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ABSTRACT The HIV-1 envelope glycoprotein (Env) trimer [(gp120/gp41)3] is a meta-
stable complex expressed at the surface of viral particles and infected cells that sam-
ples different conformations. Before engaging CD4, Env adopts an antibody-resistant
“closed” conformation (State 1). CD4 binding triggers an intermediate conformation
(State 2) and then a more “open” conformation (State 3) that can be recognized by
nonneutralizing antibodies (nnAbs) such as those that recognize the coreceptor bind-
ing site (CoRBS). Binding of antibodies to the CoRBS permits another family of nnAbs,
the anti-cluster A family of Abs which target the gp120 inner domain, to bind and sta-
bilize an asymmetric conformation (State 2A). Cells expressing Env in this conforma-
tion are susceptible to antibody-dependent cellular cytotoxicity (ADCC). This conforma-
tion can be stabilized by small-molecule CD4 mimetics (CD4mc) or soluble CD4 (sCD4)
in combination with anti-CoRBS Ab and anti-cluster A antibodies. The precise stoichi-
ometry of each component that permits this sequential opening of Env remains
unknown. Here, we used a cell-based enzyme-linked immunosorbent assay (CBE) to
evaluate each component individually. In this assay, we used a “trimer mixing”
approach by combining wild-type (wt) subunits with subunits impaired for CD4 or
CoRBS Ab binding. This enabled us to show that State 2A requires all three gp120
subunits to be bound by sCD4/CD4mc and anti-CoRBS Abs. Two of these subunits can
then bind anti-cluster A Abs. Altogether, our data suggest how this antibody-vulnera-
ble Env conformation is stabilized.

IMPORTANCE Stabilization of HIV-1 Env State 2A has been shown to sensitize infected
cells to ADCC. State 2A can be stabilized by a “cocktail” composed of CD4mc, anti-
CoRBS, and anti-cluster A Abs. We present evidence that optimal State 2A stabiliza-
tion requires all three gp120 subunits to be bound by both CD4mc and anti-CoRBS
Abs. Our study provides valuable information on how to stabilize this ADCC-vulnera-
ble conformation. Strategies aimed at stabilizing State 2A might have therapeutic
utility.

KEYWORDS HIV-1, envelope glycoproteins, Env conformation, State 2A,
nonneutralizing antibodies, CD4-induced antibodies, cluster A, coreceptor binding site,
gp120, small CD4 mimetics, soluble CD4

The HIV-1 envelope glycoprotein (Env) is a trimer formed by three heterodimers
composed of a surface gp120 subunit associated noncovalently with a transmem-

brane gp41 subunit (1–3). Env mediates viral entry by binding first to its main receptor
CD4 and then subsequently to its coreceptor (mainly CCR5 or CXCR4). The conforma-
tional changes in Env induced by these sequential interactions are required for the
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fusion of the viral and target cell membranes. Imaging by single-molecule Förster reso-
nance energy transfer (smFRET) allowed the characterization of four conformational
states (4–8): an antibody (Ab)-resistant “closed” conformation (State 1), an intermediate
conformation (State 2), an “open” conformation (State 3), and an off-pathway confor-
mation, which is susceptible to nonneutralizing antibody (nnAb) attack (State 2A)
(reviewed in reference 9). Prior to CD4 engagement, Env preferentially adopts the
closed antibody-resistant State 1. Binding to CD4 triggers Env causing it to sample
downstream conformations (State 2/3) that expose epitopes that are recognized by
easily elicited CD4-induced (CD4i) Abs, which are common in HIV-1-infected individuals
(10, 11). Primary HIV-1 strains have Envs with higher State 1 occupancy (4, 6), consist-
ent with their natural resistance to CD4i Abs. Additionally, HIV-1 prevents the exposure
of CD4i epitopes by limiting the accumulation of Env at the cell surface via Vpu-medi-
ated BST-2 downregulation (12–14) and by downregulating CD4 via the activities of
both Nef and Vpu, thus effectively limiting Env-CD4 interaction (10, 14, 15).

It was previously reported that exposure of CD4i epitopes could also be accom-
plished with small-molecule CD4-mimetic compounds (CD4mc), resulting in the sensiti-
zation of infected cells to antibody-dependent cellular cytotoxicity (ADCC) (16, 17).
However, among the different families of CD4i Abs, anti-cluster A Abs are responsible
for the majority of ADCC activity against HIV-1 (10, 14, 16, 18, 19). CD4mc alone are
unable to expose the cluster A epitopes, requiring instead a sequential “opening” of
the trimer (20, 21). CD4mc initially triggers Env into more open conformations, which
exposes the coreceptor binding site (CoRBS) and thus allows the binding of anti-CoRBS
Abs. This in turn triggers further conformational changes, which leads to the exposure
of cluster A epitopes (20). In addition, anti-CoRBS and anti-cluster A Ab binding to Env
has been shown to engage Fc-gamma receptors in a synergistic fashion to mediate
ADCC (21). Consistent with these findings, smFRET experiments recently showed that
these two families of Abs in combination with soluble CD4 (sCD4) or CD4mc stabilize a
new conformational state (State 2A) susceptible to ADCC responses (7). However, the
precise stoichiometry of each component allowing this “sequential opening” of Env
resulting in the stabilization of State 2A remains unknown. Here, we developed an
assay to evaluate each component individually. In this assay, we used a “trimer mixing”
approach in which we combined wild-type (wt) subunits with subunits impaired for ei-
ther CD4 or CoRBS Ab binding at different ratios of the wt to the mutant. This enabled
us to explore the relative contribution of CD4 and CoRBS Abs to the exposure of the
gp120 inner domain cluster A region.

RESULTS
Impact of CD4 interaction on exposure of gp120 inner domain cluster A

epitopes. To study the stoichiometry of sCD4/CD4mc and CoRBS Abs required to stabi-
lize State 2A and expose the anti-cluster A epitopes, we adapted a cell-based enzyme-
linked immunosorbent assay (ELISA) (CBE) (22) to allow the generation of “mixed
trimers” at the surface of transfected human osteosarcoma (HOS) cells. Briefly, different
amounts of the tier 2 HIV-1JRFL wild type (wt) versus CD4 binding site (CD4BS)- or
CoRBS-expressing Env mutants were cotransfected into HOS cells at wt/mutant ratios
of 3:0, 2:1, 1:2, and 0:3, and antibody binding was measured by a CBE (as described in
Materials and Methods) (22, 24).

Since previous observations indicate that the initial step in State 2A stabilization is
dependent on CD4mc or sCD4 interaction (7, 20), we first selected a CD4BS mutant
unable to bind to these ligands. While the D368R mutation abrogates CD4 interaction
(Fig. 1A) (10, 19, 23), it still responds to CD4mc such as BNM-III-170 and exposes the
CoRBS as measured by 17b binding by a CBE (Fig. 1B) (24). We therefore evaluated the
capacity of another CD4BS mutant, E370R, which not only impairs CD4 interaction (Fig.
1A) but also was reported to abrogate CD4mc binding (24). Indeed, as shown in Fig.
1B, the E370R mutant does not expose the CoRBS upon BNM-III-170 addition. As
expected, the lack of CD4 interaction abrogated infectivity for both mutants (Fig. 1C)
despite normal Env processing and trimer stability (Fig. 1D).
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To better understand the impact of CD4 interaction on the exposure of cluster A
epitopes, we evaluated by a CBE the binding of sCD4/CD4mc, anti-CoRBS Abs, and
anti-cluster A Abs to the mixed wt:E370R trimers (Fig. 2A). The loss of CD4 binding
observed in Fig. 2B is consistent with an increase in the number of gp120 subunits
unable to interact with CD4 (E370R) as the wt/E370R ratio decreases. Indeed, each
additional E370R subunit decreases CD4 interaction by approximately one-third, con-
sistent with a model where the stoichiometry of CD4 is equal to the number of wt sub-
units in a trimer. Exposure of the CoRBS, as measured by 17b binding, in the presence
of sCD4 or the CD4mc BNM-III-170 is proportional to the amount of wt Env present at
each wt/E370R ratio and in good agreement with a model where CoRBS binding is pro-
portional to the amount of CD4 competent subunits (Fig. 2C). To evaluate the impact
of E370R titration on the exposure of cluster A epitopes, we used horseradish peroxi-
dase (HRP)-conjugated anti-cluster A antibody N5-i5 (N5-i5-HRP) (25–28). This HRP-con-
jugated antibody is required since it is known that exposure of the cluster A region
requires the combination of sCD4/CD4mc together with CoRBS Abs (7, 20). By using
the N5-i5-HRP conjugate, we ensured that the signal measured is cluster A specific and
not confounded by the potential detection of CoRBS Abs. As expected, the N5-i5 inter-
action was detected for the “pure” wt trimer (3:0) but not for E370R trimers (0:3), which
are unable to bind CD4 or CD4mc (Fig. 2D). Indeed, the N5-i5-HRP signal falls below or
close to the background threshold, which corresponds to the binding of N5-i5-HRP to
the mutant trimer in the presence of sCD4. Interestingly, as we increased the amount
of the E370R mutant, we observed that the decrease of the N5-i5 interaction differed
from the one observed for both the CD4-immunoglobulin fusion protein (CD4-Ig) and
17b. This suggests that N5-i5 engages the trimer with a different stoichiometry than
sCD4/CD4mc and CoRBS. Indeed, half of the N5-i5 signal was lost upon the addition of
a single E370R subunit (2wt:1 E370R) and reached background levels of detection with
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FIG 1 CD4 binding site mutant characterization. (A and B) Recognition of Env-expressing cells by a cell-
based ELISA using CD4-Ig (A) or 17b (B) in the presence or absence of sCD4 or the CD4mc BNM-III-170.
Data shown represent mean relative light unit (RLU) values 6 standard errors of the means (SEM) from
at least three independent experiments performed in quadruplicate, with the signal obtained from cells
transfected with an empty pcDNA3.1 plasmid (no Env) subtracted, normalized to Env levels as de-
termined by bNAb 2G12. (C) Infectivity of Env variants compared to the wild type (wt). Reverse-
transcriptase-normalized amounts of recombinant luciferase-expressing HIV-1 pseudotyped with the wt
or the D368R or E370R mutant were used to infect Cf2Th-CD4/CCR5 cells at 37°C for 48h. (D) The
trimer stability of Env variants was measured by immunoprecipitation of radiolabeled Env and
calculated as described in Materials and Methods. The association index measures the association of
mutant gp120 with the Env complex on expressing cells relative to the wt, and the processing index
measures proteolytic processing of the mutant gp160 Env precursor to mature gp120 relative to the
wt. Results represent the mean values from three independent experiments.
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the addition of a second E370R subunit (1wt:2 E370R). Altogether, these results are
consistent with a model where optimal exposure of the cluster A region requires the
three gp120 subunits to be engaged by sCD4/CD4mc in order to allow two subunits to
be bound by anti-cluster A Abs.

Impact of the CoRBS interaction on exposure of cluster A epitopes. In addition
to the sCD4/CD4mc interaction, previous observations indicate that State 2A stabiliza-
tion requires the interaction of CoRBS Abs (7, 20). Therefore, we designed a CoRBS mu-
tant unable to bind to 17b without altering its capacity to bind CD4. The 17b epitope
(PDB accession number 1GC1) contains a number of strong hydrogen bonds and salt
bridges in addition to hydrophobic van der Waals interactions. We chose to mutate
two of the strongest interactions to destabilize the 17b interface on gp120. We
mutated K121 in gp120 to D to remove the main-chain hydrogen bond that K121
makes to L54 on the 17b heavy chain and remove any aliphatic interactions that it has
with its side chain to L54 and V56. We also mutated R419 to D on gp120 to disrupt salt
bridges to 17b residues E100B and E100D on the heavy chain (Fig. 3). R419 is part of
the coreceptor binding site and forms a distant salt bridge interaction with TYS10 of
CCR5 (PDB accession number 6MET) (Fig. 3). The introduction of the K121D/R419D
mutations did not affect CD4 binding (Fig. 4A). However, they completely abrogated
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FIG 2 Impact of CD4 binding on anti-cluster A epitope exposure. (A) Exposure of the gp120 cluster A region was evaluated with a cell-based ELISA by
varying the concentrations of the wild type (wt) and the E370R CD4 binding site (CD4BS) variant (mut) (wt/E370R ratios of 3:0, 2:1, 1:2, and 0:3), as
described in Materials and Methods. The ratios correspond to the ratio of the Env subunit transfected into the cells and represent the composition of the
predominant trimer expressed at the cell surface as shown on the scheme. Env trimers are shown as three black circles representing the gp120 subunits,
blue circles represent the CD4BS, and red crosses indicate the presence of the E370R mutation impairing CD4 interaction. (B to D) Recognition of cell-
expressed trimeric Env by CD4-Ig (B), anti-CoRBS Ab 17b (C), or the HRP-conjugated anti-cluster A antibody N5-i5 (N5-i5-HRP) (D) was evaluated in the
presence of sCD4 (3mg/ml) or the CD4mc BNM-III-170 (5mM), alone or in combination with 17b (1mg/ml). N5-i5-HRP was used to avoid codetection of 17b
and N5-i5 by a secondary antibody. The dashed bars show the predicted values calculated from the theoretical composition of trimers following a model
that represents the predicted proportional binding values of each trimer. Data shown represent mean RLU values 6 SEM from at least three independent
experiments performed in quadruplicate, with the signal obtained from cells transfected with an empty pcDNA3.1 plasmid (no Env) subtracted, normalized
to Env levels as determined by bNAb 2G12, relative to the wt. The dotted line is the threshold representing the background signal level. It is defined by
the signal obtained with the 0:3 ratio (wt/mutant) in the presence of sCD4. Statistical significance was tested using an unpaired t test or a Mann-Whitney U
test based on statistical normality (*, P, 0.05; ns, not significant).
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the CoRBS 17b Ab interaction as shown by a lack of reactivity in the presence of sCD4
or CD4mc (Fig. 4B). As expected, they also abrogated viral infectivity (Fig. 4C), suggest-
ing that in addition to preventing 17b binding, they can also impair coreceptor bind-
ing. Of note, these mutations affected Env processing without affecting trimer stability
(Fig. 4D).

To better understand the role of the anti-CoRBS Ab interaction in the exposure of
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FIG 4 Coreceptor binding site mutant characterization. (A and B) Effects of the mutations K121D and
R419D on the recognition of cell-expressed trimeric Env by CD4-Ig (A) or anti-CoRBS Ab 17b (B) in
the presence or absence of sCD4 (3mg/ml) or the CD4mc BNM-III-170 (5mM) were examined by cell-
based ELISAs. (C) Infectivity levels relative to the wild type (wt) were determined by infecting Cf2Th-
CD4/CCR5 cells with HIV-1 pseudotyped with the wt or the K121D/R419D mutant normalized by RT.
(D) Association and processing indices were calculated as described in Materials and Methods. Data
shown are displayed as described in the legend of Fig. 1. Statistical significance was tested using an
unpaired t test or a Mann-Whitney U test based on statistical normality (ns, not significant).

FIG 3 Contribution of K121 and R419 to the 17b and CCR5 complex interfaces. (A) The 17b gp120 interface. K121
forms a hydrogen bond to the main-chain carbonyl of L54 of 17b’s heavy chain CDR H2 (PDB accession number
1GC1). The aliphatic portion of the K121 side chain packs against the L54 and V56 side chains. The change to D121
removes the hydrogen bond and prevents any favorable side chain interactions. R419 forms salt bridges to E100B
and E100D in the third complementarity-determining region of the heavy chain (CDR H3) of 17b. D419 prevents
both from occurring. (B) The CCR5 interface. R419 forms a long distant salt bridge (5.8 Å) with TYS10 on CCR5 (PDB
accession number 6MET). The mutation to D419 removes this interaction.
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cluster A epitopes, we repeated our CBEs using mixed wt:K121D/R419D trimers. As
observed in Fig. 5A, all titrations of the wt:K121D/R419D trimers had similar CD4 bind-
ing, consistent with the maintained CD4 binding capacity of this double mutant. We
observed a stepwise decrease in 17b binding in the presence of sCD4 or CD4mc when
we increased the concentration of the double mutant (Fig. 5B). Indeed, as we
decreased the ratio of the wt to the K121D/R419D mutant, 17b binding was reduced
by about one-third for each additional K121D/R419D subunit, suggesting that the stoi-
chiometry of anti-CoRBS is also equal to the number of wt subunits in a trimer.

We then evaluated the contribution of the CoRBS to the exposure of the gp120
inner domain cluster A region. As described above for Fig. 2D, we used the anti-cluster
A N5-i5-HRP conjugate to evaluate cluster A exposure. In agreement with the loss of
the N5-i5 signal observed with additional E370R subunits, the addition of a single
K121D/R419D subunit (2wt:1 K121D/R419D) decreased the N5-i5 signal by half, while
the addition of two K121D/R419D subunits (1wt:2 K121D/R419D) decreased the signal
to the background level (Fig. 5C). Taken together, these results support a “sequential
opening” model where the optimal exposure of cluster A epitopes requires all three
subunits to be bound by sCD4 or CD4mc and then by anti-CoRBS Ab, allowing two
subunits to be bound by anti-cluster A Abs.

DISCUSSION

The HIV-1 envelope glycoprotein (Env) is the only virus-specific antigen present at
the surface of virions and HIV-1-infected cells and represents the main target for anti-
bodies. However, most antibodies elicited during natural infection recognize CD4-
induced (CD4i) Env epitopes that are not readily exposed in the closed untriggered
trimer (State 1). Soluble CD4 (sCD4) or small CD4 mimetics (CD4mc) can trigger Env
into more open states and stabilize downstream State 2/3 conformations (4–6) that
can be recognized by CD4i Abs targeting the CoRBS and the V3 loop. CoRBS binding
upon sCD4/CD4mc was shown to allow interaction by anti-cluster A Abs and stabilize a
fourth conformation, State 2A (7). By using mixed trimers containing subunits unable
to interact with CD4 or anti-CoRBS Abs, we found that the optimal exposure of cluster
A epitopes required sCD4/CD4mc engagement in all three gp120 subunits (Fig. 2B).
Our results are consistent with the requirement of all gp120 subunits to be bound by
CoRBS Abs (Fig. 5B), thus allowing two gp120 subunits to interact with anti-cluster A
Abs (Fig. 2D and Fig. 5C). Additionally, our results suggest that a minimum of two
gp120 subunits need to be bound by CD4 and anti-CoRBS Abs to allow one subunit to
be bound by anti-cluster A Abs. Our results are in agreement with in silico modeling
showing that an anti-cluster A and an anti-CoRBS Ab can bind to the same gp120 pro-
tomer (21).

It was previously reported that sCD4 engagement with a first gp120 subunit results
in the stabilization of the two adjacent gp120 protomers in the State 2 conformation,
creating an asymmetric trimer presenting protomers in distinct conformations (6).
Similarly, State 2A-stabilized trimers were shown to adopt an asymmetric configuration
(7). Interestingly, cluster A epitope exposure, a hallmark of State 2A, can be induced, in
the presence of CD4mc, by the bivalent antigen binding fragment [F(ab9)2] of anti-
CoRBS Abs or the full Ab but not the monovalent Fab (7, 20, 21), suggesting that subu-
nit cross-linking might be necessary to stabilize State 2A. This is in good agreement
with structural information available based on cryo-electron microscopy (cryo-EM)
structures of HIV-1 virion-associated Env trimers triggered with soluble (d1d2 domain)
CD4 and 17b Fab (29) and a recent computational model of the Env trimer-d1d2CD4-
17b Fab ternary complex that was built based on available cryo-EM data, atomic-reso-
lution structures of the g120 core, and information on CD4 and 17b binding interac-
tions (30). As shown in Fig. 6A and B (left), the binding of the Fab of CoRBS-specific
antibody 17b to the CD4-triggered Env trimer does not expose the cluster A region
(highlighted in red). This region is still buried at the gp120-gp41 interface and is not
accessible for antibody recognition. However, when 17b IgG is used, it could interact in
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a multivalent fashion (using both Fab arms) with two neighboring gp120 protomers to
trigger asymmetric trimer opening and exposure of the cluster A region for anti-cluster
A antibody binding (Fig. 6B, right). We cannot rule out the possibility that in addition
to engaging the subunits of the same trimer (intraspike cross-linking), the CoRBS-
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FIG 5 Impact of CoRBS binding on anti-cluster A epitope exposure. Exposure of the gp120 cluster A
region was evaluated by a cell-based ELISA by varying the concentrations of the wild type (wt) and
the K121D/R419D CoRBS variant (mut) (ratios of the wt to the K121D/R419D mutant of 3:0, 2:1, 1:2,
and 0:3), as described in Materials and Methods. The ratios correspond to the ratio of the Env subunit
transfected into the cells and represent the composition of the predominant trimer expressed at the
cell surface (the predicted values calculated from the theoretical composition of trimers corresponding
to each transfection ratio are shown as dashed bars). Recognition of cell-expressed trimeric Env by
CD4-Ig (A), anti-CoRBS Ab 17b (B), or the HRP-conjugated anti-cluster A antibody N5-i5 (N5-i5-HRP) (C)
was evaluated in the presence of sCD4 (3mg/ml) or the CD4mc BNM-III-170 (5mM), alone or in
combination with 17b (1mg/ml). N5-i5-HRP was used to avoid codetection of 17b and N5-i5 by a
secondary antibody. The dotted line is the threshold representing the background signal level. It is
defined by the signal obtained with the 0:3 ratio (wt/mutant) in the presence of sCD4. Data shown
represent mean RLU values 6 SEM from at least three independent experiments performed in
quadruplicate, with the signal obtained from cells transfected with an empty pcDNA3.1 plasmid (no
Env) subtracted, normalized to Env levels as determined by bNAb 2G12, relative to the wt. Statistical
significance was tested using an unpaired t test or a Mann-Whitney U test based on statistical
normality (*, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001; ns, not significant).
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specific antibody could cross-link gp120 protomers from two distinct trimers (to form
interspike cross-links). While we observed that a minimum of two gp120 subunits need
to be bound by anti-CoRBS Abs to expose cluster A epitopes (Fig. 5B and C), our data
cannot differentiate between these two possibilities (intra- versus interspike cross-link-
ing). A significant improvement in the resolution of current maps (7) will be required
to unequivocally answer this question. Considering that multivalent antibody-antigen
immune complexes are necessary to potently engage Fc-gamma receptors, as
reviewed by Anand and Finzi (31), cross-linking of Env at the surface of infected cells
(either intra- or interspike) might contribute to the robust ADCC responses observed
when treating infected cells with CD4mc (20, 21). Additionally, recent data suggest
that the angle at which the Fc portion of CD4-induced antibodies is exposed toward
the effector cell could impact ADCC potency (32). A better understanding of how State
2A is stabilized could provide relevant information about the mechanism driving Fc-
gamma receptor engagement. This in turn could lead to the optimization of strategies
exploiting Fc-mediated functions to eliminate HIV-1-infected cells and potentially
decrease the size of the viral reservoir.

Altogether, by combining cell-based ELISA and trimer mixing approaches, here, we
provide new insights into the mechanism underlying the stabilization of State 2A, an
antibody-vulnerable conformation. Why is it important to study the State 2A conforma-
tion? The main reason resides in the vulnerability of infected cells exposing this Env
conformation to ADCC. Ongoing studies will determine whether this translates into
decreasing the size of the viral reservoir in vivo.

MATERIALS ANDMETHODS
Cell lines. HEK293T (human embryonic kidney) cells, Cf2Th canine thymocytes, and HOS (human os-

teosarcoma) cells (American Type Culture Collection) were grown at 37°C with 5% CO2 in Dulbecco’s
modified Eagle’s medium containing 5% fetal bovine serum and 100mg/ml penicillin-streptomycin
(Wysent), as previously described (16, 24). Cf2Th cells stably expressing human CD4 and CCR5 (37) were
grown in medium supplemented with 0.4mg/ml of G418 (Invitrogen) and 0.15mg/ml of hygromycin B
(Roche Diagnostics).

Plasmids and site-directed mutagenesis. The sequence of full-length clade B HIV-1JRFL Env was
codon optimized (GenScript) and cloned into the expression plasmid pcDNA3.1. Mutations were intro-
duced into the plasmid expressing HIV-1JRFL Env using the QuikChange II site-directed mutagenesis pro-
tocol or the QuikChange multisite-directed mutagenesis kit (Stratagene). Truncation of the cytoplasmic
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tail (EnvDCT variant) was made by adding a stop codon at position 711. The presence of the desired
mutations was confirmed by Sanger DNA sequencing. All residues are numbered based on alignment
with the HXBc2 prototype sequence, according to convention.

Antibodies. The following monoclonal Abs (mAbs) were used: anti-HIV-1 gp120 mAbs recognizing
the gp120 outer domain (2G12) (NIH AIDS Reagent Program), CD4-induced gp120 epitopes (17b and
N5-i5), and the soluble CD4-immunoglobin fusion protein (CD4-Ig). Horseradish peroxidase (HRP)-
conjugated goat anti-human IgG antibody (Invitrogen) and HRP-conjugated N5-i5 were used as sec-
ondary Abs.

Horseradish peroxidase antibody conjugation. N5-i5-HRP was generated from N5-i5 IgG using the
EZ-link plus activated peroxidase kit (Thermo-Fisher). Briefly, 1mg of purified N5-i5 IgG dialyzed into
phosphate-buffered saline (PBS) was added to 1 vial of EZ-link activated peroxidase from the kit, and the
final volume was adjusted to 1ml with PBS. Ten microliters of a 5 M sodium cyanoborohydride solution
was added in a chemical fume hood, and the sample was left to incubate at room temperature for 1 h.
Twenty microliters of 3 M ethanolamine (pH 9) was used to quench the reaction at the end of the incu-
bation. N5-i5-HRP was purified from the unreacted HRP by gel filtration on a Superdex 200 16/60 col-
umn (GE Healthcare) with a solution containing 10 mM Tris-HCl (pH 7.2) and 100mM ammonium ace-
tate used as the running buffer. N5-i5-HRP was easily separated from unreacted HRP but not from
unreacted IgG. Fractions corresponding to the correct molecular weight were combined and concen-
trated for later use.

Small molecules. The CD4-mimetic small molecule BNM-III-170 was synthesized as described previ-
ously (33). The compounds were dissolved in dimethyl sulfoxide (DMSO) at a stock concentration of
10mM, aliquoted, and stored at 220°C. The compound was then diluted to 5mM in blocking buffer for
cell-based ELISAs.

Recombinant luciferase viruses. Recombinant viruses containing the firefly luciferase gene were
produced by calcium phosphate transfection of 293T cells with the HIV-1 proviral vector pNL4.3 Env-Luc
and the pcDNA3.1 plasmid expressing the wild-type (wt) or mutant HIV-1JRFL envelope glycoproteins at a
ratio of 2:1. Two days after transfection, the cell supernatants were harvested, and the reverse transcrip-
tase (RT) activities of all viruses were measured as described previously (34). The virus-containing super-
natants were stored in aliquots at 280°C.

Infection by single-round luciferase viruses. Cf2Th-CD4/CCR5 target cells were seeded at a density
of 5� 103 cells/well in 96-well luminometer-compatible tissue culture plates (Corning or PerkinElmer) 24
h before infection. Normalized amounts of viruses (as evaluated by reverse transcriptase activities of the
viral stocks) were then added to the target cells, followed by spin infection at 800� g for 1 h in 96-well
plates at 25°C. After spin infection, cells were incubated for 48 h at 37°C, the medium was then removed
from each well, and the cells were lysed by the addition of 30ml of passive lysis buffer (Promega) and
three freeze-thaw cycles. An LB 941 TriStar luminometer (Berthold Technologies) was used to measure
the luciferase activity of each well after the addition of 100ml of luciferin buffer (15mM MgSO4, 15mM
KPO4 [pH 7.8], 1mM ATP, and 1mM dithiothreitol) and 50ml of 1mM D-luciferin potassium salt
(Prolume).

Immunoprecipitation of envelope glycoproteins. For pulse-labeling experiments, 3� 105 HEK293T
cells were transfected by the calcium phosphate method with HIV-1JRFL envelope expressors (EnvDCT).
One day after transfection, cells were metabolically labeled with 100 mCi/ml [35S]methionine-cysteine
(35S protein labeling mix; Perkin-Elmer) in Dulbecco’s modified Eagle’s medium lacking methionine and
cysteine and supplemented with 5% dialyzed fetal bovine serum. After 24 h, supernatants were recov-
ered, and cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (140mM NaCl, 8mM
Na2HPO4, 2mM NaH2PO4, 1% IGEPAL CA-630, 0.05% sodium dodecyl sulfate [SDS], 0.5% sodium deoxy-
cholate [DOC]). Precipitation of radiolabeled HIV-1JRFL envelope glycoproteins from cell lysates or super-
natants was performed with a mixture of sera from HIV-1-infected individuals at 4°C for 1 h at 37°C in
the presence of 45ml of 10% protein A-Sepharose beads (American BioSciences). The beads were then
washed twice with RIPA buffer. Laemmli buffer with b-mercaptoethanol was added to the beads before
heating them at 100°C for 5min and loaded onto SDS-PAGE polyacrylamide gels. After migration, gels
were dried with a model 583 gel dryer (Bio-Rad, Hercules, CA, USA) and exposed in a storage phosphor
cassette. Densitometry data were acquired with a Typhoon Trio variable-mode imager (Amersham
Biosciences) in storage phosphor acquisition mode. Results were analyzed using ImageQuant 5.2
(Molecular Dynamics) (36).

Processing and association indices were determined by precipitation of radiolabeled cell lysates and
supernatants with mixtures of sera from HIV-1-infected individuals. The association index is a measure of
the ability of the mutant gp120 molecule to remain associated with the Env trimer complex on the
expressing cell relative to that of the wt Env trimers. The association index was calculated with the fol-
lowing formula: association index = ([mutant gp120]cell/[mutant gp120]supernatant)/([wt gp120]cell/[wt
gp120]supernatant). The processing index is a measure of the proteolytic processing of the mutant gp160
Env precursor to mature gp120 relative to that of the wild-type Env trimers. The processing index was
calculated with the following formula: processing index = ([total gp120]mutant/[gp160]mutant)/([total
gp120]wt/[gp160]wt).

Cell-based ELISA and trimer mixing. The detection of trimeric HIV-1JRFL EnvDCT at the surface of
HOS cells was performed by a cell-based ELISA, as previously described (22, 24). Briefly, HOS cells were
seeded in T-25 flasks (2� 106 cells per flask) and transfected the next day with a total of 12mg of
pcDNA3.1 expressing codon-optimized HIV-1JRFL EnvDCT per flask using the standard polyethylenimine
(PEI; Polysciences Inc., PA, USA) transfection method. For the trimer mixing approach, transfection was
done with 12mg of wt Env (3:0 [wt/mutant]), 8mg wt Env and 4mg mutant Env (2:1), 4mg wt Env and
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8mg mutant Env (1:2), or 12mg mutant Env (0:3). Twenty-four hours after transfection, cells were plated
in 384-well plates (2� 104 cells per well). One day later, cells were incubated in blocking buffer (washing
buffer [25mM Tris {pH 7.5}, 1.8mM CaCl2, 1.0mM MgCl2, and 140mM NaCl] supplemented with 10mg/
ml nonfat dry milk and 5mM Tris [pH 8.0]) for 30min and then coincubated for 1 h with either the
broadly neutralizing Ab (bNAb) 2G12, the anti-CoRBS 17b Ab, the soluble CD4 (sCD4)-immunoglobin
fusion protein (CD4-Ig) (1mg/ml), or the HRP-conjugated anti-cluster A N5-i5 Ab (N5-i5-HRP) in the pres-
ence or absence of (1)-BNM-III-170 (50mM), sCD4 (3mg/ml), or the vehicle (DMSO and PBS) diluted in
blocking buffer. Cells were then washed five times with blocking buffer and five times with washing
buffer. A secondary HRP-conjugated antibody specific for the Fc region of human IgG (Pierce) was then
incubated to reveal 17b and CD4-Ig binding. N5-i5 binding did not require the addition of a secondary
antibody as it was already conjugated to HRP (N5-i5-HRP). Of note, the signals obtained with the N5-i5-
HRP-conjugated antibody are lower than those obtained when using a secondary HRP-conjugated anti-
body to reveal binding (not shown).

Secondary antibody was added for 45min and then washed again as described above. All incuba-
tions were done at room temperature. To measure the HRP enzyme activity, 20ml of a 1:1 mix of
Western Lightning oxidizing and enhanced luminol reagents (Perkin Elmer Life Sciences) was added to
each well. The chemiluminescence signal was acquired for 1 s/well with the LB 941 TriStar luminometer
(Berthold Technologies).

Purification of recombinant sCD4. For four-domain sCD4 production, FreeStyle 293F cells (Invitrogen)
were grown in FreeStyle 293F medium (Invitrogen) to a density of 1� 106 cells/ml at 37°C with
8% CO2, with regular agitation (125 rpm). Cells were transfected with a codon-optimized plasmid
expressing sCD4 using the 293Fectin reagent, as directed by the manufacturer (Invitrogen). One week
later, the cells were pelleted and discarded. The supernatants were filtered (0.22-mm-pore-size filter)
(Corning), and sCD4 was purified using nickel affinity columns, as directed by the manufacturer
(Invitrogen) (35).

Statistical analyses. Statistics were analyzed using GraphPad Prism version 6.01 (GraphPad, San
Diego, CA, USA). Every data set was tested for statistical normality, and this information was used to
apply the appropriate (parametric or nonparametric) statistical test. P values of ,0.05 were considered
significant (*, P, 0.05; **, P, 0.01; ***, P, 0.001; ****, P, 0.0001).
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