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ABSTRACT

The gp120 portion of the envelope spike on human immunodeficiency virus type 1 (HIV-1) plays a critical role in viral entry into
host cells and is a key target for the humoral immune response, and yet many structural details remain elusive. We have used
cryoelectron tomography to visualize the binding of the broadly neutralizing monoclonal antibody (MAb) 447-52D to intact
envelope spikes on virions of HIV-1 MN strain. Antibody 447-52D has previously been shown to bind to the tip of the V3 loop.
Our results show antibody arms radiating from the sides of the gp120 protomers at a range of angles and place the antibody-
bound V3 loop in an orientation that differs from that predicted by most current models but consistent with the idea that anti-
body binding dislodges the V3 loop from its location in the Env spike, making it flexible and disordered. These data reveal infor-
mation on the position of the V3 loop and its relative flexibility and suggest that 447-52D neutralizes HIV-1 MN by capturing the
V3 loop, blocking its interaction with the coreceptor and altering the structure of the envelope spike.

IMPORTANCE

Antibody neutralization is one of the primary ways that the body fights infection with HIV. Because HIV is a highly mutable vi-
rus, the body must constantly produce new antibodies to counter new strains of HIV that the body itself is producing. Conse-
quently, antibodies capable of neutralizing multiple HIV strains are comparatively few. An improved understanding of the
mechanism of antibody neutralization might advance the development of immunogens. Most neutralizing antibodies target the
Env glycoprotein spikes found on the virus surface. The broadly neutralizing antibody 447-52D targets the highly conserved
[3-turn of variable loop 3 (V3) of gp120. The importance of V3 lies in its contribution to the coreceptor binding site on the target
cell. We show here that 447-52D binding to V3 converts the Env conformation from closed to open and makes the V3 loop highly

flexible, implying disruption of coreceptor binding and attachment to the target cell.

he entry of human immunodeficiency virus 1 (HIV-1) and

simian immunodeficiency virus (SIV) into a target cell is ini-
tiated when the viral surface trimeric envelope glycoprotein spikes
(Env), comprised of noncovalently associated heterodimers of
gp120 and gp41, interact with the cell surface receptor, CD4 (1, 2).
The binding of CD4 induces a conformational change in gp120
allowing HIV-1 to bind to a coreceptor (chemokine receptors
CCR5 or CXCR4) expressed on the host macrophage or T-helper
cell, which is followed by a structural change in the gp41 to medi-
ate the fusion between viral and cell membranes.

HIV-1 is the most mutable virus known with different sub-
types/clades expressing considerable sequence diversity, a charac-
teristic largely responsible for the inability thus far to develop an
effective vaccine (3-6). Epitopes on exposed peptide regions rap-
idly mutate, because of the error-prone nature of the viral reverse
transcriptase, thereby pressuring the immune system to con-
stantly produce new antibodies. In contrast, many of the structur-
ally conserved portions of the envelope spike are masked by ex-
tensive glycosylation or are otherwise sterically occluded (7-10).
Other conserved potential antibody targets are only transiently
exposed during the receptor-induced conformational changes
associated with the fusion process. For many years, relatively
few potent broadly neutralizing monoclonal antibodies (bn-
MADs), isolated from the HIV-infected individuals, have been
available for study. These include 2F5, 4E10, 2G12, and b12
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(11-14). More recently, a variety of additional bnMAbs have
been described (15, 16).

The gp120 portion of the envelope spike (Env) is comprised of
five variable regions (V1 to V5) and five constant regions (CI to
C5) (17, 18). Of these, the V3 loop plays a particularly important
role serving as a significant component of the coreceptor binding
site (19, 20) and as an important target for neutralizing antibodies
(21-24). HIV-1 strains vary widely in their susceptibility to V3-
mediated neutralization (25, 26). Neutralization resistance is pre-
sumably due, in part, to the shielding of the V3 loop by the large
V1/V2 loop (27-35). One MAb with moderate neutralization
breadth, 447-52D (23, 36, 37), targets the highly immunogenic
B-turn at the apex of the V3 loop (Fig. 1). Structural information
on the location and positional variability of the V3 loop is incom-
plete. The atomic structure of unliganded (38, 39) and liganded
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FIG 1 (A) Ribbon representation of the crystal structure of Fab 447D MAb
from PDB 1Q1J (58). The heavy chain is colored cornflower blue and the light
chain is colored yellow, with the V3 MN peptide in red. The two views are
approximately perpendicular to the pseudo 2-fold axis. (B) View of a plausible
spike atomic model showing the rough location of the V3 loop. The 3-fold axis
of the spike is approximately vertical in the picture. The coloring scheme is as
follows: gp120 residues 90 to 124, green; residues 198 to 396, orange; and
residues 410 to 492, yellow. The intact V3 loop, residues 298 to 327, is navy
blue, and the GPGR loop at the tip of V3 is red.

(40-42) forms of the soluble gp120 core, the gp120 core with
intact V3 loop (43), and with complete N- and C-terminal pep-
tides (44) have been published, but there are no published atomic-
resolution structures of trimeric Env. Even the complete unligan-
ded HIV-1 monomer structure has not yet been solved by
crystallography. In the absence of complete atomic models of the
trimeric Env, cryo-electron tomography (cryo-ET) represents the
best possible choice to address a variety of important structural
details.

Several research groups have produced cryo-ET reconstruc-
tions showing the three-dimensional (3-D) density maps of trim-
eric Envon both HIV-1 and the closely related SIV (45-50). Initial
studies on unliganded spikes showed them in what is now referred
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to as the “closed” configuration (45-47). Subsequently, in situ
density maps of Env in complex with CD4, CD4 binding site
(CD4bs) MAbs, and CD4 plus CD4-induced (CD4i) MAbs have
been acquired, which showed that ligand binding significantly al-
tered the spike morphology to produce an “open” configuration
wherein the gp120 protomers are displayed with minimal contact
to each other (50). Certain HIV-1 and SIV strains are constitu-
tively in the open configuration in the absence of CD4 ligation, a
configuration correlated with lowered resistance to antibody neu-
tralization (48).

In an effort to help establish the location of key structural ele-
ments within the Env spike, Hu et al. (49) and White et al. (48)
compared the cryo-electron microscopy (cryo-EM) density maps
of HIV strains with or without V1/V2 loops. The results showed
that the primary structural difference was the loss of mass at the
apex of the spike. If the V1/V2 loop shields the V3 loop, then V3 is
plausibly positioned toward the top of the Env spike as well (Fig.
1B). To gain further insight into the location of structural ele-
ments and assess the structural impact of the binding of broadly
neutralizing MAbs, cryo-EM analysis of Env on the virion surface
in complex with several MAbs has been performed (47, 48, 50, 51).
We investigated here the effect of binding of the anti-V3 loop-
targeting MAb, 447-52D, on Env spikes on intact HIV-1 MN
strain virions and gain insights into the location and flexibility of
the V3 loop.

MATERIALS AND METHODS

Viruses. The AIDS Vaccine Program (SAIC Frederick, National Cancer
Institute [NCI], Frederick, MD) supplied the highly purified aldrithiol-2-
treated virus HIV-1(MN) CL.4/SUPT1, lot P3806 (HIV-1 MN). Aldri-
thiol-2 treatment eliminates virus infectivity while preserving Env struc-
ture and function (52, 53). The production and purification procedures of
the viruses have been described elsewhere (52). MAb 447-52D was gener-
ously provided by Susan Zolla-Pazner, (NYU Langone Medical Center,
New York, NY). Unconjugated 10-nm gold colloid nanoparticles were
purchased from BBI Solutions, Cardiff, United Kingdom.

Sample preparation. Samples (10 pl) of purified viral suspension
(~1.5t0 2.0 mg/ml total protein) were incubated at room temperature for
30 min in the presence of 447-52D whole antibody at a concentration
corresponding to an estimated 10-fold molar excess over Env trimers. The
sample was then mixed with 10-nm colloidal gold (used for better track-
ing during tilt series collection), and a 3.5-pl sample was placed on a 200
mesh R2/1 Quantifoil grid (Quantifoil Micro Tools, GmbH, Jena, Ger-
many). Excess liquid was blotted with filter paper from both sides of the
grid to form a thin layer of virus-containing buffer, which was then rap-
idly frozen by plunging the grid into a liquid/solid ethane slush
(about —180°C) using a home-built freezing device at 25°C. The grids
were either used immediately for EM examination or stored in liquid
nitrogen for later use.

Cryo-EM. (i) Data collection. HIV-1 MN frozen virus specimens were
examined at liquid nitrogen temperatures under low dose conditions us-
ing a FEI G2 Polara electron microscope (FEI) equipped with a field emis-
sion gun and WAC 4k X4k charge-coupled device camera (TVIPS, Gaut-
ing, Germany). The microscope was operated at 300 kV and a
magnification of X31,000, resulting in an effective pixel size of 0.58 nm.
Single-axis tilt series were collected using the FEI batch tomography
capability of the Xplor3D software at a defocus of 5 wm with a cumulative
dose of ~100 e /A*. The angular range of the tilt series was from —65° to
+65° and consisted of 65 images recorded at fixed tilt increments of 2°.
The tomograms suggested that the specimen thickness was ~200 to 250
nm.

(ii) Image processing. The tilt series were aligned based on the intrin-
sic features of the individual projection images and not on the gold fidu-
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cial markers. Tomograms were computed by weighted back-projection as
implemented in the Protomo software package (54). The fiducial gold
particles were masked out before alignment and replaced by densities
having the mean value of the whole image (55). For HIV-1, 30 tilt series
were used consisting of 285 virions from which 3,618 spikes were selected
manually for subtomogram alignment, classification, and averaging.
Spike densities found to be much smaller than the expected size of the
trimer were excluded.

With the assumption that the vector (here defined as the polar vector)
from the center of the virus through the center of the spike is oriented
perpendicular to the viral surface, the initial Euler angles for the polar
vector were determined by a least-squares fitting routine (55). Spike sub-
tomograms were then aligned by translation alone, and a global average
was generated, which served as an initial reference to align first the polar
vector and then the spin angle, which brings out the trimeric structure. In
the ensemble of aligned Env spikes there is no region in the Fourier trans-
form of the global average and the class averages that has poor data cov-
erage due to the missing wedge effect since the spikes are uniformly dis-
tributed in angular orientation. From the aligned raw spikes, 10 class
averages were computed using multivariate data analysis and hierarchical
ascendant classification (55, 56). After only a few cycles of refinement the
class averages clearly showed the inherent 3-fold symmetry in the spike
structure. At each cycle, ca. 50 to 60% of the classes showing the clearest
features in all regions of the spike were selected and used as references for
the next cycle. This procedure was repeated 15 times until the appearance
of the class averages no longer changed. The spike alignment mask in-
cluded the spike and a small portion (outer leaflet) of the membrane,
whereas the classification mask included only the spike and excluded the
membrane. Previous work has shown that including the density corre-
sponding to the lipid bilayer in the classification introduces a bias that
separates spikes extending out the sides of the virions, where the mem-
brane densities are prominent, from those that extend out the top, where
the bilayer is not visible or has low contrast (55).

The global average of antibody-bound Env spikes showed only a small
additional density contributed by antibody (see Movie S1 in the supple-
mental material), suggesting that the antibody binding sites were not sat-
urated, the antigen-antibody complex was disordered or both. In addi-
tion, the initial classification using the entire Env spike indicated partial
occupancy in that significant extra density was not apparent on one or two
arms in many cases and that where additional density from the 447-52D
antibody was observed, it showed considerable variation (see Movie S1 in
the supplemental material). Therefore, we devised a strategy to reduce the
complexity in the antibody-binding pattern. Disregarding disorder, there
are eight possible arrangements in which 0 to 3 antigen sites can be bound
by antibody in the population of aligned Env spikes. The antigen sites on
the Env spike can be completely saturated with antibody or be antibody
free. In addition, there are three ways of arranging two antibodies per
spike and three additional ways of arranging a single antibody/spike. If all
spike arms were superimposed on a single site rather than distributed over
three sites, we could reduce the complexity in the antibody labeling by
4-fold to two possible patterns: antibody bound and antibody free. Con-
formational heterogeneity would then be expressed in classes showing
density due to bound antibody. This strategy also increases 3-fold the
number of subvolumes being averaged. Thus, after aligning all Env spikes
and centering them on the 3-fold axis, we created two additional copies of
each raw spike, one rotated 120° about the spike axis and the other 240°, so
that each arm of the Env trimer was superimposed on a single site. We
then performed a classification using a mask that included only the vol-
ume around a single spike arm. One of the ten class averages lacked den-
sity due to antibody (see Fig. 3A), while the other nine showed density
configurations of various shapes.

The symmetrical trimer used as a “control” spike was generated by
taking the class average, which had no apparent antibody density, i.e., class
0, masking it with a 120° circular segment mask and rotating the masked
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class 0 by 120° and 240°. The three spike arms were then summed together
and low pass filtered to produce a spike with 3-fold symmetry.

Choice of contour threshold. With the exception of the difference
maps, the contour threshold for interpreting and displaying each of the
different averages was chosen as follows. The contour threshold for the
unliganded spike average was chosen to surround the atomic model gen-
erously, because the atomic model is incomplete. Once selected, this
threshold was imposed on all figures showing the unliganded spike aver-
age. This threshold generally shows density across the spike tip. Thus
chosen, the contour threshold for all global and class averages, either from
the whole spike classifications or the one-arm classifications, was adjusted
so that those parts of the spike not bound by antibody, which includes the
counterclockwise side of the spike arm and the membrane, were con-
tained within the boundary of the unliganded spike average. To the extent
that the shapes did not match, a compromise between being completely
contained and extending outside the unliganded spike was made subjec-
tively. Although this method of selecting the threshold was somewhat
subjective, it produced a consistent result because raising the threshold of
the unliganded control spike, thereby reducing the density at the peak and
the volume of the spike arms, also resulted in the threshold for all the
averages being raised to meet the criterion.

Generation of difference maps. The significance of the difference in
density between native Env spikes and antibody-bound spikes was ob-
tained by applying to both maps a cylindrical mask that excluded the
membrane densities and surrounding background regions at a distance
beyond which the bound Fab arms would be expected to extend. The
maps were low pass filtered to 3.8-nm resolution, which was the Fourier
shell correlation result obtained from the global average. Because each
class average has fewer spikes than the global average, all of the class
averages have lower resolution than 3.8 nm. The maps were normalized by
subtracting the mean value and subsequently dividing by the root mean
square density. The difference between the two maps was calculated using
the script “get_diffmap.py,” which used functionality within the EMAN2
software package (57).

Atomic model building. The atomic models used for fitting purposes
included the atomic gp120 construct, Protein Data Bank (PDB) identifi-
cation number 3DNN, derived from the association of three atomic
monomer subunits as described by Liu et al. (47). The V3 loop from PDB
2B4C (41) and the 447-52D Fab complex (58) from PDB 1Q1]J were added
into the 3DNN structure as previously described (49) to facilitate place-
ment into the antibody-bound density map. The atomic models were
fitted into the density map using the normal mode flexible fitting (NMFF)
procedure (59) obtained from the MMTSB tool set (60). The gp120 model
fitted in such a way that the V3 loop and the V1/V2 stump were oriented
toward the top of the spike and the N and C termini toward the bottom
similar to the fitting in our previous work (49). Density maps and atomic
models in all the figures were displayed using CHIMERA (61).

RESULTS AND DISCUSSION

The trimeric Env on HIV-1 and SIV surfaces define the viral tro-
pism, mediate the fusion process, and are the prime target of the
humoral response (62). Therefore, Env is the first choice as a vac-
cine candidate. However, despite intensive efforts, the structural
and functional details of Env that may be needed to facilitate these
efforts are not yet fully defined. Recent cryo-EM structures in
combination with data derived from X-ray crystallography of in-
complete soluble monomeric Env subunits have revealed details
of the unliganded Env spike structure, as well as spikes liganded
with CD4 and CD4bs and CD4i MAbs (47-51, 63, 64). For exam-
ple, interaction with soluble CD4 and CD4i MADb 17b, which
binds near the base of the V3 loop, triggers a conformational
change from a closed configuration to an open configuration (47).
In contrast, bnMAb b12 induces a partially open gp120 rearrange-
ment, and bnCD4bs MAb VRCO1 appears to exert its neutralizing
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effect by locking gp120 in the closed configuration (64). Consen-
sus is building on the likely positions and functional interactions
of many of the major structural components, including the vari-
able loops (47-49).

The V1/V2 loop, which plays an important role in stabilizing
the trimer and in shielding the chemokine receptor binding site
prior to CD4 triggering, appears to emanate from the core of the
gp120 protomers arching upward to meet the apex of the spike
(48,49). The V3 loop plays an important role in the function of the
Env spike by serving as part of the coreceptor binding site follow-
ing CD4 ligation (20, 65) and provides a key target of the humoral
immunity (66-68). The crystal structure of the CD4-liganded
gp120 core with an intact V3 loop shows the loop protruding
about 30 A above the core and, presumably, toward the target cell
(58). Most data and models place the distal part of the V3 loop in
close proximity to, and likely masked by, the V1/V2loop (9, 69) to
be exposed and extended upon CD4 binding (1, 70).

Human MADb 447-52D, first isolated as a heterohybridoma de-
rived from an HIV-1 infected patient (71, 72), binds to the V3
variable loop of the HIV-1 gp120 and exhibits significant neutral-
izing breadth, mostly within clade B (23, 73, 74). The core epitope
of the V3 sequence was mapped by immunochemical studies to
the highly conserved GPGR motif in the crown of the clade B V3
loop (75-77). T-lymphoid cell line-adapted HIV-1 strains, as well
as some primary isolates that express this sequence motif, are ef-
ficiently neutralized by 447-52D (23,71, 78). The atomic structure
of 447-52D in complex with V3 peptides shows that the antibody
binds to the distal tip such that the pseudo 2-fold long axis of the
Fab arm and the extended V3 loop are in rough alignment, i.e., the
Fab arm protrudes from the tip of the V3 loop as shown in Fig. 1A
(58). It is worth noting that the sequence of the V3 crown is fairly
well conserved suggesting structural conservation as well. Because
several different elements spread over the surface of the crown are
targeted by other broadly neutralizing MAbs (79), it seems likely
that the crown can be quite exposed.

To gain additional insights regarding the placement of the V3
loop in the native unliganded Env spike and to investigate the
nature of anti-V3-mediated viral neutralization, we generated and
analyzed cryo-ET images of virions in complex with MAb 447-
52D and compared them to the structure of unliganded Env. We
chose the HIV-1 MN/SUPT1 because it shows particular sensitiv-
ity to V3 neutralizing antibodies (80). The affinity of antibody
447-52D for HIV-1 MN has been measured in vitro using surface
plasmon resonance of glycosylated, recombinant gp120 and
shown to be 2.1 nM (81). The dissociation rate constant of 34 X
10™>/s measured under conditions that favor single Fab arm bind-
ing suggests that dissociation is insignificant under our condi-
tions. Differences in the conditions used in that study and ours
make precise predictions difficult. Nevertheless, it is worth point-
ing out that saturation was generally achieved in <30 min with
concentrations ~1/30 of those used here. VanCott et al. (81) also
found that a concentration of 0.2 pg/ml, a value 800-fold lower
than that used here, was sufficient for 50% viral neutralization,
although the incubation time was longer. Thus, our conditions for
antibody labeling were expected to produce high binding of anti-
gen sites.

Representative cryo-ET images of HIV-1 MN/SUPT1 in com-
plex with MAb 447-52D (Fig. 2A) show clearly resolved spikes in
about the same number as previously reported (average of 8 to 10
spikes/virion) (82, 83). Although associated MAbs were less obvi-
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FIG 2 Images of antibody labeled HIV-1 MN virions. (A) A slice through the
x-y plane of one of the HIV-1 MN cryo-electron tomograms. The spikes are
significantly fewer compared to the short-tailed SIV (it has more spikes on its
membrane surface due to truncation of the cytoplasmic tail) but still visible on
the viral surface. Parts of the cores within some of the virions are also visible
but the AZT treatment significantly disrupts the core of the virion. Scale bar,
100 nm. (B to E) Representative slices through individual virions following
binning. The density range displayed is the mean * 3. Binning (averaging
the densities of a 2X2X2 cube into a single voxel) enhances the signal-to-
noise ratio, thereby improving the visibility of the spikes and bound antibody.
The tomograms were then reinterpolated back to the original voxel size to
reduce pixelation. Panels B and D come from virions marked with white ar-
rows in the lower-magnification view shown in panel A. The binding can be
seen clearly in some of the spikes (white arrows) on the viral membrane.
Antibodies sometimes extend up relative to the membrane plane and some-
times parallel to the membrane plane.

ous in most of the virions, some virions showed spikes with at-
tached antibody densities (Fig. 2B to E) when the original tomo-
grams underwent noise reduction. Figure 2D shows a virion with
spikes on opposite sides. In most cases, Env spikes were somewhat
clustered on the surface of the virion, as observed previously,
rather than randomly dispersed (45, 84).

We initially carried out a classification using a mask that en-
compassed all three spike arms, which resulted in most classes
showing less than full saturation and high variability in the density
that could be assigned to antibody (see Movie S1 in the supple-
mental material). One of the ten classes generated showed evi-
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dence of V3 ligand saturation, five classes showed evidence of two
MADbs bound, and the other four showed evidence of a single MAb
bound. From the number of liganded sites and class members, we
compute 56% percent antibody saturation. This could be an un-
derestimate because some classes might have low occupancy on
some spike arms and thus appear unbound by antibody. Com-
pared with a “control” spike lacking MAb density (see below), all
of the class averages show weak density at the peak in the center of
the spike. Because cryo-ET data are inherently noisy, clear exam-
ples of individual spikes with three distinct MAbs binding were
not obvious upon visual inspection of the class members; hence,
we cannot directly assess the degree to which the three epitopes on
the spikes are saturated.

Multivariate data analysis as applied here to group spike sub-
volumes according to similarity is more accurate when the com-
plexity of the patterns it is attempting to analyze is simpler. We
therefore sought a strategy that might simplify the complexity
caused by incomplete epitope saturation and conformational het-
erogeneity due to inherent or induced V3 flexibility as described in
Materials and Methods. We used the single-arm classification
procedure to compute 10 class averages, from which we identified
one class containing ~1,100 spike arms that had no MAb bound
(Fig. 3A; see also Movie S2 in the supplemental material). This
class average differed from the other nine not only in the density
that projected out from what appeared to be the antibody binding
site based on the other classes but also in the presence of substan-
tial density bridging Env spike arm 1 with arm 3. This density was
completely lacking between arms 2 and 3 and between arms 2 and
1 (moving clockwise around the spike).

We used this class to compute a 3-fold symmetric “control”
Env spike lacking MAb (most easily seen in Fig. 4A). Although this
control spike was obtained unconventionally, it has the advantage
of having exactly the same quality as the class averages with regard
to resolution, specimen thickness, defocus, and alignment errors.
Consistent with the simplicity achieved, our saturation of binding
sites in this classification was ~90%, i.e., not full saturation but
certainly high enough to reveal the effect of the MADb binding and
more consistent with the affinity of 447-52D for HIV-1 MN.

The remaining nine classes had additional density of various
shapes consistent with MAD binding. Six of the nine showed very
clear pairwise similarity. The hierarchical ascendant classification
method used (56) provides information on the relationships
among the different classes, and from this we deduced that these
pairs could be combined to give a total of six MAb bound class
averages. These six class averages show additional density having
different shapes on arm 1 but consistent with a variable confor-
mation of Fab (Fig. 3B to G). A small additional density in the
same location as that on arm 1 is found on arms 2 and 3. The
weighted average of these six classes (Fig. 3H) shows a small addi-
tional density due to MAb binding on arm 1 and a somewhat
smaller density on the two arms that were not included within the
classification mask as expected. Moreover, the density in the top
center of the Env spike, as well as the density in the connecting
adjacent arms, is low.

The one-arm classification used here specifically only looks for
density patterns on the spike arm that falls within the mask and
clusters the raw spike subtomograms accordingly. The averages,
however, are averages of complete spikes. At 90% labeling with
antibody, one might expect to see some antibody density on the
other two spikes, but one-arm classification would not produce
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FIG 3 Density maps from the one-arm classification of HIV-1 MN Env spike
with bound 447-52D antibody. In the left-hand column is a view down the
3-fold axis of the spike. The numbers in the top row of column A label the spike
arms, thereby defining each arm as to whether classification was carried out,
arm 1, or not, arms 2 and 3. The central column is a view obtained by rotating
the spike average by 45° about the horizontal axis and away from the observer.
The right-hand column is a view tangential to the membrane plane. Each map
is superimposed on the symmetrized average of the unliganded control spike
arm at 50% transparency. The contour threshold used for the unliganded
control spike is the same for all figures that show it. (A) The class average
having the least density due to bound MAb, which was used for making the
symmetrized control spike. (B to G) The six class averages showing density due
to bound antibody. (H) Average of classes 1 to 6 weighted according to the
number of class members. The coloring scheme is as follows: class 0, orange;
class 1, brick; class 2, yellow; class 3, cyan; class 4, red; class 5 magenta; class 6,
green; and the average of 1 to 6, dodger blue. These images can also be seen as
an aligned, animated, and annotated sequence in Movie S2 in the supplemen-
tal material.

significant density there unless there was coupling between the
Fab position on the arm used for classification (arm 1) with that
on the other two spike arms. In all of the six single-arm classes, the
two arms that were not used in the classification (arms 2 and 3)
appear to be very similar, both across classes and within classes
and show only a small additional density clockwise of the spike
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FIG 4 (A) Superimposed difference maps of all antibody-bound class aver-
ages with the symmetrized, antibody-free average. From left to right top view;
45° oblique view; side view tangential to the membrane. The numbers in panel
A label the spike arms, thereby defining each arm by whether classification was
carried out, arm 1, or not, arms 2 and 3. Images of the individual difference
maps overlaid on the control spike can be visualized in Movie S3 in the sup-
plemental material. (B) Intersection of the vectors through the quasi 2-fold
axis of the Fab atomic model fitted by NMFF to the class averages with the
symmetrized, antibody-free spike envelope. These four class averages are the
only ones for which the vector intersected. Each of the four vectors intersects
the envelope approximately at the location of the base of the V3 loop. (C)
Comparison of difference maps from HIV/447D Env spikes with the soluble,
partially deglycosylated spike trimer KNH1144 SOSIP 664G with antibody
PGT128 bound (colored goldenrod), EMDB code emd-1970 (89). Images of
the individual difference maps overlaid on emd-1970 can be seen in Movie S5
in the supplemental material. (D) Comparison of the difference maps for the
447-52D class averages with the 3-D reconstruction of PGT135 in complex
with the BG505 SOSIP.664 gp140 trimer (90) colored olive (EMDB code emd-
2331). Images of the individual difference maps overlaid with emd-2331 can be
seen in Movie S6 in the supplemental material.

arm on the periphery, which has a shape very similar to the
weighted average of the six liganded spike arm class averages (Fig.
3H). The reduction in size compared to the added density on arm
1 can be explained by the presence of unliganded spike arms in
positions 2 and 3 (because these are averages over whole spikes),
while unliganded spike arms are specifically excluded from the
class averages on arm 1.

It should be noted that the classification method used here
does not necessarily define each class as a distinct MAb protomer
conformation, especially in situations that exhibit considerable
flexibility. Rather, the method will bin a continuum of conforma-
tions into a specified number of classes according to the highest
similarity. The number of classes specified reflects a trade-off be-
tween signal-to-noise improvement (fewer classes but more
members per class) and the identification of the highest number of
possible distinct conformers present (fewer members per class,
noisier and less-interpretable data). Although whole antibody was
used for this study, during the classification process we used a
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mask of a size that extended outward from the spike surface far
enough to capture liganded Fab fragments. Because of antibody
hinge flexibility, Fc and unassociated Fab density would be dif-
fusely distributed in the averages.

To further assess the location(s) of the crown of the V3 loop
following 447-52D liganding, positive difference maps were gen-
erated by comparing the normalized density maps of the symme-
trized control MAb-free spike to those with bound MAb. Collec-
tively, they show significant density differences (see Movie S3 in
the supplemental material) at the outer periphery on the clockwise
side of the spike arm, a pattern consistent with a visual compari-
son of the density maps of spikes displaying unbound and anti-
body-bound spike classes. To assess the degree of variation in Fab
arm impingement on the gp120 protomers between classes, we
superimposed the all six difference maps onto the symmetrized,
antibody-free class average (Fig. 4A). The difference peaks all clus-
ter around a single location on the surface of gp120 near the base
of the V3 loop of the closed conformation atomic model. If the
class averages represent strong binding of the antibody to a flexible
antigen, then the peak of added density is expected to be close to
the pivot of the motion, in this case near the base of the V3 loop.

Because the V3 loop, in particular the GPGR motif within the
antibody binding site (Fig. 1B), has been proposed to contribute
to the upwardly projecting arches in Env, we had expected the Fab
arms to be bound closer to the apex of the spike if the spikes are
untriggered and in the closed configuration (48, 50). However, the
447-52D Fabs were seen to project more radially than anticipated,
i.e., they projected from the periphery of the spike arm rather than
the apex. There are several possible explanations for this configu-
ration. For example, perhaps there is a certain amount of struc-
tural “breathing” during which the V3 loop, or at least its tip,
occasionally samples the more exposed lateral space and, upon
447-52D binding, is prevented from returning to its original po-
sition. Alternatively, the epitope may be positioned more toward
the spike apex, and there exposed but Ab-induced conformational
changes may alter its position so that it extends outward from the
V3 base. Finally, in contrast to prevailing models, the V3 tip may
already rest in the indicated radial position in the unliganded state
but be exposed by transient changes in other structural elements
whereupon antibody binding locks in the transient changes.

When the contour threshold of the class averages is chosen to
match the outer parts of the second and third spike arms with the
control, MAb-free spike, the match is excellent, especially coun-
terclockwise from the V3 loop base and within the membrane
density. This results in little connectivity across the top of the spike
or between spike arms, where V3 and V1/V2 are believed to be lo-
cated. This may seem counterintuitive but is explicable by the way
the averages are generated. Although the classification is done on
a single arm, the class averages are generated over complete Env
spikes. With 90% antibody labeling, we expect the density on spike
arms 2 and 3 to be dominated by disordered MADb, as well as any
structural changes of the spikes themselves. The <10% unligan-
ded spike arms present on arms 2 and 3 would also dilute these
changes. Thus, the additional, disordered density contributed by
MAD bound to arms 2 and 3 in class averages 1 to 6 is very similar
to the added density seen on the same arms in the average of
classes 1 to 6. Although the antibody may be disordered leaving
only a small residual density, other changes in the spike arm would
still be retained as long as they are ordered. These would include
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removal of V3 from its association with V1/V2 and consequent
possible disordering of V1/V2.

If the position of the V3 loop in the unliganded Env spike is
toward the top and clockwise of the spike arm, as depicted (Fig.
1B) in the neighborhood of the V1/V2 loop with which it is known
to interact (27-35) and antibody binding is associated with a
change in its position, then expectations are for a small reduction
of mass where the V3 loop was originally positioned. Although the
antibody adds a very large positive mass to the spike, removal of
V3 from the peak removes comparatively little density from the
center of the spike, most likely too little to detect unless it were
coupled to changes in V1/V2 such as disordering. Negative peaks
in the difference maps were not informative because they are
dominated by differences in the region of the MAb toward the
periphery of the spike, although there is a small negative peak near
the base of V1/V2. For this reason, we chose instead to select con-
tour thresholds for display systematically as described in Materials
and Methods. All of the six liganded one-arm class averages, the
ten three-arm class averages, and their global averages appear to
have less density in the center of the spike, as well as connecting the
arms than would be explicable by V3 removal alone.

This loss of density toward the apex does not appear to be due
to a shift in the arm position for two reasons. First, the counter-
clockwise side of each spike arm in the averages has nearly the
same shape as the unliganded spike arm. Differences occur pri-
marily on the clockwise side of the arm, where the antibody is
bound. Second, the radius of the centers of mass of each gp120
atomic model fit to both antibody-free and antibody-bound spike
arms showed at most a 0.2-nm change, an insignificant amount at
the resolution of our data. The appearance toward the apex, as well
as between spike arms in the three-arm class averages as well as the
one-arm, liganded spike classes, i.e., classes 1 to 6, as well as arms
2 and 3 of the unliganded class average, i.e., class 0, are very char-
acteristic of the V1/V2 deletion mutants (48, 49). Only arm 1 of
the unliganded class average (class 0) departs from this trend. Our
data therefore indicate that 447-52D binding changes the spike
conformation in a way consistent with a closed to open configu-
ration. Spike arms that remain unliganded appear more or less
unaffected by the changes due to 447-52D binding in their neigh-
bors.

Since functional Env spikes on HIV-1 particles are few in num-
ber (45, 47, 82, 85), it has been suggested that cross-linking of
adjacent spikes with the concomitant avidity enhancement may
not play a significant role in HIV-1 neutralization (86) (evidence
of spike clustering [45, 84] would, however, argue against this
point). Moreover, because of the radial arrangement of potential
epitopes on the trimeric spikes and the heavy glycosylation of the
crown, subunit cross-linking within a given spike by most anti-
Env antibodies would be unlikely (87). Consequently, from the
perspective of the virus, limiting the scope of antibodies capable of
neutralizing to those with high-affinity single-arm binding capa-
bility may be an evolutionary adaptation to evade humoral immu-
nity (86). In line with this conjecture, our visual inspection of the
tomograms did not indicate the presence of clearly defined exam-
ples of cross-linking of Env spikes by 447-52D on virion surfaces
(data not shown). In addition, among the three-arm class aver-
ages, only one, class 1 (see Movie S1 in the supplemental material),
showed density that appeared to bridge a pair of V3 sites. This class
contained only 380 out of a total of 3,618 spikes or a frequency
of ~10% of the time. Although our atomic model for the unligan-
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ded spike, as well as most competing models of the spike arm,
places the 447-52D epitopes in close proximity at the apex in the
untriggered virus, this does not seem to lead to a high frequency of
spike arm cross-linking as might be expected. It would seem more
likely that antibody binding occurs with the V3 loop otherwise
placed unfavorably for intraspike cross-linking. Thus, if this inter-
pretation is correct, intraspike antigen cross-linking by 447-52D
rarely if ever happens.

To better understand the V3 loop conformation and the basis
for neutralization by anti-V3 MAbs, we attempted fitting of rele-
vant atomic structures into our density maps. Flexible fitting at
this resolution is not an exact process but has the value of being
objective. Manual fitting is also not an exact process but has the
disadvantage of complete subjectivity. Anti-V3 MAb 447-52D in
complex with HIV-1 MN V3 peptide has been crystallized (58, 77,
88), as has a gp120 core structure with an intact V3 loop (43). We
first aligned the atomic structure of gp120 that contains an intact
V3 loop (PDB 2B4C) with the atomic gp120 trimer construct
(PDB 3DNN), which is a closed conformation model derived
from cryo-EM. We then aligned the crystal structure of 447-52D
Fab in complex with a 16-residue MN V3 peptide (PDB 1Q1]J)
(58) with the V3 loop of PDB 2B4C to generate a gp120 structure
with a complete V3 loop and an attached 447-52D Fab, as shown
in Movie 54 in the supplemental material. The V3 loop, with as-
sociated Fab, was independently adjusted using normal mode
flexible fitting to fit the various densities generated by the associ-
ated Fabs observed into six of the class averages. The results,
shown in Movie S4 in the supplemental material, are consistent
with flexibility within the V3 loop when bound to MADb 447-52D.

A comparison of classes where the pseudo 2-fold axis of the Fab
from the NMFF fitting intersects the symmetrized, unliganded
spike average shows that the 447-52D Fabs (Fig. 4B) vary in their
orientation with respect to the cognate gp120 subunits to which
they are attached, suggesting an inherent flexibility in the V3 loop,
at least when bound with this specific MAb (Fig. 4A and B). In
cases where the pseudo 2-fold axes intersect the unliganded, con-
trol spike envelope, they do so near the base of the V3 loop in the
atomic model. Since each class average likely represents binning
within a continuum of individual spike images rather than distinct
alternative configurations, the individual Fab moieties likely vary
in geometry from one to another. However, the limited resolution
at the individual spike level does not permit a more detailed as-
sessment.

We also compared the position of our difference peaks with
recently published 3-D reconstructions of a soluble, partially
deglycosylated Env spike complexed with anti-peptidoglycan
MAbs PGT128 (89) and PGT135 (90). The soluble Env spike is a
truncated version of gp120 lacking the V1/V2 loop (among other
elements) and expressing a truncated V3 loop. Both reconstruc-
tions were obtained from images of negatively stained specimens
using single-particle reconstruction methods. The two recon-
structions were not of equal quality; the PGT128-spike complex
having a better defined Fab density than the PGT135-spike map.
The reconstruction of the PGT128-spike complex could be readily
aligned with our unliganded reference reconstruction and com-
pared to the difference peaks. The comparison showed that the
PGT128 Fab bound nearly in the same location as the 447-52D
difference peaks (Fig. 4C; see Movie S5 in the supplemental ma-
terial).

We also fit the crystal structure of the PGT128 antibody Fab
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FIG 5 Crystal structure of PGT128 Fab in complex with an engineered glyco-
sylated gp120 outer domain with a miniV3 loop (eODmV3), PDB 3TYG (1),
aligned onto the gp120 spike pseudoatomic model from the present study. The
3TYG crystal structure is shown in orange-red, and the gp120 pseudoatomic
model from the present work shown in yellow. The PGT128 Fab is shown in
blue and cyan. The symmetrized average Env spike from the present study is
provided as a point of reference. Panels A and B show the crystal structure as it
would be positioned when fitted in the PGT128 image reconstruction (emd-
1970), followed by alignment of emd-1970 to our control spike reconstruction.
Panels C and D are after alignment on the gp120 atomic model used in the
present study. The alignment was done manually using CHIMERA. The major
movement requires a small outward radial movement and a small downward
axial movement as indicated by the narrow black lines. There is also an ~15°
clockwise rotation along an axis roughly perpendicular to the radial direction
of the spike arm. Panels E and F have the added global average of the antibody
bound subvolumes from the single arm classification shown in dodger blue.

bound to an expressed outer domain of gp120 with a shortened V3
loop into the negative stain reconstruction and compared it to our
starting antibody-free atomic model and our unliganded Env
spike density map. The comparison showed that the atomic mod-
els were off radially and axially by about the diameter of an a-helix
and with a slight rotation (Fig. 5). This might be explicable for
several reasons. The soluble Env construct lacks the V1/V2 loop,
which would be positioned in the apex of the spike, and whose
absence may result in an inward shift of the gp120 spike arm. It
may also be due to differences in actual magnification, or it could
indicate inaccuracy in our unliganded spike atomic model.

The comparison of our difference peaks with the 3-D recon-
struction of the soluble Env spike in complex with PGT135, as well
as its crystal structure, was more difficult. The Fab density in the
PGT135 map is less well defined than that of PGT128, so its crystal
structure in complex with a gp120 construct could not be readily
placed with any confidence within its map. We therefore aligned
the crystal structure of the PGT135-spike arm construct with the
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PGT128-construct and then aligned the two negative stain recon-
structions to each other within this constraint. The combined
PGT crystal structures and density maps could then be readily
aligned to our unliganded Env spike density. When this is done,
again the difference peaks for the six classes are closely positioned
at the base of the PGT135 epitope site (Fig. 4D; see also Movie S6
in the supplemental material). Thus, these two independent re-
constructions support the interpretation of our data, that the
crown of the V3 loop, when in complex with 447-52D, is radially
positioned and closer to the base of a flexible V3 loop rather than
fixed near the spike apex, at least in the easily neutralized HIV-1
MN strain.

The general pattern that has emerged from the cryo-EM stud-
ies to date is that untriggered spikes have a closed configuration
and CD4-liganded spikes have an open configuration (47, 48, 50).
Variations on this theme include partial opening induced by bind-
ing to CD4bs MAbs (e.g., b12) and constitutive open configura-
tions on some easily neutralizable forms (48, 64). The results
reported here show that 447-52D binding also induces a confor-
mational change in the spike toward the open conformation. The
open conformation normally makes V3 available for coreceptor
binding following CD4 ligation (20, 65). Because 447-52D binds
to part of the coreceptor binding site the most likely mechanism of
447-52D neutralization would appear to be disruption or block-
age of the coreceptor binding site. This need not be exclusive of
other changes because V3 loop flexibility when antibody bound
could alter the spike conformation such as altering or disordering
the V1/V2 loop or other, more subtle ways that cannot be dis-
cerned at our resolution.

Conclusions. The rearrangement and exposure of the V3 loop
upon CD4 ligation followed by coreceptor binding is a key step in
the viral infection cycle. The observation that MAb 447-52D Fab
arms, which target the crown of the V3 loop, project radially
rather than apically, as would have been predicted based on pre-
vious structural modeling, was unexpected. Either the crown is, in
fact, localized to this position, is only exposed to this MAb when
sampling this position, or reconfigures to this position from an-
other upon 447-52D liganding. From our data, we can propose
that 447-52D exerts its neutralizing effect by binding to the crown
of the V3 loop and either locking it into a configuration incapable
of binding the coreceptor or negatively altering other structural
spike components that are necessary for efficient membrane fu-
sion. The result indicates an interesting symmetry. CD4 binding
induces a change to the open conformation exposing the V3 loop
to coreceptor binding. Binding of 447-52D to an exposed V3 loop
prevents reestablishment of the closed conformation, thereby
locking the Env spike in the open conformation. This scenario
does not rule out the possibility that this antibody may also exert
its neutralizing effect during the extensive structural rearrange-
ments that occur during the triggering and fusion process.
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