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The HIV-1 spike is composed of three protomeric units, each containing a peripheral gp120 and a transmembrane gp41 subunit.
Binding to the CD4 and the chemokine receptors triggers them to mediate virus entry into cells by membrane fusion. The spikes
also represent the major target for neutralizing antibodies (Abs) against the virus. We have studied how two related broadly neu-
tralizing Abs, PG9 and PG16, react with the spike. Unexpectedly, this also suggested how the functions of the individual protom-
ers in the spike depend on each other. The Abs have been shown to bind the V1/V2 loops of gp120, located at the top of the spike.
Using blue native-polyacrylamide gel electrophoresis (BN-PAGE), we show that only single Abs or antigen-binding fragments
could bind to the spikes of HIV-1 virus-like particles. Apparently, binding to one gp120 sterically interferes with binding to the
other two subunits in the spike top. Despite this constraint, all of the protomers of the spike became resistant to CD4 binding
and subsequent formation of the coreceptor binding site. These activities were measured by monitoring the sequential complex
formation of the spike first with Abs and then with soluble 2d- or 4d-CD4 or with soluble CD4 and the CD4 inducible coreceptor
binding site Ab 17b in BN-PAGE. The inhibition of the spike by single-Ab binding suggested that the activation reactions of the
individual protomeric units are linked to each other in a coordinated activation process.

The HIV-1 spike is a trimer where the protomeric unit is com-
posed of the noncovalently linked peripheral (gp120) and

transmembrane (gp41) subunits (1–3). The spike mediates entry
of the virus into the cell through membrane fusion. In this process,
gp120 binds successively to the primary, CD4, and the secondary,
chemokine receptors on the cell surface. This activates gp41 to
interact with the lipid bilayer of the cell via its fusion peptide (4, 5).
The back-folding of the gp41 subunits from a trimeric prehairpin
to a hairpin structure then approaches the viral and the cell mem-
branes so they can merge and allow the viral capsid with the viral
genome to enter into the cell (6–8).

It has been shown that binding of CD4 induces changes in the
gp120 structure that result in formation of the binding site for the
secondary receptor and that changes induced by both receptors
release the gp120 constraints on gp41 activation (1, 3, 9–11).
However, an important question concerns the possible coordina-
tion of the activating processes in the individual protomers of the
trimeric spike. Are the activating changes in the protomers linked
to each other and therefore have to occur simultaneously? A co-
ordinated process would ensure the formation of symmetrical in-
termediate forms of the trimeric spike, which should be important
for their stability and function.

The spike is also the target for neutralizing antibodies (NAbs).
Several broadly neutralizing antibodies (bNAbs) against HIV-1
have been characterized (12–19). The elucidation of their neutral-
ization mechanisms should be useful for the development of an
HIV-1 vaccine and also to explain the spike activation mechanism.
Some bNAbs like 2G12 and VRC01stabilize the native unliganded
conformation of the spike and thereby inhibit spike activation (10,
20). Most interestingly, single Ab binding seems to be sufficient
for neutralization (21). This can be explained assuming a coordi-
nated activation mechanism of the three protomers of the spike.

In this case, binding of a single stabilizing bNAb to one protomer
will also prevent the activation of the unliganded protomers.

In the present study we have studied the neutralization mech-
anism of the bNAbs PG9 and PG16 (17, 22). These are somatically
related Abs that neutralize the majority of the HIV-1 strains. They
are sensitive to changes in the gp120 variable (V) loops V1/V2 and
also V3, require the Asn 160-linked sugar unit in V1/V2, and bind
preferentially to native spikes. PG9 has also been crystallized in
complex with a recombinant glycopeptide mimic of V1/V2 and
the atomic structure determined (23). This showed Ab binding to
the peptide proximal sugar residue of N160 and to the main chain
of one of the four strands of the V1/V2 sheet. Further mapping of
the V1/V2 binding sites in PG9 by Arg mutations indicated that
these defined much of the epitope (22, 23).

We show here that only single PG9 and PG16 Abs can bind to
the trimeric spike, apparently for steric reasons. Nevertheless, they
stabilize the oligomeric structure of the spike and inhibit CD4
binding to and activation of all the protomers. This suggests that
the spike activation is indeed a coordinated process occurring si-
multaneously in all the protomers of the trimer. The Ab-induced
inhibition of activation was found to be reversible. Soluble CD4 at
a high concentration was apparently able to catch spikes from
dissociated spike-Ab complexes and activate them.
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MATERIALS AND METHODS
PG9 and PG16 Abs directed against the V1/V2 loops were obtained
from Dennis R. Burton, the Scripps Research Institute, La Jolla, CA.
The CD4 binding site Ab b12 was purchased from Polymun Scientific
(Klosterneuburg, Austria). The 17b antibody, with a CD4 inducible bind-
ing site, and soluble 2d- and 4d-CD4 were obtained from the NIH AIDS
Research and Reference Reagent Program (17b from James E. Robinson
(24), sCD4-183, i.e., 2d-CD4, was obtained from Pharmacia, Inc. (25),
and soluble human CD4, i.e., 4d-CD4, was obtained from Progenics.
VLPs carrying HIV-1 JR-FL spikes with a deleted cytoplasmic tail (trun-
cated at residue 708), disulfide linked gp120 and gp41 (Cys501-Cys605),
and E168K and N189A mutations were produced in 293T cells in a 150-
cm2 culture flask by calcium phosphate precipitation-mediated cotrans-
fection using 10 �g of pCAGGS JRFL gp160SOS,�CT,E168K,N189A and 10 �g
of pNL4-3.Luc.R-E DNA (3, 26, 27). The 293T cells were maintained as
described previously (28). [35S]Cys was incorporated into the VLPs
through metabolic labeling in Cys-free Dulbecco modified Eagle medium
(National Veterinary Institute, Uppsala, Sweden) supplemented with 10
�M unlabeled Cys and 100 �Ci of [35S]Cys/ml (Fisher Scientific, Gothen-
burg, Sweden) from 24 to 48 h after the transfection. The [35S]Cys-labeled
VLPs were isolated by ultracentrifugation in a sucrose step gradient (3).
Fabs were generated by digesting 18 �g of monoclonal Ab in 25 �l of
phosphate-buffered saline (PBS) containing 10 mM EDTA, 5 mM Cys,
and 0.5 �g of papain for 4 h at 37°C. The digestion was terminated by
addition of iodoacetamide to 5 mM. Samples were diluted with 175 �l of
HNC buffer (50 mM HEPES, 100 mM NaCl, 1.8 mM CaCl2 [pH 7.4]) and
uncleaved Abs and Fc fragments were removed by binding to protein
A-Sepharose (GE Healthcare, Uppsala, Sweden) overnight at 4°C. VLPs
were incubated with ligands in HNC buffer for 2 h at room temperature.
The formation of liganded spike complexes was followed by BN-PAGE
and phosphorimaging. For this, the samples were solubilized by incuba-
tion for 10 min at 37°C in HNC buffer containing 0.15 to 0.3% Triton
X-100. One volume of two times-concentrated BN-PAGE sample buffer
was added, and the samples were incubated for 10 min at room tempera-
ture and analyzed by gradient BN-PAGE containing 4.5 to 8% total acryl-
amide as described previously (29). The dried gels were exposed to phos-
phorimage screens (BAS MS2025; Fujifilm, Science Imaging, Nacka,
Sweden) and the radiolabeled bands visualized and quantified using a Molec-
ular Imager FX and the Quantity One software (Bio-Rad, Hercules, CA).

RESULTS
A single PG9 or PG16 Fab binds to the HIV-1 spike. In the
present study, we used an HIV-1 JR-FL mutant spike
(gp160SOS,�CT,E168K,N189A) incorporated into VLPs (26). This con-
tains an engineered disulfide bond between the gp120 C-terminal
region and the small disulfide region of gp41, which increases
spike stability. It also contains a deletion of the cytoplasmic do-
main. This increases spike incorporation into VLPs but have a
negligible effect on the neutralization sensitivity (30). A Glu-to-
Lys substitution at position 168 of the V2 loop and an Asn-to-Ala
substitution at position 189 are introduced to allow binding of the
PG9 and PG16 Abs to the JR-FL spike (17, 27, 31). The mutant
spike can bind CD4 and coreceptors and, after dithiothreitol-me-
diated reduction of the engineered disulfide, infect cells like wild-
type (wt) virus (3, 32, 33).

We prepared fragments (Fabs) of PG9 and PG16 Abs by papain
digestion and analyzed their binding stoichiometry to the trimeric
HIV-1 mutant spike by 4.5 to 8% BN-PAGE. The Fab of the b12
Ab and soluble 2d- and 4d-CD4 were used as controls. Spikes of
[35S]Cys-labeled VLPs were reacted with increasing concentra-
tions of each ligand at room temperature for 2 h and then solubi-
lized and analyzed by BN-PAGE (Fig. 1). A side-by-side compar-
ison of the migrations of the different ligand complexes in

BN-PAGE was also performed (Fig. 1, lower right panel). We
found that both PG9 and PG16 Fabs formed a complex with the
spike that migrated clearly slower than the unliganded spike (gp3)
(Fig. 1, upper panels). The 2d-CD4 generated a complex that mi-
grated even slower (Fig. 1, middle left panel and lower right panel,
lanes 2 to 4), and the 4d-CD4 and the b12 Fab formed complexes
that migrated much slower than the spike-PG9/16 Fab complexes
(Fig. 1, middle right panel, lower left panel and lower right panel,
lane 2 and lanes 4 to 6). The unliganded spike band and the CD4
liganded spike bands have earlier been shown to represent gp120-
gp41 trimers, i.e., spikes, and fully saturated spike-CD4 com-
plexes, respectively, by three-dimensional-structure analyses of

FIG 1 One PG9 or PG16 Fab binds to the spike. [35S]Cys-labeled VLPs were
incubated with PG9 Fab (upper left panel), PG16 Fab (upper right panel),
2d-CD4 (middle left panel), 4d-CD4 (middle right panel), b12 Fab (lower left
panel), or 2G12 Ab (IgG) (bottom panel) at increasing concentrations for 2 h
at room temperature and then solubilized for analysis of liganded spikes by 4.5
to 8% BN-PAGE. The Fab concentrations were 0.25, 0.75, 2.5, 7.5, 25, and 75
�g/ml, the 2G12 Ab concentrations were 0.3, 1, 3, 10, and 30 �g/ml, and the
sCD4 concentrations were 1.25, 2.5, 7.5, 10, and 12.5 �g/ml. The spike and the
various spike-sCD4 or Fab complexes were also analyzed next to each other for
close-by comparisons of band migrations (lower right panel). Unliganded
(gp3) and liganded spike bands are indicated to the right of each panel. The
migrations of molecular mass standards (IgM, IgM pentamer, 1,048 kDa; Apo
1, apoferritin band 1, 720 kDa; Thy, thyroglobulin, 669 kDa; Apo 2, apoferritin
band 2, 480 kDa; Phy, B-phycoerythrin, 242 kDa) are indicated to the left of the
lower right panel. The panels represent phosphorimages of the gels. Note that
the bottom BN-PAGE with spike-2G12 Ab complexes has been run longer
than the other ones in order to resolve complexes with two and three Abs.
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corresponding material using cryo-electron microscopy (cryo-
EM) (3). Considering the approximate molecular masses of an
Fab (�50 kDa), the 2d-CD4 (�26 kDa), and the 4d-CD4 (�46
kDa), the b12 liganded spike band should represent a spike in
complex with three b12 Fabs. Consequently, the characteristic mi-
grations of the spike-PG9/16 bands slightly faster than the spike-
2d-CD4 band indicate that no more than one PG9 or PG16 Fab
can bind to the spike.

A puzzling feature in these experiments was that neither the
soluble CD4 nor the b12 Fab formed complexes with the spike
containing one or two ligands. Only fully saturated spike com-
plexes were observed when the virus was incubated with increas-
ing ligand concentrations (Fig. 1, middle left, middle right, and
lower left panels). To exclude the possibility that incompletely
saturated ligand complexes were inherently unstable in our BN-
PAGE, we also tested the bNAb 2G12. This bNAb contains a do-
main switch, which allows it to recognize single spikes, but not
cross-link separate ones (13). With this Ab, we observed the for-
mation of spike complexes containing one and two ligands, re-
spectively (Fig. 1, bottom panel). Similar results have been shown
before with 2G12 Fab using a comparable BN-PAGE (34). This
suggests that incompletely saturated complexes of spikes with sol-
uble CD4 and b12 Fab complexes are not dissociated in the anal-
ysis system but are simply not formed.

One PG9 or PG16 Ab binds to one solubilized spike but
cross-links two spikes in the viral membrane. The binding of
complete divalent PG9 and PG16 Abs (IgG) to solubilized spikes
and to spikes in intact particles was also studied. When spikes
solubilized from labeled VLPs were treated with PG16 Abs at in-
creasing concentrations for 2 h at room temperature and the com-
plexes were analyzed by BN-PAGE, we observed a shift of the spike
band into one much slower-migrating band that moved some-
what faster than the spike in complex with three b12 Fabs (Fig. 2,
upper left panel and lower panel). This is consistent with the bind-
ing of a single PG16 Ab to one spike. However, if the spikes on
intact VLPs were treated with a low concentration of PG16 Abs for
2 h at room temperature and then solubilized, we found that the
spike band shifted into a still slower-migrating band (Fig. 2, upper
right panel, lanes 1 to 4 and lower panel). At higher Ab concen-
trations, this slower band shifted gradually into the faster-moving
band observed after treating the solubilized spikes with the Abs
(Fig. 2, compare upper left and right panels, lanes 4 to 8, and the
lower panel). Apparently, at low concentrations, single Abs first
bind to a fraction of the spikes with one arm and then, during the
2 h of incubation, probably after diffusion in the membrane, the
bound Ab cross-links another spike with its free arm. At higher
concentrations, single Abs most likely bind directly to all spikes
and thereby prevent cross-linking. If the slower-migrating band
had represented a complex between one spike and several Abs, it
would had been present most prevalently at higher Ab concentra-
tions. Thus, these results confirm that only a single Ab binding site
can be used in the trimeric spike. Similar results were obtained
with the PG9 Ab.

The spike oligomer is stabilized by a single PG9 or PG16 Ab
binding. The stability of the spike solubilized from labeled VLPs
was studied in unliganded form and as a complex with PG9 or
PG16 Ab by BN-PAGE after incubation at 37°C for 1 and 3 h. The
unliganded oligomer was found to progressively dissociate into
single disulfide-linked gp120-gp41 complexes (gp) after 1 and 3 h
of incubation (Fig. 3, upper left panel, lanes 1 to 3). However,

when the spike had been complexed with one PG9 or PG16 anti-
body, most of it still resisted as Ab complexed trimers after 3 h of
incubation at 37°C (Fig. 3, upper right panel). The corresponding
quantification is shown in Fig. 3, bottom panel. If PG9/16 Abs
were added to the solubilized spikes after the 37°C incubation, no
detectable Ab binding was found to the dissociated gp120-gp41
complexes, only to the remaining trimers, thus confirming that
trimerization is important for PG9/16 Ab binding (Fig. 3, upper
left panel, lane 4). These data showed that the binding of PG9 or
PG16 Ab to a single binding site on the spike inhibits trimer dis-
sociation into separate gp120-gp41 complexes.

The binding of one PG9 or PG16 Ab or Fab to the spike re-
versibly inhibits 2d- or 4d-CD4 binding and spike activation. To
study the functional effect of binding a PG9 or PG16 Ab or Fab to
the trimeric HIV-1 spike, we followed the ability of the complex
to bind CD4 and, with the Fab, also to form the coreceptor bind-
ing site. The formation of the latter was monitored by binding of
the 17b Fab, which recognizes a CD4 induced epitope that over-
laps the binding site of the coreceptor (4, 24). Spikes in VLPs were
first treated with the PG9/16 Abs or Fabs and then with soluble 2d-
or 4d-CD4, alone or together with 17b Fab, and the resulting
spike-ligand complexes were identified by BN-PAGE after solubi-
lization. When PG16 Ab was reacted with the VLP spikes, most of
the spike band shifted to the slower-migrating bands correspond-
ing to the spike-Ab-spike and the spike-Ab complexes (Fig. 4,
upper right panel, lane 2). After a second incubation with increas-
ing concentrations of 2d-CD4, these bands shifted gradually into a
faster-migrating one corresponding to the saturated spike-2d-

FIG 2 One PG16 Ab binds to one spike in solution but cross-links two spikes
in the particle. Solubilized [35S]Cys-labeled VLPs were incubated with PG16
Ab at increasing concentrations for 2 h at room temperature and then analyzed
by 4.5 to 8% BN-PAGE (upper left panel). Intact labeled particles were simi-
larly incubated with the Ab and then solubilized for BN-PAGE (upper right
panel). PG16 Ab complexes formed with spikes of solubilized and intact VLP
and the b12 Fab complex formed with spikes of intact VLP were also analyzed
next to each other for comparisons of band migrations (bottom panel). Unli-
ganded (gp3) and liganded spike bands are indicated as is also the single disul-
fide-linked gp120-gp41 complex band (gp). The panels represent phosphor-
images of the gels.
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CD4 complex (Fig. 4, upper right panel, lanes 3 to 8). These band
shifts can be explained by a reversible binding of the PG16 Ab to
the spikes and the formation of an Ab free spike complex with
three molecules of 2d-CD4. Although the PG16 Ab was unable to
prevent 2d-CD4 binding at high concentrations, it is possible that
it increases spike resistance toward 2d-CD4 binding. To find out,
we compared the binding of 2d-CD4 to unliganded spikes at cor-
responding 2d-CD4 concentrations. We found that most unligan-
ded spikes bound 2d-CD4 at a concentration of 7.5 �g/ml (Fig. 4,
upper left panel, lane 4), a concentration that had no significant
effect on spike-Ab-spike and spike-Ab complexes (Fig. 4, upper
right panel, lane 5). The resistance of the spike-Ab complexes to
2d-CD4 binding was quantified by measuring the relative number
of spikes in such complexes in phosphorimages. The results
showed a significantly increased resistance of the spikes toward
2d-CD4 binding when the spike was bound to the Ab (Fig. 4,
bottom panel). We conclude that PG16 Ab binding to the spike
inhibits 2d-CD4 binding but, due to the dynamic kinetics of
spike-Ab association and dissociation the 2d-CD4 can, at higher
concentrations, bind Ab-dissociated spikes.

When the spikes of labeled VLPs were treated with the PG16
Fab and then analyzed by BN-PAGE, we observed the formation
of the spike-Fab band (Fig. 5, upper right panel, lane 2). Subse-
quent incubation with 2d-CD4 at increasing concentrations
caused a gradual shift of the spike-Fab band into a somewhat
slower-migrating band, which corresponded to the spike satu-
rated with 2d-CD4 (Fig. 5, upper right panel, lanes 3 to 8). To-
gether, the two bands appeared as one broad band. Most likely the
2d-CD4 is, at higher concentrations, able to bind to spikes from
which Fab dissociates, as described above in the case of the Ab
liganded spikes (Fig. 4). When the Fab reacted VLPs were incu-
bated with both the 2d-CD4 and the 17b Fab, we found that the
spike-Fab band shifted into a much slower one corresponding to a
spike-2d-CD4-17b Fab complex (Fig. 5, middle right panel). Ap-
parently, 2d-CD4 binding to spikes from which PG16 Fab has
dissociated can activate the spikes to form the coreceptor binding
site. The formation of the spike-2d-CD4-17b Fab complex facili-
tated a quantitative comparison of the resistance of the spike-
PG16 Fab complex toward 2d-CD4 binding to that of unliganded
spikes. This comparison was not possible using the spike-Fab and
the spike-2d-CD4 complexes due to their similar migration in
BN-PAGE (Fig. 5, upper panels). When the fraction of remaining
spike-Fab complexes was measured after reaction with 2d-CD4 at
increasing concentrations, and with 17b Fab, we found that this
was significantly higher than the fraction of unliganded spikes that
remained after direct incubations of the spike with 2d-CD4, at
corresponding concentrations, and with 17b Fab (Fig. 5, middle
left and bottom panels).

FIG 3 Single PG9 or PG16 binding stabilizes the spike. Solubilized [35S]Cys-
labeled VLPs were treated with saturating amounts of PG9 or PG16 Ab (75
�g/ml) for 2 h at room temperature (right panel) or mock treated (left panel,
lanes 1 to 3) and then incubated for 1 or 3 h at 37°C before analyses by 4.5 to 8%
BN-PAGE. Solubilized spikes were also treated with the PG16 Ab after the
37°C incubation (left panel, lane 4, PG16*). Bands corresponding to spikes
(gp3) and its liganded forms and single disulfide linked gp120-gp41complexes
(gp) are indicated. The fraction of gp that were still in trimeric form, i.e., as
spikes or liganded spikes, after the incubations was quantified from the phos-
phorimages of the gels and expressed as a percentage of the total trimeric gp,
unliganded or liganded, at the start of incubation. The means � the standard
deviations (SD) are shown (n � 3). In the left panel the background (BG) for
the spike band was taken from the corresponding position in lane 4 (saturating
amounts of PG16 Ab added after solubilization) and for the gp band from lane
1(no incubation). Note that this BG will include some gp that has dissociated
already before the incubations. In right panel, the BG for the spike-Ab band
was taken from lane 1 (no Ab and no incubation) and the BGs for the gp band
in the 1-h and the 3-h incubations from lanes 2 and 5 (no incubation), respec-
tively.

FIG 4 Binding of the PG16 Ab to the spike reversibly inhibits 2d-CD4 bind-
ing. Spikes in [35S]Cys-labeled VLPs, first incubated with PG16 Ab and then
with 2d-CD4 at increasing concentrations (right panel) or directly with 2d-
CD4 (left panel), were solubilized and analyzed by 4.5 to 8% BN-PAGE. Bands
corresponding to the spike (gp3) and its liganded forms are indicated to the
right. The resistance of the unliganded and the PG16 Ab bound form of the
spike toward 2d-CD4 binding were quantified from the phosphorimages and
expressed as percentage of total spikes. The means � the SD are shown (n� 3;
lower panel). For quantitations, the BG levels of the different bands were
defined as follows: in the left panel for the spike band, we used the gp3 position
of lane 6 (saturating 2d-CD4) and for the 2d-CD4 liganded spike band the
gp3�2dCD43 position of lane 1 (no 2d-CD4). In the right panel for the
spike-Ab and the spike-Ab-spike bands we used the gp3�Ab and (gp3)2�Ab
positions of lane 8 (no Ab), and for the 2d-CD4 liganded spike band we used
the gp3�2dCD4 position of lane 2 (no 2d-CD4). The top panels represent
phosphorimages of the gels.
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Although the experiments described above suggested that the
binding of PG16 Ab or Fab to the spike prevented simultaneous
2d-CD4 binding, the formation of some ternary spike-Fab(Ab)-
2d-CD4 complexes could not completely be ruled out. For in-
stance, the size of the spike in complex with three 2d-CD4 is ex-
pected to be very similar to that of a complex formed between one
spike, one Fab and one 2d-CD4, thus weakening our interpreta-
tion of the band shift shown in Fig. 5, upper right panel. To settle
this important question, we analyzed the binding of the larger
soluble 4d-CD4 to the PG16 Fab liganded spike by BN-PAGE.
Incubation of the spike in labeled VLPs with the Fab resulted in
formation of the corresponding band (Fig. 6, right panel, lane 2).
Further incubation in the presence of 4d-CD4 at increasing con-
centrations caused a shift of the spike-Fab band into a much larger
one corresponding to the fully saturated spike-4d-CD4 complex
(Fig. 6, right panel, lanes 3 to 8). We could not detect any bands
corresponding to spike-Fab-4d-CD4 ternary complexes, e.g., the

binding of one 4d-CD4 to a spike-Fab complex, which should
result in a clear band shift. We also noted that the shift of the
spike-Fab band into the spike-4d-CD4 band occurred without any
intermediates, suggesting immediate full occupancy of the Fab
dissociated spike with 4d-CD4 molecules. Additional analyses in
which the 4d-CD4 was bound directly to the spike without Fab at
corresponding concentrations and subsequent band quantifica-
tions showed that the spike-Fab complex was more resistant also
toward 4d-CD4 binding than the unliganded spike (Fig. 6, upper
left, upper right, and bottom panels). Altogether, we conclude that
the binding of one PG16 Ab or Fab to the trimeric spike is able to
inhibit the binding of 2d- or 4d-CD4 to all of its protomers. How-
ever, the Ab or Fab binding is reversible and at higher concentra-
tions the 2d- or 4d-CD4 can catch a dissociated spike and trans-
form it into the coreceptor active form, which is not any more able
to bind the PG16 Ab (16). Similar results were obtained with PG9
Fab and Ab.

DISCUSSION

Cryo-EM has revealed the HIV-1 spike as a cage-like structure,
where the three protomeric units form separated lobes on the
sides, a common cage roof and separated spike legs or a common
spike stem, depending on the study (1–3). The atomic gp120 core
structure from crystal analyses has been fitted into the side lobe in
such a position that the missing V1/V2 and V3 loops could accom-
modate the cage roof. The location of the V1/V2 in the roof close
to the 3-fold axis has been proven by comparing the density maps
of the wt spike and the spike with a V1/V2 deletion (35, 36). Thus,

FIG 5 Binding of the PG16 Fab to the spike reversibly inhibits 2d-CD4 bind-
ing. Spikes in [35S]Cys labeled VLPs incubated first with PG16 Fab and then
with 2d-CD4 at increasing concentrations (upper right panel), with PG16 Fab
and then with 2d-CD4 and 17b Fab (middle right panel), with 2d-CD4 only
(upper left panel) or with 2d-CD4 and 17b Fab (middle left panel) were solu-
bilized and analyzed by 4.5– 8% BN-PAGE. Bands corresponding to the spike
(gp3), its liganded forms and single disulfide linked gp120-gp41complexes
(gp) are indicated to the right. The resistance of the unliganded and the PG16
Fab bound form of the spike toward 2d-CD4 � 17b Fab binding at the differ-
ent 2d-CD4 concentrations were quantified from the phosphorimages and
expressed as percentage of total spikes. The means � the SD are shown (n� 3;
lower panel). The BG levels were defined as follows. In the middle left panel for
the spike band we used gp3 position of lane 6 (saturating 2d-CD4 and 17b Fab),
and for the 2d-CD4 and 17b Fab liganded spike band we used the
gp3�2dCD43�17b Fab3 position of lane 1 (no PG16 Fab, no 2d-CD4); in the
middle right panel for the PG16 Fab liganded spike band we used the gp3�Fab
position of lane 8 (no PG16 Fab), and for the 2d-CD4 and 17b Fab liganded
spike band we used the gp3�2dCD43�17b Fab3 position of lane 2 (no 2d-
CD4). The top and middle panels represent phosphorimages of the gels.

FIG 6 Binding of the PG16 Fab to the spike reversibly inhibits 4d-CD4 bind-
ing. Spikes in [35S]Cys-labeled VLPs incubated first with PG16 Fab and then
with 4d-CD4 at increasing concentrations (right panel) or directly with 4d-
CD4 (left panel) were solubilized and analyzed by 4.5 to 8% BN-PAGE. Bands
corresponding to the spike (gp3) and its liganded forms are indicated to the
right. The resistance of the unliganded and the PG16 Ab bound form of the
spike toward 4d-CD4 binding were quantified from the phosphorimages and
expressed as a percentage of the total spikes. The means � the SD are shown
(n� 3; lower panel). The BG levels used were as follows. In the left panel for the
spike band we used the gp3 position of lane 6 (saturating 4d-CD4), and for the
4d-CD4 liganded spike we used the gp3�4dCD43 position of lane 1 (no li-
gand); in the right panel for the PG16 Fab liganded spike band we used the
gp3�Fab position of lane 8 (no Fab), and for the 4d-CD4 liganded spike band
we used the gp3�4dCD43 position of lane 2 (no 4d-CD43). The top panels
represent phosphorimages of the gels.
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the PG9 and PG16 antibodies should bind at the very top of the
spike. In this position, close to the 3-fold axis of the spike, steric
reasons most likely will limit the binding to involve only a single
Ab molecule as found in the present study. This is consistent with
the earlier finding that HIV-1 pseudovirus with spikes containing
only one optimally PG9/16 Ab binding protomer (JR-FL, E168K
and N189A) shows full neutralization sensitivity (31). Several
other V1/V2 specific monoclonal Abs, when incubated with
HIV-1 VLPs, have been shown to generate BN-PAGE bands like
the spike-Ab and the spike-Ab-spike bands we show in Fig. 2,
suggesting that they all are sterically restricted to bind to only one
V1/V2 loop complex (27). After submission of this report, Julien
et al. published the cryo-EM structure of an HIV-1 spike ectodo-
main trimer, BG505 SOSIP.664 gp140, in complex with PG9 Fab
and confirmed the binding of a single Fab to the trimeric spike
ectodomain (37).

CD4 binding to the HIV-1 spike alters the structure of the
gp120, in particular its inner domain, resulting in the formation of
the bridging sheet between the inner and outer domains, reorga-
nization of the V1/V2 and V3 loops and weakening of the gp120-
gp41 association (4, 11, 38–40). Cryo-EM analyses have shown
that the cage roof opens up by an apparent lateral displacement of
the V1/V2 loops and rising up of the V3 loops (1, 3, 10). This
exposes the binding site for the coreceptor in V3 and adjacent
structures and opens a path for the gp41 subunits to reach the
target membrane with their fusion peptides. We show here that
when one PG9 or PG16 Ab or Fab binds to the spike, then the
whole spike becomes stabilized and all its protomers becomes re-
sistant to CD4 binding. If the Ab epitope is limited to one
protomer or is shared between two protomers, then a complete
inhibition of CD4 binding to the spike would imply that the Ab
inhibits a coordinated spike activation process. In such a process,
the binding of one Ab to one protomer will not only inhibit this
one but also prevent the activation of the other two protomers
even if they do not bind an Ab. This would also be the case for the
single unliganded protomer if the epitope is shared between two
protomers in the spike. However, if the Ab would cross-link all
protomers via a shared epitope, then the stabilization and inhibi-
tion of the spike could be explained by a direct Ab binding effect.
An earlier measurements of PG9 and PG16 Ab binding to cell
surface spikes containing mixtures of wt and binding negative
mutant protomers were interpreted in favor of protomer limited
epitopes (17). However, in the present study, it was assumed that
the spike bound three Abs. If the theoretical calculation of Ab
binding to spikes generated by the synthesis of wt and mutant
protomers in a 1:2 ratio described in Walker et al. is repeated,
assuming a single Ab binding to one or two protomers, then a
model wherein the epitope is shared between two protomers fits
the measured values (Fig. 7). This was confirmed by the recent
cryo-EM study of Julien et al. (37). Thus, it is possible that the
V1/V2 and the V3 loops of neighboring protomers interact and
form the complete PG9/16 epitope. Such an interaction has been
suggested by the shielding of V3 of one protomer by the V1/V2 of
an adjacent protomer (41).

A trivial explanation for the PG9 and PG16 Ab-mediated inhi-
bition of CD4 binding we observed (Fig. 4 to 6) is that their
epitopes overlap with the binding site for CD4. However, this
should not be the case because the PG9 and PG16 epitopes have, as
discussed above, been mapped to the top of the spike roof and the
CD4 binding site to one phase of the side lobe of the spike (1, 3). In

the spike roof only one PG9 or PG16 Ab has space to react,
whereas three CD4 molecules can bind. Finally, the CD4 binding
site Ab b12 has been shown not to compete with PG9 or PG16
binding to the spike (17).

In the present study we used a spike variant with disulfide-
linked gp120 and gp41 subunits and with deleted cytoplasmic tail.
We cannot exclude the possibility that the effect of PG9 and PG16
Ab binding would be different in the wt spike than in the variant.
However, it has been shown that PG9 and PG16 Ab incubation
with VLPs containing full-length spikes lacking the intersubunit
disulfide (but still containing the mutations for PG9/16 Ab reac-
tivity) generates a BN-PAGE band doublet similar to the spike-Ab
and spike-Ab-spike bands we see in Fig. 2 (27). This suggests that
only one binding site is used in the complete spike lacking the
disulfide as in the variant we studied.

A coordinated spike activation could be triggered by a single
spike protomer-CD4 interaction, or it might require a stoichio-
metric amount of receptors. Consistent with the latter model CD4
receptors have been suggested to bind with low affinity to the CD4
binding loop of the outer domain in the three gp120 subunits of
the spike and together create an avidity-enhanced interaction with
subsequent simultaneous structural changes, which will lock the
CD4 molecules in place (19). A single receptor could trigger a
coordinated activation of the spike if the activation processes of
the individual protomers are cooperating. This model has been
used to explain the finding that trimers with two different activa-
tion inhibiting mutations in separate protomers can rescue spike
activation by complementation (42). For instance, complementa-
tion was observed between a CD4 binding site mutant and a fusion
peptide mutant. It was suggested that the structural changes in-
duced by CD4 binding to the protomer with the fusion peptide
mutation was transmitted to the other protomer(s) with the CD4
binding site mutation causing gp41 activation. This model has
also been used to explain how the apparent binding of a single
soluble CD4 molecule can activate a simian immunodeficiency
virus spike with a cytoplasmic tail deletion (34). The signal for the
cooperativity of the CD4-induced changes in gp120 between the
individual protomers of the spike could possibly be conducted via

FIG 7 Calculated binding of PG9 and PG16 Abs to mixed trimers. In this
example, spikes are assembled from wt (gray) and binding negative mutant
(white) protomers in a 1:2 ratio (17). This should yield 4% wt homotrimeric
spikes, 29% mutant homotrimers, 44% mixed trimers containing two mutant
protomers, and 23% mixed trimers containing one mutant protomer using the
formula described in reference 21. (A) If epitopes extend over two protomers
(dark gray area) and only a single Ab can bind to each trimer, then the binding
would be 27% of the binding to a homogeneous population of wt spikes. (B)
However, if epitopes are confined to a single protomer the binding would be as
high as 71%. The binding model with an epitope involving two protomers fits
the measured binding described in reference 17.
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its roof structure, where the V1/V2 and V3 loops of the three
gp120 units might interact.

Our present finding that the soluble 2-d and 4-dCD4 and the
b12 Fab could, opposite to the 2G12 Ab, not form intermediate
spike complexes containing one or two ligands, only fully satu-
rated complexes (Fig. 1), can be interpreted in favor of a coordi-
nated activation of the spike protomers. The b12 Fab binding has
been shown to result in a partial CD4-like change of the spike
structure, whereas the 2G12 Ab stabilizes the native spike struc-
ture (1, 20). Thus, it is possible that the spike protomers undergo
reversible changes into intermediate structures along the activa-
tion pathway in a dynamic but coordinated fashion and that CD4
and b12 bind to these. Because of the coordination the binding of
one ligand will lock all of the protomers into the ligand binding
stage. This will facilitate the binding of the second and third ligand
after the first has bound and in our binding experiments with
increasing ligand concentrations show up as a saturation of ligand
binding without intermediate complexes. In contrast, Abs like
2G12, do not have to wait for a dynamic change of the spike struc-
ture for binding and therefore, the binding of one Ab will not
facilitate the binding of additional ones and spikes containing one
and two Abs can be seen.

The reversible spike stabilization and inhibition of CD4 bind-
ing of PG9 and PG16 Abs are features shared with the 2G12 Ab
(13, 20). The latter bNAb stabilized the native form of the HIV-1
spike and inhibited CD4 association by binding to several Asn
linked sugar units on gp120 by virtue of its unique heavy chain
variable domain switch. Binding was reversible and a high con-
centration of sCD4 could displace 2G12 and activate the spike. It
was suggested that CD4 activation-induced changes in gp120 re-
sulted in a relocation of the 2G12 Ab target sugar units and that
prebound 2G12 caused an allosteric constraint that reciprocally
reduced CD4 binding. However, several 2G12 Abs or Fabs can
bind to the spike, and therefore the 2G12 Ab-induced spike inac-
tivation cannot be used to support the coordinated activation
model as in the case of the PG9 and PG16 Abs (27). Nevertheless,
it has been shown in general that single Ab binding to the HIV-1
spike is enough for neutralization (21). This suggests that the fun-
damental mechanism underlying stabilization-mediated spike in-
activation by neutralizing Abs is based on a coordinated activation
process of the individual spike protomers.
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