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Abstract

The HIV-1 glycoprotein, gp41, mediates fusion of the virus lipid envelope with the target cell
membrane during virus entry into cells. Despite extensive studies of this protein, inconsistent and
contradictory structural information abounds in the literature about the C-terminal membrane-
interacting region of gp41. This C-terminal region contains the membrane-proximal external
region (MPER), which harbors the epitopes for four broadly neutralizing antibodies, and the
transmembrane domain (TMD), which anchors the protein to the virus lipid envelope. Due to the
difficulty of crystallizing and solubilizing the MPER-TMD, most structural studies of this
functionally important domain were carried out using truncated peptides either in the absence of
membrane-mimetic solvents or bound to detergents and lipid bicelles. To determine the structural
architecture of the MPER-TMD in the native environment of lipid membranes, we have now
carried out a solid-state NMR study of the full MPER-TMD segment bound to cholesterol-
containing phospholipid bilayers. 13C chemical shifts indicate that the majority of the peptide is a.-
helical, except for the C-terminus of the TMD, which has moderate B-sheet character.
Intermolecular 19F-19F distance measurements of singly fluorinated peptides indicate that the
MPER-TMD is trimerized in the virus-envelope mimetic lipid membrane. Intramolecular 13C-19F
distance measurements indicate the presence of a turn between the MPER helix and the TMD
helix. This is supported by lipid-peptide and water-peptide 2D 1H-13C correlation spectra, which
indicate that the MPER binds to the membrane surface whereas the TMD spans the bilayer.
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Together, these data indicate that full-length MPER-TMD assembles into a trimeric helix-turn-
helix structure in lipid membranes. We propose that the turn between the MPER and TMD may be
important for inducing membrane defects in concert with negative-curvature lipid components
such as cholesterol and phosphatidylethanolamine, while the surface-bound MPER helix may
interact with N-terminal segments of the protein during late stages of membrane fusion.
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Introduction

Human immunodeficiency virus (HIV) enters susceptible cells using the trimeric envelope
glycoprotein, Env, which fuses the virus lipid envelope with the cell membrane 1-2,
Proteolytic cleavage of the Env precursor yields two subunits, gp120 and gp41. The former
binds to cell-surface receptors and dissociates from the complex, which triggers a cascade of
conformational changes in the membrane-interacting subunit, gp41. This cascade starts with
refolding of gp41 to expose and insert an N-terminal fusion peptide (FP) into the target cell
membrane while the protein remains anchored in the virus envelope through a C-terminal
transmembrane domain (TMD) 3. The extended intermediate then bends onto itself to
appose two ectodomain heptad repeats, NHR and CHR (Fig. 1A), to form an antiparallel
coiled-coil 4. This trimer of hairpins, characteristic of the post-fusion structure of class |
viral fusion proteins ®, brings the two lipid membranes into proximity. The FP and TMD
then disorder the cell and virus membranes by mechanisms that are still poorly understood,
causing high-curvature membrane intermediates, eventually giving rise to a single merged
bilayer. In addition to the FP and TMD, gp41 contains a membrane-proximal external region
(MPER) N-terminal to the TMD, which contains highly conserved epitopes for several
broadly neutralizing antibodies (bNAbs) 719, A large amount of biochemical and
biophysical evidence has shown that both the MPER and TMD are important for HIV entry
into cells. For example, Trp-to-Ala mutations in the MPER and deletion of the MPER
abrogated virus entry and membrane fusion 11, Replacement of the gp41 TMD with the
vesicular stomatitis virus-G fusion protein TMD severely impacted fusion activity 12.
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Truncation of the C-terminus of the TMD in the simian immunodeficiency virus fusion
protein reduced fusogenicity 13-4,

Despite the importance of the MPER and TMD for HIV virus-cell fusion, most high-
resolution structural studies of gp41 removed all or most of this region due to the difficulty
of crystallizing gp41 constructs containing these hydrophobic domains. NMR and EPR
studies of gp41 that included part of the MPER-TMD 15-19 have yielded three divergent
structural topologies and oligomeric states, as summarized in Fig. 1B-G. The first structural
model depicts the MPER as bound to the membrane surface while the TMD spans the
bilayer (Fig. 1B). This model is based on NMR and EPR studies of gp41 MPER (residues
662-683) in DPC micelles, which found a distorted helix on the micelle surface 20, Three
polar Asn (N671, N674, and N677) face the aqueous solution, four Trp residues (W666,
W670, W672 and W678) are buried in the micelle, and a hinge is present at residues F673-
N674 (Fig. 1C). This model is also supported by NMR and EPR studies of the Ebola virus
fusion protein MPER-TMD, which found a helix-turn-helix motif, with the MPER lying at
the membrane-water interface 2. However, DEER EPR data showed no intermolecular
interactions, indicating that the Ebola MPER-TMD is monomeric in micelles, bicelles and
nanodiscs. The second structural model depicts the MPER-TMD as a continuous helix,
oriented perpendicular to the membrane plane (Fig. 1D). This model is based on solution
NMR studies that included part of the MPER and TMD. For example, a study of gp41
(residues 671-693) found no helical interruption at K683 but a helix kink at G690 in the
GxxxG motif of the TMD 22. Two studies of gp41 (residues 677-716) in DMPC/DHPC
bicelles 19 23 reported an uninterrupted helix from the MPER to the TMD (Fig. 1E).
However, these studies differed on the oligomeric state: one study concluded a trimeric
coiled coil based on intermolecular cross peaks 19, while the other study found residual
dipolar couplings that are inconsistent with C3 symmetry, and paramagnetic relaxation
enhancement and DEER data that indicate an absence of intermolecular contacts 23, The
monomeric helical structure suggests a very tilted orientation for this long helix, to reduce
the hydrophobic mismatch between the peptide and the bilayer portion of the bicelle. The
third structural model postulates a trimeric MPER and monomeric TMD helices (Fig. 1F),
based on studies of a designed MPER peptide (residues 656-683) that is fused with the
trimerization domain of bacteriophage T4 fibritin 24, The structure shows the expected
trimeric helices for the N-terminal portion, which splays apart towards the C-terminus of the
sequence. This result suggests that bNAbs may interact with individual MPER helices (Fig.
1G) in competition with the membrane surface, and the TMD helices may not be tightly
associated in the membrane.

These divergent structural conclusions may arise from the truncated nature of the peptide
sequences in most studies, but could also reflect an inherent conformational plasticity of this
region of gp41, which may be important for the protein to fold into different structures at
different stages of virus-cell fusion. To distinguish these two scenarios, we have synthesized
a gp41 peptide (residues 665-704) that spans the entire MPER-TMD region, and investigated
the structure of this peptide in phospholipid bilayers using solid-state NMR. The use of lipid
bilayers avoids the potential problem of high-curvature micelles and small bicelles to cause
non-native protein structures or destabilize protein assembly 25. We examine the MPER-
TMD structure in two membranes, a complex cholesterol-containing membrane that mimics
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the HIV lipid envelope composition and a POPE membrane that probes the effect of
membrane negative spontaneous curvature on the peptide structure. We address three key
aspects of the structure: the three-dimensional fold that describes the relative orientation of
the MPER and the TMD, the membrane insertion depths of the MPER and TMD, and the
oligomeric state of the entire peptide. We show that in both virus-mimetic membranes and
negative-curvature POPE membranes, gp41 MPER-TMD is predominantly a-helical, with
the TMD spanning the bilayer while the MPER residing on the membrane surface.
Intramolecular distance measurements indicate a turn between the MPER and TMD, while
intermolecular distance measurements unequivocally show that the peptide is trimerized.
Therefore, this C-terminal domain of gp41 assembles into a trimeric helix-turn-helix in
native-like lipid membranes, thus providing structural constraints to mechanistic models of
HIV virus-cell fusion.

Materials and Methods

Solid-phase peptide synthesis of site-specific labeled gp41 MPER-TMD

The peptide sequence in this work corresponds to residues 665-704 of gp41 (KWASLW
NWFENITNWLW YIKLFIMIVG GLVGLRIVFA VLSI) of HIV-1 clade B HXB2 isolate 26
(UniProtKB/Swiss-Prot: P04578.2) (Table 1).

The peptide was synthesized using Fmoc solid-phase methods on a custom-designed flow
peptide synthesizer 27. 0.05 mmol H-Rink amide ChemMatrix® resin (0.1 g at 0.5 mmol/g
loading size) was swelled in the reaction syringe for 5 min in ~5 mL A, -
dimethylformamide (DMF) at 70°C. Ten-fold excess (0.5 mmol) of unlabeled amino acid
and four-fold excess (0.2 mmol) of isotopically labeled amino acid were singly and doubly
coupled, respectively, using a coupling time of 50 s and 70 s. After the final coupling step,
the peptide was deprotected and cleaved from the resin by addition of TFA/Phenol/H,0/
TIPS solution (88 : 5: 5: 2 by volume) for 3 h. The resin was filtered off, and the crude
peptide was precipitated and triturated three times with cold diethyl ether and dissolved in
80% HFIP (1,1,1,3,3,3-Hexafluoro-2-propanol) solution. Crude peptide was purified by
reverse-phase HPLC using a Vydac C4 column with a linear gradient of 20-99% channel A
over 120 min at a flow rate of 15 mL/min (channel A is 1 : 1 v/v acetonitrile : isopropyl
alcohol and channel B is acetonitrile). MALDI-MS analysis verified the mass to be 4818.3
Da for LWIGA and 4835.1 for Da for WLIGF, in agreement with the calculated masses. The
combined synthesis and purification yield was ~8%. Three peptide samples with different
isotopically labeled positions were prepared (Table 2). 13C, 15N-labeled residues were
placed at L669 in MPER, L684, 1686, G694, and A700 in the TMD, while fluorinated
residues were placed at 5F-W678, 5F-W680, and 4F-F699, where 5F corresponds to the
HC3 position of Trp and 4F corresponds to the HC position of Phe.

Membrane protein sample preparation for SSNMR

The MPER-TMD peptide was reconstituted into the POPE membrane and an HIV virus-
mimetic membrane (VMS), which consists of POPC, POPE, POPS, sphingomyelin (SM),
and cholesterol at a molar ratio of 30 : 15 : 15 : 10 : 30. The VMS composition differs from
the previous virus-mimetic membranes (VM and VM+) 28-29 py including
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phosphatidylserine, which is present in the HIV-1 virus envelope at non-negligible levels 30.
Phospholipids were co-dissolved in chloroform and SM was dissolved in a chloroform/
methanol mixture. The peptide was dissolved in 2,2,2-trifluoroethanol (TFE) and mixed with
the lipid solution. The solvents were removed under nitrogen gas, then the samples were
dried under vacuum overnight. The dried powder was resuspended in pH 7.5 HEPES buffer
(10 mM HEPES-NaOH, 1 mM EDTA, 0.1 mM NaNg3) and dialyzed against pH 7.5 HEPES
buffer for a day with two buffer changes to remove salt and residual TFA and TFE. The
vesicle solutions were spun at 40,000 rpm using a Beckman SW60Ti rotor at 4 °C for 4
hours to obtain wet membrane pellets, which were allowed to equilibrate in a desiccator to
~40 wt% water by mass. The samples were then spun into magic-angle-spinning (MAS)
rotors through a pipette tip. Most samples in this study have a peptide : lipid (P/L) mole ratio
of 1 : 15. For the 4F-F699 labeled peptide reconstituted into the POPE membrane, we
prepared two samples at P/L ratios of 1 : 15 and 1 : 45, to investigate whether the oligomeric
state of the MPER-TMD is sensitive to the peptide concentration in the range studied here.

Lipid mixing assays
To verify the fusion activity of the MPER-TMD peptide, we conducted lipid mixing assays
on POPC/POPG (4:1) vesicles 31. Two solutions of large unilamellar vesicles (LUVs), with
and without fluorescent dyes, were prepared. The unlabeled POPC/POPG LUVs were
prepared in 10 mM HEPES buffer at pH 7.5 by 10-12 cycles of freeze-thaw between liquid
nitrogen temperature and 35°C, followed by 15-20 cycles of extrusion through 100 nm
polycarbonate membranes (Whatman). The fluorescently labeled vesicles differ by
containing 2 mol% NBD-PE (1,2-dipalmitoyl-sn-glycero-3-phospho-ethanolamine-N-(7-
nitro-2-1,3-benzoxadiazol-4-yl)) and 2 mol% of the quenching lipid Rh-PE (1,2-dipalmitoyl-
sr-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl)). The unlabeled and
labeled vesicles were mixed at a 9 : 1 mole ratio and have a total lipid concentration of 75
UM. Then the MPER-TMD peptide was added from a formic acid solution to reach a
peptide: lipid mole ratio of 1 : 20. If MPER-TMD causes mixing of the labeled and
unlabeled vesicles, then the distances between NBD-PE and Rh-PE will increase, thus
dequenching the fluorescence intensity. A HORIBA Fluoromax-P fluorimeter was used to
measure fluorescence intensities at an excitation wavelength of 465 nm and an emission
wavelength of 530 nm, with a bandwidth of 4 nm. The measurement was carried out at
21°C, under continuous stirring in 2 ml LUVs, with a 1 s time increment.

We designate the initial fluorescence intensity before peptide addition as /y and peptide
addition as F¢ The maximum fluorescence intensity (Fmax) is taken as the intensity when 20
pL of 10% Triton X-100 was added to 2 ml of lipid vesicle solution. The percent lipid
mixing was calculated using the equation % lipid mixing =[(Fr— Fo)/(Fmax — F0)]-100. To
test whether the formic acid itself causes lipid mixing, we conducted a control experiment
where 5 UL of peptide-free formic acid was added to the lipid vesicle solution. We found that
5 pL formic acid caused only ~5% lipid mixing, compared to 7.2 uL of peptide-containing
solution, which induced 75% lipid mixing. Thus the MPER-TMD peptide is chiefly
responsible for the observed lipid mixing.
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Circular dichroism experiments

Circular dichroism (CD) spectra were measured on an AVIV 202 spectrometer usinga 1 mm
path-length quartz cuvette to evaluate the secondary structure of the MPER-TMD. The
peptide was dissolved in three solutions: TFE, POPC/POPG (4 : 1) membrane, and DOPC/
DOPE (2:1) membrane. The membrane samples used a P/L ratio of 1 : 20. 0.05 - 0.10 mg of
peptide was dissolved in 0.5 ml vesicle solution and TFE. Control spectra of peptide-free
solutions were subtracted from the spectra of peptide-containing samples.

Solid-state NMR experiments

Solid-state NMR spectra were measured on Bruker 400 MHz (9.4 Tesla), 600 MHz (14.1
Tesla), and 800 MHz (18.8 Tesla) spectrometers using 4 mm and 3.2 mm MAS probes. 13C
chemical shifts are reported on the TMS scale using the 38.48-ppm CH, signal of
adamantane and the 14.0-ppm Met Ce signal of the tripeptide N-formyl-Met-Leu-Phe-OH
(f-MLF) as indirect standards. 31P chemical shifts were referenced to the 2.73-ppm 31P
signal of hydroxyapatite on the phosphoric acid scale. 1°F chemical shift was referenced to
the =122 ppm 1°F signal of Teflon on the CFClj scale.

2D 13C-13C DARR correlation spectra 32-33 with a mixing time of 100 ms were measured at
263 K to assign 13C chemical shifts. To determine the depth of insertion of the peptide in
lipid bilayers, we conducted a 2D 1H-13C correlation experiment in which a IH T, filter of
0.8 ms was applied to suppress the protein 1H magnetization while retaining water and lipid
1H magnetization 34-35, After 1H chemical shift evolution, a IH spin diffusion mixing period
of 9 — 400 ms was used to transfer 1H magnetization to the protein and detected through 13C
after cross polarization 34. The experiments were conducted on the LWIGA-labeled peptide
in POPE membranes at 303 K under 9 kHz MAS. Cross peak intensities are plotted as a
function of the square root of the spin diffusion mixing time, since the solution to the
diffusion equation in a two-phase system has an inherent vt dependence 3536,

To probe the water accessibility of different residues in detail, we measured water-edited 2D
13C-13C correlation spectra at 263 — 273 K under MAS frequencies of 9 kHz and 10.5 kHz
35,37-39_ At this temperature, with 1H T filters of 0.6 ms to 0.8 ms, the lipid and protein 1H
magnetization is largely suppressed, leaving water as the only *H polarization source. This is
followed by a 1H mixing period of 4 — 16 ms before 13C-13C correlation spectra were
measured.

Two types of long-distance experiments were conducted to probe the three-dimensional fold
and self-assembly of the MPER-TMD in the lipid membrane. Intramolecular 13C-19F
distances between 5F-W678 and L684 and 1686 Ca were measured using a frequency-
selective REDOR experiment 40. An 800 ps Gaussian 13C r pulse was applied in the middle
of the REDOR period to invert the 13C spin of interest and to suppress 13C-13C scalar
couplings. The REDOR mixing time ranged from 5 ms to 25 ms, and the experiments were
conducted under 5 kHz MAS at 235 K to immobilize the peptide.

Intermolecular distances were measured using the 19F CODEX experiment 4143, Two trains
of 19F 180° pulses spaced every half a rotor period were applied before and after a
longitudinal mixing period. The 19F 180° pulses recouple the 19F chemical shift anisotropy
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(CSA) and cause the formation of a stimulated echo. 1°F spin diffusion during the mixing
period due to oligomerization decreases the echo intensity. To correct for T, relaxation
effects, two experiments, a control (Sg) and a dephasing (S) experiment, in which the mixing
time was interchanged with a z-filter after the second rt-pulse train, were measured, and the
intensity ratio S/Sy indicates the extent of 1°F spin diffusion. The 1°F CODEX experiments
were conducted under 8 - 10 kHz MAS at 233 K, in order to immobilize the peptide and
ensure detection of only spin diffusion and not slow motion 43.

To investigate the mobility of the MPER-TMD in the lipid membrane, we measured 13C-1H
dipolar couplings using a 2D double-quantum-filtered (DQF) DIPSHIFT experiment 44-46.
FSLG 47 was used for H homonuclear decoupling and SPC5 48 was used for 13C-13C
recoupling and double-quantum filtering. The experiment was conducted under 7 kHz MAS
at 303 K. The time-domain data were fitted to obtain the apparent couplings, which were
divided by the FSLG scaling factor of 0.577 to obtain the true couplings. The C-H order
parameter Scy was calculated as the ratio of the true coupling to a rigid-limit value of 22.7
kHz.

Static 31P spectra of lipid membranes were measured at 298 K to investigate the effects of
MPER-TMD on membrane morphology 4951, To determine the effect of the peptide on the
membrane-surface hydration, we measured 2D 1H-31P heteronuclear correlation (HETCOR)
spectra at 298 K under 5 kHz MAS using a 100 ms 1H mixing time 5255,

Simulation of 1°F CODEX and 13C-19F REDOR intensities

The 19F CODEX S/S; intensities were fit using a home-written MATLAB program to obtain
19F_19F distances 43. The program uses the exchange matrix formalism to treat multi-spin
diffusion. For trimeric systems, the 3 x 3 exchange matrix contains rate constants that are
proportional to an overlap integral and the 19F dipolar coupling of interest. Based on model
compound results, the value of the overlap integral is 37 ps at 8 kHz MAS and 41 ps at 10
kHz MAS 2. To simulate F699 distances, we considered two oligomeric structures: 50% of
an a-helical trimer and 50% of a p-sheet consisting of three parallel g-strands. The inter-
strand distances were adjusted to 5.8 and 6.8 A for the POPE and VMS data, respectively, in
order to fit the fast initial decay, while the inter-helical distances were varied to fit the slow
decay at longer mixing times. 13C-19F REDOR S/Sj intensities were fit using the SIMPSON
program %6 to obtain intramolecular distances. An intensity scaling factor of 0.85 was
applied to the calculated curves to represent 1°F pulse imperfections in the REDOR data 7.

Structural modeling of the MPER-TMD trimer

We carried out molecular dynamics (MD) simulations in explicit membranes to assess the
energetic stability of the MPER-TMD trimer structures in lipid bilayers and to obtain a view
of the turn structure between the MPER and TMD. We used the monomer structure of the
Ebola virus envelope glycoprotein (GP2) MPER-TMD (PDB code: 5T42) 21 as the initial
template, and substituted the Ebola sequence with the gp41 sequence (residues K665 — 1704)
by aligning P653 in the Ebola protein with one of seven residues in gp41 (L684, K683, 1682,
Y681, W680, L679, and W678) (Tables S1, S2). The (¢ ) angles of two solution NMR
structures (PDB: 5JYN and 6B3U) were then applied to the TMD residues 1688-1697 in the
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model. Each monomer was trimerized, then inserted into a lipid bilayer containing 60
POPC, 30 POPE, 30 POPS, 20 SM, and 60 cholesterol molecules. This membrane matches
the composition of the VMS membrane used in the experiments, and was created using the
Charmm-Gui Membrane Builder 8. The simulation box, obtained from the CHARMM-GUI
website server, consists of 7750 TIP3 waters and 21 potassium ions. MD simulations were
carried out in Gromacs 29 using measured 13C-19F and 19F-19F distance constraints. In
addition to these experimental constraints, we fixed N- N, Ca — Ca, and C’ — C’ distances
between residue 7and residue A4 for residues K683-S703 to maintain the TMD backbone
conformation (Tables S3). During the simulations, we found that the three intermolecular
19F_19F restraints were insufficient to stabilize the trimer; therefore, we added three
interhelical restraints of 9.4 A, 6.5 A, and 8.0 A at G690 Ca, V693 Ca, and R696 Ca,
obtained from the solution NMR structure of trimeric TMD (PDB: 5JYN), to help stabilize
the trimer 1°. The energy of the system was minimized using a steepest decent strategy
followed by a six-step equilibration process at 303 K for 3.75 ns. After equilibration, the
production run was carried out at the same temperature for 100 ns.

MPER-TMD is fusogenic and is predominantly a-helical in lipid membranes

To determine the three-dimensional fold and oligomeric structure of gp41 MPER-TMD in
lipid membranes, we synthesized a 40-residue peptide corresponding to residues 665-704 of
the HXB?2 isolate of gp41 (Table 1). 13C, 1°N-labeled residues and 19F-labeled residues were
placed at strategic positions in the peptide (Table 2) to investigate the conformation and
intermolecular assembly of this domain. A semi-automated continuous-flow Fmoc peptide
synthesis protocol was used to allow each amino acid to be incorporated into the sequence
every 3~4 minutes. CD spectra of the peptide in POPC/POPG and DOPC/DOPE vesicles
showed a-helical conformations, with slightly lower helical content in the DOPC/DOPE
membrane (Fig. S1B). This trend is consistent with the conformation of the PIV5 fusion
protein TMD, which showed a pronounced membrane-induced conformational change from
a-helix in lamellar bilayers to B-sheet in negative-curvature phosphatidylethanolamine (PE)
membranes 2°. To determine whether the MPER-TMD is fusogenic, we carried out
fluorescence lipid mixing assays. MPER-TMD caused rapid mixing of POPC/POPG (4:1)
vesicles (Fig. S1C): ~50% of the vesicles undergo mixing in less than 30 s, and by 10
minutes the extent of mixing increased to ~75%. Therefore, the MPER-TMD peptide is
fusogenic in vitro.

2D 13C-13C correlation spectra provided information about the backbone conformation of
the peptide in lipid membranes. We prepared a cholesterol-containing membrane (VMS) to
mimic the virus envelope, and a POPE membrane to investigate the effect of membrane
curvature on peptide conformation. Fig. 2 shows that L669 in the MPER and L684, 1686,
and G694 in the TMD exhibit exclusive a-helical chemical shifts in both membranes. In
comparison, the C-terminal residue A700 shows a weak p-strand Ca.-Cp cross peak in
addition to the a-helical cross peak in the VMS membrane (Fig. 2A). The POPE membrane
increased the B-strand cross peak intensity to be comparable to the intensity of the a-helical
peak (Fig. 2B). Thus, the C-terminus of the TMD has a moderate propensity to form -
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strand structures in lipid membranes. These 2D spectra were measured at moderate low
temperatures of 263 K to freeze the peptide motion and to obtain higher sensitivity.
Comparison of the 1D 13C spectra at 303 K and 235 K (Fig. 2D) indicate that the peptide
has the same chemical shifts between physiological temperature and low temperature, thus
the structure is unchanged within this temperature range, and the structural constraints
measured at the low temperatures used here also apply to the physiological temperature.

Depths of insertion of the MPER-TMD in lipid bilayers

We next investigated the depth of insertion of MPER-TMD by correlating the lipid and
water 1H chemical shifts with the protein 13C chemical shifts in a 2D experiment 34. Fig. 3A
shows a representative 2D spectrum, measured using a 1H spin diffusion mixing time of 400
ms, for the LWIGA-labeled peptide bound to the POPE membrane. At this long mixing
time, all 13C-labeled residues show cross peaks with both water and lipid CH, protons. The
different depths of insertion of the residues can be discerned from the relative intensities of
their water versus lipid CH, cross peaks.

Fig. 3B shows the 1H cross sections of L669 Ca and Cp at various 1H mixing times. It can
be seen that the water cross peak intensity has equilibrated by 100 ms while the lipid-chain
cross peak is weak and continues to grow till the longest mixing time of 400 ms. In
comparison, the 1686 cross sections show significantly higher lipid cross peaks compared to
L669. Fig. 3C shows the 13C cross sections at the lipid CH, and water 1H chemical shifts
from the 9 ms 2D spectrum, illustrating the different relative intensities of lipid and water
cross peaks for different residues. Fig. 3D summarizes this information as polarization
transfer curves from water to protein and from lipid chains to protein. The lipid-to-protein
buildup curves show significant differences between residues: 1686 has the fastest
polarization transfer from the lipids while L669 has the slowest transfer. The difference
between the water polarization transfer is less pronounced, but still shows the expected
opposite trend. Together, these data indicate that 1686 is the most membrane-embedded
residue, followed by A700 near the C-terminus of the TMD, whereas L669 lies on the
membrane surface, the furthest away from the middle of the bilayer.

Since the water-to-protein polarization transfer curves do not differ significantly between
residues from the 1H-13C correlation experiment, we measured water-edited 2D 13C-13C
correlation spectra to better distinguish the water accessibilities of different residues 3738,
Fig. S2 show 2D 13C-13C correlation spectra of LWIGA-labeled peptide in POPE and VMS
membranes. The water-edited spectra were measured using a short 1H T, filter of 0.6 — 0.8
ms, followed by a *H spin diffusion mixing time of 4 — 16 ms. At these short H mixing
times, most of the 1H polarization comes from water. For both POPE and VMS membrane
samples, L669 shows the highest residual intensities in the water-edited 2D spectra, followed
by A700, whereas 1686 cross peaks are mostly removed. Therefore, the water-edited spectra
are fully consistent with the 2D 1H-13C correlation spectra in showing that L669 is the most
exposed to aqueous solution whereas 1686 is the most buried in the lipid bilayer. The
intensity ratios of the water-edited spectra and the control spectra (Fig. S2C) are lower for
the POPE-bound peptide than for the VMS-bound peptide at the same mixing time of 9 ms,
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suggesting that the peptide may dehydrate the POPE membrane more than the VMS
membrane.

MPER-TMD causes negative Gaussian curvature to PE membranes

To obtain information about the interaction of the MPER-TMD with lipid membranes, we
measured 3P static and MAS spectra. Static 31P lineshapes of four membranes in the
absence and presence of the peptide are shown in Fig. S3A. POPC/POPG and VMS
membranes exhibit uniaxial powder lineshapes that are similar with or without the peptide,
indicating that MPER-TMD does not perturb the lamellar structure of these membranes. For
comparison, the peptide caused a small isotropic peak to the POPE membrane. The peptide-
free DOPE membrane shows a powder lineshape that is characteristic of an inverted
hexagonal phase (Hyy), as expected for this lipid, while the peptide-bound DOPE membrane
exhibits a dominant isotropic peak. We have shown before that this isotropic peak is
indicative of negative Gaussian curvature 2 60, which is essential for membrane remodeling
during hemifusion and post-fusion stages of the virus-cell fusion. This negative Gaussian
curvature has also been observed in other membrane-active peptides 4950 and has been
quantified using small-angle X-ray scattering experiments 61-62,

Since membrane dehydration is expected at some stages of viral fusion, we investigated the
membrane-surface hydration of the POPE and VMS membranes using 2D 1H-31p
correlation experiments. Fig. S3B shows that the lipid phosphate groups of both membranes
have a strong water cross peak, indicating that both membranes remain well hydrated in the
presence of the MPER-TMD. This behavior differs from the PIV5 fusion protein TMD,
which significantly dehydrates PE membranes in which the peptide is predominantly -
strand. We attribute the high hydration to the a-helical conformation of the MPER-TMD,
and suggest that the p-strand conformation is correlated with membrane dehydration.

MPER-TMD is immobilized in lipid membranes

Information about the three-dimensional fold and oligomeric state of the MPER-TMD in the
membrane can be obtained from peptide dynamics, since a monomeric membrane-spanning
a-helix is expected to undergo rapid uniaxial diffusion in the membrane 63-65 while a highly
oligomerized peptide or a peptide that contains an extended segment on the membrane
surface is expected to be immobilized %6-67. We measured the 13C-1H dipolar order
parameters of LWIGA-labeled MPER-TMD in the VMS membrane at 303 K using a
double-quantum-filtered (DQF) 2D DIPSHIFT experiment 6. The double-quantum filter
removes the lipid natural abundance 13C signals, which partly overlap with the peptide 13C
peaks (Fig. 4A). The resulting Ca-Ha dipolar dephasing curves (Fig. 4B) indicate relatively
large C-H order parameters of 0.89 — 0.92 for both the MPER residue L669 and the TMD
residues 1686 and A700, indicating that both the MPER and TMD are immobilized in the
membrane. This suggests that the MPER-TMD may be oligomerized in the membrane. To
directly determine the oligomeric state of the protein, we next carried out the spin-counting
19F CODEX experiment 41,
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MPER-TMD is trimerized in the lipid bilayer and has a turn between the MPER and TMD

We measured the oligomeric state of MPER-TMD in lipid bilayers by taking advantage of
the presence of many aromatic residues, which can be readily fluorinated. The 1°F CODEX
experiment reports the number of 19F spins in close proximity in terms of the T4-corrected
intensity (S/Sp) of a stimulated echo at equilibrium 4. A trimeric complex with 19F-19F
distances within about 15 A should manifest equilibrium echo intensities of 1/3, while a
monomer should have a full echo intensity of 1. To prevent slow motion from contributing to
the exchange effect during the mixing time, we conducted the CODEX experiments at 233 K
43,67 13C chemical shifts measured at 235 K and 303 K show no differences (Fig. 2D),
indicating that the MPER-TMD structure is unchanged in this temperature change. We
introduced 4F-F699 in the TMD and 5F-W678 and 5F-W680 in the MPER to measure the
oligomeric state and potential intermolecular distances (Fig. 5A). When the 4F-F699 labeled
peptide was reconstituted into the membranes at a P/L ratio of 1 : 15, the CODEX intensities
decayed to 0.32+0.07 for the POPE-bound peptide and 0.35+0.07 for the VMS membrane-
bound peptide (Fig. 5B, C). Therefore, these data directly prove that the MPER-TMD is
trimerized in both POPE and VMS membranes. In comparison, the W678 and W680
CODEX data show higher equilibrium values. For example, at a mixing time of 2 s, the
W680 S/Sg ratio is 0.51 = 0.07 in the POPE membrane and 0.64+0.08 in the VMS
membrane. But since the F699 result dictates that the MPER-TMD forms trimers, the Trp
CODEX data must be fit to a three-spin model, albeit with longer internuclear distances.
Both W680 and W678 CODEX decays are single exponential. Using a symmetric trimer
model, we obtained best-fit distances of 11.0 A for POPE-bound W680 and 12.0 A for the
VMS-bound peptide (Fig. 5D). The VMS membrane-bound W678 exhibits similar decay
rate as that of W680, with a best-fit distance of 12.0 A (Fig. 5E).

Compared to the two Trp residues’ CODEX decays, the 4F-F699 CODEX data in both
POPE and VMS membranes show an initial fast decay and a slow decay at longer mixing
times, with approximately equal weights. We attribute this bi-exponential decay to the
conformational heterogeneity at A700, which exhibits p-strand and a-helical chemical shifts
with similar intensities. Therefore, we fit the F699 CODEX data using a two-component
model, in which a linear chain of three spins, representing parallel in-register g-strands, is
combined with a symmetric trimer, representing a three-helix bundle. The inter-strand
distance was adjusted to fit the initial decay while the interhelical distance was adjusted to fit
the slow decay. We obtained a best-fit interhelical distance of 11.0 A for the POPE-bound
peptide and 11.5 A for the VMS-bound peptide. The inter-strand distance that accounts for
the initial fast decay is 5.8 A for the POPE-bound peptide and 6.8 A for the VMS-bound
peptide (Fig. S4). These inter-strand distances are longer than the backbone separation of
~4.7 A in cross-p amyloid fibrils, which may result from sidechain disorder for the Phe rings
or loose association of the p-strand at the C-terminus of the peptide due to spatial constraints
by the rest of the peptide. We note that this two-conformation model does not affect the
trimer conclusion, since any deviation from the trimer model in either the helix or the strand
population of the peptide would change the CODEX equilibrium value from the measured
value of ~0.33.
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To investigate whether the oligomeric state of MPER-TMD is sensitive to the peptide
concentration in the membrane, we prepared another POPE-bound sample with a three-fold
lower P/L ratio of 1 : 45, and measured the CODEX data. Fig. 5C shows that this diluted
peptide sample has similar CODEX intensities to the 1 : 15 sample, thus indicating that the
MPER-TMD trimer is insensitive to the peptide concentration within the concentration
range studied here.

To investigate whether a turn is present between the MPER and TMD, we measured 13C-19F
distances between 5F-W678 and 13C-labeled 1686 and L684 in the WLIGF-labeled peptide,
and between 5F-W680 and 13C-labeled 1686 in LWIGA-labeled peptide. If a turn exists
between the MPER and TMD, then the intramolecular distances are expected to be shorter
than those of a continuous helix. Various structures of truncated constructs of gp41
containing part of the MPER or part of the TMD indicate distances longer than 13 A
between the W678 sidechain and the L684 and 1686 backbone, which are too long to be
detectable by 13C-19F dipolar couplings. In the W680-fluorinated LWIGA sample, 1686 Ca.
exhibits negligible dephasing by 5F-W680 (data not shown), indicating that the distance is
longer than 13 A. In contrast, 1686 and L684 Ca. are clearly dephased by 5F-W678. Fig. 6
shows the frequency-selective 13C-19F REDOR data of WLIGF-labeled MPER-TMD bound
to the VMS membrane. Representative Sg and S spectra of the Ca region (Fig. 6A) show
significant intensity differences without and with 1°F pulses, indicating detectable dipolar
couplings. The normalized REDOR intensities (S/Sg) for the two Ca carbons (Fig. 6B)
decay to ~0.50 for 1686 Ca. and ~0.75 for L684 Ca by 25.6 ms. To fit the experimental
dephasing curves, we took into account the 1°F CSA of 47.5 ppm for 5F-W678 and 1°F 180°
pulse imperfections 57: 68-69_ Best-fit simulations gave a distance of 9.2 A for 5F-W678 to
1686Ca and 10.0 A for 5SF-W678 to L684Ca.

Based on these 13C-19F and 19F-19F distances and the depths of insertion of different
residues, we built a trimer model of MPER-TMD to assess the energetic stability of the
trimer in lipid membranes and to obtain a low-resolution view of its structure. Since the
1H-13C correlation spectra place the MPER L669 on the membrane surface and the TMD
1686 in the membrane interior, we used the helix-turn-helix structure of the Ebola GP2
MPER-TMD (PDB code: 5T42) as the initial structure template 21. To define the turn
position between the MPER and TMD, we aligned the gp41 sequence with the Ebola
sequence in seven ways, matching each residue between L684 and W678 in MPER with the
Ebola residue P653 (Table S1). Using the two dominant rotamers of t90 (1 = +180°, x2 =
+90°) and t-105 (1 = £180°, x2 = —105°) for the W678 sidechain 70, we found that
template E, matching W680 with P653, gave good agreement with the measured 13C-19F
distances between 5F-W678 and L684 and 1686 Ca, while other alignments produced
distances or secondary structures that deviated significantly from experimental data (Table
S2). For example, matching L684 of gp41 with P653 (template A) resulted in long distances
of 14-16 A from L684Ca and 1686Ca to 5F-W678. Matching P653 with K683 (template B),
which is traditionally considered the boundary between the MPER and TMD, caused either
long distances or non-helical structures of 1684 and L686. In this way, we ruled out four of
the seven templates. The three remaining alignments were subjected to MD simulations
under the constraints of the measured 13C-19F and 19F-19F distances. Based on the W680-
P653 alignment (template E), we generated two monomer models by using the backbone (¢
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) torsion angles from the recently reported solution NMR structures of gp41 TMD (5JYN
19 and 6B3U 23) for residues 1688—1697. The resulting helix-turn-helix monomers were each
trimerized, inserted into a lipid bilayer with the composition of the VMS membrane, and
subjected to 100 ns MD simulations 3 in Gromacs under the constraints of the measured
13C-19F and 19F-19F distances. Specifically, the intramolecular 5F-W678 to L684Ca
distance and 5F-W678 to 1686Ca distance are 10.0 A and 9.2 A, respectively, while the
intermolecular 1°F-19F distances at residues W678, W680, and F699 are 12.0 A, 12.0 A, and
11.5 A in the VMS membrane, respectively (Table 3). In addition, we fixed backbone Ca -
Ca, N - N, and C’ — C’ distances between residues 7and 7+ 4 of the TMD (from K683 to
S703) to stabilize the monomer conformation during simulations (Table S3). We also
introduced three additional intermolecular distance restraints at G690 Ca., V693 Ca, and
R696 Ca, obtained from the PDB structure 5JYN, to help stabilize the trimer assembly.

The results of these simulations based on the template-E alignment are shown in Fig. 7 and
Fig. S6. Both structural models point W678 towards the helix-helix interface and W680
towards solution. The two Trp residues predominantly adopt t90 and t-105 rotamers (Table
S4) 70, Residues W678 to K683 show non-helical torsion angles (Fig. S5), but most MPER
residues retain the a-helical (¢ ) angles from the input values, without changing to non-
helical structures during the 100 ns simulations. The L669 sidechain faces the membrane,
consistent with the observed lipid cross peaks of this residue. Moreover, the 5F-W680 to
1686Ca. distance is longer than 16 A in both models, in good agreement with the negligible
dipolar dephasing between 5F-W680 and 1686 in the REDOR experiments.

While these simulations based on the W680-P653 alignment gave structures that agree with
the experimental data, simulations using the Y681-P653 alignment (template D) and the
W678-P653 alignment (template G) did not (Fig. 8). The template-D structure shows a short
distance of less than 7 A between 5F-W680 and 1686Ca., which contradicts the experimental
data. The template-G alignment produced a trimer structure in which L669 points to aqueous
solution while W680 is embedded in the lipid bilayer, with a distance of less than 7 A to
1686 Ca.. Both features disagree with the experimental data. Therefore, residues Y681 and
W678 do not correspond to the turn positions and these alternative structural models can be
ruled out.

Discussion

Oligomeric state and three-dimensional fold of gp41 MPER-TMD in lipid membranes

The 1°F CODEX data of 4F-F699, showing equilibrium intensities of ~0.33 (Fig. 5B, C),
unambiguously indicate that the MPER-TMD self-associates into trimers in lipid
membranes at peptide concentration of 2-7 mol%. This trimerization is observed in both
lamellar virus-mimetic membranes containing 30% cholesterol and in negative-curvature
POPE membranes. Trimer formation in the absence of the water-soluble ectodomain
suggests that this C-terminal region of gp41 may be the trimerization core of the protein, and
may stabilize the trimeric state of the ectodomain 172, Trimerization is also consistent with
the high Ca-Ha dipolar order parameters of two TMD residues and one MPER residue (Fig.
4). These high and similar order parameters indicate that only small-amplitude local motions
are present, while fast uniaxial rotational diffusion of the entire peptide is absent. The latter
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is true because the TMD and MPER residues have very different Ca-Ha bond orientations
relative to the bilayer normal, thus they would give rise to very different order parameters if
whole-body uniaxial diffusion were present 64 73,

Intramolecular 13C-19F distance measurements provided important constraints about the
relative orientation of the TMD and MPER. If the two segments form a continuous a-helix,
as reported in a number of structural studies (Fig. 1), then distances of 11-19 A would be
expected between the W678 sidechain and L684 and 1686 backbone (Fig. 6D). Instead, we
measured 13C-19F distances of 10.0 A and 9.2 A, which constrain W678 to be part of a turn
that deposits the MPER onto the membrane surface. The helix-turn-helix fold is supported
by the fact that L669 is not only well exposed to water but also shows cross peaks with lipid
acyl chains at TH spin diffusion mixing times of 100 ms (Fig. 3). If the MPER segment were
to extend away from the membrane surface into the aqueous solution, then L669 would not
be in spin diffusion contact with the lipid chains 34 74-75, Finally, the helix-loop-helix
architecture is also consistent with the observed immaobilization of the MPER-TMD. Taken
together, the distance data and the depth of insertion data define the three-dimensional fold
and oligomeric state of the gp41 MPER-TMD as a trimeric helix-turn-helix structure (Fig.
7). The umbrella-like structural topology is held together by the trimeric membrane-
spanning TMD stalk, while the MPER fans out on the membrane surface.

The surface location of MPER is fully consistent with the Trp-rich (W666, W670, W672,
W678, and W680) nature of MPER, since Trp residues are known to favor the membrane-
water interface due to the nonpolar aromatic ring and the ability of the indole NH to
hydrogen-bond with lipid carbonyls and phosphate oxygens 76-77. Indeed, the solution NMR
structure of DPC-bound MPER peptide shows that most Trp residues face the membrane
interior while the polar residues in this segment face the aqueous solution (Fig. 1C). Thus,
the helix-turn-helix structure of the MPER-TMD is favorable for stabilizing both the Trp-
rich amphipathic MPER helix and the hydrophobic TMD helix. The topology of the gp41
MPER-TMD resembles the pinwheel structure of the pentameric phospholamban (PLN),
which regulates calcium homeostasis in cardiac muscles. There, orientational NMR
measurements, paramagnetic relaxation enhancement data, and DEER distance data,
indicate that the N-terminal cytoplasmic domain of PLN lies on the membrane surface while
a C-terminal TMD spans the bilayer 7879,

While the present data clearly define the tertiary and quaternary structures of the MPER-
TMD, they do not uniquely constrain the turn structure between W678 and K683 at the
atomic level. For example, slightly different TMD backbone conformations cause different
rotamers of W678 and W680, which all agree with the measured 13C-19F distances and
19F_19F distances (Fig. 7 and Fig. S6). Further experiments measuring the 13C and 1°N
chemical shifts and many interresidue contacts will be necessary to fully determine the
atomic-resolution structure of this turn between the MPER and TMD.

Comparison of the oligomeric structure in lipid bilayers with previous structures in

bicelles

The trimeric helix-turn-helix structural model obtained from the current study differs from
two solution NMR structures of gp41 (residues 677-716), but in different ways 19 23, The
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previous construct, denoted TMD-CT below, includes six MPER residues, the TMD, and ten
residues of the cytoplasmic domain. Both structures were solved in small bicelles with
DMPC to DHPC molar ratios of 1 : 2to 1 : 2.5 (q = 0.4-0.5). One study, conducted at a P/L
molar ratio of 1 : 225, concluded a trimeric structure based on intermolecular 15N-1H NOE’s
between 13C, 1H-labeled protein and 1°N, 2H-labeled protein 19; however assignment of the
methyl 1H chemical shifts is ambiguous. In contrast, the second study, conducted at a P/L
molar ratio of 1 : 300, found that residual dipolar couplings of the protein in different
alignment media disagree with C3 symmetry; paramagnetic relaxation enhancement data
show no intermolecular association, and DEER EPR data at P/L ratios of 1 : 4000 to 1 : 300
also indicate an absence of intermolecular dipolar couplings 23. Therefore these data indicate
a monomeric helix in these small bicelles 23. We speculate that these divergent findings may
result from heterogeneity in the protein oligomeric states, differences in the bicelle stability
and size, and the different P/L ratios used. At the higher P/L ratio of 1 : 225, an oligomeric
population may coexist with a monomeric population to give rise to the intermolecular
NOE’s, while the lower P/L ratios may shift the protein conformational equilibrium to the
monomeric state.

The experimental conditions in the current study promote more stable membrane
environments as well as more stable protein structures compared to the conditions of these
solution NMR studies. First, the current gp41 construct includes the entire MPER region in
addition to the entire TMD. The Trp-rich MPER is expected to have significant propensity
for binding to the membrane surface 29, which should tether the protein to the membrane to
increase the probability for oligomerization. Second, the phospholipids in the current study
present essentially an infinite membrane plane with weak curvature, thus placing no spatial
restrictions on potential trimer formation. In comparison, the g = 0.4-0.5 DMPC/DHPC
bicelles in the solution NMR studies have an average width of only ~45 A for the flat
portion of the bicelle, which is capped by the round DHPC edges 9. The thickness of the
bilayer portion is only ~30 A, dictated by the DMPC chain length. This restricted volume
may shift the protein structural equilibrium towards the monomeric state. Third, the current
solid-state NMR experiments use relatively high P/L molar ratios of 1 : 15to 1 : 45 to obtain
sufficient sensitivity, which should shift the equilibrium towards trimers. Future experiments
are required to address the question of whether the MPER-TMD remains trimeric at much
lower P/L ratios in lipid bilayers. It is informative to review existing biochemical and
biophysical evidence for the environmental dependence of the oligomerization of viral
fusion protein TMDs. Analytical ultracentrifugation data of the PIV5 fusion protein TMD 80
indicate weak homo-oligomerization tendency in DPC micelles. In comparison, oxidative
crosslinking of Cys mutants of full-length PIVV5 F protein in HeLa cell membranes show
cross-linking even at very low protein concentrations 81. Solution NMR studies of full-
length gp41 at low protein : detergent molar ratios of 1 : 500 detected only signals of the N-
terminal ~110 residues, indicating that the C-terminal MPER and TMD are immobilized,
which suggest oligomerization 1°. Analytical ultracentrifugation and liposome release assay
of a series of gp41 constructs in DPC micelles found that the oligomeric state depended on
pH, construct length, and P/L ratios in a complex manner 8. Trimer formation is favored by
high pH and by inclusion of the water-soluble ectodomain heptad repeats. At a very low
protein : DPC molar ratio of ~1 : 3000, a construct that includes both the ectodomain heptad
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repeats and the MPER-TMD was found to be trimeric at high pH while monomeric at low
pH.

Backbone conformation of the MPER-TMD protomer

Since most structural studies of MPER and TMD peptides found a-helical conformations,
we sparsely labeled our peptide with 13C, 15N-labeled residues, with the goal of assessing
the influence of the membrane on the peptide backbone conformation. Out of the labeled
residues, only A700 at the C-terminus of the TMD exhibits partial B-strand conformation.
The B-strand peaks account for ~50% of the total intensities of this residue in POPE
membranes, while in the VMS membrane the B-strand peak intensities were initially low and
gradually equilibrated to ~50%. Similarly, PE membranes induced p-strand conformation of
the PIV5 fusion protein TMD 55, but the B-strand chemical shifts are observed for more
residues in the peptide. We attribute the partial p-strand character of the gp41 TMD to a
combination of the amino acid sequence and the spontaneous negative curvature of PE
membranes. It has been shown that membrane peptides rich in B-branched Ile and Val
residues have a significant propensity for the p-sheet conformation 8284, Both PIV5 and
HIV fusion protein TMDs contain ~40% lle and Val residues, thus isolated TMD peptides in
lipid membranes with the appropriate curvature may have a significant tendency to change
to the B-strand conformation. The presence of the MPER in the current study may have
shifted the conformational equilibrium towards the a-helix, thus restricting the g-strand
segment to the C-terminal end of the TMD. In analogy, a FP-TMD chimera of the PIV5
fusion protein also exhibited membrane-independent a-helical conformation for the entire
protein 85, Additional studies are necessary to understand the significance of the C-terminal
B-strand conformation for virus-cell fusion. It is noteworthy that the N-terminal fusion
peptide of gp41 has been shown to adopt B-strand conformation in complex cholesterol-
containing membranes 86-87, Thus, we speculate that the B-sheet structures of both domains
may promote close association of the FP and TMD in the lipid membrane, to cause the
necessary saddle-splay curvature 55 61 in late stages of membrane fusion.

Implication of the trimeric helix-turn-helix structural motif for HIV membrane fusion

The trimeric helix-turn-helix structure of the gp41 MPER-TMD in lipid bilayers has two
implications for the mechanism of HIV virus-cell membrane fusion. First, the segment from
W678 to K683 may be a site of conformational plasticity, and the turn conformation may be
important for the protein to interact with lipid components such as PE and cholesterol to
induce membrane curvature. The 3IP lineshapes (Fig. S3) confirm membrane-curvature
induction by the MPER-TMD. In support of this notion, recent lipid mixing assays showed
that only a peptide that spans the junction between the MPER and TMD (residues 671-693)
has fusogenic activity, while peptides corresponding only to the MPER (residues 656-683)
or only to the TMD (residues 684-705) are not fusogenic 8. The fusion activity of the
MPER-TMD junction not only increases with the peptide concentration but also increases
with the cholesterol concentration. MD simulations suggest that this cholesterol dependence
may arise from the stabilizing effect of cholesterol to focal points of negative curvature
created by the aromatic-rich residues between the MPER and TMD, which cause
phospholipid protrusion and acyl-chain splay to promote membrane fusion 8. Among anti-
MPER antibodies, the two most broadly reactive antibodies, 4E10 and 10ES8, both bind to

JAm Chem Soc. Author manuscript; available in PMC 2019 February 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kwon et al.

Page 17

residues spanning the MPER-TMD junction. For example, the epitope residues recognized
by 10E8 include W672, F673, W676 as well as K/R683 in the turn 7. The precise
interactions among 10ES8, the turn between the MPER and TMD, and the lipids, are
currently unknown. Crystal structures of 10E8 in complex with an MPER peptide and short-
chain lipids have recently been reported 89, suggesting that the 10E8 epitope may consist of
both the MPER and lipids.

Second, the surface orientation of the MPER helix, detected from the 2D 1H-13C correlation
spectra and water-edited 2D 13C-13C correlation spectra, may be important for recognition
of the N-terminal fusion peptide proximal region (FPPR) during late stages of virus-cell
fusion. Fluorescence resonance energy transfer and lipid mixing data indicate that the TMD
and FP of gp41 interact with each other in lipid membranes %°. This implies that their
respective neighboring segments of the MPER and FPPR may also interact with each other
after the formation of the ectodomain six-helix bundle. For the Ebola virus fusion protein,
titration of the FP caused chemical shift perturbation of the surface-bound MPER residues
21 also supporting an interaction between the MPER and N-terminal regions of the fusion
protein. Future studies determining the atomic-resolution structure of the MPER-TMD in
lipid membranes will be required to understand the precise mechanistic roles of this domain
for HIV entry into cells.
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Figure 1.
Amino acid sequence (A) and structural models (B-G) of the gp41 MPER-TMD. (A)

Domains in gp41. The MPER-TMD peptide used in this study spans residues K665 to 1704.
Fluorinated residues are highlighted in blue while 13C, 15N-labeled residues are shown in
red. (B) Schematic of the helix-turn-helix model. (C) Structures of the gp41 MPER peptide
(PDB code: 2PV6) and Ebola GP2 MPER-TMD peptide (PDB code: 5T42) that support the
helix-turn-helix model. (D) Schematic of the continuous helix model. (E) Structures of gp41
(677-716) that support the continuous-helix model. One structure is a trimer (PDB code:
5JYN) while the other is a tilted monomer (PDB code: 6B3U). (F) Schematic of the trimeric
MPER and monomeric TMD model. (G) Structure of an engineered MPER trimer (PDB
code: 2LP7) that supports this model.
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Figure 2.

2D 13C-13C correlation spectra of 13C, 15N-labeled MPER-TMD in VMS and POPE
membranes, measured at 263 K with a 13C mixing time of 100 ms. (A) VMS-bound LWIGA
peptide. Most residues show a-helical chemical shifts, except for A700, which exhibits a
second Ca.-Cp cross peak at B-strand chemical shifts. (B) POPE-bound LWIGA peptide,
showing similar chemical shifts as the VMS-bound peptide. (C) VMS-bound WLIGF
peptide, showing purely a-helical chemical shifts. (D) 1D 13C spectra of VMS-bound
WLIGF peptide at 303 K and 235 K. The chemical shifts are unchanged, indicating that the
MPER-TMD structure is the same at low and high temperatures.
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Figure 3.
Depths of insertion of gp41 MPER-TMD in the POPE membrane, measured at 303 K. (A)

2D 1H-13C correlation spectrum of LWIGA, measured with 400 ms 1H spin diffusion. (B)
1H cross sections of L669 and 1686 as a function of mixing time. The lipid cross peaks of
L669 are weaker than the lipid cross peaks of 1686, indicating that L669 lies on the
membrane surface while 1686 is embedded in the membrane. (C) 13C cross sections at the
lipid CH, and water *H chemical shifts, extracted from the 9 ms 2D spectrum. L669 has
higher water cross peaks and lower lipid cross peaks compared to other residues, indicating
that it lies on the membrane surface. (D) Water-to-protein and lipid-to-protein 1H
polarization transfer curves as a function of mixing time. Residue 1686 has the fastest
transfer from lipids and the slowest transfer from water, while the opposite is observed for
L669.
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Figure4.
(A) 1D 13C CP and double-quantum filtered (DQF) spectra of VMS-bound LWIGA peptide

at 303 K. Asterisks in the CP spectrum indicate lipid peaks, which are suppressed in the
DQF spectrum. (B) 13C-1H dipolar couplings curves of VMS-bound LWIGA peptide,
extracted from a 2D DQF-DIPSHIFT spectrum. Backbone Ca-Ha order parameters are
0.89-0.92, indicating that the peptide is mostly immobilized in the VMS membrane at 303
K.
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Figureb.
19F CODEX data to determine the oligomeric state and interhelical distances of MPER-

TMD in lipid membranes. (A) Representative 19F cross polarization (CP) and CODEX S
and S spectra of the three fluorinated residues in the VMS membrane. (B) 4F-F699 CODEX
data, showing an equilibrium echo intensity of ~0.33 in both VMS and POPE membranes,
proving that the peptide is trimerized. (C) 1°F CODEX data of 4F-F699 at P/L ratios of 1 :
15 (black) and 1 : 45 (blue) in POPE membranes. Similar dephasing is observed at both
peptide concentrations. (D) W680 19F CODEX data, showing single-exponential decays,
which are best fit to nearest-neighbor distances of 11.0 A for the POPE sample and 12.0 A
for the VMS sample. (E) 5F-W678 CODEX data of VMS-bound peptide, showing an
interhelical distance of 12.0 A. Distance uncertainties are indicated in the panels. The
chemical structures of 4F-Phe and 5F-Trp sidechains are shown on the right, where the
sidechain numbering and ITUPAC nomenclatures are both indicated.
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Figure®6.
13C-19F REDOR data of WLIGF-labeled MPER-TMD in the VMS membrane, measured at

235 K. (A) Representative 13C spectra measured without (Sq) and with (S) 1°F pulses. 5F-
W678 caused significant dipolar dephasing to 1686 and L684 Ca. (B) 13C-19F REDOR
curves for 1686Ca and L684Ca.. The data are best fit to distances of 9.2 A for 1686 Ca and
10.0 A for L684 Ca.. (C) Comparison of the measured REDOR data (symbols) with the
predicted 13C-19F REDOR curves (dashed lines) for three structural models of gp41 (D),
which show 5F-W678 to L684 and 1686 Ca. distances that are much longer than the
measured values. (E) Proposed turn structure between the MPER and TMD, constrained by
the measured 13C-19F and 19F-19F distances.
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W680

L669

W680 F699

Figure7.
Structure topology and trimer association of gp41 MPER-TMD in virus-mimetic

membranes, obtained from MD simulations using template-E alignment, the measured
distance constraints and the TMD (¢ ) angles from the PDB structure 5JYN. (A) Side
view, showing the MPER on the membrane surface and the TMD spanning the bilayer. (B)
Top view of the locations of W680, W678, and L669 in the MPER. The exact structure of
the turn is not fully determined by the data shown here, thus this structural model should be
considered one of the possible structures. (C) Top view of the trimeric MPER-TMD,
showing the rotameric structures and interhelical distances of W678, W680, and F699.
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A Template D (Y681 — P653) B Template G (W678 — P653)

Figure8.
Alternative structural models of the MPER-TMD that are inconsistent with the data. (A)

Structural model based on template D, where Y681 of gp41 is aligned with P653 of the
Ebola fusion protein. The TMD (¢, ) torsion angles were taken from PDB structure 6B3U.
5F-W680 is 6.4 A from 1686Ca., which is inconsistent with the 13C-19F REDOR data. (B)
Structural model based on template G, where W678 of gp41 is aligned with P653 of the
Ebola fusion protein. L669 of the MPER faces solution and 5F-W680 is 6.2 A from 1686Ca.,
both of which are inconsistent with the experimental data.
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Table 1.

Amino acid sequence of the HXB2 HIV-1 gp41 peptide (residues 665-704) used in this study. This sequence is
compared with the clade D gp41 TMD-CT peptide (residues 677-716) studied by solution NMR.

665 670 680 690 700 710
KWASL  WNWENITNWL  WYIKLFIMIV ~ GGLVGLRIVF  AVLSI
NWL  WYIRIFIIV GSLIGLRIVF AVLSLVNRVR  QGYSPLS
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Table 2.

gp41 MPER-TMD membrane samples prepared in this work.

I sotopically labeled peptide Lipid membrane
F699: 4-19F-F699 T/OI\;PISE
LWIGA: U-13C, 15N-L669, 1686, A700, 13C’-G694, 5-19F-W680 I;/O'\gsE
WLIGF: U-13C, 15N-L684, 1686, G694, 5-1°F-W678, 4-19F-F699 VMS
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Experimentally measured 13C-19F and 19F-19F distances for VMS membrane-bound gp41 MPER-TMD.

Table 3.

Measured

Residues distances

Intramolecular

Intermolecular

5F-W678 to L684Ca  10.0%05 A
5F-W678 to 1686Ca. 9.2%04 A
5F-W678 to 5F W678  12.0t06 A
5F-W680 to 5F-W680  12.006 A
4F-F699 to 4F-F699 11.0t10 A
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