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ABSTRACT

The neutralizing anti-HIV-1 antibody 2G12 is of particular interest due to the sterilizing protection it provides from viral chal-
lenge in animal models. 2G12 is a unique, domain-exchanged antibody that binds exclusively to conserved N-linked glycans that
form the high-mannose patch on the gp120 outer domain centered on a glycan at position N332. Several glycans in and around
the 2G12 epitope have been shown to interact with other potent, broadly neutralizing antibodies; therefore, this region consti-
tutes a supersite of vulnerability on gp120. While crystal structures of 2G12 and 2G12 bound to high-mannose glycans have been
solved, no structural information that describes the interaction of 2G12 with gp120 or the Env trimer is available. Here, we pres-
ent a negative-stain single-particle electron microscopy reconstruction of 2G12 Fab, in complex with a soluble, trimeric Env at
~17-A resolution that reveals the antibody’s interaction with its native and fully glycosylated epitope. We also mapped relevant
glycans in this epitope by fitting high-resolution crystal structures and by performing neutralization assays of glycan knockouts.
In addition, a reconstruction at ~26 A of the ternary complex formed by 2G12 Fab,, soluble CD4, and Env indicates that 2G12
may block membrane fusion by induced steric hindrance upon primary receptor binding, thereby abrogating Env’s interaction
with coreceptor(s). These structures provide a basis for understanding 2G12 binding and neutralization, and our low-resolution

model and glycan assignments provide a basis for higher-resolution studies to determine the molecular nature of the 2G12

epitope.

IMPORTANCE

HIV-1 is a human virus that results in the deaths of millions of people around the world each year. While there are several effec-
tive therapeutics available to prolong life, a vaccine is the best long-term solution for curbing this global epidemic. Here, we
present structural data that reveal the viral binding site of one of the first HIV-1-neutralizing antibodies isolated, 2G12, and pro-
vide a rationale for its effectiveness. These structures provide a basis for higher-resolution studies to determine the molecular
nature of the 2G12 epitope, which will aid in vaccine design and antibody-based therapies.

he envelope glycoprotein (Env) on the HIV-1 viral membrane

is responsible for attachment and entry into immune cells. The
surface of Env is heavily glycosylated, and the virus also undergoes
rapid evolution, allowing HIV-1 to evade adaptive immunity
throughout the course of natural infection (1-3). Further contrib-
uting to immune evasion, certain conserved epitopes, such as the
coreceptor binding site, are only transiently exposed after confor-
mational changes in Env that are triggered by CD4 receptor bind-
ing. Nonetheless, a wide variety of broadly neutralizing antibodies
(bnAbs) have now been isolated from naturally infected individ-
uals (4-10), and many of these bnAbs have been characterized
functionally and structurally, thereby elucidating sites of vulner-
ability on the Env surface (11-17). Such information is central to
structure-based design of immunogens that faithfully mimic the
epitopes on the native structure of Env, for use as candidate vac-
cines that re-elicit such bnAbs by vaccination (18, 19).

Structural studies have been essential to understand the mo-
lecular details of Env-bnAb interactions, which often contain sig-
nificant contributions from N-linked glycans (11-17). Recent
cryo-electron microscopy (EM) and X-ray crystallography struc-
tures of a cleaved, soluble form of trimeric Env (BG505 SO-
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SIP.664) have begun to describe several of these glycans in a qua-
ternary context and reveal the complex nature of the native glycan
shield on Env (20, 21). Although the glycans on the surface of Env
are of host origin, their clustered arrangement on the outer do-
main of gp120 is a unique signature of Env and predominantly
contains immature oligomannose glycoforms that form a super-
site of vulnerability targeted by very potent bnAbs (13, 20). The
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bnAb 2G12 is unique, as it was one of the first broadly neutralizing
antibodies to be discovered (22) and its epitope is composed en-
tirely of N-linked glycans (23-25). The crystal structure of 2G12
revealed a novel architecture for an antibody in which two Fabs
(Fab,) adopted a domain-swapped dimer conformation via ex-
change of their variable heavy chain domains, creating two pri-
mary binding sites and two potential secondary binding sites at the
unique Vy/Vy' interface (23). This unusual antibody structure
maximizes contacts with the tips of the clustered high-mannose
glycans on the gp120 outer domain through multivalent interac-
tions with glycans. While many other antibodies have now been
found that are more potent and broadly neutralizing than 2G12,
the current evidence suggests that 2G12 is an effective prophylac-
tic, even at low serum titers, and does possess therapeutic activity
(26-32). Furthermore, additional oligomeric IgG forms of 2G12
have recently been described that can enhance neutralization and
protection compared to the more usual monomeric IgG form of
the antibody (33-36).

To date, no structures of 2G12 in complex with its full epitope
on gp120 or on the Env trimer have been determined. To address
this gap in knowledge, we employed hybrid techniques to obtain a
structure of 2G12 bound to trimeric Env. Here, we present a neg-
ative-stain EM reconstruction of cleaved, soluble, and fully glyco-
sylated trimeric Env in complex with 2G12 Fab,. Docking recent
high-resolution structures of trimeric Env into our EM recon-
struction, along with previous X-ray crystal structures of 2G12,
reveals several key details describing the interaction of 2G12 and
Env. Additionally, a negative-stain EM reconstruction of soluble
CD4 (sCD4) bound to the 2G12-Env complex suggests that 2G12
may prevent subsequent interaction with the coreceptor via steric
hindrance.

MATERIALS AND METHODS

Preparation of the 2G12 Fab,/BG505 SOSIP.664 complex and the 2G12
Fab,/BG505 SOSIP.664/sCD4 complex. 2G12 Fab, was produced using a
protocol similar to that previously described (23). Briefly, human mono-
clonal antibody 2G12 IgG was produced as a secreted immunoglobulin by
coexpression of heavy and light chain genes in suspension-adapted hu-
man embryonic kidney 293 cells (HEK293F cells). Following protein A
purification, 2G12 IgG was digested with papain. Domain-exchanged
2G12 Fab, fragments were purified by protein A or protein G affinity,
followed by size exclusion chromatography on a Superdex 200 column
(GE Healthcare). BG505 SOSIP.664 was expressed and purified from
HEK293S N-acetylglucosaminyltransferase I-deficient (GnTI /) cells as
previously described (47). Briefly, secreted BG505 SOSIP.664 trimers
were purified from the supernatant on a 2G12-affinity matrix, eluted with
3 M MgCl,, and separated to homogeneity by gel filtration chromatogra-
phy using a Superose 6 column (GE Healthcare). Trimers were mixed
with 2G12 Fab, in a 1:3.5 molar ratio, and the trimer/Fab complex was
purified by chromatography using a Superose 6 column (GE Healthcare)
in a buffer consisting of 20 mM Tris, 150 mM NaCl, pH 8.0 (TBS). To
generate the 2G12 Fab,/BG505 SOSIP.664/sCD4 complex, a 10-fold mo-
lar excess each of soluble CD4 (sCD4) and 2G12 Fab, was added to BG505
SOSIP.664 and the mixture incubated at 4°C for 4 h. The complex was
then purified by size exclusion chromatography coupled with multiangle
light scattering (SEC-MALS) (see below) and imaged by negative-stain
EM. sCD4 was prepared as described previously (13).

Electron microscopy and sample preparation. A 4-pl aliquot of each
complex, diluted to a concentration of ~0.03 mg/ml with TBS buffer, was
placed for 15 s onto carbon-coated 400-mesh Cu grids which had been
plasma cleaned for 20 s (Gatan), blotted off on the edge of the grid, and
then immediately stained for 30 s with Nano-W (Nanoprobes). Data were
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collected either manually or with Leginon (37-39) using an FEI Tecnai
F20 electron microscope operating at 120 keV with an electron dose of 30
e /A%’anda magnification of X 100,000 or X52,000 that resulted in a pixel
size of 1.09 A or 2.05 A at the specimen plane (for the 2G12-Env and
2G12-sCD4-Env complex, respectively). For the 2G12-Env complex, im-
ages were acquired using a Gatan 4,000- by 4,000-pixel (4k by 4k) charge-
coupled device (CCD) camera with a defocus range of 500 to 800 nm in 5°
tilt increments from 0 to 50°. Tilt data were collected in order to offset
some slight preferred orientations of the particles on the carbon substrate
that we noted in untilted data. Tilting gave better angular sampling, as
seen in the Euler angle plot (see Fig. S1 in the supplemental material).
Each image was acquired on a new area of the grid so that each particle in
the reconstruction received the same electron dose of 30 e /A% For the
2G12-sCD4-Env complex, images were acquired using a Teitz CMOS 4k
by 4k CCD camera with a constant defocus value of 1 um at 0°, which did
not require stage tilting as the particles had a generally isotropic orienta-
tion on grids at zero degrees as seen in the Euler angle plot (see Fig. S2).
Additionally, the EMAN?2 refinement script used for both reconstructions
weights the number of particles that go into each orientation so that there
is not overrepresentation as long as there is generally complete angular
sampling, which is the case for both reconstructions.

Image processing of protein complexes. Particles were picked auto-
matically using DoG Picker (40) and placed into a particle stack using
Appion software (41). For the 2G12 Fab,/BG505 SOSIP.664 complex,
reference-free 2-dimensional (2-D) class averages were calculated using
particles binned by 4 to 4.35 A/pixel with the Xmipp Clustering 2D Align-
ment software (42) and sorted into initial classes before being further
subclassified into classes with ~50 particles per class in order to generate
the final particle stack used for the reconstruction. Using a map of the
unliganded BG505 SOSIP.664 gp140 trimer as an initial model (EMDB
accession number EMD-5708) for the 2G12-Env reconstruction, refine-
ment was carried out against a stack of 13,143 raw particles for 10 itera-
tions, imposing C3 symmetry using EMAN software (43). The structure of
the 2G12 Fab,/BG505 SOSIP.664/sCD4 complex was generated similarly
but with the following parameters: the starting model was generated with
templates created from reference-free class averages and EMAN2 com-
mon lines (44), the particle stack contained 5,372 particles, which were
binned by 2 to 4.1 A/pixel, and the reconstruction was generated with 10
rounds of refinement using EMAN (44). To determine if there were sub-
stoichiometric populations of Env bound to Fab present in our structures,
we performed a sorting method similar to a method previously described
(21). Although our analysis did show that ~20% of the particles used for
the 2G12-Env structure had only two Fabs bound, we did not see any
appreciable difference in the maps of the 2-bound-Fab model and the
3-bound-Fab model at the given resolution (not shown).

Interpretation of EM data. X-ray structures of available components
(gp140 trimer, gp120 monomer, and 2G12 with bound glycans) were used
to dock into the EM reconstructions using the Fit in Map function in
UCSF Chimera as delineated in the main text. No further refinements of
the structure, loops, or glycans were performed. Thus, all interpretations
are based on static models.

Plasmid constructs and mutagenesis. Mutations were introduced us-
ing QuikChange site-directed mutagenesis (Stratagene, La Jolla, CA) fol-
lowing the manufacturer’s protocol. Mutants were verified by DNA se-
quence analysis (Eton Bioscience, San Diego, CA).

Pseudovirus production and neutralization assay. Pseudoviruses
were generated by transfection of HEK293T cells with an HIV-1 Env-
expressing plasmid and an Env-deficient genomic backbone plasmid
(pSG3AEnv) in a 1:2 ratio with the transfection reagent Fugene 6 (Pro-
mega). We note that it has been shown that the high-mannose patch is
conserved regardless of cell line (HEK293T or HEK293S GnTI /™), most
likely due to the dense clustering of glycans that prevent access by glycan-
processing enzymes (45). Pseudoviruses were harvested 72 h posttrans-
fection for use in neutralization assays. Neutralizing activity was assessed
using a single round of replication pseudovirus assay and TZM-bl
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Viral Membrane

Viral Membrane

FIG 1 Negative-stain single-particle EM reconstruction of BG505 SOSIP.664 Env bound to 2G12 Fab,. (A) Top (left) and side (right) views of the reconstruction
are rendered with the segmented densities corresponding to 2G12 Fab, in blue and BG505 SOSIP.664 Env in white. (B) Crystal structures of 2G12 Fab, (PDB ID
10P5) (23) and Env (PDB ID 4NCO) (20) were fit into the EM density map. All glycans in the Env crystal structure were removed for clarity. Top (left) and side
(right) views of the fitted maps are shown with gp120 rendered in yellow, V1/V2 loops in orange, V3 loops in red, gp41 in green, and 2G12 Fab, in dark blue, with

bound glycans in purple.

target cells, as described previously (46). Briefly, TZM-bl cells were
seeded in a 96-well flat-bottom plate at a concentration of 20,000
cells/well. To this plate was added pseudovirus, which was preincu-
bated with serial dilutions of antibody for 1 h at 37°C. Luciferase
reporter gene expression was quantified 48 h after infection by cell lysis
and the addition of luciferase substrate (Promega). To determine 50%
inhibitory concentrations (ICy,), dose-response curves were fitted us-
ing nonlinear regression.

SEC-MALS. Biophysical analysis by size exclusion chromatography
coupled with multiangle light scattering (SEC-MALS) was completed as
described previously (11). Briefly, the sCD4/2G12 Fab,/BG505 SOSIP.664
complex was loaded on a Superose 6 10/30 SEC column (GE Healthcare),
which was coupled in-line on an AKTA Avant fast protein liquid chroma-
tography (FPLC) system (GE Healthcare) with the following calibrated
detection systems: (i) HP1 1050 Hewlett-Packard UV detector; (ii)
MiniDawn Treos MALS detector (Wyatt); (iii) quasielastic light scattering
(QELS) detector (Wyatt); and (iv) Optilab T-reX refractive index (RI)
detector (Wyatt). Analysis of the light scattering data coupled to 280-nm
UV and refractive index protein concentration measurements allowed
determination of the molar mass of the eluting protein by using the pro-
tein conjugate template in Astra 6, as reported previously (47).

EM reconstructions have been deposited in the Electron Microscopy
Data Bank under the accession numbers EMD-5982 and EMD-5983.

RESULTS AND DISCUSSION

Structure of 2G12 Fab, bound to HIV-1 Env revealed by nega-
tive-stain single-particle EM. To determine where 2G12 binds in
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the context of trimeric Env, negative-stain single-particle EM was
used to calculate a reconstruction of 2G12 Fab, bound to the
BG505 SOSIP.664 trimer at ~17-A resolution (Fig. 1; see also Fig.
S1 in the supplemental material). BG505 SOSIP.664 is a soluble,
trimeric construct of Env stabilized by a disulfide bond introduced
between gp120 and gp41 (SOS) and an isoleucine-to-proline mu-
tation (IP) in the heptad repeat 1 (HR1) region of gp41 (48). The
native BG505 virus does not contain a glycan at Env position
N332; therefore, wild-type (WT) Env does not bind 2G12 and is
not susceptible to neutralization. Restoration of this glycan by the
mutation T332N restores the ability of 2G12 to bind and neutral-
ize the virus, consistent with previous data suggesting that N332 is
critical for 2G12 binding (24, 25). Thus, for the experiments de-
scribed here, the T332N form of BG505 SOSIP.664 will be referred
to as WT.

The EM reconstruction clearly shows that three domain-ex-
changed 2G12 Fab, bind Env, one per protomer (Fig. 1A). Binding
occurs on the outer surface of Env, which corresponds to the high-
mannose cluster on the gp120 outer domain. Crystal structures of
both 2G12 Fab, and HIV-1 Env were docked into the EM recon-
struction using UCSF Chimera (49) and exhibited excellent fits
(Fig. 1B). The epitope is composed of glycans; indeed, the closest
protein-protein distance between 2G12 and Env, based on our
docking and distance measurements with Chimera, is the ~7-A
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FIG 2 Interaction of 2G12 with Env BG505 SOSIP.664. (A) Distance measurements between pairs of atoms were made between the closest protein residues in
the docked 2G12 Fab, (PDB ID 10P5) and the crystal structure of Env BG505 SOSIP.664 trimer (PDB ID 4NCO), which were then averaged for each Fab. The
closest protein interaction with 2G12 occurs within the V4 loop, which is not completely modeled in the docked crystal structure because of disorder (dashed red
line). All glycans were removed for clarity. (B) Although the Env structures in complex with antibodies against different sites of vulnerability as determined by
X-ray crystallography and cryo-EM are overall very similar, their V1 loop positions are different. The V1/V2 motif from the cryo-EM structure (red) (PDB ID
3J5M) was overlaid on the X-ray crystallography structure (cyan and gray) (PDB ID 4NCO). Residue N137 is highlighted in each structure, and the dashed arrows
indicate the direction that the residue is pointing relative to 2G12. No glycan is modeled in the cryo-EM structure, but there is one in the X-ray crystallography
structure (which is bound by PGT122 Fab). The V1 loop in the X-ray crystal structure points toward 2G12 and into the density of the negative-stain EM structure.
The V1 loop in the cryo-EM structure, however, is pointed away from 2G12. These differences demonstrate that antibody interaction with Env variable loops,
especially with glycans, may alter the position of these loops and influence binding/neutralization.

distance between one of the V;; domains (HC1) of 2G12 Fab, and
residues in the V1 loop of Env (Fig. 2A). We cannot, however, rule
out some interaction, even transient, with the V4 loop. In the
existing structures of gp120 core monomers and HIV Env SOSIP,
the V4 loop is flexible, resulting in a lack of clear density for this
region (20, 21, 50). Therefore, at the resolution of the current EM
analysis, it cannot be determined whether the V4 loop affects
2G12 binding, either directly or indirectly. The angle at which
2G12 Fab, interacts with Env indicates that the upper 2G12 Fab of
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the Fab, is closer to the apex of the trimer and the heavily glyco-
sylated gp120 outer domain (~8 to 12 A) than the lower Fab (~12
to 25 A) (Fig. 2A). This suggests that although domain exchange is
crucial for binding (51), interaction with Env is biased toward one
half of the Fab, in terms of contact surface.

Glycan epitope of 2G12 on trimeric HIV-1 Env. As predicted
(13), the 2G12 epitope overlaps with several other bnAbs that
target the N332 supersite of vulnerability on Env (Fig. 3). Glycans
previously implicated in 2G12 recognition (24, 25) fit well into the
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FIG 3 Details of the glycan epitope of 2G12. (A) A closeup view of the interface between BG505 SOSIP.664 Env (PDB ID 4NCO) and 2G12 Fab, (PDB ID 10P5)
(contact interface highlighted with dotted black line) showing the 2G12-relevant glycans. Glycans from the Env crystal structure that fall within the 2G12 epitope
are rendered in space-filling mode and highlighted by different colors as indicated in the key. gp120 is rendered in gray ribbon. Our 2G12-Env EM reconstruction
was fit into a model of unliganded membrane-anchored HIV-1 trimer (gray surface) (EMDB accession numbers EMD-5019 and EMD-5021) (60) in order to fit
the Fab, crystal structures. The BG505 SOSIP.664 crystal structure was subsequently fit into our EM density map in order to determine which glycans fell within
the 2G12 epitope (20). The crystal structures used in the docking were solved after partial deglycosylation, such that some of the N-linked glycans only harbor an
N-acetylglucosamine (NAG), while others contain high-mannose glycans (20). (B) On the left, we show a superimposition of glycan-dependent monoclonal
antibody (MAD) cocrystal structures of PGT135 (PDB ID 4JM2) (13) and PGT122 (PDB ID 4NCO) fit onto the Env trimer crystal structure along with our own
EM fitting of 2G12 to expand on the mapping of this glycan supersite of vulnerability on Env, showing the overlap of these three antibodies. The extents of these
epitopes are detailed on the right, further emphasizing the large size of the 2G12 epitope on the trimeric surface of Env and where it overlaps with other

glycan-dependent MAbs.

density map between 2G12 and Env, namely, N295, N332, N392,
N386, N339, and N448 (Fig. 3A). Glycans N295, N332, N392, and
N339 are centrally located within the footprint of the antibody,
while N448 and N386 are on the periphery, consistent with previ-
ous models of the gp120 epitope (24, 25).

In the crystal structure of 2G12, two Many,GlcNAc, glycans are
bound at the primary combining sites of the 2G12 Fab, and two
additional symmetry-related Man,GlcNAc, glycans are bound at
the unique V/Vy' interface created by the domain swap (PDB ID
10P5) (23). When this structure is modeled into the EM density
along with the trimeric structure of Env (13, 20), the assignment of
these glycans becomes possible (Fig. 4). The primary combining
sites of 2G12 are most likely occupied by the Man,GIcNAc, gly-
cans in the docked 2G12 crystal structure at N392 and N295 on
Env (Fig. 5). The glycan at N392 has previously been predicted to
bind at this site (23) and has been shown to be critical for binding
(24, 25). In our docked structure, the Fab, is closest to the N392
glycan at the top of Env and further away than the incompletely
modeled glycan at N295, which resides toward the bottom of the
gp120 outer domain. Superposition of a gp120 structure that has a
complete N392 glycan modeled (not shown) (13), along with dis-
tance measurements (Fig. 4), shows that N392 overlays well with
the uppermost glycan bound to 2G12. The positioning of N295 is
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consistent with our distance measurements (Fig. 4) and with pre-
vious data, suggesting that N295 plays an indirect role in binding
(23).

The unique 2G12 secondary binding sites at the V;/Vy;" inter-
face are occupied by glycans in the 2G12 crystal structure that
likely correspond to positions N332 and N339 (Fig. 4 and 5). The
glycan at N332 is fully modeled in three separate structures and
consistently points toward this binding site in each case (13, 15,
20). N332 is also critical for 2G12 binding, although it had been
predicted to bind in the primary binding site (23). The glycan at
N339 is not critical for 2G12 recognition; however, it is thought to
interact with the V;/Vy;' interface (23), consistent with what we
observe in our model. The glycan at N339 is modeled in the struc-
ture of PGT135 (PDB ID 4JM2) as a single GIcNAg; therefore, its
position is inferred and based on distance measurements (Fig. 4).

The glycans at N448 and N386, which have been implicated in
the binding of 2G12 before but are not critical for recognition, do
not appear to directly interact with 2G12 but may have some
strain-dependent influence over primary glycan recognition. A
seventh glycan, N137, within the V1 loop, also resides in close
proximity and may interact with a primary binding site of 2G12 at
complementarity-determining regions (CDRs) L1, L2, and L4,
which are clustered together and do not form primary interactions
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FIG 4 Assignment of glycan positions. Crystal structures of 2G12 bound to
four ManyGIcNAc sugars and Env were fit into the 2G12-Env EM density.
Using UCSF Chimera, distance measurements were made from the OH of C-1
on the terminal GlcNAc of 2G12-bound sugars and the OH of C-4 from the
terminal GlcNAcs of N295, N332, N339, and N392 that were modeled in the
crystal structure (PDB ID 4NCO). There was no sugar modeled at position
N339 in the crystal structure; therefore, the structure of PGT135 (PDB ID
4JM2), which has a terminal GIlcNAc modeled at this position, was overlaid
onto Env. Glycan assignments bound to 2G12 were assigned on the surface of
Env according to the shortest distance, with the exception of N332. Three
independent crystal structures with antibodies bound to N332 were overlaid
onto Env, and in each case, N332 aligned nearly exactly with glycan 2 and not
glycan 4. The structure of PGT135 also contains glycan N392, which overlays
with glycan 1, in agreement with our distance measurements. Distances in
angstroms are tabulated below the structure.

with glycans in the crystal structure (23). Glycans in V4 that were
not modeled in previous crystal structures might also play a role in
shaping the interaction of 2G12 and Env and, thus, should be
taken into account for immunogen design.

A large and diverse group of broadly neutralizing antibodies
have now been discovered that target a conserved epitope region
anchored by the N-linked glycan of Asn 332. Structural informa-
tion has been limited, however, regarding the exact location and
extent of the epitopes within this site and the relative position and
arrangement of the glycans in the context of the trimeric Env. The
recently determined structures of Env, however, have allowed a
more accurate description of this epitope which resides on the side
of Env in a location that is distinct from the CD4-binding site (20,
21, 52). Our results here expand the definition of this epitope by
identifying the location of the 2G12-binding site and its angle of
approach in the context of trimeric Env (Fig. 3B).

Glycan knockout analysis. To measure the relative contribu-
tion of each glycan to 2G12 binding in the context of BG505 and to
corroborate our structure, we conducted individual Asn-to-Ala
knockouts of several important glycans and determined the effect
on neutralization (Fig. 6). Because BG505 Env does not natively
contain a glycan at position N332, a T332N mutation was intro-
duced in each of our knockout experiments in order to restore the
full 2G12 epitope, which we call WT for the context of this study.
The T332 virus alone cannot be neutralized by 2G12. Addition-
ally, the elimination of glycans at N295 and N392 completely ab-
rogates the ability of 2G12 to neutralize the WT BG505 virus (Fig.
6). The importance of these glycans is consistent with previous
data and our own structure (Fig. 5) (24, 25).

Although a knockout of N386 and N448 did not affect 2G12
neutralization, mutagenesis of N339 did affect the ability of 2G12

e 2G12LC2

2G12  N392

2G12 LC1

FIG 5 Model of the 2G12 epitope in the context of trimeric Env. Our model was constructed using the hybrid methods of docking separate crystal structures of
Env and glycan-bound 2G12 Fab, into our low-resolution EM reconstruction, distance measurements (Fig. 3), and previous biochemical data (24, 25). We place
glycans N392 and N295 within the primary combining sites of 2G12, while N332 and N339 interact with the secondary combining sites, which are formed by the
Vy-Vy interactions arising from the V;/Vy;" domain swap. Glycans linked to positions N392 and N332 both bind to the upper Fab in the Fab, structure. The
upper Fab is also closer to the variable loops and the gp120 outer domain than the lower Fab. The glycan at N339 likely stabilizes these interactions, although it
is not required for 2G12 to recognize Env (as shown by the N339A glycan knockout below), while the glycan at N295 may be important for glycan processing.

10182 jvi.asm.org

Journal of Virology


http://www.rcsb.org/pdb/explore/explore.do?structureId=4NCO
http://www.rcsb.org/pdb/explore/explore.do?structureId=4JM2
http://jvi.asm.org

(A) (B)

Electron Microscopy Structure of 2G12 Bound to HIV-1 Env

2G12 IC5 (ng/mL) - WT (N332)
WT (N332) 0.440 —+ N133A

S - NigTA

N137A 0.240 o N16OA

N156A 0.326 é & N185eA

N160A 0.161 3 - 32972

3 E

N185eA 0.270 % e N3ng

N197A 0.275 o N332T

N295A > 50 - N339A

N301A 0.313 zgggﬁ

N332T >50 NA4BA

N339A 1.89

N386A 0.229

N392A > 50

N448A 0.273

FIG 6 Glycan knockout analysis of BG505 SOSIP.664. (A) Individual glycan sites on BG505 pseudovirus were removed by alanine mutagenesis and tested for
neutralization in a TZM-bl assay (46). Each glycan site was then removed and tested for binding to WT BG505 virus. Here, we define wild-type (WT) virus as that
with an Asn residue at position 332. Tabulated neutralization ICs, are presented. Glycan knockouts with an ICs, less than 1 were not considered important for
2G12 binding, those with an IC;, greater than 1 and less than 50 were considered important but not critical to binding, and those with an ICs, greater than 50 were
considered critical for binding. (B) Glycans at positions N332, N295, and N392 are critical for 2G12-based neutralization of HIV, with N339 also playing an

important role.

to neutralize the virus (Fig. 6). Residues N386, N448, and N339
have previously been implicated in mutagenesis studies as having
some contribution to 2G12 binding, although these studies were
conducted with JR-FL (24) or JR-CSF (25) strains of HIV-1 and
the relative contribution of these residues differed slightly be-
tween each strain. The N339 glycan may make contacts with 2G12
less critical for neutralization but may regulate the 2G12 angle of
approach such that the Fab, makes better contacts with N332 and
N392 glycans. Generally, the position of glycans in our model
relative to the center of the domain-swapped Fab, was predictive
of their effect on neutralization; i.e., the closer to the center of the
docked 2G12 Fab,, the more important that glycan is for 2G12
neutralization (Fig. 3A). However, the extent of 2G12 dependency
on the peripheral glycans (N386, N448, and N339) for neutraliza-
tion appears isolate dependent, as the type and arrangement of
these glycans differs slightly across strains.

Although the removal of N137 did not significantly alter neu-
tralization by 2G12, it and other V1 glycans may subtly modulate
binding in a strain-dependent manner. V1, in both the X-ray and
EM structures (20, 21), lies in close proximity to 2G12, although
the V1 loops in these structures are in different positions, likely
because of the different antibodies to which Env is bound in the
respective structures. In the crystal structure of Env in complex
with PGT122 (20), the V1 loop is positioned close to 2G12 in our
model, while in the EM structure in complex with PGV04 (21), the
loop is further away from 2G12 (Fig. 2B). While the glycan at
N137 is not modeled in the EM Env-PGV04 structure, the V1 loop
appears to point away from 2G12. These observations suggest that
the binding of Fabs significantly affects the position of the V1 loop
and that this loop is flexible enough to interact with a range of
antibodies, including 2G12, contributing either positively or neg-
atively to the interaction, and this should be taken into account for
immunogen design.

Binding of sCD4 to 2G12-bound Env. The binding of CD4
induces a large conformational change in trimeric Env, exposing
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the V3 loop, which is primed to bind the coreceptor (53). Addi-
tionally, in contrast to PGT121, which allosterically blocks CD4
engagement (12), it has been shown previously that binding of
2G12 to Env does not block access to the CD4 binding site on
gp120 (54). To determine if 2G12 might interfere with coreceptor
binding, we added excess two-domain soluble CD4 (sCD4) and
2G12 Fab, to BG505 SOSIP.664 and purified the complex by size
exclusion chromatography with inline multiangle light scattering
(SEC-MALS), followed by SDS-PAGE analysis, which indicated
that 2G12 Fab,, sCD4, and SOSIP all comigrated as a single com-
plex with a molecular mass of ~730 kDa, consistent with 3 Fab,
(300-kDa), 3 sCD4 (69-kDa), and 1 SOSIP (360-kDa) trimer per
complex (Fig. 7A and B). Subsequent negative-stain 2D class av-
erages of the purified material indicated that, upon sCD4 binding,
the trimer had undergone a large structural change, opening the
trimer in a manner similar to previously published results (see Fig.
S2A and B in the supplemental material) (55). A reconstruction at
~26-A resolution of 2G12/sCD4-bound SOSIP.664 Env by nega-
tive-stain EM indicates a large shift in antibody binding angle in
conjunction with the opening of Env (Fig. 7C and D; see also Fig.
S2A and B). Fitting crystal structures into this density map of
CD4-bound gpl120 and comparison of unbound and sCD4-
bound structures (both in the presence of 2G12) demonstrated
that, upon CD4 binding, the V3 loops are likely exposed and ori-
ented toward the host membrane where the coreceptor resides
(although the V3 loops were not explicitly resolved in our EM
density map). 2G12 shifts significantly upward during this confor-
mational change (Fig. 7C and D).

Our EM analysis indicates that, prior to CD4 engagement, the
initial angle of 2G12 binding to Env is small relative to the plane of
the top of Env. Upon CD4 binding to Env, which leads to a rota-
tion in gp120, the angle of binding increases significantly. In such
an orientation, 2G12 would sterically block access to the V3 loop
for binding its coreceptors CXCR4 or CCRS5, both integral mem-
brane proteins which are closely associated with the target cell
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FIG 7 Negative-stain single-particle EM reconstruction of BG505 SOSIP.664 Env bound to 2G12 Fab, and soluble 2-domain CD4 (sCD4). (A) Coomassie-
stained, nonreducing SDS-PAGE gel analysis of the complex components and the complex purified by size exclusion chromatography. BG505 SOSIP.664, 2G12
Fab, and sCD4 were stained similarly with equal amounts of protein. Note that some 2G12 F(ab’)2 remained with 2G12 Fab, during purification and
subsequently bound to SOSIP; because 2G12 is domain exchanged, these two products are virtually identical except on a nonreducing SDS-PAGE gel. (B)
SEC-MALS was used to determine that the observed shift in elution volume and molar mass for the SOSIP-2G12 Fab-sCD4 (MM ypiex red) complex in
comparison to those of the unliganded trimer (MMgugp, blue) correspond to one trimer binding three Fab, and three sCD4 molecules simultaneously. (C)
Structural characterization of BG505 SOSIP.664 Env bound to three 2G12 Fab, and three sCD4 by negative-stain single-particle EM. Top (left) and side (right)
views of the reconstruction are rendered with the segmented densities corresponding to 2G12 Fab, in blue and BG505 SOSIP.664 Env in white. (D) Crystal
structures of 2G12 Fab, (PDB ID 10P5) and gp120 bound to sCD4 (PDB ID 2B4C) (53) were fit into the EM density map. All glycans were removed for clarity.
Top (left) and side (right) views of the fitted maps are shown with gp120 rendered in yellow, V3 loops in red, sCD4 in gray, and 2G12 Fab, in blue.

membrane (56-58) (Fig. 8). According to our measurements us- The current models of CXCR4/CCR5 binding to CD4-bound
ing gp120 bound to CD4 docked into our structure (PDB ID  Env predict that sulfated tyrosine residues on the N terminus of
2B4C), the 2G12 Fab, potentially creates an additional ~20-A membrane-bound coreceptors interact with the base of the V3
space between the tip of the V3 loop and the host-cell surface. The  loop, near the core of gp120 (56-58). For CCRS5, this is an ~19-
V3loop, in amodel with CD4 bound (PDB ID 2QAD), can extend  residue portion with a predicted alpha-helical structure approxi-
up to 30 A from the surface of gp120 (56). mately at residues 10 to 14, where interaction with the base of V3
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FIG 8 Proposed model of 2G12 steric blockade of gp120-coreceptor interaction. (A) Unliganded HIV-1 Env contacts CD4 from a target cell (left), which causes
conformational changes in Env, exposes the V3 loops (red), and makes Env competent to bind its coreceptor and initiate viral fusion (right). (B) Env is bound
by 2G12 at an initially shallow angle relative to the plane of the membrane and is still capable of binding CD4 (left); however, conformational changes and gp120
rotation brought about by CD4 binding cause the angle of 2G12 in relation to the viral membrane to increase significantly. This increase in angle may lead to steric
clashes with the target cell membrane, such that the V3 loop is prevented from contacting the coreceptor. Env is in white, the V3 loop in red, CD4 in green, the
membrane proximal external region in gray, and 2G12 in blue. Unliganded Env was solved previously by negative-stain EM (12). The CD4-bound Env

reconstruction is deposited in EMDB under accession number EMD-5708.

occurs (56, 58). Taking into account the potential extent of V3
reach, 30 A, and the additional space that 2G12 Fab, alone creates,
20 A, the 14-residue N terminus, which is partially structured over
this length, must span at least 50 A in order for a productive in-
teraction to occur between V3 and CCRS. Therefore, binding of
the bulky 2G12 Fab,, in addition to its increased binding angle
upon CD4-induced conformational changes in gp120, likely ab-
rogates coreceptor interactions. The Fc portion of the full 2G12
IgG likely results in further steric hindrance of V3/coreceptor in-
teraction (Fig. 8). The Fc portion of the IgG could not be visual-
ized experimentally due to the flexible nature of the hinge regions
0f 2G12 1gG (see Fig. S3 in the supplemental material). We cannot
rule out the possibility that CD4-bound trimers that are not satu-
rated with 2G12 could still interact with coreceptors or that cell
membrane ruffling may place the coreceptor in proximity to the
exposed V3 loop even with 2G12 bound. Our model, however, is
well supported by previous work that suggests that 2G12 compet-
itively inhibits the interaction of gp120’s V3 loop and the N ter-
minus of CCR5 (54) and now provides a structural basis for this
observation. It is also possible that 2G12 alters the conformation
of the V3 loop, abrogating coreceptor engagement. While it has
been previously shown that some antibodies can block primary
receptor engagement (12), 2G12 uses a different mechanism by
blocking coreceptor engagement.

A dimeric form of 2G12 IgG is more potent at neutralizing and
protecting from HIV-1 in rodent models (26, 34, 36). Low-reso-
lution crystal structures (~8 A) indicated that avidity is likely
responsible for the enhanced neutralization and protection rela-
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tive to those of the monomeric form of 2G12 IgG (33). In the
electron density of unliganded 2G12 IgG dimers, Wu et al. were
able to detect different forms of the IgG dimers, indicating dy-
namic states of the molecule (33). EM data further supported a
flexible structure (33). Docking these forms of dimeric 2G12 IgG
into the density maps reported here (not shown) indicates that the
additional bulk of dimeric 2G12 would enhance steric hindrance
for coreceptor binding, in accordance with our proposed model.

It was previously suggested that 2G12 IgG dimers may bind
bivalently within a single Env trimer, making weak interactions
with glycans on an adjacent protomer and thereby increasing
avidity to the HIV-1 viral surface, which lacks the density of viral
spikes that other viruses, such as influenza virus or Ebola virus,
contain (33, 59). 2G12 IgG dimers have a nanomolar affinity for
gp120 that is comparable to that of 2G12 monomers (23, 34),
although they do exhibit higher apparent affinity when gp120s are
clustered in a surface plasmon resonance assay, due to increased
avidity resulting from cross-linking adjacent gp120 monomers
(33). Our docking suggests, however, that bivalent binding within
a single HIV Env trimer may be very limited due to the angle of
primary contact with Env. Instead, the increased potency of the
IgG dimers may result from cross-linking adjacent Env trimers
that have clustered at the virion-host cell junction.

Our structural studies of 2G12 help to further describe the
extent of the N332 site of vulnerability on the surface of Env (Fig.
5) and provide a model for 2G12-mediated neutralization of
HIV-1 (Fig. 8). Our structures are consistent with a wide body of
work on 2G12 and reveal how the Fab, architecture of 2G12 is
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uniquely suited for recognition of the high-mannose patch on the
outer domain of gp120. The high quality of the negative-stain EM
reconstruction also makes this complex a good candidate for
higher-resolution cryo-EM studies that will be valuable for de-
scribing the structures of several glycans on and around the high-
mannose patch on the surface of Env.
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