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The human immunodeficiency virus type 1 (HIV-1) envelope glyco-
protein (Env) trimer, a membrane-fusing machine, mediates virus
entry into host cells and is the sole virus-specific target for neutral-
izing antibodies. Binding the receptors, CD4andCCR5/CXCR4, triggers
Env conformational changes from themetastable unliganded state to
the fusion-active state. We used cryo-electron microscopy to obtain
a 6-Å structure of the membrane-bound, heavily glycosylated HIV-1
Env trimer in its uncleaved and unliganded state. The spatial organi-
zation of secondary structure elements reveals that the unliganded
conformations of both glycoprotein (gp)120 and gp41 subunits differ
from those induced by receptor binding. The gp120 trimer association
domains, which contribute to interprotomer contacts in the unli-
ganded Env trimer, undergo rearrangement upon CD4 binding. In
the unliganded Env, intersubunit interactionsmaintain the gp41 ecto-
domain helical bundles in a “spring-loaded” conformation distinct
from the extended helical coils of the fusion-active state. Quaternary
structure regulates the virus-neutralizing potency of antibodies tar-
geting the conserved CD4-binding site on gp120. The Env trimer ar-
chitecture provides mechanistic insights into the metastability of the
unliganded state, receptor-induced conformational changes, andqua-
ternary structure-based strategies for immune evasion.
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Human immunodeficiency virus type 1 (HIV-1) is an enveloped
retrovirus that causes AIDS (1, 2). To enter host cells, HIV-1

uses a metastable, trimeric envelope glycoprotein (Env) spike to
engage cellular receptors and to fuse the viral and target cell
membranes (3–5). During synthesis and folding in the endoplas-
mic reticulum of the virus-producing cell, the Env precursor
[glycoprotein (gp)160] is heavily modified by N-linked glyco-
sylation and assembles into trimers (6). In most HIV-1 strains,
more than 27 potential N-linked glycosylation sites are present in
each gp160 protomer. After further glycan processing in the Golgi
apparatus, the gp160 Env trimer precursors are proteolytically
cleaved and transported to the cell surface for incorporation into
virions (7). Each protomer composing the trimeric Env spike thus
consists of a gp120 exterior subunit and a gp41 transmembrane
subunit. The sequential binding of gp120 to the target cell
receptors, CD4 and chemokine receptor (either CCR5 or
CXCR4), allows the metastable Env complex to transit into fu-
sion-active conformations (3, 8–11). These conformational
transitions expose the hydrophobic gp41 N-terminal fusion
peptide, promoting its insertion into the target cell membrane, and
further permit the formation of a highly stable gp41 six-helix
bundle that mediates viral-cell membrane fusion (12–14). The Env
spike is the only virus-specific component potentially accessible to
neutralizing antibodies and thus has evolved a protective “glycan
shield” and a high degree of interstrain variability.
High-resolution structures are available for monomeric HIV-1

gp120 core fragments in the CD4-bound conformation (15–18) and
trimeric gp41 ectodomain fragments in the postfusion state (13, 18,
19). Only low-resolution structural information is available on the

unliganded HIV-1 Env trimer (20–23), despite its importance as
the major target for vaccine-induced neutralizing antibodies. Heavy
glycosylation, unusual metastability, and structural plasticity have
frustrated efforts to obtain a high-resolution structure. Recently
we developed methods to purify a membrane-bound HIV-1 Env
trimer [Env(-)ΔCT] and used single-particle cryo-electron mi-
croscopy (cryo-EM) to obtain an 11-Å structure of the unliganded
trimer (24). The purified and detergent-protected Env(-)ΔCT
trimer, which is derived from the primary, neutralization-resistant
HIV-1JR-FL isolate, has two residue changes (R508S and R511S)
to eliminate gp120–gp41 proteolytic cleavage and has the cyto-
plasmic tail (CT) truncated (24). The 11-Å cryo-EM structure of
the Env(-)ΔCT trimer is consistent with electron tomographic
maps of the functional Env spike on virions (20), suggesting that
the Env(-)ΔCT structure may capture the unliganded conforma-
tion of the native Env trimer. The organization of the gp120 and
gp41 subunits in the Env trimer, the spatial relationship of Env
domains, and the existence of a remarkable central void were
evident in the 11-Å structure (24). However, at this resolution it
was impossible to distinguish secondary structure elements or to
appreciate their 3D organization in the Env trimer. Here we re-
port a 6-Å cryo-EM structure of the fully glycosylated HIV-1JR-FL
Env(-)ΔCT trimer complex in an unliganded state (Movies S1 and
S2). Visualization of the spatial organization of the secondary
structural elements in the 6-Å density map reveals the unique
architecture of the Env trimer and facilitates a mechanistic un-
derstanding of HIV-1 entry and immune evasion.

Results
Structure Determination.Weused the 11-Å structure of theHIV-1JR-FL
Env(-)ΔCT trimer (24) as an initial reference to refine the cryo-EM
structure from 670,000 single-particle images of detergent-solubilized
purified trimers by a projection matching algorithm. The resolution
of the refined densitymapwas estimated to be∼6ÅbyFourier shell
correlation at 0.5 cutoff (Fig. S1). Consistent with this estimate,
heretofore unseen features associated with secondary structure
elements were apparent in the density map. The α-helices and
β-sheets could be identified and were mostly separated from each
other (Figs. S2–S5). We were able to position the majority of
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secondary structure elements and, in conjunction with available
structural information, to approximate the tertiary organization of
Env (Fig. 1). However, as expected, the adjacent strands within the
β-sheets were not separable at this resolution. Connecting loops
often exhibited poor clarity or were not separable from nearby
structures, preventing a complete backbone trace from being
unambiguously derived at the current resolution. In addition to
the appearance of features indicative of secondary structure ele-
ments, the rigid-body fitting of the X-ray crystal structure of the
gp120 outer domain into the density supports the validity of the
cryo-EM reconstruction (see below).

Overview of Env Molecular Architecture. The gp120 and gp41 sub-
units and their intersubunit interfaces were discernable and ap-
proximately defined by map segmentation (Fig. 1 C and D). The
gp120 subunit demonstrates three domains: the outer domain,
inner domain, and trimer association domain (TAD). The gp41
subunit is composed of the ectodomain and the membrane-
interactive region, which includes a long membrane-spanning
helix. The gp120 inner domain and themembrane-distal end of the
gp41 ectodomain mediate the gp120–gp41 interactions within
each protomer. The interprotomer interactions that potentially
stabilize the unliganded Env trimer are limited to three regions: (i)
the gp41 transmembrane region is involved in a trimeric interface
within the viral membrane; (ii) the gp41 ectodomain forms di-
meric contacts between adjacent protomers, creating a torus-like
topology; and (iii) the gp120 TAD mediates interactions among
the gp120 subunits at the membrane-distal end of the trimer.
Remarkably, this arrangement of interprotomer contacts
leaves a large empty space surrounding most of the trimer axis.

Unliganded gp120 and CD4-Induced Conformational Changes. The
CD4-bound gp120 core consists of an inner and outer domain, as
well as a bridging sheet (16). The full-length unliganded gp120
subunit shown in our cryo-EM map exhibits a conformation dif-
ferent from that observed in the CD4-bound gp120 core (16). The
improved resolution of the current map allows positioning of the
secondary structure elements in gp120 and a detailed assessment
of the conformational changes collectively associated with Env
cleavage and CD4 binding (25–28).
Multiple crystal structures of the monomeric gp120 core in-

dicate that the conformation of the outer domain is minimally
affected by ligand binding (15, 16, 29–32). Consistent with this, the
crystal structure of the outer domain from the CD4-bound gp120
core fit well into the cryo-EM density as a rigid body (Fig. 2 A and
B, Fig. S3 A and B, and Table S1). Two gp120 elements, the β20/
β21 strands and the V3 variable region, project from the same
β-sheet in the outer domain (16). Density associated with these
elements is evident in the cryo-EMmap, and the size difference of
these elements (∼14 residues vs. 35 residues, respectively) allows
their provisional assignment. In the unliganded Env trimer, the
β20/β21 strands project toward and abut the gp120 inner domain,
whereas the V3 region joins the gp120 TAD. Upon CD4 binding,
β20/β21 becomes part of the bridging sheet, and the V3 region is
redirected toward the target cell, where it engages the chemokine
receptor (33).
In contrast to the outer domain, the crystal structure of the gp120

inner domain did not fit into the cryo-EM density as a rigid body.
However, we approximated the secondary structure organization of
the gp120 inner domain in the cryo-EM map by flexibly fitting the
crystal structure of the gp120 inner domain in the CD4-bound
conformation to our cryo-EM map (Fig. 2 C–E). Although the
limited resolution precludes a complete backbone trace of the gp120
inner domain, most of the secondary structure elements in the CD4-
bound gp120 inner domain seem to be retained in the cryo-EM
structure of the unliganded Env trimer (Fig. 2 C and D, Fig. S3 C
and D, and Table S1). However, comparison of the secondary
structure organization of the gp120 inner domain between the
unliganded precursor and CD4-bound states suggests marked dif-
ferences in the tertiary arrangements of these secondary structure
elements (Fig. 2 E and F and Fig. S4). Relative to the gp120 outer
domain, the β-sandwich in the gp120 inner domain is rotated by∼60°
in the unliganded precursor state compared with the CD4-bound
state (Fig. 2 E and F). The α0, α1, and α5 helices are rotated ∼110°,
40°, and 60° relative to their orientations in the CD4-bound con-
formation, respectively (Fig. S4). These observations are consistent
with previous studies suggesting that layered movement occurs
within the gp120 inner domain upon CD4 binding (17, 25, 28).
A recent study suggested that the bridging sheet (β2/β3 and

β20/β21), which was observed in the crystal structure of the mo-
nomeric gp120 core in the CD4-bound state (16), is not well
formed in the unliganded full-length gp120 monomer in solution
(34). Consistent with this suggestion, flexible fitting of the CD4-
bound gp120 core structure to our unliganded Env precursor map
failed to maintain the bridging sheet in its CD4-bound confor-
mation (Fig. 2E and Fig. S3). Instead, the β2/β3 motif, from which
the gp120 V1/V2 region emanates, must extend from the inner
domain toward the trimer axis to accommodate the folding of the
V1/V2 and V3 regions (see the following section) (Fig. S3 E and
F). The map density associated with β20/β21 suggests that it
projects from the outer domain toward the inner domain, oriented
nearly orthogonally to β2/β3 (Fig. 2 D and E). Thus, both the
bridging sheet and the inner domain represent dynamic elements
of the gp120 subunit, undergoing significant changes in confor-
mation in response to CD4 binding.

Architecture of gp120 Trimer Association. Previous studies have
suggested that the gp120 V1, V2, and V3 regions (20, 23, 24) are
located at the membrane-distal apex of the Env spike and
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Fig. 1. Architecture of the HIV-1 Env trimer. (A) Cryo-EMmap of the HIV-1JR-FL
Env trimer in a surface representation, viewed fromaperspective parallel to the
viral membrane. (B) Cryo-EMmap of the HIV-1JR-FL Env trimer, viewed from the
perspective of the target cell. (C and D) Domain organization of the Env pro-
tomer, revealed by segmentation of the density map. The gp120 domains are
colored as follows: outer domain, blue; inner domain, orange; and TAD, red.
The gp41 domains are colored as follows: ectodomain, green; and trans-
membrane region, cyan.
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contribute to the association of gp120 with the trimer (35, 36).
The flexible fitting of the gp120 core structure in our cryo-EM
map demarcates the boundary of the gp120 TAD that comprises
the V1, V2, and V3 regions (24). The TAD in each protomer
exhibits a β-α-β architecture and extends transversely from the
gp120 inner domain to the trimer axis (Fig. 3A). Occupying this
span is an α-helix ∼2 nm long stacked against a tilted β-sheet-
like motif; the V1/V2 stem (β2/β3) and the V3 region enter this
β-sheet from the inner and outer gp120 domains, respectively
(Fig. 3 B and C). This transverse α-β structure supports a β-
sheet-like leaf, which joins its counterparts from the other
protomers to form a barrel-like structure at the trimer center
(Fig. 3 B and C). The TAD architecture and, by inference, gp120
association with the trimer, apparently depend upon multiple
interactions among secondary structure elements formed by
the V1, V2, and V3 regions.

The broadly neutralizing antibodies Protocol G (PG)9 and
PG16 recognize glycan-dependent TAD epitopes and exhibit a
strong quaternary-structure preference for Env trimers (37), con-
sistent with the complex architecture of this region. When removed
from the context of the Env trimer, significant portions of the V1,
V2, and V3 regions become disordered (33), and recognition by
the PG9 and PG16 antibodies is markedly diminished (37). By
expressing the V1/V2 region fused with a heterologous scaffold
protein and using an elegant strategy to select complexes with PG9,
a crystal structure was obtained (38). We can fit the two V1/V2
β-strands in immediate contact with the PG9 antibody into the Env
trimer map, although the complete V1/V2 region from this crystal
structure cannot be accommodated. We note that a considerable
portion of the V1/V2 region remains disordered and is not resolved
in the crystal structure. Interactions with other elements of the
TAD, the inner domain, or other protomers in the trimer may
promote folding of these V1/V2 elements into distinct structures.

Transmembrane Region of the gp41 Subunit. The gp41 transmem-
brane region anchors the Env spike to the viral membrane and
acts as a pivot point for interactions among the three protomeric
arms. The membrane-spanning segment of each protomer is con-
sistent with an α-helix. The three α-helices form a left-handed
coiled coil, with a crossing angle of ∼35° (Fig. 4 A and B and Fig.
S5 A and B). The chirality of the transmembrane helical bundle is
compatible with that of the gp41 ectodomain core structure in the
postfusion state (12, 13, 18).
The transmembrane α-helical coiled coil extends beyond the

boundary of the viral membrane into the membrane-proximal
external region (Fig. 4 A and B and Fig. S5B). Near the surface of
the viral membrane, transverse segments of structure, likely com-
posed of short α-helices and loops emanating from and returning
to the gp41 ectodomain, wedge into the transmembrane helical
bundle close to the trimer axis. The resulting structure not only
stabilizes the transmembrane helical bundle but also creates a
sufficiently wide pitch and appropriate crossing angle between the
three interacting α-helices so that the gp41 ectodomain can be
built upon the transmembrane helices and achieve its torus-like
topology (24).

Ectodomain of the gp41 Subunit.With an overall globular shape, the
gp41 ectodomain from each protomer comprises potentially seven
major α-helical elements (Fig. 4 and Fig. S5 C and D). One ad-
ditional α-helix packed into this helical bundle could be assigned
to either gp41 or the gp120 N/C termini. The interprotomer
interactions between the gp41 ectodomains incorporate the
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Fig. 2. The unliganded gp120 subunit and CD4-induced changes. (A and B)
Crystal structure of the outer domain of the gp120 core (17) wasfitted into the
cryo-EMmapof the unliganded Env trimer and is shown from twoperspectives
parallel to the viral membrane. The approximate location of the V4 variable
region, whichwas not resolved in the crystal structure, is indicated by a broken
line. (C andD) Secondary structure organization of the inner domain of gp120
was approximated in the cryo-EM map of the unliganded Env trimer, which is
viewed from two perspectives parallel to the viral membrane. (E and F) For
comparison of the unliganded precursor state (E) and the CD4-bound state (F)
of the gp120 core, the gp120 outer domains (blue) are aligned in the same
orientation. The gp120 core in the unliganded precursor state is derived as
described in A–D above, and the CD4-bound gp120 core structure is from an
X-ray crystal structure (Protein Data Bank ID: 3JWD).
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Fig. 3. Architecture of the gp120 TAD. (A) Secondary structure elements in
the gp120 TAD, viewed from a perspective perpendicular to the Env trimer
axis. The TAD comprises an α-helix (red), a minibarrel structure (green), and
a β-sheet-like element (yellow). (B) Three helical elements (red) pointing
toward the central minibarrel structure (green), viewed from the center of
mass of the trimer. (C) The TAD, viewed from the perspective of the target
cell. The points at which the V1/V2 stem and V3 loop enter the TAD from the
gp120 inner domain and outer domain, respectively, are indicated. The map
segmentations of the gp120 TAD are shown as blue meshwork for a lower
level of contour and as solid surfaces for slightly higher levels of contour. The
potential α-helical elements shown as worm tubes are schematically illus-
trated and are not intended to represent definitive backbone traces.
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membrane-proximal α-helical elements into a trilobed torus (Fig.
4 A and C and Fig. S5 A and C). From this torus-like substructure,
the membrane-distal α-helical gp41 elements spread away from
the trimer axis and compose the interface with gp120 (Figs. 1C and
4A and Fig. S5A).
The organization of secondary structure elements in the gp41

ectodomain in this unliganded and uncleaved state of Env differs
dramatically from that of the six-helix bundle structure seen in the
postfusion state (12–14, 18, 19) (Fig. 4 D and E and Fig. S5D). In
the six-helix bundle, three heptad repeat 1 (HR1) regions (resi-
dues ∼546–581) assemble into a trimeric coiled coil and three
HR2 regions (residues ∼628–661) form long α-helices that pack in
an antiparallel fashion into the hydrophobic grooves of the coiled
coil. In the unliganded state of Env, the long HR1 and HR2
α-helices in the six-helix bundle seem to be broken into short he-
lices (Fig. 4 and Fig. S5), consistent with previous suggestions that
the trimeric coiled coil is not formed before CD4 engagement (39,
40). Although the assignment of primary sequence to the gp41
ectodomain α-helices will require higher-resolution structures, the
available evidence supports a model in which (i) α-helical ele-
ments from the HR1 region locate at the membrane-distal end of
the ectodomain and interact with the gp120 subunit; and (ii)
α-helical elements from the HR2 region locate around the mem-
brane-proximal end of the ectodomain, contribute to the gp41
trimeric interactions, and constitute the torus-shaped structure.
Consistent with this model, mutagenesis experiments implicate the
HR1 region in the noncovalent association with gp120 (41) and
the HR2 region in trimerization of the Env ectodomain (42).

Env Glycosylation. N-linked carbohydrates constitute approxi-
mately 47% of the molecular weight of the fully glycosylated
HIV-1 Env complex. N-linked glycans are largely disordered in
free solution. Although it is expected that the cryo-EM reconstruc-
tion would average out most of the peptide-distal glycan density,
part of the peptide-proximal glycans must conform to the protein
structure and retain a certain degree of structural order. Rigid-
body fitting of the crystal structure of the gp120 outer domain
into the cryo-EM map revealed a number of outward-protruding

densities on the surface of the gp120 outer domain (Fig. 5 A and
B and Fig. S6). These extra densities can be attributed to the
peptide-proximal glycan residues common to the trimannosyl
cores of both high-mannose and complex types of N-linked ol-
igosaccharide (Fig. 5C). Notably, the locations of these protu-
berances were found to strictly correspond to the potential
N-linked glycosylation sites (PNGS) in the crystal structure of
the gp120 outer domain (Fig. 5 and Fig. S6). The agreement of
the spatial positions of the identified glycan density in the cryo-
EM map with those of the PNGS in the crystal structure of the
gp120 outer domain provides an independent validation for the
cryo-EM reconstruction.

Role of Quaternary Structure in Antibody Evasion. The CD4-binding
site (CD4BS) antibodies are elicited in HIV-1–infected individu-
als, are directed against the conserved gp120 surface that engages
CD4, and exhibit a range of potencies in HIV-1 neutralization (43,
44). The available crystal structures of several CD4BS antibodies
complexed with the HIV-1 gp120 core provide information about
their preferred binding mode (29–31, 45). As noted above, the
overall conformation of the gp120 outer domain in the unliganded
HIV-1 Env trimer does not significantly differ from that in the
crystal structures of gp120 cores complexed with CD4BS anti-
bodies. All CD4BS antibodies include gp120 outer domain ele-
ments in their epitopes. The gp120 outer domains of the crystal
structures of the antibody-bound gp120 core were superposed on
the outer domain of the uncleaved Env trimer. Assuming the
uncleaved Env trimer structure approximates the equilibrium
conformation of the mature unliganded Env spike on virions, we
could thus assess the angle-of-approach and steric hindrance ex-
perienced by the CD4BS antibodies during their initial engage-
ment with the Env trimer. The results reveal remarkable differences
among CD4BS antibodies (Fig. 6). The potently neutralizing
antibodies VRC01, VRC03, VRC-PG04, and NIH 45-46 experi-
ence nearly no quaternary steric hindrance from the neighbor-
ing Env subunit (Fig. 6 A and B and Fig. S7). By contrast, the
neighboring Env subunit creates substantial quaternary steric
hindrance for the b12, b13, and F105 antibodies, suggesting that
an induced conformational change in the Env trimer is nec-
essary for these less potently neutralizing antibodies to achieve
optimal binding. Fig. 6F shows that the predicted degree of qua-
ternary steric hindrance encountered by the CD4BS antibodies as
they engage the unliganded Env trimer, using b12 binding as a
normalization metric, is inversely related to HIV-1 neutralization
potency. This correlation supports the relevance of the Env(-)ΔCT
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respect to the tertiary organization of helices. The perspective is identical to
that shown in D, with a reduction in scale. For simplicity, only one of the three
gp41 glycoprotein subunits in the Env trimer is depicted.
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trimer structure to that of the functional virion Env spike. Our
results provide a structural explanation for experimental obser-
vations suggesting that the ability to bind the Env trimer in its
unliganded state represents a major factor in determining the
neutralization potency of CD4BS antibodies (29, 46–48).

Discussion
Here we present a 6-Å structure of the unliganded HIV-1JR-FL
Env(-)ΔCT glycoprotein, a membrane-anchored, uncleaved Env
trimer with a truncated CT. We have previously shown that these
detergent-solubilized purified Env trimers exhibit affinities for
multiple conformation-dependent neutralizing antibodies com-
parable to those of the uncleaved Env trimer expressed on the
cell surface (24). Binding assays using an expanded panel of both
neutralizing and nonneutralizing antibodies targeting either gp120

or gp41 further corroborated the antigenic relatedness of the
purified and cell-surface Env(-)ΔCT glycoproteins (Fig. S8). Thus,
the Env(-)ΔCT trimer preserves its conformation upon detergent
solubilization and exhibits the antigenic profile expected of the
uncleaved HIV-1 Env precursor (46, 48). Proteolytic cleavage has
been reported to decrease the conformational entropy of the Env
trimer and to impede selectively the binding of nonneutralizing or
weakly neutralizing antibodies (46, 48). The compatibility of low-
resolution 3Dmodels of the Env(-)ΔCT trimer and the full-length,
proteolytically mature Env trimer on the HIV-1 virion suggests
that the global conformation of the Env trimer is not substantially
altered by proteolytic cleavage or the presence of the CT (20, 24).
However, higher-resolution information will be required to char-
acterize the subtle changes in Env conformational entropy and/or
structure associated with proteolytic maturation or the influence
of the CT (Fig. S9).
Enveloped viruses use conformational changes in their enve-

lope proteins to mediate the fusion of viral and target cell mem-
branes. Environmental triggers such as a pH decrease or receptor
binding drive the envelope proteins to energetically favorable,
fusion-ready conformations. Influenza virus uses low pH, which
globally alters the conformation of the HA protein, as a trigger. A
spring-loaded mechanism has been suggested to explain the HA
conformational change that mediates virus entry (49, 50). The long
α-helix in the fusion-ready HA2 protein is broken into several
shorter pieces in the prefusion state, resembling a “loaded spring.”
When triggered by a pH decrease, the HA2 short helices and
linking loops refold into a longer helix of lower free energy. This
allosteric change delivers the fusion peptide at the HA2 N termi-
nus to the target membrane and promotes virus entry.
Instead of a decrease in pH, HIV-1 uses sequential binding to

the CD4 and CCR5/CXCR4 receptors as triggers for entry-prim-
ing conformational changes in Env (5). The unliganded Env trimer
is prestressed, storing the free energy needed formembrane fusion
in its unique architecture. Spring loading seems to be used twice in
the unliganded gp41 subunit: the HR1 and HR2 helices of the
postfusion six-helix bundle are each broken into smaller helices
and other structural elements in the membrane-distal gp120–gp41
interaction interface and in the membrane-proximal torus, re-
spectively. This dual spring-loaded mechanism likely reflects the
unique requirements of stepwise activation by dual receptor en-
gagement, so that binding to each receptor frees only one “spring”
at a time. Consistent with this model, experimental observations
suggest that CD4 binding induces the formation and exposure of
the HR1 coiled coil, but subsequent events such as CCR5/CXCR4
binding are required for formation of HR2 and the six-helix
bundle (8, 39, 40).
Achieving a prestressed structure that implements a dual spring-

loaded mechanism imposes significant challenges to glycoprotein
folding; indeed, HIV-1 Env synthesis and assembly is relatively
slow and inefficient (6, 7). Once synthesized, functional Env spikes
must avoid being prematurely triggered. Synthesis and mainte-
nance of a competent, spring-loaded Env trimer requires multiple
interactions between and within the subunits. The elegant torus-
like architecture of gp41 takes advantage of the high stability and
pivot potential of the transmembrane three-helix bundle. Trun-
cations of the gp41 transmembrane region to produce “soluble
gp140” trimers (51, 52) typically disrupt the native Env structure,
as indicated by loss of the PG9 and PG16 epitopes (37). Building
upon the gp41 torus-like architecture, noncovalent interactions
with the gp120 inner domain and N/C termini likely maintain the
spring-loaded conformation of the membrane-distal gp41 ecto-
domain. Interactions between the TAD and the gp120 inner do-
main potentially explain the ability of the V1/V2 and V3 regions to
prevent gp120 from assuming the energetically favored CD4-
bound state (15). Conversely, CD4 binding necessitates TAD
restructuring, thus reducing gp120 trimerization and allowing
an open conformation of the trimer (20). The “spring-loaded”
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Fig. 6. Effect of quaternary structure on virus neutralization by CD4BS anti-
bodies. (A–E) Crystal structures of the gp120 core in complex with the CD4BS
antibodies, VRC01 (A), VRC03 (B), b12 (C), b13 (D), and F105 (E) were super-
posed on the unliganded Env precursor map, with the Env trimer axis shown in
A. The conformationally rigid gp120 outer domain was fitted to the Env trimer
density map, and the outer domains in the crystal structures were aligned with
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neighboring gp120 subunit that is overlapped by the antibodies, highlighting
the quaternary steric hindrance that the antibodies experience when
approaching their binding site on the gp120 outer domain. (F) Using the vol-
ume of the quaternary clash in the case of b12 as a normalization metric, the
degree of quaternary steric hindrance encountered by each antibody as it
accesses the Env trimer was quantified and was plotted against the geometric
mean IC50 of the neutralization of multiple HIV-1 strains by the antibody (29–31,
43–45). The Protein Data Bank IDs of the antibodies in complex with gp120 core
structures are 3NGB (A), 3SE8 (B), 2NY7 (C), 3IDX (D), and 3HI1 (E). The red line
shows a linear regression of the relationship (rS: 0.9985, slope: 5.5, SE: 0.082).
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architecture of the HIV-1 Env is well adapted to respond to the
relatively subtle perturbation of initial receptor engagement with
dramatic, programmed conformational changes. Sensitive ad-
justment of local features allows HIV-1 variants to adapt to dif-
fering levels of receptors and to escape antibody neutralization.
Thus, the unique architecture of the Env trimer offers multiple
fitness advantages to a persistent virus like HIV-1.

Materials and Methods
Expression and purification of the HIV-1JR-FL Env(-)ΔCT glycoprotein have
been previously described (24). Cryo-EM data were collected with a FEI
Tecnai F20. Details of experimental procedure, data collection, data pro-
cessing, and cryo-EM reconstruction are described in SI Materials and
Methods.
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SI Materials and Methods
Protein Expression and Purification. Details of HIV-1 Env expres-
sion and purification have been described previously (1). In brief,
envDNA encoding the HIV-1JR-FL membrane-bound HIV-1 Env
trimer [Env(-)ΔCT] glycoprotein was codon-optimized and
subcloned into the pcDNA3.1(-) expression plasmid (Invitrogen).
The Env(-)ΔCT glycoprotein was transiently expressed in 293F
cells. Thirty-six hours after transfection, cells expressing the en-
velope glycoproteins were harvested by spinning the cell sus-
pension at 100 × g for 5 min at 4 °C, followed by washing with PBS
at 4 °C. The cell pellets were resuspended in approximately five
volumes of homogenization buffer [250 mM sucrose, 10 mM
Tris·HCl (pH 7.4), and a mixture of protease inhibitors (Roche
Complete tablets)]. The resuspended cells were homogenized in
a 50-mL glass Dounce homogenizer on ice. The homogenate was
spun at 600 × g for 10 min at 4 °C. The pellet was discarded, and
the supernatant was collected and spun at 8,000 × g for 10 min at
4 °C. The supernatant solution was collected and was ultra-
centrifuged at 100,000 × g for 30 min at 4 °C. The pellet con-
taining plasma membranes was collected and the supernatant
discarded. The pellet was resuspended in homogenization buffer
and was homogenized in a 15-mL glass Dounce homogenizer and
ultracentrifuged at 100,000 × g for 45 min at 4 °C. The pellet
containing purified plasma membrane was collected and solubi-
lized in a solubilization buffer containing 100 mM (NH4)2SO4,
20 mM Tris·HCl (pH 8), 300 mM NaCl, 20 mM imidazole, 1%
(wt/vol) Cymal-5 (Affymetrix), and a mixture of protease in-
hibitors (Roche Complete tablets). The membranes were solu-
bilized by incubation at 4 °C for 30 min on a rocking platform. The
suspension was ultracentrifuged for 30 min at 200,000 × g at 4 °C.
The supernatant was collected and mixed with a small volume of
preequilibrated Ni-NTA beads (Qiagen) for 8–12 h on a rocking
platform at 4 C°. The mixture was then injected into a small
column and washed with a buffer containing 100 mM (NH4)2SO4,
20 mM Tris·HCl (pH 8), 1 M NaCl, 30 mM imidazole, 0.5%
Cymal-5 (for 1-mL Ni-NTA beads, we used ∼15–30 mL buffer for
washing). The well-washed bead-filled column was eluted with
a buffer containing 100 mM (NH4)2SO4, 20 mM Tris·HCl (pH
7.4), 250 mM NaCl, 250 mM imidazole, and 0.5% Cymal-5. The
eluted Env(-)ΔCT glycoprotein solution was concentrated, di-
luted in a buffer containing 20 mM Tris·HCl (pH 7.4), 300 mM
NaCl, and 0.01% Cymal-6, and reconcentrated to 1.5–2.5 mg/mL
before cryo-sample preparation.

Cryo-EM Data Collection. To prepare the cryo-sample for single-
particle imaging, 2.5 μL of the 1.5–2.5 mg mL−1 Env(-)ΔCT so-
lution was spread on a C-flat holey carbon grid (Electron Mi-
croscopy Sciences) in a chamber of 100% humidity, held for 2 s,
blotted with filter paper for 2 s at 4 °C, and then flash-plunged into
liquid ethane by Vitrobot (FEI). The prepared cryo-grids were
transferred into the CT3500 cryo-transfer system (Gatan) in liquid
nitrogen and were used for single-particle image data collection at
−183 °C. Focus pairs of micrographs were recorded on a Tecnai
F20 TEM (FEI) with a field-emission gun at 200 kV and a cali-
brated magnification of 200,835× on a 4k × 4k Ultrascan CCD
camera (Gatan). The electron dose of each exposure was 10–15
electrons Å−2. The defocus of the second set of micrographs dif-
fered from that of the first set by 1.0 μm. The majority of accu-
mulated image data were collected with the assistance of the
Leginon automated imaging system (2) in a semiautomatic fashion.

Image Processing and 3DReconstruction.Micrographs were screened
for drift, astigmatism, and visibility of Thon rings in the power
spectra. Parameters of the contrast transfer function (CTF) of
eachmicrograph were determined with the CTFFind3 program (3,
4). A total of 670,000 single-particle images (with dimensions of
256 × 256 pixels and a pixel size of 0.747 Å) selected from the
closer-to-focus micrographs were used for structure refinement.
The defocus ranged from −350 to −3,000 nm. The quality and
selection of these particle images were evaluated and verified
comprehensively by unsupervised classification using multivariate
data analysis and K-means clustering, as previously described (5).
Each single-particle image was decimated by 4 times to a dimension
of 64 × 64 pixels, and was low-pass filtered at 12 Å for particle
verification. The initial alignment for projection Euler angles and
in-plane shift was generated by the projection-matching algorithm
using a previously determined 11-Å map of the same Env con-
struct as an initial reference (Electron Microscopy Data Bank
accession code: EMD-5418). The particles images were grouped
into 57 defocus groups, with a defocus width of 20 nm in each
group before refinement. The back-projection reconstruction at
each iteration of the refinement was CTF-corrected by Wiener
filtering (6, 7). The angular increment was progressively de-
creased from 10° to 0.5° in the refinement. The resolution of the
reconstruction was measured by both conventional Fourier shell
correlation (FSC) (8, 9) and the “gold-standard” FSC (10, 11).
The latter was calculated by two half datasets that were refined
fully independently from each other, keeping all but the initial
reference separate (10). The former approach estimated a final
resolution of 5.5 Å by conventional FSC at 0.5 cutoff, and the
latter approach estimated a final resolution of 6 Å by the “gold-
standard” FSC at 0.5 cutoff. The final map obtained by the “gold
standard” refinement protocol was deconvoluted and amplitude-
corrected by a B-factor of −150 Å2 and was low-pass filtered at
5.8 Å with a cosine edge of 8-Fourier-pixel width (12, 13). The
above image analysis was implemented in customized computa-
tional procedures and workflows, combining the functions of
SPIDER (14) and XMIPP (15).

Structure Analysis. Segmentationof the cryo-EMdensitywasdone in
University of California, San Francisco (UCSF) Chimera (16).
Fitting of crystal structures and secondary structure elements in the
cryo-EM map was performed in O (17) and Coot (18). The sec-
ondary structure elements of the glycoprotein (gp)120 inner do-
main were positioned by flexibly fitting the crystal structure of the
CD4-bound gp120 core [Protein Data Bank (PDB) ID: 3JWD] to
the cryo-EMmap by the Flex-EMprogram (1), based onmolecular
dynamics simulations in Modeler (20) and by energetic optimiza-
tion in CNS (21). Analysis of CD4BS antibody interaction with the
Env trimer was done by fitting the gp120 outer domain from the
antibody:gp120 core complex crystal structure to the cryo-EMmap
in a rigid-body fashion in Coot and UCSF Chimera. Graphics were
done in PyMOL (Schrodinger) and UCSF Chimera.

Cell-Based ELISA.Ligand binding to trimeric envelope glycoproteins
on the surface of COS-1 or HOS.pBABEpuro cells [ATCC and
National Institutes of Health (NIH) AIDS Research and Refer-
ence Reagent Program, respectively] was measured by a cell-based
ELISA, as previously described (22). In brief, COS-1 or HOS cells
were seeded in 96-well plates (2 × 104 cells per well) and trans-
fected the next day with 0.15 μg per well of plasmid DNA ex-
pressing the codon-optimized (GenScript) genes encoding the
HIV-1JR-FL wild-type Env, Env(+)ΔCT (cleavage-competent,

Mao et al. www.pnas.org/cgi/content/short/1307382110 1 of 10

www.pnas.org/cgi/content/short/1307382110


cytoplasmic tail-deleted) and Env(-)ΔCT (cleavage-negative, cy-
toplasmic tail-deleted) glycoproteins using the standard poly-
ethylenimine (PEI; Polyscience) transfection method. The Env
proteolytic cleavage site was altered by R508S andR511S changes;
the Env cytoplasmic tail was truncated by substitution of a stop
codon for codon 712. Two days after the transfection, the cells
were washed twice with blocking buffer [10 mg/mL nonfat dry
milk, 1.8 mM CaCl2, 1 mM MgCl2, 25 mM Tris (pH 7.5), and
140 mM NaCl] and then incubated for 1 h at room temperature
with Env ligands. The ligands tested were polyclonal antibodies in
a pool of heat-inactivated sera from HIV-1–infected individuals
(used at 1/2,000 dilution); a 1-μg/mL dilution of CD4-Ig [a fusion
protein in which the N-terminal two domains of CD4 are linked to
the Fc component of IgG (23)]; or anti-HIV-1 Env monoclonal
antibodies VRC01, b12, b13, F105, 17b, 2G12, 2F5, 4e10, A32,

C11, PGT121, and PGT126 at a 1-μg/mL dilution. An HRP-
conjugated antibody specific for the Fc region of human IgG (Pierce)
was then incubated with the samples for 45 min at room temper-
ature. Cells were washed five times with blocking buffer and five
times with washing buffer. HRP enzyme activity was determined
after the addition of 30 μL per well of a 1:1 mix of Western
Lightning oxidizing and luminol reagents (Perkin-Elmer Life Sci-
ences). Light emission was measured with an LB 941 TriStar lu-
minometer (Berthold Technologies). The following reagents were
obtained through theNIHAIDSResearch andReferenceReagent
Program, Division of AIDS, National Institute of Allergy and In-
fectious Diseases, NIH: monoclonal antibodies to HIV-1 gp41 (98-6,
126-7, 246-D, 240-D, 50-69) from S. Zolla-Pazner; HIV-1 gp41
monoclonal antibodies (4E10, 5F3) from H. Katinger; and HIV-1
gp41monoclonal antibody (F240) fromM. Posner and L. Cavacini.
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Fig. S1. Cryo-EM imaging and resolution assessment. (A) Two typical 4k × 4k micrographs of the purified HIV-1JR-FLEnv(-)ΔCT trimers protected by the Cymal-6
detergent and embedded in a vitreous ice film. The micrograph shown is low-pass filtered at 1.0 nm. A number of candidate single-particle projections of the
Env trimer are highlighted by white circles. Defocus of the micrograph is ∼3 μm. (B) Gallery of selected typical class-average images after initial alignment and
2D refinement. Note the improved structural details not evident in the raw images and not apparent in the previously reported lower-resolution model (1). (C)
Resolution measurement of the cryo-EM structure of the HIV-1JR-FLEnv(-)ΔCT trimer, using both the conventional FSC approach at FSC-0.5 cutoff and the gold
standard FSC approach at 0.5 cutoff. The conventional FSC (black curve) was calculated between two separate reconstructions, each generated from a ran-
domly divided half of the entire dataset, both of which were refined with a single common reference. The gold standard FSC (red curve) was calculated
between two half-set reconstructions that were refined independently with two fully separate references. The conventional FSC at 0.5 cutoff yielded a slightly
higher estimate of resolution compared with the gold standard FSC at 0.5 cutoff. The reported resolution is based on the gold standard FSC approach.
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Fig. S2. Stereo views of the overall cryo-EM structure of the HIV-1JR-FLEnv trimer. (A) Stereo view of the cryo-EM map in an isosurface representation, viewed
from a perspective parallel to the viral membrane. (B) Stereo view of the same isosurface, viewed from the perspective of the target cell. (C) Stereo view of the
cryo-EM map in an isosurface representation at a lower level of contour compared with that in A and B, viewed from a perspective parallel to the viral
membrane. (D) Stereo view of the same isosurface as that shown in C, with its central cross-section clipped. (E) Stereo view of the cryo-EM map in the same
isosurface representation as that shown in C, viewed from a perspective from the interior of the virus, with the cross-section of the transmembrane region
clipped. (F) Stereo view of a close-up of the cross-section of the transmembrane region, showing three separated thin layers, which likely represent detergent
molecules surrounding the transmembrane helices.
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Fig. S3. Stereo views of the unliganded gp120 core structure fitted in the cryo-EM map. (A) Cryo-EM density segment associated with the gp120 outer domain
is shown as a transparent isosurface. The crystal structure of the outer domain of the gp120 core is fitted into the cryo-EM density as a rigid body and is shown
in ribbon representation. (B) Same isosurface as shown in A, rotated 90° around the vertical axis. The density associated with the gp120 V4 variable loop, which
was not resolved in the crystal structure, is evident on the right-hand side of the molecule in A and projects toward the viewer in B. (C) The cryo-EM density
segment associated with the gp120 inner domain is shown as a transparent isosurface. The secondary structure of the gp120 inner domain was assessed by
flexible fitting, and the approximate positions of secondary structure elements are shown in cartoon representation. (D) Stereo view of the same density as in
C, rotated 90° around the vertical axis. (E and F) Crystal structure of the gp120 core was flexibly fitted into the cryo-EM density segment associated with the
overall gp120 core, from two opposite perspectives.
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Fig. S4. Stereo views of the comparison between the conformations of the unliganded gp120 core in the Env trimer and the monomeric CD4-bound gp120
core. (A and C) Stereo views of the secondary structures in the gp120 core that was flexibly fitted to the unliganded state of the Env trimer. (B and D) Stereo
views of a ribbon representation of the CD4-bound monomeric gp120 core (PDB ID: 3JWD). For comparison between the unliganded state and the CD4-bound
state, the gp120 outer domains (blue) are aligned in the same orientation between A and B, and between C and D. The view in A and B is from a perspective
roughly parallel to the viral membrane. The view in C and D is from the perspective of the viral membrane.

Fig. S5. Stereo views of the gp41 structure. (A) Stereo view of the density associated with the three gp41 subunits in the Env trimer, viewed from an angle of
30° with respect to the viral membrane. (B) Stereo view of the segmented density of the gp41 membrane-interactive region, viewed from the same perspective
as that in A. (C) Stereo view of the density associated with the gp41 ectodomain, viewed from the perspective of the viral membrane. (D) Stereo view of the
gp41 ectodomain, from a perspective parallel to the viral membrane.

Mao et al. www.pnas.org/cgi/content/short/1307382110 6 of 10

www.pnas.org/cgi/content/short/1307382110


Fig. S6. Stereo views of gp120 glycan-associated density. (A) Stereoview of the glycan-associated densities on the gp120 surface, viewed from a perspective
parallel to the viral membrane. The gp120 outer domain ribbon is colored blue, and the asparagine residues associated with potential N-linked glycosylation
sites are depicted in Corey-Pauling-Koltun (CPK) representation and labeled. (B) Stereo view of the glycan-associated densities on the gp120 surface. The
perspective is ∼180° from that of A. These images reproduce Fig. 5 in stereo. The yellow densities highlight the glycan-associated cryo-EM segments.

Fig. S7. Additional CD4BS antibody interactions with the Env trimer. Crystal structures of the gp120 core in complex with the CD4BS antibodies, NIH45-46 (A)
and VRC-PG04 (B), were superposed on the unliganded Env trimer map as follows: the conformationally rigid gp120 outer domain was fitted to the Env trimer
density map, and the outer domains in the crystal structures were aligned with the fitted outer domain (represented as a blue ribbon). These figures are an
extension of Fig. 6, with the complexes viewed from the perspective shown in that figure. The PDB IDs of the antibodies in complex with gp120 core structures
are 3U7Y (A) and 3SE9 (B).
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Fig. S8. Antigenic profile of the purified HIV-1 envelope trimer. The structural integrity of the purified HIV-1JR-FLEnv(-)ΔCT trimer was evaluated by testing the
binding at 20 °C of a large panel of monoclonal antibodies and CD4-Ig to the purified trimer in an ELISA. Binding of the same ligands to an identical
HIV-1JR-FLEnv(-)ΔCT trimer expressed transiently on the surface of transfected cells was measured at 20 °C by flow cytometry and served as a reference. Under
the conditions of these experiments [and in contrast to the modeling of the fixed Env(-)ΔCT trimer in Fig. 6], the Env(-)ΔCT glycoprotein can undergo con-
formational changes during incubation with the antibody. (A) Binding of conformation-dependent antibodies to the indicated epitopes on HIV-1 gp120. (B)
Binding of mouse antibodies directed against conformation-dependent epitopes comprising the V3 region and the fourth conserved region (C4) of HIV-1
gp120. Antibody binding to detergent-solubilized, purified Env(-)ΔCT glycoprotein (green) and Env(-)ΔCT glycoprotein expressed on cell surfaces (blue) is

Legend continued on following page
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shown. (C) Binding of antibodies to different regions on HIV-1 gp41. Each ligand was tested at a single concentration of 10 μg/mL, and polyclonal human IgG (or
mouse IgG) served as a negative control. The mean fluorescence intensity associated with the binding of the polyclonal human and mouse IgG negative controls
to the cell surface-expressed Env was too low to be seen on the bar graph. Results shown represent the average of three independent experiments. V3, the third
variable loop of gp120; C4, the fourth conserved region of gp120; cluster I, gp41 amino acids 597–613; cluster II, gp41 amino acids 644–663; MPER, membrane-
proximal external region.

Fig. S9. Binding of cell-surface HIV-1JR-FLEnv variants by Env ligands. The binding of Env ligands (CD4-Ig and monoclonal antibodies) was measured to three
HIV-1JR-FLEnv variants: wild-type Env; Env(+)ΔCT (intact proteolytic cleavage site, truncated cytoplasmic tail), and Env(-)ΔCT (modified proteolytic cleavage site,
truncated cytoplasmic tail), using a cell-based ELISA. The Env variants were expressed in transfected HOS (A) or COS-1 (B) cells. Proteolytic cleavage of the wild-
type Env and Env(+)ΔCT glycoproteins was more efficient in HOS cells than in COS-1 cells. The Env ligands were CD4-Ig, CD4-binding site antibodies (VRC01,
b12, b13, F105), a CD4-induced antibody (17b), glycan-dependent antibodies (2G12, PGT121, PGT126), an inner domain-specific antibody (A32), an antibody
against the gp120 N/C termini (C11), and antibodies against the gp41 MPER (2F5, 4E10). Results were normalized to the signal obtained with pooled sera (ps)
from HIV-1–infected individuals. Results are representative of at least two independent experiments, each performed in duplicate.
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Table S1. Quantitative evaluation of the goodness of fit

Parameter
No. of residues in

the density
No. of residues out

of the density
No. of total

residues fitted
Goodness
of fit (%)

Rigid-body fit of gp120 outer domain 127 14 141 90
Flexible fit of gp120 outer domain 150 1 151 99.3
Flexible fit of gp120 inner domain 190 4 194 98
Flexible fit of gp120 core 340 5 345 98.6
Gp120 TAD helix 12 0 12 100
Gp41 helix 1 28 0 28 100
Gp41 helix 2 5 0 5 100
Gp41 helix 3 10 0 10 100
Gp41 helix 4 5 0 5 100
Gp41 helix 5 10 0 10 100
Gp41 helix 6 16 1 17 94
Gp41 helix 7 16 0 16 100
Gp41 helix 8 17 0 17 100
Gp41 helix 9 15 0 15 100

The contour level of the density used to assess the fit is 2σ. The goodness of fit is indicated as the percent of the backbone residues inside the density. The
side-chain fit was not taken into account in the evaluation. The numbering of gp41 helices is roughly proportional to their distance from the C terminus of the
transmembrane region.

Movie S1. Side-by-side 3D movie showing the cryo-EM map of the unliganded HIV-1 envelope glycoprotein trimer. The cryo-EM density is shown at 3σ level.

Movie S1

Movie S2. Side-by-side 3D movie showing the domain-based map segmentation of the cryo-EM structure of the unliganded HIV-1 envelope glycoprotein
trimer.

Movie S2

Mao et al. www.pnas.org/cgi/content/short/1307382110 10 of 10

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307382110/-/DCSupplemental/sm01.mov
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307382110/-/DCSupplemental/sm02.mov
www.pnas.org/cgi/content/short/1307382110

