undergoes a range of conformational changes that lead to membrane fusion and deliv-
ery of the viral nucleocapsid into the cellular cytoplasm. This binding to CD4 reveals cryptic and highly conserved epitopes, the
molecular nature of which is still not fully understood. The atomic structures of CD4 complexed with gp120 core molecules (a
form of gp120 in which the V1, V2, and V3 loops and N and C termini have been truncated) have indicated that a hallmark fea-
ture of the CD4-bound conformation is the bridging sheet minidomain. Variations in the orientation of the bridging sheet hair-
pins have been revealed when CD4-liganded gp120 was compared to CD4-unliganded trimeric envelope structures. Hence, there
appears to be a number of conformational transitions possible in HIV-1 monomeric gp120 that are affected by CD4 binding. The
spectrum of CD4-bound conformations has been interrogated in this study by using a well-characterized panel of conditional,
CD4-induced (CD4i) monoclonal antibodies (MAbs) that bind HIV-1 gp120 and its mutations under various conditions. Two
distinct CD4i epitopes of the outer domain were studied: the first comprises the bridging sheet, while the second contains ele-
ments of the V2 loop. Furthermore, we show that the unliganded extended monomeric core of gp120 (coree) assumes an inter-
mediate CD4i conformation in solution that further undergoes detectable rearrangements upon association with CD4. These
discoveries impact both accepted paradigms concerning gp120 structure and the field of HIV immunogen design.

IMPORTANCE

Elucidation of the conformational transitions that the HIV-1 envelope protein undergoes during the course of entry into CD4�

cells is fundamental to our understanding of HIV biology. The binding of CD4 triggers a range of gp120 structural rearrange-
ments that could present targets for future drug design and development of preventive vaccines. Here we have systematically
interrogated and scrutinized these conformational transitions using a panel of antibody probes that share a specific preference
for the CD4i conformations. These have been employed to study a collection of gp120 mutations and truncations. Through these
analyses, we propose 4 distinct sequential steps in CD4i transitions of gp120 conformations, each defined by antibody specifici-
ties and structural requirements of the HIV envelope monomer. As a result, we not only provide new insights into this dynamic
process but also define probes to further investigate HIV infection.

Viral tropism is mediated by the specific binding of the viral
spike protein to its corresponding cell surface receptor. Evo-

lution has driven human immunodeficiency virus (HIV) to elab-
orate on this canonical paradigm, introducing a series of orches-
trated sequential events involving two receptors: CD4 as a primary
receptor (1–3) and a chemokine receptor (CXCR4 or CCR5) as a
subsequent coreceptor (4–10). However, many critical details of
the molecular mechanisms by which CD4 triggers a number of
conformational rearrangements within gp120 to assemble a core-
ceptor binding site and how this ultimately leads to gp41-medi-
ated membrane fusion are still missing. Obviously, it would be
extremely beneficial to have high-resolution atomic structures for
the viral spike before it encounters CD4 and serial snapshots of the
structural transitions that the gp120 subunits undergo until gp41
steps in to drive membrane fusion. However, this has proven ex-
tremely challenging, in part due to the fact that the HIV-1 enve-
lope exists in dynamic equilibrium among an ensemble of confor-
mations (11–17).

In 1998, the first structure of the monomeric HIV-1 gp120
subunit was solved (18) but only when its N and C termini; vari-
able loops V1, V2, and V3; and sugar moieties were removed and
the remaining “core” was further stabilized via binding to CD4
along with a Fab of a gp120-specific monoclonal antibody (MAb)

(MAb 17b). Nonetheless, this tripartite crystal proved extremely
informative and provided the first glimpse of the gp120 structure
in a CD4-bound state. Compared to the atomic structure of an
unliganded simian immunodeficiency virus (SIV) envelope (19),
it was proposed that the four-�-stranded “bridging sheet,” con-
sistently found in a variety of HIV-1 gp120/CD4/Fab cocrystal
structures (16, 18, 20–23) yet absent from the SIV structure, was a
defining structural hallmark of the CD4-bound conformation.
Subsequently, Kwon and collaborators discovered that by exten-
sion of the N terminus of monomeric gp120 core and retention of
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the base of the V3 loop (yet still V1 to V3 depleted), one could
generate high-quality crystals in the absence of both CD4 and a
stabilizing Fab, thus providing atomic structures for an extended
core version (coree) of unliganded HIV-1 gp120 (24). Unexpect-
edly, the fully assembled four-stranded bridging sheet, previously
taken as the epitome of the CD4-bound conformation, persisted
in all the analyzed coree structures. This led Kwon et al. to propose
that the default structure of monomeric gp120, depleted of its
variable loops (V1 to V3), assumes an energetically favorable
ground-state “CD4-bound conformation” characterized by a fully
formed bridging sheet. It was postulated that within the trimer,
interactions between the gp120 protomers and the variable loops
lock the envelope into a higher-energy state (24). Binding of the
trimer to CD4 triggers a series of conformational changes, shifting
the variable loops to allow each monomer to snap into a preferred
“ground state,” thus opening up the trimer and enabling the bind-
ing of the second coreceptor followed by gp41 transitions and,
ultimately, membrane fusion (14, 15, 17, 24–28) (also see Fig. 5 in
reference 24). Cryo-electron microscopy (EM) tomography anal-
yses integrated with X-ray structures of stabilized, fully cleaved,
soluble Env trimers have been extremely effective in generating a
detailed model for the HIV spike (clade A BG505 SOSIP.664
gp140 [17, 29–31], the clade B B41 SOSIP.664 trimer [22], and the
clade C ZM197M and DU422 SOSIP.664 trimers [32]). A surpris-
ing feature of the CD4-unliganded gp120 molecule is the presence
of a four-stranded bridging sheet, in contrast to the SIV structure
discussed above (29–31). However, this structure in the trimer is
distinct from bridging sheets seen in the monomeric gp120/CD4
cocrystals (16, 18, 20–23) and the unliganded gp120 coree struc-
tures (24). Whereas the two versions of the bridging sheet have the
same four-�-strand composition, they differ with regard to the
juxtapositions and relative orientations of these �-strands. Hence,
CD4 still plays a role in inducing conformational reorientations
within the bridging sheet. A better definition of what actually oc-
curs within the gp120 protomer as a result of CD4 binding is
essential to our understanding of the biology of the mechanisms of
HIV infection of CD4 cells.

In a desire to reveal structural elements that discriminate and
delineate the essence of the CD4-induced (CD4i) conformational
rearrangements in the HIV envelope, we and others have investi-
gated gp120 structures using “conditional” probes, MAbs, that
specifically define epitopes associated with CD4i transitions of
gp120 (33–41). Here we describe the analysis of gp120 with a select
panel of five well-established CD4i MAbs that target the core outer
domain. Our results illustrate that gp120 undergoes a range of
CD4i conformations that go beyond that of the previously re-
ported structure of monomeric coree.

MATERIALS AND METHODS
Antibodies and reagents. The outer domain-specific CD4i MAbs used in
this study are described in Table 1.

MAbs 17b (18, 38) and 19e (42, 43) were kindly provided by J. Rob-
inson (Tulane University Medical Center, USA). MAb N12-i15 was iso-
lated by Y. Guan and colleagues, including one of us (G.K.L.), at the
Institute of Human Virology, as described previously (41). MAb 21c was
kindly provided by R. Diskin (Division of Biology, California Institute of
Technology, USA) (23, 39). MAbs CG10, CG9, 1B6, and LG4 were iso-
lated at Tel Aviv University. The chimeric human IgG version of the mu-
rine CG10 CD4i MAb (44–46) was produced by cloning the heavy and
light chain variable-domain sequences of this MAb into the pMAZ-IgH
and pMAZ-IgL vectors designed for the production of IgG1 antibodies in
mammalian cells, as described previously (47). The vectors were then
used to transiently transfect HEK 293T cells as described below. MAbs
LG4 and 1B6 are both used as capture reagents that bind gp120 (MAb
LG4 targets a conserved epitope at the carboxy terminus of gp120,
“SGGPLGVAPTKAKRRVVQREKRAD,” while 1B6 binds gp120 with-
out interfering with binding by CD4i MAbs or CD4 [48]). MAb CG9
binds to CD4 (46). Soluble CD4 (sCD4) (domains D1 to D4) was a
kind gift from GlaxoSmithKline. HIVIg is a pool of purified IgGs from
HIV-infected individuals, kindly provided by Nabi, Inc. The m2 pep-
tide is a phage-displayed, 14-amino-acid-long, cysteine-constrained
peptide (CDRRDLPDWAIRAC). Binding of gp120 by the m2 peptide
allosterically induces CD4i epitopes (48).

HIV envelopes. Except for gp120 from the CDC451 strain (which was
purchased as soluble monomeric gp120 from Advanced BioScience Labs,
USA) and the monomeric and SOSIP forms of BG505 (kindly provided by
J. Moore, Weill Cornell Medical College, USA), all of the other gp120s
used in this study were produced by transient transfection of HEK 293T
cells (see below). For R2, a vector containing a codon-optimized R2
gp120/gp160 gene was kindly provided by G. V. Quinnan and C. C.
Broder (Uniformed Services University of the Health Sciences, USA). For
JR-FL, a vector containing a codon-optimized JR-FL gp120 gene was
kindly provided by R. Pantophlet (Scripps Institute, USA). For BaL, a
codon-optimized BaL gp120 gene from the pNGVL-FLSC-RT vector,
provided by A. L. DeVico (Institute of Human Virology, USA) was re-
cloned into the pCDNA3 expression vector (Invitrogen, USA). For YU2, a
vector encoding the YU2 gp160 gene was kindly provided by Joseph G.
Sodroski (Dana Farber Cancer Institute, USA). For extended gp120 cores,
vectors encoding extended core gp120 genes were kindly provided by
Y. D. Kwon and P. D. Kwong (National Institutes of Health, Bethesda,
MD, USA). The BaL gp120 truncation mutants were constructed based on
the codon-optimized BaL gene by using overlap PCR. The resulting mu-
tated env genes were verified by sequencing and cloned into the pCDNA3
expression vector.

Amino acid numbering system. In view of the fact that all the genetic
manipulations, truncations, and mutations of gp120 reported here are
derived from BaL, the numbering system used throughout this study is
based on BaL gp120. In order to assist in comparisons with other HIV-1

TABLE 1 List of antibodies used in this study

Antibody Biological source Source Description References

17b Human MAb J. E. Robinson, Tulane
University

Binds the gp120 bridging sheet, as determined by X-ray structure
determination

18, 38

21c Human MAb J. E. Robinson Binds a hybrid epitope comprised of gp120 and CD4, as determined
by X-ray structure determination

23, 39

19e Human MAb J. E. Robinson Specific for the gp120-CD4 complex 42, 43
N12-i15 Human MAb Institute of Human Virology Specific for the gp120-CD4 complex 41, 65
CG10 Murine MAb Tel Aviv University Specific for the gp120-CD4 complex; a chimeric human version of

this MAb was produced and used as part of this study
44–46
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envelope molecules, we have indicated landmark cysteine residues in the
figures and text.

Production of gp120 and antibodies by transient transfection. HIV
gp120s and chimeric human CG10 were produced by transient transfec-
tion of HEK 293T cells with 10 �g of the appropriate gp120-encoding
vector or 10 �g each of the chimeric CG10 heavy chain- and light chain-
encoding vectors per 10-cm plate by the calcium phosphate method. HEK
293T cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM; Gibco) complemented with 10% fetal calf serum (Biological
Industries, Beit Haemek, Israel). Spent medium was collected at 48 h
posttransfection. The chimeric CG10 MAb was purified from spent me-
dium by using protein G affinity chromatography, dialyzed against phos-
phate-buffered saline (PBS), and quantified by UV spectrometry. The
gp120 proteins were filtered and concentrated by using Amicon Ultracel
Centricon with a 50,000-molecular-weight (MW) cutoff (Millipore) ac-
cording to the manufacturer’s instructions. The gp120s were then quan-
tified by binding to HIVIg against gp120s of a known concentration and
tested for functional folding in a quality control enzyme-linked immu-
nosorbent assay (ELISA) (ligand overlay of Western blots was also used as
described previously [46, 49]). In the quality control ELISA, mutated
envelopes were tested for binding to the stringent CG10 MAb in the pres-
ence of sCD4, showing that the produced envelopes were able to bind
sCD4 and undergo CD4i conformational changes. Both of these traits
were taken as an indication of proper protein folding. Further confirma-
tion of the functional configuration of gp120 and its mutants was dem-
onstrated by binding of conformation-demanding MAbs, such as b12 (50,
51) and b6 (52, 53), as well as the glycomoiety-specific MAb 2G12. SDS-
PAGE analyses of the gp120 preparations indicated the presence of both
monomeric and oligomeric forms, as previously reported (54–63). The
aberrant disulfide-linked oligomers continued to bind CD4 as expected.
Moreover, Coutu and Finzi recently compared the binding kinetics of
non-fast protein liquid chromatography (FLPC)-purified gp120 with
FPLC-purified monomeric gp120 by surface plasmon resonance and con-
firmed that the affinity constants for CD4 in both preparations are not
statistically different (some differences in antibody on-rates were mea-
sured) (55). It is noteworthy that all the conclusions reported here are
based exclusively on positive results, i.e., the acquisition of robust binding
as a result of CD4 association with the gp120s tested. Nonetheless, a num-
ber of the gp120 truncations were FPLC purified according to methods
described previously by Coutu and Finzi (55), and the monomers (�95%
purity) were tested, compared to FPLC-purified wild-type (wt) BaL mo-
nomeric gp120 where indicated, and found in all cases to respond the
same as non-FPLC-purified gp120. Furthermore, Western blot analyses
confirmed that both monomeric gp120 and the �-mercaptoethanol-sen-
sitive oligomers (54, 56–63) continued to bind CD4, which further in-
duced both relaxed (e.g., 17b) as well as stringent (e.g., CG10) MAb bind-
ing, as previously described (46, 49).

Envelope ELISA. ELISA plates were coated overnight at 4°C with 100
�l of 7.5 �g/ml of capture MAb (either LG4 or 1B6) or 5 �g/ml gp120
diluted in PBS. The wells were blocked for 1 h at 37°C by using 5% nonfat
dry milk and 20% horse serum in PBS. Capture of gp120 in MAb-coated
wells was carried out by adding 5 �g/ml gp120 to the wells for 1 h at room
temperature (RT). Detecting MAbs were added at 2.5 �g/ml for 1 h at RT.
Horseradish peroxidase (HRP)-conjugated secondary antibodies (e.g.,
anti-human in the case of the human-derived CD4i MAbs) were then
diluted 1:5,000 and added to the wells for 1 h at RT. All antibodies and
proteins were added in blocking solution. Between incubations, the wells
were washed three times with 0.05% Tween 20 in PBS (PBST). Finally, the
wells were reacted with 100 �l of the 3,3’,5,5’-tetramethybenzidine
(TMB/E) ELISA substrate (Chemicon International, USA). Absorbance
was measured at 650 nm. Unless stated otherwise, gp120 from the BaL
strain was used in the reported assays. For BG505 SOSIP.664 gp140/
BG505 gp120 ELISAs and extended core ELISAs, CD4i MAbs were used as
capture reagents. BG505 gp120 or BG505 SOSIP.664 gp140 or extended
envelope cores were added to the wells in the presence or absence of sCD4

(4 �g/ml). Bound extended envelope cores were detected with biotin-
conjugated HIVIg (2.5 �g/ml) followed by HRP-conjugated streptavidin.
For competition ELISAs, the murine version of the CG10 MAb was added
at 10 to 15 �g/ml to wells containing captured gp120 and sCD4 (gp120
and sCD4 concentrations were the same as those for the regular envelope
ELISA) and incubated for 1 h at RT. The competing human CD4i MAbs
were then added (2.5 �g/ml), and the ELISA was continued as described
above. In ELISAs utilizing biotinylated antibodies, the blocking buffer
used was 3% bovine serum albumin (BSA) in PBST. Detection of bound
biotinylated antibody was done with HRP-conjugated streptavidin at a
dilution of 1:2,500 in blocking buffer. Concentrations of reagents used in
ELISAs are as follows: coating antibodies were used at 7.5 �g/ml, detec-
tion antibodies were used at 2.5 to 3.5 �g/ml, HIVIg was used at 10 �g/ml,
CD4 was used at 5 �g/ml, and gp120s were used at 5 �g/ml. Graphs were
generated and statistical significance of ELISA results was calculated (two-
tailed Student’s t test) by using GraphPad Prism version 6.01 for Windows
(GraphPad Software, La Jolla, CA, USA). The results from three indepen-
dent experiments are shown. Results from different experiments were
normalized according to envelope binding by HIVIg. Bars represent stan-
dard deviations.

RESULTS

Here we focus on the primary and direct effects of CD4 binding to
HIV-1 envelope, namely, the conformational transitions of gp120,
using MAbs that can discriminate between different facets of this
process. Such conformational changes have been reported for
both the outer and inner domains of gp120 (35–37). Here we have
specifically analyzed the changes associated with the outer domain
harboring the CD4 binding site itself.

CD4i MAbs can be divided into distinct CD4-relaxed and
-stringent subsets. Numerous CD4i MAbs have been described,
whose dependence on CD4 for gp120 binding ranges from mar-
ginal to absolute (18, 21, 23, 42, 62, 64–66). These MAbs are gen-
erally designated CD4i MAbs. We focused on and tested a collec-
tion of outer domain-specific CD4i MAbs against envelopes from
several HIV-1 strains: gp120 from clade B strains BaL, CDC451,
YU2, JR-FL, and R2 in addition to trimeric BG505 SOSIP.664
gp140 and the BG505 gp120 monomer (clade A). The BG505
SOSIP.664 trimer was used to ascertain the effects of trimeriza-
tion on CD4i MAb binding, while the R2 strain can infect CD4-
negative cells (67), constitutively exposes several CD4i epitopes
(68), and therefore could theoretically bind CD4i MAbs in the
absence of CD4.

As shown in Fig. 1, the dependence on CD4 for gp120 binding
of the selected, representative panel of five CD4i MAbs to gp120 is
variable (the MAbs of the panel are described in Table 1). One of
these, MAb 17b, has been used extensively as a “gold standard”
CD4i MAb (11, 24, 39, 62, 69–76). The prominent CD4i status of
MAb 17b stems from the fact that cell surface trimeric envelope
requires CD4 for 17b binding (38), as is also the case for the solu-
ble BG505 SOSIP.664 trimer (Fig. 1). In contrast, MAb 17b shows
little requirement for CD4 when binding to full-length mono-
meric gp120, consistent with the conclusion of Kwon et al. that
monomeric gp120 assumes a default CD4-bound conformation
(24). MAb 21c also shows a similar CD4-relaxed pattern of bind-
ing to the clade B gp120s while not binding at all to the clade A
BG505 monomer or the BG505 SOSIP trimer. In contrast, the
other three CD4i MAbs, CG10, 19e, and N12-i15, bound all clade
B gp120s in a totally CD4-stringent manner yet did not bind the
clade A BG505 monomer and the BG505 SOSIP trimer. Thus,
although some variation in binding can be seen on a subtype-
specific level, CD4i MAbs can be divided into two distinct classes:

CD4-Bound Conformations of HIV-1 gp120
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relaxed binders, which can bind monomeric gp120 in the absence
of CD4 (e.g., 17b and 21c), and stringent binders, whose binding
to gp120 is completely dependent on CD4 (CG10, 19e, and
N12-i15).

Mapping distinct CD4i regions on gp120. Does the CD4-
bound state constitute a single epitope or region, or are there a
number of different epitopes in the HIV-1 gp120 outer domain
that are affected by CD4 binding? For this, we conducted a com-
petitive ELISA, thereby testing the ability of the bridging sheet
binding MAb CG10 (44–46) to compete against the other four
MAbs of the panel (Fig. 2). It should be noted that the region of

MAb 17b and 21c binding within gp120 is the bridging sheet
minidomain, as ascertained by cocrystallization of these MAbs in
complex with gp120 and CD4 (18, 23), and that MAb 19e binding
has also been mapped to this region (42). Therefore, the corre-
sponding epitopes of four of the CD4i MAbs overlap aspects of the
bridging sheet, as also indicated by the ability of MAb CG10 to
totally obstruct binding by MAbs 17b, 21c, and 19e (Fig. 2). Bind-
ing of the stringent MAb N12-i15, however, shows almost no
competition with MAb CG10 and therefore defines an indepen-
dent epitope that has no immediate overlap on the bridging sheet.
Thus, we can conclude that conformational rearrangements in
gp120 due to CD4 binding include at least two outer domain
epitopes of gp120, which are spatially separated enough to pre-
clude competition by antibodies.

Stringent CD4i MAbs bind conformationally induced gp120
in the absence of CD4. The stringent binding nature of MAbs
CG10, 19e, and N12-i15 could hypothetically be the result of the
CD4 protein directly contributing pivotal contact residues neces-
sary for MAb recognition. We previously assessed the contribu-
tion of such hypothetical critical contact residues within CD4 us-
ing a molecule other than CD4. A short 14-amino-acid peptide
(designated the m2 peptide [CDRRDLPDWAIRAC]), shown to
bind to gp120 and allosterically induce the CD4i conformation,
i.e., without occluding the CD4 binding site itself, was used in
place of CD4 (48). We showed that the m2 peptide induces the
epitopes of the CD4i conformation recognized by the three strin-
gent MAbs CG10, 19e, and N12-i15 and allows binding to gp120
in the absence of CD4. m2 peptide induction of a CD4i confor-
mation occurs without occluding the CD4 binding site, thus illus-
trating an alternative route toward achieving a conformation re-
sembling a CD4-bound state. Together, this experiment (48) and
previous studies of CG10 (62, 77) demonstrate that MAbs CG10,
19e, and N12-i15 can bind in the total absence of CD4, provided
that gp120 is induced to display the stringent CD4i epitopes. This

FIG 1 Stringent CD4i MAbs do not bind gp120 in the absence of sCD4. An ELISA was used to analyze CD4i MAb binding to gp120s from different strains and
to a gp140 trimer. MAbs 17b and 21c show binding to gp120 independent of sCD4 (relaxed binding). MAbs CG10, 19e, and N12-i15 show no binding to gp120
in the absence of sCD4 (stringent binding). Only MAb 17b was cross-reactive with the clade A BG505 SOSIP trimer and its monomer, showing relaxed binding
to the monomer and stringent binding to the trimer. Statistically significant differences (P � 0.05) between the “�sCD4” and “�sCD4” columns are marked with
an asterisk. OD, optical density.

FIG 2 MAb N12-i15 defines a CD4i region upon gp120 distinct from the
bridging sheet. Competition ELISAs were carried out in order to discern
whether all the detected CD4i epitopes cluster to one area on gp120 or not.
Binding of CD4i MAbs to gp120BaL-sCD4 was measured in either the absence
or the presence of prebound MAb CG10. MAbs 17b, 21c, and 19e compete
strongly with MAb CG10. MAb N12-i15 defines a CD4i epitope sufficiently
separated from the bridging sheet so as to show no competition with MAb
CG10. Statistically significant differences (P � 0.05) between the “�CG10”
and “�CG10” columns are marked with an asterisk.
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illustrates that even if some residues of CD4 contact these MAbs,
they are not a prerequisite for stable binding.

Contributions of the V1, V2, and V3 loops to the CD4i con-
formation. Next, we analyzed the effects of the V1/V2/V3 loops
and bridging sheet hairpin 1 (the base of the V1/V2 loops) on the
CD4-bound conformation as interpreted by CD4i MAb binding.
Using BaL gp120 as the prototype, a number of mutants were
generated. For the sake of clarity, Fig. 3 to 5 provide structural
schematics of the collection of gp120 mutations and truncations
analyzed. The V3 loop was either partially or fully deleted (the V3
base and �V3 mutants, respectively) (Fig. 3A), and the V1 and V2
loops were either both truncated (�V1V2 mutant) or truncated
separately (the �V1 and �V2 mutants) (Fig. 3B). Additionally, the
V2 core mutant (described in detail in the legend of Fig. 4) was
constructed based on the crystal structure of the V1/V2 loops
bound to a neutralizing antibody (78). This crystal structure

showed that the V2 loop assumes a “Greek key” fold. The V2 core
mutant was generated by truncating the V1 loop and replacing the
parts of the V2 loop that do not directly participate in the Greek
key fold (the loop designated L2) with a Gly-Ser linker, allowing us
to test the importance of the Greek key V2 loop residues for CD4i
MAb binding. Finally, the bridging sheet hairpin 1 (the base of the
V1/V2 loops) was truncated (along with the V1/V2 loops) (Fig.
3B) in order to test if the CD4i MAbs could bind in the absence of
a complete four-stranded bridging sheet. Figure 5 depicts the spa-
tial relationship between the V3 loop and the bridging sheet
minidomain comprised of hairpin 1 (the �2-�3 excursion from
the gp120 inner domain) and hairpin 2 (the �20-�21 excursion
from the gp120 outer domain).

The three variations of V3 loop structures (depicted in Fig. 3A)
were examined with regard to their impact on the binding of the
CD4i MAb panel. As is shown in Fig. 6, total removal of the V3
loop, including its base (�V3), rendered MAbs 17b and 21c abso-
lutely stringent for CD4 (an effect previously demonstrated [23,
75]). Relaxed binding (no requirement for CD4) could be re-
gained provided that the base of V3 was kept in place. Thus, re-
moval of the V3 loop in its entirety has a profound negative effect
on 17b and 21c binding that can be overcome by maintaining even
a few residues of the base of the V3 loop. MAbs CG10, 19e, and
N12-i15 continued to demonstrate stringent binding to all the V3
loop-truncated gp120 constructs.

Next, we tested the effects of systematic truncations in the re-
gion of the V1 and V2 loops and the base of these loops, hairpin 1,
on CD4i MAb binding (constructs depicted in Fig. 3B and 4).
Removal of the V1 and V2 loops (�V1V2 mutant), while main-
taining an intact V3 loop, did not affect binding by MAbs 17b,
CG10, and 19e, while MAb 21c was rendered stringent for CD4,
and binding of N12-i15 was irreversibly lost (Fig. 7A). Hence, it is
clear that at least one of these variable loops impacts the binding of
MAbs 21c and N12-i15.

Selective removal of the V1 versus the V2 loop reveals that the
V1 loop plays no or little role in MAb 21c or N12-i15 binding, in
contrast to the requirement for a V2 loop (Fig. 7B) (23). This
conclusion can be refined further by showing that a gp120 mutant
that retains at least the V2 core residues (V2 core mutant described
in the legend of Fig. 4 and ELISA results shown in Fig. 7B) binds
MAbs 21c and N12-i15 at wt levels. These core V2 loop residues
were found to adopt a Greek key structure when the V1 and V2
loops were expressed on a protein scaffold and cocrystallized with
a broadly cross-neutralizing MAb (78) and again when trimeric
BG505 SOSIP.664 gp140 was crystallized in the absence of sCD4
(29–31) and are sufficient to allow wt-level binding.

In addition, by comparing the V2 loop sequences of strains
BaL, 451, YU2, and JR-FL, which are stringently bound by MAb
N12-i15, with the V2 loop sequence of strain R2, which is barely
recognized by MAb N12-i15, we gain some indication as to which
residues within the Greek key may be critical for N12-i15 binding.
Figure 8 shows the sequence alignment of the different V2 loops,
with the four residues that differ in strain R2 within the Greek key
structure marked. These differences may explain the reduced
binding of N12-i15 to R2 compared to the other clade B isolates
(Fig. 1).

Finally, we asked whether the CD4i MAbs actually require an
intact four-stranded bridging sheet. For this, we removed hairpin
1 (the stem of the V1/V2 loops) altogether, thus producing the
�H1 mutant. The �H1 mutant was combined with the above-

FIG 3 Schematic of the wt and modified forms of the gp120 V1/V2 and V3
loops. The sequences of wt and modified V3 (A) and V1/V2 (B) loops are
shown with disulfide bonds depicted as black lines. Amino acid numbering
corresponds to BaL gp120. Landmark cysteine residues are numbered for con-
venience. wt sequences are shown in black, and altered sequences are shown in
gray. (A) V3 loop mutants, including (i) the wt V3 loop, (ii) V3 base (gp120
with a partially truncated V3 loop), and (iii) �V3 (gp120 with a truncated V3
loop). (B) V1/V2 loop mutants, including (i) wt V1/V2 loops, (ii) �V1 (gp120
with a truncated V1 loop), (iii) �V2 (gp120 with a truncated V2 loop), (iv)
�V1V2 (gp120 with truncated V1/V2 loops), and (v) �H1 (gp120 with trun-
cated V1/V2 loops and stem).
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described V3 loop base and �V3 truncations (both the �H1 and
�V3 truncations are shown in Fig. 3). MAbs 21c, CG10, 19e, and
N12-i15 showed no binding to the �H1 constructs, even in the
presence of CD4 (Fig. 9). Surprisingly, however, MAb 17b bound
the �H1 construct although with a strict requirement for CD4.

FIG 4 Comparison of wt V1/V2 loops and the V2 core mutant. The crystal structure of the V1/V2 loops from gp120 of strain ZM109 reveals that the V2 loop
assumes a Greek key fold (PDB accession number 3U2S) (78). The Greek key fold is comprised of four antiparallel �-strands (designated a to d) connected by the
V1 loop (dashed) and two small loops (designated L1 and L2), which are part of the V2 loop (black). Based upon this crystal structure, the V2 core mutant was
constructed by using gp120 from the BaL strain (the same strain upon which all of the envelope mutants in this study are based). The V2 core mutant was
constructed by removing most of the V1 loop and replacing the parts of the V2 loop that do not participate in the Greek fold (loop L2) with a Ser-Gly linker.
Numbering refers to adjacent cysteine residues and is based on the BaL strain, with disulfide bonds shown as black bars. Shown are the V1 loop (dashed), the V2
loop (black), and disulfide bonds (black bars between cysteine residues). (A) Linearized schematic of the wt V1/V2 loop fold. (B) Schematic of the fold of the wt
V1/V2 loops. (C) Schematic of the fold of the V2 core mutant. (D) Sequence of the V2 core mutant.

FIG 5 Orientation of the bridging sheet hairpins in relation to the V3 loop.
The hairpins that constitute the bridging sheet (hairpins 1 and 2, shown in blue
and red, respectively) and the V3 loop (green) are shown in the CD4-liganded
conformation (PDB accession number 2B4C). Note that hairpin 1 (�2-�3) is
the base for the V1/V2 loops (the V1/V2 loops are missing in the crystal struc-
ture) and that the V3 loop protrudes between the proximal and distal aspects of
hairpin 2 (�20-�21). The locations of the different V3 loop truncations (V3
base and �V3) are marked with dashed lines. For the sake of consistency with
our mutants, the numbering is based on BaL gp120 (see Materials and
Methods).

FIG 6 V3 loop modifications affect binding by relaxed CD4i MAbs. A binding
ELISA was carried out to ascertain the effects of V3 loop truncations on binding by
the CD4i MAb panel to gp120BaL. Full truncation of the V3 loop (�V3) results in
stringent binding by MAbs 17b and 21c, an effect not seen for the V3 base mutant.
Binding by the stringent CD4i MAbs CG10, 19e, and N12-i15 was not affected by
V3 loop truncations. Statistically significant differences (P � 0.05) between the
“�sCD4” and “�sCD4” columns are marked with an asterisk.
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This contrasts with a previous report using a mutant very similar
to �H1 in which MAb 17b failed to bind in a pulldown experiment
(75). The binding of MAb 17b to the �H1 mutants persisted,
provided that at least the base of the V3 loop was maintained. No
recovery of binding could be found for 17b in the �H1-�V3 con-
struct, probably as a result of the lack of binding to CD4. Thus,
MAb 17b is indeed a CD4i MAb. However, its association with
gp120 does not indicate a functional bridging sheet but rather
hairpin 2 in a conformation that allows CD4 binding and MAb
recognition. A summary of the binding activities of the CD4i
MAbs tested is given in Table 2.

Binding activities of purified monomeric gp120 and its mu-
tations. The formation of oligomeric forms of gp120 in trans-
fected HEK 293T cells due to aberrant disulfide bridges is well
documented (55, 58, 79–81). Oligomerization can result specifi-

cally from rearranged disulfides in the V2 loop region. Hence, we
tested the CD4 dependence of binding of MAbs 17b, CG10, and
N12-i15 that define CD4i epitopes associated with hairpin 2, the
bridging sheet, and the V2 loop, respectively, using FPLC-purified
monomeric gp120 in addition to 4 relevant mutations. As shown
in Fig. 10, MAb 17b binds to wt BaL purified monomeric gp120 in
the absence of CD4 as do the �V2 and �V1V2 truncations, with
little improvement in binding with the addition of CD4. However,
as illustrated in Fig. 9, the purified monomer of �H1 binds 17b in
a stringent CD4-dependent manner. The bridging sheet defining
stringent MAb CG10 is totally dependent on the presence of CD4
for binding purified monomeric wt gp120 or the �V1V2 and �V2
truncations. The addition of CD4 to the �H1 monomer does not
support CG10 recognition. Finally MAb N12-i15 is also strin-
gently dependent on CD4 binding for recognition of WT mono-
meric gp120; however, no binding is demonstrated for any of the
truncations missing the V2 loop, as illustrated in Fig. 7 and 9.

Extended core gp120s do not present stringent CD4i
epitopes. The coree constructs produced and characterized previ-
ously by Kwon et al. (24) have been proposed to represent the
CD4-bound conformation. These constructs contain most of the
N and C termini and only the V3 loop base, and hairpin 1 is
truncated just below the cysteine disulfide (C122-C197), thus re-
placing the V1 and V2 loops with a short Gly-Gly linker. We ex-
pressed three representative coree structures, clade B YU2 coree,
clade C C1086 coree, and clade E 93TH057 coree (kindly provided
by Y. D. Kwon and P. D. Kwong), and tested their binding to the
five CD4i MAbs of the panel, in the presence and absence of CD4,
the logic being that if the coree gp120s indeed represent the ulti-
mate CD4-bound conformation, CD4i MAbs CG10 and 19e
should bind them in the absence of sCD4. As shown in Fig. 11A,
MAb 17b binds wt gp120 and the coree proteins equally well in the

FIG 7 CD4i MAbs 21c and N12-i15 are sensitive to V1/V2 loop modifications. A binding ELISA was performed to test whether binding by the CD4i MAbs to
gp120BaL is affected by the complete truncation of the V1/V2 loops (�V1V2) (A) or selective modification of the V1 or V2 loop (B). (A) MAb 21c becomes
stringent and MAb N12-i15 loses all binding when the V1/V2 loops are fully truncated. (B) Selective modifications within the V1/V2 loops indicate that the V1
loop is not necessary for binding by MAbs 21c and N12-i15, but the core of the V2 loop (the V2 loop residues which fold into a Greek key conformation) (Fig.
4) is required. Statistically significant differences (P � 0.05) between the “�sCD4” and “�sCD4” columns are marked with an asterisk.

FIG 8 Sequence alignment of the gp120 V2 loop from different HIV strains.
The gp120 V2 loop sequences from the different HIV strains tested against
MAb N12-i15 for binding were aligned by using the Clustal Omega program
(http://www.ebi.ac.uk/Tools/msa/clustalo/) and compared. The numbering
system used is based on the BaL strain for consistency. Strand c of the Greek
key fold based on the crystal structure of V1/V2 loops from the ZM109 strain
(78) is shown. As MAb N12-i15 was shown to bind to elements within the
Greek key fold of the V2 loop, the four residues different in the R2 V2 loop
located within the Greek key fold are highlighted in dark gray. The V2 loop of
the BG505 strain (both the monomer and the BG505 SOSIP trimer) is shown
for comparison only, as MAb N12-i15 does not bind this strain (Fig. 1).
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presence and absence of CD4 (with slightly lower binding to
93TH057 coree). CD4i MAbs 21c and 19e showed no binding,
even in the presence of CD4, to any of the coree constructs, possi-
bly as a result of the truncations introduced into the tip of hairpin
1 of the bridging sheet in the construction of the coree proteins
(24). As expected, no binding was detected for MAb N12-i15, as
the V1-V2 loops are missing. However, MAb CG10 bound to the
coree constructs in a strictly CD4-dependent manner. This assay
was repeated with the monomeric, FPLC-purified YU2 coree pro-
tein, with similar results (Fig. 11B).

DISCUSSION

HIV mediates target cell infection through binding of 2 to 3 spikes
to cell surface CD4 (82). This constitutes the first step in the dy-
namic process in which structural elements of the envelope shift
and rearrange to gain function, ultimately leading to gp41-medi-
ated membrane fusion and the introduction of the viral nucleo-

capsid into the cytoplasm of target cells (83). A key player in this
process is gp120, whose outer domain directly binds CD4 and
undergoes a range of conformational transitions. One way to in-
vestigate such dynamic processes is to use conditional probes,
probes that can discriminate between the various transition states
of a given target. The range of CD4i conformational transitions
within gp120 was therefore systematically interrogated by using a
panel of well-characterized conditional probes, the CD4i MAbs,
and led to a number of conclusions, as discussed below.

MAb 17b has often been taken as a gold standard indicator for
the CD4-bound conformation (11, 24, 39, 62, 69–76). This MAb
was originally described by Thali et al., who recognized that native
cell surface HIV-1 spike was absolutely dependent on CD4 for 17b

FIG 9 MAb 17b binds gp120 in the absence of bridging sheet hairpin 1 in a
CD4-dependent manner. A binding ELISA was performed to test whether the
CD4i MAbs and sCD4 bind wt gp120BaL or the following bridging sheet hair-
pin 1 gp120BaL mutants (truncation sequences shown in Fig. 3): �H1 (gp120
with truncated hairpin 1), �H1-V3 base (gp120 with truncated hairpin 1 and a
partially truncated V3 loop), and �H1-�V3 (gp120 with truncated hairpin 1
and a fully truncated V3 loop). Only MAb 17b showed binding to the �H1
mutant and only in the presence of sCD4, provided that at least the base of the
V3 loop was retained. Note that as sCD4 levels were detected by using a bio-
tinylated anti-CD4 MAb and HRP-conjugated streptavidin (see Materials and
Methods), a slightly different OD at 650 nm scale (y axis) is used. Although
ELISAs are semiquantitative, the strict requirement for CD4 binding is con-
siderable and statistically significant (P � 0.05), as indicated by an asterisk.

TABLE 2 Summary of CD4i MAb binding to different gp120 mutantsa

Protein

Binding

17b 21c CG10 19e N12-i15

wt
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

V3 base
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�V3
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�V12
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�V1
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

V2 core
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�V2
Absence of sCD4 � �* � � �
Presence of sCD4 � � � � �

�H1
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�H1-V3 base
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

�H1-�V3
Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

YU2 coree

Absence of sCD4 � � � � �
Presence of sCD4 � � � � �

a Results for binding in the absence or presence of sCD4 are shown. The asterisk
denotes binding at 	50% of binding to wt gp120.
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binding, in contrast, however, to the unrestricted ability of this
MAb to bind monomeric gp120 in the absence of CD4 (38).

Here we report that MAb 17b binds the �H1 mutant com-
plexed with CD4. This is surprising, as hairpin 1 constitutes half of
the bridging sheet and contributes 8 out of 18 contact residues for
17b (with the other 10 contact residues residing at the base of
hairpin 2 [18]). Nonetheless, gp120 devoid of hairpin 1 binds
MAb 17b robustly albeit in a strictly CD4-dependent manner.
These results point to the unique role and conformation of hair-
pin 2 (discussed below). This structural feature assumes the re-
quired conformation recognized by MAb 17b independent of
CD4 binding when the gp120 monomer dissociates from the tri-
meric spike. Furthermore, two conditions under which 17b bind-
ing to monomeric gp120 becomes stringently dependent on CD4
binding have been found: (i) truncation of the V3 loop base and
(ii) removal of hairpin 1. In gp120, the �2 strand of hairpin 1
aligns with the descending flank of hairpin 2 (�21), forming a
series of hydrogen bonds. When this stabilizing interaction with
hairpin 1 is maintained, CD4 binding can compensate for the
absence of a V3 loop base. Removal of hairpin 1 can be compen-
sated for by CD4 binding so long as at least the V3 loop base is in
place.

What makes the V3 loop base so critical for 17b binding? This
might be explained by the fact that the V3 loop naturally splays the
two strands at the base of hairpin 2. Without this splaying effect,
the overall orientation of hairpin 2 becomes distorted and unrec-
ognized by 17b. In the absence of the V3 loop base, CD4 still binds
gp120 and restores the required conformation of hairpin 2 (18),
thus gaining 17b recognition. This hypothesis is supported by
Zhou and collaborators, who report that tethering of the bridging
sheet hairpin 2 to the inner domain, in approximation of the CD4i
conformation, reduced the entropy of interactions with CD4 by
60% and increased the on-rate and affinity of MAb 17b in the
absence of CD4 (84). In conclusion, a critical aspect for a CD4-
bound conformation is a functional hairpin 2, a feature that is
measured by 17b recognition.

The physical juxtaposition of hairpins 1 and 2, via the align-
ment of �2 with �21, is the essence of a bridging sheet, a feature
that can be detected by MAb 21c. In contrast to 17b, MAb 21c
requires intimate contacts with the extended aspects of hairpin 1
in addition to residues of hairpin 2. The �H1 mutation lacks these
essential elements of the 21c epitope, which obviously cannot be
restored by CD4; hence, no 21c binding is measured.

Critical evaluation of the essential elements of the V2 loop and
how they are involved in CD4i transitions of gp120 was accom-
plished by studying MAb N12-i15. The stringent dependence of
N12-i15 binding on CD4 and the V2 loop delineates a second

FIG 10 Binding of MAbs 17b, CG10, and N12-i15 to FPLC-purified mo-
nomeric gp120. The gp120 monomers of the truncations described in the
legends of Fig. 3B, 7, and 9 were purified by FPLC and tested by an ELISA
for MAb binding in the presence and absence of CD4, as indicated. Binding
to purified monomeric full-length BaL gp120 is given for comparison.
Patterns of binding to monomeric gp120 were identical to the patterns of
binding to mixed monomeric and oligomeric preparations. Statistically
significant differences (P � 0.05) between the “�sCD4” and “�sCD4”
columns are marked with an asterisk.

FIG 11 MAb CG10 retains stringent binding to coree gp120s. A binding
ELISA was performed to test whether the CD4i MAbs bind the different coree

gp120s. (A) MAb 17b binds all of the coree gp120s with or without sCD4, while
MAbs 21c and 19e do not bind coree gp120s at all. MAb CG10 retained strin-
gent binding to the coree gp120s. (B) A binding ELISA was performed to test
whether monomeric, FPLC-purified YU2 coree protein bound the CD4i MAbs
similarly to the mixed monomeric and oligomeric preparations shown in
panel A. Binding to purified monomeric full-length BaL gp120 is given for
comparison. Patterns of binding to the CD4i MAbs tested persisted. Statisti-
cally significant differences (P � 0.05) between the “�sCD4” and “�sCD4”
columns are marked with an asterisk.
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measureable aspect of the CD4i conformation of gp120. The lack
of N12-i15 competition against the other MAbs of the described
panel emphasizes the uniqueness of this structural feature of the
CD4-bound conformation.

Finally, whereas it has been proposed that the coree structures
reported by Kwon et al. (24) represent the default CD4-bound
conformation of monomeric gp120, our results clearly indicate
that this is not the full picture. The stringent MAb CG10 binds to
coree structures but only in complex with CD4. This clearly illus-
trates that there are still structural features lacking in coree that can
be further induced upon association with CD4. This assertion is
further strengthened by a recent single-molecule fluorescence res-
onance energy transfer (smFRET) study which showed that the
viral spike can undergo transitions between three distinct confor-
mations (14). The authors of that study assigned the first of these
to the “closed” conformation and the second to the “CD4-bound”
conformation seen in the tripartite gp120-CD4-17b crystal struc-
tures, while the third conformation could not be assigned a de-
fined structure but was also favored after the addition of CD4.
Interestingly, the viral spikes could sample all three conforma-
tions even when unliganded and continued to fluctuate between
the two CD4-associated conformations after the addition of CD4,
with conformational dynamics being strain specific. This multi-
plicity of conformations associated with binding by CD4 clearly
shows that more work is needed to clarify their exact structural
nature. Here, our analyses of the CD4i stringent MAbs may pro-
vide specific probes to better understand and scrutinize various
gp120 transitional states.

Taking these results together, along with the crystal struc-
tures of CD4-unliganded trimeric gp140 and the CD4-bound
gp120 core, we postulate the following sequence of conforma-
tional transitions that are triggered upon CD4 binding (illus-
trated in Fig. 12):

1. Insertion of CD4 into its binding pocket in gp120 drives
residue Phe43 of CD4 forward, pushing the tip of hairpin 2
inwards and downwards (this transition brings the tip of
hairpin 2 closer to the base of the V3 loop by 5 Å, as shown
in Fig. 12).

2. The shift and reorientation of strand �21 disrupt hydrogen
bonding with strand �3.

3. This allows hairpin 1 to fully extend, flipping the V1/V2
loops outward.

4. Repositioning of the V1/V2 loops involves twisting of hair-
pin 1, thereby displacing �3 in favor of �2, which can then
form hydrogen bonds with �21, thus stabilizing a complete
bridging sheet.

5. The newly formed bridging sheet with the central �2-�21
antiparallel orientation becomes exposed and accessible for
coreceptor binding.

Obviously, more defining MAbs combined with structural
studies will further contribute to our understanding of these
events and possibly provide insights in the quest for an AIDS vac-
cine. Despite many years of intense research, we are still far from
achieving this goal. There seems to be increasing support for the
idea that immunogens that are as close as possible to the natural
trimeric conformation of HIV-1 envelope will provide a more
relevant and hopefully potent vaccine (85, 86). Understanding the

atomic details of envelope structures in the bound and free states
is definitely important and extremely useful. Simpler epitope-
based vaccines, accentuating neutralizing epitopes, may prove to
be an efficient alternative for vaccine design. A better understand-
ing of the dynamics of HIV-1 envelope interactions with its recep-
tors, and in particular those of monomeric gp120, might contrib-
ute to the ultimate task of generating such an epitope-based
vaccine for AIDS (87).
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