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Supplementary Table 1.  Structural models of the trimeric HIV-1 Env MPER without anti- 
 MPER antibodies bound. 

 

PDB/ 
EMDB  

HIV-1 Env Method Description Reference 

PDB ID: 
6E8W MPER-TM peptide in a nanodisc NMR 

Stalk–bubble conformation with a 
16-Å Cα-Cα distance between 
residue 665 on adjacent 
protomers. 

1 

PDB ID: 
6DLN 

MPER-TM peptide in a 
phospholipid bilayer NMR 

Tripod conformation with a 53-Å  
Cα-Cα distance between residue 
665 on adjacent protomers.  

2 

PDB ID: 
7SC5 
EMD- 
25022 

Cytoplasmic tail-deleted SOSIP 
HIV-1BG505 Env (residues 1-723, 
T332N, poly-Arg cleavage site 
changes). The Env was 
expressed in baculovirus-
infected 293F cells, purified with 
the PG9 bNAb and reconstituted 
into MSP1D1dH5 nanodiscs with 
POPC, POPG and brain polar 
extract. 

Cryo-EM 

The structure of the cleaved Env 
ectodomain (residues 31-662) was 
solved at 3.9-Å resolution. 
Residues 663-671 from the NMR 
structure of an MPER peptide in 
DPC micelles (PDB ID: 2PV6) 
were fitted into the EM density 
map, providing an ~ 5-Å model of 
MPER residues 663-671. 

3 

EMD- 
21413 

Full-length HIV-1BaL Env trimers 
on aldrithiol (AT-2)-inactivated 
viral particles, complexed with 
10-1074 and 3BNC117 Fabs 

Cryo-ET 

Fab-bound structures were solved 
at 9.9-Å resolution. The MPER 
forms a thin central stalk that 
connects the ectodomain and the 
membrane. 

4 

PDB ID: 
7SKA 
EMD- 
25178 

HIV-1ADA.CM.v4 stabilized Env 
trimers on AT-2- inactivated viral 
particles 

Cryo-ET 

C3-symmetrized Env structure 
solved at 9.1-Å resolution. The 
gp41 α9 helix is short and ends at 
Gln 653; the remaining α9 
residues (654-664) bend and form 
a thin, flexible 10-Å stalk 
connecting the ectodomain to the 
membrane. The entire MPER 
(residues 665-683) appears to be 
buried in the membrane 

5 
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Supplementary Table 2.  Comparison of Cα-Cα interprotomer distances (Å) in 
trimeric MPER structures.  
 

Cα-Cα distance 

Hypothetical  

composite model 

 6DLN (NMR) ** 

tripod-like2 

 6E8W (NMR) ** 

stalk-bubble1 

P1 & 
P3 

P1 & 
P2 

P2 & 
P3 

  

Near the MPER N-
terminus (Lys 665) 

29.3 28.4 29.0 

54.4(0.9) 

52.4(0.8) 

47.3(0.6) 

15.7(0.6) 

15.8(0.6) 

15.8(0.5) 

At the entrance of the 
gp41 MPER into the 

membrane  
(Lys 683 à Ile 684) 

* 26.0 à 

25.2 
* 

17.3(0.3)à17.6(0.3) 

17.1(0.5)à 17.9(0.5) 

18.2(0.3)à18.6(0.2) 

9.7(0.6) à 15.4(0.4) 

9.7(1.0) à 15.2(0.6) 

9.8(0.8)à 15.2(0.5) 

In the membrane  
(Phe 685) 

* 22.8 * 
12.8(0.4) 

13.0(0.3) 

13.4(0.2) 

13.7(0.7) 

13.5(0.5) 

13.7(0.6) 

At the C-terminus of 
the HR1C coiled coil 

(Trp 596) 
19.8 20.0 20.8   

* These chain F (Protomer 3) residues were not modeled in the composite Tri FPPR Env    
structure. 

** The average distances, with standard deviations in parentheses, are provided for the NMR 
structures. 
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Supplementary Table 3.  Overlap between Tri FPPR Class A/Class B and the 
original class3/class 6 populations. 

 

 
Class A 

(80,206 particles) 

Class B 

(158,232 particles) 

Original class 3 
(99,585 particles) 

0.33 0.43 

Original class 6 
(146,922 particles) 

0.63 0.55 

Total percentage 0.96 0.98 
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Supplementary Fig. 1.  Preparation of the Tri FPPR Env trimers. a. Variables related to the 
preparation of the HIV-1AD8 Tri FPPR Env trimers are compared with those used for the 
preparation of the uncleaved Env(-) and cleaved wild-type (wt) HIV-1AD8 and AE2 Envs. b. A 
schematic diagram of the Tri FPPR Env is shown, with the cleavage site between the gp120 
exterior Env subunit and the gp41 transmembrane Env subunit indicated by a triangle. The 
changes introduced into the HIV-1AD8 Env to stabilize the PTC7 are shown above the diagram. 
Three of the Env changes (Q114E, Q567K and A582T) are designated “Tri”6,7 and three of the 
changes (A532V, I535M and L543Q) in the fusion peptide-proximal region are designated 
“FPPR”7. S - signal peptide, TM – transmembrane region, CT – cytoplasmic tail. c. The Tri FPPR 
Env was purified from the membranes of A549 cells solubilized in Amphipol A18. The purified Tri 
FPPR Env was analyzed on a reducing SDS-polyacrylamide gel (left) and on a Blue Native 
polyacrylamide gel (right). M – molecular weight markers. 
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Supplementary Fig. 2.  Cryo-EM data classification workflow. The diagram illustrates the 
major 3D classification steps for the Tri FPPR dataset. Focused 3D classification8 of the gp41 
portion produced the Tri FPPR.1 and Tri FPPR.2 maps. Focused 3D classification of the gp120 
portion produced the gp120.1 and gp120.2 maps. 
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Supplementary Fig. 3.  Cryo-EM analysis of the Tri FPPR.1 and Tri FPPR.2 Envs. a. A 
typical cryo-EM micrograph of the Tri FPPR Env trimers is shown. b. A Fourier transform of the 
micrograph in a was generated in Gctf9. c. Selected averaged images of the Tri FPPR Env 
trimers from unsupervised 2D classification are shown. d. Gold-standard Fourier Shell 
Correlation (FSC) plots of the Tri FPPR.1 and Tri FPPR.2 cryo-EM maps are shown. The 
resolution was estimated at an FSC cutoff of 0.143. e. The local resolution of the Tri FPPR.1 
and Tri FPPR.2 maps was measured by Resmap10. The maps are colored according to the 
local resolution, indicated by the color gradient key. f. The orientation distribution of the 
particles used for the reconstruction of the Tri FPPR.1 and Tri FPPR.2 maps is shown. 
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Supplementary Fig. 4.  Quality of the Tri FPPR.1 and Tri FPPR.2 maps. a. Representative 
features in the Tri FPPR.1 and Tri FPPR.2 models are shown along with the corresponding 
cryo-EM map density. The upper panels show gp120 β-strands and the lower panels shoe 
gp41 α-helices. b. Typical glycan models and associated map densities from Tri FPPR.1 and 
Tri FPPR.2 are shown. c. The modeled BMS-806 molecule and the associated map density is 
shown in all three gp120 subunits of the Tri FPPR.1 and Tri FPPR.2 structures. The position 
and orientation of the BMS-806 molecules are consistent with those in a previous cryo-EM 
structure of a solubilized membrane Env complexed with BMS-80611 and in crystal structures 
of BMS-806 complexed with soluble gp140 SOSIP.664 Env trimers12.  
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Supplementary Fig. 5.  Comparison of trimer geometry among different Env structures. 
a. The interprotomer distances (in Å) between selected Cα atoms (Thr 336 and Gln 352) of 
gp120 (outer triangles) and Cα atoms (Trp 628 and Ile 635) of gp41 (inner triangles) are shown 
for the wild-type HIV-1AD8 Env (PDB ID: 8FAD)11, AE2 Env (PDB ID: 8FAE)11, the Tri FPPR.1 
and Tri FPPR.2 Envs, a membrane Env modified by SOSIP changes (PDB ID: 7SC5)3 and an 
unliganded sgp140 SOSIP.664 Env trimer (PDB ID: 4ZMJ)12. b. The Cα-Cα distances shown 
in a are plotted for the gp120 and gp41 subunits. The black bars indicate the average 
distances. 
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Supplementary Fig. 6.  Asymmetry in the solubilized HIV-1 Env trimers. a. A model is 
shown for generating the observed asymmetric Env trimers from a hypothetical symmetric 
pretriggered (State-1) Env trimer. Beginning with a hypothetical C3-symmetric pretriggered 
(State-1) Env trimer, the asymmetric AD8, AE2, Tri FPPR.2 and Tri FPPR.1 Envs can be 
derived by the indicated rotational shifts in the gp41 and gp120 subunits of Protomers 2 and 3 
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(viewed from the perspective of the viral membrane). Note that the shifts in Protomer 3 (x 
values) exceed those in Protomer 2 (y values). Also, the shift in the gp41 subunit of Protomers 
2 and 3 is greater than that of the gp120 subunit. b. A Tri FPPR Env trimer is schematically 
shown from the perspective of the viral membrane. The relationship of the MPERs, α9 helices 
and HR1N regions is shown. Based on the density in the cryo-EM maps, the connectivity of the 
gp41 MPERs to the adjacent α9 helices is depicted by lines joining these structures within each 
protomer. The strength of the connectivity ranges from weak (thin, broken lines) to strong (thick, 
solid lines). The stabilizing effect of the α9 helices on the HR1N helices in the clockwise 
protomers is depicted by curved interprotomer lines with arrows. Based on the α9 tilt angles 
and HR1N helicity, the stabilizing effects range from weak (thin, broken lines) to strong (thick, 
solid lines). Note that stronger association of the α9 helices with the adjacent MPER in the 
same protomer is inversely related to the stabilizing effect of the α9 helices on the HR1N helices 
in the clockwise protomers.   
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Supplementary Fig. 7.  Comparison of the Tri FPPR MPER with other MPER structural 
models.  a. The primary sequence of the Tri FPPR gp41 region near the membrane is shown. 
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Amino acids are numbered according to convention13. Secondary structures of Env 
proteins/peptides are shown. For the 2F5 and 10E8 bNAb:peptide complexes, the stars 
designate contact residues with the antibody14,15. b. A side view of the membrane-proximal 
base of the Tri FPPR.2 Env is shown, with Protomer 1 (chain B) colored salmon, Protomer 3 
(chains E and F) cyan, and Protomer 2 green. Beginning with Asp 664, the MPERN helix of 
chain B Tri FPPR.2 Env was aligned with the NMR structure of an MPER peptide in DPC 
micelles (PDB ID: 2PV6)16. The residues of the 2PV6 MPER peptide (grey) that are buried in 
the DPC micelle are colored blue and define a hydrophobic surface that potentially interacts 
with the viral membrane. Side chains are shown for Trp 672, where the 2PV6 MPERN helix 
ends, and Thr 676, where the Tri FPPR.2 MPERN.B helix ends. After MPERN, the 
conformations and orientations of the hinge and C-terminal helices differ between 2PV6 and 
Tri FPPR.2. Note that in the Tri FPPR.2 Env, Asp/Asn 674, which regulates the stability of the 
pretriggered Env conformation17, projects from MPERN towards the gp120 C-terminus, where 
it participates in a stabilizing salt bridge. In the aligned 2PV6 MPER, the corresponding Asn 
674 projects in the opposite direction, away from any potentially stabilizing Env contacts. c. 
Tri FPPR.2 chain B (salmon) and Tri FPPR.1 chain D (green) MPER structures are compared 
to trimeric MPER structures without bound antibodies: a tripod NMR structure (PDB ID: 
6DLN)2, a solubilized SOSIP Env trimer reconstituted into nanodiscs (PDB ID: 7SC5)3, and a 
stalk-bubble NMR structure (PDB ID: 6E8W)1. The individual protomers are shown in a similar 
orientation to those of the Tri FPPR MPERs. The trimeric MPERs are shown in the boxes; the 
Tri FPPR.2 chain B and Tri FPPR.1 chain D MPERs were aligned to the MPERs of 6DLN and 
6E8W, and to the entire Env protomer of 7SC5. In no case was a satisfactory alignment 
possible. d. The structure of the Tri FPPR.2 chain B MPER (transparent, salmon-colored 
ribbon) was compared with crystal structures of MPER peptides (red) in complexes with bNAbs 
10E8 (PDB ID: 4G6F)15, 2F5 (PDB ID: 1TJH)14 and DH1317.8 (PDB ID: 8G8A)18 (bNAbs 
are shown as transparent blue surfaces). Selected residues are shown on both MPER 
structures. In the insets, the bNAb Fabs from the crystal structures are docked onto the 
composite Tri FPPR Env model, with the bNAbs oriented as seen in the bNAb-MPER peptide 
complexes. The bNAb Fab residues that clash with the composite Tri FPPR Env trimer 
(< 3.5-A Cα-Cα distances) are colored red, whereas bNAb Fab residues without clashes are 
colored blue. The surfaces of the composite Env trimers in the insets are colored as follows: 
red - Protomer 1; green - Protomer 2 and blue - Protomer 3. In all three examples, the bNAbs 
cannot bind the MPER of the composite Tri FPPR Env without significant clashes. This 
indicates that these bNAbs must recognize an MPER conformation that is different than that 
observed in the composite Tri FPPR Env trimer. 
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Supplementary Fig. 8.  Relationship between Tri FPPR Env tilt in the A18-lipid nanodisc 
and MPER structure. In the upper figures, the Tri FPPR.1 and Tri FPPR.2 models are fitted 
into the 8-Å lowpass-filtered maps. The dashed red line is normal to the plane of the nanodisc. 
The yellow line indicates the position of a plane that passes through the three Trp 596 residues 
at the C-terminus of the HR1C coiled coil; the Env trimer pseudosymmetry axis (dashed black 
line) is normal to this plane. The tilt angles of the Tri FPPR.1 and Tri FPPR.2 Envs with respect 
to the nanodisc axis are 30 and 20 degrees, respectively. The lower figures show a view of the 
Tri FPPR.1 and Tri FPPR.2 Env models from the perspective of the nanodisc axis. For clarity, 
only the MPER and α9 elements and the Trp 596 residues are shown. The last resolved 
residues in the α9-MPER-TM regions of the Tri FPPR models are labeled. The Trp 596 atoms 
closer to the nanodisc plane are depicted as spheres of larger size. Also shown are the 
approximate directions of the Env tilt with respect to the nanodisc axis (yellow arrows). The 
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locations of the smallest opening angles between the gp120 subunits of the Tri FPPR.1 and 
Tri FPPR.2 Env trimers are indicated. 
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Supplementary Fig. 9.  Relationship between the conformations of different elements of 
the asymmetric Env trimers. a. The tilt angles of the α9 helices in the different protomers of 
the asymmetric Env trimers are related to their connectivity to the MPER. The three protomers 
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of the indicated Env trimer models were aligned using the gp120 subunits. The C-terminal 
portions of the α9 helices of the three protomers are shown from the perspective of the viral 
membrane. The α9 helices are colored red (chain B, Protomer 1), green (chain D, Protomer 2) 
and blue (chain F, Protomer 3). The distances (in Å) from a centroid in the chain F helix to 
similarly positioned centroids in the chain B and chain D helices are shown in the lower images. 
The distances between the chain F and chain D α9 centroids were normalized to the chain F 
– chain B α9 distances in each model. The α9 helices further from the chain F helix exhibit 
stronger connections to more ordered MPER structures. b. Side views of high-contour maps 
of the Tri FPPR.1 and Tri FPPR.2 Envs are shown, with gp41 at the top and gp120 at the 
bottom of the image. Each of the three interprotomer interfaces is shown, with the HR1N region 
boxed. Chains A and B of Protomer 1 are colored red, Chains C and D of Protomer 2 are 
colored green, and Chains E and F of Protomer 3 are colored blue. The smaller opening angle 
(<120°) is between Protomer 3 and Protomer 1 of Tri FPPR.1 and Tri FPPR.2 (images on the 
right). Note that the HR1N region of Protomer 3 is a non-helical, poorly ordered loop that is not 
seen well at this contour level. 
   A comparison of the results in a and b indicates that in the Tri FPPR.1 Env, the α9 helices of 
chain B (Protomer 1) and chain D (Protomer 2) exhibit strong connections to the MPER, 
maintain tilt angles distinct from that of the α9 helix of Chain F, and are related to less helical 
HR1N regions on the clockwise adjacent protomers (Protomers 3 and 1, respectively) (viewed 
from the perspective of the membrane). In the Tri FPPR.2 Env, the α9 helices of chain D 
(Protomer 2) and chain F (Protomer 3) exhibit weak connections to the MPER, demonstrate 
similar tilt angles, and are related to strongly helical HR1N regions on the clockwise protomers 
(Protomers 1 and 2, respectively). Some aspects of these relationships are summarized in 
Supplementary Figure 6b.     
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Supplementary Fig. 10.  Glycan heterogeneity in the gp120 V1/V2 region. Focused 
classification8 of the gp120 portion of the Tri FPPR Env maps yielded gp120.1 and gp120.2 
maps that exhibit heterogeneity in the glycan-associated density in the gp120 V1/V2 region at 
the trimer apex. a. The Tri FPPR gp120.1 and gp120.2 maps are shown. The densities 
associated with glycans that differ between the gp120.1 and gp120.2 structures are labeled. 
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b. Difference maps highlight regions of density specific to gp120.1 (5σ differences in yellow in 
the left panel) and gp120.2 (4σ differences in blue in the right panel). Difference maps were 
generated with vop scale and vop subtract in Chimera19. As noted in the figures, some of the 
identified density results from the boundary with neighboring protomers or from disorder in the 
gp120.2 structure rather than from real differences between gp120.1 and gp120.2 Envs.  
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Supplementary Fig. 11.  Mixed Tri FPPR Env trimers consisting of gp120.1 and gp120.2 
protomers. The indicated permutations of mixed gp120.1 and gp120.2 protomers were 
identified in the Tri FPPR Env population. a. The data collection and processing statistics for 
the mixed gp120.1-gp120.2 Env trimers are reported.  b. The gold-standard Fourier Shell 
Correlations for these trimer subclasses are shown, with resolutions estimated at an FSC cutoff 
of 0.143. c. The mixed gp120.1-gp120.2 Env maps are shown along with the map of a pure 
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gp120.2 Env trimer (2,2,2). The maps are viewed from the perspective of the target cell, looking 
at the Env trimer apex. In this orientation, the smallest opening angle is at the bottom of the 
image. The gp120.1 protomers in the mixed gp120.1-gp120.2 Env maps are marked with a 
broken rectangle.  
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Supplementary Fig. 12.  Preparation of the Tri FPPR Env trimers. The purified Tri FPPR 
Env was analyzed on a reducing SDS-polyacrylamide gel (left) and on a Blue Native 
polyacrylamide gel (right). The results are representative of those obtained in at least two 
independent experiments. M – molecular weight markers.  
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