
www.manaraa.com

Molecular structures of trimeric HIV-1 Env in complex
with small antibody derivatives
Joel R. Meyersona,b, Erin E. H. Trana, Oleg Kuybedac, Weizao Chend, Dimiter S. Dimitrovd, Andrea Gorlanie,
Theo Verripse, Jeffrey D. Lifsonf, and Sriram Subramaniama,1

aLaboratory of Cell Biology, Center for Cancer Research, National Cancer Institute, National Institutes of Health, Bethesda, MD 20892; bMitochondrial
Biology Unit, Medical Research Council, Cambridge CB2 0XY, United Kingdom; cHigh Performance Computing and Communications Office, National
Library of Medicine, National Institutes of Health, Bethesda, MD 20814; dProtein Interactions Group, Center for Cancer Research Nanobiology Program
and fAIDS and Cancer Virus Program, SAIC-Frederick, Inc., Frederick National Laboratory for Cancer Research, Frederick, MD 21702; and eDepartment
of Biomolecular Imaging, H.R. Kruytgebouw, Utrecht University, 3584 CH Utrecht, The Netherlands

Edited by Stephen P. Goff, Columbia University College of Physicians and Surgeons, New York, NY, and approved November 27, 2012 (received for review
August 27, 2012)

The extensive carbohydrate coat, the variability of protein struc-
tural features on HIV-1 envelope glycoproteins (Env), and the steric
constraints of the virus-cell interface during infection, present
challenges to the elicitation of effective full-length (∼150 kDa), neu-
tralizing antibodies against HIV. These hurdles have motivated the
engineering of smaller antibody derivatives that can bind Env and
neutralize the virus. To further understand the mechanisms by
which these proteins neutralize HIV-1, we carried out cryoelectron
tomography of native HIV-1 BaL virions complexed separately to
two small (∼15 kDa) HIV-neutralizing proteins: A12, which binds
the CD4-binding site on Env, and m36, whose binding to Env is
enhanced by CD4 binding. We show that despite their small size,
the presence of these proteins and their effects on the quaternary
conformation of trimeric Env can be visualized in molecular struc-
tures derived by cryoelectron tomography combined with subvo-
lume averaging. Binding of Env to A12 results in a conformational
change that is comparable to changes observed upon its binding to
the CD4-binding site antibody, b12. In contrast, binding of Env to
m36 results in an “open” quaternary conformation similar to that
seen with binding of soluble CD4 or the CD4i antibody, 17b. Be-
cause these small neutralizing proteins are less sterically hindered
than full-length antibodies at zones of virus-cell contact, the find-
ing that their binding has the same structural consequences as that
of other broadly neutralizing antibodies highlights their potential
for use in therapeutic applications.
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The HIV-1 envelope glycoprotein (Env) is anchored in the
viral membrane and facilitates infection through its in-

teraction with T-cell membrane proteins. Env is a trimer of
dimers composed of gp120 and gp41 polypeptides, which asso-
ciate noncovalently on the surface of the virus. Three copies of
this heterodimer assemble to form a functional Env trimer
“spike” that is visible on the viral surface in electron micrographs
of purified virus particles. HIV entry into the cell is initiated
when gp120 makes contact with the cell surface receptor CD4.
The quaternary molecular structures of Env and the associated
conformational changes that result from its binding to CD4 and
numerous monoclonal antibodies have been analyzed by cry-
oelectron tomography (1–5). These studies have identified three
distinct quaternary conformations of trimeric Env. A “closed”
conformation, defined by the close positioning of adjacent gp120
V1/V2 loops at the apex of the spike, is observed when trimeric
Env is unliganded and when it is bound to the CD4-binding site-
directed neutralizing antibodies VRC01, VRC02, or VRC03 (2,
3). A second, “partially open” conformation is found when Env is
bound by the CD4-binding site antibody, b12, and is character-
ized by a slight outward and rotational displacement of the gp120
monomers with respect to the central axis of the spike (2).
Finally, a third, “open” Env structure featuring a quaternary
conformation with large rearrangements of gp120 and gp41 is

observed upon binding of soluble CD4 or the CD4-induced
(CD4i) antibody, 17b (1–3).
Successful protein engineering efforts have yielded an array of

small proteins and single domain antibody derivatives that are
capable of neutralizing HIV-1 (6-11). Single domain antibody
derivatives (sdAb), whether engineered or extracted from full-
length antibodies, correspond to the smallest independently fol-
ded antibody domain that retains specificity for a target epitope
(Fig. 1A). Antibody derivatives are being used in a variety of
applications including treatment of autoimmune diseases and the
diagnosis and treatment of cancers, with many derivatives either
FDA approved or in preclinical or clinical trials (12, 13). Deriv-
atives targeting HIV-1 have been engineered, and a subset of
these proteins has been shown to have neutralization potency
comparable to or better than that of full-size IgG antibodies,
despite having a 10-fold smaller size (∼15 kDa versus ∼150 kDa)
(6, 14). These smaller proteins can also have additional advan-
tages, such as greater thermal and pH stability, better bio-
compatibility and tissue permeability, lower cost, and increased
ease of production of recombinant protein in aqueous and
lyophilized formulations (7).
One class of such molecules is derived from llama antibodies.

Like humans and most other mammals, llamas produce anti-
bodies containing light chains and heavy chains with both vari-
able and constant domains. However, llamas and other members
of the Camelidae family also produce a subset of antibodies that
have heavy chains but lack light chains (15). The variable region
of these antibodies is ∼15 kDa, comprising a single domain.
Three such constructs of llama heavy chain-only antibodies
(termed “VHH”) were recently isolated and shown to target
gp120 with picomolar dissociation constants. Each VHH con-
struct displays low IC90 values in neutralization assays, and
neutralizes HIV-1 subtypes B and C in a manner similar to that
seen with other broadly neutralizing antibodies (10). These
antibodies were identified by immunizing llamas with recombi-
nant gp120, selecting the resulting antibody repertoire, and then
using directed evolution via phage display to refine the affinity
for gp120. Biochemical studies of three VHH proteins (D7, C8,
and A12) showed that these proteins target the CD4-binding site
of gp120. Inspection of the crystal structure of the complex of
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monomeric gp120 with A12 [Protein Data Bank (PDB) ID
code: 3RJQ], the most potent of these constructs, confirms this
prediction. Another class of molecules produced through di-
rected evolution of the complementarity-determining region of
the variable portion of a human IgG heavy chain is domain
antibody m36, which can neutralize HIV-1 primary isolates
from clades A to D at low nanomolar concentrations (6). The
binding affinity of m36 and its neutralization efficacy are en-
hanced by the presence of soluble CD4 (sCD4), placing m36 in
the CD4i category of HIV-1 neutralizing proteins (16).
Understanding the structural aspects of the interaction of

proteins such as A12 and m36 with Env on intact viruses is im-
portant for understanding their function in virus neutralization.
Here, we have used cryoelectron tomography to determine
structures of A12, m36, or m36/sCD4 complexed to trimeric Env

displayed on intact HIV-1 BaL virus. By applying emerging
techniques for subvolume averaging and 3D image classification
(3, 17), we obtained density maps for these complexes at ∼20 Å
resolution. These structures identify the locations of the bound
proteins on gp120 and reveal the ligands’ effects on the con-
formation of trimeric Env. By fitting crystallographic struc-
tures of subcomponents of the protein complex into our maps,
we derived trimeric molecular models of the A12-Env, m36-Env,
and m36/sCD4-Env complexes. We then compared these models
to previously determined structures of trimeric Env bound to
other ligands to interpret the structural effects of small ligand
interactions with Env.

Results and Discussion
Quaternary Structure of Trimeric Env Bound to Llama Antibody
Fragment VHH A12. Subvolume averaging and iterative classifica-
tion methods allow determination of the 3D structure of trimeric
Env displayed on the surface of the virus. These methods have
been used for structural analysis of trimeric Env bound to a va-
riety of antibodies and ligands (1–5). To resolve these structures,
HIV-1 BaL viruses displaying native Env alone or in complex
with added ligand were imaged in 3D by using cryoelectron to-
mography (Fig. 1B, Env is indicated by white arrows). From the
resulting 3D images (tomograms), the individual Env subtomo-
grams were extracted and subjected to iterative alignment and
classification. The averaged 3D Env structures were progressive-
ly refined, providing visualization of increasing structural detail
with successive steps (Fig. 1 C–E). Slices through the final 3D
averages of unbound and A12-bound Env (second through final
columns of Fig. 1D and Fig. 1E, respectively) show that in com-
parison with unliganded trimeric Env, the gp120 protomers in
the A12-bound state are slightly farther apart at the apex and
feature additional density protruding from each protomer. The
intensity distribution in these maps reflects the averaged density
from structurally homogeneous and well-ordered elements in the
protein. N-linked oligosaccharides on the surface, which are
likely to be diffuse and partially disordered, contribute much less
to the overall density in proportion to ordered polypeptide
regions with the same mass.
Visualization of the averaged density maps as isosurfaces also

clearly shows the presence of additional density in A12-bound
Env compared with the unliganded state (Fig. 2 A and B). Au-
tomated fitting of three copies of the structure of A12-liganded
gp120 derived by X-ray crystallography into the density map
generates a model for the molecular architecture of this trimeric
complex (Fig. 2 D and F). The A12 coordinates overlap precisely
with the location of the additional density observed in the density
maps, highlighting the differences in quaternary structure of Env
between unliganded (Fig. 2 A, C, and E) and A12-bound states
(Fig. 2 B, D, and F). A12 binding is also observed to result in
a ∼20–25° rotation of each gp120 protomer around an axis
parallel to the central threefold axis, repositioning the V1/V2
loop regions away from the apex of the spike. This rotation of
each protomer is similar to that seen with b12 binding and may
be required to avoid steric interaction of bound A12 with
neighboring protomers as in the case of b12.
To further interpret the structural impact of A12 binding in

the context of other antibody-bound Env structures, we com-
pared the A12-bound Env structure with those for b12 and
VRC01, because all three ligands bind gp120 at the CD4 binding
site. The rotation in gp120 observed with A12 binding is closely
comparable to that observed with binding of b12, in contrast to
the effect of VRC01 binding, which causes no significant change
in Env quaternary structure. To describe these differences in
more detail, we created models for the molecular architecture of
each of these antibody-complexed Env trimers in which the three
gp120 protomers are maintained in the same quaternary con-
formation as that observed for unliganded trimeric Env (Fig. 3).

A B

C

E

D

Fig. 1. Schematic representation of domain antibody architecture and steps in
structure determination. (A) Full-size IgG antibody and its derivatives. From left
to right: IgG (∼150 kDa), Fab (∼50 kDa), scFv (∼25 kDa), and a single domain
(∼15 kDa). (B) Slices through representative tomograms illustrating the pres-
ence of envelope glycoprotein spikes (shown with white arrows) on the surface
of the viral membrane. (Scale bar: 50 nm.) (C) Schematic illustrating Env trimer
structure represented as a series of horizontal slices through the structure
volume. Env is shown with gp120 in red, gp41 in blue, and the viral membrane
in gray. (D and E) Slices through the 3D structure of Env in the unbound (D) and
A12-bound (E) states, showing progressive improvement in structure with
successive rounds of refinement. The first column in each row shows a central,
vertical slice through the volume. The remaining columns show successive
horizontal slices through the Env volume beginning at the viral membrane
(second column) and ending near the apex of the trimer (final column).
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The modeling suggests that A12 is unable to bind gp120 if Env
remains in the closed quaternary conformation because, in this state,
the distal end of bound A12 would be too close to the neighboring
gp120 protomer (Fig. 3A). Thus, although A12, b12, and VRC01
bind very similar regions of the CD4 binding site on gp120, the steric
interactions at the distal ends of the bound antibody moieties are
likely to play a role in determiningwhether the binding requires small
rotations in gp120, as in the case of A12 (Fig. 3A) and b12 (Fig.
3B) or can be accommodated without any quaternary structural
change, as in the case of VRC01 (Fig. 3C).

Quaternary Structure of Trimeric Env Bound to m36 With and Without
sCD4. Unlike the A12 domain antibody, which binds the CD4
binding site, m36 is reported to bind a region of gp120 made

more accessible by the binding of CD4 (6, 18). To establish
whether m36 can also bind gp120 in the context of native Env, we
measured m36 binding to HIV-1 BaL in the presence and ab-
sence of sCD4. Binding was measured by using an ELISA
adapted for use with whole HIV or SIV virions (5). The ELISA
method uses a construct with an antibody Fc region fused to m36
(m36h1Fc). The Fc region facilitates binding of a secondary
antibody carrying a reporter enzyme (6). ELISA experiments
show that m36 displays binding to native trimeric Env that is
measurably increased in the presence of sCD4 (Fig. 4A). In this
respect, m36 features binding properties similar to those seen
with 17b, a well-characterized coreceptor-targeted CD4i mono-
clonal antibody (3). Determination of the 3D structure of m36
complexed to trimeric Env by subvolume averaging reveals that
the m36-bound conformation is dramatically different from that
of unliganded trimeric Env (Fig. 4 B and D), with changes similar
to that seen in the 17b-bound conformation (Fig. 4 C and E). In
each case, the binding results in a large displacement of the
density corresponding to the V1/V2 loops away from the center
of the spike, along with an out-of-plane rotation of each gp120
protomer. m36-bound Env thus appears to display the same open
quaternary conformation as that observed after binding of 17b,
17b/sCD4, and sCD4 alone (3).
The structure of m36-bound Env shows an area of extra

density at the apex of the spike, near the coreceptor binding site
(Fig. 4B). This extra density is apparent compared with the
structure of unliganded Env (Fig. 2A). An atomic model for the
structure of m36, either alone or in complex with monomeric
gp120, is not yet available. To aid in definitively localizing the
site on gp120 where m36 is bound, we therefore determined the
structure of the complex of native trimeric Env complexed si-
multaneously to m36 and sCD4 (Fig. 5 A and C). To confirm the
location of m36 binding, we generated a difference map (Fig. 5E)
comparing the structure of this m36/sCD4 ternary complex (Fig.
5 A and C) with the structure of trimeric Env complexed to sCD4
alone (Fig. 5 B and D) (3). This map reveals a single peak on
each gp120 protomer corresponding to the presence of m36 (Fig.
5E). The footprint of m36 binding on gp120 is near the base of
the V3 loop on gp120 in a location similar to that of antibodies
17b and X5 (3, 19, 20). To assess the similarity between the
sCD4-bound state and the m36/sCD4-bound state, we generated
a second difference map. In this case, the m36-bound Env map
was subtracted from the m36/sCD4-bound Env map. Inspection
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Fig. 2. A12-bound Env trimer displays partially open conformation. (A and
B) Perspective views of density maps for Env in the unbound (A) and A12-
bound (B) states. Env density is shown as a solid blue contour with the viral
membrane in gray. (C–F) Top (C and D) and perspective (E and F) views of the
density map and molecular architecture of unbound (C and E) and A12-
bound (D and F) trimeric Env. Env density is shown as a transparent blue
isosurface, and the viral membrane is shown in gray. Maps for unbound (C
and E) and A12-bound (D and F) Env were fitted with the trimeric molecular
model for gp120 in the unbound state (fitted with the molecular trimer
model for unbound Env, PDB ID code 3DNN, displayed with the more recent
gp120 protomer coordinates from PDB ID code 3NGB) and cocrystal coor-
dinates for the gp120–A12 complex (PDB ID 3RJQ), respectively. Coordinates
show gp120 (red) and VHH A12 (cyan). The estimated locations of the V1/V2
and V3 loop stumps are highlighted by the red circles and white asterisks,
respectively, and the black triangle is shown as a visual guide to follow the
rotations of the three gp120 protomers with A12 binding.

A B C

A12
b12

VRC01

Steric clash Steric clash No steric clash

Fig. 3. In contrast to VRC01, A12 or b12 cannot be accommodated on na-
tive trimeric Env without steric clash. (A) Top view of a hypothetical, gly-
cosylated model for A12-bound Env if no conformational changes occurred
in the trimer upon A12 binding. Three copies of the complex of A12 with
monomeric gp120 (PDB ID code 3RJQ) were aligned to the trimeric molecular
model for gp120 in the unliganded state (PDB ID code 3DNN). (B and C) Top
views of a model for glycosylated trimeric gp120 in the unliganded state, as
in A, but with either b12 (B) or VRC01 (C) Fab bound. The models show that
steric clashes would occur if A12 or b12 were to bind the native state
without conformational rearrangements. Coordinates show gp120 (red),
VHH A12 (cyan, PDB ID: 3RJQ), b12 Fab (blue, PDB ID: 2NY7), and VRC01 Fab
(gold, PDB ID: 3NGB).
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of this difference shows a single set of peaks that correspond to
the presence of sCD4 (Fig. 5F). The fact that only a single set of
peaks are observed in these two difference maps provides un-
ambiguous evidence that m36 binding, both with and without
sCD4, results in the same open conformation that is observed
with binding of soluble sCD4 alone. These maps also localize
m36 binding to the V3-loop region of native trimeric Env.

Three Distinct Conformational States of Trimeric Env. The structural
characterization we have presented of native, trimeric Env
bound to either A12 or m36 shows that these small antibody
derivatives can modulate the quaternary conformation of Env in
a manner similar to full-length IgG molecules, resulting in the

generation of either partially or fully open Env states. A12 is
targeted to the CD4-binding site, whereas m36 recognizes a site
on gp120 that is similar to that expected to be recognized by the
antibody 17b and coreceptors on the target membrane. Taken
together with previous tomographic studies, the present study
further confirms the spectrum of distinct quaternary states that
can be sampled by native trimeric Env in the context of viral
entry and neutralization (summarized in Fig. 6). The conse-
quence of A12 binding is most comparable to that of b12 in that
they both cause a small conformational change in Env, which we
refer to as a partially open conformation. This partially open
state is distinct from the fully open state generated by binding of
m36, sCD4, or 17b, in which much larger Env conformational
changes are observed, and which we have described recently
as an “activated” conformation of Env (3). The structure of the
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Fig. 4. m36 binding results in formation of activated, open conformation of
trimeric Env. (A) Binding of m36h1Fc and m36h1Fc with sCD4 to Env on
whole virions as measured by enzyme-linked immunosorbance assay (ELISA).
The first four bars in the graph give absorbance measurements for negative
controls of nonspecific interactions between experimental constituents (HIV,
BSA, secondary antibody, m36h1Fc, and sCD4). The final two bars give ab-
sorbance measurements for m36h1Fc bound to native Env both in the ab-
sence and presence of sCD4. (B–E) Perspective (B and C) and top (D and E)
views of density maps of Env bound by m36 (B and D) or 17b (C and E) (3).
Env density is shown in blue with one solid contour (B and C) or one
transparent contour (D and E), and the viral membrane is shown in gray.
Because crystallographic models are not available for the gp120–m36 com-
plex, top views for both m36-bound (D) and 17b-bound (E) Env are fitted
with the molecular model for gp120 (red) in the open conformation origi-
nally derived for the sCD4/17b conformation of trimeric Env (PDB ID code
3DNO, displayed with the more recent gp120 protomer coordinates from
PDB ID code 3NGB). The estimated locations of the V1/V2 and V3 loop
stumps are highlighted by the red circles and white asterisks, respectively.
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Fig. 5. Difference maps reveal location of m36 binding site on trimeric Env.
(A–D) Perspective (A and B) and top (C and D) views of the density maps and
molecular models for Env complexed to m36 and sCD4 (A and C) or sCD4
alone (B and D). Because no cocrystal structure is available for gp120 with
m36 and sCD4, the m36/sCD4-bound Env density map was fitted with
coordinates for the gp120–sCD4 complex (subset from PDB ID code 1GC1);
the density map for sCD4-bound Env (B and D) was also fitted with the same
coordinates. Red circles mark the estimated locations of the V1/V2 loop
stumps. (E and F) Top views of the difference maps that result from sub-
tracting either the Env-sCD4 density map (B and D) or Env-m36 density map
(Fig. 4 B and D) from the density map for the Env-m36/sCD4 complex (A and
C). Subtracting Env-sCD4 from Env-m36/sCD4 reveals the location of the m36
ligand density (E, green). The analogous subtraction of Env-m36 from Env-
m36/sCD4 reveals the sCD4 ligand density (F, yellow). Wire mesh density
maps for Env-sCD4 and Env-m36 are shown in E and F, respectively, to
provide spatial context for the difference maps.
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open quaternary conformation of 17b-bound trimeric Env at ∼9
Å resolution provides a glimpse of the significance of the open
conformation. In this open state, the three N-terminal helices of
gp41 appear to have sprung open into the central portion of
trimeric Env that is largely a cavity in the unliganded state. The
fact that coreceptor mimics such as m36 and 17b can bind and
generate the same types of conformational changes observed
with sCD4 binding provides useful insights into early events in
the mechanism of viral entry and is in agreement with data for
CD4-independent entry of some HIV-1 isolates (21–23). It is
likely that the open structures we observe are the conformational
prerequisites needed to initiate further conformational changes

that ultimately lead to fusion of the viral and plasma cell
membranes.
The size of m36 is comparable to that of the CD4 binding

domain (domain 1) and to the extracellular portion of co-
receptors CCR5 and CXCR4; both m36 and the first domain of
CD4 that binds to gp120 have the same Ig fold. The three var-
iable loops of m36 that are likely involved in binding to gp120
could also engage in interactions similar to those likely to be
formed by the three variable loops of the chemokine receptors.
Therefore, one could speculate that this structural similarity of
m36 with both CD4 and coreceptors represents a type of func-
tional mimicry for inducing the observed open conformation. At
the present resolution, the CD4-, 17b-, and m36-bound struc-
tures appear similar and can be fit by the same coordinates, al-
though as the resolution of these structures improves, subtle
differences in these structures are expected to appear. Further in-
creases in resolution should also provide additional information on
the conformational changes in gp41 that lead to the formation of
the activated and prehairpin intermediates that occur before
membrane fusion.
Using cryoelectron tomography, we have described the qua-

ternary conformations of a number of trimeric Env complexes
displayed on intact viruses and as soluble ectodomains (1–5).
When trimeric Env is in the unliganded state, or when it is bound
to VRC01, VRC02, or VRC03 antibodies, it is in a closed con-
formation with the V1/V2 loops located close to the apex of the
spike. When trimeric gp120 is bound to CD4, 17b, or m36, it
transitions from the closed state to an open state in which the
three gp120 monomers undergo a major structural rearrange-
ment involving large rotations of each gp120 monomer. When
trimeric Env is bound to b12 or A12, there is a partial opening of
the trimer, with a slight rearrangement of each gp120 monomer.
One way to interpret these conformational transitions is that the
formation of the partially open or fully open conformations is an
irreversible, triggered change, driven by the binding of the re-
spective ligands. An alternative way to interpret these observa-
tions is to postulate that trimeric spikes are in a dynamic
equilibrium between closed, partially open, or open states, and
the role of ligand binding is to shift the equilibrium in favor of
one of these states. It could also be that the closed and partially
open states are in a state of dynamic equilibrium and that the
formation of the open state is an irreversible, triggered change.
Which of these scenarios is more accurate? Does binding induce
the opening, or does the opening precede binding? Our experi-
ments do not allow us to distinguish between these possibilities
and, indeed, it may be difficult to classify the changes into one or
other extreme scenario. However, as structural details of these
conformations begin to be discerned at progressively higher res-
olutions by using cryoelectron microscopy and other comple-
mentary structural and computational approaches, our under-
standing of these changes can be expected to improve.

Materials and Methods
Sample Preparation. Quantifoil Multi A Holey Carbon Film grids (Quantifoil
Micro Tools) were cleaned in a Solarus plasma cleaner (Gatan). All sample
solutions were prepared by premixing HIV-1 BaL virions (Biological Products
Core of the AIDS and Cancer Virus Program, SAIC Frederick, Inc.; ∼1011 virions
per mL, aldrithiol-2 treated) with saturating amounts of VHH A12, sdAb m36,
or sdAb m36 and sCD4, and 10-nm–sized protein-A gold colloid (Utrecht
University). Vitrified sample grids were prepared by adding ∼2 μL of sample
solution to a grid and immediately blotting at 22 °C and 100% humidity, and
plunge freezing in liquid ethane (approximately −180 °C) by using a Mark III
Vitrobot (FEI Company).

Cryoelectron Tomography. Tomographic tilt series were collected by using
a Tecnai G2 Polara transmission electron microscope (FEI Company) operated
at 200 kV and equipped with an energy filter and 2K × 2K postenergy filter
CCD (Gatan). The specimens were maintained at a temperature of approx-
imately −182 °C throughout all steps in imaging. Tilt series were acquired

A

Unbound

B

C D

E F

G H

b12 A12

VRC01

sCD4

17b

17b/

sCD4

m36/

sCD4

Fig. 6. Three distinct quaternary conformations of trimeric Env. Trimeric
molecular models derived from fitting atomic coordinates into Env density
maps. Model configurations are in the closed (gray), partially open (blue), or
activated open (yellow) states. Native, unliganded (A) and VRC01-bound (B)
structures are found in the closed Env configuration; b12- (C) and A12-bound
(D) structures are in the partially open state; sCD4- (E), m36/sCD4- (F), 17b-
(G), or 17b/sCD4-bound (H) structures are in the open state. In all models, the
V1/V2 and V3 loop stumps are highlighted in red and green, respectively.
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over a ±60° angular range at 2° tilt intervals to yield 61 projections per
series. Each projection image in the series was acquired at a nominal
magnification of 34,000× (effective 4.1 Å pixel size at the specimen plane) with
an average underfocus value of 2.5 μm, and a dose of 1–2 e− per Å2. The tilt
series were aligned and reconstructed in IMOD to yield tomograms (24, 25).

Subtomogram Analysis. Virion subtomograms were manually segmented,
down-sampled by a factor of four, denoised by using edge-enhancing an-
isotropic diffusion as implemented in IMOD, and subjected to unsupervised
membrane segmentation by using the energy-based 3D approach described
(26). Automated identification of envelope glycoprotein spikes on virion
surfaces began by assigning, to each position on the segmented virion sur-
face, the cross-correlation score between a cylindrically symmetric phantom
and the local voxel intensities. Automated spike segmentation proceeded by
designating those tomogram subvolumes with local cross-correlation max-
ima, provided the maxima were above a given threshold. Designated sub-
volumes were segmented from virion surfaces without denoising or binning
and had final dimensions of 100 × 100 × 100 voxels. Subvolumes were
classified and averaged iteratively by using a collaborative alignment and
clustering algorithm based on the concept of minimizing the matrix rank
and its convex surrogate, the nuclear norm (27). Refinement was done until
class convergence, typically between 8 and 20 iterations.

X-Ray Coordinate Fitting. Tomographic map visualization was done by using
Bsoft, EMAN2, and UCSF Chimera software packages at different stages of
data processing (28–30). X-ray coordinate fitting to tomographic maps was
done by using the steepest-ascent local optimization utility in UCSF Chimera.
Coordinates were initially placed in random orientations in the density
maps, and the local maxima of the sum of pointwise products between the
coordinates and the density map were computed repeatedly until conver-
gence (typically 4–5 repeats per fit). Fitting was done until convergence was
achieved. Coordinates for the gp120 core were extracted from the cocrystal
structure for gp120 with VRC01 (PDB ID code 3NGB). Coordinates for gp120
with sCD4 were extracted from the ternary crystal structure for gp120 with
17b and sCD4 (PDB ID code 1GC1). Because no cocrystal structures for m36
with gp120 were available, the molecular model for m36/sCD4-bound Env
was built by using the extracted coordinates for gp120/sCD4. Despite the
absence of m36 in the coordinates, sCD4 provided sufficient constraint for

proper density map fitting. Coordinates for gp120 with VHH A12 (PDB ID
code 3RJQ), b12 Fab (PDB ID code 2NY7), and VRC01 Fab (PDB ID code 3NGB)
were used as deposited in the PDB. Carbohydrates were modeled onto the
gp120 sequence by using the GLYPROT module at the publicly available
website, www.glycosciences.de.

Whole Virion ELISA. Whole, aldrithiol-2–treated HIV-1 BaL virions in buffer
TNE (100 mM Tris, 150 mM NaCl, and 1 mM EDTA at pH 7.5) were incubated
overnight at 4 °C in the wells of a clear, flat-bottom 96-well plate (Corning;
product no. 3596). Unless otherwise specified, all subsequent steps were
done at 4 °C with washes done with TNE. After incubation, wells were
washed once, blocked with cold 1% BSA for 1 h, and washed three more
times. Primary antibody (m36h1Fc fusion construct) was added to virus-
coated wells and incubated for 1 h before washing wells three times. Soluble
sCD4 was added with m36h1Fc for the corresponding experiment. Alkaline
phosphatase-conjugated secondary antibody against IgG Fc (Sigma-Aldrich;
product no. A9544) was diluted in buffer TNE in accordance with manu-
facturer instruction, added to primary antibody wells, and incubated for 1 h
before washing wells three times. A solution of 4-nitrophenyl phosphate
(Sigma-Aldrich; product no. N2765, 1 mg/mL) in phosphatase substrate
buffer (50 mM NaHCO3 and 1 mM MgCl2 at pH 9.8) was added to wells, and
the plate was rocked in the dark at 25 °C. Absorbance was measured at 405
nm (Molecular Devices; SpectraMax 250). Experiments and controls were
done in triplicate, and controls against nonspecific interactions of primary
and secondary antibodies were performed in parallel.
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