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Human immunodeficiency virus type 1 (HIV-1) infection is a significant global public health problem for which development of
an effective prophylactic vaccine remains a high scientific priority. Many concepts for a vaccine are focused on induction of ap-
propriate titers of broadly neutralizing antibodies (bNAbs) against the viral envelope (Env) glycoproteins gp120 and gp41, but
no immunogen has yet accomplished this goal in animals or humans. One approach to induction of bNAbs is to design soluble,
trimeric mimics of the native viral Env trimer. Here, we describe structural studies by negative-stain electron microscopy of sev-
eral variants of soluble Env trimers based on the KNH1144 subtype A sequence. These Env trimers are fully cleaved between the
gp120 and gp41 components and stabilized by specific amino acid substitutions. We also illustrate the structural consequences
of deletion of the V1/V2 and V3 variable loops from gp120 and the membrane-proximal external region (MPER) from gp41. All
of these variants adopt a trimeric configuration that appropriately mimics native Env spikes, including the CD4 receptor-bind-
ing site and the epitope for the VRC PG04 bNAb. These cleaved, soluble trimer designs can be adapted for use with multiple dif-

ferent env genes for both vaccine and structural studies.

he mature human immunodeficiency virus type 1 (HIV-1)

envelope (Env) glycoprotein trimer is comprised of three cop-
ies of a noncovalently linked gp120/gp41 heterodimer that arises
from cleavage of the viral gp160 precursor protein. The env se-
quence is highly variable as the gene evolves under selective pres-
sures created by several factors, including neutralizing antibodies.
The resulting amino acid variability, in addition to an extensively
glycosylated surface, creates a formidable barrier for antibody rec-
ognition and broad neutralization. Thus, the envelope glycopro-
teins represent a challenging, moving target for the humoral im-
mune system (1). While broadly neutralizing antibodies (bNAbs)
have been isolated from a subset of HIV-1-infected individuals,
they play at most a limited role in controlling viral replication as
they only arise around 1 to 2 years postinfection (2-5). However,
experimental data in animal models suggest that vaccine-induced
bNADbs, if present at appropriate titers, would protect people from
infection (6-12). Accordingly, many research groups are now try-
ing to design Env-based antigens that might be able to induce
bNADbs when used as vaccine immunogens.

While the link between the design and structure of an antigen
and the resulting immune response is poorly understood, it is
important that Env-based immunogens are carefully character-
ized at the molecular level using a range of biochemical, biophys-
ical, and structural tools (13) in order for such correlations to be
made. One line of approach to an Env vaccine involves testing the
hypothesis that presentation of a “native” (i.e., trimeric) form of
Env to the immune system is important for generation of a suit-
able immune response, including the induction of bNAbs. Thus,
the immunogen should present many of the complex quaternary
epitopes recognized by bNAbs and be glycosylated in a way that
mimics the native structure of Env spikes. For practical reasons
that aid in production and purification, the immunogen should
also be soluble (i.e., secreted from cells) and stable. These require-
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ments are quite challenging, as there is currently no atomic reso-
lution structure of an Env trimer from which to rationally con-
struct such an antigen. Nonetheless, various strategies have been
used to create soluble Env trimers with the general goal of mim-
icking the native spikes on the virus surface (14-20). Most of these
approaches have involved eliminating the cleavage site between
gp120and gp41 and adding a trimerization motif (21, 22) to create
amore stable trimer. Here, we describe structural characterization
of soluble trimers that are made by a different approach which
involves retaining the cleavage site but in the presence of trimer-
stabilizing substitutions. These soluble trimers are generally des-
ignated SOSIP gp140s as they contain an introduced disulfide
bond (SOS) between residues A501 and T605 (in the JRFL or
HXB2 numbering) that covalently links gp120 and the gp41 ect-
odomain (gp4lycro) and a point substitution, I559P (IP), in
gp41pcro to stabilize intratrimer interactions (17, 18).

Recently, we described various structural studies on complexes
between bNAbs and SOSIP gp140 trimers based on two different
subtype A sequences, KNH1144 and BG505 (23-27). Here, we
present the results of additional structural studies on variants of
the KNH1144 SOSIP gp140 trimers that contain or lack the V1/V2
and V3 variable loops of gp120 and/or the membrane-proximal
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external region (MPER) of gp41ycro. The various trimer forms
have been studied both free and as complexes with soluble CD4
(sCD4) and the antigen binding fragment (Fab) of the CD4 bind-
ing site-directed (CD4bs) bNAb, VRC PG04. Our results demon-
strate that the SOSIP gp140 trimers adopt similar morphologies to
the virion-associated Env complexes in the unliganded and CD4-
liganded conformations, irrespective of the presence of the V1/V2
and V3 loops and the MPER. The soluble SOSIP trimers, there-
fore, structurally mimic virally expressed, membrane-embedded
Env but can be made as soluble and stable recombinant proteins
(28). The MPER-deleted variant, SOSIP.664 gp140, in particular
has improved biophysical and solubility properties that make it an
attractive candidate for structural and immunogenicity studies, as
described further in the accompanying article (29).

MATERIALS AND METHODS

SOSIP constructs. Construct design, expression, and purification were
undertaken as described in the accompanying article (29). The nomencla-
ture SOSIP.681 is used for the full-length SOSIP gp140 where the
KNH1144 clade A sequence terminates at residue 681. A 17-residue, C-
terminal truncation of this construct produces SOSIP.664, which lacks the
MPER. Replacement of the V1/V2 and V3 loops in each of these con-
structs with GGG linkers produces the SOSIP.681.AV1V2V3 and
SOSIP.664.AV1V2V3 constructs, respectively.

SOSIP complex formation and purification. The various SOSIP con-
structs were purified using Superose 6 (GE Healthcare Life Sciences) size
exclusion chromatography (SEC) either unliganded or in complex with
VRC PG04 Fab. For complex formation, ligands were added in 6 X molar
excess to the SOSIP gp140 protomer and incubated on ice for 15 min prior
to purification. Complexes with soluble CD4 (sCD4) were incubated for 4
h on ice and not subjected to further SEC purification, as these complexes
would dissociate during the purification, possibly due to dilution of the
samples as they flowed over the column. Comparable samples consisting
of the SOSIP.664 construct were purified in a buffer containing 20 mM
Tris-HCl, 150 mM sodium chloride (pH 8.0), whereas purification of
samples containing the SOSIP.681 construct was performed in the same
buffer supplemented with 0.025% (wt/vol) CYMAL-7 to avoid any aggre-
gation due to the hydrophobic MPER. Eluting fractions containing the
desired components as verified by SDS-PAGE and blue native (BN)-
PAGE were pooled and subjected to structural characterization.

Electron microscopy. Samples possessing CYMAL-7 were treated
with Bio-Beads (Bio-Rad, CA) for 2 h prior to grid preparation to remove
excess detergent. Negatively stained grids were prepared as previously
described (23). Briefly, ~0.1 mg/ml of the purified SOSIP gp140 (liganded
or free) was applied to a freshly glow-discharged, carbon-coated grid and
stained with 2% uranyl formate. Grids were viewed using a FEI Tecnai
TF20 electron microscope operating at a magnification of 100,000X and
an accelerating voltage of 120 kV. Images were acquired on a Gatan 4,096-
by-4,096 charge-coupled device (CCD) camera in 5° increments from 0 to
55° tilt angles at a defocus range of —600 to —720 nm and a dose of less
than 16 e /A® using the Leginon system (30). The tilt angles provided
additional particle orientations to improve the image reconstructions.
The pixel size of the CCD camera was calibrated at this magnification to be
1.09 A using a two-dimensional (2D) catalase crystal with known unit cell
parameters.

Data collection and image reconstruction. Particles were automati-
cally selected from micrographs with DoG Picker (31). Contrast transfer
function (CTF) estimations for the untilted and tilted micrographs were
determined with ctffind3 and ctftilt (32). Particles were binned in groups
of 4 (80-by-80 boxes), and reference-free 2D class averages were calcu-
lated using the Sparx package (33). Class averages and their associated
particles were discarded based on their morphology and quality. In par-
ticular, particles that were too small (Fabs or sCD4 alone) and too large
(aggregates) to be Env trimer complexes were removed at this point. Im-
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TABLE 1 Image reconstruction details”

No. of Resolution ~ EMDB
Complex (SOSIP) particles  (A)" accession no.
681 5,543 18 EMD-5700
681 (AV1/V2,V3) 10,838 17 EMD-5701
681 + VRC PG04 14,325 15 EMD-5702
681 (AV1/V2,V3) + VRC PG04 9,248 18 EMD-5703
681 + sCD4 4,506 22 EMD-5704
664° 15,248 14 EMD-5705
664 + VRC PG04 12,236 15 EMD-5706
664 (AV1/V2,V3) + VRC PG04 11,958 19 EMD-5707
664 + sCD4 16,704 16 EMD-5708
664 (AV1/V2,V3) + sCD4 12,877 20 EMD-5709
HIV BaL Env* 4,7421 25 EMD-5022
HIV BaL Env + sCD4° NAS 24 EMD-5455
HIV BaL Env + VRC03¢ NA 23 EMD-5458

“ Shown are the images reconstructed, the number of particles used to generate them,
their resolution, and the EMDB accession codes. Also tabulated are the image
reconstructions and their respective resolutions reported earlier (15, 24, 40).

b Resolution based on a Fourier shell correlation (FSC) of 0.5.

¢ See reference 15.

 See reference 24.

¢ See reference 40.

TNA, not available.

age reconstructions were generated using the angular reconstitution
method to minimize model bias. For the SOSIP.681 gp140 constructs, the
micelle region had to be masked out for the image reconstruction to
succeed, as follows: (i) align all raw particles to the reference-free class
averages, (ii) mask out the micelle from the class averages and the raw
particles using the e2proc2d.py procedure of EMAN2 (34), (iii) recalcu-
late reference-free 2D class averages, (iv) generate 40 ab initio models
from the micelle-excluded, reference-free 2D class averages using the
EMAN?2 package, (v) refine each model against the kept reference-free 2D
class averages with the Sparx package (33), (vi) select the best model and
refine against the micelle-excluded raw particles with the Sparx package,
and (vii) apply the alignment parameters of the micelle-excluded raw
particles to the unmasked particles (note that the micelle-excluded parti-
cles are in the same orientation as the unmasked particles) and back-
project using the sxrecons3d_n.py routine in Sparx to generate an image
reconstruction (33, 34). For liganded SOSIP trimers, a similar procedure
was used. The ab initio model exhibiting Fab or sCD4-like density served
as the initial model for iterative image reconstruction against the CTF-
corrected particles using Sparx (33). For unliganded trimers, a compari-
son of projections from the model to the reference-free class averages was
used as the criterion to identify the initial model for iterative image recon-
struction. The presence of micelles in the final image reconstructions of
SOSIP.681 gp140 trimers supports each image reconstruction, as the mi-
celles were excluded from the image reconstruction procedures and only
included for the final back-projection step. This process is akin to an omit
map in X-ray crystallography and should be applicable to any system. The
resolutions of the final image reconstructions, as determined by a Fourier
shell correlation (FSC) of 0.5, ranged between 14 and 20 A and are listed in
Table 1. For comparisons between reconstructions, maps were always
filtered to the lowest resolution within the set.

The contour levels of the VRC PG04-liganded image reconstructions
were selected at the highest threshold to fully accommodate the crystal
structure of the VRC PG04 Fab component. Thus, we used the molecular
envelope of the Fab crystal structure as a standard. The contour levels of
the unliganded image reconstructions were selected according to the qual-
ity of their fit to their corresponding liganded image reconstructions to
maximize volume overlap. This procedure normalizes the thresholds of all
reconstructions to one another and that of the VRC PG04 Fab.

Model fitting and enantiomer detection of image reconstructions.
The model fitting and enantiomer detection procedures have been de-
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Electron Microscopy Studies of HIV-1 Env Trimers
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FIG 1 Schematic representation of the SOSIP constructs used in this study. The gp120 constant domains are labeled C1 to C5, while the variable loops are labeled
V1 to V5. A disulfide bond (SOS) stabilizes the gp120-gp41 interaction. The fusion peptide is labeled FP, while the heptad repeat 1 (HR1), heptad repeat 2 (HR2),

and the membrane-proximal region (MPER) are also indicated.

scribed previously (35, 36). The correct enantiomer of the image recon-
struction was determined by fitting the crystal structures of HIV-1 gp120
liganded to the VRC PG04 Fab (Protein Data Bank [PDB] entry 3SE9),
HIV-1 gp120 liganded to sCD4 (PDB entry 1GC1), and gp120 core struc-
ture (gp120,,,.) (PDB entry 3TIH) into each enantiomer filtered to the
same resolution (Table 1) using the program Molrep with C3 symmetry
(37). The structures fit the same-handed enantiomer with a higher corre-
lation coefficient than the opposite enantiomer. The V1/V2 (PDB entry
3U2S) and V3 loops were manually docked into the image reconstructions
using the start and end residues of each structure as the anchor points for
connecting to the computationally docked gp120_,,.. Docking was per-
formed in UCSF Chimera.

Map segmentation. Maps were segmented using the Split Map func-
tion of the Color Zone tool in UCSF Chimera (38). Briefly, the gp120_,,.
structure (PDB entry 3TIH) was superimposed onto the different EM-
fitted gp120 structures for consistency. This procedure was done to elim-
inate any differences between the gp120 constructs that were used in the
different crystallization experiments. A 12-A mask radius was used
around each atom of the docked crystal structure, and the volume was
segmented using the Split Map function. The same procedure was used for
segmenting the regions of the manually fitted V1/V2 and V3 loops.

Protein structure accession numbers. The EM reconstructions have
been deposited in the Electron Microscopy Data Bank (EMDB) under
accession code no. EMD-5700, EMD-5701, EMD-5702, EMD-5703,
EMD-5704, EMD-5705, EMD-5706, EMD-5707, EMD-5708, and EMD-
5709.

core*

RESULTS

Soluble SOSIP gp140 trimers resemble Env spikes on the surface
of HIV-1. Here, we present comparisons of SOSIP gp140 trimer
reconstructions based on the subtype A sequence KNH1144 that
was terminated at either residue 681 or 664 in gp41lycro. These
two trimers are designated SOSIP.681 and SOSIP.664 gp140s (Fig.
1). The rationale for the deletion of the MPER from the SOSIP.664
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construct, together with biophysical and antigenicity data, is de-
scribed in the accompanying article (29).

The image reconstruction of the SOSIP.681 gp140 trimers can
be segmented into three regions: (i) a “body” that describes the
molecular envelope for the three gp120,,,.s, (ii) a “waist” that
describes the molecular envelope connecting the “body” to the
“stem,” and (iii) a stem that describes what is likely the C-terminal
region of gp41cro (Fig. 2) along with the molecular envelope for
amicelle presumed to have formed from the detergent CYMAL-7,
which was added to prevent aggregation of the SOSIP.681 trimers
into rosettes, via the hydrophobic MPER (see Fig. S1 and S2 in the
supplemental material). Comparison of the EM image recon-
struction of the soluble SOSIP.681 trimers using single-particle
analysis with the published cryo-electron tomography (cryo-ET)
reconstruction of viral surface Env (39) (EMD-5022) reveals that
both reconstructions (Fig. 2) are similar, considering the differ-
ences in their reported resolutions (Table 1) and distinct methods
used to obtain them. When viewed down the 3-fold axis of sym-
metry of the image reconstruction with the viral membrane distal
to the viewer, the two image reconstructions are of comparable
sizes and both exhibit morphologies similar to a three-bladed fan.
A side view of the image reconstructions reveals a bulbous density
attributed to the gp120,,,. narrowing to a “waist” at the putative
gp120-gp41 interaction site. The HIV-1 viral membrane bilayer
region observed in the cryo-ET image reconstruction is recapitu-
lated as a micelle in the detergent-solubilized SOSIP.681 gp140
single-particle reconstruction. Nonetheless, some minor differ-
ences can also be seen between the two image reconstructions. For
example, the virion-associated Env is somewhat more elongated,
is wider, and has more of a twist to the gp120 portion. These
variations may arise from genuine differences between soluble

§ Q2

SZEXY

HIV-1 BaL SOSIP.681 HIV-1 BaL SOSIP.681
Sosip.681 +sCD4 +sCD4 +VRCO03 +VRC PG04

HIV-1 BaL

FIG 2 Comparison of SOSIP constructs to HIV-decorated Env trimers. Shown is the surface representation of the SOSIP image reconstructions compared to the
published HIV-1 surface Env trimers. (Top view) Looking down the 3-fold axis of each trimer (with the viral membrane in the distance). (Side view) Looking
parallel to the viral membrane at the bottom of the figure. (A) Unliganded HIV-1 BaL (EMD-5022); (B) SOSIP.681 filtered to 25-A resolution; (C) HIV-1 BaL
liganded to sCD4 (EMD-5455); (D) SOSIP.681 liganded to sCD4 filtered to 25-A resolution; (E) HIV-1 BaL liganded to VRC03 (EMD-5458); (F) SOSIP.681
liganded to VRC PGO04 filtered to 15-A resolution. Labeled are the body, waist, and stem of the SOSIP.681 image reconstructions (see the text).
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FIG 3 Comparison of SOSIP image reconstructions. Shown is the surface representation of image reconstructions for the various liganded and unliganded
SOSIP.681 and SOSIP.664 low-pass filtered to 22-A resolution. Shown are the top and side views of (A) SOSIP.681, (B) SOSIP.681.AV1V2V3, (C) SOSIP.681
liganded to VRC PG04, (D) SOSIP.681.AV1V2V3 liganded to VRC PG04, (E) SOSIP.681 liganded to sCD4, (F) SOSIP.664, (G) SOSIP.664 liganded to VRC
PG04, (H) SOSIP.664.AV1V2V3 liganded to VRC PG04, (I) SOSIP.664 liganded to sCD4, and (J) SOSIP.664.AV1V2V3 liganded to sCD4.

and virion-associated forms of Env trimers or from image recon-
struction artifacts, such as the missing wedge that is present in
cryo-ET data or stain artifacts that may occur in negative-stain EM
experiments. Overall, we conclude that, at the limited resolution
of these image reconstructions, the soluble SOSIP gp140 trimers
are very similar in appearance to Env spikes present on HIV-1
virus particles.

We further characterized the detergent-solubilized SOSIP.681
gpl40 trimers by generating image reconstructions in complex
with either sCD4 or VRC PG04 and compared them to the pub-
lished structures of viral surface Env complexes with sCD4 and
VRCO03, which recognizes a similar epitope to VRC PG04 (40, 41)
(EMD-5455 and EMD-5458) (Fig. 2C to F). While sCD4 is not
clearly distinguished in the EM reconstruction here, the structure
of the trimer adopts an opened phenotype similar to that of viral
surface Env. The binding of sCD4 to either form of Env induces
nearly indistinguishable conformational changes in the trimers,
specifically a 15 to 20° rotation out of plane and a 45 to 50° rota-
tion around an axis parallel to the 3-fold axis (see Fig. S3E and S4A
in the supplemental material). These results suggest that the sta-
bilizing mutations introduced in the SOSIP trimers do not pre-
vent previously observed conformational changes from occur-
ring. Binding of VRC03 to Env and VRC PG04 (PGV04) to
SOSIP.681 produces similar image reconstructions but without
the large conformational changes that occur upon CD4 binding.
Notably, more definition is observed in the PGV04 image recon-
struction allowing unambiguous docking to the VRC PG04 Fab
crystal structure (see Fig. S3C).

V1/V2 and V3 variable loops are located at the apex of the
SOSIP gp140 trimer. To identify the locations of the V1/V2 and

9868 jvi.asm.org

V3 loops in the SOSIP gp140 trimer and to distinguish whether
they interact via a cis (same protomer) or frans (adjacent
protomer) mechanism on the membrane-distal surface of gp120,
we generated an image reconstruction of SOSIP.681.AV1V2V3
gpl40 trimers and compared it to SOSIP.681. In the
SOSIP.681.AV1V2V3 gp140 construct, each of the V1/V2 and V3
loops was replaced with a polyglycine (GGG) sequence, as de-
scribed in the accompanying article (29). The image reconstruc-
tions yield similar molecular envelopes, and subsequent fitted
gp120,,,.s therefore allow us to identify the locations of the V1/V2
and V3 loops (Fig. 3A and B and 4A and B). Rigid-body fitting of
the gp120,,,. crystal structure into each image reconstruction sup-
ports an interpretation of the EM data (see Fig. S3 in the supple-
mental material) in which the V1/V2 loops localize to the apex of
the SOSIP gp140 trimers, while V3 forms a juxtaposed bump that
protrudes from the outer domain of the gp120.,,.. The density
that we ascribe to V3 appears to primarily associate with the gp120
protomer from which it emanates in a cis mode. The V1/V2 den-
sity for all the protomers forms a continuous cap on the trimer,
suggestive of a cis interaction between these domains at the pe-
riphery of the trimer and a trans interaction near the axis of sym-
metry. Given the limited resolution of our image reconstruction
(Table 1), we cannot make a definitive conclusion about the qua-
ternary interactions and precise extent of the V1/V2 and V3 loops,
but our observations on the SOSIP gp140 trimer are consistent
with those drawn from several previous studies of Env (28, 42—44).

Comparison of the positions and orientations of the gp120_, .
crystal structure fitted into each model (see Materials and Meth-
ods) did not identify any significant difference between the posi-
tioning or orientation of the gp120,,,. protomers in the two image

core
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reconstructions. This outcome contrasts with earlier cryo-ET re-
constructions of HIV-1 particles bearing Env trimers lacking the
V1/V2loop, where the gp120,,,.s appeared to adopt multiple ori-
entations that significantly deviated from their orientation in full-
length Env trimmers (28). The discrepant outcomes may arise
because of the trimer-stabilizing changes engineered into the
SOSIP gp140 constructs, different Env sequences, soluble versus
membrane-bound trimers, and/or the presence of the V3 loops in
the virion-associated trimers compared to their absence from the
soluble trimmers (28).

VRC PG04 bNAD binds the SOSIP gp140 trimer irrespective
of the presence of the MPER and the V1/V2 and V3 loops. Recent
structural studies of viral membrane Env spikes showed that,
while the VRCO1 and VRCO03 bNAbs recognized their epitopes in
the CD4 binding site, they did not trigger the conformational
changes that are induced by CD4 binding that open up the trimer
(40). Atomic resolution studies of VRCO01-like Fab-gp120 com-
plexes reveal that VRC01, VRC03, and VRC PGO04 all share a
highly similar binding interface with gp120 (41). Thus, we sought
to characterize how VRC PG04 bound to SOSIP KNH1144 gp140
trimers (Fig. 3C and D and G and H). In the liganded image re-
construction, there is stronger definition of the V1/V2 regions at
the trimer apex, which appears in the form of a triumvirate of
towers (Fig. 3C and G). These well-defined image reconstructions
allowed unambiguous docking of the VRC PG04 Fab-gp120 X-ray
structure (PDB entry 3SE9). Binding of VRC PG04 causes a small
(~17°) clockwise rotation of the SOSIP.681 gp120_,..s around the
3-fold axis (Fig. 3; see Fig. S3C and S4B in the supplemental ma-
terial) and translation closer to the symmetry axis relative to the
gp120 positions in the unliganded SOSIP.681 reconstruction
(Fig. 3C).

The “waist” (i.e., the molecular envelope connecting the gp120
“body” with its associated micelle “stem”) becomes enlarged in
the liganded image reconstruction. This outcome is accompanied
by a change in the envelope near the base of the “body” (Fig. 3A
and C). Therefore, the interaction between SOSIP.681 gp140
trimers and VRC PG04 may not simply be restricted to a small
rigid-body motion of the gp120,,,.s but may also involve a rigid
body or conformational change in the gp140 waist region. Such
differences, which have not been described in similar studies
performed on envelope-embedded Env proteins (40), may be at-
tributed to the improvement in the resolution of our image recon-
structions or authentic differences between membrane-embed-
ded Env and our soluble constructs.

To investigate whether the observed triumvirate of towers as-
sumed to be the V1/V2 and closely associated V3 loops in the
SOSIP.681-VRC PG04 complex play a structural role, we gener-
ated additional image reconstructions of SOSIP.681.AV1V2V3 li-
ganded to VRC PG04 (Fig. 3D). Comparison of the liganded and
unliganded SOSIP.681.AV1V2V3 image reconstructions showed
that the gp120_,,.s undergo similar rotations and translations in
both cases (see Fig. S3 in the supplemental material). Hence, the
interaction between VRC PG04 and the SOSIP.681 gp140 trimers
is not dependent on the presence of the V1/V2 and V3 loops. An
~8° clockwise rotation in the plane of the paper (i.e., perpendic-
ular to the 3-fold axis) can be seen in the gp120_,,.s when com-
paring the side views of the liganded SOSIP.681 and
SOSIP.681.AV1V2V3. We attribute this difference to deletion of
the V1/V2 and V3 regions (Fig. 3D).

Next, we generated an image reconstruction of SOSIP.664
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gp140 trimers liganded to VRC PGO04 to study the influence of the
MPER on this interaction. A comparison to the VRC PG04-ligan-
ded SOSIP.681 image reconstruction indicates that the gp120,,..s
rotate slightly more in the MPER-deleted trimers, while moving
closer to the axis of symmetry (Fig. 3G; see Fig. S3 and S4B in the
supplemental material). Hence, the interaction between the
MPER and the gp120,,,., whether direct or indirect, slightly re-
stricts the degree to which the gp120,,,. can rotate when bound to
VRCPGO4. The towers seen with the SOSIP.681 gp140 trimers are
also formed with SOSIP.664 (i.e., in the absence of the MPER), but
their closer proximity to one another reinforces the conclusion
that the MPER may play a small role in the overall architecture of
the SOSIP gp140 trimer (Fig. 3C and G). Alternatively, the pres-
ence of detergent and/or micelle in the SOSIP.681 image recon-
struction may be responsible for the observed difference. We are
currently investigating this possibility.

For a final study, we generated an image reconstruction of the
SOSIP.664.AV1V2V3 gp140 trimers bound to VRC PG04 (Table 1
and Fig. 3H). A comparison to the image reconstruction of the
liganded SOSIP.664 gp140 (i.e., with intact variable loops) indi-
cates that the gp120,,,.s now rotate by approximately an addi-
tional 10° clockwise around the axis perpendicular to the 3-fold
axis (see Fig. S4C in the supplemental material). These results, in
combination with those from the SOSIP.681 gp140 studies de-
scribed above, indicate that the overall interactions of VRC PG04
with the SOSIP gp140 trimers at this level of resolution are only
slightly modified when the V1/V2 and V3 loops and MPER do-
mains are absent.

Binding of sCD4 results in an opening of the SOSIP trimers
independent of the V1/V2 and V3 loops. Binding of sCD4 to Env
has been shown to induce a large conformational change in both
the position and orientation of the gp120,,.s with respect to one
another (39). Preliminary image analysis also indicated that the
SOSIP trimer was capable of binding sCD4 (29, 45). To further
investigate the effect of sCD4 on our SOSIP constructs, we gener-
ated image reconstructions of SOSIP.681, SOSIP.664, and
SOSIP.664.AV1V2V3 liganded to sCD4 (Fig. 3E, I, and J). Analy-
sis of all liganded and unliganded reconstructions reveals that
sCD4 is able to open up all variants of SOSIP regardless of whether
the V1/V2 and V3 or the MPER regions are present. This obser-
vation suggests that binding of sCD4 most likely alters the inter-
action between the gp120,,,. and gp41 that leads to the open con-
formation of Env.

Cross talk between gp41 and gp120. Collectively, our recon-
structions presented here and elsewhere suggest that the interac-
tions between gp120 and gp41, and possibly the conformation of
gp41 itself, differ when the V1/V2 and V3 loops are deleted from
SOSIP Env trimers (Fig. 3), as is particularly evident in the image
reconstructions of MPER-containing SOSIP trimers. Upon dele-
tion of the V1/V2 and V3 loops, the molecular envelope defining
the “waist” become less discrete, while the size of the micelle in the
image reconstruction becomes reduced, as observed in compari-
sons of the unliganded SOSIP.681 to SOSIP.681.AV1V2V3 and
VRC PG04-liganded SOSIP.681 to SOSIP.681.AV1V2V3 (Fig. 3A
to D). Thus, small conformational changes may arise upon dele-
tion of these loops. We note that unliganded SOSIP.664 does
not exhibit as prominent a V1/V2/V3 density as the unliganded
SOSIP.681 image reconstruction, but the corresponding PG
VRCO04-liganded reconstructions are very similar in V1/V2/V3
(Fig. 3). This observation supports earlier biochemical studies
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suggesting that cross talk exists between the V1/V2 and V3 and
MPER and that modification of either region could affect the
binding of antibodies to the other (46, 47). These findings are also
consistent with a recent study illustrating that an MPER binding
antibody can cause the trimer to adopt an open conformation,
similar to the CD4-bound state (48).

While it appears that the presence of the MPER may result in
subtle changes in the trimer, SOSIP.664 retains a similar shape and
reactivity with VRC PG04 and other broadly neutralizing antibod-
ies (23, 25, 27), as well as sCD4. Thus, the SOSIP mutations allow
removal of the transmembrane domain and MPER without com-
promising the structural or antigenic profile of the trimer.

DISCUSSION

Currently, there is a tremendous drive to develop immunogens
for vaccine development that mimic the native HIV-1 Env. Here
we describe a series of structural studies using negative-stain elec-
tron microscopy that evaluate and characterize soluble versions of
HIV-1 Env trimers in the presence or absence of ligands that bind
to the CD4 binding site. These studies are focused on understand-
ing how two specific regions of the Env, namely, the combined
V1/V2 and V3 loops and MPER, affect the architecture and orga-
nization of Env in the absence and presence of ligands.

Our studies illustrate that SOSIP.681, a stabilized and soluble
Env trimer possessing a disulfide between gp120/gp41 and a single
point mutation, I559P, folds up into a quaternary structure that is
similar to that described for native virally displayed HIV-1 Env
(39). Moreover, we demonstrate that SOSIP.681 adopts confor-
mations that are virtually indistinguishable from the virally dis-
played HIV-1 Env in the presence of sCD4 and VRC PG04 (40)
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(Fig. 2). Thus, SOSIP.681 appears to be a suitable platform for
immunogen design. We also demonstrate that while the V1/V2
and V3 and MPER have subtle effects on the organization of the
trimer, their deletion does not alter the ability of the SOSIP trimer
to bind sCD4 or VRC PG04. Removal of MPER from SOSIP.681 to
produce SOSIP.664 results in a minor rotational as well as positional
shift in the gp120_,,.s, whereas deletion of the V1/V2 and V3 loops
from SOSIP.681 does not alter the orientation or position of the
gp120..,.s relative to one another (see Fig. S3 in the supplemental
material). This observation, along with our docking of available
gp120 crystal structures, suggests that non-MPER gp41 plays an im-
portant role in the organization and position of gp120s in the trimer,
likely via an extensive interaction surface. Additionally, we have fur-
ther shown that these two regions play a limited role in how sCD4 or
CD4bs antibodies (VRC PG04) affect the organization of SOSIP. For
example, the gp120,,,.s of SOSIP.664.AV1V2V3 undergo a similar
conformational change as that of SOSIP.681 upon binding to sCD4
or VRC PG04 (Fig. 2 and 3). This result also suggests that the confor-
mational changes observed in Env that alter the gp120-gp41 interac-
tion can occur independently of these two regions. Conversely, while
deletion of the V1/V2 and V3 loops does not alter the overall organi-
zation of Env, the micelles associated with the SOSIP.681 image re-
constructions appear to be more intimately associated with the
“body” of SOSIP when V1/V2 and V3 have been removed; hence, the
“waist” of this construct appears less defined.

The increased definition in our EM reconstructions at the apex
of the trimer as a result of VRC PG04 binding may be due to
decreased flexibility in the V1/V2 loops induced by the ligand.
Recent biochemical studies that show CD4bs antibodies, such as
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VRCO01, VRCO03, and VRC PG04, inhibit binding of CD4-induced
(CD4i) antibodies, such as 17b (49). Docking the crystal structure
of the gp120,,,. liganded to CD4 and 17b Fab (PDB entry 1RZK)
into our VRC PG04 liganded SOSIP.681 and SOSIP.664 image
reconstructions clearly demonstrates that 17b Fab would clash
with the V1/V2 and V3 towers when VRC PG04 binds to Env (see
Fig. S5 in the supplemental material). In the CD4 liganded state,
these towers appear to become orthogonal to the Env 3-fold axis of
symmetry or change conformation such that they no longer clash
with the CD4i antibodies (Fig. 4E and I). Our studies also demon-
strate that the V1/V2 and V3 loops of a gp120 protomer predom-
inantly interact in cis but also in trans near the 3-fold axis of sym-
metry.

While we observe that the MPER has some subtle structural
effect on the gp120s, this region can be added or removed without
affecting the major antigenic sites on gp120, including the CD4
binding site, as well as the N-linked glycans at N332 and N160 (23,
25-27). This result demonstrates the increased utility of the SOSIP
trimer as it is soluble, does not aggregate, and is easier to express
and purify. Because of this ease of handling, this platform can be
readily modified by mutation to display epitopes designed to elicit
particular bNAbs and provide the quaternary restraints necessary
to guide an appropriate immune response. Additionally, due to
the homogeneity achieved during purification, the SOSIP trimer
is ideally suited for further structural investigation of bNAb com-
plexes. In conclusion, we have systematically dissected the struc-
tural roles of the HIV-1 Env V1/V2 and V3 loops and the MPER
and demonstrated that the soluble SOSIP gp140 trimer has a very
similar appearance to virion-associated Env at the resolution re-
ported here. Furthermore, the two forms of Env undergo similar
conformational changes in the presence of CD4 or the CD4bs
antibody VRC PG04. The stability provided to the soluble trimer
by the SOSIP mutations should have a beneficial effect for immu-
nogenicity, as it will reduce the exposure of epitopes that may elicit
nonneutralizing antibodies. Studies to explore the antigenicity
and immunogenicity of a SOSIP.664 gp140 construct based on a
different subtype A sequence, BG505, are now in progress, as are
higher-resolution structural explorations.
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