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ABSTRACT: HIV-1 envelope glycoprotein (Env) is a transmembrane
protein that mediates membrane fusion and viral entry. The membraneinteracting regions of the Env, including the membrane-proximal
external region (MPER), the transmembrane domain (TMD), and the
cytoplasmic tail (CT), not only are essential for fusion and Env
incorporation but also can strongly inﬂuence the antigenicity of the Env.
Previous studies have incrementally revealed the structures of the
MPER, the TMD, and the KS-LLP2 regions of the CT. Here, we
determined the NMR structure of the full-length CT using a protein
fragment comprising the TMD and the CT in bicelles that mimic a lipid
bilayer, and by integrating the new NMR data and those acquired
previously on other gp41 fragments, we derived a model of the entire
membrane-interacting region of the Env. The structure shows that the
CT forms a large trimeric baseplate around the TMD trimer, and by residing in the headgroup region of the lipid bilayer, the
baseplate causes severe exclusion of lipid in the cytoleaﬂet of the bilayer. All-atom molecular dynamics simulations showed that the
overall structure of the MPER−TMD−CT can be stable in a viral membrane and that a concerted movement of the KS-LLP2 region
compensates for the lipid exclusion in order to maintain both structure and membrane integrity. Our structural and simulation
results provide a framework for future research to manipulate the membrane structure to modulate the antigenicity of the Env for
vaccine development and for mutagenesis studies for investigating membrane fusion and Env interaction with the matrix proteins.

■

being in the middle of a lipid bilayer.13,14 We then determined
a structure of the MPER-TMD construct and found that the
MPER is trimeric and not buried in a membrane.15 It has also
been shown that isolated MPER can trimerize at high
concentration.16 Although independent structural information
on the MPER-TMD by non-NMR means is not yet available, a
recent study of the intact HIV-1 virus by cryo-electron
tomography (cryo-ET)17 has more or less validated the
trimeric arrangement of the MPER revealed by the NMR
structure.15
More recently, we obtained another structure containing the
TMD and the LLP2 region of the CT and found that this CT
region also trimerizes, wrapping around the TMD to form a
support baseplate in the membrane.18 The baseplate comprises
amphipathic helices, residing in the headgroup region of the
lipids and well-packed in a two-dimensional plane. The

INTRODUCTION
The HIV-1 envelope glycoprotein (Env) is the sole antigen on
the virion surface that induces strong antibody responses in
infected individuals;1,2 it is the key target for HIV-1 vaccine
development. The full-length Env contains a heavily
glycosylated ectodomain, the highly conserved membraneproximal external region (MPER) required for viral infectivity,3−5 a single-pass transmembrane domain (TMD) that can
trimerize,6 and a cytoplasmic tail (CT) composed mostly of
membrane-interacting amphipathic helices.7 An outstanding
feature of the membrane region of the Env is the very long CT
(∼150 residues), suggested to be important for eﬃcient Env
incorporation into virions.8,9 Multiple independent studies
have shown that truncation of the CT can inﬂuence the
antigenic structure of the ectodomain on the opposite side of
the membrane,10−12 suggesting that the Env is structurally
and/or dynamically coupled across the membrane.
In previous studies, we ﬁrst determined the NMR structure
of the TMD and found that the TMD forms a well-ordered
trimer with peculiar features such as arginine 696 in the middle
of the transmembrane (TM) helix and distinct hydrophobic
and polar cores within the trimer.6 The polar core was
subsequently shown to allow R696 to be hydrated despite
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The TMD-CT was reconstituted in DMPC-DH6PC bicelles
with q ≈ 0.55. Despite an ∼60 kDa trimeric complex in a
medium-sized bicelle, we managed to assign backbone
resonances of ∼87% of the residues using a highly deuterated
protein and a combination of triple resonance and NOE
experiments (BMRB ID code 30855). Backbone chemical shift
analysis by TALOS+20 indicated ﬁve continuous helical
segments in the CT, designated H1−H5 (Figure S2), and all
of them are amphipathic. Moreover, several long-range
distance restraints were assigned with nuclear Overhauser
eﬀect (NOE) data of a partially deuterated and ILV methyl
13
C-labeled protein in deuterated bicelles (Figure S3). The
structure determination of a planar architecture could not have
been possible with only sparse NOE restraints, and thus the
plane restraints21 derived from the paramagnetic probe
titration (PPT) analysis18,22,23 were also critical (Figure S4).
Finally, the structure of the full-length CT has been
independently validated by interchain paramagnetic relaxation
enhancement (PRE) generated with single spin labels at
residue positions 764, 813, and 857 (Figure S5). Upon
structural characterization of the TMD-CT construct (PDB ID
code 7LOH), we integrated NMR-derived restraints from all
four constructs in Figure 1 and calculated an ensemble of
structures of the entire membrane region of the Env that
converge to a backbone RMSD of 1.120 Å (Figure S6b) (PDB
ID code 7LOI).
The structure shows that the LLP3 and LLP1 regions
(residues 789−856) form a rather long helical hairpin
immediately after the H2 helix of the LLP2 region (Figure
2a,b). Like H1 and H2, the hairpin also resides in the
headgroup region of the lipid bilayer, as indicated by the PPT
analysis (Figure S4). The hairpin includes amphipathic helices
H3 (790−821 of LLP3) and H4 (826−841 of LLP1), and the
802−806 region of H3 appears to interact with the turn
between the H1 and H2 helices (Figure 2b). This interaction is
polar in nature, involving residues such as Y768, R772, Y802,
Q805, and E806. In addition, L799 of H3 appears to interact
with the hydrophobic pocket formed by I756, L760, and L763
of H1, whereas the polar side of the H1 (D758, D759, and
S762) interacts with the TMD. Finally, the last portion of the
CT forms another short amphipathic helix, H5 (847−854 of
LLP1). The overall arrangement of H1−H4 would render the
two palmitoylation sites, C764 and C837, radially aligned in
each of the three protomers (Figure 2b). These palmitoylations would only partially ﬁll in the void left by the lipid
exclusion by the CT structure.
Distinct clusters of hydrophobic and hydrophilic residues
have been shown to be important in stabilizing the CTLLP2−
TMD interaction.18 Here we again see such segregated
hydrophobic and hydrophilic clusters in the interaction
between the helices of the CT (Figure 2c). The polar/apolar
nature of these clusters is highly conserved throughout HIV-1
variants (Figure S7). This property might be particularly
important for helix−helix interaction at the interface between
the hydrophobic lipid acyl chain and the hydrophilic
headgroup.
While the PPT analysis is a powerful method for
characterizing protein localization in bicelles, it does not
provide information about lipid packing or arrangement. In
particular, it cannot describe how lipids are excluded to
accommodate the large CT baseplate, which is expected to
result in signiﬁcantly lower lipid density in the inner leaﬂet of
the bilayer. Hence, we carried out all-atom MD simulations of

immediate implication of such architecture is the exclusion of
lipids in the inner leaﬂet of the membrane that could reshape
the membrane.
A signiﬁcant portion of the CT (residues 789−856; LLP3
and LLP1) is still unknown, and this region is believed to be
structured as well given the deletion of the last 30 residues of
the CT has led to signiﬁcant opening of the Env trimer
according to the altered antibody binding proﬁle.10 Furthermore, genetic studies have suggested direct interaction
between the Env CT and the matrix domain (MA) of the
Gag polyprotein during viral assembly and that the region
encompassing residues 802−806 appears to be involved in
such an interaction.19 An obvious question is whether this
remaining fragment further expand the baseplate and, if so,
how this would aﬀect lipid partitioning and possibly deform
the lipid bilayer locally.
In this study, we determined the NMR structure of the fulllength CT connected to the TMD in a bicelle system that
closely mimics a lipid bilayer. A model of the entire membraneinteracting region of the Env including the MPER, TMD, and
CT was constructed using the new structural information and
previous NMR data. We also performed molecular dynamics
(MD) simulations to investigate the structural stability of the
trimeric complex of the MPER−TMD−CT in the viral
membrane as well as the inﬂuence of the base-plate
architecture of the CT on the lipid distribution and bilayer
properties.

■

RESULTS
To determine the structure of the full-length CT in the context
of the TMD trimer, we exploited a previous NMR-feasible
protein construct consisting of residues 677−788, designated
TMD-CTLLP2, and extended it from the C-terminal end to
include the rest of the CT (residues 789−856) (Figure 1).

Figure 1. Overlapping fragments of the membrane-related components of HIV-1 Env used in obtaining a model of the entire membrane
region of the Env trimer. The new construct used in the current study
is TMD-CT for the purpose of completing the structure of the fulllength CT.

Residues 726−736 of KS (dashed line in Figure 1) are
disordered18 and were deleted in the structural study. The new
construct, designated TMD-CT, consists of 169 residues, and
by being trimeric and residing in bicelles, it presents a great
challenge to NMR data analysis. Fortunately, the NMR
resonances in the TMD-CTLLP2 overall align well with those
in the larger TMD-CT construct (Figure S1b), implying that
the known structure of the TMD-CTLLP2 can be used to aid
the structural characterization of the full-length CT.
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Figure 2. Structure of the entire membrane region of the HIV-1 Env. (a) Structural model of the MPER−TMD−CT trimer in q ≈ 0.55 bicelles
derived from integrated NMR data from the four fragments deﬁned in Figure 1: MPER-TMD, TMD, TMD-CTLLP2, and TMD-CT. The position of
the structure relative to the bilayer region of the bicelle was determined using the PPT method. (b) Top view (from the MPER) of the trimeric
complex showing the inner and outer rings of the baseplate, shaded in pink and blue, respectively. Residues 764 and 837, the two known
palmitoylation sites, are represented by the red spheres. (c) Hydrophobic and polar clusters of residues shaded in yellow and blue, respectively. (d)
Fit of the MPER−TMD−CT to the assigned MPER density of an EM map of the HIV-1 Env trimer (EMDB ID: EMD-21412; ∼11 Å resolution)
derived from a recent cryo-ET study of the Env on the virion surface.18 The crystal structure of SOSIP.664 (PDB ID code 5T3Z)25 was used for
ﬁtting to the ectodomain EM density.

positioning also supports the ﬂuctuation and invagination
observed in the dominant morphologies, with the ascension of
the CT region into the cytofacial membrane leaﬂet (Figures 3d
and S10), most notably at residues 740−780 (CTLLP2), with
CTLLP2 ﬁlling the lipid exclusion void in a concerted
movement. CTLLP3 (H3) ascends marginally with the movement of CTLLP2 into the lipid void, while CTLLP1 (H4 and H5)
remains anchored, with a slight ﬂuctuation downward to
compensate for the movement of CTLLP3 and CTLLP2 (Figure
3a,b, Movie S1). Intratrimer helical interactions displayed
relatively consistent interactions between the trimer chains.
This was observed by calculating distances between the centers
of mass of residues R683−I686 for the TMD N-terminus,
L704−R707 for the TMD C-terminus, L664−W672 for the
MPER, and D743−L765 for the CT, all of which showed no
major opening or helical rearrangement for channel formation,
despite the concerted movement of the CT into the cytofacial
leaﬂet (Figures S11 and S12). The analysis of the water and
ion distribution further supports intratrimer stability, showing
the coordination of an anion with the R696 network in two of
the three replicates and the lack of solvent permeating into the
TMD (Figure 3c, Figures S9 and S13).
Structural integrity of the membrane is maintained during
the simulation even with lipid exclusion in the cytofacial leaﬂet
above the CT baseplate. Local deformation of the membrane is
observed around the MPER−TMD−CT, speciﬁcally in the
exofacial leaﬂet (Figure 3c). The lipid distribution is
maintained in comparison to the starting coordinates (Figure
S14). The overall membrane thickness is largely stable, with
the cytofacial leaﬂet showing higher levels of variation in the

the MPER−TMD−CT complex in a lipid bilayer to investigate
the structural stability and to potentially provide details of
membrane distortion via Env incorporation.
MD simulations were built with the MPER−TMD−CT
trimeric structure using the CHARMM-36m force ﬁeld and
simulated for a total of 1 μs in an asymmetric membrane
environment to mimic the HIV virion membrane24 (Table S1).
The last 100 ns of simulation of three replicates was used for
the analysis of structural and membrane stability. Sampling
over the last 100 ns was determined by using the root-meansquare deviation (RMSD) to assess structural convergence and
RMSD clustering (Figure S8).
The overall architecture of the MPER−TMD−CT trimer
was well-preserved throughout the simulation, with small
variations in relevant structural positioning to accommodate
the exclusion of lipids in the cytofacial leaﬂet above the CT
baseplate (Figure 3). The root-mean-square ﬂuctuation
(RMSF) of the backbone and side chains is larger at residues
715−740 of the KS (Figure S8), whereas most other residues
of the CT domain have minimal ﬂuctuation as compared to the
starting structure. Dominant morphologies of the MPER−
TMD−CT structure display an invaginated region of the
CTLLP2 domain into the cytofacial leaﬂet. Additionally, the
structural integrity of the MPER−TMD−CT is conﬁrmed by
observation of the coordination of a water−anion−R696
network in the TMD trimer, which has been previously
observed to maintain structural stability14 (Figure S9). An
analysis of the per-residue z-axis coordinates shows that the
MPER−TMD−CT maintains its relative position in the
membrane, in agreement with NMR results. Z-axis residue
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Figure 3. Dynamic morphology and movement on the z-axis of MPER−TMD−CT. (a) MPER−TMD−CT starting residue position on the z axis,
probability of z-axis position over the last 100 ns of simulation, and a change in the z-axis coordinates relevant to starting coordinates. The residue
position is an average position from all helices of MPER−TMD−CT. Shaded regions in the last 100 ns display the probability of each residue
center of mass positioning relative to the z coordinates averaged among the three replicates. Black lines represent the relative position of lipid
headgroups of exofacial and cytofacial leaﬂets of the membrane. Changes in z-axis positioning from starting coordinates are colored to represent the
structural domains of the trimer with MPER (cyan), TMD (green), CTKS‑LLP2 (pink), and CTLLP3‑LLP1 (yellow). (b) Starting structure and
dominant morphology of the last 100 ns of simulation overlaid by the domain (colored as in (a)). (c) Averaged minimum distance of cytofacial
leaﬂet lipids to residues of CTKS‑LLP2. (d) MPER−TMD−CT starting structure and dominant morphology in the membrane environment with
waters shown (teal spheres).

thinning around MPER and TMD (Figure S33). This data
further supports the concerted ascending movement of the
CTLLP2 domain into the cytofacial membrane leaﬂet to ﬁll the
void from lipid exclusion and displays how this baseplate
architecture aﬀects the lipid distribution and bilayer properties.
This unique concerted movement of CTLLP2 and relevant
positioning in the bilayer is hypothesized to further stabilize
the MPER−TMD−CT in a bilayer membrane and maintain
membrane integrity. While further work is needed to
determine the smallest viable CT baseplate to participate in
this stabilization and invagination into the cytofacial leaﬂet to
maintain MPER−TMD−CT stability, it is the CT LLP2
concerted motion without disruption of the MPER-TMD
regions that highlights the inﬂuence of the entire CT baseplate
on gp41 structural stability.
To independently examine the phenomenon of lipid
exclusion by the CT baseplate, we have subsequently
performed protein−lipid NOE experiment for the TMDCTLLP2 fragment in bicelles, as this construct already features
the fully formed CT inner ring and part of the outer ring. We
found that, indeed, the C-terminal half of the TMD (residues

thickness throughout the simulation (Figure S15), which is
also supported by area per lipid analysis (Figure S16) and lipid
density on the z axis (Figures S17 and S18). Using radial
distribution function (RDF) analysis, similar to that in
previous studies,14 cholesterol, POPC, and PSM showed little
to no preference for interacting with MPER−TMD−CT and
maintaining membrane homogeneity, while POPE, SDPE, and
SOPS (all lipids present in the cytofacial leaﬂet) are enriched
in the presence of the trimer (Figures S19 and S20). This is
supported by the grouped minimum distance analysis of lipid
types with respect to the trimer by residue (Figures S21−S26),
where POPE, SDPE, and SOPS all have a decreased minimum
distance between residues 720 and 735 of the KS and an
increased number of contacts (Figures S27−S32). Additionally, deuterium order parameters were calculated for POPC
(exofacial), POPE, and SDPE (cytofacial) sn-1 acyl chains.
There was minimal change in the acyl chain order for POPE
and SDPE, noting that acyl chains did not disorder around the
CT baseplate to compensate for the lipid void. More order was
observed in POPC acyl chains and is hypothesized to
compensate across the entire bilayer in response to the local
6612
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interaction with the MA.19,27 Remarkably, α-helix 2, which
includes H2 and residues 790−807 of H3, is exactly the region
that forms the outer ring that is important for the stable
formation of the CT baseplate (Figure 2b).
A recent cryo-ET study indicated that the Gag dimers are
the basic assembly units for the growth of the hexameric Gag
lattice during viral assembly.28 The trimerization of each
monomer of the Gag dimer would propagate the growth of the
hexameric lattice. Early crystallographic study has already
shown that the MA domain of Gag can form a deﬁned
homotrimer that appears to possess distinct positively charged
patches for interaction with an acidic membrane.29,30 Notably,
the geometrical arrangement of these basic residues in the MA
trimer matches that of residues 802−806 of Env CT in the
NMR structure (Figure S36). Thus, while further biochemical
and structural investigation of the interaction between Env and
MA is needed, the above observation suggests that a molecular
complex between the trimeric CT baseplate and the trimeric
MA is structurally plausible.
Other than stabilizing the Env ectodomain, another striking
feature of the CT is its severe exclusion of lipids in the
cytofacial leaﬂet of the membrane that creates a large void
around the TMD. MD simulation showed that such void can
be largely ﬁlled by the movement of the CT helices toward the
membrane core, resulting in substantial local membrane
thinning (Figure 3d). MD simulation also showed increased
cholesterol density in the cytofacial leaﬂet that further ﬁlled the
void (Figure S18). While there was not an increased preference
or accumulation of cholesterol at the protein−lipid interface,
this result highlights an increase in order and density of
cholesterol already present at the interface. This is in
agreement with the high cholesterol content observed for the
HIV membrane. It is unclear if such local lipid exclusion and
thus membrane thinning by the CT has any functional
implication in membrane fusion.

698−710) shows far less NOE with respect to the lipid acyl
chain than the N-terminal half (residues 683−697), in
qualitative agreement with the simulation outcome (Figure
S34).

■

DISCUSSION
We have determined the structure of the full-length
cytoplasmic region of the HIV-1 Env, connected to the
TMD and in the context of a bicelle system that closely mimics
a lipid bilayer. By combining the current NMR data with that
previously acquired for the MPER-TMD, TMD, and TMDCTLLP2 fragments, we derived, for the ﬁrst time, a complete
model of the membrane interacting region of the Env.
The MPER−TMD−CT model shows that a large portion of
the MPER, including the N-helix and the turn (residues 663−
674), is clearly outside of the membrane. This region could
explain the unaccounted-for electron density between the
ectodomain and the membrane in a low-resolution cryo-ET
map (∼22 Å) of the Env on the virion surface25 (Figure S35);
it also qualitatively agrees with a partially assigned MPER
density in a higher-resolution (∼11 Å) cryo-ET map obtained
more recently17 (Figure 2d). Given the overall agreement of
the MPER structure with the cryo-ET density of the Env on
the inactive virus, we believe that the NMR-derived trimer
structure of the MPER−TMD−CT represents a prefusion
conformation.
On the cytoplasmic side, the H1 helix of LLP2 directly
interacts with the TMD, forming the inner ring of the CT
baseplate (Figure 2b). The inner ring is further stabilized by
interaction with the outer ring formed by the H2 helix of LLP2
and the H3 helix of the LLP3−LLP1 hairpin. Many
interactions are involved in the assembly of the CT baseplate
as shown in Figure 2c. It is thus conceivable that any deletion
of CT segments could have profound consequences with
respect to the stability of the baseplate that supports the
MPER-TMD, increasing the scissor-like motion of the TMD
and in turn destabilizing the ectodomain through the structural
coupling proposed previously.18 For example, direct antibody
binding measurements showed that deleting the last 30
residues of the CT, which would destroy the LLP3−LLP1
hairpin according to our structure, reduced sensitivity to
trimer-speciﬁc antibody PG16 by more than 30%, and further
deletion of the inner ring caused a 50% reduction in antibody
binding.10 While the precise structural connection between the
ectodomain and our model of the MPER−TMD−CT remains
to be delineated by high-resolution structures of the full-length
Env, the NMR structure of the CT baseplate can be used to
guide protein engineering of the CT to modulate ectodomain
antigenicity for B-cell-based vaccine development.
We note that an earlier NMR study of a CT fragment
(residues 706−856) in detergent micelles identiﬁed amphipathic helices and loops very similar to those found in our
study, but the helical segments are monomeric.7 This major
discrepancy with our study is likely due to the lack of the TMD
in the previous study, as we already showed that the interaction
between the TMD and CT is critical to the folding of the CT
segments around the TMD trimer.18
It is interesting that before the availability of detailed
structures of the CT, two distinctively amphipathic helical
regions have been predicted, historically known as α-helix 1
(residues 820−856) and α-helix 2 (residues 766−807).26 In
particular, deletions that fell within α-helix 2 had a profound
eﬀect on Env incorporation, virus infectivity, and the

■

CONCLUSIONS
We have shown that the membrane-related components of the
HIV-1 Env (MPER, TMD, and CT) in bicelles are all well
folded except for the ﬁrst 28 residues (KS) of the CT between
the TMD and the CT baseplate. A large portion of the MPER
is solvent-exposed both in our NMR structure and in MD
simulations with more native viral membrane composition,
suggesting that it is accessible to antibody binding in the
prefusion state of the Env. The CT baseplate is formed by two
concentric rings of amphipathic helices with the outer ring
radius being ∼32 Å; it resides in the headgroup region of the
lipid bilayer, thus causing the exclusion of lipid molecules from
this region in the cytofacial leaﬂet of the membrane. MD
simulations further show that the void from lipid exclusion
could be ﬁlled by the lifting of the baseplate, especially CTLLP2,
toward the bilayer core. The concerted motion and magnitude
of CTLLP2 ascension coupled with the moderate ascension of
CTLLP3 H3 and the stabilization provided by CTLLP1 H4 and
H5 in remaining at the headgroup interface of the cytofacial
leaﬂet that was observed in MD simulations is compelling. This
movement highlights the role of the entire CT baseplate in the
propagated stability of the MPER−TMD−CT. The MD
results, while providing an explanation for how the large CT
baseplate can be accommodated in the membrane, show a
general phenomenon of lipid exclusion by juxtaposition of the
membrane structural domains with an amphipathic property
that warrants further investigation by independent means.
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Methods
Protein expression and purification
The gp41 fragment encompassing the TMD and the full-length CT (residues 677-856) from a clade D HIV-1 isolate
92UG024.2 was synthesized by GenScript (Piscataway, NJ). The final NMR construct, designated TMD-CT, was
created by fusing the gp41 fragment to the C-terminus of the His9-TrpLE expression sequence in pMM-LR6 vector
with an added methionine in-between for subsequent cleavage during protein purification, as previously described12
. As previously done for the TMD-CTLLP2 (ref 1), unstructured residues 726-736 of the KS were deleted to reduce
NMR signal overlap, and the two palmitoylation sites C764 and C837 were mutated to serine (C764S and C837S) to
avoid non-physiological disulfide formation. Accidentally, an additional mutation A823G was introduced.
The TMD-CT construct was expressed by growing transformed E. coli strain BL21 (DE3) cells in M9 minimal media.
Cultures were grown at 37 °C until they reached an optical density of ~0.6 and were then cooled to 20 °C before
induction with 0.1 mM isopropyl β-D-thiogalatopyranoside (IPTG). Protein was expressed at 20 °C for ~18–24 h.
After growth, cells were harvested, suspended in a lysis buffer (50 mM Tris, pH 8.0, and 200 mM NaCl), and lysed by
sonication. Inclusion bodies were separated by centrifugation at 25,400 × g and suspended in a denaturing buffer
(1% Triton X-100, 6 M guanidine hydrochloride, 50 mM Tris, pH 8.0, and 200 mM NaCl). Inclusion bodies were
homogenized using a glass tissue grinder, dissolved and centrifuged at 25,400 × g. The fusion protein was bound to
nickel affinity resin (Sigma-Aldrich), washed with 8 M Urea and dH2O, and finally eluted with 90% formic acid (FA).
The gp41 construct was cleaved from the TrpLE by hydrolyzing the peptide bond at the C-terminus of the methionine
using cyanogen bromide (CNBr) (~0.1 g/mL) in 90% FA for 1 h. The reaction mixture was dialyzed (MWCO 3.5 kDa)
to remove the excess of CNBr and FA and then lyophilized. The protein powder was dissolved in 90% FA and purified
by reverse-phase high-performance liquid chromatography (RP-HPLC) in a Zorbax SB-C3 column (Agilent
Technologies, Santa Clara, CA) with a gradient from 95% dH2O, 5% isopropanol (IPA), 0.1% trifluoroacetic acid (TFA)
(buffer A) to 75% IPA, 25% acetonitrile, 0.1% TFA (buffer B). Fractions containing the pure gp41 construct (confirmed
by SDS-PAGE analysis) were collected and lyophilized.
Protein reconstitution
The lyophilized TMD-CT construct was dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and mixed with 9 mg of
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (from Avanti Polar Lipids, Alabaster, AL or from FB Reagents,
Boston, MA, if deuterated) and 27 mg of 1,2-Dihexanoyl-sn-glycero-3-phosphocholine (DHPC) (from Avanti Polar
Lipids Alabaster, AL or from FB Reagents Boston, MA, if deuterated). The mixture was dried under a nitrogen stream
until a thin film was achieved and lyophilized overnight to completely remove any trace of residual organic solvent.
The thin film was then dissolved in 3 mL of 8 M Urea and dialyzed (MWCO 3.5 kDa) against 40 mM MES buffer, pH
6.7 to remove the denaturant. During and after the dialysis, additional DHPC was added to make up for the DHPC
lost during the dialysis, adjusting the DMPC:DHPC ratio (q) to ~0.5. The reconstituted protein was then concentrated
using a Centricon (EMD Millipore, Billerica, MA) (MWCO 3.5 kDa) to ~300–350 μL. The buffer of the final NMR sample
contained 40 mM DMPC, 80 mM DHPC, 40 mM MES, pH 6.7, 1% NaN3, and 10% (v/v) D2O (for the NMR lock). Finally,
the bicelle q of the NMR sample was quantified by signal integration of the DMPC and DHPC methyl peaks in the
1D 1H NMR spectrum and adjusted to exactly 0.5.
NMR data acquisition and processing
The NMR experiments were performed at (a) 14.1 T on a Bruker Avance III HD spectrometer operating at
600.13 MHz 1H, 150.90 MHz 13C, and 60.81 MHz 15N frequencies; (b) 16.4 T on a Bruker Avance Neo spectrometer
operating at 699.71 MHz 1H, 175.94 MHz 13C, and 70.90 MHz 15N frequencies; (c) 18.8 T on a Bruker Avance III
spectrometer operating at 800.28 MHz 1H, 201.23 MHz 13C, and 81.09 MHz 15N frequencies; (d) 21.1 T on a Bruker
Avance III spectrometer operating at 900.17 MHz 1H, 226.35 MHz 13C, and 91.21 MHz 15N frequencies. All the
spectrometers were equipped with a cryogenic probe. All the measurements were performed at 308 K. The most
relevant acquisition parameters of the experiments are reported in Table S2.
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The NMR data sets were processed with nmrPipe3 and the resulting NMR spectra were analyzed with Sparky (T. D.
Goddard and D. G. Kneller, SPARKY 3, University of California, San Francisco) and XEASY4. Peak intensities were
measured at peak local maxima using quadratic interpolation to identify peak centers. Origin (OriginLab,
Northampton, MA) was used to fit the experimental data. For comparison purpose, the chemical shift assignments
of the TMD5, MPER-TMD6 and TMD-CTLLP2 (ref 1) were taken from the Biological Magnetic Resonance Bank (BMRB)
entries 30090, 30503 and 30678, respectively.
NMR resonance and NOE assignment
Sequence specific assignment of TMD-CT backbone chemical shifts (BMRB accession code 30855) was accomplished
using a set of 3D TROSY-enhanced triple resonance experiments (HNCA, HNCO)7-8, recorded with a (15N, 13C, 85% 2H)labeled sample. In addition, a 3D 15N-edited NOESY-TROSY-HSQC and a 3D 15N-edited “double-TROSY” TROSYNOESY-TROSY-HSQC (τmix = 150 ms) spectra were recorded for completing the backbone resonance assignment.
These NOESY experiments were performed on a sample reconstituted in bicelles with deuterated DMPC and DHPC
acyl chains. Due to the large size and consequently unfavorable relaxation properties of the TMD-CT trimer, the
sample required heavy deuteration and therefore the regular combination of 3D 15N-edited NOESY-TROSY-HSQC
and 13C-edited NOESY-HSQC spectra of a (15N, 13C)-labeled sample was not suitable for assigning protein aliphatic
resonances. Instead, these two experiments were acquired using a (15N, 85% 2H)- and (ILV) 13C-labeled sample
(τmix = 150 and 200 ms, respectively) reconstituted in bicelles with deuterated DMPC and DHPC acyl chains.
NOE-derived intra- and inter-chain distance restraints for the TMD-CT were obtained from the 3D 15N-edited and 13Cedited NOESY spectra used for methyl resonance assignment above. Since the sample was not completely
deuterated (85%), some NOEs to protons other than methyl protons could also be assigned too. Some of the most
important assigned NOEs are shown in Fig. S3.
NMR-based membrane partition analyses
The membrane partition of the TMD-CT was determined using the paramagnetic probe titration (PPT) method2, 9. As
previously shown, DMPC/DHPC bicelle with sufficiently large q (≥0.5) allows direct use of measurable paramagnetic
relaxation enhancement (PRE) to probe residue-specific immersion depth of the protein in the bilayer region of the
bicelle. Two PPT analyses were performed: titrating the bicelle-reconstituted TMD-CT with (1) the soluble
paramagnetic agent Gd-DOTA, and (2) the lipophilic paramagnetic agent 16-Doxyl-stearic acid (16-DSA). The titrants
were taken from concentrated stock solutions (600 mM Gd-DOTA and 24 mM 16-DSA) in the same buffer as that of
the protein sample and were added in small aliquots (few μL per step) to minimize sample dilution. The PRE increase
was monitored by recording a 2D 1H-15N TROSY-HSQC spectrum at each of the titrant concentrations: 0 (reference),
1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 15.0, and 20.0 mM for Gd-DOTA; 0 (reference), 0.6, 1.2, 1.8, 2.4, 3.0 and 3.6 mM for 16DSA. The residue-specific PREamp, which is the amplitude of the PRE experienced by an amide proton in the protein,
was determined by fitting the peak intensity decay as a function of [paramagnetic probe] to the following
exponential decay equation:
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where I and I0 are the peak intensities in the presence and absence of the paramagnetic probe, respectively,
[paramagnetic probe] is the concentration of the paramagnetic agent (Gd-DOTA or 16-DSA), τ is the decay constant
and PREamp is the PRE amplitude. The residue-specific PREamp (Table S3) were then used to determine the membrane
partition of the protein (rZ) by the sigmoidal fitting method2, 9, in which the position of the TMD-CT trimer along the
bilayer normal was fitted to satisfy Eq. S2:
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and 𝑃𝑅𝐸"#$
are the limits within which PREamp can vary for a particular protein system, 𝑟1! is the
#&'
#"0
inflection point (the distance from the bilayer center at which PREamp is halfway between 𝑃𝑅𝐸"#$
and 𝑃𝑅𝐸"#$
),
and SLOPE is a parameter which reports the steepness of the curve at the inflection point.

Measurement of inter-chain PREs
Inter-chain PREs were measured for cross validation of the NOE-derived TMD-CT structure (Fig. S5) as previously
described1-2. Three mixed samples were prepared by mixing, at ~1:1 molar ratio, the (15N, 85% 2H)-labeled TMDCT with one of the following unlabeled TMD-CT construct containing a specific Cys mutation/addition: (a) S764C
(reintroducing the native cysteine); (b) S813C ; (c) C857 (Cys added to the C-terminus). The mutant proteins were
prepared as in the “Protein expression and purification” section above. After reconstitution in bicelles under
reducing conditions, DTT was removed from the samples by dialysis at low pH (6.2). The pH was then rapidly raised
to 7.4 and 100 mM MTSL (in DMSO) was added to a final ratio of 10:1 (MTSL to Cys-mutant TMD-CT) and allowed to
react at room temperature overnight. Excess MTSL was removed by extensive dialysis (pH 6.7). The samples were
then concentrated to 360 μL for NMR measurements. During the entire sample preparation, MTSL-containing
solutions were shielded from light. To quantify the PREs, defined as the ratio of the peak intensities in the
paramagnetic (I) and diamagnetic state (I0), a 2D 1H-15N TROSY-HSQC spectrum was recorded before and after
reducing the spin-label by addition of 20 mM sodium ascorbate (pH 6.7).
Plane restraints
The PPT method1-2, 9 was used to derive a set of plane restraints to aid structure calculation. Provided that the bicelle
is sufficiently large (q ≥ 0.5), the PPT method allows to determine the projection of each amide proton (rZ) along the
protein C3 symmetry axis, which is also parallel to the bicelle normal and aligned to the Cartesian Z axis for
convenience. Therefore, rZ can be assigned as residue-specific plane restraint if the PREamp values are calibrated
against a known structure with known membrane partition. Since the TMD-CT and the TMD show remarkable
chemical shift and structure similarity for residues 679-710 (Fig. S1), this region was used to calibrate the
PREamp values of the TMD-CT (from both Gd-DOTA and 16-DSA) against the previously established structure and
membrane partition of the TMD 5, 10. In brief, we generated the PREamp vs. rZ plot for residues 679-710 using the
residue-specific PREamp from the TMD-CT and the known rZ from the known TMD structure. The data were then fitted
to the sigmoidal function (Eq. S2) to yield parameterized Eq. S2 for Gd-DOTA and 16-DSA, which were then used to
determine rZ for the other residues of the TMD-CT not used for the calibration (711-856). Out of the calculated rZ,
only those in the sensitive region of the sigmoidal curves were retained. Finally, rZ derived from Gd-DOTA and 16DSA data sets were averaged and merged into one single data set, yielding the final set of plane restraints. The plane
restraints used for the TMD-CT structure calculation included rZ from the published TMD structure (residues 677710) and the newly calculated rZ for residues 711-856, with an uncertainty of ±1 Å.
Using the same procedure, plane restraints were also assigned for the MPER and included in the MPER-TMDCT model calculation. In this case, the previously published PREamp values of the MPER-TMD (from Gd-DOTA
titration)6 were calibrated against residues 695-708 of the TMD as previously described1 and used to derive plane
restraints for residues 660-694.
The data used to generate the plane restraints for the TMD-CT and MPER-TMD-CT (Table S4) are summarized in
Fig. S4.
Structure calculation
NMR structures were calculated using XPLOR-NIH11. Since the TMD-CT (677-856) is an extension of the previously
studied TMD-CTLLP2 (677-788) and both constructs exhibit almost identical chemical shift for residues 677-780
(Fig. S1b), we used the structure of the TMD-CTLLP2 (ref 1) as a starting point for the new calculation. To implement
this strategy, we first performed TALOS+12 analysis using the assigned backbone chemical shift values
(15N, 13Cα and 13Cʹ), and then used the “GOOD” dihedral angles generated by TALOS+ to build a secondary structural
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model of the TMD-CT. Second, we assembled a trimer using the previously assigned NOE restraints for residues 677788 (from PDB accession code 6UJU). Finally, we included the newly assigned intra- and inter-chain restraints (most
of them from residues 788-856) to complete the trimer of the TMD-CT. For each inter-chain restraint between two
adjacent protomers, three identical distance restraints were assigned respectively to all pairs of neighboring
protomers to satisfy the condition of C3 symmetry. The assembled trimer was then refined against the complete set
of NOE restraints (intra- and inter-chain) and dihedral angles using a simulated annealing (SA) protocol in which the
temperature was lowered from 1000 to 200 K in steps of 50 K. The NOE restraints were enforced by flat-well
harmonic potentials, with the force constant ramped from 2 to 40 kcal/mol Å−2 during annealing. Backbone dihedral
angle restraints were enforced by flat-well (± the corresponding uncertainties from TALOS+) harmonic potential with
force constant ramped from 10 to 1000 kcal/mol rad−2. The plane restraints were fixed in space and enforced by flatwell (±1 Å) harmonic potentials, with force constant ramped from 1 to 5 kcal/mol Å−2 during annealing. A total of 150
structures were calculated, and the 15 lowest energy structures were selected as the final structural ensemble (PDB
accession code 7LOH) (Fig. S6a and Table S5).
The model of the MPER-TMD-CT was generated in a similar manner. The matching resonances of the TM core
(residues 685-700) in the MPER-TMD (660-710), TMD (677-716), TMD-CTLLP2 (677-788) and TMD-CT (677-856) (Fig.
S1) allowed to merge the four structures at the TM core to generate a MPER-TMD-CT starting model for further
refinement. NOEs and backbone dihedral angle restraints for the MPER, TMD and CTLLP2 (residues 660-693, 694-710
and 711-785 respectively) were taken from previously published studies1, 5-6, while those for the CTLLP3-LLP1 domain
(789-856) were taken from the current study. Plane restraints from the three regions (MPER, TMD and CT) were also
applied. The model was refined using identical parameters and potentials as those used for the TMD-CT (see above).
A total of 150 structures were calculated, and the 15 lowest energy structures were selected as the final structural
ensemble (PDB accession code 7LOI) (Fig. S6b and Table S6).

Molecular dynamics simulations of gp41 MPER-TMD-CT in an asymmetric membrane
Molecular dynamics (MD) simulations were built using the gp41 MPER-TMD-CT NMR model with the CHARMM-GUI
membrane builder13 and simulated using GROMACS v2020.3 software package14-15. Lipids distribution per leaflet of
the membrane is displayed in Table S1 and mimics previous simulation work16 and the native HIV membrane17. The
CHARMM36m force field18 was used with the TIP3P water model19 and 0.150 M KCl solvent with charge neutralizing
ions20. Minimization was performed using the steepest decent integrator algorithm and a tolerance of 1000 kJ mol1
nm-1. Three replicates were generated at the beginning of equilibration with the MD leap-frog algorithm integrator.
Equilibration was competed in six phases, first phase applied each replicate with different first phase random
velocities using Berendsen thermostat temperature coupling method21, second phase as a continuation of phase
one, third phase added in the Berendsen thermostat pressure coupling21 and applied the semi-isotropic isotropy
pressure coupling method, while the fourth phase, fifth phase, and sixth phase is a continuation of the third while
slowly decreasing the position restraints for the system. Production simulations were performed at 310 K and 1 bar,
and used the Nose-Hoover temperature coupling method22-23, the Parrinello-Rahman pressure coupling method2324
, the fourth-order P-LINCS constraint algorithm25, and the Verlet cutoff-scheme. All position restrains were
removed in production simulations. Electrostatics were calculated using the Fast smooth Particle-Mesh Ewald
algorithm26-27 with a coulomb cutoff of 1.2 nm and 0.16 nm Fourier grid space. Van der Waals were calculated using
the Lennard Jones equation cut-off that switches forces to zero from 1.0-1.2 nm using a force-switch method. All
three dimensions used periodic boundary conditions. Systems were simulated to 1 µs (1000 ns), with three
replicates, for a total of 3000 ns of simulation time. Analysis of protein structure and membrane stability were
completed over the last 100 ns of the simulation based off determined convergence from root mean-square
deviation (RMSD) analysis and RMSD clustering analysis. Structural visualizations were performed in PyMOL (The
PyMOL Molecular Graphics System, Version 2.4.0; Schrödinger, LLC). Parameter files and in-house scripts available
on our Open Science Framework page (https://osf.io/82n73/).
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Table S1. Lipid composition per leaflet with gp41 MPER-TMD-CT trimer inserted in the membrane.
Lipid type

Exofacial leaflet number

Cytofacial leaflet number

Cholesterol

271

195

POPC

99

0

POPE

0

40

SOPS

0

80

SDPE

0

135

PSM

204

0

POPC (1-palmitoyl-2-oleoyl-sn-phosphatidylcholine)
POPE (1-palmitoyl-2-oleoyl-sn-phosphatidylethanolamine)
SOPS (stearoyl-oleoyl-phosphatidylserine)
SDPE (1-Stearoyl-2-docosahexaenoyl-sn-glycerophosphoethanolamine)
PSM (Palmitoylsphingomyelin)
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Table S2. NMR acquisition parameters.
Type of experiment

Spectral widths and
chemical shift evolution
times

# of
scans

Inter-scan
delay (s)

Duration of
the
experiment

Notes

Backbone, side-chain and NOE assignment
15

~ 1.2 mM ( N, 13C, 85% 2H)-labeled TMD-CT; magnetic field: 21.1 T
2D 1H-15N TROSY HSQC

10900 Hz, 94.0 ms (1HN)
1950 Hz, 76.9 ms (15N)

24

1.2

3h

3D TROSY HNCO

10900 Hz, 94.0 ms (1HN)
1950 Hz, 40.0 ms (15N)
1900 Hz, 7.9 ms (13Cʹ)

24

1.2

1 d 21 h

3D TROSY HNCA

10900 Hz, 94.0 ms (1HN)
1950 Hz, 40.0 ms (15N)
6000 Hz, 6.0 ms (13Cα)

36

1.2

6 d 16 h

~ 1.0 mM (15N, 85% 2H)- and (ILV) 13C -labeled TMD-CT; magnetic field: 21.1 T
2D 1H-15N TROSY HSQC

10900 Hz, 94.0 ms (1HN)
1950 Hz, 76.9 ms (15N)

24

1.2

3h

2D 1H-13C HSQC

10900 Hz, 47.0 ms (1HN)
4000 Hz, 56.0 ms (13C)

8

1.2

1h

20

1.2

8d2h

τmix = 150 ms

12

1.2

5d7h

τmix = 200 ms

116

1.2

13 d 9 h

τmix = 150 ms

3D 15N-edited NOESYTROSY-HSQC
3D 13C-edited NOESY
3D 15N-edited TROSYNOESY-TROSY-HSQC

10900 Hz, 94.0 ms (1HN)
1950 Hz, 30.3 ms (15N)
11200 Hz, 8.6 ms (1H)
10900 Hz, 47.0 ms (1HN)
4000 Hz, 16.0 ms (13C)
11200 Hz, 8.6 ms (1H)
10900 Hz, 94.0 ms (1HN)
1950 Hz, 20.5 ms (15N)
1950 Hz, 20.5 ms (15N)
PPT
15

2

~ 0.7 mM ( N, 85% H)-labeled TMD-CT; magnetic field: 14.1 T

2D 1H-15N TROSY HSQC

9600 Hz, 106.0 ms (1HN)
1300 Hz, 76.9 ms (15N)

48

3.5

10 h (each
spectrum)

[Gd-DOTA] =
0, 1.0, 2.0,
4.0, 6.0, 8.0,
10.0, 15.0,
20.0 mM

~ 0.7 mM (15N, 85% 2H)-labeled TMD-CT; magnetic field: 14.1 T
2D 1H-15N TROSY HSQC

9600 Hz, 106.0 ms (1HN)
1300 Hz, 76.9 ms (15N)

48

S7

3.5

10 h (each
spectrum)

[16-DSA] = 0,
0.6, 1.2, 1.8,
2.4, 3.0, 3.6
mM

Table S2 (continued)
Spectral widths and
chemical shift evolution
times

Type of experiment

# of
scans

Inter-scan
delay (s)

Duration of
the
experiment

Notes

Inter-protomer PREs
15

2

~ 0.45 mM ( N, 85% H)-labeled TMD-CT mixed with ~ 0.45 mM unlabeled TMD-CT S764C (~ 1:1);
magnetic field: 16.4 T
2D 1H-15N TROSY HSQC

12500 Hz, 82.0 ms (1HN)
1520 Hz, 98.7 ms (15N)

136

3.5

1 d 18 h
(each
spectrum)

[Sodium
ascorbate] =
0, 20.0 mM

~ 0.45 mM (15N, 85% 2H)-labeled TMD-CT mixed with ~ 0.45 mM unlabeled TMD-CT S813C (~ 1:1);
magnetic field: 16.4 T
2D 1H-15N TROSY HSQC

12500 Hz, 82.0 ms (1HN)
1520 Hz, 98.7 ms (15N)

136

3.5

1 d 18 h
(each
spectrum)

[Sodium
ascorbate] =
0, 20.0 mM

~ 0.4 mM (15N, 85% 2H)-labeled TMD-CT mixed with ~ 0.4 mM unlabeled TMD-CT C857 (~ 1:1);
magnetic field: 14.1 T
1

15

2D H- N TROSY HSQC

9600 Hz, 106.0 ms (1HN)
1300 Hz, 98.5 ms (15N)

160

3.5

1 d 18 h
(each
spectrum)

[Sodium
ascorbate] =
0, 20.0 mM

~ 0.6 mM (15N, 13C, 85% 2H)-labeled TMD-CTLLP2; magnetic field: 18.8 T
2D 1H-15N TROSY HSQC

11150 Hz, 92.0 ms (1HN)
1900 Hz, 79.0 ms (15N)

32

1.2

4h

3D JCH-modulated NOESY

11500 Hz, 92.0 ms (1HN)
1900 Hz, 24.2 ms (15N)
9600 Hz, 7.5 ms (1H)

20

1.2

9d4h

S8

τmix = 100 ms

Table S3. Residue specific PREamp of TMD-CT in q = 0.5 bicelles. The values were determined by fitting I/I0 vs.
[paramagnetic agent] to Eq. S1. PREamp of non-proline residues not shown were discarded because of signal overlap
or poor data fitting.
Residue

PREamp
(Gd-DOTA)

PREamp
(16-DSA)

Residue

PREamp
(Gd-DOTA)

PREamp
(16-DSA)

679

0.895±0.031

0.898±0.026

738

0.949±0.046

-2.272±0.062 (*)

681

0.963±0.024

0.920±0.012

739

0.899±0.043

-0.344±0.018 (*)

684

0.868±0.027

0.959±0.023

742

0.901±0.023

-0.0076±0.0028 (*)

685

-

0.954±0.031

744

0.890±0.033

0.445±0.027 (*)

686

0.767±0.060

0.9679±0.0082

745

0.964±0.023

0.767±0.040 (*)

688

0.715±0.069

0.991±0.018

747

0.903±0.033

0.893±0.023

690

0.671±0.083

0.9899±0.0097

748

0.940±0.027

0.9479±0.0088

691

0.643±0.022

0.982±0.021

750

0.901±0.053

0.945±0.032

693

-

0.979±0.018

753

0.941±0.022

0.963±0.014

694

0.648±0.0.067

0.982±0.014

754

0.900±0.016

0.924±0.015

695

0.656±0.060

0.982±0.015

755

0.914±0.043

0.948±0.020

696

0.635±0.079

0.984±0.015

756

0.874±0.064

0.951±0.011

698

0.688±0.069

0.989±0.010

758

0.880±0.049

0.944±0.019

699

0.726±0.077

0.9853±0.0029

762

0.894±0.030

0.933±0.019

700

0.729±0.056

0.9903±0.0073

763

0.853±0.045

-

702

0.799±0.075

0.984±0.012

770

0.927±0.042

0.9653±0.0056

703

0.810±0.058

0.975±0.012

771

0.873±0.037

0.919±0.043

704

0.868±0.066

0.960±0.013

772

0.885±0.028

0.9784±0.0077

705

-

0.948±0.030

774

0.859±0.044

0.934±0.025

706

0.877±0.041

0.897±0.024

775

-

0.9739±0.0093

707

0.889±0.052

0.896±0.013

776

0.878±0.038

0.934±0.020

710

0.934±0.033

0.884±0.027

779

0.836±0.048

0.982±0.011

711

0.970±0.017

0.856±0.038

782

0.861±0.050

0.981±0.010

712

0.918±0.034

0.885±0.022

785

0.933±0.085

0.960±0.021

713

0.943±0.018

0.871±0.034

786

0.958±0.047

0.961±0.022

714

0.910±0.021

-

788

0.810±0.051

0.929±0.014

715

0.962±0.021

0.929±0.016

789

-

0.901±0.022

716

0.928±0.030

0.890±0.028

790

-

0.912±0.052

717

0.959±0.029

0.824±0.033 (*)

791

0.816±0.073

0.942±0.035

719

0.953±0.013

0.746±0.076 (*)

792

0.858±0.095

0.915±0.038

721

0.974±0.024

0.755±0.076 (*)

793

0.961±0.048

0.974±0.019

723

0.970±0.022

0.647±0.099 (*)

794

0.895±0.024

0.973±0.033

725

0.929±0.037

-0.060±0.087 (*)

795

0.819±0.062

0.908±0.056

737

0.931±0.036

-2.445±0.092 (*)

796

0.799±0.040

0.933±0.034
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Table S3 (continued)
Residue

PREamp
(Gd-DOTA)

PREamp
(16-DSA)

Residue

PREamp
(Gd-DOTA)

PREamp
(16-DSA)

797

0.919±0.073

0.977±0.024

826

0.936±0.077

0.976±0.040

799

0863.±0.053

0.973±0.025

829

0.941±0.088

0.943±0.037

800

0.892±0.045

0.983±0.014

832

0.894±0.060

0.921±0.036

801

0.956±0.076

0.896±0.036

833

0.863±0.073

0.957±0.027

802

0.799±0.061

0.922±0.057

834

0.908±0.054

0.916±0.034

803

0.853±0.062

0.974±0.024

835

0.930±0.035

0.893±0.046

804

0.879±0.037

0.985±0.032

836

0.860±0.048

0.972±0.018

805

0.922±0.028

0.954±0.023

837

0.986±0.042

0.973±0.027

806

0.884±0.020

0.958±0.028

840

0.941±0.035

0.973±0.023

810

0.911±0.099

0.946±0.033

841

0.938±0.026

0.916±0.047

811

0.846±0.060

0.973±0.032

846

0.941±0.026

0.861±0.057

813

0.961±0.066

0.930±0.035

848

0.909±0.033

0.790±0.028

814

0.924±0.077

0.989±0.018

849

0.953±0.030

0.840±0.055

817

0.986±0.048

-

850

0.905±0.038

0.919±0.035

818

0.945±0.079

0.957±0.016

851

0.883±0.028

0.881±0.039

819

0.845±0.089

0.961±0.030

852

0.874±0.051

0.928±0.036

820

0.918±0.092

0.945±0.028

853

0.920±0.044

0.830±0.047

821

0.812±0.092

0.955±0.034

854

0.873±0.063

0.887±0.044

822

0.889±0.072

0.967±0.029

855

0.843±0.061

0.933±0.030

823

0.872±0.071

0.934±0.042

856

0.867±0.063

0.965±0.020

825

0.893±0.045

0.917±0.034

(*) These PREamp were not used in the PPT analysis since their values were significantly affected by the fast timescale
of the highly flexible loop.
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Table S4. Plane restraints used for the TMD-CT and MPER-TMD-CT structure calculation. rZ = 0 corresponds to the
bicelle center. Plane restraints for the MPER and CT are shown in light blue and green, respectively; those for the
TMD structure (internal calibration) are shown in red.
Residue

TMD-CT
rZ (Å)

MPERTMD-CT
rZ (Å)

Residue

TMD-CT
rZ (Å)

MPERTMD-CT
rZ (Å)

Residue

TMD-CT
rZ (Å)

MPERTMD-CT
rZ (Å)

678

-

17.8±1.0

712

-22.1±1.0

-22.1±1.0

796

-16.6±1.0

-16.6±1.0

679

24.1±1.0

18.4±1.0

713

-23.5±1.0

-23.5±1.0

799

-17.0±1.0

-17.0±1.0

680

23.5±1.0

17.5±1.0

715

19.0±1.0

19.0±1.0

800

-18.6±1.0

-18.6±1.0

681

21.5±1.0

18.1±1.0

716

-21.7±1.0

-21.7±1.0

801

-21.2±1.0

-21.2±1.0

682

19.7±1.0

17.8±1.0

739

-19.1±1.0

-19.1±1.0

802

-16.9±1.0

-16.9±1.0

683

19.1±1.0

16.5±1.0

742

-19.3±1.0

-19.3±1.0

803

-16.5±1.0

-16.5±1.0

684

17.7±1.0

16.7±1.0

744

-18.5±1.0

-18.5±1.0

804

-17.8±1.0

-17.8±1.0

685

15.5±1.0

15.3±1.0

747

-20.5±1.0

-20.5±1.0

805

-17.1±1.0

-17.1±1.0

686

14.0±1.0

13.5±1.0

748

-17.7±1.0

-17.7±1.0

806

-17.4±1.0

-17.4±1.0

687

13.0±1.0

12.6±1.0

750

-18.6±1.0

-18.6±1.0

810

-17.8±1.0

-17.8±1.0

688

11.2±1.0

-

753

-16.3±1.0

-16.3±1.0

811

-16.2±1.0

-16.2±1.0

689

9.3±1.0

-

754

-19.3±1.0

-19.3±1.0

813

-20.2±1.0

-20.2±1.0

690

8.5±1.0

-

755

-17.6±1.0

-17.6±1.0

818

-16.9±1.0

-16.9±1.0

691

6.7±1.0

-

756

-17.5±1.0

-17.5±1.0

819

-16.3±1.0

-16.3±1.0

692

4.3±1.0

-

758

-17.9±1.0

-17.9±1.0

820

-17.9±1.0

-17.9±1.0

693

3.0±1.0

-

762

-18.8±1.0

-18.8±1.0

821

-16.0±1.0

-16.0±1.0

694

1.8±1.0

-

763

-16.5±1.0

-16.5±1.0

822

-17.1±1.0

-17.1±1.0

695

-0.4±1.0

-0.4±1.0

770

-16.0±1.0

-16.0±1.0

823

-18.0±1.0

-18.0±1.0

696

-2.4±1.0

-2.4±1.0

771

-18.6±1.0

-18.6±1.0

825

-19.2±1.0

-19.2±1.0

697

-4.3±1.0

-4.3±1.0

772

-18.2±1.0

-18.2±1.0

829

-18.1±1.0

-18.1±1.0

698

-6.6±1.0

-6.6±1.0

774

-17.8±1.0

-17.8±1.0

832

-19.2±1.0

-19.2±1.0

699

-8.4±1.0

-8.4±1.0

776

-18.2±1.0

-18.2±1.0

833

-16.9±1.0

-16.9±1.0

700

-10.0±1.0

-10.0±1.0

779

-15.8±1.0

-15.8±1.0

834

-19.8±1.0

-19.8±1.0

701

-11.7±1.0

-11.7±1.0

782

-16.9±1.0

-16.9±1.0

835

-21.4±1.0

-21.4±1.0

702

-13.1±1.0

-13.1±1.0

785

-16.6±1.0

-16.6±1.0

836

-16.9±1.0

-16.9±1.0

703

-15.2±1.0

-15.2±1.0

786

-16.4±1.0

-16.4±1.0

841

-19.9±1.0

-19.9±1.0

704

-17.6±1.0

-17.6±1.0

788

-16.7±1.0

-16.7±1.0

850

-19.6±1.0

-19.6±1.0

705

-18.2±1.0

-18.2±1.0

789

-20.8±1.0

-20.8±1.0

851

-20.3±1.0

-20.3±1.0

706

-18.9±1.0

-18.9±1.0

790

-20.1±1.0

-20.1±1.0

852

-18.3±1.0

-18.3±1.0

707

-21.3±1.0

-21.3±1.0

791

-16.6±1.0

-16.6±1.0

854

-19.7±1.0

-19.7±1.0

708

-23.2±1.0

-23.2±1.0

792

-18.3±1.0

-18.3±1.0

855

-17.4±1.0

-17.4±1.0

709

-22.8±1.0

-22.8±1.0

794

-18.8±1.0

-18.8±1.0

856

-16.6±1.0

-16.6±1.0

710

-23.8±1.0

-23.8±1.0

795

-17.8±1.0

-17.8±1.0
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Table S5. TMD-CT NMR structure calculation and refinement statistics.
TMD
(677-710)

CTLLP2
(711-785)

CTLLP3-LLP1
(786-856)

Distance restraints from NOE b
Short-range intramolecular (|i-j|≤4)
Long-range intramolecular (|i-j|≥5)
Intermolecular

510
459
0
51

549
465
24
60

156
69
45
42

Total plane restraints c

96

NMR distance, dihedral and plane restraints a

Total dihedral angle restraints d
Φ (TALOS)
ψ (TALOS)

852
426
426

Structure statistics e
Violations (mean ± s.d.)
Distance restraints (Å)
Plane restraints (Å)
Dihedral angle restraints (°)

0.182±0.005
0.095±0.041
1.066±0.041

Deviations from idealized geometry
Bond lengths (Å)
Bond angles (°)
Impropers (°)

0.009±0.000
1.030±0.011
0.827±0.018

Average pairwise r.m.s. deviation (Å) f
Heavy
Backbone
a

195

1.804
1.443

The numbers of restraints are summed over all three subunits.

b

For residues 786-856, all NOE restraints were obtained in the current study. For residues 679-710 and 711-785, the
NOE restraints were taken from our earlier NMR studies of the TMD and TMD-CTLLP2 (refs 1, 5).
c

For residues 711-856, plane restraints were derived using PREamp values obtained in the current study. For residues
679-710, plane restraints were directly taken from our earlier NMR study of the TMD (internal calibration)1.
d

Backbone φ and ψ restraints and their respective uncertainties were obtained from the “GOOD” dihedrals
generated by TALOS+ based on the backbone chemical shift values.
e

Statistics are calculated and averaged over an ensemble of the 15 lowest energy structures out of 150 calculated
structures.
f

The precision of the atomic coordinates is defined as the average r.m.s. difference between the 15 final structures
and their mean coordinates (flexible residues 711-740 have been omitted from the comparison).
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Table S6. MPER-TMD-CT NMR model calculation and refinement statistics.
MPER-TMD
(660-693)

TMD
(694-710)

CTLLP2
(711-785)

CT LLP3-LLP1
(786-856)

Distance restraints from NOE b
Short-range intramolecular (|i-j|≤4)
Long-range intramolecular (|i-j|≥5)
Intermolecular

333
303
6
24

429
387
0
42

549
465
24
60

156
69
45
42

Total plane restraints c

30

48

NMR distance, dihedral and plane restraints a

Total dihedral angle restraints d
Φ (TALOS)
ψ (TALOS)

912
456
456

Structure statistics e
Violations (mean ± s.d.)
Distance restraints (Å)
Plane restraints (Å)
Dihedral angle restraints (°)

0.152±0.004
0.115±0.037
0.971±0.067

Deviations from idealized geometry
Bond lengths (Å)
Bond angles (°)
Impropers (°)

0.009±0.000
1.013±0.013
0.781±0.019

Average pairwise r.m.s. deviation (Å) f
Heavy
Backbone
a

195

1.711
1.120

The numbers of restraints are summed over all three subunits.

b

For residues 786-856, all NOE restraints were obtained in the current study. For the MPER and first half of the TMD
(residues 660-693), the NOE restraints were taken from our earlier NMR study of the MPER-TMD6; for the second
half of the TMD (residues 694-710) and for the CTLLP2 (residues 711-785), the NOE restraints were taken from our
earlier NMR study of the TMD and TMD-CTLLP2 (refs 1, 5).
c

For the residues 711-856, plane restraints were derived using the PREamp values obtained in the current study. For
the MPER and first half of the TMD (residues 660-693), plane restraints were derived using the PREamp values taken
from our earlier NMR study of the MPER-TMD6; for the second half of the TMD (residues 694-710), plane restraints
were directly taken from our earlier NMR study of the TMD (internal calibration)1.
d

Backbone φ and ψ restraints and their respective uncertainties were obtained from the “GOOD” dihedrals
generated by TALOS+ based on the backbone chemical shift values. For residues 694-856, all dihedral angle restraints
were obtained in the current study; for residues 660-693, all dihedral angle restraints were taken from our earlier
NMR study of the MPER-TMD6.
e

Statistics are calculated and averaged over an ensemble of the 15 lowest energy structures out of 150 calculated
structures.
f

The precision of the atomic coordinates is defined as the average r.m.s. difference between the 15 final structures
and their mean coordinates (flexible residues 711-740 have been omitted from the comparison).
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Figure S1. NMR spectra of the membrane components of HIV-1 Env in bicelles. (a) Comparison of the 2D 1H-15N
TROSY-HSQC spectra of the MPER-TMD and TMD fragments defined in Fig. 1. The peaks from the TMD core (residues
685-700) are shown in red. (b) Comparison of the 2D 1H-15N TROSY-HSQC spectra of the TMD, TMD-CTLLP2 and TMDCT fragments. The peaks from the TMD core and the CTLLP2 region are shown in red and blue, respectively. Note: the
bicelles in (a) contains a small amount of DH7PC (~10% of the short-chain detergent) needed for sample
reconstitution6, and this makes the bicelle conditions in (a) and (b) slightly different.
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Figure S2. Secondary structure analysis of the TMD-CT. The random coil index (RCI)-based order parameter (S2)
calculated from experimental chemical shifts (15N, 13Cα and 13Cʹ) using TALOS+12 is shown for assigned residues. High
and low values indicate structured and unstructured regions, respectively. The striped box corresponds to residues
726-736 (deleted in the construct). The α-helical segments along the protein sequence are indicated by red bars.
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Figure S3. Examples of long-range NOEs used for determining the conformation of the CTLLP3-LLP1 region relative to
the CTLLP2 region. Stripes shown are from the 3D 15N-edited NOESY-TROSY-HSQC recorded at 21.1 T and 308 K with
a NOE mixing time of 150 ms. The red dashed lines indicate matching chemical shift between intra-residue and longrange NOEs. The spectrum was acquired using a ~1.0 mM (15N, 85% 2H)- and (ILV) 13C-labeled TMD-CT sample
reconstituted in bicelles with deuterated DMPC and DHPC acyl chains.
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Figure S4. Derivation of the plane restraints used in the TMD-CT and MPER-TMD-CT structure calculation. (a) PREamp
vs (residue number) plots for TMD-CT obtained from Gd-DOTA (left) and 16-DSA (right) titrations. Error bars
represent the uncertainty derived from fitting error. Missing values are due to prolines, residues with overlapping
cross-peaks or the deleted KS residues 726-736. (b) Assignment of plane restraints for residues 711-856 of the TMDCT using data from Gd-DOTA and 16-DSA titrations (top and bottom row, respectively). First, PREamp vs (residue
number) plots of residues 679-710 of the TMD-CT (black) and the TMD (red) were compared (left panel). Collectively,
the two data sets indicate that residues 679-710 have the same membrane partition in both constructs. Second, the
PREamp vs. (residue number) plot of the TMD-CT was converted to a PREamp vs. rZ plot using the known TMD trimer
structure (PDB ID: 5JYN). The PREamp vs. rZ profiles were then fitted to the sigmoidal function (Eq. S2) (middle panel).
Third, the best-fit curves (red) were used to assign rZ for residues 711-856 (right panel). Only rZ in the PRE-sensitive
regions of the curves were retained (white area). Finally, the calculated rZ from Gd-DOTA and 16-DSA curves were
averaged, merged into one single data set and used as plane restraints for the TMD-CT and MPER-TMD-CT structure
calculation.
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Figure S5. Validation of the TMD-CT structure by inter-chain PRE analysis. (a) Left: Residue-specific PRE (I/I0) plot of
(15N, 85% 2H)-labeled TMD-CT mixed with the TMD-CT S764C mutant MTSL-labeled at C764 at ~1:1 molar ratio. Error
bars represent the uncertainty derived from cross-peaks signal to noise. Missing bars are due to prolines or residues
with overlapping peaks. The striped box corresponds to residues 726-736 (deleted in the construct), the grey
triangles mark the proline residues and the asterisk indicates the position of the MTSL label. The three main PRE
regimes are defined as strong (red), medium (orange) and weak (gray). On the right, the mapping of the PRE regimes
onto the protein structure is shown. The unstructured KS (residues 711-736) is omitted for clarity. The (15N, 85% 2H)labeled TMD-CT and the MTSL-labeled S764C mutant are represented as gray and yellow ribbons, respectively.
Amide protons for which accurate PRE measurement was feasible are shown as spheres and colored according to
the PRE regimes defined above (red, orange and white). The green sphere represents the area affected by the
paramagnetic tag. (b) Same as (a) but for MTSL labeled at C813. (c) Same as (a) but for MTSL labeled at C857.
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Figure S6. TMD-CT and MPER-TMD-CT structural ensembles. The MPER, TMD and CT are colored in cyan, green and
pink, respectively. Structures are represented as thin ribbons and residues 726-736 have been omitted. (a) Side and
top view of the NMR ensemble of the 15 lowest-energy TMD-CT structures calculated using NMR-derived structural
restraints (Table S5). (b) Side and top view of the NMR ensemble of the 15 lowest-energy MPER-TMD-CT structures
calculated using NMR-derived structural restraints (Table S6).
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Figure S7. Conservation of residues forming the hydrophobic and hydrophilic clusters of the CT baseplate (Fig. 2c)
across HIV-1 isolates. A total of 2,154 HIV-1 Env sequences from the NBCI database
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) were aligned and the resulting sequence logo was generated using
WEBLOGO v2.8.228. Residues in the clusters are labeled. The result indicates that the polar/apolar nature of these
clusters is highly conserved throughout HIV-1 variants.
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Figure S8. Root-mean-square deviation (RMSD) and root-mean-square fluctuation (RMSF) of backbone and
sidechain atoms of gp41 MPER-TMD-CT. RMSD of backbone atoms is shown per chain, over the entire simulation
time, for each replicate. Average per-residue RMSF over the last 100 ns of simulation time for both backbone and
sidechain atoms is shown as both raw data per chain and as an average ± standard deviation over all chains per
replicate.
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Figure S9. Dominant morphologies of gp41 MPER-TMD-CT trimer. Starting structure and each replicate dominant
morphology, selected as the center structure of the largest cluster is shown, with associated percentage of cluster
size. Clustering was performed over the last 100 ns with a backbone RMSD cut-off of 0.2 nm. In the top row, MPERTMD-CT is colored by replicate. In the center, the gp41 MPER-TMD-CT trimer is colored based on domain and rotated
in two viewpoints - cyan (MPER), green (TMD), pink (CTLLP2), and yellow (CTLLP3-LLP1). Finally, a zoom-in of R696
positioning in the TMD with R696 shown as sticks colored by atom type. Chlorine ion represented as orange sphere.
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Figure S10. Center of mass (COM) positioning of gp41 MPER-TMD-CT trimer residues relevant to the membrane
COM. Per-residue position averaged over all chains shown as a probability density (legend) in the z-coordinate over
the last 100 ns of simulation. Black bars are provided at the approximate positions of the headgroups of the exofacial
(2 nm) and cytofacial leaflet (-2 nm).

S23

Figure S11. gp41 MPER-TMD-CT intra-trimer relative chain positioning over time for residues positioned at the
headgroup of the exofacial leaflet (N-terminal) and cytofacial (C-terminal) leaflet. Data is shown as both raw timeseries data per replicate (replicates colored various shades of blue and average ± standard deviation). N-terminal
domains consisted of residues R683-I686 and the C-terminal domain consisted of residues L704-R707. Distance
between each helix (A, B, C) was calculated using the COM of each residue region relevant to the other.
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Figure S12. gp41 MPER-TMD-CT intra-trimer relative chain positioning over time for representative residues
positioned in MPER and CTLLP2 regions. Data is shown as both raw time-series data per replicate (replicates colored
various shades of blue and average ± standard deviation). Selected MPER region consisted of residues D664-W672
and selected CT LLP2 region consists of residues D473-L765. Distance between each helix (A, B, C) was calculated using
the COM of each residue region relevant to the other.
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Figure S13. Membrane lipid, water, and ion placement for dominant morphologies of gp41 MPER-TMD-CT trimer.
Dominant morphologies are calculated from RMSD clustering shown in Fig. S9. gp41 MPER-TMD-CT trimer is shown
as cartoon, with membrane shown as stick (left) or surface(right). Phosphate atoms of lipid headgroups are shown
as gold spheres. Water (teal spheres) and ions (K+ ions – purple spheres, Cl- – orange spheres) within 3.5 Å of the
MPER-TMD-CT trimer are shown (right).
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Figure S14. Distribution of exofacial and cytofacial lipids around the gp41 MPER-TMD-CT trimer for starting structure
and each replicate dominant morphology. Dominant morphologies of each gp41 MPER-TMD-CT trimer are shown
for each replicate and calculated as described in Fig. S9. Starting structure represents the energy minimized
conformation of the system prior to equilibration. Each view is shown as a top-down of each leaflet. MPER-TMD-CT
is shown as black cartoon and lipids are shown as spheres colored by lipid type (CHOL – red, dark teal – POPC, PSM
– light teal, POPE – purple, SDPE – tan, SOPS – blue)
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Figure S15. Membrane thickness over time per replicate. Full membrane, cytofacial leaflet, and exofacial leaflet
thickness shown as raw data and as an average, calculated using FATSLiM thickness feature29, which estimates
thickness for every lipid and averages values for both membrane and individual leaflets.
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Figure S16. Area per Lipid (APL) over time for exofacial and cytofacial membrane leaflets. Data is shown per replicate
and as an average ± standard deviation over all replicates.
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Figure S17. Lipid density in the z-axis. Each lipid was analyzed by their headgroup, glycerol, or acyl tail density
position in the z-axis at the start of simulation (averaged over the first 20 ns) or over the last 100 ns of simulation
time. Each lipid atom group is averaged across three replicates with standard deviation shown. Exofacial lipid
composition includes CHOL, POPC, and PSM. Cytofacial lipid composition includes CHOL, POPE, SOPS, and SDPE. See
methods for abbreviations.
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Figure S18. Lipid density in the z-axis. Each full lipid structure and water was analyzed for density position in the zaxis at the start of simulation (averaged over the first 20 ns) or over the last 100 ns of simulation time. Each lipid
atom group is averaged across three replicates with standard deviation shown. Exofacial lipid composition includes
CHOL, POPC, and PSM. Cytofacial lipid composition includes CHOL, POPE, SOPS, and SDPE. See Table S1 for
abbreviations.
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Figure S19. Radial distribution function (RDF) lipid analysis over the first 100 ns of gp41 MPER-TMD-CT simulation
time. RDF of each lipid type is shown relative to each protein chain (colored shades of blue – A, B, C). Exofacial lipid
composition includes CHOL, POPC, PSM. Cytofacial lipid composition includes CHOL, POPE, SOPS, SDPE.
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Figure S20. RDF lipid analysis over the last 100 ns of gp41 MPER-TMD-CT simulation time. RDF of each lipid type is
shown relative to each protein chain (colored shades of blue – A, B, C). Exofacial lipid composition includes CHOL,
POPC, PSM. Cytofacial lipid composition includes CHOL, POPE, SOPS, SDPE.
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Figure S21. Average minimum distance per gp41 MPER-TMD-CT residue with cholesterol. Distances are an average
of position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S22. Average minimum distance per gp41 MPER-TMD-CT residue with POPC. Distances are an average of
position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S23. Average minimum distance per gp41 MPER-TMD-CT residue with POPE. Distances are an average of
position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S24. Average minimum distance per gp41 MPER-TMD-CT residue with PSM. Distances are an average of
position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S25. Average minimum distance per gp41 MPER-TMD-CT residue with SDPE. Distances are an average of
position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S26. Average minimum distance per gp41 MPER-TMD-CT residue with SOPS. Distances are an average of
position of each atom of each residue for each helix over the last 100 ns of simulation time. Start distance and
individual replicate data is shown (left) with average ± standard deviation across three replicates is also shown
(right). Each graph is colored based on gp41 trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S27. Normalized count of residue-cholesterol interactions over the last 100 ns of simulation time. Contacts
were normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual
replicate data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each
graph is colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3LLP1
).
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Figure S28. Normalized count of residue-POPC interactions over the last 100 ns of simulation time. Contacts were
normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual replicate
data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each graph is
colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3-LLP1).
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Figure S29. Normalized count of residue-POPE interactions over the last 100 ns of simulation time. Contacts were
normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual replicate
data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each graph is
colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3-LLP1).
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Figure S30. Normalized count of residue-PSM interactions over the last 100 ns of simulation time. Contacts were
normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual replicate
data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each graph is
colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3-LLP1).
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Figure S31. Normalized count of residue-SDPE interactions over the last 100 ns of simulation time. Contacts were
normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual replicate
data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each graph is
colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3-LLP1).
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Figure S32. Normalized count of residue-SOPS interactions over the last 100 ns of simulation time. Contacts were
normalized by dividing by the total number of cholesterol lipids in the system. Start distance and individual replicate
data is shown (left) with average ± standard deviation across three replicates is also shown (right). Each graph is
colored based on the MPER-TMD-CT trimer domain (cyan – MPER, green – TMD, pink – CTLLP2, yellow – CTLLP3-LLP1).
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Figure S33. Deuterium order parameters on the sn-1 chain of POPC, POPE, and SDPE. Order parameters were
calculated for each acyl tail carbon atom for the first 20 ns (start) and as an average over the last 100 ns of simulation.
Parameters were also analyzed on the sn-2 chain and showed similar trends. Average over replicates and standard
deviation is shown.
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Figure S34. Protein-lipid NOE analysis for examining lipid exclusion by the CT baseplate. A 3D JCH-modulated NOE
experiment2 was recorded using a (15N, 13C, 85% 2H)-labeled TMD-CTLLP2 sample reconstituted in q = 0.5 bicelles (see
Table S2 for the NMR acquisition parameters). The JCH-modulated NOE experiment is based on the regular 3D 15Nedited NOESY-TROSY-HSQC, in which the 1H evolution period before the NOE mixing is changed to a ‘mixed constanttime’ evolution to introduce 8 ms of 1H-13C J evolutions. Consequently, the NOE peaks from the residual aliphatic
protons of the (15N, 13C, 85% 2H)-labeled protein are negative (red) and those from the lipids are positive (black). (a)
Stripes from the 3D NOE spectrum for the TMD showing residue-specific lipid NOEs (top); the NOEs are mapped onto
the structure after 1000 ns of MD simulation (bottom) with NOE intensities coded by red (strong), orange (medium),
and yellow (weak). (b) The same as in (a) but for the H1 and H2 helices of the LLP2 domain.
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Figure S35. Fit of the trimeric MPER-TMD-CT NMR structure to the EM density of the HIV-1 Env trimer [EMDB ID:
EMD-5019; ~22 Å resolution] on the surface of virion derived from cryo-ET30.
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Figures S36. Evaluation of possible interaction between the Env CT and the matrix domain (MA) of the Gag
polyprotein in the context of known NMR and crystal structures. Residues 802-806 of the Env CT (Y802, W803, S804,
Q805, E806), shown as yellow spheres, have been suggested by previous genetic studies to be involved in the
interaction between Env CT and Gag MA31. The basic residues of Gag MA (K26, K27, K30, K32), highlighted in blue,
have been shown to significantly affect viral assembly32. The crystal structure of MA (PDB ID: 1HIW; orange surface
representation)33 is placed against the NMR structure of the CT baseplate (pink) such that residues 802-806 of the
CT and basic residues of the MA in the two trimeric complexes are aligned. The modeling suggests that a direct
interaction between Env CT and Gag MA is structurally plausible.
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