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Abstract

The envelope glycoprotein (Env) of the human immunodeficient virus (HIV-1) is known to cluster on the
viral membrane surface to attach to target cells and cause membrane fusion for HIV-1 infection. However,
the molecular structural mechanisms that drive Env clustering remain opaque. Here, we use solid-state
NMR spectroscopy and molecular dynamics (MD) simulations to investigate nanometer-scale clustering
of the membrane-proximal external region (MPER) and transmembrane domain (TMD) of gp41, the fusion
protein component of Env. Using '9F solid-state NMR experiments of mixed fluorinated peptides, we show
that MPER-TMD trimers form clusters with interdigitated MPER helices in cholesterol-containing mem-
branes. Inter-trimer '°F-'°F cross peaks, which are indicative of spatial contacts within ~2 nm, are
observed in cholesterol-rich virus-mimetic membranes but are suppressed in cholesterol-free model
membranes. Water-peptide and lipid-peptide cross peaks in 2D 'H-'°F correlation spectra indicate that
the MPER is well embedded in model phosphocholine membranes but is more exposed to the surface
of the virus-mimetic membrane. These experimental results are reproduced in coarse-grained and ato-
mistic molecular dynamics simulations, which suggest that the effects of cholesterol on gp41 clustering
is likely via indirect modulation of the MPER orientation. Cholesterol binding to the helix-turn-helix region
of the MPER-TMD causes a parallel orientation of the MPER with the membrane surface, thus allowing
MPERs of neighboring trimers to interact with each other to cause clustering. These solid-state NMR data
and molecular dynamics simulations suggest that MPER and cholesterol cooperatively govern the clus-
tering of gp41 trimers during virus-cell membrane fusion.

© 2021 Elsevier Ltd. All rights reserved.

Introduction

The partitioning and clustering of eukaryotic
membrane proteins to raft-like lipid domains play
important roles in cellular signaling, vesicle

0022-2836/© 2021 Elsevier Ltd. All rights reserved.

trafficking, and cytoskeleton organization.'™ For
example, intracellular membrane fusion between
different organelles is accomplished by multiple
SNARE proteins, which are clustered at the fusion
site with the help of specific lipids.” In enveloped
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viruses, clustering of viral membrane proteins to
raft-like lipid domains is implicated in the lifecycle,
entry, and infectivity of the viruses.®° HIV-1 entry
into cells is mediated by the surface envelope glyco-
protein Env, which consists of trimeric assemblies
of gp120 and gp41 heterodimers.'® Following
attachment of gp120 to cell-surface receptors,
gp41 undergoes large conformational changes to
fuse the target cell membrane with the virus enve-
lope. However, each HIV-1 particle contains only
7 to 14 copies of Env, in contrast to other enveloped
viruses such as alphaviruses and influenza, which
contain many more entry proteins.'’'? It has long
been hypothesized that the low copy number of
the HIV-1 entry protein may be compensated by a
local clustering of the Env to accomplish the neces-
sary membrane curvature for virus-cell fusion.
Indeed, super-resolution microscopy and electron
tomography data have captured Env clusters on
the surface of the HIV-1 envelope and during
virus-cell membrane fusion,'® ' and this clustering
correlates with HIV-1 infectivity.

While the existence of Env clustering has been
demonstrated by microscopy data, the molecular
mechanism of this clustering is not yet well
understood. So far, Env clustering has been
investigated largely in terms of Env interaction
with other HIV-1 proteins and with host cell
receptors. In immature and non-infectious HIV-1
particles, the structural polyprotein Gag interacts
with Env through the cytoplasmic tail (CT) of gp41.
Disassembly of the Gag lattice during HIV-1
maturation allows Env diffusion in the lipid
envelope to form clusters that engage with cell
surface receptors.'*'® The gp41 CT also interacts
with cholesterol, which may promote Env clustering
to the cholesterol-rich domains of the lipid mem-
brane.'® Despite the role of the CT in HIV-1 matura-
tion, CT-truncated Env may still be able to cluster in
the membrane, since immature HIV-1 particles con-
taining CT-truncated Env have been shown to have
partial entry capability.'*'”'® This observation sug-
gests that alternative domains in gp41 may play
important roles in Env clustering, independent of
the cytoplasmic tail.

Gp41 contains a highly conserved membrane-
proximal external region (MPER) immediately N-
terminal to the transmembrane domain (TMD).
This MPER forms an amphipathic a-helix on the
surface of the lipid membrane,’??° and is required
for viral membrane fusion. Biochemical studies
showed that MPER peptides are able to destabilize
lipid membranes and play a role in mediating lipid
mixing during membrane fusion.?’ Analysis of 'H
and "*C chemical shifts of POPC in the absence
and presence of cholesterol and a pentapeptide of
the MPER domain suggested that cholesterol pro-
motes the insertion of this pentapeptide into the lipid
membrane, and the peptide in turn sequesters
cholesterol.?>  Fluorescence microscopy data
showed that the MPER preferentially partitions into

cholesterol-rich lipid domains.>® Very recently,
solid-state NMR data and MD simulations found
that cholesterol molecules bind to the MPER-TMD
peptides in lipid bilayers.?* Together, these results
suggest that cholesterol, which is required for HIV-
1 infectivity,”>2® might recruit MPER to raft-like lipid
domains, in doing so causing clustering of the Env
trimers.

Here we directly investigate the nanometer-scale
separation of MPER-TMD trimers in lipid bilayers
using 2D '°F solid-state NMR experiments and
molecular dynamics simulations. We prepared
membrane samples with peptide/lipid molar ratios
(P/L) of 1:10-1:32. At these peptide concentra-
tions, previous 'SF spin-counting experiments
showed that the MPER-TMD peptides are fully
trimerized."® But whether the trimers clusterin space
was not known. We now show that multiple
MPER-TMD trimers indeed self-associate on the
nanometer scale, and we provide direct experimen-
tal evidence for the dependence of this clustering on
membrane cholesterol as well as constraints on the
geometry of the clustered trimers.

Materials and Methods

Synthesis and purification of isotopically
labeled gp41 MPER-TMD

The MPER-TMD peptide used in this study
corresponds to residues 661-704 of HIV-1 clade
D gp41. The amino acid sequence is
STLELDKWASLW NWFNITNWLW YIRLFISIVG
GLVGLRIVFA VLSI”®. This sequence is similar to
the peptide used in our recent study of gp41
interaction with cholesterol,®* except that we
replaced M687 with Ser to prevent oxidation during
peptide cleavage. Four fluorinated peptides were
synthesized, each containing a single fluorinated
residue at 4-CF3-F673, 5-'°F-W670, 5-'°F-W666,
and 4-CF3-F663 gTabIe 1). For the 4-CF3-F673
labeled peptide, '°C, '*N-labeled L684 was also
incorporated. For the 4-CF3-F663 labeled peptide,
U-"3C, "®N-labeled 1675 and L679 were also incor-
porated. These 'C, '°N labeled residues serve to
verify the secondary structure of the peptide. The
5-'9F-W670 labeled peptide and 4-CF5-F673 pep-
tide were mixed in a 1:1 molar ratio to produce
membrane samples 1 — 4. The 5-'°F-W666 labeled
peptide and 4-CFs-F663 labeled peptide were
mixed in a 1:1 molar ratio to produce samples 5
and 6.

These MPER-TMD peptides were synthesized on
a custom-built fast-flow peptide synthesizer*® using
Fmoc solid-phase peptide synthesis protocols. Syn-
thesis proceeded at 70 °C, with N,N-
dimethylformamide (DMF) and the deprotection
solution (25% piperidine) delivered at 20 ml/min.
About 100 mg H-rink amide ChemMatrix resin with
a loading of 0.5 mmol/g was swelled in the reaction
vessel with DMF for 5 min. Fmoc-protected amino



N. Tran, Y. Oh, M. Sutherland, et al.

Journal of Molecular Biology 434 (2022) 167345

Table 1 HIV gp41 MPER-TMD peptides and membrane samples

used in this study.

Mixed peptide 1:

661 670 680

690 700

LELDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVF AVLSI
LELDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVF AVLST

Membrane Peptide : Lipid : Chol molar ratio Membrane composition
Samples
1 1:30:13 VM Seluster
2 1:32:0 DMPC
3 1:10:4.5 VMS
4 1:32:0 POPE

Mixed peptide 2:
661 670
LEFDKWASL WNWENITNWL

680
WYIRLFISIV GGLVGLRIVE AVLSI

690 700

LEFDKWASL WNWENITNWL WYIRLFISIV GGLVGLRIVF AVLST

Membrane Peptide : Lipid : Chol molar ratio Membrane composition
Samples
5 1:30:13 VM Seluster
6 1:32:0 DMPC

acids were activated with 1-[Bis(dimethylamino)m
ethylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-
oxide hexafluoro-phosphate (HATU) and N, N-
Diisopropylethylamine (DIEA) prior to coupling with
resin. The synthesis scale was 0.05 mmol, and ten-
fold excess of unlabeled amino acids and four-fold
excess of isotopically labeled amino acids were sin-
gly and triply coupled, respectively, using a coupling
time of 50 and 70 s. The peptide was cleaved from
the resin with TFA/phenol/H,O/TIPS (88:5:5:2 v/v)
for 3 h at room temperature. The resin was then fil-
tered off and the crude peptide was precipitated and
washed three times with chilled diethyl ether. The
crude peptide was dried under vacuum overnight
at room temperature.

Crude gp41 peptide was dissolved in
trifluoroethanol (TFE) and purified by preparative
reverse-phase HPLC using an organic solvent
mixture/H,O gradient. Solvent pumps A and B
delivered 25:75 v/v acetonitrile: isopropanol in
channel A and water in channel B at 15 ml/min.
An isocratic gradient (5% A) was applied for one
column volume (CV), followed by an initial linear
gradient (5-60% A) over four CVs, and a final
linear gradient (60—100% A) over 9 CVs. MALDI-
MS was used to validate the peptide purity, with
the measured masses showing good agreement
with the calculated masses. The total yield of the
peptide after purification was 15-20 mg (~8%).

Membrane sample preparation

The gp41(661-704) peptides were reconstituted
into  virus-mimetic  phospholipid membranes
(VMS®Uste" and VMS), which consists of 1-palmi
toyl-2-oleyl-sn-glycerol-3-phosphocholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanola
mine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-ph
ospho-L-serine (POPS), sphingomyelin (SM), and
cholesterol (chol). The POPC:POPE:POPS:SM:

3

chol molar ratios are 15:20:15:20:30 for the
VMSUst" membrane and 30:15:15:10:30 for the
VMS membrane. The VMS®“*" membrane was
designed to mimic the lipid compositions of the
HIV envelope,®°®" whereas the VMS membrane is
more similar to the plasma membrane lipid compo-
sition. Two membrane samples (samples 1 and 5)
were prepared with the VMS®“S* membrane,
where the peptide: (total phospholipid and SM): chol
molar ratio (P/L/C) was 1:30:13 (Table 1). Control
samples (samples 2 and 6) were prepared with
the same peptides reconstituted in DMPC mem-
branes at a P/L/C ratio of 1:32:0. Comparisons
between samples 1 and 2 and between samples 5
and 6 allow us to investigate how the complex
virus-mimetic membrane affects MPER-TMD trimer
association. A VMS membrane sample (sample 3)
with a higher P/L ratio of 1:10 was prepared to serve
as a positive control for clustering, whereas a POPE
sample (sample 4) with a P/L ratio of 1:32 further
explores the impact of lipids on MPER-TMD
clustering.

Phospholipids and SM were dissolved in
chloroform and cholesterol was dissolved in a
chloroform/methanol mixture. The peptides were
dissolved in TFE and mixed with the lipid solution.
The organic solvent was removed under nitrogen
gas until a thin, dried lipid/peptide film was
formed. This film was resuspended in HEPES
buffer (10 mM HEPES, pH 7.5, 1 mM EDTA,
0.1 mM NaNj3) and subjected to ten freeze—thaw
cycles between liquid nitrogen and a 45 °C water
bath to form homogenous multilamellar vesicles.
The proteoliposome solution was dialyzed against
the buffer (pH 7.5) for 2.5 days with five buffer
changes to remove residual TFE. The
proteoliposomes were spun at 55,000 rpm using a
Beckman SW60T rotor at 4 °C for 17 hours to
obtain membrane pellets. The pellets were
incubated in a desiccator until they reached a
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hydration level of ~40 wt% water and were then
spun into magic-angle spinning (MAS) rotors for
solid-state NMR experiments. Most membrane
samples contained ~8 mg peptide, 30—-40 mg
lipids, and ~30 mg water. The high-concentration
VMS sample (sample 3) contained ~5 mg
peptide, ~10 mg lipids, and ~10 mg water.

Solid-state NMR spectroscopy

Solid-state NMR spectra were measured on a
Bruker AVANCE IIl HD spectrometer at 9.4 T
(400 MHz 'H Larmor frequency) using a 4 mm
HFX MAS probe. 'F chemical shifts were
externally referenced to the '°F signal of Teflon at
—122 ppm on the CFCl; scale. '3C chemical shifts
were externally referenced to the '*Ca signal of
glycine at 43.65 ppm on the tetramethylsilane
scale. Typical radiofrequenc¥ (rf) field strengths
were 62.5 kHz for 'F and '®C pulses, and 50—
62.5 kHz for '"H decoupling using the two-pulse
phase-modulated (TPPM) sequence.®* 1D '°F
cross-polarization (CP) spectra were measured at
303-243 K under 10 kHz MAS.

2D '9F-'°F correlation spectra were measured
with a CORD®® mixing time of 500 ms to investigate
intermolecular contacts between MPER-TMD tri-
mers (Table 2). To freeze protein motion, we mea-
sured most of these spectra at 243 K, except for
the VMS sample (sample 3), which was measured
at 238 K. The MAS frequencies were 10.0 and
10.332 kHz. For 2D spectra measured under
10.332 kHz MAS, the indirect dimension was
rotor-synchronized to remove spinning sidebands
and hence increase spectral sensitivity. The spec-
tral width of 10.332 kHz corresponds to a '°F chem-
ical shift range of 27.5 ppm. The 'SF carrier
frequency was set to —68 ppm for these experi-
ments, thus the 5-'°F-W670 and 5-'°F-W666 peaks
at —125 ppm are folded to —70 ppm in the indirect
dimension, whereas the CF3 signal of F673 and
F663 appears at its true isotropic chemical shift of
—62 ppm.

2D PH-“’F heteronuclear correlation (HETCOR)
spectra with 100 ms 'H spin diffusion were
measured to investigate the depth of insertion of
the fluorinated MPER residues.®"*> For the DMPC
membrane samples 2 and 6, the HETCOR spectra
were measured at 290 K to reduce protein motion
and enable efficient 'H-'°F cross polarization. For
the VMS®“S*® membrane samples 1 and 5, the
HETCOR spectra were measured at 275 K to reach
similar 'H linewidths for the lipid CH, resonances at
1.2 .and 1.3 ppm as the DMPC samples. In this way,
we ensure that the VMS®“*® and DMPC mem-
branes have similar lipid chain dynamics and hence
similar "H spin diffusion coefficients. At these tem-
peratures, a 'H T, filter of 0.2 ms was sufficient to
remove all protein 'H magnetization, thus ensuring
that only lipid and water protons act as the 'H mag-
netization source. Following "H chemical shift evo-
lution, a 'H mixing period of 100 ms was used to

transfer the 'H magnetization of lipids and water
to the protein through chemical exchange and spin
diffusion.®®®” Cross-peak intensities between the
lipid protons and protein fluorines, and between
water protons and protein fluorines, indicate
whether the fluorinated residues are well inserted
into the membrane or reside on the membrane
surface.

Molecular dynamics simulations

To probe the effect of cholesterol on the
conformation and association of gp41 trimers, we
conducted coarse-grained (CG) and all-atom
molecular dynamics simulations. Most of the
discussions in the main text center on all-atom
simulations, whereas the CG simulation details
and results are summarized in the Sl (Figures S1
and S2).

Three different membrane models were used in
the simulations, including the VMSeuster
membrane and the DMPC membrane used in the
solid-state NMR experiments, and a VMSeustr
membrane without cholesterol (Table 3). The
VMS®“S*"  membrane contains POPC, POPE,
POPS, PSM, and cholesterol with molar ratios of
15:20:15:20:30. To further understand the effect of
cholesterol, we also compare the simulation
results for VMS®*®" membranes with and without
cholesterol. For each membrane composition, two
models of the MPER-TMD trimer were analyzed:
a single trimer and a dimer of trimers. The
structural model of the single trimer was adopted
from the recent solid-state NMR study (PDB:
6DLN),'® whereas the initial positions of the trimers
in the dimer-of-trimer model were obtained from CG
simulations. As described in the SI, these CG simu-
lations revealed spontaneous clustering of the
MPER-TMD trimers into three distinct geometries
(Figure S1). We then used all-atom simulations to
further examine the dimer model that features the
most extensive gp41-gp41 contacts and to probe
the effects of cholesterol on trimer clustering.

In all-atom simulations of both single trimer and
dimer-of-trimer models, the peptide:lipid molar
ratio is lower than that in the solid-state NMR
experiments in order to avoid self-association of
the trimers through periodic boundary images.
Since many solid-state NMR experiments were
conducted at low temperatures, we conducted MD
simulations at both 303 K and 280 K to better
compare the simulations with the NMR results, as
well as to probe the physiological relevance of the
observed clustering.

Initial configurations for MD simulations were built
using CHARMM-GUI.***° The protein-lipid systems
were solvated with a 22.5-A thick water layer on
each side of the lipid bilayer. The gp41 trimers were
placed in the lipid bilayer in a single orientation, with
all MPER motifs interacting with the same mem-
brane leaflet, to mimic the situation in the virus
membrane. The CHARMM36 force field***' and
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the TIP3P model** were used to describe protein-
lipid mixture and water, respectively. Na* and CI
ions were introduced to neutralize the system and
maintain a concentration of 150 mM. All systems
were equilibrated for at least 300 ns with the nghly
Mobile Membrane Mimetic (HMMM) model*
facilitate the re-distribution of membrane compo-
nents around the protein. Three configurations from
the HMMM simulation were randomly selected,
then converted to full-chain lipid membrane sys-
tems using CHARMM-GUI** and equilibrated for
another 100 ns. During HMMM and equilibration fol-
lowing the conversion to full-chain lipids, all heavy
atoms of the proteins were subjected to weak
restraints. The production runs were free of any
restraints and lasted for at least 200 ns for each sys-
tem and the initial configuration. To help verify the
robustness of the observed trends, especially the
impact of cholesterol on the association of gp41 tri-
mers, we also conducted dimer-of-trimer simula-
tions in DMPC and cholesterol-free VMSCUster
membranes, by starting with the tight dimer struc-
ture obtained by the end of MD simulations of the
VMSUst membrane.

All HMMM, equilibration and production
simulations were performed under constant
pressure and temperature using the Parrinello-
Rahman barostat’®> and Nosé-Hoover thermo-
stat.*®*’ Bonds involving hydrogen atoms were
constrained using the LINCS algorithm,*® which
enables an integration time step of 2 fs. All simula-
tions were carried out usmg the GROMACS-
2018.3 simulation package.*’

Membrane Samples
,2,5

Experimental Time
22 hrs each

40 hrs each
45 hrs
89 hrs

80 hrs
89 hrs
71 hrs

maximum t; evolution time; t; inc = increment or dwell time for the t,

maximum acquisition time during direct detection; tyF = "H-"°F cross polarization contact time; tcorp = CORD

35-62.5 kHz

93.75 kHz, '°F carrier frequency
5.3 US, Tacq = 3.1 — 4.3 ms,

5.3 US, Tacq = 4.3 Ms, Tyr=1 Ms,

100 ms, ViH,acq

290 K, vmas = 9 kHz, SWH1 = 5 kHz,

SWH1 = 93.75 kHz, 'F carrier frequency = -83.6 ppm, ns = 1024, 1,y = 1.5 S, ty max = 4.8 M, tyinc = 200 Us,
recycle delay; t1 max

Results

35-50 kHz

MPER-TMD trimers co-localize in cholesterol-
containing membranes

To investigate whether the MPER-TMD trimers
cluster on the nanometer scale in lipid bilayers, we
employed 2D '°F-'°F spin diffusion correlation
experiments. '°F spin diffusion is able to detect
distances up to ~2 nm due to the high
gyromagnetic ratio of the '9F sgn and the
resulting strong dipolar couplings.”®®' Thus, if the
fluorinated MPER residues from different trimers
approach each other to within ~2 nm, we should
observe inter-trimer correlation peaks. Most mem-
brane samples prepared in this study have a pep-
tide monomer:lipid molar ratio of about 1:30
(Table 1). This peptide concentration was chosen
to allow sufficient separation between the MPER-
TMD trimers if they are homogeneously distributed
in the membrane while still permitting enough sensi-
tivity for the NMR experiments. To investigate
whether peptide clustering depends on the lipid
composition of the membrane, we compare
MPER-TMD bound to a cholesterol-containing
virus-mimetic membrane (VMS®“*") versus the
one-component DMPC and POPE membranes.

10.0 kHz, SWH1 = 75 kHz, SWH1 = 93.75 kHz, '°F carrier frequency

83.6 ppm, ns = 256-320, 1q = 2 S, t1 max = 0.7 MS, t1 inc = 13.31 us, tawen
275 K, Tset (samples 2 and 6)

1 ms, Tofilter duration = 222 ps, tmix

10.332 kHz, SWH1 = 10.332 kHz, SWH2

71.4 kHz

4.3 ms, Ty

number of scans per t; slice of the 2D spectra; 1,4

243 K, VMAS

500 ms, ViH,acq
5.3 uS, Tacq

9.4 T, Teet = 238243 K, Vmas

9.4 T, Teet (samples 1 and 5)

Bo

68 ppm, ns = 640, 1, = 1.7 S, t{ max = 1.65 mMs, t1 jnc = 96.78 us, Tawen
Bo

THE = 750 ps, tcorp = 500 MS, Vin,acq

NMR Parameters
Bo=9.4T, Teet

TCORD

Tdwell
dwell time during direct acquisition of the FID; tacq

mixing time. Viy, acq = H decoupling field strength during detection.

Experiment

rotor synchronized
2D FF CORD

2D FF CORD

2D "H-'°F HETCOR with
100 ms "H spin diffusion

Symbols: By = magnetic field; T = thermocouple-reported bearing gas temperature; vyas = MAS frequency; SWH1: spectral width of the ®w, dimension of the 2D spectra; SWH2: spectral

Table 2 Parameters of the solid-state NMR experiments on the gp41 MPER-TMD membrane samples.

width of the w, dimension of the 2D spectra; ns

evolution period; tgwel
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Table 3 Membrane compositions and simulation temperatures for the systems studied with all-atom molecular dynamics

simulations.

Membrane Model

Peptide:Lipid:Chol mole ratios

gp41 model and simulation temperature

A single trimer Dimer of trimers

vmgelster 1:70:30 303 K, 280 K 303 K, 280 K
VMS®Uster without cholesterol 1:93:0 303 K, 280 K 303 K, 280 K
DMPC 1:87:0 303 K, 280 K 303 K, 280 K
To maximally ensure that the measured in the membrane instead of inhomogeneously

intermolecular '°F-'9F distances are between
different trimers rather than within each trimer, we
placed fluorinated residues at the N-terminal end
of the MPER in one pair of mixed labeled samples
and in the middle of the MPER helix in the other
pair of mixed labeled samples. The first mixed-
labeled sample contains 5F-W666 and 4-CFs-
F663 while the second mixed-labeled sample
contains 5-F-W670 and 4-CF;-F673 (Figure 1,
Table 1). Based on a recently reported solid-state
NMR structural model of trimeric MPER-TMD in
lipid bilayers,'® the distance between W670 and
F673 on different protomers within the same trimer
is expected to be at least 3 nm, whereas the inter-
molecular F663 — W666 distance within the same
trimer is expected to be at least 4 nm. These intra-
trimer distances significantly exceed the measur-
able "°F-'°F distance upper limit of ~2 nm.*° Thus,
we do not expect to detect intra-trimer distances
from these fluorinated residues. This assumption
will be tested by measuring the '°F-'°F correlation
spectra of MPER-TMD in different membranes. If
the '°F labels are not sufficiently separated within
each trimer, then we expect to detect '°F-'°F cross
peaks for all membrane compositions instead of
only some of the membranes.

The NMR structural model indicates that the
overall MPER helix length is about 29 A,
measured from L661 Ca to W680 Ca (Figure 1) At
the P/L ratio of ~1:30, each trimer is on average
solvated by about 45 lipid molecules in each
leaflet, which occupy an area of ~29 nm?. We
estimate that this should be sufficient to separate
the trimers if they are homogeneously distributed

F663

clustered. This hy1pothesis can again be tested by
measuring 2D '°F-'9F correlation spectra in
different lipid membranes. |If the peptide
concentration at a P/L of 1:30 is too high and
cause close approach of trimers in all membranes,
then '°F-'°F correlation signals will be detected for
all membrane compositions instead of only some
of the membranes.

Figure 2(a) shows the 1D '°F CP spectra of the
two mixed labeled samples in the VMSCUster
membrane. The 4-CFs-labeled Phe residues show
isotropic chemical shifts of —62 ppm whereas the
5-"9F-labeled Trp residues show isotropic
chemical shifts of about —125 ppm (Figure 2(a)).
The high sensitivity of the trifluoromethyl '°F NMR
signal facilitates the detection of long-range cross
peaks.”® 2D 3C-"3C correlation spectra (Figure 2
(b, c)) of L684, L679, and 1675 in the MPER show
a-helical chemical shifts, confirming the helical con-
formation of the peptides in these membranes.

Figure 3 shows the 500 ms 2D '°F-'°F spin
diffusion spectra of fluorinated MPER-TMD in
VMS®Ust" and DMPC membranes. These 2D
spectra were measured with rotor synchronization
for the indirect dimension to increase the spectral
sensitivity. The 5F-Trp chemical shifts appear at
folded positions of —70 ppm in the indirect
dimension of these 2D spectra. We observed
clear correlation signals between W670 and F673
in the VMS®S*® membrane, but the cross peaks
are absent in the DMPC membrane (Figure 3(a,
b)). This contrast shows that intra-trimer distances
are indeed too long to be measured, moreover the
MPER-TMD trimers approach each other in the

F663

W666

Figure 1. Schematic diagram of the dimension of MPER-TMD trimers and positions of fluorinated residues in the
two mixed-labeled peptide samples. Each trimer, which has an MPER length of ~29 A, is associated with a lipid area
of ~29 nm? in each lipid leaflet at a P/L ratio of 1:30. If the trimers are uniformly distributed in the lipid membrane, then
there is a sufficient number of lipid molecules to prevent interdigitation of two trimers.

6
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(@) CF,-F673 (b) 243K

(c) 295K

11675Ca-
1 Ca1

5F-W670

L679
Cp-Cd

L684Cu-C5 L684CB-Co ,

Yt

* L684Cu-Cod
L684CB-Cd

CF,-F666
24 ppm
- L679
5F-W666 Le79.
0 40 80  -120  -160
“F (ppm)

70 60 50 40 30 20 10 0
C (ppm)

T T T T T T T T
70 60 50 40 30 20 10 0
C (ppm)

Figure 2. Characterization of the MPER-TMD conformation in the VMS®“s*" membrane by '°F and °C NMR. (a)
1D "°F CP spectra of mixed CF5-F673 and 5F-W670 labeled peptides (sample 1) and mixed CF5-F663 and 5F-W666
labeled peptides (sample 5) in the VMS®“S*®" membrane. The spectra were measured at 243 K under 10.3 kHz MAS.
(b) 2D '3C-"3C correlation spectrum of 1675 and L679 '*C-labeled MPER-TMD in the VMS®“$**" membrane (sample
5) at 243 K under 9 kHz MAS. The 24-ppm cross section is shown below, where the asterisk indicates the diagonal
peak. (c) 2D '3C-"3C correlation spectrum of L684 '*C-labeled MPER-TMD in the VMS®“s**" membrane (sample 1) at
295 K under 9 kHz MAS. The 24-ppm cross section is shown below.

cholesterol-containing ~ VMS®“'*®"  membrane.
Similarly, correlation peaks between W666 and
F663 are clearly observed in the VMSCUster
membrane but are much weaker in the DMPC
membrane (Figure 3(c, d)). These results indicate
that multiple MPER-TMD trimers cluster in the
cholesterol-containing  VMS®“*" membrane but
not in the DMPC bilayer. We also measured 2D
correlation spectra of POPE-bound peptide and
observed no intermolecular cross peaks between
W670 and F673 (Figure S3). As a positive control,
2D spectra of the peptide in the VMSCUster
membrane at a higher P/L ratio of 1:10 showed
clear cross peaks between W670 and F673, as
expected (Figure S3).

For the VMS®“s*®_membrane bound sample, the
cross-peak intensities are not symmetric: the
magnetization transfer from 5F-Trp to CF3-Phe
(—70 ppm row) is higher than the reverse transfer
from CFz-Phe to 5F-Trp (—62 ppm row). We
attribute these asymmetric cross peak intensities
to the reduction of long-range '°F-'F dipolar
coupling by the rotating CF3 9roup, as previously
shown for model compounds.®” The close approach
of W670 and F673 between two trimers, as well as
the close approach of W666 and F663, suggest that
two trimers interdigitate in the VMS®“S*®" membrane
(Figure 5(a, b)), so that an MPER helix of one trimer
packs in antiparallel with an MPER helix of a second
trimer.

The MPER resides on the membrane surface in
cholesterol-containing membranes

Since different MPER structural models have
been proposed in micelles, bicelles and
bilayers,'?°*>* the MPER conformation is likely
sensitive to the membrane environment. This sug-
gests that clustering of the MPER-TMD trimers
might perturb the MPER conformation, for example
by squeezing the helix out of the membrane-water
interface, whereas well separated and isolated tri-
mers might allow the MPER to insert more deeply
into the membrane. To test this hypothesis, we
measured the depth of insertion of the MPER using
2D "H-"°F correlation experiments with 'H spin dif-
fusion.>*®> Specifically, we measure the lipid-
peptide and water-peptide 'H-'°F cross peak inten-
sities to probe the depth of insertion of the fluori-
nated residues.

Figure 4 shows 2D 'H-'°F correlation spectra of
the MPER-TMD peptides in VMS®“s**" and DMPC
membranes with 100 ms 'H spin diffusion. The
spectra were measured at 290 K for the DMPC
samples and 275 K for the VMS®“S*" samples to
reach similar lipid chain dynamics and 'H spin
diffusion coefficients. This is verified by 1D 'H
MAS spectra of the two types of membrane
samples, which show similar linewidths for the
lipid CH, CHsz; and Hy signals. At 290 K, fully
hydrated pure DMPC membrane exists in the
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Figure 3. 500 ms 2D '°F-'°F correlation spectra of mixed fluorinated gp41 trimers. (a) 2D spectrum of mixed 5F-
W670 and CF5-F673 labeled peptides in the VMS®“S*® membrane at P/L = 1:30 (sample 1). (b) 2D spectrum of mixed
5F-W670 and CF3-F673 labeled peptides in DMPC at P/L = 1:32 (sample 2). (c) 2D spectrum of mixed 5F-W666 and

CF5-F663 labeled peptides in the VMS®US*®" membrane

at P/L = 1:30 (sample 5). (d) 2D spectrum of 5F-W666 and

CF3-F663 mixed labeled peptide in DMPC at P/L = 1:32 (sample 6). Cross peaks are highlighted in yellow. (e) 1D '°F
cross sections of 5F-W670 and CF5-F673 from the 2D spectra of the VMS®S**" sample and DMPC sample in (a) and
(b). Asterisks indicate spinning sidebands. (f) 1D '°F cross sections of W666 and F663 from the 2D spectra of the
VMSUst" sample and the DMPC sample in (c) and (d). All 2D spectra were measured at 243 K where protein motions

were frozen.

rippled (Pgy) phase®®; however, the peptide likely
broadens the L,-to-Pg phase transition. In both
membranes, the CFz-Phe and 5F-Trp signals show
correlation peaks with the water and lipid CH, pro-
ton signals at 4.8 ppm and 1.2 ppm, respectively.
Therefore, the MPER helix partitions to the
membrane-water interface, in good agreement with
the previous '3C NMR spectra.'® However, the rel-
ative intensities of the lipid and water cross peaks
differ dramatically between the two membrane envi-
ronments. The lipid-peptide cross peak intensities
are 32-60% of the water-peptide cross-peak inten-
sities in the DMPC membrane, but decrease to only
7—10% of the water-peptide cross peak intensities
in the VMS®s*®" membrane. This indicates that
the MPER is much more deeply inserted into the
DMPC bilayer than the VMS®"s'®" membrane. More-
over, in the DMPC membrane, the lipid cross peak
intensities are high for C-terminal residues of the
MPER but low for N-terminal residues, with an

intensity trend of F673 > W670 > W666 > F663. This
trend indicates that the MPER helix is tilted from the
membrane plane, with the N-terminus more
exposed to the aqueous solution while the C-
terminus more immersed in the membrane (Figure 5
(c, d)). In contrast, in the VMS®US*®" membrane, the
four fluorinated residues show similarly weak lipid
cross peak intensities, indicating that the MPER
helix is parallel to the plane of the VMS®S*®" mem-
brane and is shallowly immersed.

Molecular dynamics capture trimer association
and MPER orientation in cholesterol-
containing membranes

To quantify the effect of the membrane
composition on the orientation and depth of
insertion of the MPER, we conducted all-atom
molecular dynamics simulations, and evaluated
the average Z positions of each amino acid
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Figure 4. 2D 'H-'"F HETCOR spectra for measuring the depth of insertion of MPER residues in different lipid
membranes. (a) 2D spectrum of mixed 5F-W670 and CF5-F673 labeled peptide in the VMS®US®®" membrane at P/
L = 1:30. (b) 2D spectrum of mixed 5F-W670 and CF3-F673 labeled peptide in the DMPC membrane at P/L = 1:32. (c)
2D spectrum of mixed 5F-W666 and CF5-F663 labeled peptide in the VMS®Us*®" membrane. (d) 2D spectrum of mixed
5F-W666 and CF3-F663 labeled peptide in the DMPC bilayer. 1D '°F cross sections at the lipid CH, and water 'H
chemical shifts are shown on the right of each 2D spectrum. The two DMPC samples show much higher lipid cross
peaks compared to the VMS®US®®" samples. The VMS®S'®" 2D spectra (a, c) were measured at 275 K whereas the
DMPC 2D spectra (b, d) were measured at 290 K. 1D 'H spectra of the two types of membranes at these
temperatures show similar 'H linewidths for the lipid chain CH, peak, indicating that the lipid chain dynamics is similar

at these temperatures.

residue of the peptide relative to the bilayer center.
Figure 6 shows the results of the simulations for a
single gp41 trimer. At 303 K, the center of MPER
lies at 19 and 12 A from the bilayer center in the
VMSUst" and DMPC membranes, respectively
(Figure 6(a, c)). The VMS“*® membrane is only
5.1 A thicker than the DMPC bilayer: the distance
from the membrane center to the average
phosphorus position in each leaflet is 22.8 A for
the VMS®“s**" membrane and 17.7 A for DMPC at
303 K. Thus, these results indicate that the MPER
is less embedded in the VMS®“S'*" membrane
than in the DMPC bilayer, consistent with the
solid-state NMR data. In addition, the MPER
orientation is more parallel to the membrane
surface in the VMS®“S*® membrane: the average
angle 0 between the helix axis and the bilayer
normal is 70° in the VMS®“*® membrane but
decreases to 45 in the DMPC membrane
(Figure 6(d—f)). This orientational change is

consistent with the depth difference of the peptide
between the two membranes.

To test whether these differences in MPER
orientation and depth of insertion are due to
cholesterol, we carried out simulations in a
modified, cholesterol-free, VMS®US**" membrane.
As shown in Figure 6(b and d), excluding
cholesterol from the membrane led to a
pronounced decrease of the average Z positions
of MPER residues as well as a reduction of the 6
angle compared to the results in the cholesterol-
containing VMS®"S*®" membrane. As illustrated by
the snapshots in Figure 6(e), binding of
cholesterol to the helix-turn-helix region of the
peptide tends to orient the MPER parallel to the
membrane surface, and reduces its insertion into
the hydrophobic region of the bilayer. These
trends are qualitatively maintained in the 280 K
simulations (Figures S4 and S5), although the
orientational difference is smaller in the low-
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membranes. (a, ¢) VMS®“®® membrane. (b, d) DMPC membrane. Two gp41 trimers cluster to cause partial
interdigitation of the MPER. The trimers approach each other more closely in the VMS®“S*®" membrane than in the
DMPC membrane. The MPER helices are more deeply inserted in the DMPC bilayer than in the VMSeluster

membrane.

temperature simulations, in part because the DMPC
membrane is in the gel phase at 280 K (Figure S6).
These simulations thus support the physiological
relevance of the solid-state NMR measurements
at low temperatures.

All-atom molecular dynamics simulations reveal
that multiple MPER-TMD trimers indeed cluster in
the membrane; moreover, this self-association is
facilitated by cholesterol. To characterize the
separation between two trimers, we monitored two
quantities: the distribution of pairwise distances
between all Ca atoms in adjacent MPERSs, and the
distribution of distances between W680 Cua
distances in adjacent MPERs (Figure 7(a)). The
latter is particularly robust against MPER lateral
fluctuations, since W680 is near the turn between
the MPER and the TMD. Both these distance
parameters are more stable than the inter-trimer
W670-F673 and W666-F663 distances measured
in the 2D "°F-'°F correlation NMR experiments,
which are sensitive to fluctuations of the MPER
helix at the sluggish membrane-water interface.

Figure 7(b) shows that the Co-Co distance
distribution is broader in the DMPC membrane
than in the VMS®"S'®" membrane, suggesting that
two MPERs from two trimers are more tightly
associated in the VMS®“S*® membrane. The
distance distributions between adjacent W680 Co
atoms (Figure 7(c)) show an even clearer trend:
the average separation is 3.0 nm in the VMS®uster
membrane, which increases to 3.9 nm in the
DMPC membrane and 4.1 nm in the cholesterol-
free VMS®US*®" membrane. Therefore, the MPER-
TMD trimers cluster more tightly in cholesterol-
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containing membranes than in cholesterol-free
membranes. Moreover, when the clustered dimer
of trimers in the VMS®® membrane is
embedded in cholesterol-free membranes, the
distance between the two trimers quickly
increased in independent simulations (Figure S7).
As the snapshot in Figure 7(d, f) illustrates,
cholesterol molecules occasionally interact
simultaneously with the MPER motifs from two
trimers. CG simulations (Figure S2) confirm this
favorable interaction between gp41 and
cholesterol, showing an enhancement of the
cholesterol concentration near gp41 compared to
the bulk.

Discussion

These solid-state NMR data (Figures 3 and 4) and
molecular dynamics simulations provide direct
experimental evidence for the clustering of gp41
MPER-TMD trimers in lipid bilayers. The 2D
OF.19F gspin diffusion NMR spectra, which are
sensitive to inter-fluorine distances up to ~2 nm,>°
give residue-specific information about trimer-
trimer association on the nanometer scale. The
observation of '°F-'9F correlation peaks between
W670 and F673 at the center of two different MPER
helices, and between F663 and W666 near the N-
terminus of two MPER helices, indicates that multi-
ple trimers cluster to intercalate their MPER helices
(Figure 5). Importantly, these '°F-'F correlation
peaks are observed in the cholesterol-containing
VMS®s" membrane but are mostly suppressed
in the DMPC membrane at the same P/L molar
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Figure 6. All-atom simulations at 303 K of a single gp41 MPER-TMD trimer indicate that the MPER orientation is
perturbed by cholesterol. Simulations at 280 K give qualitatively similar results and are summarized in Figure S4. (a—
c) Z coordinates of all atoms in each residue, averaged over three peptide chains along independent MD trajectories.
A single gp41 trimer is embedded in the (a) VMS®“S**" membrane, (b) cholesterol-free VMS®“S**" membrane, and (c)
DMPC membrane. Statistical errors of the Z coordinates are similar in magnitude as the size of each box symbol. The
membrane center is taken to be Z = 0, and the membrane thickness, defined by the location of P atoms in the two
leaflets, is indicated by horizontal solid lines. (d) Average angle 6 between the MPER helix and the membrane normal,
which is defined as the Z axis of the simulation box. The Ca atoms of the first and last 4 residues (L661-D664 and
A677-W680) of MPER are used to define the helical axis. (e, f) Snapshots from \O/MSCIUSter and DMPC simulations
illustrate the different locations of the MPER and the locations of nearby (within 2.5 A of MPER) cholesterol molecules
in the VMS®*®" membrane. Phosphate atoms are shown as white spheres and lipid tails are shown as thin lines.

ratios (Figure 3). This difference indicates that these
intermolecular cross peaks do not result from the
same trimer nor reflect the average separation of
homogeneously distributed trimers in the lipid mem-
brane. Rather, they result from the close approach
of multiple MPER-TMD trimers in the presence of
cholesterol. This association involves inter-fluorine
distances of less than 2 nm, which is shorter than
the average separation at the P/L ratio of 1:30 used
here.

The clustering of the MPER-TMD trimers in the
cholesterol-containing membrane correlates with
the more surface-exposed location of the MPER in
the VMS®"S*®" membrane compared to the DMPC
membrane. 2D 'H-'"9F HETCOR spectra show
that the MPER residues have much weaker cross
peaks with lipid acyl chains in the VMS®ustr
membrane than in the DMPC membrane (Figures
4 and 5(c, d)). Atomistic simulations confirm that
the MPER helix is more parallel to the membrane
surface in the VMS®“®" bilayer but is more tilted
and buried in the DMPC bilayer (Figure 6). The

11

more in-plane orientation extends the MPER
reach, thus promoting trimer-trimer interactions.
The fact that cholesterol lifts and extends the
MPER to the membrane surface is in excellent
agreement with the location of cholesterol under
the canopy of the MPER helix, as found in the
recent solid-state NMR and molecular dynamic
study.”* The simulations in that study identified
two hotsjpots of interaction with cholesterol, 673-
FNITN®”” in the MPER and ®®*LFIMI®®® in the
TMD. These two hotspots flank the turn between
the MPER and TMD and sequester cholesterol in
the L-shaped fold, in analogy with the mode of inter-
action between the influenza M2 protein and
cholesterol.”®*’

The limited sensitivity of '>F exchange NMR
experiments for measuring nanometer 'SF-'9F
contacts prohibit a more exhaustive study of the
lipid dependence and peptide-concentration
dependence of gp41 trimer clustering. Instead,
molecular dynamics simulations fill this gap. All-
atom simulations show that the MPER-TMD
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whereas big spheres represent the Co atoms of W680 near the C-terminal end of the MPER. (b) Probability
distribution of pairwise distances between all Co atoms in adjacent MPERSs of two gp41 trimers, as shown in panel (a).
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results at 280 K are qualitatively similar and are shown in Figure S4. (d, e) Top view of snapshots for the dimer of
trimers in the VMS®*®" and DMPC membranes, respectively. Cholesterols within 5 A of any atoms of MPER are
shown, and in some cases, cholesterol is observed to interact with both MPERSs. (f, g) Sideview of the snapshots.
These snapshots indicate that close MPER contacts form only through inter-trimer interactions, supporting the result

of the solid-state NMR analysis (Figure 5).

trimers cluster at an even lower P/L molar ratio of
1:70 (Figure 7(d), Table 3), supporting the notion
that this trimer clustering is relevant under
biological conditions. Removal of cholesterol from
the VMSC“S*®" membrane increased the average
inter-trimer W680-W680 distances to 4.1 nm,
similar to the average distance of 3.9 nm in DMPC
bilayers (Figure 7(c)). In the VMS®“S*®" membrane,
cholesterol molecules are observed to interact
occasionally with adjacent MPERs of two trimers.
Such bridging configurations may combine with
cholesterol’'s indirect modulation of the orientation
of the MPER helix to facilitate trimer clustering. A
recent coarse-grained simulation of full-length
gp41 in a virus-mimetic membrane showed that at
least three gp41 trimers are required to cause
membrane fusion.”® Lipid stalk formation was
observed when multiple trimers approached each
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other within ~3.5 nm, measured from the center
of mass of each trimer. In our current all-atom sim-
ulations, the distance between the centers of the
TM helical bundle is 3.8—4.3 nm, in good agreement
with the results of the previous coarse-grained
simulations.

Our current finding that membrane cholesterol
promotes the clustering of MPER-TMD trimers is
consistent with previous fluorescence
spectroscopy data that cholesterol enhanced the
fusion activit)é of the MPER and promoted its self-
association.”” It is also consistent with a large
amount of biochemical data that indicate that gp41
localizes to the edge of the cholesterol-rich, quuid-
ordered region of the membrane.?* The VMS®uster
membrane in our NMR experiments and simula-
tions contains 30 mol% cholesterol and 20 mol%
SM. Although the phase diagram of this exact lipid
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mixture has not been characterized, based on the
ternarg phase diagram of POPC/PSM/choles-
terol,>® the VMS®“s®® membrane likely contains
both Ly and L, phases.®®°? Explicitly probing the
preferential localization of gp41 to different lipid
domains would require much larger systems that
are computationally expensive at the atomistic
level. As an alternative approach,®® our coarse-
grained simulations found that the cholesterol con-
centrations near gp41 are substantially elevated
compared to the bulk (Figure S2), confirming that
gp41 preferentially interacts with cholesterol. Com-
bining these solid-state NMR data and simulations,
we propose that complexation between the MPER
and cholesterol induces lateral segregation of
gp41 to cholesterol-rich regions of the lipid mem-
brane and anchors the MPER at the membrane sur-
face for self-association. In addition to cholesterol,
the amino acid sequence of the MPER may also
play a role in clustering. For example, a recent
NMR study found that trimerization of the MPER
peptide in solution requires hydrophobic interac-
tions involving two N-terminal Leu residues.®* Our
simulations indicate that 1665, D664, S668, N671
and W672 are predominantly involved in trimer-
trimer contacts (Figure S8), suggesting that both
hydrophobic and polar interactions contribute to
MPER clustering. Therefore, gp41 clustering may
be promoted by the concerted action of the
cholesterol-rich membrane and the MPER amino
acid sequence.

How does clustering of MPER-TMD trimers
mediate membrane fusion? We propose that
multiple gp41 trimers, brought together by the
cholesterol dimers and tetramers discovered
recently,> amplify positive membrane curvature
prior to the formation of the hemifusion intermedi-
ate. We speculate that this positive membrane cur-
vature is caused by the shallow insertion of the
MPER helix and the large radial footprint of each
MPER-TMD trimer.°®%” This positive membrane
curvature favors the close juxtaposition of the viral
membrane and host-cell membrane. Interdigitation
of the MPER helices between the clustered trimers
may enable the coordinated bending of a larger lipid
surface area compared to an end-to-end arrange-
ment of the MPER helices. Clustering of MPER-
TMD may also further enrich cholesterol, thus caus-
ing increased lipid asymmetry. Thus, clustering of
gp41 MPER-TMD may promote virus-cell mem-
branes fusion by generating both membrane curva-
ture and lipid asymmetry.
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Coarse-grained molecular dynamics simulations

Coarse-grained (CG) molecular dynamics simulations for gp41 in various membranes were
carried out using the MARTINI v2.2 model [1, 2] to complement the atomistic simulations
discussed in the main text. First, CG simulations were used to efficiently explore various
dimerization orientations. Then the most stable one was selected for further atomistic simulations.
Second, CG simulations with larger system dimensions were used to better sample lipid and
cholesterol distributions near gp41 relative to the bulk.

To explore different dimerization orientations, nine gp41 trimers were evenly distributed
[3] in the lipid membrane with a lateral dimension of 20 nm x 20 nm, and the system was simulated
for 25 ps of production MD runs to probe different association patterns. As shown in Fig. S1, the
gp41 trimers were observed to quickly aggregate into a large cluster, which feature three
representative types of relative orientations during the production runs. We then selected the
orientation that features the most extensive gp41-gp41 contacts for further characterization at the
atomistic level. We are aware of the fact that MARTINI v2.2 is known for overestimating the
association of transmembrane proteins [4, 5]. The goal of this study, however, is not to determine
the size distribution of gp41 clusters; rather, we use the CG simulations to efficiently explore
possible dimer configurations, which are then subject to more accurate atomistic simulations. The
comparison of results using other MARTINI models, including both MARTINI 3[6] and a revised
MARTINI v2.2 model with reduced protein association [7], will be reported elsewhere.

To probe local cholesterol and lipid distributions, we introduced either a single gp41 trimer
into a membrane with the lateral dimension 10 nm x 10 nm, or a dimer of gp41 trimers into a
membrane of 12 nm x12 nm. Weak harmonic restraints (with a force constant of 1 kJ mol! nm?)
were applied to the protein backbone beads to efficiently sample the local condensation patterns
of membrane components during 25 us of production MD simulations. The restraint is sufficiently
weak to allow local motion of the protein without affecting the binding-unbinding equilibrium of
lipids and cholesterol to protein.[8§, 9]

In these CG simulations, the structural model of the gp41 trimer is constructed based on
the previous solid-state NMR study (PDB: 6DLN) [10]. The lipid membranes are composed of



POPC, POPE, PSM, and cholesterol with a molar ratio 10:10:10:13, which are similar but not
identical to the atomistic simulations reported in the main text; the impact on the key trends of
interest is expected to be minimal. Initial configurations were built using CHARMM-GUI [11, 12],
with a water layer of 22.5 A on each side of the bilayer and a NaCl concentration of 150 mM. All
simulations were conducted using the GROMACS-2018.3 molecular dynamics simulation
software [13]. Each CG system was first energy minimized, followed by 1 us of equilibration
before production runs. Berendsen thermostat and barostat [14] were employed for equilibration,
while for the production runs, velocity rescale thermostat [ 15] and Parrinello-Rahman barostat [16]
were used instead.
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Fig. S1. Results of coarse-grained simulations of gp41 trimers in a multi-component membrane.
(a) A snapshot illustrating the spontaneous clustering of multiple gp41 trimers, which were evenly
distributed at the beginning of the simulation with an approximate separation of 5-6 nm. (b)
Representative dimer of trimer configurations sampled in the 25 ps simulations. (¢) All dimers of
trimers can be schematically classified into the three categories. Class A features the most
extensive trimer-trimer interactions and therefore was further analyzed with atomistic simulations
in the main text.
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Fig. S2. Coarse-grained simulations showing differences in the cholesterol density (p/po-1) near a
gp41 trimer (left) and a dimer of gp41 trimers (right) relative to the bulk. p, is the bulk cholesterol
density. Red indicates enhancement of the cholesterol concentration relative to the bulk value
whereas blue indicates reduction of cholesterol concentration. Top and bottom rows show the
results for the upper and lower leaflets of the membrane, respectively. The results highlight the
favorable interaction between cholesterol and gp41, especially the MPER motifs, which cause
substantial increase of the local cholesterol concentration in the upper leaflet of the membrane
where the MPER resides.
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Fig. S3. 500 ms 2D ""F-'F spin diffusion correlation spectra of mixed fluorinated gp41 trimers.
(a) Spectrum of mixed SF-W670 and CF3-F673 labeled peptides in the VMS membrane at P/L =
1:10. (b) Spectrum of mixed 5F-W670 and CF3-F673 labeled peptides in the POPE membrane at
P/L = 1:32. Cross peaks are highlighted in yellow. (¢) 1D '°F cross sections extracted from the 2D
spectra in the W670 row. The W670-F673 cross peak is observed as expected in the VMS sample
due to the high P/L ratio. In comparison, no significant cross peak is observed in the POPE

spectrum at this P/L ratio.
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Fig. S4. All-atom simulations at 280 K to probe MPER-TMD trimer orientation, depth of insertion,
and trimer-trimer association in different lipid membranes. The trends discussed in the main text
based on the 303 K simulations are qualitatively reproduced at 280 K. (a-¢) Average Z positions
of gp41 residues in different membranes, with Z = 0 corresponding to the mid-plane of the bilayer.
The values shown (~15, 6 and 12 A for panels a-c) are computed for residues 670 to 675, and
indicate that MPER is embedded more deeply in cholesterol-free membranes than cholesterol-
containing membranes. The horizontal lines around +20 A indicate the average locations of the
phosphorous atoms in the lipid headgroups of the three membranes. (d) Distributions of W680-
W680 Ca atoms in adjacent MPERSs in different membranes. The gp41 trimers are more tightly
associated in the cholesterol-containing VMS®""*" membrane.
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Fig. S5. Comparison of the MPER orientation in the single trimer and dimer of trimers under
different conditions. The angle 0 between the membrane normal and the MPER helix axis is plotted.
The Ca atoms of the first and last 4 residues (L661-D664 and A677-W680) of MPER are used to
define the helical axis. MPER is oriented more parallel to the membrane surface (i.e. larger 0) in
the VMSester membrane than in cholesterol-free membranes in both the single trimer model and
the dimer of trimers model. The angle difference is smaller at low temperature than at high
temperature, in part because the DMPC membrane is in the rippled gel phase at low temperature.
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Fig. S6. Properties of the lipid membranes in the simulations at different temperatures. (a)
Membrane thickness, defined by the average separation between phosphorus planes of the bilayer.
(b) Different phases of DMPC membranes sampled at different temperatures. (c-d) At 280 K, the
gel phase of DMPC is sampled in the presence of either a single gp41 trimer or a dimer of gp41
trimers. Blue arrows indicate locations that exhibit significant oscillation of membrane thickness,
which impacts the MPER orientation. While the precise phase of DMPC in the solid-state NMR
experiments is not known, the key trends of MPER orientation, insertion depth and trimer-trimer
association are qualitatively consistent between high- and low-temperature simulations, supporting
the physiological relevance of the solid-state NMR observations.
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Fig. S7. Simulations of gp41 MPER-TMD dimer of trimers in lipid membranes, starting with the
dimer structure found at the end of the simulation in the VMS®s" membrane. (a, ¢) Simulations
in the DMPC membrane. (b, d) Simulations in the cholesterol-free VMS®Us®" membrane. (a, b)
Distance between neighboring W680 Ca atoms in two trimers increases with time in the absence

of cholesterol. (¢, d) MPER orientation angle 0 fluctuates significantly around 60° in the absence
of cholesterol.
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Figure S8. Distances between Ca atoms in neighboring MPER helices of two trimers from
simulations of two gp41 trimers in the VMS®"®" membrane. (a) Locations of Ca atoms in a
snapshot; large spheres indicate the W680 Ca atoms. (b, ¢) Average and standard deviation of Ca-
Ca distances. The results indicate that residues 1665, D664, S668, N671 and W672 contribute
predominantly to the contacts between neighboring MPER motifs.
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