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Abstract (150 words) 24 

An effective vaccine for Human Immunodeficiency Virus type-1 (HIV-1) has yet to be 25 

developed, and detailed characterization of functional Env glycoprotein, the primary antigenic 26 

target on virions, has remained elusive. While engineered Env trimers recapitulate many aspects 27 

of functional Env, key differences in antigenicity and dynamic behavior have been reported. 28 

Here, cryo-electron tomography and subtomogram averaging of HIV-1 virus-like particles 29 

(VLPs) revealed conformational differences in critical membrane-proximal regions compared to 30 

soluble Envs. Hydrogen/Deuterium-Exchange Mass Spectrometry and Molecular Dynamics 31 

captured dynamic profiles of membrane-bound Env and identified critical interactions with 32 

membrane. We show that disruption of the viral membrane results in relaxation of Env to a form 33 

that resembles engineered, soluble trimers. Additionally, Env from mature and immature VLPs 34 

exhibit only minor conformational differences, while surface clustering on virions changes 35 

significantly. These studies provide new insights into the essential role the membrane plays in 36 

maintaining Env in its native conformational form. 37 
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Introduction 44 

An effective HIV-1 vaccine that can prevent infection by inducing broadly neutralizing antibodies 45 

(bnAbs) against diverse primary isolates remains an important public health goal. Despite the 46 

availability of powerful anti-retroviral combination therapies, over one million new infections take 47 

place each year 1. The HIV-1 envelope glycoprotein (Env) has remained a challenging target for 48 

vaccine design due to the instability of its native trimeric state and extreme variation among 49 

circulating viral isolates 2. Moreover, recombinant Env tends to misfold, misassemble, and 50 

aggregate, resulting in antigens that are poor facsimiles of the native Env trimer, unless extensively 51 

engineered and modified to lock in specific conformations.  52 

For decades, intensive efforts have focused on engineering the Env trimer to maintain the stable 53 

“prefusion” form as a prerequisite for eliciting HIV-1 bnAbs that could either block CD4 54 

receptor/coreceptor engagement, and/or prevent conformational changes that drive membrane 55 

fusion and genome delivery 3–8. Indeed, the vast majority of structural insight into the Env has 56 

been based upon studies of soluble trimeric ectodomains engineered with stabilizing mutations 57 

that lock in what has been assumed to be the Env prefusion conformation, or Env that has been 58 

extracted from membranes and solubilized with detergent, bicelles, or reconstituted into nanodiscs 59 

that do not necessarily retain the natural lipid composition or leaflet asymmetry found in biological 60 

membranes 5,9–12. Biophysical studies have shown, however, that such trimers, while closely 61 

mimicking native Env 5, exhibit notable differences in dynamic properties and epitope exposure 62 

13,14. Moreover, the membrane-interactive regions, transmembrane domain and large cytoplasmic 63 

tail are often truncated, even though these regions are known to modulate ectodomain 64 

conformation, antigenicity, and stability 15.  65 
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A comprehensive analysis of functional trimer on virions has remained elusive, though cryo-66 

electron tomography (cryo-ET) approaches have started to resolve Env in situ 16–18. An accurate 67 

picture of the native antigenic target that elucidates the display of antibody epitopes as they exist 68 

on the virion surface can inform the design of improved vaccine immunogens that are more likely 69 

to elicit effective antibody responses. Notably, recent vaccine studies comparing soluble and 70 

membrane-bound forms of Env have shown that membrane presentation produced a quantitatively 71 

and qualitatively improved immune response 19,20. Additionally, determination of the structure of 72 

the prefusion form of Env, including its membrane interactive components, is critical to understand 73 

how it engages with the viral membrane and functions as a viral fusion protein that mediates the 74 

viral genome’s delivery into cells. 75 

Studies have indicated that Env presentation on a biological membrane may stabilize a key 76 

antigenic form that changes when membrane interactions are disrupted by perturbing the 77 

membrane or by mutating membrane-interactive residues 15,21. This could be mediated in part by 78 

the membrane-proximal external region (MPER), a key motif in the gp41 subunit and highly 79 

conserved target for some of the most cross-reactive HIV-1 bnAbs identified to date 22. Indeed, 80 

numerous biochemical studies suggest the MPER and associated parts of Env can modulate its 81 

assembly, global behavior, and antigenicity 15,21–25. Membrane presentation also affects steric 82 

accessibility of membrane-proximal epitopes due to its ability to tilt 12,17,26,27. To date, however, it 83 

has been difficult to resolve membrane-interactive regions of Env.  84 

Here, we used cryo-electron tomography with subtomogram averaging combined with molecular 85 

dynamics (MD) and hydrogen-deuterium exchange mass spectrometry (HDX-MS) to analyze Env 86 

on VLP from multiple HIV-1 isolates including those derived from transmitted/founder variants. 87 

From this integrative study, we constructed a structural model for fully functional HIV-1 Env 88 
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trimers on the surface of mature HIV-1 virion. We resolved an unexpected organization for the 89 

gp41 fusion subunit that differs noticeably from the configuration that has been observed in nearly 90 

all Env trimer structures to date including those of full-length, non-engineered trimers solubilized 91 

with detergent or nanodiscs 9,11,12,26,27. Our analysis revealed the configuration of membrane 92 

interactions mediated by MPER segments as well as identifying a previously unrecognized 93 

interaction involving the conserved C-terminus of the gp120 subunit. Asymmetric behavior among 94 

protomers in the trimers and relation to the membrane interactions and trimer tilting were analyzed. 95 

Critically, we demonstrated that when membrane coupling was disrupted, Env ectodomain relaxes 96 

to the SOSIP-like trimer conformation. These studies demonstrate that presentation of Env on a 97 

native viral membrane determines the organization and conformational regulation of this important 98 

antigenic target. 99 

Results 100 

An alternative organization for membrane-interactive regions of gp41 in virus-bound Env 101 

To determine the structure of Env in situ, virus-like particles (VLPs) were first produced using a 102 

cell line stably expressing high levels of a partial cytoplasmic tail truncated Env (ADA.CM.755*) 103 

28, and transfection of an Env-deficient proviral plasmid backbone, as described previously 17. The 104 

VLPs produced from these cells incorporate high levels of Env that can be readily visualized by 105 

cryo-electron tomography (cryo-ET). We performed subtomogram averaging and resolved the 106 

structure of Env to 8.6 Å resolution with the application of C3 symmetry (Fig 1A, Fig S1). While 107 

much of the resulting density map was consistent with previously determined structures of closed, 108 

prefusion Env, displaying especially good agreement in the organization of the gp120 subunits 109 

(Fig 1A, Fig S2A-C), the gp41 subunit differed substantially relative to previously reported 110 

structures (Fig 1B, S2D) 9,11,12,26,27. Furthermore, the current structure offers notable improvement 111 
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for ADA.CM.755* Env compared to a previous study 17, with higher resolution, more complete 112 

density for all structural elements including for gp41 and membrane-interactive regions. 113 

In the gp41 configuration first reported for native-like trimer ectodomains and solubilized Env 114 

trimers, the α-9 helix in the HR2 segment of gp41 that connects the ectodomain to MPER and 115 

membrane forms a long, extended helix 29.  In our new reconstruction, density for an ordered helix 116 

was not clearly resolved (Fig 1B, S2D). Refinement with C1 symmetry resulted in differences in 117 

the density of this region between subunits, but the α-9 helix was still not clearly resolved in any 118 

of the subunits (Fig S1E-F). These data indicated that this segment of gp41 either exhibited 119 

significant conformational heterogeneity between particles or the polypeptide was in an extended 120 

or flexible conformation in VLP-associated Env.  121 

While the α-9 helix density was missing, a substantial leg of density was observed extending into 122 

the membrane beneath each protomer. By constructing a pseudoatomic model with flexible fitting 123 

to our reconstructed map, we determined that the segment was consistent with a helix-turn-helix 124 

motif, corresponding to significant portions of the MPER segment, which fit neatly into the leg of 125 

density that descends into the membrane from beneath the adjacent protomer positioned counter-126 

clockwise to the first protomer (viewed from above the membrane) (Fig 1C). This segment can 127 

then be connected to last portion of gp41 density by modeling a portion of the α-9 segment as a 128 

loop.  129 

In this model, the N-terminal half of MPER containing the bnAb 2F5 epitope lay approximately 130 

parallel to and in association with the outer membrane leaflet, with the bnAb 10E8 epitope forming 131 

a bend in the helix, while the C-terminal segment containing a “LWYIK” Cholesterol (CHOL) 132 

binding motif (AKA cholesterol recognition amino acid consensus or “CRAC motif”) descended 133 
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at an angle into the membrane (Fig 1D). Together, the three MPER subunits formed a set of struts 134 

beneath the Env ectodomain that is reminiscent of the “mace”-shaped trimeric MPER structure 135 

determined by NMR spectroscopy for a bicelle-solubilized, truncated MPER-TM-CT construct 136 

(Fig 1E) 30. In comparison to the NMR structure, in which the N-terminal L660 residues of MPER 137 

of the construct converge at the center of the trimer (separated by 12-17Å), in ADA.CM.755* Env 138 

this segment exhibited an outward rotation allowing for connectivity with the ectodomain (Fig 139 

1E), with the L660 residues located 23 Å apart. This structure also differs from a recently reported 140 

asymmetric reconstruction of a stabilized “Tri-FPPR” Env construct reconstituted in A18 lipid 141 

nanodiscs 12, in which the MPER of one subunit was positioned more distally, directly connecting 142 

to a canonical SOSIP-like ordered α-9 helix (Fig 1F).  143 

Notably, all of these MPER configurations contrasted with a structure determined by subtomogram 144 

averaging of Env from a neutralization-sensitive, lab-adapted HIV-1 strain, BaL 16. We built the 145 

MPER N-terminus into the BaL Env map, resulting in a model in which the α-9 helix takes on the 146 

SOSIP-like configuration, consistent with previous modeling 16, followed by a sharp turn at its 147 

terminus that positions the MPER N-terminal segment in a three-helix bundle directly 148 

perpendicular to the membrane (Fig 1F). In contrast to the other MPER models in which this 149 

structural element lies in close association with the membrane, the BaL MPER appears to sit 150 

largely atop the membrane, indicating a substantially different configuration and exposure relative 151 

to what we observe in ADA.CM.755* Env 16. 152 

HIV-1 variant-specific differences in gp41 configuration 153 

Due to the differences between gp41 conformation in our ADA.CM.755* model and the SOSIP-154 

like conformation in other published structures (Fig 1B, 2A, S2D), we sought to determine whether 155 

the lack of ordering of the α-9 helix was a peculiarity of ADA.CM Env or a result of the partial 156 
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truncation of the cytoplasmic tail. To test this, we expressed several different fully functional Envs 157 

from a range of isolates on VLPs and generated subtomogram-averaged structures for comparison 158 

with known trimer structures and the ADA.CM.755* Env reconstruction (Fig 2B-K, Fig S3). 159 

First, we examined full-length ADA.CM Env including the complete cytoplasmic tail. This 160 

comparison is of interest since the tail has been reported in certain circumstances to influence 161 

Env’s antigenic profile 31. Similar to the ADA.CM.755* Env (Fig 1B), the α-9 helix from the 162 

SOSIP configuration falls outside of the density (Fig 2B). We also investigated another full-length 163 

Env, CH505.N197D, which is incorporated on VLPs at higher levels than full-length ADA.CM, 164 

allowing the ectodomain structure to be solved to higher resolution (9.2 Å) (Fig 2C, S3). The 165 

CH505.197D Env density map was consistent with the same HR2 segment being flexible or 166 

conformationally variable and exhibited even less density for gp41 than the other constructs, 167 

indicating a high degree of conformational heterogeneity within the membrane-proximal portions 168 

of gp41 for this Env. Next, we determined the structure of BG505.755* Env to 17Å resolution. 169 

This Env bears the same ectodomain sequence as the BG505 SOSIP that was the first and most 170 

thoroughly characterized native-like Env trimer 5,29,32,33. However, in this case, the SOS disulfide 171 

bond and I559P substitution that are defining SOSIP modifications were not included, while the 172 

MPER, TMD, and CT up to residue 755 were included. Similar to ADA.CM.755* Env, 173 

BG505.755* exhibited a similar organization with a lack of clear density where the α-9 helix would 174 

normally be positioned as in the SOSIP configuration (Fig 2D). 175 

We questioned whether the absence of density in these regions resulted from subtomogram 176 

averaging and resolution limitations, reconstruction procedure, or may be due to imaging 177 

conditions. To address this, we expressed soluble BG505.SOSIP.664 and performed subtomogram 178 

averaging on the native-like trimer ectodomain using the same approach used for the VLP-179 
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displayed Env. In this case, the density map showed much more substantial density that encloses 180 

the volume where the α-9 helix is positioned (Fig 2E). We therefore conclude that for the set of 181 

diverse, fully functional Envs on VLP that we examined the α-9 helix is differently configured 182 

than in SOSIP and solubilized trimers, and the resolution achieved by our subtomogram averaging 183 

approach is sufficient to resolve differences in this region. 184 

The native gp41 configuration is dependent on interaction with viral membrane 185 

Since the α-9 helix is also resolved in single-particle reconstructions of Env in membrane-like 186 

environments such as micelles, nanodiscs, and styrene-maleic acid lipid nanoparticles 9,11,12 (Fig 187 

2F-H), we next investigated whether perturbation of the viral membrane would return Env to a 188 

SOSIP-like conformation. Treatment of immature (darunavir-treated) ADA.CM.755* VLPs with 189 

Triton X-100 resulted in membrane-disrupted immature cores that retained a population of 190 

Env34,35. Subtomogram averaging of this detergent-treated Env was consistent with the SOSIP 191 

structure (Fig 2I). Additionally, we performed subtomogram averaging on Env from 192 

ADA.CM.755* VLPs incubated with PGZL1.H4K3 (H4K3) Fab, which binds the MPER segment. 193 

Consistent with previous structures of MPER antibodies bound to Env 9,27, the ectodomain was 194 

tilted and partially extracted from the membrane, and its density accommodated an ordered α-9 195 

helix, consistent with a SOSIP-like configuration (Fig 2J).  196 

Notably, in the previously reported subtomogram average structure of native BaL Env on virus, 197 

the ectodomain was observed to exhibit a SOSIP-like conformation (Fig 2K) 16. Interestingly, the 198 

trimer apex of BaL Env appears to sit higher above the membrane than unliganded ADA.CM, 199 

ADA.CM.755*, CH505.N197D, and BG505.755* by approximately 8.5 Å (Fig 2L), apparently 200 

due to its exposed MPER conformation lifting the base of the ectodomain well-above the 201 

membrane. Measurements were made by manual alignment of the outer membrane leaflet in maps, 202 
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and rigid fitting of the ectodomain structure (PDB 4ZMJ) 10 into each map followed by 203 

measurement of the distance between the same residue at the trimer apex between fits. 204 

Furthermore, we observed the MPER-Fab bound ADA.CM.755* Env not only exhibits a SOSIP-205 

like ectodomain configuration with a predominant tilt as described above, but, like BaL Env, in 206 

this case, the ectodomain was observed to be lifted above the membrane to a similar degree as BaL 207 

Env (Fig 2L). Taken together, these results imply that the mode of interaction of MPER with the 208 

viral membrane is allosterically coupled with α-9 helix conformation, which takes on a stable 209 

SOSIP-like state upon partial or complete extraction from the viral membrane. 210 

Molecular Dynamics simulations reveal a flexible Env trimer base mediated by MPER and 211 

conserved gp120 C-terminus 212 

To obtain a more detailed analysis of which residues and structural motifs are involved in coupling 213 

the Env ectodomain to the membrane, we performed atomistic (AA) MD simulations on fully 214 

glycosylated ADA.CM.755* and full-length CH505 Env embedded in a HIV-1 membrane mimic, 215 

with lipid composition based upon experimental HIV lipidomic analysis 36,37. We performed both 216 

density-guided MD simulations in which the Env models were dynamically fitted to our 217 

experimental cryo-ET densities as well as unbiased, conventional MD simulations. Coarse-grained 218 

(CG) MD simulations were also carried out from AA MD simulations to capture the complex lipid 219 

dynamics surrounding the Env. As part of a companion study, we also performed simulations with 220 

and without the immature MA lattice 35. Accounting for different HIV strains, systems, conditions, 221 

and replicates, a total of 48 AA simulations (with system sizes in the range of 1-1.5 million atoms) 222 

of at least one µs each and 8 CG simulations of at least 10 µs each were carried out. 223 

In atomistic MD simulations, the HR2 α-9 segment of gp41 exhibited considerable flexibility, 224 

unlike in SOSIP structures, which supports our subtomogram averaging reconstructions in which 225 
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a α-9 helix was not clearly resolved. While a long middle segment (640-647) of the α-9 maintained 226 

helicity, the beginning (629-634) and ending (648-655) segments of the α-9 exchanged between 227 

helices and loops (Fig 3A, S4A, C, E). Also, a short middle segment (635-638) was predominantly 228 

unstructured. Similarly, we observed that MPER sub-segments were flexible and exhibited 229 

conformational variability, predominantly helices and loops in the simulations, consistent with 230 

previously published NMR structure 30 (Fig 3B, S4B, D, F) and a recent MD simulation that 231 

explored the orientation of MPER in a truncated Env model 38. Secondary structures of the HR2 232 

and MPER segments were asymmetric between the three protomers in the HIV-1 Env during the 233 

timescales of MD simulations (Fig S4). 234 

In addition to the membrane-interactive features attributed to the MPER in the ADA.CM.755* 235 

Env subtomogram averaged structure, additional shafts of density were observed spanning 236 

between the ectodomain and the viral membrane (Fig 3C). These are in close proximity to where 237 

the last-resolved residues in the C-terminal region of gp120 are positioned when available trimeric 238 

structures are docked into our density map. Similar connections between the ectodomain and the 239 

membrane, in close proximity to the gp120 termini were resolved in the subtomogram average of 240 

CH505.N197D Env, determined to 9.2 Å resolution (Fig 3D). We therefore hypothesized that the 241 

gp-120 C-terminus interacts directly with the membrane.  242 

While the initial MD simulations did not include the gp120 C-termini, we examined the effect of 243 

extending the gp120 termini in our models past the residues that are usually resolved by cryo-EM 244 

and crystal structures and performed atomistic MD simulations of the membrane-embedded Env 245 

(Fig 3E, S5). We observed that the end of the extended C-terminus (RRVVQREKR) readily 246 

associated with the membrane, while the extended N-terminus (GARAENLWVTV) did not (Fig 247 

3F, S5A). On average, residues G28-N33 of the extended gp120 N-termini were positioned away 248 
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from the lipid head groups of the membrane upper leaflet, whereas residues R504-R511 of the 249 

extended gp120 C-termini were found proximal to the membrane. Association of the gp120 C-250 

terminus to the membrane occurred in an asymmetric manner between subunits. Specifically, the 251 

basic residues K510 and R511 of protomer 3 were embedded in the upper leaflet of the membrane, 252 

possibly interacting with phosphate groups via electrostatic interactions (Fig. 3F, S5B). The 253 

interactions of the extended C-terminus with the membrane were more persistent than those of 254 

glycans. Consistent with a recent study 39, we observed the membrane proximity of two gp120 N-255 

glycosylation sites (NGSs), N88 and N241, and four gp41 NGSs, N611, N616, N625, and N637 256 

(Fig S5C-E). Within the limitations of the AA simulation timescales considered here, the observed 257 

glycan interactions with membranes, however, were found to be transient. 258 

Next, to more comprehensively investigate lipid rearrangement around membrane-embedded Env, 259 

we carried out CG simulations of ADA.CM.755* and CH505 Envs, which allow for enhanced 260 

exploration of lipid mixing compared to AA MD simulations 40–43. The outer leaflet lipid 261 

distributions predominantly enriched in cholesterol (CHOL) and ordered lipids, palmitoyl 262 

sphingomyelin (PSM), and dipalmitoylphosphatidylcholine (DPPC), resembling a raft-like, 263 

ordered membrane composition showed lateral heterogeneity surrounding Env (Fig 3G, S6). In 264 

both ADA.CM.755* (Fig 3H) and CH505 (Fig S7), we observed that CHOL preferably interacted 265 

with L679, W680, Y681, I682, K683, i.e. the LWYIK motif 44, and a few additional residues 266 

preceding the motif. Indicative of a local ordered membrane environment, PSM interactions with 267 

MPER followed a similar profile as CHOL (Fig S6A-B, E-F). Interestingly, an enrichment of 268 

POPC (Fig 3I), a fluid-disordered lipid, over DPPC (Fig 3J) was seen around the region where the 269 

gp120 C-terminus made contact with the membrane, possibly enabling a more facile peripheral 270 

interaction with the basic residues.  271 
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Maturation of the PR55Gag lattice has a limited effect on Env structure and dynamics 272 

Shortly after budding and release from the cell, HIV-1 particles undergo a proteolytic maturation 273 

step in which the internal PR55Gag polyprotein is subjected to a series of cleavage events causing 274 

the lattice organization of the capsid and matrix proteins to rearrange 45–47. Previous reports have 275 

indicated that information about maturation state within the viral particle is transmitted through 276 

the viral membrane, likely via interaction of the Env cytoplasmic tail with matrix, resulting in 277 

differences in antigenicity of the gp41 subunit 31 as well as fusion activity of Env on immature 278 

HIV-1 particles 48–50. However, detailed structural analysis of Env on immature virus particles has 279 

not been reported to date.  280 

We performed cryo-ET with subtomogram averaging on immature (darunavir-treated) VLPs 281 

bearing ADA.CM.755* Env and resolved the structure of the Env ectodomain to 9.7 Å resolution 282 

(Fig 4A, Fig S8). Similar to the mature structure (Fig 4B), immature Env exists in a closed, 283 

“hunkered-down” prefusion conformation with the SOSIP-like α-9 helix again absent in this case. 284 

While no major differences were observed between Gag maturation states, the maps exhibited 285 

slight differences in the connection of the ectodomain to the membrane. At low density threshold, 286 

the density attributed to the gp120 C-terminus connects to the membrane in both maps, but this 287 

feature and surrounding density is more robust in the immature map (Fig 4C-D). Additionally, 288 

density we attribute to MPER was not resolved as clearly in the immature map (Fig 4A,B).  289 

In order to test whether these subtle differences are real or a reflection of resolution limitations of 290 

the EM maps, HDX-MS was performed on both mature and immature ADA.CM.755* VLPs to 291 

assess local structural ordering and obtain a dynamic profile of the Envs in situ. This structural 292 

analytical method probes local protein backbone dynamic behavior and provides a sensitive 293 

fingerprint of a protein or assembly’s ordering and local flexibility. Consistent with our cryo-ET 294 
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analysis, only minor differences were detected between the Env on the different particle types by 295 

HDX-MS (Fig 4E, S9). The only significant sites of different structural ordering localized to the 296 

gp120 C-terminus (Fig 4F). By HDX-MS, the gp120 C-terminus exhibited strong protection from 297 

solvent exchange in both cases, indicating involvement in 2˚ structure and/or sequestration from 298 

solvent. However, moderately greater protection from solvent exchange was detected for Env on 299 

immature particles. Furthermore, stronger cryo-ET density was resolved in this region in the 300 

immature VLP as well, consistent with greater ordering of the gp120 C-terminal membrane-301 

interactive region. In contrast, we did not observe significant differences by HDX-MS for the 302 

MPER segment between maturation states (Fig 4G) which in both maturation states shows 303 

protection from exchange. This observation is consistent with the segment on average existing in 304 

an ordered helical configuration starting around residue 664, as would be in agreement with both 305 

the cryo-ET-based flexible fitting model (Fig 1D) and MD simulations (Fig 3B).  306 

We also compared subtomogram averages of the Env ectodomain from immature (Fig 4H-I) and 307 

mature (Fig 4J-K) CH505.N197D VLPs, which include the complete cytoplasmic tail, to determine 308 

whether the lack of differences between maturation states was due to the CT truncation in 309 

ADA.CM.755* Env. At the resolution achieved (9.2 Å for mature, 8.9 Å for immature), no major 310 

differences were discernible in the maps. Similar to ADA.CM.755*, the gp120 termini were 311 

positioned near the outer membrane leaflet, which were connected in the density map.  312 

Env preferentially adopts a range of tilted conformations 313 

In MD simulations, the Env ectodomain preferentially adopted conformations that were tilted with 314 

respect to the vertical z-axis of the viral membrane 39 (Figs 5A, S10A). First, we evaluated the 315 

differences in tilt-angle between immature (with MA lattice) and mature (without MA lattice) 316 
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ADA.CM.755*. Though the tilt-angle distributions were similar between these two cases (Fig 5B, 317 

S10B), the distribution of mature ADA.CM.755* Env was slightly broader. However, the tilt-angle 318 

distribution of immature ADA.CM.755* Env, with and without the extended gp120 termini 319 

showed a noticeable difference (Fig 5B-C). We observed that the inclusion of the extended gp120 320 

termini, resulted in a narrow distribution between 0° and 20°, with the most exhibiting tilts of 5°-321 

10°, indicating that the association of the gp120 C-terminus with the membrane may have an 322 

influence on the Env ectodomain’s orientation.  323 

A wider range of ectodomain tilt-angles (0° to ~55°) was observed for immature CH505 Env (Fig 324 

S10C). This result was consistent with the root-mean-square fluctuations (RMSF) calculations that 325 

indicated that CH505 Env exhibits greater flexibility relative to ADA.CM.755* (Fig S11). Unlike 326 

ADA.CM.755* Env, the tilt-angle distribution of mature CH505 was more restricted (0° to 40°) 327 

(Fig S10C-D) compared to the immature Env. We couldn’t detect a statistically significant 328 

correlation between glycan interactions with the membrane and Env tilting over the simulation 329 

timescales 39. Also, simulations of deglycosylated CH505 Env did not alter the range of sampled 330 

tilt-angles (Fig S10D-E). Extensive analysis of simulations (Fig 5A-C, S10) points towards the 331 

flexibility and conformational variability of Env regions at the solvent-membrane interface, such 332 

as α-9 helix and MPER, as possible drivers of Env ectodomain tilting. 333 

We likewise compared the orientations of Env on individual VLPs in our subtomogram averages 334 

to the viral membrane and observed a similar distribution of tilt-angles from 0 to 25 degrees with 335 

a peak between 4 to 5 degrees (Fig 5D) with a similar distribution of tilting on immature particles 336 

(Fig 5D) and both maturation states of CH505.N197D (Fig 5E).  337 
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We classified Env on immature ADA.CM.755* VLPs (Fig S8) 51, identifying a class of Envs 338 

displaying higher tilt (Fig 5F) and obtained a tilted Env reconstruction at 13.6 Å resolution (Fig 339 

5G, Fig S8). Notably, the tilted Env map contained differences in electron density between the 340 

three subunits near the connection to the membrane (Fig 5H). The subunit containing the α-9 helix 341 

directly opposite the direction of tilting towards the membrane (subunit 1) was most strongly 342 

resolved, while the α-9 helices of the other two subunits were not resolved. This is in accordance 343 

with our observation that membrane-extraction leads to stabilization of the α-9 helix in the SOSIP 344 

conformation, since the subunit with strong SOSIP-like α-9 helix density is pulled away from the 345 

membrane due to tilting. In contrast, tilting brings the other two subunits closer to the membrane, 346 

and they lack ordered α-9 helices. In agreement with these observations, in MD simulations, both 347 

the α-9 helix and MPER behaved asymmetrically among the three protomers. We thus conclude 348 

that tilting of Env is facilitated by structural plasticity of the gp41 α-9 and MPER regions. 349 

Discussion 350 

A long-standing goal of HIV research has been to determine the structure of native Env on viral 351 

particles. Understanding the nature of the antigen in its native context can provide valuable insight 352 

to guide design of immunogens and to better understand mechanisms of neutralization by 353 

antibodies or inhibitors. Advances in engineering trimers for stability has led to hundreds of 354 

structures for the stabilized soluble ectodomains such as the widely studied SOSIP trimer design 5 355 

and its derivatives. A number of structures have also been reported for recombinantly expressed 356 

Env extracted using detergents and nanodiscs 9,11,12, as well as an in situ structure of the lab-adapted 357 

strain BaL Env on mature virions 16. Remarkably, the reported structures exhibit excellent 358 

structural similarity between soluble and membrane bound forms with few exceptions. In contrast, 359 

here we observed differences in organization of the gp41 subunit of ADA.CM.755*, BG505.755* 360 
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and full-length CH505.N197D Env on VLPs compared to previous structures. Collectively, we 361 

resolved density for the MPER region of ADA.CM.755* Env and observed apparent disordering 362 

of the α-9 segment across strains as well as apparent density connecting the gp120 C-terminus 363 

with the membrane. Our MD simulations supported these differences and revealed that the gp120 364 

C-terminus, but not N-terminus, associates with the outer membrane leaflet. 365 

Differences in Env conformational states have been indicated from single-molecule Förster 366 

resonance energy transfer (sm-FRET) experiments 52–55. sm-FRET revealed that native Env trimers 367 

on virus and SOSIP trimers sample at least three conformational states, distinguished by 368 

differences in FRET signals between two fluorescent reporters introduced onto specific sites on 369 

the trimer. Notably, in comparing matched BG505 SOSIP trimers vs BG505 Env on virions, the 370 

relative sub-populations of different FRET states as well as propensity to transition among the 371 

states were shown to be markedly different 52,54. It was proposed that Env on virions preferentially 372 

populates a conformational “state 1” that differs in significant ways from the SOSIP-like structure, 373 

which predominantly populates sm-FRET “state 2”. Most HIV-1 bnAbs by-and-large interact with 374 

both of these Env states, but some shift the population to state 1, while others bias Env to state 2 375 

53,56,57. A structural explanation for the observed differences has been missing, however, as all 376 

structures to date have yielded Env conformations that closely resemble the familiar SOSIP-type 377 

organization. 378 

To explain why engineered trimers may differ in conformation and structural dynamic behavior 379 

from native, virus-displayed trimers, we note that the SOSIP trimers include a disulfide bond 380 

between gp120 and gp41 subunits, with one of the introduced cysteines, A501C, being located in 381 

gp120 C-terminal segment itself, which also is adjacent to HR2, one of the major sites showing 382 

differences between our models of Env on VLPs and previously determined structures. Likewise, 383 
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the “IP” I559P substitution is situated in a loop region of helical region 1 (HR1) that likely re-384 

directs its interactions with other parts of the trimer. Indeed, we see density for this loop reaching 385 

to contact the adjacent gp120 subunit in our reconstruction and models, which typically is not 386 

resolved in SOSIP structures.  387 

Additionally, prior studies have drawn a link between Env antigenicity and properties of the viral 388 

membrane 21,58 which exhibits asymmetric outer and inner leaflet distribution and detergent-389 

resistant, lipid raft-like compositions, including a significant enrichment in cholesterol 37,59,60. We 390 

conclude that differences between our structure and others result from a loss of native membrane 391 

coupling and specific Env-membrane interactions when Env is extracted from its native biological 392 

membrane environment. The interaction of MPER with lipid raft-like membrane enriched in 393 

CHOL appears to be a critical feature responsible for maintaining this coupling as suggested in 394 

previous reports and as our new intact Env in biologically realistic membrane simulations confirm 395 

44,61–63. MPER mutations have also been shown to increase exposure of non-neutralizing epitopes 396 

which is partially reversed by “state 1” stabilizing mutations 15. In addition, when we perturb the 397 

MPER-membrane interaction via MPER antibody-binding or detergent extraction, the α-9 helix 398 

becomes ordered and takes on a helical SOSIP-like conformation (Fig 2I-J). Similarly, in the 399 

structure of highly tilted Env, we observed a similar ordering of the α-9 helix in the subunit that is 400 

pulled away from the membrane via tilting (Fig 5G). In accordance with this, the α-9 segment 401 

takes on a SOSIP-like conformation in the subtomogram average of the neutralization-sensitive 402 

BaL Env on virions, which displays an alternate MPER conformation in which the MPER N-403 

terminus sits atop the membrane 16. Lastly, it is important to note that viral membrane-dependent 404 

conformational effects on Env are not fully recapitulated by detergent-solubilized or nanodisc-405 
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embedded Env, which also are seen to give rise to SOSIP-like conformations without clear 406 

resolution of MPER except in MPER-targeting Fab-bound conformations 12,26,27.  407 

Several recent reports have suggested that Env preferentially adopts a tilted conformation 408 

11,12,17,27,39. We also observed a range of Env tilting in our tomograms, as well as tilting of Env in 409 

MD simulations (Fig 5). The majority of Env particles were tilted to a less severe degree in our 410 

tomography data than the most frequent tilt-angle in MD simulations and the value reported by 411 

other reconstructions of nanodisc Env. Potentially, this could be due to an underestimation of 412 

tilting by our methods due to exclusion of higher-tilt Env during filtering of false positive particles 413 

in initial stages of subtomogram averaging. The lack of consensus and a well-defined coordinate 414 

for measuring the tilt-angle also adds ambiguity to reported values. Additionally, differences in 415 

membrane composition could affect the preferred tilt-angle of nanodisc-embedded vs native Env. 416 

Based upon our analysis, tilting is largely enabled by flexibility of the HR2 and MPER regions, 417 

which show different degrees of ordering among protomers when a given Env is tilted, as well as 418 

due to the engagement of the gp120 C-terminus, and, to a lesser degree, transient glycan 419 

interactions with the phospholipid headgroups. The observation that the gp120 C-terminus plays a 420 

role in modulating Env ectodomain coupling to the membrane has not been reported to date. This 421 

sequence is highly conserved presumably due to the role that furin cleavage plays, but it is 422 

conceivable that the role in grappling the ectodomain to the membrane and maintaining the 423 

conformation we observe may also impose selective pressure on this conserved region of the Env 424 

sequence. We also note that the gp120 C-terminal density along with membrane-proximal glycans 425 

appear to partially screen the conserved MPER epitope beneath the trimer. 426 

In this study, we also report the first detailed analysis of Env on immature viral particles. 427 

Maturation of PR55Gag within HIV-1 particles has been reported to affect Env gp41 antigenicity, 428 
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with several epitopes including the C-terminal end of HR1, the fusion peptide proximal region 429 

(FPPR), and MPER being more exposed on immature HIV-1 particles 31. This suggested that Env 430 

may exist in an alternate conformation on immature viral particles. Additionally, immature HIV-431 

1 particles fuse with receptor-bearing cells less efficiently than mature particles 48–50, leading to 432 

the hypothesis that Env may be held in an inactive conformation via the interaction of its 433 

cytoplasmic tail with the matrix domain of PR55Gag. Despite differences in interaction with MA 434 

between maturation states (described in accompanying paper)35, we only observed very minor 435 

differences in the ectodomain near the gp120 termini and connections to the membrane in 436 

ADA.CM.755* Env. This was corroborated by HDX-MS, which only detected a difference in 437 

protection at the gp120 C-terminus. We did not detect differences in MPER or the other regions 438 

previously shown to have altered antigenicity in immature particles 31. While lack of differences 439 

in ADA.CM.755* Env between maturation states could be due to CT truncation, we also did not 440 

resolve differences between the mature and immature CH505.N197D Env ectodomain. These 441 

subtle differences near the membrane are potentially due to differences in the organization of 442 

nearby lipids, which can be affected by the presence of the MA lattice 35. One possible explanation 443 

for reported differences in antigenicity is that Env retained on damaged, immature Gag lattices co-444 

purified along with intact particles, which we frequently observe in immature virus samples, would 445 

lead to increased exposure of the MPER epitope and allow Env to relax to a distinct conformation 446 

compared to its membrane-bound form 34. Alternatively, stability of the specific Env being 447 

examined may be a factor; previous maturation studies examined a neutralization sensitive, lab-448 

adapted isolate NL4-3, which is expected to be less stable than primary isolates and ADA.CM. 449 

755* examined here 64. Lastly, as we discuss in the accompanying manuscript 35, Env distribution 450 
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on the virus surface is highly dependent on maturation state, which could consequently influence 451 

avidity of antibodies, leading to differences in antigenicity. 452 

Taken together, our study highlights differences in native, membrane-associated Env structure and 453 

dynamics compared to soluble or solubilized constructs. It also highlights the need to consider the 454 

effects of the viral membrane on Env conformation to enable successful presentation of the MPER 455 

epitope during vaccine design, as well as informing the development of more potent fusion 456 

inhibitors and use of MPER-targeting bnAbs as therapeutics. These studies indicate that the 457 

authentic membrane environment and native transmembrane and MPER sequences is critical for 458 

maintaining the native, prefusion conformation for the HIV-1 Env glycoprotein. 459 

Limitations of the Study 460 

For biosafety reasons, mature ADA.CM.755*, CH505.N197D, and BG505 VLPs were deactivated 461 

with AT-2. After collection of mature ADA.CM.755* datasets, the 300 kV Titan Krios used for 462 

imaging was upgraded from a Gatan K2 to a Gatan K3 direct electron detector which was used for 463 

the immature ADA.CM.755*. This limits interpretation of subtle differences in quality of the 464 

maps. However, this should not affect the main finding that ectodomain displays a similar 465 

prefusion conformation in both maturation states. Additionally, the VLPs imaged by cryo-ET were 466 

produced in 293T cells, which may lead to a different membrane composition compared to virus 467 

in natural infection, and as is frequently done in pseudotyping HIV-1 particles, a mismatch of Env 468 

and Gag strains were present in the VLPs. Furthermore, we employed extensive multi-scale MD 469 

simulations to explore the ectodomain conformations of the pre-fusion HIV-1 Env glycoproteins 470 

and their interactions (including the glycans) with the HIV-1 membranes. Given the large size and 471 

complexity of membrane-bound HIV-1 Env systems, simulation timescales of 1 µs may be 472 

insufficient to capture their entire dynamics. In addition to force-field dependencies, there may be 473 
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initial configuration biases. We established several protocols and measures to avoid those pitfalls. 474 

First, we performed multiple replicas of the simulations of the same system. Second, we conducted 475 

simulations of the same system with and without the experimental cryo-ET density constraints to 476 

assess any significant differences. Third, simulation-derived properties were reported with error 477 

bars. Finally, CG simulations with Martini 3 offer an excellent approach to sampling lipid mixing, 478 

with substantial simulation speedup due to its simplified representation, reduced degrees of 479 

freedom, and smoother energy landscape 65. We kept the protein component restrained during CG 480 

simulations due to limitations in accurately capturing the dynamics of large, flexible proteins with 481 

traditional Martini-based approaches. Ongoing efforts on that seek to integrate a virtual-site 482 

implementation of Go models with Martini 3 65 should allow us to overcome this limitation in the 483 

future.  484 
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STAR Methods 504 

Key resources table 505 

REAGENT or RESOURCE SOURCE IDENTIFIER 
Chemicals, peptides, and recombinant proteins 

Deuterium oxide 99.96% Cambridge Isotope 
Laboratories 

Cat #DLM-6-
10X0.75 

25 kDa Polyethylenimine (PEI) Polysciences Cat #23966 

Darunavir protease inhibitor https://aidsreagent.org/ ARP-11447 

Dulbecco’s Modified Eagle Medium (DMEM) ThermoFisher Cat #10313-021 

Fetal Bovine Serum (FBS) ThermoFisher Cat #10437-028 

L-Glutamine ThermoFisher Cat #25030-081 

Penicillin Streptomycin ThermoFisher Cat #15140-122 

OptiPrep Density Gradient Medium (iodixanol) Sigma Cat #D1556 

Aldrithiol-2 (AT-2) Sigma Cat #143049 

HybridSPE-Phospholipid Supelco 55261-U 

Nepenthesin-2 column, 2.1x20mm AffiPro AP-PC-004 

Deposited data 

Subtomogram averaged EM density map: Mature 
ADA.CM.755* HIV-1 Env with C3 symmetry 

  

Subtomogram averaged EM density map: HIV-1 
ADA.CM.755* Env (Immature VLPs) 

 EMD-74813 

Subtomogram averaged EM density map: HIV-
1 ADA.CM Env (Immature VLPs) 

 EMD-74789 

Subtomogram averaged EM density map: HIV-1 
BG505.755* Env 

 EMD-74792 

Subtomogram averaged EM density map: HIV-1 
ADA.CM.755* (Immature VLPs, Triton X-100 
extracted) 

 EMD-74797 
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Subtomogram averaged EM density map: HIV-1 
Env BG505.SOSIP 

 EMD-74786 

Subtomogram averaged EM density map: HIV-1 
ADA.CM.755* Env (Immature VLPs, tilted class) 

 EMD-74814 

Subtomogram averaged EM density map: HIV-1 
CH505.N197D Env Ectodomain (Mature VLPs) 

 EMD-74763 

Subtomogram averaged EM density map: HIV-1 
CH505.N197D Env Ectodomain (Immature VLPs) 

 EMD-74779 

PDB Deposition: Mature ADA.CM.755* HIV-1 Env by 
cryo-ET 

  

PDB files from MD Supporting Data 1  

Experimental models: Cell lines 

ADA.CM.v4 (aka ADA.CM.755*.v4) in HEK239T stable 
cell line 

28 N/A 

ADA.CM.v2 (aka ADA.CM.755*.v2) in HEK239T stable 
cell line 

28 N/A 

CH505.N197D in HEK293T stable cell line 66 N/A 

Recombinant DNA 

pSG3ΔEnv Env-deficient HIV-1 backbone plasmid https://aidsreagent.org/ Cat#ARP-11051 

pIMC.CH505 https://aidsreagent.org/ Cat#ARP-13550 

Software and algorithms 

SerialEM 67 https://bio3d.colorad
o.edu/SerialEM/ 

Motioncor2 68 https://emcore.ucsf.
edu/ucsf-software 

IMOD 4.11.15 69 https://bio3d.colorad
o.edu/imod/ 

EMAN2 (2.99.47) 70 https://blake.bcm.ed
u/emanwiki/EMAN2 

Topaz 71 https://emgweb.nys
bc.org/topaz.html 
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UCSF Chimera 72 https://www.cgl.ucsf
.edu/chimera/ 

UCSF ChimeraX 73 https://www.rbvi.ucs
f.edu/chimerax/ 

Jupyter 74 https://jupyter.org/ 

Byonic Protein Metrics  

HDExaminer Sierra Analytics  

SWISS-MODEL webserver 75 https://swissmodel.e
xpasy.org/ 

GROMACS 2024.5 76 https://manual.grom
gro.org/documentati
do/2024.5/index.hth
t 

AmberTools 2024 77 https://ambermd.org
/AmberTools.php 

MDAnalysis  78,79 https://www.mdanal
ysis.org/ 

PyMOL 3.1 https://www.pymol.o
rg/ 

https://www.pymol.o
rg/ 

CHARMM-GUI webserver 80–82 https://charmm-
gui.org/ 

 506 

Experimental Models and Subject Details 507 

Cell lines for producing VLPs  508 

Production of the “ADA.CM.v4” HEK293T cell line expressing high levels of HIV Env, was 509 

described previously 28. Cells were grown in D10 media (DMEM supplemented with 10% heat-510 

inactivated fetal bovine serum (FBS; ThermoFisher Scientific), 20 mM L-glutamine, 100 U/mL 511 

penicillin, 100 mg/mL streptomycin, and 2.5 mg/mL puromycin (all media additives from 512 

ThermoFisher Scientific) and incubated at 37˚C with 5% CO2). A stable cell line expressing Env 513 

CH505.N197D was generated by transduction of HEK293T cells using the lentiviral vector 514 
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pLenti-III-HA following the same method as the ADA.CM.v4 cell line and has been described 515 

previously 66. The sex of the HEK293T cell line donor was female. 516 

Method Details 517 

VLP expression and purification.  518 

Stable cell lines expressing high levels of ADA.CM.755* and CH505.N197D Envs have been 519 

previously described 28,66. Cells were plated in 15-cm tissue culture dishes in 30 ml media (DMEM 520 

containing 10% heat-inactivated fetal bovine serum, 20 mM glutamine, 100 U/ml penicillin, 100 521 

μg/ml streptomycin, and 2.5 μg/ml puromycin) at a cell density of 2.5 x 105/ml and allowed to 522 

attach overnight. Next, 30 μg of Env-deficient HIV-1 backbone plasmid pSG3ΔEnv (NIH AIDS 523 

Reagent Program) in 900 μl DMEM was mixed with 90 μg 25 kDa PEI transfection reagent 524 

(Polysciences) in 900 μl DMEM, incubated for 15 minutes at room temperature, and the PEI/DNA 525 

mixture was added to the cells. Immature VLPs were produced by adding the protease inhibitor 526 

darunavir (NIH AIDS Reagent Program) to transfected cells at the same time as the DNA and PEI 527 

to a final concentration of 2 µM. Supernatants were harvested 3 days after transfection and cleared 528 

by centrifugation at 3,000 × g for 15 min. VLPs were pelleted at 40,000 × g for 1 h and resuspended 529 

50-fold concentrated in PBS. VLPs were separated from cellular debris using iodixanol density 530 

gradient centrifugation. Concentrated VLPs were overlaid on a 9.6 to 20.4% iodixanol (Optiprep; 531 

Sigma) gradient, formed by layering iodixanol in 1.2% increments, and centrifuged at 200,000 × 532 

g for 1.5 h at 4°C in an SW41Ti rotor (Beckman). The top 4 ml of the gradient were discarded and 533 

then the next 5 ml were collected and pooled. Purified VLPs were brought up to 15 ml with PBS 534 

and concentrated to ~0.2 ml using a 100 kDa MWCO Amicon centrifugal filter (Millipore) spun 535 

at 2,000 × g. VLPs were inactivated by adding aldrithiol-2 (AT-2) to a final concentration of 2.5 536 

mM and samples were incubated at RT for 2 h. The volume was again increased to 15 ml with 537 
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PBS and VLPs were concentrated using a 100 kDa MWCO centrifugal filter to 250-fold the 538 

concentration in the original transfection supernatant.  539 

Atomistic and coarse-grained simulations of envelope glycoproteins in the HIV-1 membranes 540 

The results in this study were obtained from the atomistic (AA) simulations of the glycosylated 541 

ADA.CM.755* Env in complex with immature HIV-1 matrix (MA) protein, glycosylated 542 

ADA.CM.755* Env with extended gp120 termini in complex with immature HIV-1 MA protein, 543 

mature (without MA) glycosylated ADA.CM.755* Env, glycosylated CH505 Env in complex with 544 

immature HIV-1 MA protein, mature (without MA) glycosylated CH505 Env, and mature (without 545 

MA) deglycosylated CH505 Env as well as the coarse-grained (CG) simulations of the mature 546 

(without MA) CH505 Env and ADA.CM.755* Env with extended gp120 terminals in complex 547 

with immature HIV-1 MA protein embedded in the HIV-1 membrane lipid bilayers performed for 548 

a parallel study 35. The simulation protocols were summarized below.  549 

 The SWISS-MODELLER homology modeling webserver 75 was employed to model the 550 

full structures of the ADA.CM.755* Env and CH505 Env starting from their amino acid sequences. 551 

The ADA.CM.755* Env with extended gp120 termini were prepared by adding the GARAEN 552 

amino acid sequence before the LWVTV amino acid sequence of gp120 N-termini and adding the 553 

RRVVQREKR amino acid sequence after the VATKAK sequence of the gp120 C-terminus. The 554 

glycosylation profiles of the gp120 and gp41 ectodomains of the ADA.CM.755* Env were 555 

modeled based on the experimental glycosylation profile of the BG505 SOSIP.664 Env trimer 83.  556 

The glycosylation profiles of the CH505 Env were modeled based on the unpublished experimental 557 

glycosylation profile of the CH505, along with the published profiles of BG505 SOSIP.664 Env 558 

trimer (cite 81). The structure of the immature HIV-1 matrix (MA) protein was taken from the 559 
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7OVQ PDB structure 47, with the central trimer and its three neighboring trimers used for 560 

simulations. The palmitoylation motif (CYSP) was attached to residues C764 and C843 in the gp41 561 

cytoplasmic tail (CT) of CH505 Env, and the myristoylation motif (GLYM) was attached to residue 562 

G2 in each of the MA monomers in the immature MA lattice. The residues were numbered in 563 

accordance with the HXB2 numbering scheme of gp160 564 

(https://www.hiv.lanl.gov/content/sequence/LOCATE/locate.html).  565 

The AA simulation systems of ADA.CM.755* and CH505 Envs in complex with immature 566 

HIV-1 MA protein were prepared using the CHARMM-GUI webserver 80–82. The Envs were 567 

embedded in an asymmetric membrane composition mimicking the membrane lipid composition 568 

of HIV-1 virion 36,37. The outer leaflet was composed of 48% cholesterol (CHOL), 38% palmitoyl 569 

sphingomyelin (PSM), 9% dipalmitoylphosphatidylcholine (DPPC), and 5% palmitoyl-oleoyl-570 

phosphatidylcholine (POPC). The inner leaflet was composed of 42% CHOL, 3% DPPC, 2% 571 

POPC, 4% palmitoyl-arachidonoyl phosphatidylethanolamine (PAPE), 4% palmitoyl-oleoyl 572 

phosphatidylethanolamine (POPE), 14% dioleoylphosphatidylethanolamine (DOPEE), 14% 573 

dipalmitoylphosphatidylethanolamine (DPPEE), and 17% palmitoyl-oleoyl-phosphatidylserine 574 

(POPS). The total number of lipid molecules in the upper leaflet was 864 molecules, while the 575 

total number of lipid molecules in the lower leaflet was 776 molecules in the HIV-1 membrane. 576 

Overall, the system sizes of the simulation systems ranged from ~850,000 atoms (for mature Envs), 577 

with the cubic box dimensions of  207.5 Å × 207.5 Å × 207.5 Å, to ~1 million atoms (for immature 578 

Envs with MA), with the box dimensions of 207.5 Å × 207.5 Å × 240.0 Å. The CHARMM36m 579 

force field parameter set 84 was used for the AA simulations. 580 

Pulling simulations were carried out to insert the myristoylation motifs (GLYM) of the 581 

immature MA proteins, which were initially placed 20 Å from the gp41 CT, into the inner leaflet 582 
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of the model HIV-1 membranes 35.  The complexes of Envs and immature MA proteins, with the 583 

myristoylation motifs inserted in the membrane, were solvated in 0.15 M NaCl using the 584 

GROMACS 2024.5 76 simulation package. The GROMACS 2024.5 76 simulation package was 585 

employed to carry out the subsequent simulations of Envs in complex with immature MA 35.  586 

Energetic minimization, equilibrations with the constant number, volume, and temperature (NVT) 587 

and then with the constant number, pressure, and temperature ensembles, and a short 25-ns 588 

conventional MD (cMD) simulation was performed on all simulation systems, using timesteps of 589 

1 fs for the NVT equilibration and 2 fs the NPT equilibration and cMD simulation. Four 100-ns 590 

density-guided combined with later unbiased production MD simulations and four sole unbiased 591 

production MD simulations were performed on the simulation systems of glycosylated 592 

ADA.CM.755* and CH505 Envs in complex with immature MA protein (in both cases of restraint 593 

and unrestraint MA), and four sole unbiased production MD simulations were performed on the 594 

other simulation systems, including mature (without MA) glycosylated ADA.CM.755* Env, 595 

glycosylated ADA.CM.755* Env with extended gp120 termini in complex with immature MA 596 

protein, mature (without MA) glycosylated CH505 Env, and mature (without MA) deglycosylated 597 

CH505 Env for up to 1µs per simulation replica, using a timestep of 2fs 35. The LINCS algorithm 598 

85 was used to restrain all bonds containing hydrogen atoms and applied the periodic boundary 599 

conditions to our simulation systems. Furthermore, the velocity rescaling algorithm (cite 98 from 600 

the maturation paper) was employed to keep our simulation temperature constant at 310 K with a 601 

friction coefficient of 1.0 ps-1, and the stochastic cell rescaling algorithm (cite 99 from the 602 

maturation paper) with semi-isotropic coupling to keep pressure constant at 1.0 bar. Lastly, the 603 

pressure coupling constant was set to 5 ps, and the compressibility was set to 4.5 × 10-5 bar-1. For 604 

the density-guided simulations, the cross-correlation setting was used for the similarity measures, 605 
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with atomic contribution to the experimental density set to be proportional to their masses. 606 

Furthermore, the density-guided force constant was set to 106. The Gaussian transform spreading 607 

width was set to 0.2 nm, and the Gaussian transform spreading range in multiples of width was set 608 

to four. Our densities were set to be normalized and the adaptive force scaling was used, with an 609 

adaptive force scaling time constant set to 50 ps, to get much gentler fit in our density-guided 610 

simulations 76. 611 

The CG simulations of mature (without MA) CH505 and ADA.CM.755* Envs with 612 

extended gp120 termini in complex with immature MA protein in model HIV-1 membranes, with 613 

four simulation replicas for each system, were set up to explore the lipid dynamics around the 614 

ectodomains of Env, starting from the final AA conformations 35. For the AA protein and membrane 615 

components of mature (without MA) CH505 and ADA.CM.755* with extended gp120 termini in 616 

complex with immature MA protein in model HIV-1 membranes, the models were converted to 617 

their coarse grained representations 88 using a combination of martinize2 89 for the protein 618 

components, with modifications to accommodate for the myristoylation and palmitoylation motifs 619 

in the mapping files 90, and backward 91 python script for the lipid components. No glycans were 620 

backmapped due to the absence of their force field parameters in MARTINI 3 40. The CG protein 621 

components were built with the side chain corrections 92 and elastic network 93. In particular, the 622 

elastic bond force constant was set to 1500 kJ.mol-1.nm-2 (-ef 1500), with the lower and upper 623 

bound of elastic bond cutoff set to 0 and 1.2 nm (-el 0 -eu 1.2). Meanwhile, the bond decay factor 624 

and power were set to 0 and 1.0 (-ea 0 -ep 1). The CG protein and membrane were solvated in 0.15 625 

M NaCl solution using insane, with the box dimensions kept identical to the AA simulations 94. 626 

The MARTINI 3 force field parameter sets 40 were employed for the CG simulations to explore 627 
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the lipid dynamics. The CG simulations were performed using the GROMACS 2024.5 76 628 

simulation software suite.  629 

The CG simulation systems were also subjected to energetic minimization, followed by 630 

equilibration with NVT and then NPT ensembles, and one short 100-ns cMD simulation for 631 

equilibration 35. Four independent unbiased production MD simulations were performed on each 632 

simulation system for up to 10µs for each simulation replica, using a timestep of 10 fs. During the 633 

equilibration stage, the timestep was gradually increased from 2 fs during the equilibration with 634 

NVT ensemble to 5 fs and then 10 fs during the equilibration with NPT ensemble and cMD 635 

simulation. During the CG simulations, the protein components were completely restraint using a 636 

force constant of 250 kJ.mol-1.nm-2. The electrostatic interactions were calculated using the 637 

reaction field method 95 and Verlet cutoff scheme 96 with a cutoff distance of 1.1 nm for long-range 638 

interactions. Meanwhile, the temperature was kept constant at 310 K using the velocity rescaling 639 

thermostat 86 with a friction coefficient of 1.0 ps-1. Lastly, the pressure was kept constant at 1.0 bar 640 

using the stochastic cell rescaling 87 with semi-isotropic coupling, with the pressure coupling 641 

constant set to 5 ps and compressibility set to 3×10-4 bar-1. 642 

At the end of the AA and CG simulations, the GROMACS 2024.5 76 simulation software 643 

suite was employed to process the simulation trajectories, and the AmberTools 77, MDAnalysis 644 

78,79 packages were used to analyze the simulation trajectories. In particular, MDAnalysis 78,79 was 645 

used in the calculations of secondary structures of HR2 and MPER, gp120 termini membrane 646 

insertion, glycan-membrane interactions, and ectodomain tilt-angles during the AA simulations as 647 

well as lipid distributions around the MPER and gp120 termini during the CG simulations. For the 648 

AA simulations, only the heavy atoms of the gp120 termini and glycans were used in calculating 649 

the distance between the gp120 residues as well as glycans and the phosphate lipid headgroups in 650 
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the outer membrane leaflet. Furthermore, the tilt-angles of the ectodomains were calculated by 651 

measuring the angles formed by the vector drawn through the center-of-mass (COM) of the gp41 652 

residues 570-592 (blue), the outer membrane center, and the z-axis. For the CG simulations, a 653 

contact definition of ≤ 10Å between any protein and lipid beads was used to calculate the lipid 654 

distributions around the MPER and gp120 termini. Meanwhile, AmberTools 77 was used in the 655 

calculations of Env RMSF during the AA simulations and hierarchical agglomerative clustering of 656 

the AA simulation frames to select representative AA conformations. In particular, hierarchical 657 

agglomerative clustering calculations were carried out to obtain the most populated conformations 658 

(whose fractions were ≥ 0.15) from the simulations of HIV-1 Env glycoproteins to serve as 659 

representative conformations. The clustering was carried out using the Cα-atom RMSD of HIV-1 660 

Env gp120, gp41 ectodomain (including the HR2), and MPER residues relative to the starting 661 

conformations prior to the simulations as the distance metrics to cluster the HIV-1 Env 662 

conformations sampled in the imaged trajectories.  663 

Cryo-electron Tomography Data Collection 664 

Tilt series of immature ADA.CM.755* VLPs, and ADA.CM VLPs were collected on a 300 kV 665 

Titan Krios G3 TEM (ThermoFisher) equipped with a K3 direct electron detector (Gatan) and GIF 666 

energy filter (Gatan) with slit width 20 eV at a magnification of 64,000x in super-resolution mode 667 

with an unbinned pixel size of 0.6932 e-/Å2. BG505 SOSIP, ADA.CM.755* VLPs treated with 668 

PGZL1.H4K3 FAb, and ADA.CM.755* VLPs treated with Triton X-100 were imaged on a 200 669 

kV Glacios TEM (ThermoFisher) equipped with a K3 direct electron detector (Gatan) at 22,000x 670 

magnification in super-resolution mode with a pizel size of 0.93 e-/Å2 or in counting mode with a 671 

pixel size of 1.86 e-/Å2. BG505.755* VLPs on the same Glacios TEM with a K2 direct electron 672 

detector (Gatan) at 28,000x magnification and a pixel size of 1.4975 e-/Å2 in counting mode. Tilt 673 
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series of mature ADA.CM.755* VLPs were collected as previously described 17 on a 300 kV Titan 674 

Krios G3 TEM (ThermoFisher) equipped with a K2 direct electron detector (Gatan) and GIF 675 

energy filter (Gatan) with slit width 20 eV. Unless otherwise specified tilt series were collected 676 

from either +/- 48 degrees or +/- 60 degrees with a step of 3 degrees with a dose symmetric tilt 677 

scheme using serialEM software 67 and a total dose of between 90-110 e-/Å2. Mature 678 

ADA.CM.755* VLPs were imaged with a total dose of 64-68 e-/Å2.  679 

Sample preparation for cryo-ET 680 

All samples were prepared for cryo-ET by plunge freezing on a Vitrobot Mark IV (FEI). Three μL 681 

of purified VLPs were added to glow-discharged 300 mesh QF 1.2/1.3 or QF 2/2 grids (EMS and 682 

Ted Pella), blotted for 3-4 seconds with a blot force of zero, and plunge frozen in liquid ethane. 683 

For some samples, double blotting was used to increase concentration on grids. For these samples, 684 

3 μL sample was applied, back-blotted away manually, 3 μL sample applied again, and then 685 

automatically blotted and plunge frozen in the vitrobot. The vitrobot was maintained at 4 C and 686 

100% humidity during plunge freezing. Samples were either mixed with 10 nm BSA gold tracer 687 

at a ratio of 4:1 or 9:1, or frozen without gold beads. For experiments with PGZL1.H4K3 Fab, 688 

VLPs were treated with 8 μM Fab for 30 minutes prior to plunge freezing. For imaging of 689 

detergent-stripped VLPs, Triton X-100 was mixed with VLPs to a final concentration of 0.1%. 690 

After 15 min incubation on ice, the sample was run over a HiPPR detergent removal spin column 691 

(Thermofisher) and plunge frozen. 692 

Preprocessing and Tomogram Reconstruction 693 

Cryo-ET data processing was performed as described in a parallel study 35. Prior to tomogram 694 

reconstruction, movies were motion corrected using MotionCor2 68 and combined into ordered tilt-695 

series stacks using the IMOD 69 newstack command. From this point onward, all subsequent 696 
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processing was performed in EMAN2 (version 2.99.47) unless otherwise specified 97. Tilt series 697 

stacks were imported into EMAN2, the tomograms were aligned and reconstructed, and CTF 698 

estimation was performed. Some tomograms were denoised using Topaz prior to particle picking 699 

71. For all samples, particles were picked manually either in EMAN2 boxer or in IMOD slicer and 700 

imported into EMAN2.  701 

Mature ADA.CM.755* Subtomogram Averaging 702 

Subtomogram averaging of ADA.CM.755* Env ectodomain is depicted in Fig S1. Preprocessing, 703 

tomogram reconstruction, and initial model generation was performed as described previously 17. 704 

The same particle set used in our previous study was reprocessed from this step onwards in 705 

EMAN2 97 version 2.99.47 for comparison with the darunavir-treated ADA.CM.755* data 706 

processed in the same software, which lead to minor improvements in reported resolution and large 707 

improvement in map quality. First, the initial model was lowpass filtered to 50 Å and an initial 708 

refinement was performed with C1 symmetry and automasking, with resolution limited to 25 Å. 709 

All refinements in this study were performed using the “new” version of the refinement algorithm 710 

in EMAN2. This refinement was then used as an input for classification using EMAN2’s Gaussian 711 

mixture model (GMM) 51 with 5 classes. These classes were reconstructed without alignment and 712 

projected into the context of the tomograms for manual inspection. One class was discarded due 713 

to a noisy, low quality reconstruction, and another was discarded due to a higher percentage of 714 

erroneous particle orientation with respect to the viral particles. The remaining 3 classes were 715 

combined (19,083 particles) and both C1 and C3 symmetry refinements was performed limiting 716 

max resolution to 25 Å. Particles were then re-extracted, discarding duplicate particles and low 717 

cross-correlation particles (18,619 particles). Final, C1 and C3 symmetry refinements were 718 

performed on these particles using a resolution limit of 10 Å for alignment using a threshold mask 719 
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containing just the ectodomain resulting in final map resolutions of 8.6 Å for both maps, reported 720 

using FSC=0.143 cutoff. Decreasing the resolution limit further did not lead to increase in 721 

resolution or map quality. Additionally, a C1-relaxed symmetry local refinement was performed 722 

starting from the parameters determined by the C3 refinement resulting in a final resolution of 9.4 723 

Å, using FSC=0.143 cutoff. 724 

Immature (darunavir) ADA.CM.755* Subtomogram Averaging 725 

Subtomogram averaging of ADA.CM.755* Env ectodomain from immature particles is depicted 726 

in Fig S8. After preprocessing, particles were extracted at 4X binning and an initial refinement 727 

was performed with C3 symmetry, with a resolution limit of 25 Å. Then, a local refinement was 728 

performed with C1 symmetry and the output of this was input into GMM classification 51 with 6 729 

classes. Three classes (tilted and untilted Env) were selected based on particle orientation and map 730 

quality and another refinement was performed with C3 symmetry and a 10 Å resolution limit. 731 

Particles were re-extracted at binning of 2 and a local final refinement was performed with tight 732 

masking of the ectodomain resulting in a final resolution of 9.7 Å reported using FSC=0.143 733 

cutoff.  734 

A single class from the GMM classification was selected for processing of the tilted Env. C1 735 

symmetry refinement was performed with a cylindrical mask encompassing the ectodomain and 736 

membranes. A tight mask over the ectodomain was created and final local refinement was 737 

performed of the tilted ectodomain resulting in a final resolution of 13.6 Å reported using 738 

FSC=0.143 cutoff.  739 

Miscellaneous Subtomogram Averaging 740 
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For BG505.755*, 4,826 particles were extracted at 4X binning and an initial refinement was 741 

performed with C3 symmetry, with a resolution limit of 25 Å using automasking. 4,496 particles 742 

were re-extracted at 2X binning and local refinement was performed with C3 symmetry, a 743 

resolution limit of 25 Å and using automasking. A final C3 refinement was performed using a tight 744 

mask over the ectodomain. A final resolution of 16.7 Å was reported using FSC=0.143 cutoff (Fig 745 

S3A).  746 

For BG505.SOSIP, 50,329 particles were selected using EMAN2 convnet-based autopicking and 747 

extracted at 4X binning. An initial refinement was performed with C3 symmetry, with a resolution 748 

limit of 20 Å using automasking. Next 37,681 particles were extracted at 2X binning, and local 749 

refinement was performed with C3 symmetry. 2X-binned particles were once again filtered to a 750 

final set of 28.262 particles, and a final local refinement was performed resulting in an 8.0 Å map 751 

reported using FSC=0.143 cutoff (Fig S3B).  752 

For full-length ADA.CM, 150 particles were extracted at 4X binning and global refinement was 753 

performed with C3 symmetry and a cylindrical mask resulting in a 25.1 Å map reported using 754 

FSC=0.143 cutoff (Fig S3C).  755 

For Triton X-100 treated ADA.CM.755* VLPs, 809 Env particles were extracted at 4X binning 756 

and global refinement was performed with C3 symmetry and a cylindrical mask resulting in a 23.6 757 

Å map reported using FSC=0.143 cutoff (Fig S3D).  758 

For ADA.CM.755* + PGZL1.H4K3 FAb, 14,266 particles were extracted at 4X binning. The 759 

“new” initial model generation program was used in EMAN2 to generate an initial reference, 760 

which was low pass filtered to 50 Å. Global refinement was performed with C1 symmetry and a 761 

cylindrical mask resulting in 18.0 ang res map using FSC=0.143 cutoff (Fig S3E). 762 
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Molecular modeling of ADA.CM.755* into moderate resolution cryo-ET density map 763 

Homology models of the ADA.CM Env Ectodomain and MPER/TM/CT regions were made 764 

separately using SWISS-MODEL75 using PDB:8FAE (ectodomain) 11 and PDB:7LOI 765 

(MPER/TM/CT ) 30 as templates. The ectodomain model was rigid-fit into the C3 symmetry cryo-766 

ET density map using UCSF ChimeraX 73 and fit to the density using interactive molecular 767 

dynamics flexible fitting with ISOLDE 98. Due to the low resolution of the cryo-ET density, heavy 768 

distance restraints were applied to the model prior to flexible fitting. The homology model of the 769 

MPER region was manually fit to the cryo-ET density, and refined in ISOLDE restricting to the 770 

secondary structure present in the initial model. Finally, the two models were combined into a 771 

single model of the ectodomain and MPER regions. 772 

BG505.SOSIP Expression and Purification 773 

The BG505 plasmid DNA construct (0.6 mg) and a furin expressing plasmid (0.2 mg) were co-774 

transfected into 800 mL confluent Expi293F cell culture (3 x 106 cells/mL) with ExpiFectamine 775 

293 reagent following the ExpiFectamine 293 user guide. On the fifth day post-transfection, 776 

culture supernatant was collected from 30-minute centrifugation at 2000xg, followed by vacuum-777 

filtration through 0.45 mm aPES filters. The filtered supernatant was supplemented with Tris-HCl 778 

(pH 7.4), EDTA and NaCl to match the composition of agarose bound Galanthus nivalis lectin 779 

(GNL) beads binding buffer (20 mM Tris-HCl, 1 mM EDTA, 120 mM NaCl, 0.02% NaN3, pH 780 

7.4). For a 900-1000 mL supernatant, 5 mL GNL beads (50% slurry, VectorLabs) was added and 781 

incubated overnight at 4 °C. The GNL beads were then washed with 10 column volumes (CV) of 782 

binding buffer twice, followed by 2 CV of GNL elution buffer (1 M methyl α-D-mannopyranoside, 783 

20 mM Tris-HCl, 1 mM EDTA, 120 mM NaCl, 0.02% NaN3, pH 7.4). Elution fractions were 784 

combined, buffer-exchanged into DEAE low-salt buffer (20 mM Tris-HCl, 100 mM NaCl, pH 7.4) 785 
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and concentrated to ~1.5 mg/mL with an Amicon Ultra-15-mL-centrifugal filter (100 K, 786 

Millipore). Concentrated sample was loaded onto pre-equilibrated 5-mL HiTrap DEAE column 787 

(Cytiva). Protein sample was collected from the flow-through of 20 mL low-salt buffer and the 788 

bound aggregates were later removed by high-salt buffer (20 mM Tris-HCl, 1 M NaCl, pH 7.4). 789 

Collected flow-through was buffer-exchanged to hydrophobic interaction column (HIC) binding 790 

buffer (2 M ammonium sulfate, 100 mM phosphate, pH 7.0) and loaded onto a pre-equilibrated 5-791 

mL HiTrap Phenyl HIC column (Cytica). Step elution was applied with each 20 min elution of 1.5 792 

M, 1 M, 0.5 M and 0 M ammonium sulfate containing buffer, respectively. Peak fractions from 793 

1.5 M and 1 M ammonium sulfate elution, indicating BG505 trimers were combined, buffer-794 

exchanged to HEPES buffer (10 mM HEPES, 200 mM NaCl, 0.02% NaN3, pH 7.5), and stored 795 

for experimental use. 796 

Env Tilting Analysis 797 

For each cryo-ET dataset analyzed, after initial refinement of Env particles with a cylindrical mask, 798 

local refinements were performed masking the ectodomain and membrane individually. For the 799 

membrane refinements, translation of the particles was restricted to maximum 20 Å. The tilt-angle 800 

of the central axis of Env vs the normal to the membrane was calculated for each particle by 801 

computing the difference in particle orientation between the corresponding particle in both 802 

refinements. 803 

Hydrogen/deuterium-exchange Mass Spectrometry (HDX-MS)  804 

HDX-MS experiments on the VLPs were performed as described previously with modifications 805 

17. Purified mature & immature ADA.CM.V4 particles containing approximately 0.5mg/mL Env 806 

were desalted into HEPES-Buffered Saline (HBS, 10mM HEPES-NaOH, 150mM NaCl, pH 7.4) 807 

and the internal exchange standard PPPF added 99. Fifteen µL of VLP solution was diluted with 808 
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85µL of deuterated HBS and incubated at room temperature for the indicated time. The deuteration 809 

buffer contained angiotensin II and bradykinin peptides (AnaSpec) to serve as fully deuterated 810 

standards for measuring back-exchange.  811 

Exchange was stopped by mixing with 100µL of chilled quench buffer (0.2M glycine-HCl, 4M 812 

guanidine-HCl, 0.2% DDM, 0.2M TCEP, pH 2.3) to bring the pH to 2.5. The mixture was 813 

incubated on ice for 30 sec before adding 20µL of ZrO2 beads (150mg/mL in 0.1M glycine-HCl), 814 

then incubated on ice for 1 min. The mixture was then transferred to a 0.45µm spin filter and 815 

centrifuged for 30 sec at 15,000 xg, 1°C. The final solution was transferred to a glass vial and 816 

frozen in a dry ice & ethanol bath, then stored at -80°C until analysis. 817 

Samples were thawed and injected using a customized autosampler 100. Proteins were digested 818 

using a Nepenthesin-2 column kept at 15°C and separated on a C18 column using a 15 min gradient 819 

of acetonitrile in 0.1% formic acid. The protease column was cleaned after each injection using 820 

solutions of (1) Fos-choline-12 (Anaspec) in 0.1% TFA; (2) 2M GuHCl in 0.1% TFA; (3) 20% 821 

acetic acid, 5% ACN and 5% IPA (https://doi.org/10.1007/s13361-017-1860-3; 822 

https://doi.org/10.1007/s13361-012-0485-9). The trap column was washed after each injection to 823 

minimize sample carryover 101. 824 

Peptides were analyzed using an Orbitrap Ascend mass spectrometer. Peptide identification from 825 

MS/MS data was performed using Byonic. Deuterium uptake analysis was performed with HD-826 

Examiner. Data was visualized using HD-Examiner, Python, and ChimeraX. 827 

Quantification and Statistical Analysis 828 

Representative images were chosen from cryo-ET analysis for figures. 829 

  830 
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Figures 1068 

 1069 

Figure 1. HIV-1 Env structure in the viral membrane. (A) Cryo-ET density map (transparent 1070 

grey) of HIV-1 ADA.CM.755* Env determined by subtomogram averaging of Env on the viral 1071 

membrane with gp120 (cyan) and gp41 (blue) models fitted to the density. View in panel B shown 1072 

in box. (B) Close up on the structure of a soluble Env SOSIP construct (PDB: 4ZMJ) fit into the 1073 

cryo-ET density with the gp41 HR2 α-9 helix colored. The SOSIP conformation of the α-9 helix 1074 

does not fit the electron density of ADA.CM.755* Env on the virus surface. (C) Membrane-1075 

proximal density attributed to the MPER sequence, with a model of the MPER fitted in. The model 1076 

was refined from the NMR structure of a MPER-TM-CT construct (PDB: 7LOI) 30. (D) MPER 1077 

structure annotated with the 2F5 epitope (pink), 10E8 epitope (red) and LWYIK/CRAC CHOL-1078 

binding motif (orange). (E) Comparison of the trimeric MPER model fitted to the ADA.CM.755* 1079 

cryo-ET density map (dark blue) to the trimeric MPER model determined by NMR of a MPER-1080 
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TM-CT construct (purple, PDB: 7LOI) 30. (F) Comparison of single chain MPER conformations. 1081 

For each model, a single chain of gp41 is shown. ADA.CM.755* Env is colored dark blue, BaL 1082 

Env structure determined by subtomogram averaging is cyan 16, and Tri-FPPR.2 Env is colored 1083 

green 12. The relative orientations of the MPER models were determined by aligning the 1084 

ectodomain structures, except for the MPER-TM-CT NMR model which was manually aligned to 1085 

the ADA.CM.755* density.  1086 
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Figure 2. HR2 α-9 helix conformation is dependent on MPER embedding on membrane. (A) 1088 

Model of BG505 SOSIP with gp120 colored cyan, gp41 colored dark blue, and the α-9 helix 1089 

colored red. (B-K) Model from panel B fit into electron densities for a panel of Env determined in 1090 

this study and others 11,12,26,102. Red asterisk indicates models in which the α-9 helix does not fit 1091 

the density (L) Comparison of Env ectodomain maps determined by subtomogram averaging. 1092 

Maps were aligned on the density of their outer membrane leaflet, and the difference in height to 1093 

the trimer apex was determined by fitting a model of the ectodomain to each map. ADA.CM.755*, 1094 

and ADA.CM, BG505.755* were all <1 Å different in height. ADA.CM.755* Env treated with 1095 

MPER antibody PGZL1.H4K3 Env was slightly tilted so the height of each subunit differed. BaL 1096 

Env is raised 8.5 Å from the membrane  1097 
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 1098 

Figure 3. Molecular dynamics simulations of HIV-1 Env in modeled lipid bilayer. (A-B) 1099 

Secondary structures of the (A) HR2 and (B) MPER residues sampled from the MD simulations 1100 

(both density-guided and unbiased) of HIV-1 Env ADA.CM.755*. The fractions of simulation 1101 

time the residues existed as helices are colored blue, while the fractions of simulation time the 1102 

residues existed as loops are colored orange. (C) Close-up view on the ADA.CM.755* density 1103 

map with the location of the gp120 N-terminus indicated by the dashed green line and the C-1104 

terminus indicated by the dashed pink line. (D) Close-up view on the CH505.N197D density map 1105 

with the location of the gp120 N-terminus indicated by the dashed green line and the C-terminus 1106 

indicated by the dashed pink line. (E) Insertion of the extended C-termini of gp120 of 1107 

ADA.CM.755* into the membrane captured by structural modeling and MD simulations. The 1108 
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gp120 domain is colored cyan, gp41 ectodomain is colored blue, extended gp120 N-terminus is 1109 

colored green, gp41 HR2 is colored red, MPER is colored orange, glycans are hidden, and the 1110 

membrane is colored gray. (F) Average distances of the extended gp120 N- and C-termini relative 1111 

to the phosphate lipid head groups in the membrane upper leaflet sampled from the MD 1112 

simulations of ADA.CM.755* with extended gp120 termini in the model HIV-1 membrane. (G) 1113 

Representative conformation of ADA.CM.755* with extended gp120 termini and MA in the HIV-1114 

1 membrane. Since the HIV-1 proteins were completely restrained during the CG simulations, the 1115 

atomistic conformations of the MPER (shown as cartoon) and extended gp120 C-termini (shown 1116 

as sphere) before the CG simulations were used for better visualizations. The HIV-1 proteins are 1117 

colored yellow, CHOL lipid molecules are colored red, DPPC are colored green, POPC are colored 1118 

blue, and PSM are colored magenta. (H) Interactions of the MPER residues of ADA.CM.755* 1119 

with CHOL determined from the last 5µs of CG simulations of ADA.CM.755* in the HIV-1 1120 

membrane. (I-J) Enrichment of POPC (I) and DPPC (J) lipid molecules around the gp120 C-1121 

terminal residues (R508-R511) captured from the last 5µs of CG simulations of ADA.CM.755* in 1122 

the HIV-1 membrane. A cutoff distance of 10 Å was used to determine the numbers and 1123 

percentages of neighboring lipid molecules to each MPER residue. The error bars represent the 1124 

standard errors of the means from different simulation replicas. 1125 
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 1126 

Figure 4. PR55Gag maturation state has limited effect on Env ectodomain structure or 1127 

dynamics. (A, B) Cryo-ET density maps (transparent grey) of HIV-1 Env ADA.CM.755* on 1128 

immature (A) and mature (darunavir-treated) (B) virus-like particles determined by subtomogram 1129 

averaging of Env on the viral membrane with gp120 (cyan) and gp41 (blue) model from the MD 1130 

simulation of ADA.CM.755* Env with extended gp120 termini fitted to the density. (C, D) Close 1131 

up view of gp41 and the gp120 termini-region. The extended gp120 C-terminal residues are 1132 

colored magenta (E) Heatmap showing difference in protection by HDX-MS between 1133 

ADA.CM.755* Env on mature and immature VLPs. Darker red regions are less protected in the 1134 

mature sample, and darker blue regions are less protected in the immature sample. Grey regions 1135 

indicate lack of coverage. Example peptides are indicated, in which uptake plots are shown for (F) 1136 

the gp120 C-terminus which is more dynamic in mature VLPs and (G) MPER which does not 1137 

show a differenc in uptake. Cryo-ET density maps (transparent grey) of HIV-1 Env CH505.N197D 1138 

on immature (H-I) and mature (darunavir-treated) (J-K) virus-like particles determined by 1139 
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subtomogram averaging of Env on the viral membrane with the model from MD simulation of 1140 

CH505 in complex with immature MA fitted to the density with gp120 colored cyan and gp41 1141 

colored blue. Panels (I) and (K) show views zoomed in on the gp120 termini and gp41 HR2 1142 

regions, with the location of the gp120 (residues not modeled) indicated with magenta arrowheads. 1143 
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 1144 

Figure 5. Tilting of the Env ectodomain in MD simulations and cryo-electron tomograms. 1145 

(A) Representative conformation of the ectodomain of the HIV-1 Env ADA.CM.755* in complex 1146 

with MA sampled from its density guided MD simulations. Subunit gp120 is colored cyan, subunit 1147 

gp41 is colored cornflower blue, with its HR2 domain colored red, the MPER is colored orange, 1148 

and the membrane is colored gray. (B, C) Distributions of the tilt-angles of the ectodomains 1149 

relative to the z-axis (measured by the angle form by the vector drawn through the center-of-mass 1150 

of the three helices formed by gp41 residues 570-592 and the vector drawn through the center of 1151 

the simulation box) as shown in Figure S10A sampled from (B) the MD simulations of the 1152 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 10, 2026. ; https://doi.org/10.64898/2026.01.09.698652doi: bioRxiv preprint 

https://doi.org/10.64898/2026.01.09.698652
http://creativecommons.org/licenses/by-nc-nd/4.0/


glycosylated ADA.CM.755* envelope glycoprotein in complex with MA (C) and the MD 1153 

simulations of the glycosylated ADA.CM.755* with extended gp120 termini in complex with MA. 1154 

The error bars represent the standard error of the means from different simulation replicas. (D-E) 1155 

Distribution of tilt-angles of particles by comparison of z axis orientation determined by focused 1156 

refinement of the ectodomain vs the membrane during subtomogram averaging of Env on mature 1157 

(blue) and immature (orange) VLPs of ADA.CM.755* Env (D) and CH505.N197D Env (E). (F) 1158 

Tomographic slice of an immature HIV-1 VLP bearing ADA.CM.755* Env (top). The bottom 1159 

image shows a representation of the same VLP created by segmentation of the viral membrane 1160 

(grey) and reprojection of both high-tilt (cyan) and low-tilt (blue) Env into the positions 1161 

determined by subtomogram averaging. (G) High-tilt Env structure was determined by 1162 

subtomogram averaging with C1 symmetry to 13.6 Å resolution. Views shown in panel G are 1163 

indicated by arrowheads and the central axis of the ectodomain is shown by a dotted line. (H) 1164 

Comparison of the density for each subunit in the reconstruction of tilted Env shown in panel F. 1165 

Model of BG505 SOSIP (PDB: 4ZMJ) 10 is fit with gp120 colored cyan, gp41 colored dark blue, 1166 

and the α-9 helix colored red. Red asterisks indicates subunits in which the α-9 helix does not fit 1167 

the density. The subunit showing SOSIP-like α-9 helix density is located opposite the direction of 1168 

Env tilting.  1169 
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