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HIV-1 Env trimers asymmetrically engage 
CD4 receptors in membranes

Wenwei Li1 ✉, Zhuan Qin1, Elizabeth Nand1, Michael W. Grunst1, Jonathan R. Grover1, 
Julian W. Bess Jr2, Jeffrey D. Lifson2, Michael B. Zwick3, Hemant D. Tagare4, Pradeep D. Uchil1 
& Walther Mothes1 ✉

Human immunodeficiency virus 1 (HIV-1) infection is initiated by binding of the  
viral envelope glycoprotein (Env) to the cell-surface receptor CD41–4. Although 
high-resolution structures of Env in a complex with the soluble domains of CD4 have 
been determined, the binding process is less understood in native membranes5–13. 
Here we used cryo-electron tomography to monitor Env–CD4 interactions at the 
membrane–membrane interfaces formed between HIV-1 and CD4-presenting 
virus-like particles. Env–CD4 complexes organized into clusters and rings, bringing 
the opposing membranes closer together. Env–CD4 clustering was dependent on 
capsid maturation. Subtomogram averaging and classification revealed that Env 
bound to one, two and finally three CD4 molecules, after which Env adopted an open 
state. Our data indicate that asymmetric HIV-1 Env trimers bound to one and two CD4 
molecules are detectable intermediates during virus binding to host cell membranes, 
which probably has consequences for antibody-mediated immune responses and 
vaccine immunogen design.

HIV-1 begins infection of CD4+ T cells when the trimeric HIV-1 Env 
binds to the cell-surface receptor CD41–4. CD4 binding induces con-
formational changes within the gp120 subunit of Env that enable sub-
sequent engagement of the co-receptors CCR5 or CXCR4. Receptor 
and co-receptor engagement trigger conformational changes in the 
Env gp41 subunits, driving fusion of the virus and host cell membranes. 
Structural insights into HIV-1 Env interactions with soluble CD4 (D1D2  
domains) were gained initially with a gp120 core5, and then with  
stable, soluble Env trimers (trimers containing an S–S disulfide bridge 
and an I559P mutation, or SOSIPs)6–9. In the closed state, the variable 
loops 1 and 2 (V1 and V2) form the apex of the Env trimer. CD4 bind-
ing results in an approximately 40 Å displacement of the V1V2 loop 
that aligns with the CD4 D1D2 domains10–13. The insights gained from 
soluble trimers have been confirmed with full-length Env proteins 
solubilized from membranes using detergent14–16. Further information 
about the co-receptor-binding step of Env was obtained by embedding 
the coreceptor CCR5 in lipid nanodiscs and determining the structure 
of the complex of soluble gp120, soluble CD4 (D1–D4) and CCR517. 
Binding of CCR5 did not induce additional allosteric changes in gp120 
but, rather, brought the CD4-bound gp120 closer to the lipid bilayer 
mimicked by the nanodisc. Although completely open and partially 
open CD4-bound Env conformations have been observed with SOSIP 
trimers10,11, whether the partially open Env trimer conformations are 
true intermediates is unclear.

Further insights into Env–CD4 interactions have been gained using 
HIV-1 Env trimers in native membranes interacting with soluble recep-
tors. Directly imaging virus particles using cryo-electron tomography 
(cryo-ET) enabled the characterization of the native Env trimer and 

the Env trimer opened by soluble CD4 initially at a resolution of about 
20 Å (ref. 18) and more recently at around 9–10 Å (refs. 19,20). These 
structures largely confirm the high-resolution Env structures obtained 
with soluble trimers and soluble ligands19. Insights into the behaviour of 
HIV-1 Env molecules on the surface of virus particles have been gained 
from single-molecule fluorescence resonance energy transfer (smFRET) 
analysis, which indicated that individual gp120 protomers are dynamic 
and have spontaneous access to open conformational states, including 
the CD4-bound state21,22. Engineering trimers that can bind to only one 
or two CD4 molecules suggested that a necessary intermediate FRET 
state in the opening of Env corresponds to an asymmetric trimer in 
which only one CD4 molecule binds to the trimer22. Moreover, a struc-
ture of a soluble trimer mutationally prevented from opening has been 
observed to bind to only a single CD423. Finally, the interaction of HIV-1 
Env molecules with CD4 and coreceptor molecules has been studied 
in living cells by combining super-resolution localization microscopy 
with fluorescence fluctuation spectroscopy imaging24. These data 
suggested that HIV-1 entry is initiated by Env binding to a single CD4, 
followed by recruitment of additional CD4 molecules and a dimer of 
coreceptor molecules.

The interaction between HIV-1 Env trimers and CD4 molecules has 
not yet been structurally characterized in native membranes. Here 
we directly visualize the interactions between HIV-1 Env in virions and 
native membrane-bound CD4 by cryo-ET. We observed that Env–CD4 
complexes cluster and organize into rings, and the patterns of clus-
tering correlate with decreasing distances between membranes at 
the interfaces. Subtomogram averaging and classification revealed 
that, when the membranes were further apart, an Env trimer engaged 
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a single CD4 molecule. As the opposing membranes approached each 
other, Env trimers bound to two or three CD4 molecules. The V1V2 loop 
projected outward in the CD4-bound protomers, while the unbound 
protomers showed heterogenous conformational states. These data 
indicate that asymmetric HIV-1 Env trimers with one and two bound 
CD4 molecules are detectable intermediates during virus binding to 
membranes.

Env–CD4 interactions imaged in membranes
We used cryo-ET to characterize membrane-embedded HIV-1 Env–CD4 
interactions in situ using HIV-1BaL particles produced from chronically 
infected SUP-T1 T cells, which have a high density of Env trimers making 
them suitable for use in cryo-ET studies18,19. HIV-1BaL is a tier 1b primary 
isolate25. Consistent with an increased sensitivity of tier 1b isolates 
to CD4, we observed moderate shedding of gp120 into the superna-
tant in the presence of soluble CD4 (Extended Data Fig. 1). As these 
virus preparations are highly infectious, they were inactivated with 
aldrithiol-2 (AT-2) before imaging (Methods); AT-2 inactivation does 
not interfere with the CD4 binding or fusion activity of these parti-
cles20,26. To study HIV-1 Env interactions with CD4 receptor residing 
in biological membranes, HIV-1BaL particles were mixed with plasma 
membrane blebs generated from TZM-bl cells expressing CD4 recep-
tor with CCR5 and CXCR4 coreceptors, and plunge-frozen for cryo-ET 
imaging. In the reconstituted cryo-tomograms, membrane–membrane 
interfaces were observed between HIV-1BaL particles and plasma mem-
brane blebs (Fig. 1a,b). At these interfaces, multiple Env trimers formed 
clusters (Fig. 1c,e), and full-length CD4 was observed to interact with 
Env (Fig. 1d,f). Although we observed Env–CD4 interactions between 
HIV-1BaL and plasma membrane blebs, there were limitations within this 
system. The plasma membrane blebs varied in size (compare Fig. 1a 
versus 1b) and, as cryo-ET imaging is constrained by the depth of the 
vitreous ice layer (~500 nm), the image quality notably decreased with 
larger blebs. Furthermore, a high number of Env–CD4 complexes is 
required to obtain subtomogram-averaged structures. We therefore 
developed an experimental system that is uniform and presents observ-
able Env–CD4 complexes at a high frequency by using viral particles, 
which are the ideal size for cryo-ET imaging (~150 nm). In this system, 
we used murine leukaemia virus (MLV) GagPol to produce virus-like 
particles (VLPs) that carry the CD4 receptor with or without co-receptor 
CCR5 (MLV-CD4 particles). When HIV-1BaL particles and MLV-CD4 par-
ticles were incubated, no gp120 shedding into the supernatant was 
observed (Extended Data Fig. 1). Mixtures of HIV-1BaL and MLV-CD4 
particles were plunge-frozen for imaging by cryo-ET. HIV-1 and MLV 
have distinct capsid morphologies, enabling the identification of  
membrane–membrane interfaces that were the consequence of Env–
CD4 interactions (Fig. 1g–i). Although individual Env molecules could 
be visualized on HIV-1BaL particles, the smaller CD4 molecules were not 
easily identifiable on MLV particles. However, after binding to Env at 
membrane–membrane interfaces, the CD4 receptor molecules could 
be visualized (Fig. 1j,k).

Env clustering is induced by CD4 binding
Patterns of Env clustering and ring formation became apparent in the 
cryo-ET tomograms. Quantification revealed that the number of Env 
trimers increased from small clusters to large clusters, and to a slightly 
lesser extent in rings (Fig. 2a–e). Furthermore, the distance between the 
opposing membranes changed with small clusters having the greatest 
membrane distance, large clusters having an intermediate distance and 
rings having the smallest distance (Fig. 2f). We further quantified Env  
clustering by averaging membrane–membrane interfaces and overlay-
ing all Env–CD4 complex coordinates (Fig. 2g). The unbiased analysis of 
all datapoints confirms that increasing Env clustering and organization 
into rings coincides with reduced membrane distance.

To test whether the presence of CD4 correlated with Env clustering, 
all arc distances between two Env trimers were calculated in the pres-
ence and absence of MLV-CD4 particles. The presence of MLV-CD4 VLPs 
increased the frequency of short arc distances between Env trimers on 
the surface of HIV-1 virions (Fig. 2h). Likewise, a spatial cluster analysis 
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Fig. 1 | Env–CD4 interactions are captured in biological membranes using 
cryo-ET. a,b, Representative cryo-tomograms of membrane–membrane 
interfaces (red boxes) between HIV-1BaL viral particles and plasma membrane 
blebs generated from TZM-bl cells (blebTZM-bl). Scale bars, 100 nm. c,e, Top-down 
views of the membrane–membrane interfaces shown in a (c) and b (e), revealing 
Env clustering. Scale bars, 20 nm. d,f, Magnified images of the membrane–
membrane interfaces shown in a (d) and b (f) depict Env–CD4 interactions in 
raw tomograms. Scale bars, 20 nm. g, Representative image of HIV-1BaL virus 
with Env on its surface. The capsid is highlighted in green. HIV-1BaL was 
inactivated with AT-2, resulting in less electron-dense capsids. Scale bars, 25 nm. 
h, Representative images of an MLV VLP carrying CD4 on its surface. The MLV 
capsid is highlighted in purple. Scale bars, 25 nm. i, A representative image of 
membrane–membrane interfaces (red boxes) in cryo-tomograms. Different 
capsid structures enable the identification of membrane–membrane 
interfaces as opposed to interfaces that do not have Env–CD4 interactions 
(blue box). Scale bar, 50 nm. j, A representative tomogram with the membrane–
membrane interface highlighted in red. Scale bar, 50 nm. k, Magnified image  
of the membrane–membrane interface shown in j. Env–CD4 interactions are 
visible in raw tomograms. Scale bar, 10 nm.
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of Env trimers on HIV-1BaL particles pointed to an increase in the number  
of Env molecules accumulating at shorter radii in the presence of 
CD4-bearing particles (Fig. 2i). These analyses indicate that a sub-
population of trimers is drawn into clusters at membrane–membrane 
interfaces in a CD4-dependent manner.

HIV-1 Env mobility on the surface of the virus particle has been 
observed to be dependent on capsid maturation and the cytoplasmic 
tail (C-tail) of Env27–32. In the immature capsid, Env is laterally immobi-
lized by the C-tail tethering to the underlying immature matrix. During 

maturation, the matrix protein is cleaved from the capsid, enabling Env 
to move laterally on the surface of the viral particle28,29. To test whether 
Env clustering induced by CD4 binding is impaired in immature capsids, 
MLV-CD4 particles were incubated with HIV-1BaL immature particles gen-
erated by treating virus-producing cells with protease inhibitors, then 
processed for imaging using cryo-ET (Extended Data Fig. 2a,b). Quanti-
fication of tomograms revealed that membrane–membrane interfaces 
with immature capsids had fewer Env trimers (4.6 ± 2.5, mean ± s.d.) than 
interfaces with mature capsids (7.5 ± 4) (Extended Data Fig. 2c). The 
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Fig. 2 | HIV-1 Env binding to CD4 induces Env clustering and ring formation 
at membrane–membrane interfaces. a–c, Representative tomograms of small 
(a), large (b) and ring (c) Env cluster formations. The interfaces are indicated  
by red dashed ovals. Bottom, top-down views of each interface, revealing Env 
clustering. Scale bars, 50 nm. d, Three-dimensional representation of viral 
particles in a representative tomogram. The pink arrows represent Env trimers 
at membrane–membrane interfaces. The yellow arrows represent free Env 
trimers on the surface of HIV-1BaL. e, The number of Env trimers present at 
interfaces in each clustering pattern. Mean ± s.d. = 3.0 ± 1.1 (small), 10.0 ± 3.4 
(large) and 7.9 ± 3.4 (ring). *P = 0.0478, ****P < 0.0001. f, The distance between 
the membranes at the interfaces for each clustering pattern. Mean ± s.d. = 16.9 ± 
3.8 nm (small), 15.1 ± 2.4 nm (large) and 11.9 ± 3.6 nm (ring). NS, P = 0.4178; 
***P = 0.0002, ****P < 0.0001. g, Subtomogram-averaged interfaces from small, 

large and ring clusters. Individual subtomograms of the membrane–membrane 
interfaces from each class were aligned, and the coordinates of Env–CD4 
complexes were overlaid and displayed as side and top-down views (middle  
and bottom, respectively). h,i, Clustering analysis of Env trimers on the surface 
of mature (black) and immature HIV-1BaL particles alone (green, prepared by 
treating virus-producing cells with the protease inhibitors indinavir (IDV) and 
ritonavir (RTV)), and mature (red) and immature (purple) HIV-1BaL particles 
mixed with MLV-CD4 VLPs. h, Histogram profile of the arc distances between 
Env trimers on the surface of particles. i, Multidistance spacial cluster analysis 
of the ratio of the largest number of Env trimers with increasing cluster radii to 
the total Env trimers on each viral particle. Env clustering (arrow) and dispersion 
(red asterisk) are indicated. Max., maximum.
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membrane distances at these interfaces showed only a minor change 
between mature and immature capsids (Extended Data Fig. 2d). Further-
more, the addition of MLV-CD4 particles to immature HIV-1BaL particles 
neither decreased the arc distances between two Env trimers (Fig. 2h) 
nor induced Env clustering at small radii in the spatial cluster analysis 
(Fig. 2i). These observations indicate that the CD4-induced clustering of 
Env at membrane–membrane interfaces is dependent on capsid matura-
tion. Capsid maturation has been observed to allow for Env clustering 
on free virus particles28–30. Notably, capsid maturation had an effect on 
Env clustering in our experimental system, as Env on immature particles 
was nearly evenly dispersed at large cluster radii (Fig. 2i).

As a control, we used VLPs with high numbers of Env trimers. These 
VLPs were produced from a cell line that endogenously expresses 
HIV-1ADA.CM Env that has lost a portion of its cytoplasmic tail (Env(ADA.
CM.755*), truncated at residue 755)33. We produced VLPs carrying  
EnvADA.CM.755* with either a wild-type HIV-1 gag-pol gene or HIV-1 gag-pol 
with a protease (PR)-knockout mutation that precluded cleavage of the 
Gag precursor. We imaged these VLPs on their own and in the presence 
of MLV-CD4 VLPs to test whether Env clustering was still dependent on  
capsid maturation even with a very high number of Env trimers on 
the surface of the virion. Given the very high trimer density, a high 
number of Env trimers assembled at membrane–membrane inter-
faces. Furthermore, as EnvADA.CM.755* has a truncated cytoplasmic tail, 
the clustering was independent of PR-dependent capsid maturation 
(Extended Data Fig. 3a–d). HIV-1ADA.CM.755* Env particles also provided an 
additional source of trimers to study the structure of Env–CD4 com-
plexes at membrane–membrane interfaces.

Env binds to one and two CD4 molecules
Approximately 5,700 subtomograms containing Env–CD4 complexes 
were manually picked from 168 tomograms. Subtomogram averag-
ing of these particles generated a density map of the HIV-1 Env trimer 
bound to three native, membrane-bound CD4 receptor molecules 
at a resolution of around 15 Å (Fig. 3a–d and Extended Data Fig. 4a). 
The trimers were clearly open with the gp120 density positioned away 
from the central axis. The density for V1V2 loops projected outward in 
all three bound protomers of the Env trimer, which is consistent with 
previous high-resolution structures of soluble Env trimer bound to 
CD410,11 (Fig. 3b,d).

In this structure, one bound CD4 molecule featured stronger density  
than the other two, which had the lowest resolution as shown by local- 
resolution analysis. These differences indicate that there is structural 
heterogeneity in CD4 binding (Fig. 3d and Extended Data Fig. 4a). This, 
along with the above observations that the membrane distance varied 
among different patterns of Env clustering, suggested that the structural 
heterogeneity was linked to the distance between membranes. We there-
fore performed subtomogram classification on the basis of membrane 
distance, which revealed two subclasses: one with membranes further 
apart (~190 Å) whereby Env engaged only a single CD4 molecule (Fig. 3e–g 
and Extended Data Fig. 4b), and one with membranes closer together 
(~140 Å) whereby Env engaged three CD4 molecules (Fig. 3h,i). Hetero-
geneity remained in the densities of V1V2 loops and CD4 in the latter 
structure, so we performed further subtomogram classification on the 
basis of CD4 binding. This revealed an additional subclass of Env trimers 
with two bound CD4 molecules (Fig. 3j–m and Extended Data Fig. 4c,d). 
A total of 41% of Env trimers was bound to one CD4, 25% to two CD4 and 
34% to three CD4 molecules (Fig. 3n). Thus, structures of Env bound 
to one, two and three CD4 molecules are observable intermediates at 
membrane–membrane interfaces (Fig. 3g,k,m and Extended Data Fig. 4).

As a control, approximately 6,000 unliganded Env trimers on HIV-1BaL 
particles from the same datasets were aligned and averaged. The result-
ing averaged structure achieved subnanometre resolution after C3 
symmetry expansion (Extended Data Fig. 4e). It revealed a closed 
conformation of the Env trimer (Extended Data Fig. 6d,h) consistent 

with previous results19. The higher-resolution unliganded Env struc-
ture from the same dataset indicates that heterogeneity of Env–CD4 
interactions limits higher-resolution determination. Superimposing 
the coordinates of Env bound to different numbers of CD4 molecules 
to the averaged interface revealed that Env trimers bound to two or 
three CD4 were concentrated towards the centre, whereas Env trimers 
bound to one CD4 were dispersed towards to the periphery (Fig. 3o and 
Extended Data Fig. 5a). These findings also aligned with the observation 
of Env–CD4 interactions in raw tomograms, in which Env trimers bound 
to one CD4 molecule were more frequently found in the peripheral 
region of the interfaces (Extended Data Fig. 5b), whereas Env trimers 
bound to two and three CD4 molecules were predominantly observed 
in the centre (Extended Data Fig. 5c). These distribution patterns fur-
ther support the findings from the averaged subclasses, with the two 
membranes being further apart at the periphery (where Env binds to 
one CD4 molecule) and closer together at the centre of the interface 
(where Env binds to two and three CD4 molecules).

Changes in CD4 support Env binding
We were able to resolve the structure of full-length, membrane-bound 
CD4 in the structure of Env bound to three CD4 molecules with a shorter 
membrane distance of around 140 Å (Fig. 3m). In addition to the familiar 
structure of the D1D2 domains bound to Env, the D3D4 domains became 
clearly visible. The D3D4 domains of all three bound CD4 molecules 
aligned along the target membrane. The observed angle between the 
D1D2 domains and the D3D4 domains is consistent with the previously 
observed flexibility in the D2–D3 hinge34. The alignment of the D3D4 
domains and the flexibility of the D2–D3 hinge enabled CD4-bound Env 
to approach the target membrane. In the Env structure bound to one 
CD4 molecule, only the D1D2 domains of CD4 were resolved (Fig. 3g). 
To account for the observed membrane distance of about 190 Å, CD4 
must be in a fully extended conformation to be able to reach Env on 
the opposing membrane. Thus, our data support a model in which 
conformational changes in CD4 facilitate HIV-1 binding to membranes.

Env trimers asymmetrically engage CD4
All of the structures of Env–CD4 complexes had well-defined densities 
of the bound CD4, with each Env protomer engaging CD4 displaying 
adjacent density for the outwardly projecting V1V2 loops (Fig. 3f,j,l). 
All Env–CD4 complexes, regardless of CD4 binding, were missing EM 
densities at the apex region, suggesting an open conformation in 
which gp120 density moves away from the central axis (Extended Data  
Fig. 6a–d). This structure is similar to open conformations previously 
revealed by SOSIP trimers bound to soluble domains of CD410,11. Notably, 
the free protomer in the trimer bound to two CD4 molecules lacked the 
density for the outwardly projected V1V2 loops. Although the resolution 
of our cryo-ET maps is not high enough to determine with certainty 
where the V1V2 loops sit, the conformational state is clearly distinct 
from the CD4-bound conformation (Fig. 3j and Extended Data Fig. 6f). 
Similar distinct conformational states are seen in the unliganded 
protomers of the Env trimer bound to one CD4 molecule, although 
some weak density for outwardly projected V1V2 loops remains visible 
(Extended Data Fig. 6e). This is probably attributable to remaining 
heterogeneity in the sample. This analysis indicates that the HIV-1 Env 
trimers bound to one and two CD4 molecules are asymmetric open 
trimers with the CD4-bound protomer adopting an outward rearrange-
ment of the V1V2 loops, while the unliganded protomers remain in a 
distinct conformational state (Fig. 3f,j and Extended Data Fig. 6a,b,e,f).

Env bound to three CD4s is partially open
Previous studies of CD4-D1D2-bound soluble trimers include B41.
SOSIP.664 (Protein Data Bank (PDB): 5VN3) and BG505.SOSIP.664 

https://doi.org/10.2210/pdb5VN3/pdb
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with HIV-1 Env trimers bound to one, two and three CD4 receptor molecules. 
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gp41 is shown in red. The CD4 molecule with strong density is indicated by  
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boxes. e–g, Subclass average for longer membrane distance (190 Å) after 
focused classification on the target membrane. Side view (e), top view (f) and 
segmentation (g) are shown. h,i, Subclass average for shorter membrane 
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(h) and top view (i) are shown. The distinctive V1V2 loop and CD4 densities are 
indicated by pink and light green arrows, respectively. j–m, Focused classification 
on CD4 binding was performed in the subclass with a shorter membrane distance 
(h,i). Subclass averages of Env bound to two CD4 ( j,k) and three CD4 molecules 
(l,m) are shown as top views ( j,l) and segmentations (k,m). n, The proportion 
of Env trimers bound to one, two or three CD4 molecules. o, Distribution 
analysis of Env bound to one, two or three CD4 molecules at the interfaces.  
The kernel density heat map shows the 2D distribution of Env from the interface 
centre. The histograms show Env distances to the interface centre fitted with 
Gaussian curves (mean and R values are indicated). In the segmentations, Env  
is shown in cyan and CD4 is shown in green. Membranes are shown in grey. For  
a–c, e, f, h–j and l, scale bars, 5 nm.
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(PDB: 6U0L) as fully open Env trimers10,13 and BG505.SOSIP.664 (PDB: 
6CM3) as a less-open Env trimer that was apparently partially closed 
due to binding of 8ANC195, a gp120–gp41 interface antibody11. To 
evaluate whether these structures fit into our cryo-ET density of the 
Env trimer bound to three CD4 molecules, full-length CD4 molecule 
(D1–D4), obtained from the model of the gp120 monomer bound to 

CD4 molecule and coreceptor CCR5 (PDB: 6MET)17, was superimposed 
onto the SOSIP models. Rigid-body fitting of the combined models 
into our density map indicated a better fit with the partially open Env 
model compared with a fully open Env model (Fig. 4a,b). We next per-
formed molecular dynamics flexible fitting (MDFF)35 analysis of the 
combined models within the cryo-ET density map. To facilitate a more 
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Fig. 4 | MDFF analysis suggests that the Env trimer bound to three CD4 
molecules is in a partially open conformation. a,b, Rigid-body fitting of the 
SOSIP models (fully open Env (PDB: 5VN3; a)) and partially open Env (PDB: 
6CM3; b)) containing full-length CD4 molecules (PDB: 6MET) into the cryo-ET 
density map of Env bound to three CD4 molecules. c, Time evolution of the 
backbone r.m.s.d. from five independent MDFF simulations into the same 
density, relative to their starting structure. MDFF simulations ran for around 
4 ns on three models of open Env with CD4 (5VN3, truncated 5VN3 (SOSIP.651) 
and BG505 homology model 5VN3*) and for 3 ns on two models of partially 
open Env with CD4 (6CM3 and B41 homology model 6CM3*). The MDFF 
structures measured in i and j were selected after the MDFF simulation reached 
convergence (arrows; at 2.5 ns and 1.5 ns, respectively). d,e, The results of 
MDFF of the models in a (d) and b (e) into the same cryo-ET density map.  

f–k, Analysis of Env openness on the models of BG505 SOSIP: closed (f, 4ZMJ), 
open (g, 5VN3*), partially open (h, 6CM3), and MDFF-fitted models (5VN3* fitted 
into Electron Microscopy Data Bank (EMDB) EMD-29294 (i) and 6CM3 fitted 
into EMD-29294 ( j)). CD4 was omitted for clarity. Protomers are coloured in 
grey, purple and teal. The interprotomer distance was measured between 
α-carbons of three residues from each protomer: His330 (blue; located at base 
of the V3 loop), Pro124 (green; located at base of the V1V2 loop) and Asp368 
(yellow; located at CD4-binding site). The distance and their average were 
plotted in k. l, Hypothetical conformational changes of the Env–CD4 complex 
required to engage the co-receptor. To overcome the steric constraints in CD4 
molecules, release of CD4 or membrane bending may facilitate the movement 
of Env towards the coreceptors embedded in the target membranes.
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accurate comparison between the fitted models derived from B41.
SOSIP.664 and BG505.SOSIP.664, three additional initial models were 
generated on the basis of the homology (*) and sequence length (trun-
cated) (5VN3|truncated, 5VN3*|BG505 and 6CM3*|B41). MDFF analysis 
of modified initial models yielded similar outcomes to those obtained 
from the original models (Fig. 4c). Despite a residual root mean squared 
deviation (r.m.s.d.) difference of about 5 Å between the 6CM3 and 5VN3 
models after MDFF (Extended Data Fig. 7a), probably attributed to 
resolution limitations in our cryo-ET map, both models demonstrated 
a good fit into the cryo-ET density map after MDFF (Fig. 4d,e, Extended 
Data Fig. 7b–h and Supplementary Videos 1 and 2). Generally, fully 
open models of Env derived from PDB 5VN3 had a larger r.m.s.d. shift 
(~15 Å) and required more time to converge (~2 ns), whereas partially 
open Env models derived from PDB 6CM3 showed a smaller r.m.s.d. 
shift (~7 Å) and achieved convergence in a shorter time frame (~1 ns) 
(Fig. 4c, Extended Data Fig. 7f,g and Extended Data Table 1). The shorter 
convergence time observed with the models derived from PDB 6CM3 
suggests that the structure of Env bound to three CD4 molecules, as 
determined by cryo-ET, resembles a previously determined partially 
open CD4-bound soluble Env conformation.

To assess the openness of Env trimers in these models, we measured 
the inter-protomer distances between the Cα atoms of specific resi-
dues in the V1V2 loop (Pro124), V3 loop (His330) and CD4-binding site 
(Asp368). Consistent with model fitting, the models obtained through 
MDFF in the cryo-ET density map were consistent with the partially 
open Env conformation as seen in PDB 6CM3 (Fig. 4f–k). Together, 
these analyses indicate that partially open trimers are observable 
intermediates during HIV-1 Env binding to membrane-bound CD4. 
We postulate that partially open trimers are longer-lived intermediates 
when complexed with membrane-bound CD4 than with soluble CD4. 
This hypothesis is consistent with the fact that we did not observe shed-
ding of gp120 into the supernatant when HIV-1BaL was incubated with 
MLV-CD4 (Extended Data Fig. 1) or any apparent loss of Env trimers at 
the membrane–membrane interfaces, whereas soluble CD4 induced 
shedding of gp120 (Extended Data Fig. 1) and many Env trimers were 
lost when HIV-1BaL was incubated with soluble CD4 and 17b19. These 
observations are also consistent with a previous study showing that 
soluble CD4 and CD4 mimetics trigger a short-lived activated interme-
diate of HIV-1 Env, whereas Env bound to cell-surface CD4 is long-lived36.

Discussion
Here we used cryo-ET to visualize the initial steps of HIV-1 entry whereby 
Env trimers engage CD4 receptor molecules residing in target mem-
branes. Mixing HIV-1BaL virions with VLPs presenting CD4 receptors 
provided an experimental system that generated a high frequency of 
Env–CD4 complexes, enabling us to quantitatively study their interac-
tions in biological membranes using cryo-ET. We observed HIV-1 Env 
trimers forming clusters and rings at membrane–membrane interfaces. 
As the distance between membranes at membrane–membrane inter-
faces decreased, structures of Env bound to increasing numbers of CD4 
molecules became visible. This suggests that these images represent 
snapshots of a dynamic stepwise binding process.

The cluster and ring distributions of Env at membrane–membrane 
interfaces is highly similar to the organization of SNARE proteins at 
membrane-docking sites of synaptic vesicles37. It is possible that the 
patterns of Env–CD4 complexes observed at membrane–membrane 
interfaces may be a consequence of simple adhesion. However, both 
SNAREs and HIV-1 Env trimers are fusion machines that ultimately bring 
membranes together for fusion, suggesting that these observations 
are relevant for fusion.

The mixed viral particle system enabled us to visualize membrane– 
membrane interfaces containing Env–CD4 complexes at a high  
frequency. Acquiring 168 tomograms enabled us to identify 857 
membrane–membrane interfaces containing around 5,700 Env–CD4 

complexes for subtomogram averaging and subsequent classification. 
Our comprehensive analysis revealed that HIV-1 Env trimers engage  
a single CD4 when the two membranes are further apart and bind to a  
second and third CD4 as Env moves closer to the membrane. The confor-
mational states of the Env trimers bound to one and two CD4 molecules 
are asymmetric, not just with respect to the inherent asymmetry in 
CD4 binding, but also with respect to the conformational state of each 
protomer within the trimer. The resolutions of our cryo-ET density 
maps were high enough to identify that the V1V2 loops project outward 
in all CD4-bound protomers, consistent with the protomer residing 
in the CD4-bound conformation. The density was less defined for the 
V1V2 loops in the unbound protomers of the Env trimers with one or 
two bound CD4 molecules indicating a distinct conformational state. 
Current limitations in the resolution that can be achieved by cryo-ET 
will not allow us to resolve the placement of the V1V2 loops at the apex, 
which are also known to be highly dynamic for tier 1b isolates38. The 
accompanying report39 describes a model in which the V1V2 loops are 
localized at the trimer apex in these protomers. Cryogenic electron 
microscopy single-particle analysis (cryo-EM SPA) was used to solve 
high-resolution structures of soluble BG505 SOSIP trimers bound to 
one and two CD4 molecules39. In the model with two CD4 molecules 
bound to Env (BG505 HT2), the CD4-bound protomers adopted the 
typical CD4-bound conformation with V1V2 loops displaced from 
the Env apex to the sides of gp120 with a fully formed four-stranded 
antiparallel bridging sheet. By contrast, the unbound gp120 moved 
by full-body rotation but the V1V2 loops remained at the trimer apex, 
adopting an occluded open conformation39. The soluble BG505 HT2 
model bound to two CD4 molecules39 fit well into the densities that we 
observed using cryo-ET. The predominant structure of the BG505 HT1 
trimer bound to one CD4 molecule was a closed trimer in ref. 39, but an 
open trimer in our biological membranes. However, subclassification in 
the accompanying report39 revealed that about one-third of the BG505 
HT1 trimers bound to one CD4 adopted an open trimer conformation 
that superimposed well onto our cryo-ET structure of Env bound to 
one CD4 molecule39. The results from both laboratories are therefore 
consistent, particularly as it is known that a more CD4-resistant tier 2 
HIV-1 isolate such as BG505 is less responsive to CD4 than the tier 1b 
isolate HIV-1BaL used for cryo-ET10,38. The similar structures determined 
by cryo-ET and cryo-EM SPA demonstrate the existence of asymmetric 
intermediates of Env during CD4 receptor binding.

Previous smFRET studies performed by our group predicted the 
existence of asymmetry in the opening of the trimer22. Trimers engi-
neered to bind to only one CD4 molecule featured the neighbouring 
unliganded protomers in an intermediate conformational state that 
was distinct from the unbound and CD4-bound conformations22. 
Moreover, smFRET suggested that HIV-1 Env has spontaneous access 
to this intermediate conformational state and its occupancy increased 
in response to CD4 binding22. These agreements raise the hope that 
parallel cryo-EM and smFRET studies can resolve remaining unknown 
questions about the states of Env observed by both methods. One 
such unresolved question relates to an additional conformational 
state of HIV-1 Env on the surface of virions predicted by smFRET21,40. 
This state is fragile and affected by mild treatments including AT-2 
inactivation19. As AT-2-treated virus particles are on path along Env 
conformational transition during fusion, show no defect in their 
ability to bind to CD4 receptor and fuse with cells20,26, this unknown 
conformational state is probably upstream of interactions with CD4 
studied in this report.

The detection of asymmetric HIV-1 Env trimers bound to one 
and two CD4 molecules demonstrate that these intermediates are 
quite common and long lived, which probably has consequences for 
antibody-mediated immune responses and vaccine immunogen design. 
The present study and the accompanying report39 reveal a mechanism 
of trimer opening that generally maintains immune evasion princi-
ples by keeping the V1V2 loops on top of the apex hindering access to 
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epitopes for non-neutralizing antibodies. However, antibodies that 
bind to these partially open conformational states have recently been 
identified, which suggests that the V1/V2 epitopes on these intermedi-
ates are potentially recognized by the immune system41,42.

Our studies in this and the accompanying report39 point to a step-
wise model of HIV-1 binding to the CD4 receptor (Fig. 4l). Initial con-
tact between HIV-1 virions and cells is mediated by binding of a single 
protomer to an elongated CD4 receptor molecule when the membranes 
are still around 20 nm apart from each other. Engagement of a second 
and third CD4 molecule enables HIV-1 Env to move closer to the target 
membrane. This movement is facilitated by conformational changes 
within CD4 whereby the D3D4 domains align with the target mem-
brane. However, even with these conformational changes, the Env 
trimer bound to three CD4 molecules remains too far away to engage 
the membrane-embedded co-receptor (Fig. 4l). There are consider-
able steric constraints in the gp120–CD4 interaction that must be 
overcome for the Env trimer to bind to the co-receptor. This could be 
achieved by either release of CD4 as gp120 transitions to the corecep-
tor or membrane bending in the target cell. Future experiments with 
CCR5 embedded in target membranes will shed light on co-receptor 
binding and subsequent formation of the prehairpin intermediate. 
The experimental system described here may assist in characterizing 
these subsequent steps of the HIV-1-entry process.
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Methods

Plasmids, cell lines and other reagents
HIV-1BaL/SUP-T1-CCR5 cells (CLN204)43 were cultured in RPMI-1640 
medium supplemented with 10% fetal bovine serum (FBS), 100 U ml−1 
penicillin, 100 μg ml–1 streptomycin and 2 mM l-glutamine in the 
presence of 5% CO2. HEK293T, ADA.CM.755*/HEK293T and TZM-bl 
cells were cultured in DMEM medium supplemented with 10% FBS, 
100 U ml−1 penicillin, 100 μg ml–1 streptomycin and 2 mM l-glutamine 
in the presence of 5% CO2. Cells were transfected at 60–80% conflu-
ency and the culture medium was exchanged before transfection. 
HIV-1 gag-pol was expressed by pCMV ΔR8.2 (Addgene plasmid, 
12263). The protease mutations D25N and R57G were generated by 
overlapping PCR using pCMV ΔR8.2 as a template. The mutations 
were validated by Sanger sequencing. Human CD4-expressing vector 
pcDNA-hCD4 was provided by H. Gottlinger. The MLV GagPol plas-
mid was a gift from R. Mulligan. The following reagents were obtained 
through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: 
indinavir sulfate (ARP-8145) and ritonavir (ARP-4622), contributed by  
DAIDS/NIAID.

Gp120-shedding assay
HIV-1BaL viruses were incubated at room temperature for 1 h with PBS, 
soluble CD4 (100 μg ml−1) alone, soluble CD4 (100 μg ml−1) in combi-
nation with 17b Fab (100 μg ml−1), or MLV-CD4 VLPs. After incubation, 
the samples were ultracentrifuged at 130,000g through a 20% sucrose 
cushion for 1 h to separate the supernatant and pellet fractions. Western 
blotting was performed using the 2G12 antibody (ARP-1476, NIH HIV 
Reagent Program) to detect gp120 and anti-HIV-1 serum (ARP-1983, NIH 
HIV Reagent Program) to detect gp41 and p24, HRP goat anti-human 
Ig (2010-05, SouthernBiotech) was used as the secondary antibody.

Sample preparations for cryo-ET
HIV-1BaL virus (P4311) was produced using the HIV-1BaL/SUP-T1-CCR5 
cell line and prepared as previously described19. In brief, 30 l of cell 
culture was grown in roller bottles (1 rpm) incubated at 37 °C in the 
absence of CO2 and the product was serially filtered using 5 µm cap-
sule filters to remove the cells, followed by filtration using 0.45 µm  
capsule filters to remove cell debris and large microvesicles. The filtrate 
was treated with a final concentration of 1 mM 2,2′-dithiodipyridine 
(AT-2). AT-2 eliminates retroviral infectivity by mediating the covalent 
modification of free cysteines on internal viral proteins, including the 
zinc-finger cysteine residues on the viral nucleocapsid protein. Even 
after AT-2 treatment, the envelope glycoproteins with disulfide-bonded 
cysteines on the virion surface retain the ability to bind to CD4, undergo 
conformational changes and mediate membrane fusion20,26. HIV-1BaL 
viruses were next purified by continuous-flow sucrose-density-gradient 
ultracentrifugation.

Immature HIV-1BaL viruses were produced by the HIV-1BaL/SUP-T1-CCR5 
cell line treated with a final concentration of 1 µM indinavir and 10 µM 
ritonavir. Cells were treated for 2 days, after which the cell medium was 
discarded and replaced with fresh medium with the same concentra-
tions of indinavir and ritonavir for two additional days. The cell culture 
medium was then collected and clarified by low-speed centrifugation 
at 1,500 rcf for 15 min, followed by filtration with 0.45 µm syringe filters 
(Pall Corporation). The filtered supernatants were loaded into 38.5 ml 
open-top ultracentrifuge tubes (Beckman Coulter) and underlayed 
with 5 ml of 15% sucrose in PBS. The viruses were then pelleted by ultra-
centrifugation at a maximum of 131,453 rcf using a Beckman SW28 
swinging bucket rotor at 27,000 rpm for 1 h at 4 °C. The supernatant 
was removed and viruses were resuspended in 1/1,000 volume of PBS.

HIV-1ADA.CM.755* was produced from the ADA.CM.755*/HEK293T cell 
line33 by transfection with 10 µg DNA per 10 cm plate of the HIV-1  
GagPol plasmid pCMV ΔR8.2 using polycation polyethylenimine (PEI) 
(pH 7.0, 1 mg ml−1). The cell culture medium was collected 2 days after 

transfection, then clarified and filtered as described above. Viruses were 
pelleted by ultracentrifugation and resuspended in PBS as described 
above.

Immature HIV-1ADA.CM.755* viruses were produced from the ADA.
CM.755*/HEK293T cell line by transfecting pCMV ΔR8.2 containing 
the protease mutations D25N or R57G. Viruses were collected after 
2 days using the same methods as described above.

MLV particles carrying CD4 receptor (MLV-CD4 VLPs) were produced 
by co-transfecting plasmids encoding MLV GagPol and CD4 at a 1:1 ratio 
into HEK293T cells using PEI. Viruses were collected after 2 days using 
the same methods as described above.

Plasma membrane blebs were produced from the TZM-bl cell line 
according to a previously described protocol44. In brief, when cells 
reached around 70% confluency, the medium was removed and the 
cells were washed twice with GPMV buffer (10 mM HEPES, 150 mM 
NaCl, 2 mM CaCl2, pH 7.4). Subsequently, the cells were incubated with 
blebbing buffer (GPMV buffer containing 25 mM PFA and 2 mM DTT) at 
37 °C overnight. The blebs were then collected from the supernatant 
the next day followed by a short centrifugation (1,500g for 5 min) to 
remove the cell debris. The blebs were concentrated using Amicon 
Ultra 15 ml centrifugal Filters (UFC910024, Millipore) to ~500 μl, and 
then extruded through 200 nm filters using the Mini Extruder (Avanti 
Polar Lipids) according to the manufacturer’s protocol. The extruded 
blebs were further concentrated using Amicon Ultra 0.5 ml centrifugal 
Filters (UFC510096, Millipore) to about 20 μl. The freshly prepared 
concentrated blebs were used for cryo-ET sample preparation.

Cryo-ET sample preparation
HIV-1BaL particles and blebs or MLV-CD4 VLPs were mixed and incubated 
at room temperature for 30 min. Next, a 6 nm gold tracer was added at a 
1:3 ratio. A total of 5 µl of the mixture was incubated for 1 min on freshly 
glow-discharged holey carbon grids (Quantifoil R 2/1 on 200 copper 
mesh). The grids were blotted with filter paper and plunge-frozen into 
liquid ethane using a homemade gravity-driven plunger apparatus. 
Frozen grids were stored in liquid nitrogen before imaging.

Cryo-ET data collection
Cryo-grids were imaged on the Titan Krios G2 Cryo-transmission elec-
tron microscope (Thermo Fisher Scientific) operated at 300 kV using 
either a K2 or K3 direct electron detector (Gatan) in counting mode 
with a 20 eV energy slit and a Volta phase plate45. Tomographic tilt series 
between −51° and +51° were collected using SerialEM46 with a 3° step 
size and a dose-symmetric scheme47,48. The nominal magnification 
for the K2 direct electron detector was ×105,000, giving a pixel size of 
1.333 Å, while, for the K3 direct electron detector, it was ×64,000, giving 
a pixel size of 1.346 Å. The raw images were collected from single-axis 
tilt series with a cumulative dose of 123 e− Å−2. The defocus was set at 
−0.5 µm. Frames were motion-corrected using Motioncorr2 (ref. 49) 
to generate drift-corrected stack files, which were then aligned using 
gold fiducial makers using Etomo48. Weighted back projection and 
tomographic slices were visualized using IMOD48.

Cryo-ET data analysis
To analyse the membrane–membrane interfaces, two coordinate 
points were placed at the point of closest approach between oppos-
ing membranes. These two coordinate points were used to quantify the 
distances between the membranes. Subtomograms of the interfaces 
were extracted and centred on the middle point of two membrane 
coordinate points. Averaging processing was performed with I350 
with 8× binned tomograms. Env–CD4 complexes at the membrane– 
membrane interfaces were picked manually in IMOD. Initial Euler angles 
were determined on the basis of the vector between two coordinate 
points of the opposing membranes. Subtomograms were extracted for 
initial alignment. Subsequent processing was performed using I3 with 
4× and 2× binned tomograms. The coordinates of Env–CD4 complexes 



were overlaid onto the averaged interfaces on the basis of the Euler 
angles obtained after alignment. Custom Python scripts were used to 
generate kernel density heat maps and histogram profiles fit with Gauss-
ian curves depicting the distributions of Env–CD4 complexes. All of the 
density maps were visualized and segmented in the UCSF ChimeraX51. 
The Fourier shell correlation curves were calculated using Relion52 
and the local resolutions of averaged structures were determined  
using ResMap53.

To quantify Env clustering, all Env trimers on virions were manually 
picked. The arc distance between any two Env trimers on each indi-
vidual virion was calculated using a custom-made script based on the 
approximate centre of the virion and the Env positions after initial 
subtomogram averaging. The formula used for calculating the arc 
distance was s = rθ, where s represents the arc distance between two 
Env trimers, r is the radius of the virion and θ is the angle subtended by 
the arc at the centre of the virion. The histogram of Env distances was 
plotted in GraphPad Prism v.9.0. A custom script was used to conduct 
multiple distance spatial cluster analysis using the linear distances 
between Env trimers. The script calculated and plotted the ratio of 
the largest number of Env trimers within increasing cluster radii to the 
total Env number on individual virions.

MDFF
The cryo-EM density map obtained from subtomogram averaging was 
low-pass filtered to 15 Å resolution. The fully open model of CD4-bound 
B41 SOSIP trimer (from PDB 5VN3) and the partially open model of 
CD4-bound BG505 SOSIP trimer (from PDB 6CM3) were first fit into 
the density map by rigid-body fitting in Chimera54. The full-length 
CD4 molecules from the CD4–gp120–CCR5 complex (PDB: 6MET) 
were then added to both SOSIP trimers 5VN3 and 6CM3 by aligning 
and superimposing the gp120 subunits to build the initial models of 
Env–CD4 complex. The coordinates of the initial models were saved 
relative to the density map. To ensure the comparability of the fitting 
result, we incorporated three additional models, which are a homol-
ogy model based on BG505.SOSIP sequence using PDB 5VN3 as the 
template (referred to as 5VN3*|BG505), a homology model based on 
the B41.SOSIP sequence using PDB 6CM3 as the template (referred to 
as 6CM3*|B41) and a truncated version of the PDB 5VN3 model (B41.
SOSIP.651) (referred to as 5VN3 truncated|B41). The homology mod-
elling was performed using SWISS-MODEL in user template mode55. 
Initially, the full-length sequence was used, followed by removal of the 
residues that were missing in the templates, and editing of the chain 
name and residue numbers. The CD4 molecules were added using the 
same approach as in the original models. Consequently, 5VN3* shares 
the exact atom and chain name with the 6CM3 model. However, the 
6CM3* model has shorter gp120 and gp41 chain compared with 5VN3, 
as the template 6CM3 consists of corresponding shorter chains. As 
a result, the truncated 5VN3 model was constructed specifically for 
comparison to 6CM3*.

The initial models for MDFF were then prepared using the Visual 
Molecular Dynamics program56 to incorporate additional elastic 
restraints for secondary structure dihedrals, hydrogen bonds, chiral 
centres and cis-peptide bonds. Those restraints ensured the mainte-
nance of proper secondary structure and prevented overfitting.

The MDFF simulations were conducted using NAMD v.3.0 alpha57 
with CHARMM36 force-field parameters58, at a temperature of 300 K 
in vacuo. The partially open model underwent MDFF for a duration of 
3 ns with a scaling factor (ξ) of 0.1, followed by an energy minimization 
step using a scaling factor ξ = 0.5 over a time span of 0.05 ps. Similarly, 
the fully open model was processed for MDFF for 4 ns with ξ = 0.1 fol-
lowed by energy minimization over 0.05 ps using a scaling factor ξ = 0.5.

Statistical analysis
Data were analysed and plotted using GraphPad Prism. Statistical 
significance for pairwise comparisons was derived using two-tailed 

nonparametric Mann–Whitney tests. To assess statistical significance 
for multiple comparisons we used Kruskal–Wallis tests followed by 
Dunn’s multiple-comparison test. P < 0.05 was considered to be sta-
tistically significant; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Reporting summary
Further information on research design is available in the Nature  
Portfolio Reporting Summary linked to this article.

Data availability
The cryo-EM structures have been deposited at the EMDB. Cryo-ET 
structural maps for HIV-1 Env bound to one, two and three CD4 mol-
ecules, the consensus structure of HIV-1 Env bound to CD4 receptors in 
membranes and the unliganded Env trimer have been deposited under 
accession codes EMD-29292, EMD-29293 and EMD-29294, EMD-29295 
and EMD-41045, respectively.
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Extended Data Fig. 1 | sCD4 and sCD4 + 17b induce gp120 shedding on  
HIV-1BaL virions. Western blotting analysis for gp120, gp41 and p24 in  
the supernatant (S) and pellet (P) fractions of HIV-1BaL viruses from 
ultracentrifugation after incubation with PBS, sCD4 alone, sCD4 in combination 
with 17b Fab, or MLV-CD4 VLPs. Residual 17b Fc fragments in 17b Fab were 
detected by anti-Human 2nd HRP-antibody (grey).



Extended Data Fig. 2 | Env-CD4 interactions at the membrane-membrane 
interfaces between immature HIV-1BaL particles and MLV-CD4 VLPs.  
a A representative tomogram showing immature HIV-1BaL particles and MLV-CD4 
VLPs. HIV-1 capsids are noted in green and MLV capsids are noted in purple. 
Scale bar = 50 nm. b Three-dimensional representation of immature HIV-1BaL 
particles and MLV-CD4 VLPs in a representative tomogram. Pink arrows represent 
Env trimers at membrane-membrane interfaces. Yellow arrows represent  

free Env trimers on the surface of the HIV-1BaL particles. c The number of Env 
trimers present at membrane-membrane interfaces for mature and immature 
HIV-1BaL particles mixed with MLV-CD4 VLPs. Mature HIV-1BaL mean ± s.d. = 7.5 ± 4. 
Immature HIV-1BaL mean ± s.d. = 4.6 ± 2.5. P-value **** = <0.0001. d The distance 
between membranes at membrane-membrane interfaces with mature and 
immature HIV-1BaL particles mixed with MLV-CD4 VLPs. Mature HIV-1BaL mean ± s.d. 
= 14.3 nm ± 3.8 nm. Immature HIV-1BaL mean ± s.d. = 13.5 nm ± 4.6 nm. * = 0.0420.
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Extended Data Fig. 3 | HIV-1 Env clustering is unaffected by capsid 
maturation in HIV-1 particles featuring a high number of Env trimers 
lacking the C-tail. a Representative images of the HIV-1 viral particle produced 
from the cell line expressing EnvADA.CM.755*. The capsid is highlighted in green. 
Scale bar = 25 nm. b Representative images of the MLV VLP carrying CD4. The 
capsid is highlighted in purple. Scale bar = 25 nm. c A representative image of 
membrane-membrane interfaces in cryo-tomograms. HIV-1 and MLV capsids 
are highlighted in green and purple, respectively. Scale bar = 50 nm. d Violin 
plot of the number of Env trimers present at membrane-membrane interfaces 
for HIV-1BaL (blue), mature HIV-1ADA.CM.755* (brown), and immature HIV-1ADA.CM.755* 
(beige) with MLV-CD4 VLPs. P-values ns = 0.0779, ** = 0.0028, **** = <0.0001.



Extended Data Fig. 4 | Resolution assessment of subtomogram averaged 
structures. a–e Local resolution estimation using ResMap software for the 
structures of the Env-CD4 complex. The structures and ResMap histograms  
of the consensus average (a), Env trimer bound to one CD4 molecule (b), Env 
trimer bound to two CD4 molecules (c), Env trimer bound to three CD4 
molecules (d) and unliganded Env trimer from the same dataset (e) are shown. 
Subtomogram averages are coloured according to the local resolution as 
indicated on the scale on the right. f Fourier shell correlation (FSC) curves  

for cryo-ET masked subtomogram averages with FSC = 0.5 as the cutoff value. 
g–h. The distribution of orientations for aligned Env particles. The unliganded 
Env particles are evenly distributed across all orientations (g). The Env particles 
bound to CD4 molecules showed reduced numbers of top-view and bottom- 
view particles (h). This is likely because the Env-CD4 complexes are located at 
the interface between two viruses, resulting in a higher occurrence of side-view 
orientations.
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Extended Data Fig. 5 | HIV-1 Env trimers bound to one, two and three CD4 
receptors on biological membranes. a Individual subtomograms of all  
the membrane-membrane interfaces were aligned and averaged (left panel).  
In the middle panel, the coordinates of Env bound to one (purple), two (cyan) 
and three (green) CD4 molecules are overlaid onto the averaged volumes.  

The top-down view is shown to the right. b, c Gallery of HIV-1 Env trimers bound 
to CD4 receptors on biological membranes. Representative images from cryo- 
tomograms of the HIV-1 Env trimers bound to one CD4 (b) or two and three CD4 
(c) molecules at the membrane-membrane interfaces between HIV-1 and 
MLV-CD4 particles. Scale bar = 20 nm.



Extended Data Fig. 6 | HIV-1 Env trimers bound to one and two CD4 molecules 
are asymmetric with protomers adopting distinct conformational states. 
a–h Rigid fitting of model of Env in a closed conformation (PDB:4ZMJ59)  
(a–d) and an open conformation (PDB:5VN3) (e–h) into the density maps of Env 
bound to one CD4 molecule (a, e), two CD4 molecules (b, f), three CD4 molecules 
(c, g) and unliganded Env (d, h). Missing densities at the apex region of non-CD4 

bound protomers are indicated by red arrowheads (a, b). Weak densities of the 
V1V2 loops on the non-CD4 bound protomers in the Env trimer bound to one 
CD4 molecule are indicated by purple arrows (e). Lack of density for the outward 
projecting V1V2 loops on the non-CD4 bound protomer in the Env trimer bound 
to two CD4 molecules is indicated by a red arrow (f).
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Extended Data Fig. 7 | Molecular dynamics flexible fitting (MDFF) suggests 
that the Env trimer bound to three CD4 molecules is in a partially open 
conformation. a The time evolution of backbone-RMSD of 5VN3* comparing 
to the last frame of MDFF simulation with 6CM3. b–e Atomic models showing 
the positions of CD4 (b, d) and gp120 (c, e) before (grey) and after (coloured) 
MDFF simulation with 5VN3 (b, c) and 6CM3 (d, e). The colour gradient bar 

indicates the amount of movement between the two structures. f, g The cross- 
correlation coefficient (CCC) curve between the density map and the trajectories 
of MDFF simulations (5VN3 in f and 6CM3 in g). h The map-model Fourier shell 
correlation (FSC) curve between the density map and the trajectories of MDFF 
simulations (5VN3 in red and 6CM3 in blue). The membranes in the maps were 
masked out for the analyses.



Extended Data Table 1 | Shifts in the centre of mass for the domains of each Env protomer and CD4 molecule after flexible 
fitting (Å)

Table of the shifts in the centre of mass for the domains of Env protomers and CD4 after the MDFF analysis in Fig. 4 and Extended Data Fig. 7.
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