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ABSTRACT The human immunodeficiency virus type 1 (HIV-1)/simian immunodefi-
ciency virus (SIV) envelope spike (Env) mediates viral entry into host cells. The V3
loop of the gp120 component of the Env trimer contributes to the coreceptor bind-
ing site and is a target for neutralizing antibodies. We used cryo-electron tomogra-
phy to visualize the binding of CD4 and the V3 loop monoclonal antibody (MAb)
36D5 to gp120 of the SIV Env trimer. Our results show that 36D5 binds gp120 at the
base of the V3 loop and suggest that the antibody exerts its neutralization effect by
blocking the coreceptor binding site. The antibody does this without altering the dy-
namics of the spike motion between closed and open states when CD4 is bound.
The interaction between 36D5 and SIV gp120 is similar to the interaction between
some broadly neutralizing anti-V3 loop antibodies and HIV-1 gp120. Two conforma-
tions of gp120 bound with CD4 are revealed, suggesting an intrinsic dynamic nature
of the liganded Env trimer. CD4 binding substantially increases the binding of 36D5
to gp120 in the intact Env trimer, consistent with CD4-induced changes in the con-
formation of gp120 and the antibody binding site. Binding by MAb 36D5 does not
substantially alter the proportions of the two CD4-bound conformations. The posi-
tion of MAb 36D5 at the V3 base changes little between conformations, indicating
that the V3 base serves as a pivot point during the transition between these two
states.

IMPORTANCE Glycoprotein spikes on the surfaces of SIV and HIV are the sole tar-
gets available to the immune system for antibody neutralization. Spikes evade the
immune system by a combination of a thick layer of polysaccharide on the surface
(the glycan shield) and movement between spike domains that masks the epitope
conformation. Using SIV virions whose spikes were “decorated” with the primary cel-
lular receptor (CD4) and an antibody (36D5) at part of the coreceptor binding site,
we visualized multiple conformations trapped by the rapid freezing step, which were
separated using statistical analysis. Our results show that the CD4-induced confor-
mational dynamics of the spike enhances binding of the antibody.

KEYWORDS cryo-electron tomography, image processing, electron microscopy,
immunology, AIDS, HIV

Viral surface human immunodeficiency virus type 1 (HIV-1)/simian immunodefi-
ciency virus (SIV) envelope spikes (Env) each consist of three gp120 glycoprotein

protomers noncovalently associated with three gp41 membrane-spanning glycopro-
teins. Env mediates entry of HIV/SIV into the host cell through a two-step process. After
binding CD4, Env undergoes a conformational change that exposes chemokine core-
ceptor binding interfaces. The host cell surface CXCR4 or CCR5 chemokine coreceptors
then bind gp120, inducing a further conformational change leading to gp41 activation
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to form a coiled-coil structure. Fusion of the virus membrane with the host cell
membrane follows, leading to entry of the viral genome into the host cell (1, 2).

The gp120 protomer is made up of five constant regions (C1 to C5) and five variable
regions (V1 to V5) (3, 4). Of those, the V3 variable loop is required for efficient
chemokine receptor binding. Neutralizing antibodies are often directed against the V3
loop. Some of these antibodies block the interaction between gp120 and CD4, and
others appear to exert their action by blocking the binding of CD4-activated gp120 to
chemokine receptor-expressing cells (5, 6). Thus, the V3 loop plays a role in both
receptor and coreceptor binding as well as serving as an important target for antibody
neutralization. The structures of gp120 and gp41 alone and in complex with different
ligands have been determined by X-ray crystallography (7–15). Structures of gp120
trimers in the native and CD4- and antibody-liganded states have been obtained by
cryo-electron tomography (cryoET) (7, 13, 16–18). Through the combination of X-ray
crystallography and cryoET, empirical atomic models of HIV-1 trimer spikes have been
built to provide insights into the conformation of the envelope spike (7, 13, 16, 18, 19).
However, determination of the atomic structure of the Env trimer, especially for the
native state, has been difficult.

Recently, several atomic structures of a soluble, recombinant trimer, dubbed SOSIP,
were obtained by X-ray crystallography and cryo-electron microscopy (cryoEM) (20–22).
SOSIP trimers are engineered to covalently stabilize the interaction between gp120 and
the truncated extramembrane portion of gp41 by incorporating a disulfide bond (SOS).
An I-to-P substitution in gp41 further stabilizes the interactions between the three
gp120-gp41 protomers (23, 24). This SOSIP trimer binds all broadly neutralizing mono-
clonal antibodies (MAbs), implying that gp120 is properly folded and can serve as a
close mimic of the membrane-bound native trimer (25).

A single-molecule fluorescence resonance energy transfer (smFRET) study of the
HIV-1 virion revealed that unliganded gp120 is highly dynamic (26). Native gp120 was
shown to transit between three distinct conformations, corresponding to a closed
ground state, a CD4-bound open state, and a coreceptor-bound state. The ground
state is the most frequently occupied state. The binding of broadly neutralizing
antibodies was shown to stabilize the ground state, whereas binding of CD4 and
that of a coreceptor to gp120 were able to stabilize the other two states, respec-
tively.

Primate SIV models of infection have commonly been used as surrogates for HIV-1
and to aid in the development of vaccines against HIV-1. Yet there are relatively few
structural studies of antibody-bound SIV Env compared to those for HIV. This is due in
part to the fact that very few broadly neutralizing MAbs targeting SIV have been
characterized. Some structural studies of unliganded SIV Env and SIV Env with bound
soluble CD4 (sCD4), performed by cryoET at nanometer resolution, have been reported
(18, 27, 28), but an atomic model of SIV Env and structural details of its interaction with
neutralizing antibodies are still lacking.

In this study, we used cryoET to study SIV Env bound with sCD4 and the anti-V3 loop
neutralizing antibody 36D5 (29, 30). We found the liganded Env to be conformationally
and compositionally variable. CryoET is well adapted to deciphering a complex mixture
of states, because the three-dimensional (3D) image provides a complete view of the
structure. The details of the interaction between SIV and 36D5 will help us to under-
stand the unliganded SIV envelope trimer structure and a neutralization mechanism
in the SIV-macaque model and also will help to inform the design of new proof-
of-concept virus neutralization trials with SIV models in anticipation of future HIV-1
neutralization efficacy trials.

RESULTS AND DISCUSSION
MAb 36D5. The MAb used in this study, 36D5, was generated using soluble

SIVmacCP-MAC gp140 as the immunizing agent (29). SIVmacCP-MAC was derived
from a clone of SIVmac251 (BK28) (31). MAb 36D5 was strongly neutralizing against
SIVmacCP-MAC Env in a GHOST assay, did not affect sCD4 binding, and blocked CCR5
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binding (29). Although SIVmacCP-MAC can infect cells in a CD4-independent manner,
infection with SIVmac239 requires CD4 binding (32, 33). In a separate study, MAb 36D5
was effective at neutralizing SIVmac239 (30). The virus strain used in this study,
SIVmac239/251 tail (unpublished data), was developed by James Hoxie (University of
Pennsylvania) and is a recombinant variant of SIVmac239 truncated at position 724 (34).
As such, it maintains an essential endocytosis signal at positions 721 to 724 (35). This
virus strain has been used in numerous studies of Env in intact virions (27, 36, 37).

SIV gp120 trimer with and without bound sCD4/36D5. An example of a central
slice through one of the raw tomograms (Fig. 1) shows the Env spikes on the surface
of the virion. The aldrithiol-2 (AT-2) treatment used to neutralize the virus may have
disrupted the virion structure within the viral envelope, as reported previously, but this
treatment does not affect the structure of Env (38, 39).

Single-arm classification (see Materials and Methods) of the aligned trimers revealed
six classes (Fig. 2). The class that lacked apparent extra density attributable to bound
ligands was chosen as the control class, and 3-fold symmetry was applied to generate
the symmetrical “control” spike (Fig. 2A). Because it was derived from the same data set
as that for the liganded spike averages, this unconventionally obtained control spike
has the advantage of having qualities similar to those of the other class averages with
respect to signal-to-noise (S/N) ratio, specimen quality, data collection parameters, and
resolution. We consider this class a close approximation of an unliganded SIV envelope
spike, and its structural features compare very favorably with those of previously
published unliganded HIV/SIV envelope trimers (16, 18, 21).

The other five classes, none of which were 3-fold symmetrized, have protruding
densities bound at three different locations on the single gp120 arm upon which the
classification was conducted (Fig. 2B to G). Note that classification was carried out on
only a single gp120 arm, but averaging was done over complete Env spikes. Conse-
quently, the pair of unclassified gp120 arms carried along in the process will usually
show little or no pattern of bound ligands, unless ligand binding among gp120 arms
is coupled, which we have not seen. The pairs of unclassified spike arms are averages
over heterogeneous states, both liganded and unliganded and both open and closed.
Because unliganded and closed conformations dominate open conformations 3:2
(Table 1), the averages for the remaining gp120 arms will tend to appear closed rather
than open. The classes with protruding densities on the classification arm (Fig. 2B to F)

0.1 µm

FIG 1 Tomogram of SIV. The image shows a single section from one tomogram of strain SIVmac239/251
tail/Supt-CCR5 CL.30, revealing envelope spikes on the virion surface. These virions were preincubated
with sCD4 as well as MAb 36D5. Ligands are difficult to see unless they lie within the section plane.
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also compare favorably with sCD4-bound Env spikes from strains SIVmneE11s,
SIVmac239, and SIVmacCP-MAC, which show two CD4 binding conformations (18). Env
spikes from strains SIVmneE11s and SIVmac239, which are in a closed conformation
when ligand free, remain so even when liganded with sCD4. On the other hand, Env

FIG 2 Characteristic class averages. The control class is shown in blue and the other classes in gray. A
120° circular segment is superimposed on each left panel to indicate the region of the density used for
the classification. MDA was used to look only for density patterns within this region. However, averaging
was done over entire spikes to retain the context. This means that the other two arms of gp120 usually
do not resemble the classified arm. (A) Views of the control class, which lacks bound sCD4 or 36D5. Panels
B to G are superimposed on the control class. (B) Views of the class liganded with sCD4 in position 1. (C)
Views of the class liganded with sCD4 in position 2. (D) Views of the class with bound 36D5. (E) Views
of the class liganded with 36D5 and with sCD4 in position 1. (F) Views of the class liganded with 36D5
and with sCD4 in position 2. (G) Overlap of the classes shown in panels D (gray), E (green), and F
(magenta).
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spikes from strain SIVmacCP-MAC, which are in an open conformation even without
CD4 binding, remain in the open conformation after CD4 binding. The orientations of
bound CD4 in the open and closed conformations are quite different. The CD4 binding
conformation for SIVmneE11s and SIVmac239, which we call the “CD4 closed” state, is
a state wherein the gp120 protomers meet at the spike apex. The CD4 binding
conformation for SIVmacCP-MAC, which we call the “CD4 open” state, is a state in which
the gp120 protomers are separated at the spike apex. Previous structural studies of
HIV-1 Env spikes bound with sCD4 (17) show a structure in an open state similar to the
SIVmacCP-MAC “CD4 open” state. In short, previous studies revealed that CD4 binding
to HIV-1 Env induces a conformational change to the open state, whereas the confor-
mation of SIV Env can be in the open or closed state after CD4 binding, depending on
the strain. Unlike the strain-specific effects on Env conformation induced by CD4, we
found that CD4 binding produced both open and closed spike conformations in a
single strain of SIV (SIVmac239/251 tail/Supt-CCR5).

In the present study, the two classes with protruding density where CD4 binding is
expected reveal two distinct conformations. One class (Fig. 2B) has a protruding density
where CD4 is expected to bind in the “CD4 closed” position, similar to the structures of
SIVmac239 with bound CD4 (Fig. 3A) and HIV-1 bound with the CD4 binding site MAb
VRC03 (Fig. 3B) (18). The second class (Fig. 2C) shows a protruding density due to
bound CD4 in the same CD4 binding site position and orientation as those in the “CD4
open” conformation of SIVmacCP-MAC (Fig. 3C) (18) and HIV-1 (Fig. 3D) (17).

In addition to the apparent CD4 densities corresponding to both the closed and
open conformations, a third protruding density was revealed at a position on the
opposite side of the gp120 spike arm from where CD4 binds (Fig. 2D). We believe this
density to be the Fab arm of MAb 36D5.

The interactions of HIV-1 V3 loop MAbs PGT128 (13), PGT135 (7), and PGT122 (40)
with SOSIP envelope trimers show that these MAbs bind at the base of V3 but that each
approaches the Env trimer from a different angle (Fig. 3E to G). This is not surprising,
since these MAbs recognize epitopes that, in addition to V3 segments, incorporate
elements of different neighboring variable loops and glycans. In contrast to those for
HIV-1, structural studies on the interactions between V3 antibodies and the Env trimers
of SIV are lacking. Comparisons of one class average from the present study (Fig. 2D)
with HIV-1 bound with V3 loop antibodies PGT128 (Fig. 3E), PGT135 (Fig. 3F), and
PGT122 (Fig. 3G) show that 36D5 binds gp120 roughly at the same region, suggesting
that 36D5 binds SIV at the V3 loop base. We therefore named this class “the 36D5 state.”

Two other class averages have densities corresponding to both bound 36D5 and
CD4. One of these shows CD4 binding gp120 in the closed state (Fig. 2E), and the other
shows CD4 binding gp120 in the open state (Fig. 2F). Superposition of the three classes
showing 36D5 density either alone or in combination with CD4 suggests that 36D5
binds in a single orientation, whereas CD4 has two binding orientations (Fig. 2G).

We determined the occupancy of each class from the class membership (Table 1).
Unliganded gp120 protomers accounted for 33.4% of the total, and liganded gp120
protomers accounted for 66.6%. Spike arms with 36D5 binding alone occurred infre-
quently (�2%); spike arms with CD4 density in the open state, with or without 36D5,
occurred more frequently (�39%) than CD4-bound spike arms in the closed state, with
or without 36D5 binding (�26%).

TABLE 1 Relative proportions of spike arm structures

Class Conformation Proportion (%)

1 Unliganded “control” 33.40
2 CD4 closed 14.00
3 CD4 open 20.60
4 36D5 1.70
5 36D5 � CD4 closed 12.00
6 36D5 � CD4 open 18.20
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The binding of human sCD4 to SIVmac239 gp120 appears to be somewhat weak in
that only 2/3 of spike arms showed binding. The binding in the present case might
suggest a cross-species effect. Biochemical studies suggest both multimeric (41) and
monomeric (42, 43) binding of human sCD4 to SIV Env, and previous structural studies
selected specifically for high binding (18). It has been shown that HIV poorly infects
certain simian species (macaque) due to low affinity of the virus for simian CD4 (44). The

FIG 3 Comparison of current results with previously published structures. Structures obtained in this
study are shown in gray. A 120° circular segment is superimposed on each left panel to indicate the
region of the density used for the classification, which is where the comparison should be made. (A and
B) Comparisons of the “CD4 closed” class (from Fig. 2B) with the SIVmac239-CD4 spike complex (green)
(A) and the HIV-1 spike in complex with VRC03 (EMD-5458) (hot pink) (B). (C and D) Comparisons of the
“CD4 open” class (from Fig. 2C) with the SIVmacCP-MAC spike in complex with CD4 (orange) (C) and the
HIV-1 spike in complex with CD4 (EMD-5455) (yellow) (D). (E to G) Comparisons of the “36D5” class (from
Fig. 2D) with the HIV-1 spike in complex with PGT128 Fab (EMD-1970) (purple) (E), PGT135 (EMD-2331)
(blue) (F), and PGT122 (EMD-5624) (cyan) (G).
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comparatively poor saturation of SIVmac239 Env gp120 by human sCD4 might repre-
sent a cross-species effect.

Fitting the atomic models into the EM density. Several atomic structures of

unliganded and liganded HIV-1/SIV gp120 protomers have been published (9, 11, 12,
14, 15, 45–48), but the atomic structure of the complete Env trimer remains elusive.
Compared to that of HIV-1, much less is known about the structure of SIV Env. There
are published SIV gp120 atomic structures (PDB ID 2BF1 and 3FUS) (45). A comparison
of SIV gp120 (PDB ID 3FUS) and HIV-1 gp120 (PDB ID 4NCO) models shows that the CD4
contact region and the V3 loop region overlap well. HIV-1 and SIV share good overall
structural similarity, as revealed by 3D reconstruction of the structures of native HIV-1
and SIV (16, 19, 28). Also, the HIV-1 and SIV gp120s share relatively high sequence
similarity (45). Good overall structural similarity, good sequence similarity, and good
overlap of the atomic models at the CD4 and 36D5 regions between HIV-1 and SIV
ensured that the trimer model of HIV-1 gp120 could be used to fit the EM densities of
the SIV Env spikes in the current study, and the information about the CD4 binding site
and the V3 loop site should be applicable to SIV.

The V3 loop of gp120 serves as a component of the coreceptor binding site and is
an important target for neutralizing antibodies (49–52). V3-mediated neutralization
sensitivity varies widely among HIV-1 strains (53, 54). An important mechanism for
neutralization resistance derives from the strain-specific shielding of V3 by the V1/V2
loop (55–64). The interactions of several antibodies with the HIV-1 V3 loop have been
studied at the structural level (7, 13, 17, 20, 40, 65, 66), but there are currently no
structural studies of antibody interactions with the V3 loop of SIV gp120.

MAb 36D5 targets an epitope comprised of residues 321 to 340 (homologous to
HIV-1 residues 310 to 328), located at the V3 base (29). Analysis of the interaction of
HIV-1 gp120 with MAbs PGT128, PGT135, and PGT122 showed that these antibodies
bind gp120 at the V3 base of the loop and are influenced by interactions with
neighboring variable loops and glycans (7, 13, 17, 20). Comparisons of our 36D5 EM
density and those for the HIV-1 V3 base-targeting MAbs show considerable overlap in
the contact regions, even though 36D5 approaches from a different angle (Fig. 3E to G).

Due to the lack of an atomic structure for 36D5, the atomic structure of PGT122 was
used as a mimic for 36D5 and was fitted into the EM density of 36D5 in the current
work. The gp140 portion of PDB structure 4NCO was used as a starting model in the
current study (20). The gp140 trimer in the 4NCO structure is in the closed state, and
the structure is a mimic of the native unliganded Env trimer. Our control spike (Fig. 2A),
though obtained unconventionally, is closest in structure to the native SIV envelope
trimer. The gp140 trimer atomic model from the 4NCO structure was fitted into the EM
density of the control spike (Fig. 2A) by rigid-body fitting using the “fit into map”
function of UCSF Chimera (67) (Fig. 4A). The SOSIP module fits the electron density of
our control SIV Env trimer well. The V1/V2 loop is located at the top of the spike, as
predicted previously (18, 19), indicating that the SOSIP trimer 4NCO structure can serve
as a mimic of the SIV spike trimer in the unliganded state.

For model 1, the atomic structure of CD4 from PDB structure 2B4C was added to one
of the arms of the gp120 trimer model fitted into the control class. The CD4 structure
was added to gp120 as described previously (19), such that the contact region, relative
location, and orientation between CD4 and gp120 were kept the same as in the 2B4C
structure. The gp120 trimer model with added CD4 directly fits the EM density of the
“CD4 closed” class well, without further modification (Fig. 4B). The trimer model in this
fitting is the same as that for the control spike, except for the added CD4. It is worth
noting that all the classes in the current study were generated from classification of
ensembles of aligned Env spikes, and consequently, all the classes are in the same
frame of reference as the control class. The excellent fitting of the gp120 trimer model
with added CD4 into the “CD4 closed” class implies that gp120 remains in the closed
state, consistent with the previous study (18).
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FIG 4 Class averages viewed with corresponding atomic models. Atomic models are displayed in
space-filling mode. The corresponding reconstructions without the atomic models can be seen in Fig. 2A
to F. The color scheme shows gp120 in cyan, V1/V2 in blue, V3 in red, CD4 in yellow, and 36D5 in forest
green and cornflower blue. Residues close to 36D5 at the V3 base are shown in orange. (A) Atomic model
for the control class. (B) Atomic model for the “CD4 closed” class. (C) Atomic model for the “36D5” class.
(D) Atomic model for the “CD4 closed � 36D5” class. (E) Atomic model for the “CD4 open” class. (F)
Atomic model for the “CD4 open � 36D5” class. (G) Comparison of the interaction between 36D5 and
gp120 and those with PGT128 (yellow) and PGT122 (purple).

Hu et al. Journal of Virology

August 2017 Volume 91 Issue 16 e00134-17 jvi.asm.org 8

http://jvi.asm.org


Previous studies of HIV-1 gp120 bound with PGT128 and PGT122 (13, 20) indicated
that the gp120 trimer remains in the closed state after binding V3 loop antibodies. In
the current study, the model 1 gp120 trimer fit without alteration into the EM density
of the “36D5” class (Fig. 4C). We used the atomic model of PGT122 as a mimic for 36D5
and fit it separately into the protruding density of 36D5 (Fig. 4C). The 36D5 Fab mimic
contacts the V3 base at residues 323 to 327. The excellent fitting of the gp120 trimer
model for the control class into the “36D5” class indicates that 36D5 binding does not
open the gp120 trimer.

Atomic model 1 for the “CD4 closed” class (Fig. 4B) was also a good fit when 36D5
was present (“CD4 closed � 36D5” class) (Fig. 4D). The atomic model for the “36D5”
class (Fig. 4C) also fits without modification into the “CD4 closed � 36D5” class (Fig. 4D),
indicating that the gp120 trimer remains in the closed state with both ligands bound.
When the 36D5 atomic model is compared to the published structures of V3 MAbs
interacting with gp120 (Fig. 4G), the comparison shows that 36D5 approaches gp120
at a different angle but makes contact near the V3 base, similarly to PGT128 and
PGT122. Comparison of the models for the control class and the 36D5 class (closed
conformation) and those for the “CD4 closed” classes with and without 36D5 shows
that the gp120 trimers are the same and remain in the closed conformation (Fig. 4A
to D).

Rigid-body fittings of model 1 into the “CD4 open” class (Fig. 2C) and the “CD4
open � 36D5” class (Fig. 2F) were poor, necessitating building of model 2. A model 1
gp120 subunit with added CD4 was manually fit as a single rigid body into the EM
densities of the “CD4 open” class (Fig. 2C), and a gp120 trimer model was generated by
applying 3-fold symmetry (Fig. 4E). Model 2 also fits the “CD4 open � 36D5” class well,
without further modification (Fig. 4F). When the atomic model of the 36D5 mimic is
fitted into the protruding 36D5 density, its contact with gp120 occurs at the same
region as in the “36D5” class, i.e., near gp120 residues 323 to 327 (Fig. 4F).

Our atomic model fitting suggests two conformations for the gp120 trimers. Com-
parison of gp120 models 1 and 2 (Fig. 5A and B) shows that even though the diameter
of the gp120 trimer does not change dramatically, the apical part, consisting of the
V1/V2 and V3 loops, moves to the periphery of the trimer and makes the apex of the
trimer considerably more open. Moreover, comparison of our open and closed gp120

FIG 5 Comparison of open and closed gp120 trimer models. The color scheme shows gp120 in cyan,
V1/V2 in blue, V3 in red, and residues at the V3 base, close to the 36D5 binding site, in orange. (A) Top
view (left) and side view (right) of the closed conformation. (B) Top view (left) and side view (right) of the
open conformation. (C) Schematic illustration of the conformational change between the open (blue)
and closed (green) states, with the V3 base (orange) as the pivot point.
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models shows little change in the position of the gp120 residues proximal to the 36D5
density, suggesting that the conformational change involves the gp120 monomer
rotating around the V3 base, used as a pivot point (Fig. 5C), as previously suggested for
HIV-1 (68). This observation is consistent with the two “CD4 open” SIV gp120 trimers,
one with and one without 36D5 bound, being in the open state. The other four classes,
i.e., the control class, the “36D5” class, and both “CD4 closed” classes (one with and one
without 36D5 bound), are in the closed state. In the closed state, the V1/V2 loop is
located directly above the V3 loop, thus preventing its interaction with V3 loop
neutralizing antibodies. In the open state, V1/V2 moves to the periphery of the trimer
and V3 moves more toward the surface becoming exposed, which makes the binding
of coreceptor possible. This suggestion is similar to that proposed previously for the
HIV-1 interaction with CD4, even though at the time there was no atomic structure of
gp120 with complete V1/V2 and V3 loops available (16, 68). This observation indicates
that HIV-1 and SIV share some similarities in Env activation and that discoveries from
one can be applied to the other.

Simultaneous binding of CD4 and 36D5. Our results show two conformations,

open and closed, of the Env trimer after binding with CD4. The interactions between
CD4 and the Env trimers of SIV and HIV-1 have been studied, and similar open and
closed conformations have been observed for both SIV and HIV-1 (12, 16–18, 69), but
usually not simultaneously in the same strain under the same conditions of ligand
binding. Some neutralizing antibodies have been shown to exert their effect by
stabilizing the Env trimer spike in the closed state (16, 17, 21, 40).

Why does our analysis reveal open and closed conformations in a single strain of SIV
for Env bound with sCD4, when previous results have shown only one? We think that
this is due to very different approaches in the data analysis, with one optimized for the
highest resolution and the other optimized for untangling heterogeneity. Highest-
resolution imaging is driven by an approach which can be summarized as “find the
largest number of homogeneous structures” to align and average. High-resolution
imaging is driven to maximize ligand saturation in the specimen preparation as well as
conformational homogeneity in the particles averaged. Consistent with that philoso-
phy, outliers are discarded, sometimes as many as 50% of the total. With a large number
of particles, this approach yields the desired result.

In the present case and one described previously (66), spike analysis by more
conventional methods produced what can be described as “watered-down” versions of
the class averages reported here, which indicated that incomplete ligand binding
and/or conformational mobility was operating. Just how incomplete the ligand binding
was can be seen in Fig. 2 by looking at the two spike arms on which classification was
not performed but which were carried along to provide context. The potential con-
formers of gp120 protomers encompassed unliganded, 36D5-bound, CD4-bound, and
open and closed forms, all of which were apparently independent and randomly
distributed over the three protomers.

The solution we found was alignment of raw spikes through their class averages,
thereby bringing all raw spikes to a common frame of reference. All raw spike protomers
could then be superimposed on a single site, without a separate alignment step, by
triplicating the spikes and using rotations about the symmetry axis predicted for the
trimer stoichiometry. Subsequent classification based on a single gp120 protomer
was a much simpler task because rather than requiring simultaneous combinations
of ligands and states on separate spike protomers to define a pattern, the pattern
recognition problem was reduced to the simultaneous occurrence of ligand densities
on a single spike protomer. The fact that the classification produced a closed, unligan-
ded gp120 protomer, as expected, very few 36D5-liganded protomers, consistent with
the poor binding to a CD4-dependent strain of SIV, and CD4 and 36D5 binding to the
expected location suggests that the classification performed as designed. The only
surprise was the presence of both open and closed conformers in the presence of sCD4
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in a strain where a closed conformation was expected in both the absence and
presence of CD4.

The single largest difference between the present result and those that preceded it
is the ligand saturation; the spike structures shown here are all partially liganded,
whereas previous results selected for saturated spikes. Our analysis was necessitated by
the partial ligand binding. If Env spikes display dynamics between open and closed
conformations, then the analysis strategy must be designed to capture the different
states.

The static images of the SIV and HIV-1 Env trimers in various conformations revealed
here are consistent with a metastable nature of Env trimers in the prefusion state.
Interaction of Env with CD4 is believed to cause a structural rearrangement in gp120
that exposes the coreceptor binding site, which is masked and unapproachable in the
ground state (21, 40, 70, 71). The conformational change involves the movement of the
V1/V2 loop from the apical location in the unliganded ground state to the trimer
periphery in the “activated” state (16, 18, 19, 68). Subsequent interaction with the
coreceptor induces conformational changes within gp41 and facilitates the fusion
between the viral and host cell membranes.

In addition to various static images of HIV-1 Env obtained by cryoEM and crystal-
lography studies, direct measurements of the dynamic features of HIV-1 Env trimers on
the surfaces of native virions by single-molecule fluorescence resonance energy trans-
fer (smFRET) revealed that unbound gp120 is intrinsically dynamic, transiting between
three distinct prefusion conformations (26). The predominant gp120 state is the
ground/closed state, with the other two states corresponding to the CD4-bound and
coreceptor-bound open states. Binding of gp120 to CD4 and a coreceptor stabilizes the
last two states, which are expressed only transiently in the absence of ligand binding.
Various broadly neutralizing antibodies have been shown to capture and stabilize
gp120 in one or another of these distinct conformations, thus preventing structural
progression toward membrane fusion. SIV Env spikes might also have intrinsic dynam-
ics similar to those of HIV-1, with binding of CD4 and antibodies capturing the different
conformations. This likely explains why two conformations of CD4 binding were
observed in the current study. CD4 binding to SIV is capable of occurring in two states:
“CD4 closed” and “CD4 open.” The “CD4 open” class predominates (20.6% versus 14.0%)
(Table 1). Whether the “CD4 closed” and “CD4 open” forms interconvert cannot be
determined from our static images, but it seems likely. CD4 binding to HIV-1 Env trimers
captures only the open state (corresponding here to “CD4 open”), whereas in SIV,
apparently both the open and closed states are captured. There are several possible
reasons for why CD4 binding is capable of capturing both open and closed conforma-
tions in SIV but can capture only the open conformation in HIV-1. One possibility is that
the intrinsic dynamics of HIV-1 and SIV, e.g., the occupancy of and transit between each
of the three states, may differ, thereby influencing CD4 binding behavior. Another
possibility is that the interaction between CD4 and HIV-1 might be different from the
interaction between CD4 and SIV. For example, a previous study showed that CD4
binding with SIV gp120 is strain dependent and, for some strains, nonobligatory (18).

We observed two classes of gp120 bound with CD4 together with 36D5 (Fig. 2E and
F). The proportion of SIV Env spikes liganded with CD4 alone or with 36D5 shows a
distinct bias against 36D5 binding alone (Table 1), consistent with the CD4 dependency
of our virus strain. The CD4 dependency of 36D5 binding indicates that CD4 binding
influences the accessibility or conformation of the 36D5 epitope; it appears that the
epitope for 36D5 is poorly accessible in the native Env spike. Although the resolution
of our structures is not high enough to exclude a small conformational effect, com-
parison of the two “CD4 closed” classes, one with and one without bound 36D5,
indicates that no large change in conformation is caused by 36D5 binding (Fig. 2B, D,
and E); most of the conformational change is induced or trapped by CD4 binding.
Similarly, comparison of the two “CD4 open” classes, with and without bound 36D5,
also indicates no large change in conformation due to 36D5 binding (Fig. 2C, D, and F).
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Thus, 36D5 neutralizes the virus by blocking coreceptor binding, with little additional
conformational change beyond that caused by CD4 binding.

The classes which show density due to 36D5 binding have that additional density in
the same general position, indicating that when the Env spike changes from the closed
conformation to the open conformation, the gp120 protomer rotates, with the V3 base
serving as its pivot point. Thus, MAb 36D5’s neutralizing effect may involve partial or
total blockage of coreceptor binding; it does not appear to block the closed-to-open
conformational change. Recently, a similar observation of a broadly neutralizing MAb
binding to open and closed Env conformations was made for a SOSIP trimer derived
from HIV-1 (72). The MAb, 8ANC195, bound to the Env stalk, and its antigen was
composed of segments from both gp120 and gp41. In that case, the MAb was
proposed to block the conformational change needed for coreceptor binding and/or to
prevent exposure of the fusion peptide. Thus, antibody neutralization need not require
a block against the open-to-closed conformational change but can neutralize virus by
blocking a subsequent step in virus-host membrane fusion.

Conclusions. The V3 loop is a very important structural element of gp120 in that it
functions as part of the coreceptor binding site and also as a neutralizing antibody
target. Even though there are some studies on the interaction of HIV-1 gp120 with V3
loop antibodies, comparable studies on the interaction between SIV gp120 and V3 loop
antibodies are lacking. The current cryoET study indicates that MAb 36D5 binds SIV
gp120 at the base of the V3 loop and exerts its neutralization effect by blocking the
coreceptor binding site. The results also reveal that the interaction between SIV gp120
and CD4 shares some similarity with its HIV-1 counterpart but also expresses some
unique characteristics. The results reinforce the concept that the manner in which CD4
and gp120 interact is sequence/strain dependent and that unliganded SIV and HIV-1
envelope trimers might have different inherent dynamics.

MATERIALS AND METHODS
Viruses, antibodies, and ligands. Strain SIVmac239/251 tail/Supt-CCR5 CL.30, lot P3974, was

provided by the AIDS Vaccine Program (SAIC Frederick, NCI, Maryland, USA). Human recombinant sCD4
from Progenics Pharmaceuticals, obtained through the NIH AIDS Reagent Program, Division of AIDS,
NIAID, NIH, was provided by James Binley (San Diego Biomedical Research Institute). This construct
contains only the first two domains. Full-length SIV MAb 36D5 was provided by James Hoxie (University
of Pennsylvania). The frozen virus was thawed at room temperature for 1 h. sCD4 and MAb 36D5 were
then added, mixed, and allowed to incubate at room temperature for an additional hour.

CryoET sample preparation. CryoET sample preparation and microscopy were conducted at The
University of Texas-Houston Medical School, Department of Pathology & Laboratory Medicine. For better
tracking during tilt series data collection, 10-nm colloidal gold beads (BBI Solutions, Cardiff, United
Kingdom) were mixed with the virus-sCD4-36D5 solution at a 1:10 ratio, and the combined solution was
deposited on carbon-coated reticulated carbon grids (Quantifoil, Inc.), which were then rapidly vitrified
by plunging into liquid ethane by use of a home-made cryoplunger.

CryoET. The vitrified specimens were examined under low-dose conditions, using an FEI G2 Polara
electron microscope equipped with a field emission gun and a TemCam-F415 4,096- by 4,096-pixel
charge-coupled device camera (TVIPS, Gauting, Germany). The data were collected at 300 kV and a
magnification of �31,000, giving an effective pixel size of 0.57 nm after 2 � 2 binning. The FEI “batch
tomography” capability of Xplor3D software (FEI) was used to collect the single-axis tilt series.

Defocus was set to a 4- to 5-�m underfocus, with a resulting cumulative dose of �100 e�/Å2. Each
tilt series consisted of 130 images covering an angular range of �65° to 65°, with 1° fixed increments.
A total of 24 tilt series were used for the structure determination.

Tilt series alignment. Protomo (73) was used to align the tilt series, based on the intrinsic features
of the individual projection images rather than the gold fiducials (74). Before the alignment of the tilt
series, the colloidal gold particles were identified and replaced with a density corresponding to the mean
value for the whole image. Weighted back-projection tomograms were computed after multicycle
alignments.

Subvolume processing. A total of 10,003 spikes were manually picked. The average number of
spikes per virion was 27. After the raw spikes were picked, the initial Euler angles were assigned to each
spike by assuming that the spike was oriented perpendicular to the viral surface and assigning the z axis
of the spike subvolume to the vector between the center of the virus particle and the center of the
extracted spike. Each raw spike was transformed according to the assigned initial Euler angle, and all
spike volumes were averaged to generate a global average. Since the spikes were randomly oriented
with respect to one another over the surfaces of the virions, this initial average had no regions that were
data poor due to the missing wedge. This initial average was used as a reference to align the raw repeats
for the first cycle, in which only translational alignment was applied.
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The subsequent subvolume alignment and classification were done as described previously, using a
procedure known as “alignment by classification” (19, 75). This procedure utilizes multivariate data
analysis (MDA) and hierarchical ascendant classification to group the aligned repeats into 10 to 50 classes
(73, 76). These class averages were aligned as a group in both translation and rotation by multireference
alignment, using the class averages themselves as the multireferences. The class average with the best
alignment cross-correlation coefficient (CCC) was selected, and the translation and rotation values for
each class average obtained relative to this reference class average were then applied to the stored
alignment parameters of the constituent members of each of the other classes. The resulting new set of
parameters was stored for the next alignment cycle. Thus, classifications were performed on the aligned
raw spike subvolumes, but alignments were performed using only the class averages, and the results for
the alignment parameters of each class average were applied to the individual constituent raw spike
subvolumes. Since the class averages have much higher signal-to-noise ratios than those for the raw
spikes, this method greatly reduces the possibility of reference bias compared to that for the direct
alignment of raw spikes. The appearance of the class averages no longer changed after the procedure
was cycled 16 times. The mask used in the multireference alignment of class averages included the entire
spike and a small portion (outer leaflet) of the membrane, because all class averages show the virus
envelope.

Classification of aligned raw spikes, on the other hand, was conducted with a mask sufficiently large to
include the entire Env head while excluding any contribution from the membrane, because membrane
density in raw spike subvolumes varies depending on the latitude of the spike on the virion surface. The
variation in membrane density is a missing wedge effect. The densities of sCD4, 36D5, and unliganded spike
arms were revealed in class averages in the form of six different arrangements of densities on each Env arm.

Single-arm classification. To reduce the complexity of the images and improve the signal-to-noise
ratio, we devised the following method. Briefly, two copies of the aligned Env spikes were generated,
with a �120° rotation about the 3-fold axis applied to one copy and a �240° rotation applied to the
other. In this way, all three arms of each Env spike were brought to the site of a single Env arm. The
method increased the number of subvolumes for classification 3-fold, from 10,003 to 30,009, reduced
the size of the classification mask to 1/3 of the original mask, and also simplified the pattern complexity
for MDA. Classification was then conducted with a 120° circular segment mask that included only one
arm. The one-arm class averages represent density patterns derived from the combined averaging for all
Env spike arms. The method revealed densities corresponding to sCD4 and 36D5 with better clarity than
that by classification conducted over the whole trimer.

The classes having no apparent extra density due to bound ligands were combined, and the resulting
average was masked by a 120° circular segment mask. The masked arm was then rotated 120° and 240°,
and a symmetrical “control” spike was generated by summing up the density of the three arms, followed
by a low-pass filtering step to smooth any seams generated during the process.

After the triplication procedure, we tested how many of the 30,009 spike arms from different spikes
approached sufficiently close that they might contact and generate a spurious class average. By this
process, we excluded 3% of the total number of spike arms. A further 12% of the spike arms contributed
to class averages that were uninterpretable due to low average numbers of members or were simply
poorly preserved spikes.

Atomic model building. The crystal structure of a SOSIP gp140 HIV-1 envelope trimer in complex
with Fab PGT122 (PDB ID 4NCO) served as the atomic model for fitting into the EM density and for the
building of new models. Two models were used to accommodate the diversity of the EM densities
revealed. Because there is no crystal structure for the 36D5 antibody, the crystal structure of another
anti-V3 antibody, PGT122, was used as a mimic of 36D5. For both models 1 and 2, PGT122 was fitted into
the EM density to illustrate the location of 36D5 relative to the whole gp120 trimer.

For model 1 (gp120 � CD4), the CD4 ligand from the PDB structure 2B4C was added to the 4NCO
structure as described in our previous study (19). Basically, the gp120 portions of the 2B4C and 4NCO
structures were aligned. Because of the close correspondence of the two aligned gp120 structures,
correct positioning of the CD4 portion of the 2B4C structure with respect to the gp120 of the 4NCO
structure was ensured. The combined trimer model of 4NCO gp120 with bound CD4 was then directly
fitted into the EM densities of selected classes. For some classes, direct fitting of the model 1 trimer into
the EM densities produced a poor fit. A second model (model 2) was therefore built to accommodate the
complexity of the features observed. To build model 2, a gp120 subunit with bound CD4 from model 1
was fitted into the Env average by using the arm on which the classification had been conducted. The
fit was conducted in a rigid-body manner, without modifying the atomic structure of gp120 or CD4 or
the contact between them. Threefold symmetry was subsequently applied to gp120 to generate trimer
model 2.

Accession number(s). The six class averages described in this paper are available in the Electron
Microscopy Data Bank (EMDB) under accession codes EMD-6538, EMD-6539, EMD-6540, EMD-6541,
EMD-6542, and EMD-6543. The atomic models used to interpret the class averages are available in the
Protein Data Bank (www.pdb.org) under accession codes 3JCB and 3JCC.
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