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FIG 10 Conformation of the uncleaved C97ZA012 gp140 trimer. (A) CryoEM map of class 1 C97ZA012
gp140 trimer (light green) superimposed on the map of the cleaved, wild-type JR-FL EnvACT trimer in
complex with PGT151 (structure EMD-3308 filtered to 21-A resolution [shown as mesh[; the density for
PGT151 was removed for clarity) (left), the map of the BG505 SOSIP.664 trimer in complex with soluble
2D CD4, 17b Fab, and 8ANC195 variant G32K5 Fab (structure EMD-3096 [mesh]) (middle), and the map
of the BaL Env trimer on the virion surface in complex with soluble 2D CD4 (structure EMD-5455 [mesh])
(right). For the maps representing partially open and open conformations induced by ligand binding, the
locations of three gp120s are shown by models, in red, of the gp120 core (PDB entries 5A8H and 3DNO,
respectively). Locations of CD4 and antibodies are also indicated. (B) As in panel A, except that the map
in light yellow is the cryoEM map of a class 2 C97ZA012 gp140 trimer.

consistent with its lack of binding to the CD4-induced (CD4i) antibody 17b in the
absence of CD4 (Fig. 3) (4). These results suggest that the C97ZA012 gp140 sample
conformations range between closed and partially open.

A model of the clade B JR-FL EnvACT trimer, an antibody-stabilized Env with a
structure nearly identical to that of the BG505 SOSIP.664 trimer (11), fit the class 1 map
exceptionally well (Fig. 12), especially considering differences in glycosylation between
the JR-FL and C97ZA012 Envs. In particular, the density for the variable loops at the
trimer apex, which present the quaternary epitopes for trimer-specific antibodies, such
as PG9, PG16, and PGT145, was evident in the class 1 map, consistent with our
published antigenicity studies showing that C97ZA012 gp140 binds PG9 and PG16 (4).
As suggested above, class 2 appears to represent a structure in which the three gp120
molecules have moved apart toward an open conformation, disrupting the trimer-
specific epitopes for PG9, PG16, or PGT145 created by 3-fold packing of the V1V2 and
V3 loops. If the C97ZA012 gp140 trimer spends a substantial fraction of its time in the
class 2 state, then the Env preparation will have, as observed, weaker-than-expected
binding to these antibodies in solution (4).
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FIG 11 Main difference between the maps for class 2 and the open conformation. The cryoEM map of
a class 2 C97ZA012 gp140 trimer (yellow) is superimposed on the map of the BaL Env trimer on the virion
surface in complex with soluble 2D CD4 (structure EMD-5455 [black mesh]). The main difference between
the two maps, next to the trimer apex, is indicated.

The fit of the gp41 part of the clade B JR-FL EnvACT model to the class 1 map is
imperfect, particularly near the C-terminal end, suggesting that there may be some
differences in the gp41 structure between the two trimers. This difference is not
surprising, as the JR-FL EnvACT trimer is solubilized by detergent and its MPER and
transmembrane domain (TMD) are disordered, while the MPER of C97ZA012 gp140 is
directly constrained by a GCN4 or foldon trimerization domain. We note that our gp140
trimer does not bind MPER-directed bnAbs, fully consistent with the antigenic prop-
erties of the corresponding full-length, functional Env spikes on the cell surfaces (5).

DISCUSSION

The structural data presented here confirm that the uncleaved, soluble C97ZA012
gp140 trimer, currently being tested in a clinical trial, has a compact structure very
similar to those of disulfide-stabilized, cleaved SOSIP trimers as well as that of a

FIG 12 Fit of the JR-FL EnvACT trimer into cryoEM maps of C97ZA012 gp140. The model of the JR-FL
EnvACT trimer (PDB entry 5FUU), shown as a ribbon diagram in red, was fit by manual adjustment in
UCSF Chimera into the density maps of the 3D reconstructions of class 1 (light green) and class 2 (light
yellow). The location of V1V2, which presents the trimer-specific, broadly neutralizing epitopes, is
indicated.
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detergent-solubilized, cleaved EnvACT trimer (8-11). The inherent conformational flex-
ibility of the trimer without constraints from bound Fabs or engineered disulfides and
the alignment errors resulting from this microheterogeneity have limited the resolution
of the cryoEM reconstructions to about 20 A. However, most C97ZA012 gp140 trimers
appear to sample a narrow range of conformations, as 3D classification shows two
principal states: one closed and the other partly open. This range may simply reflect the
intrinsic dynamics expected for any functional protein. Both conformations are well
within the range of those observed for functional Envs (Fig. 10). Whatever the detailed
sources of microheterogeneity, our observations are inconsistent with the assertion
that all the uncleaved gp140 trimers have nonnative structures (15). As has been well
documented for influenza virus HA, we can expect to find local structural differences,
near the cleavage site, between the uncleaved precursor and the fully cleaved and
fusion-activated trimer (24, 25), but if the HA precedent is relevant, we do not expect
global changes following cleavage. The cryoEM structures described here are fully
consistent with these expectations.

Our recent studies of two conformationally homogeneous, cell surface-expressed
gp160s also suggest that the prefusion conformation of HIV-1 Env is independent of the
cleavage between gp120 and gp41. In those studies, a substantial amount of uncleaved
gp160 trimer was also present, but the cells showed no binding to any of the
nonneutralizing antibodies that recognize various epitopes over the entire Env ectodo-
main (5). That is, the antigenic properties of the uncleaved gp160 protein and the
cleaved trimer are virtually identical if both are sufficiently stable. The CT (cytoplasmic
tail)-deleted Env, while fully functional in inducing membrane fusion, exposes certain
nonneutralizing epitopes which are accessible on intact Env only upon CD4 binding,
and it binds less tightly to the trimer-specific antibodies, which recognize the closed
state (5). Thus, this truncated, functional Env may adopt the partially open conforma-
tion observed in the present study.

Why are most soluble gp140 preparations not stable and homogeneous? Our
recently reported nuclear magnetic resonance (NMR) structure of the TMD of HIV-1 Env
shows that it forms a tightly packed trimer in a lipid bilayer environment (26). The TMD
trimer resists denaturation by SDS in vitro and cannot be disrupted by simple mutations
at the trimer interface. The extraordinary stability of the TMD results from the contri-
butions of two structural elements: a “standard,” N-terminal coiled-coil segment with a
hydrophobic core around the 3-fold axis and a C-terminal segment with a hydrophilic
core (26). Either one is sufficient to maintain the TMD trimer structure. Destabilizing the
TMD trimers leads to major changes in the antigenic structure of the ectodomain of
Env, suggesting that the TMD contributes to the stability of the entire Env spike. These
data can explain why most recombinant soluble Env preparations with the TMD
deleted are unstable and conformationally heterogeneous, except for those of a few
selected strains (14, 17), such as the C97ZA012 gp140 studied here.

Stabilized SOSIP trimers have failed to induce any heterologous, tier 2 responses in
animal models, despite expression of most known bnAb epitopes (27). We do not know
whether the modifications introduced into these trimers have prevented them from
recapitulating all the properties, including conformational dynamics, of the native,
functional Env spikes on the virion surface or whether there are unmet immunological
requirements, such as reactivity with unmutated ancestors of bnAbs. We also do not
know whether a rigidified protein, such as a SOSIP trimer, is a better immunogen than
the C97ZA012 gp140 trimer described here. For example, the intrinsic dynamics
expected for a functional protein may influence its antigenic or immunogenic proper-
ties. Indeed, the cryoEM structure of JR-FL EnvACT in complex with the Fab of the bnAb
PGT151 showed that the antibody recognizes the fusion peptide in a conformation that
cannot be stable in the absence of the antibody (11), suggesting that protein flexibility
may be necessary to induce an antibody like PGT151. Thus, there are potential benefits
of using an immunogen, such as C97ZA012 gp140, without the engineered disulfides
and with native conformational flexibility. A potential immunization strategy is to prime
with a construct such as C97ZA012, which samples a range of conformations that a
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functional Env can adopt, and then boost with a more rigid, disulfide-cross-linked SOSIP
trimer to focus the immune response on a conformational state that selectively
presents trimer-specific bnAb epitopes.

In summary, uncleaved C97ZA012 gp140 trimers sample two principal conforma-
tional states, both of which are relatively compact. They may represent two functional
states of the unliganded Env or simply two components of the dynamic ensemble that
characterizes it. One of them is indistinguishable, at the resolution we examined, from
the closed conformation seen for cleaved Env trimers. These data support the use of
stable, soluble HIV-1 Env trimers in HIV vaccine research, including human efficacy trials.

MATERIALS AND METHODS

Production of HIV-1 envelope proteins. A 293T cell line stably transfected with the gp140-GFG
gene was generated using previously described methods (4, 5). The stable cell line was grown in
Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) to confluence and then
changed to Freestyle 293 expression medium (Invitrogen). The cell supernatants were harvested 96 to
108 h after the medium change. The Hisg,-tagged envelope proteins were purified by use of Ni-NTA
(Qiagen) followed by gel filtration chromatography as described previously (4, 28). The purified proteins
were concentrated, frozen in liquid nitrogen, and stored at —80°C.

Surface plasmon resonance binding assay. All binding experiments were performed in duplicate
with a Biacore T200 instrument (GE Healthcare). Interactions of antibodies with envelope constructs were
analyzed using single-cycle kinetics, consisting of four cycles of a 1-min association phase and a 1-min
dissociation phase, without regeneration between injections, followed by an additional cycle of a 1-min
association phase and a 4-min dissociation phase, with a flow rate of 30 wl/min. All experiments were
carried out in HBS-EP (10 mM HEPES, pH 7.5, 150 mM NaCl, 3 mM EDTA, and 0.005% P-20). For each
antibody, the same amount (in moles) of gp140 trimer or purified gp140-CD4 complex was captured by
use of an anti-His antibody (Millipore) immobilized on a CM5 sensor chip. Fab was then passed over the
surface at increasing concentrations from 62.5 nM to 1,000 nM. Immobilization of the anti-His antibody
on CMS5 chips was performed following the standard amine coupling procedure as recommended by the
manufacturer. The surface was regenerated after each experiment by two injections (5 min each) of 10
mM glycine-HCl (pH 2.1) at 10 wl/min followed by 5 min of equilibration in HBS-EP. Injections over blank
surfaces were subtracted from the data. Single-cycle binding kinetics sensorgrams were fit to a 1:1
binding model by use of BiaEvaluation software (GE Healthcare).

CryoEM grid preparation and imaging. We screened mixtures with different ratios of gp140-GFG
protein and Ni-NTA nanogold (Nanoprobes); a ratio of ~4 to 6 trimers/gold bead in each rosette was
optimal for obtaining enough rosettes per micrograph. For data collection, the rosette sample was
prepared with gp140-GFG at 0.05 mg/ml, nanogold beads at ~60 nM, and 0.07% [-octylglucoside. To
prepare cryogrids by use of a Vitrobot plunger, 3.5 ul sample solution was applied to a glow-discharged
Quantifoil grid (SPI Supplies), which was then blotted for 4 s, with the offset set to 1, in a 100% humidity
chamber. The grid was immediately plunged into liquid ethane, transferred to a small cryobox, and
stored in liquid nitrogen before imaging.

Images were recorded with a Polara electron microscope (FEI) operated at 300 kV by use of a K2
Summit camera (Gatan) in superresolution counting mode, with a pixel size of 0.99 A. The dose rate of
the camera was ~8 electrons/physical pixel/s. We collected 38 frames for each movie, with a total dose
of ~40 electrons/A2 on the sample, using semiautomated data collection with SerialEM (29). We recorded
3,138 movies with a defocus range of 1 to 4 um.

Image processing and 3D reconstruction. All movies were aligned and averaged with the program
Unblur (30). The drift-corrected images were binned by a factor of 4 and low-pass filtered to 15 A for
particle picking by using proc2d of EMAN2 (31). We manually picked 57,913 rosettes from the images by
using the e2boxer program (31), with a box size of 180 pixels on the 4 X-binned micrographs. The rosette
center and the angle « between a fixed axis and the axis of the gp140-GFG trimers in each individual
rosette were determined with an in-house program (Fig. 2). Based on these two parameters, 121,788
gp140 trimers were extracted from the rosettes on unbinned images by use of SPIDER (32). The image
stack was then binned 4 times with the resample tool from the Frealign package (22) and used for
refinement.

Procedures in SPIDER (32) were used for initial alignment of the particles. We created a simple,
elongated model (Fig. 5) to represent a gp140-GFG trimer in a rosette and generated projections of this
model as references for the image stack. During the alignment, the maximum search range was set to
15 pixels (~60 A) to preserve the polarity of the gp140 trimers, which projected away from the center
of the gold bead. After initial alignment, we applied the following angle-matching criterion. Because
particles were picked from rosettes, their orientations were constrained in two ways. First, the C-terminal
His, tag attaching the trimer to the bead determined the polarity of each molecule within the rosette.
Second, each trimer projected from the bead at an angle (with respect to image coordinates) that could
be estimated directly from the display of the picked particle. We therefore required that the orientation
determined by alignment with the reference agree, to within a threshold level of uncertainty, with the
orientation estimated directly from the image. Particles that did not meet this angle-matching criterion
were excluded, leaving 95,631 particles to be used for image reconstruction. For these particles, in-plane
rotations and shifts were applied to generate a new particle stack, and the Euler angles from the
best-matching reference were used for reconstruction in Frealign. The resulting structure was then used
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as a reference for the next iteration. We carried out nine iterative cycles in all. The cross-correlation
(percentage) and angle-matching (degrees) cutoffs for the iterations were as follows: 1, 1, 10, 10, 10, 10,
10, 10, and 20 for cross-correlation and 20, 20, 20, 20, 20, 20, 20, 20, and 18 for angle matching. In this
initial alignment procedure, the 3D model from each cycle was low-pass filtered to 15 A before
generation of projection images.

Following the projection matching just described, the 95,631 particles were subjected to multiref-

erence 3D classification and refinement with Frealign. First, the model was gradually shifted to the center
of the volume in steps of 5 pixels by use of proc3d (31). After each shift, several cycles of refinement were
performed with the angle ¢ fixed. The centering made it easier to mask the reconstructions to improve
refinement. The stack was then refined against six references for classification, with all the angle and shift
parameters free to vary. After cycle 60 of multireference refinement, the particle distribution among the
six classes was as follows: ~18% for class 1, ~24% for class 2, ~22% for class 3, ~10% for class 4, ~13%
for class 5, and ~12% for class 6. The first three classes showed elongated density at one end,
corresponding to the GCN4 tail. The last three classes, each with fewer particles, did not have a clear
elongation, and we excluded the corresponding particles from further processing. The particles that
belonged to the three retained classes were extracted, and each class was subclassified into three classes
for 60 cycles. For classes 1 and 2, the three resulting structures from subclassification looked very similar,
while the structures from class 3 had rather different density distributions. We applied 3-fold symmetry
during all image processing steps except focused classification (see below). During the entire Frealign
multireference refinement, the first few cycles were performed with a resolution cutoff of 40 A, which was
gradually changed to the final resolution cutoff of 30 A. The resolution was calculated from half maps by
use of SPIDER, and the final volumes were filtered at an estimated resolution of 21 A (Fig. 7) and
sharpened with a B-factor of —300 A2. The final images were prepared with UCSF Chimera (33).

For the focused classification procedure, we generated a mask covering a single protomer by

performing the following steps. (i) We created a 120-degree wedge by overlaying the edges of two cube
volumes made with SPIDER commands (32). (i) We then placed the wedge along the 3-fold symmetry
axis of the class 1 or class 2 density map to mask out a region corresponding to a single protomer
including both gp120 and gp41. (iii) We used the proc3d command (EMAN2) (31) to generate a binary
mask from the density map in step 2. With this mask, focused classification into three subclasses was then
performed for each class by using Frealign (22). Particle alignment parameters were kept fixed, and no
3-fold symmetry was applied during this subclassification.

EM density maps and Protein Data Bank (PDB) models were fitted into reference density maps by

rigid body fitting with the UCSF Chimera program (33); the fits were adjusted manually to ensure good
overlaps for common features.

.html) under accession codes EMD-8629 and EMD-8631.
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