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Abstract

HIV-1 entry into cells requires coordinated changes of the conformation and dynamics of both

the fusion protein, gp41, and the lipids in the cell membrane and virus envelope. Commonly
proposed features of membrane deformation during fusion include high membrane curvature, lipid
disorder, and membrane surface dehydration. The virus envelope and target cell membrane contain
a diverse set of phospholipids and cholesterol. To dissect how different lipids interact with gp41

to contribute to membrane fusion, here we use 31P solid-state NMR spectroscopy to investigate
the curvature, dynamics, and hydration of POPE, POPC and POPS membranes with and without
cholesterol in the presence of the membrane proximal external region (MPER) and transmembrane
domain (TMD) of gp41. Static 3IP NMR spectra indicate that the MPER-TMD induces strong
negative Gaussian curvature (NGC) to the POPE membrane but little curvature to POPC and
POPC : POPS membranes. The NGC is manifested as an isotropic peak in the static NMR

spectra, whose intensity increases with the peptide concentration. Cholesterol inhibits the NGC
formation and stabilizes the lamellar phase. Relative intensities of magic-angle spinning 3P cross-
polarization and direct-polarization spectra indicate that all three phospholipids become more
mobile upon peptide binding. 2D 1H-31P correlation spectra show that the MPER-TMD enhances
water 1H polarization transfer to the lipids, indicating that the membrane surfaces become more
hydrated. These results suggest that POPE is an essential component of the high-curvature fusion
site, and lipid dynamic disorder is a general feature of membrane restructuring during fusion.

1. Introduction

At its height as an epidemic, HIV killed millions of people. Although anti-retroviral therapy
has transformed HIV into a manageable chronic condition, drug resistance and adverse

side effects motivate continued fundamental studies of essential HIV proteins. HIV entry
into CD4* T-lymphocytes and macrophages is mediated by the trimeric Env glycoprotein
complex [1]. The gp120 component of the complex binds host cell CD4, CCR5 and CXCR4
receptors, and dissociates from gp41. Gp41 then proceeds to fuse the virus lipid envelope
with the host cell membrane via a cascade of conformational changes [2, 3]. This membrane
fusion involves an initial merger of the outer leaflets of the virus and cell membranes,
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followed by fusion of the inner leaflets, and subsequently the emergence and enlargement of
a water-filled pore that permits the virus particle to enter the cell [4]. This virus-cell fusion
involves intermediate, energetically unfavorable structural changes of two lipid membranes
and the intervening water layer, and is only possible due to the energetically favorable
conformational changes of the fusion protein from a metastable prefusion state to an
equilibrium post-fusion state [5, 6].

The protein-lipid structural changes involved in membrane fusion have been extensively
studied, but many questions remain due to the conformational plasticity of these fusion
complexes. On the protein side, gp41 transits through at least three conformational states: a
prefusion state, an extended intermediate state where an N-terminal fusion peptide (FP) is
inserted into the target cell membrane, and a post-fusion state. In the post-fusion state, the
N- and C-terminal halves of the water-soluble portions of the protein are bent into a trimer
of hairpins, pulling the target cell membrane and the virus envelope into close proximity [7].
Crystal structures of the prefusion and post-fusion states are known for gp41 and a number
of other class | viral fusion proteins [8-11], while the intermediate states remain difficult to
capture [12, 13]. Although post-fusion structures of the ectodomain are available for many
viral fusion proteins, their biological relevance is still unclear, as these structures are usually
obtained in the absence of the transmembrane domain (TMD) [9]. Recent NMR studies of
the C-terminal region of gp41 that includes a membrane-proximal external region (MPER)
and the TMD provided some of the missing information. In lipid bilayers that mimic the
virus envelope, the MPER-TMD peptide forms trimers, with the MPER helix lying on the
membrane surface while the TMD helix spanning the membrane [14] (Fig. 1). In DMPC :
DHPC bicelles, the MPER-TMD also shows a trimeric assembly based on intermolecular
paramagnetic relaxation enhancement NMR data [15], but the MPER conformation differs
from that obtained in lipid bilayers. When only the TMD is incorporated into bicelles,

both monomeric and trimeric structures have been reported using solution NMR [16, 17],
suggesting that the TMD structure might be sensitive to environmental effects such as
peptide concentration, temperature, and bicelle size. In lipid bilayers, when the gp41 fusion
peptide is covalently linked to the MPER-TMD in a chimera, no cross peaks were detected
between the FP and TMD residues, indicating that the FP and TMD do not come into close
molecular contact to form a helical bundle [18]. Therefore, these two hydrophobic ends of
the protein, as engineered in the chimera, do not appear to form a tight six-helix bundle like
the ectodomain. Similarly, a FP-TMD chimera of the parainfluenza virus 5 fusion protein

F also does not exhibit correlation peaks between the FP residues and TMD residues [19].
These results open the question of how these N- and C-terminal hydrophobic domains
restructure the lipid membrane to generate fusion intermediates and the fusion pore.

In addition to protein conformational changes, individual lipids need to interact with the
proteins to incur membrane curvature and membrane dehydration during virus-cell fusion.
Molecular details of this protein-lipid interactions are still poorly understood. The main
curvature effect that is believed to occur during membrane fusion is the negative Gaussian
curvature (NGC) (Fig. 1), where every point on a surface has opposite-signed principal
curvatures [20, 21]. NGC is known to be important in many membrane-remodeling events
such as fusion, scission, and pore formation [21-24], and can be characterized using small-
angle X-ray scattering and solid-state 31P NMR. Lipids with intrinsic curvature tendencies in
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membranes such as phosphatidylethanolamine (PE) and lysophosphocholine (LPC) promote
and inhibit protein-free membrane fusion, respectively [5], but how these lipids interact
with proteins to mediate membrane fusion has not been studied. Biochemical data show
that negatively charged phosphatidylserine (PS) and cholesterol are both cofactors in Env-
mediated HIV-cell fusion. The virion envelope and the target cell membranes both contain a
high level of PS [25], and this PS enrichment is promoted by Env-receptor interaction [26].

HIV entry into cells also requires cholesterol in both the host cell and the virion
membranes [27]. Removal of cholesterol abrogates gp41-mediated liposome fusion [28],
and cholesterol-depleting drugs such as statin inhibits HIV entry into macrophages [29].
Cholesterol affects influenza virus fusion in a more complicated manner [30]. Increasing
the cholesterol content in target cell membranes accelerates lipid and content mixing. In
contrast, moderate reduction of the cholesterol level from the virus envelope facilitates
fusion while complete depletion of cholesterol slows fusion. This multiphasic effect was
interpreted as resulting from the lateral organization of the membrane and cholesterol’s
effect on the mechanical properties of the membrane.

To better understand the mechanisms of protein-mediated membrane fusion, many
biophysical studies have employed synthetic lipid mixtures that contain 5-6 components

to mimic the HIV-1 envelope composition [14, 18, 28, 31]. Derived from the host cell
plasma membranes, the HIV envelope contains phosphocholine (PC), phosphoethanolamine
(PE), phosphoserine (PS), sphingomyelin (SM), and cholesterol. The percentages of these
lipids are somewhat different from those of the host cell plasma membrane (Table 1) [32,
33]. The PC content is ~16% of all lipids in MT-4 plasma membranes but decreases by half
(to ~8%) in the virion envelope. In comparison, PS and sphingolipid contents increase from
the plasma membranes to the HIV-1 virion, while PE and plasmalogen (pl) PE lipids have
counter-directional percentage changes. Cholesterol is enriched in the HIV envelope and is
estimated to range from 32% to as much as 45% [32, 33]. For each HIV-1 virion, about
160,000 of phospholipids and sphingolipids and about 130,000 cholesterol molecules [32]
together solvate 10-19 Env trimers [34].

An implicit assumption in using complex lipid mixtures for studying membrane fusion is
that the lipids are homogeneously distributed in the membrane to induce the biologically
relevant protein structure and function. However, the average lipid composition of the whole
membrane does not necessarily reflect which lipids are abundant at the fusion site. For
example, cholesterol is known to be inhomogeneously distributed in biological membranes
[35]. If both host cell and HIV membranes have an inhomogeneous distribution of lipids,
one can obtain more mechanistic insights by studying gp41 interactions with specific lipids,
which may be enriched near the gp41 trimers. Therefore, to understand the protein-lipid
interplay that causes membrane fusion, simplified 2- or 3-component model membranes are
useful.

Here we present a 31P solid-state NMR study of the structural and dynamical response of
POPE, POPC, POPS and cholesterol to the gp41 MPER-TMD peptide. Specifically, we
investigate the membrane curvature, membrane surface hydration, and lipid dynamics in
the presence of MPER-TMD (Fig. 1). MPER-TMD is an independent fusion-competent
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domain [14], and contains the epitopes for several broadly neutralizing antibodies (bnAbs)
of HIV-1. We use static 31P solid-state NMR lineshapes to detect nonlamellar membrane
morphologies, direct-polarization (DP) and cross-polarization (CP) 31P spectral intensities
to probe lipid dynamics, and 2D *H-31P correlation spectra to detect membrane hydration.
These studies are conducted in one- to three-component lipid mixtures in order to assess the
effects of gp41 on individual lipids. For some of the lipid mixtures, we varied the peptide-
lipid molar ratio and lipid-cholesterol (CHOL) molar ratio to examine how the formation of
nonlamellar phases depend on the lipid concentration. Our data show that POPE is the main
lipid that generates NGC in the presence of gp41, that cholesterol inhibits this curvature
effect, and that all phospholipids (PE, PS and PC) are more mobile and better hydrated in the
presence of the peptide. These results give new and, in some cases, unexpected insights into
the interplay between gp41 and lipids to cause membrane restructuring for virus-cell fusion.

2. Materials and Methods

2.1 Peptide Synthesis

The MPER-TMD peptide used in this work corresponds to residues 665-704 of gp41
(KWASLW NWENITNWLW YIKLFIMIVG GLVGLRIVFA VLSI) of HIV-1 clade B
HXB2 isolate (UniProtkKB/Swiss-Prot: P04578.2) [36]. The peptide was synthesized using
Fmoc solid-phase chemistry on a custom designed flow peptide synthesizer [37]. The
peptide was synthesized on the 0.05 mmol scale using H-Rink amide ChemMatrix resin

(0.1 g at 0.5 mmol/g loading size). The resin was swelled in the reaction vessel for 5

min in ~5 mL of N, N-dimethylformamide (DMF) at 70 °C. A 20-fold excess (1 mmol)

of unlabeled amino acid was singly coupled with a coupling time of 50 s. After the final
coupling step, the peptide was deprotected and cleaved from the resin by addition of TFA :
phenol : H,O : 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 :
isopropanol and channel B is acetonitrile). MALDI-MS analysis verified the mass to be
4781.5 Da, in good agreement with the calculated mass of 4781.8 Da. The peptide synthesis
and purification yield was ~14%. The purity of the peptide was >95% based on HPLC and
MS data.

2.2 Preparation of proteoliposomes

Three phospholipids were used in this study: 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC),
and POPC : 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) (7:3). We chose
POPX (X=C, E, S) lipids over saturated lipids such as DMPC in order to better mimic the
acyl chain compositions of biological membranes. These lipids were mixed with cholesterol
(CHOL) and with each other to produce several membrane mixtures: POPE, POPE : CHOL,
POPC, POPC : CHOL, POPC : POPS (7:3), and POPC : POPS : CHOL (7:3:2). The CHOL
concentrations in these membranes ranged from 0-17 mol% of total phospholipids, while
the peptide monomer : phospholipid molar ratio (P/L) ranged from 0 to 1:10. A typical

Biochim Biophys Acta Biomembr. Author manuscript; available in PMC 2022 February 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sutherland et al. Page 5

sample contained ~1 mg peptide, 5-16 mg of lipids and cholesterol, and 4-10 mg of water to
reach ~40% hydration by mass.

For each membrane sample, the appropriate mass of MPER-TMD was dissolved in ~500
UL TFE. Phospholipids and cholesterol were each dissolved in 200-500 pL chloroform. A
drop of methanol was added as needed to fully dissolve POPE. The resulting homogeneous
lipid solution was added to the peptide TFE solution. The lipid vial was rinsed with another
~200 pL chloroform, combined with the protein-lipid solution, then transferred to a 20-mL
scintillation vial and incubated for 10 minutes at room temperature. The chloroform and
TFE were then removed under nitrogen gas for 15-60 minutes, and the vial was covered
with a Kimwipe and placed in a vacuum chamber for 30—60 minutes to remove residual
solvent.

Proteoliposomes were prepared by resuspending the 5-16 mg peptide-lipid mixture in 2

mL buffer (10 mM pH 7.4 HEPES/NaOH buffer, 1 mM EDTA, and 0.1 mM NaN3), then
homogenizing the vesicle solution by one of two methods. For POPC : POPS mixtures,

we conducted 10-15 cycles of freeze-thaw between liquid nitrogen and 50°C. For POPE-
containing membranes, which do not homogenize well by the freeze-thawing method, we
sonicated the vesicle solution at room temperature using a bath sonicator for at least three
rounds of seven minutes each until the solution appeared homogeneous. The proteoliposome
solutions were ultracentrifuged in a Beckman Coulter Optima LE-80K centrifuge using a
SW-60 swinging bucket rotor at a speed of 40,000-45,000 rpm (143,000-272,000 x g) at
4°C for 4-5 hours. The wet membrane pellet was slowly dried to hydration level of 35-50%
(w/w) in a desiccator, then spun into a 4 mm MAS rotor through a 5 mL pipette tip in a
Thermo Sorvall ST 16R centrifuge.

2.3 Solid-state NMR experiments

All static and MAS NMR experiments were conducted on a Bruker 400 MHz (*H Larmor
frequency) wide-bore AVANCE I11-HD spectrometer using a 4 mm MAS probe tuned to
1H/31p frequencies. For static 1D 31P experiments, the number of scans varied between 1024
and 20,480 to obtain sufficient signal-to-noise ratios for membrane samples of different
masses. Unless otherwise noted, 31P NMR experiments were conducted at a set temperature
of 298 K for static experiments and 293 K for MAS experiments. Typical radiofrequency
(RF) field strengths were 30-50 kHz for 1H and 50 kHz for 31P. The 31P chemical shifts
were referenced to the hydroxyapatite signal at 2.73 ppm on the phosphoric acid scale. 1D
31p MAS cross-polarization (CP) and direct-polarization (DP) experiments used a 3P RF
field strength of 50 kHz, 3 ms CP at a 1H RF field of 50 kHz, and a 1H decoupling field

of 40-50 kHz, for 1024 scans. 1H chemical shifts were referenced to the lipid chain-end

w signal at 0.9 ppm. All MAS experiments were conducted under 5 kHz MAS. At this
spinning frequency, a set temperature of 290-300 K gives sample temperatures that are at
most 5°C higher than the thermocouple reported temperature. The sample temperature is
estimated from the water 1H chemical shifts measured on a POPC sample containing a small
amount of DSS, and is consistent with the reported minimal heating at this MAS rate [38].
Water IH T relaxation times were measured using the inversion recovery experiment with
variable delays (t) of 0.01, 0.05, 0.1, 0.25, 0.5, 0.75, 1, 1.75, 2.5, 3.25, and 4.0 s. Most
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samples contained two populations of water, corresponding to tightly bound versus loosely
membrane-associated water [39]. Thus, we fit the inversion recovery intensities using a

bi-exponential function I1(z) = A(l - 2e'T/T1a) +(1- A)(l - 2e‘T/T”’). The population factor

A was at least 0.9 in each sample, thus we used the larger T4 value, which represents bulk
water, to correct for the 1H spin-diffusion buildup intensities.

To measure the water accessibility of phospholipids, we conducted a 2D 1H-31p
heteronuclear correlation (HETCOR) experiment with *H spin diffusion. The pulse sequence
starts with four 31P 90° pulses spaced by 2 ms each to saturate the 3P magnetization, then a
1H 90° excitation pulse and a 1H T, filter (2*0.745 ms = 1.49 ms) to select for the water and
lipid 1H magnetization. The 2D experiments used 150 t; time points to reach a maximum
evolution time of 15 ms, and 64-128 scans per t; increment. The 1H chemical shift evolution
period was followed by a variable mixing time <, during which the water and lipid chain
1H magnetization is transferred to lipid headgroup and glycerol protons, then detected on
31p after CP. The H-31P HETCOR spectra were measured with 1H mixing times of 4 to

900 ms to extract the spin diffusion buildup curves. The 2D HETCOR spectra for comparing
water-31P cross peak intensities were measured using 25 ms mixing for the POPC/POPS
samples and 64 ms for the POPE samples.

All NMR spectra were plotted from TopSpin 3.6.1. For each static 31P spectrum that
exhibits a strong isotropic peak, we matched the 90°-edge intensities of the peptide-free
control spectrum and the peptide-containing spectrum, then subtracted the control spectrum
to obtain a difference spectrum that exhibits only the isotropic peak. The difference
spectrum was integrated over the chemical shift range of the isotropic peak while the
peptide-containing spectrum was integrated over the entire spectral range. The ratio of
these integrated intensities represents the percentage of the isotropic peak in the peptide-
containing spectrum.

To obtain spin diffusion buildup curves, we divided the water-POPS cross peak intensities

as a function of <, by e Tm/T1 using the aforementioned bulk-water 1H T values to correct
for spin-lattice relaxation of water [40]. The T4-corrected intensities were then normalized
to the 900 ms value. Error bars reflect the propagated signal-to-noise ratios of the water-31p
cross peaks. The 31P chemical shift anisotropy (CSA) values (Ac) were read off as the
difference between the downfield 0° edge (o11) of the powder pattern and the upfield 90°

edge (o33).

3. Results

We first investigated gp41-induced membrane curvature using static 1P NMR spectra.

We compared POPE, POPC and POPC : POPS membranes with and without cholesterol
and as a function of P/L ratios. POPE has intrinsic negative curvature, which makes POPE-
containing membranes prone to develop NGC in the presence of various membrane-active
peptides such as antimicrobial peptides [20, 41, 42] and influenza M2 [21]. POPC is
abundant in eukaryotic membranes [43], whereas the negatively charged POPS has been
implicated as a cofactor for HIV entry into macrophages [44]. The POPC : POPS (7:3)
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membrane is thus useful for investigating the effect of negative membrane surface charge on
fusion.

3.1 MPER-TMD changes the POPE membrane curvature in a cholesterol-dependent

manner

Fig. 2 shows the static 3IP NMR spectra of POPE membranes with varying concentrations
of cholesterol and peptide. The 3IP spectra were measured at 298 K and 310 K to compare
the membrane curvature near and well above the main phase transition temperature of POPE
(25°C). The peptide-free POPE membranes with and without cholesterol both show the
expected uniaxial powder line shapes that are characteristic of a lamellar bilayer. Table

2 shows the 31P CSA and the isotropic intensity fractions. Given the sensitivity of the
high-temperature spectra to membrane defects, and the physiological relevance of 310 K for
examining virus-cell fusion, we focus our spectral comparison on the 310 K data. At 310

K, the 31P CSA of pure POPE membrane is 43.4 ppm, consistent with a liquid-crystalline
membrane. Addition of the peptide at a P/L of 1:100 caused a small isotropic peak. This
isotropic peak is reversible: cooling the membrane down to lower temperature suppressed
the isotropic peak (data not shown), indicating that the isotropic peak results from a
high-curvature membrane phase rather than formation of permanent morphologies such as
membrane buds. Further increasing the peptide concentration to P/L = 1:20 dramatically
changed the POPE spectra, causing a prominent isotropic peak that represents ~75% of the
total spectral intensity. However, at 298 K this isotropic peak percentage decreases to ~15%.
We attribute this large change in the isotropic peak intensities to faster lipid lateral diffusion
at 310 K over the surface of the membrane, which should better sample the curvature of the
POPE membrane.

Increasing the cholesterol concentrations in the POPE membrane reduced the isotropic 31P
intensity. In membranes containing 17% cholesterol, the isotropic peak is undetectable at
P/L = 1:20. However, as the peptide concentration increased to P/L = 1:10, the isotropic
peak increased to 64% even in the presence of 17% cholesterol. Moreover, the combination
of peptide and cholesterol narrowed the 3P CSA from 43-44 ppm down to 39-42 ppm by
the Herzfeld-Berger convention (see Table 2).

For long-chain phospholipids such as POPE and DOPE, the isotropic peak in the static

31p spectra do not result from isotropic micelles but correspond to bicontinuous lipid cubic
phases [24]. This has been shown by 31P T, relaxation times and SAXS data [22]. These
lipid cubic phases possess NGC on every point of the membrane surface. Due to their
cubic symmetry, lipid lateral diffusion over these bicontinuous phases averages the 31p
chemical shift to its isotropic value. Since this translational diffusion occurs over tens of
nanometers of the cubic phase dimension, the reorientational rate is slower than the local
uniaxial diffusion rate of lipids or the tumbling of detergent micelles in solution. Therefore,
the isotropic peak of cubic-phase lipids is usually much broader than the isotropic peak

of micelles, and the 31P T relaxation times of cubic phase lipids are also much shorter
than those of micelles. The isotropic peaks seen in our static 3P spectra are relatively
broad, which is consistent with the cubic-phase interpretation. In principle, these isotropic
peaks could also reflect membrane buds. But given the non-spontaneous nature of membrane
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budding, this interpretation is less likely. Further experiments are needed to distinguish
these possibilities. The increasing isotropic peak intensity of the POPE membranes with
increasing peptide concentration indicates that the NGC curvature induction is directly
caused by gp41 MPER-TMD.

Interestingly, for the POPE : CHOL (10:2) membrane at 310 K, cholesterol’s inhibitory
effect on peptide-induced membrane curvature is not monotonic with the peptide
concentration (Fig. 2c). The isotropic peak is small at P/L = 1:100, undetectable at 1:20,
and dominant at P/L = 1:10. This non-monotonic dependence on peptide concentration was
reproducible. However, the 1:20 spectrum has a narrower 3P CSA than the 1:100 and 1:10
spectra, manifested by the fact that the maximum of the powder pattern is shifted downfield
by 2.4 ppm compared to the 1:100 spectrum. This observation suggests that the POPE
lateral diffusion may be faster at 1:20 than at lower or higher P/L ratios, thus obscuring the
isotropic peak.

3.2 MPER-TMD does not cause curvature to POPC and POPC : POPS membranes

To investigate whether MPER-TMD not only causes curvature to POPE membranes but
also to lipid membranes without spontaneous negative curvature, we measured the 31P static
spectra of POPC and POPC : POPS (7:3) membranes without and with cholesterol (Fig.

3). Fig. 3a, b shows that the gp41 peptide caused little nonlamellar morphology to POPC
and POPC : CHOL membranes. Even at a high P/L of 1:10, only a small isotropic peak
representing less than 7% of the spectral intensity is observed. Similarly, the POPC : POPS
membranes showed little isotropic intensity, although at P/L = 1:40 a small isotropic peak is
detected (Fig. 3c). This peak was removed by the addition of cholesterol (Fig. 3d).

The use of POPS also allows us to investigate the effects of negative membrane surface
charge on curvature generation. The 31P spectra of POPC : POPS samples with 1:100
peptide reveal two powder patterns, with maximum intensities at —14.6 ppm and -18.1
ppm at 298 K (Fig. 3c; Table 2). Based on the pure POPC spectra, we tentatively assign
the smaller CSA to POPC and the larger CSA to POPS. In principle, the different CSAs
could result from POPC and POPS phase separation into microdomains, as found in
solid-supported POPC:POPS (4:1) bilayers in the presence of 1 mM calcium ions based
on scanning force microscopy data [45]. However, differential scanning calorimetry data
showed that, in the absence of calcium, PC and PS with similar acyl chains and at PS
concentrations of 30 mol% do not phase separate above the phase transition temperature
of the individual lipids [46]. Thus, the different 31P CSAs more likely reflect distinct
headgroup orientations and conformations of POPC and POPS [47]. Addition of the peptide
broadened the linewidths and obscured the two 90° edges, indicating that the peptide
changed the lipid mobilities (vide infra).

3.3 MPER-TMD increases the mobility of all phospholipids

In addition to membrane curvature, two other features of membrane fusion that have

been postulated are increased lipid mobilities and dehydration of the membrane surface

in fusion intermediates [48]. The increased lipid mobilities were proposed to result from the
membrane curvature at the site of fusion and the disordering effect of the fusion protein.
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The dehydration barrier against two opposing lipid bilayers results from charge repulsion
between polarized water molecules on the two membrane surfaces [5, 6, 49]. To investigate
the effects of MPER-TMD on lipid dynamics, we measured 31P DP and CP MAS spectra.
The 31p DP spectral intensities reflect the amounts of phospholipids in the sample, while the
CP intensities are reduced for dynamic molecules due to motional averaging of the 1H-31p
dipolar coupling. Therefore, a lower intensity ratio of CP to DP spectra indicates a higher
mobility of phospholipids [50, 51].

Fig. 4 compares the DP- and CP-MAS spectra of POPE and POPC : POPS membranes
without and with MPER-TMD and with and without cholesterol. For the POPE membrane,
addition of the peptide reduced the CP/DP intensity ratios at 310 K (Fig. 4a) and 293 K (data
not shown), indicating that MPER-TMD increased the POPE mobility. When cholesterol is
present, this intensity change is abolished (Fig. 4b): the peptide-containing sample exhibits
the same CP/DP intensity ratio as the peptide-free membrane, indicating that cholesterol
abrogates the peptide’s ability to increase the POPE mobility. For POPC : POPS and POPC :
POPS : CHOL membranes (Fig. 4c, d), the peptide lowered the CP intensities relative to

the DP intensities, indicating that the peptide increased the dynamics of both POPC and
POPS. However, the POPS CP intensities decreased more than the POPC intensities (Fig.
4¢), indicating that POPS is disordered by gp41 more than POPC is. This observation is
consistent with the preferential line broadening of the POPS signal in the static 31P NMR
spectra (Fig. 3c) and MAS DP spectra (Fig. 4d).

3.4 MPER-TMD increases membrane surface hydration

To investigate membrane surface hydration, we measured 2D 1H-31P correlation spectra with
1H spin diffusion under MAS [52]. This experiment selects the dynamic water and lipid

1H magnetization with a H T filter, then transfers the magnetization to 31P for detection.
The water 1H polarization transfer is mediated by chemical exchange and spin diffusion. For
the same proteoliposome mixtures with exchangeable protons in the lipid headgroup or near
the membrane surface, the water-31P cross peak intensity reflects the water accessibility and
water dynamics of the membrane surface. Lipid protons also correlate with 31P after spin
diffusion [52], and the lipid 1H chemical shifts can be readily assigned based on literature
values [53, 54].

Fig. 5 shows the 2D HETCOR spectra of the POPE and POPE : CHOL (10:2) membranes
in the absence and presence of MPER-TMD. With 64 ms 1H mixing, all protons of the lipid
headgroup, glycerol backbone, and acyl chains down to the chain-end w, are detected. The
highest cross peak intensities are observed for the headgroup Ha and the glycerol backbone
G3, as expected due to their spatial proximity to the phosphate group. No water cross peak
is observed for the POPE membranes either with or without the peptide (Fig. 5a). This is
consistent with the generally low hydration of the POPE membrane surface, as also seen,
for example, for POPE membranes containing the PIV5 fusion protein’s transmembrane
domain [22]. The addition of cholesterol changed the situation: while the peptide-free
POPE : CHOL membrane still showed no cross peak, the peptide-bound sample exhibits a
clear water cross peak (Fig. 5b), indicating increased hydration when both cholesterol and
peptide are present in the membrane. The water peak has a relatively broad linewidth of ~0.3
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ppm, which may be attributed to chemical exchange of bound water with the POPE amino
group and the low mobility of membrane surface water for the hydrogen-bonded POPE
headgroups.

We investigated the hydration of POPC using the same 2D 1H-31P correlation experiment
(Fig. 6). Although the POPC headgroup itself has no exchangeable protons, with a long 1H
mixing time of 225 ms and due to relayed polarization transfer through POPS, cholesterol
and the peptide, we can still detect water-31P cross peaks [52]. Fig. 6a—c show that in
POPC : POPS membranes with and without cholesterol, the peptide dramatically increased
the water cross peak intensity to POPC. Similarly, for POPC membranes with and without
cholesterol, the addition of MPER-TMD caused a water-31P cross peak, whereas no

water cross peak is detected in the absence of the peptide (Fig. 6d—f). Water to POPC
magnetization transfer can occur as a result of increased membrane surface hydration by
the peptide and/or increased number of labile protons provided by the peptide. However,
other viral fusion proteins’ hydrophobic domains have been reported to show little water
polarization transfer to POPC [55] (vide infra), suggesting that the higher water cross peak
detected here likely reflects a true increase of POPC hydration by MPER-TMD.

Fig. 7 shows the 2D 1H-31P correlation spectra of POPC : POPS membranes measured with
a shorter IH spin diffusion mixing time of 25 ms to study POPS hydration. The addition

of MPER-TMD clearly increased the water-POPS cross peak intensities in the CHOL-free
POPC : POPS membrane (Fig. 7a, b). The presence of cholesterol dampened this hydrating
effect by the peptide (Fig. 7c, d). To quantify the cross peak intensity changes, we measured
the 2D spectra as a function of the H mixing time (Fig. 8). In the cholesterol-free POPC :
POPS membrane, the water-POPS cross peak intensity buildup clearly increased with the
peptide concentration (Fig. 8a), indicating that MPER-TMD facilitates POPS hydration in
the mixed membrane. However, when cholesterol is present in the membrane, the peptide
had a more modest hydration effect (Fig. 8b): the water-POPS buildup rates increased to a
smaller extent than the cholesterol-free membrane.

4. Discussion

The 31p NMR data shown above describe several different effects of gp41 MPER-TMD on
membrane structure and dynamics. First, static 3P NMR line shapes indicate that POPE is
the most conducive to NGC formation, while cholesterol counters this curvature induction
(Fig. 2, 3). The pronounced NGC of the peptide-containing POPE membrane is consistent
with the intrinsic negative curvature of POPE [56], which can promote NGC in concert
with the positive membrane curvature created by the surface-bound MPER. In comparison,
cholesterol, which also exhibits moderate negative curvature, weakens the nonlamellar
morphology, as shown by the attenuated isotropic 31P peak (Fig. 2). This effect suggests
that the lipid shape is not the only determinant of NGC formation. We propose that a second
factor for POPE-induced NGC is the hydrogen bonding of PE headgroups with each other,
which dehydrates the membrane even in the absence of peptides, as seen in 2D 1H-31p
correlation spectra (Fig. 5a).
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Our approach deviates from those that replicate the overalllipid composition of the HIV
membrane. When POPE is mixed with other lipids, including POPC, POPS, SM, and
cholesterol, previous 3P NMR spectra showed that the isotropic 31P peak is largely removed
[14, 18, 57]. Thus, dilution of the negative-curvature POPE by bilayer-stabilizing lipids
attenuates membrane-curvature generation by gp41. The local lipid composition at the

site of virus-cell fusion might deviate from the average lipid composition of the plasma
membrane and the virus envelope, and might also fluctuate because of the preferential
partitioning of gp41 to the boundary of the Ly and L, phases [28]. Thus, the two- or three-
component membrane mixtures examined here give insights into the membrane curvature
that would appear when gp41 is surrounded by one or two types of phospholipids.

The bilayer-stabilizing effect of cholesterol may result from the well-known rigidification

of the membrane by cholesterol at high temperature. With 17% cholesterol in the POPE
membrane (Fig. 2c), we found that the percentage of nonlamellar morphologies is low
except at the highest peptide concentration of P/L = 1:10. In POPC : POPS membranes
containing 17% cholesterol, no isotropic peak is observed at P/L ratios up to 1 : 40 (Fig. 3d).
These results indicate that cholesterol weakens the peptide-induced membrane curvature at
concentrations above ~17%. Thus, the requirement of cholesterol for membrane fusion and
HIV infection [27, 28, 58] might be due to mechanisms other than curvature generation. One
mechanism might be regulation of lipid mixing. Cholesterol is known to alter the spatial
distributions of lipids in a concentration-dependent manner. High cholesterol concentrations
(40-50%) promote homogeneous mixing in normally phase-separated membranes such

as DSPC : DPPC mixtures [59] and DOPC : DPPC : CHOL mixtures [60], whereas
moderate cholesterol levels promote phase separation. For example, cholesterol creates
PC-rich microdomains in polyunsaturated PC : PS : PE mixtures [61]. By separating lipids
into multiple phases with different chain orders, cholesterol can increase the hydrophobic
mismatch and hence the line tension at the L4 and L, boundary, thus facilitating fusion.
Indeed, total internal reflection fluorescence microscopy data showed that the gp41 FP is
localized at the Lg4-L4 boundary in phase-separated SM and PS membranes that contain 25%
cholesterol [28] and line tension at those boundaries may contribute to fusion [62]. These
biophysical data and our 31P NMR results together indicate that the total cholesterol content
in the membrane needs to be sufficiently high to support phase separation but not so high as
to create a homogeneous membrane. At the same time, the local cholesterol concentration
near gp41 needs to be moderate to allow curvature induction.

A second mechanism for the requirement of cholesterol for fusion might be the recruitment
of gp41 by cholesterol into raft regions of the membrane. A recent solid-state NMR and
molecular dynamics simulation study of cholesterol-gp41 interactions found that cholesterol
is in molecular contact of the MPER in lipid membranes [57]. Moreover, cholesterol self-
associates into dimers and higher-order oligomers in lipid bilayers [63]. Thus, cholesterol
could serve to bring multiple gp41 trimers into close proximity (Fig. 1), facilitating
virus-cell fusion. Finally, a biological mechanism by which cholesterol might mediate
membrane fusion is that the cell-surface receptors recognized by Env reside in cholesterol-
rich domains, so that cholesterol depletion may inhibit gp120 binding to the receptors [29,
64].
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It is of interest to compare the curvature-inducing ability of gp41 MPER-TMD with that

of other peptides involved in membrane fusion, such as gp41 FP and the PIV5 F protein’s
FP and TMD. 3P NMR spectra of membranes containing these peptides indicate that
MPER-TMD has weaker curvature-inducing ability than the HIV and PIV5 fusion peptides
but similar curvature-inducing ability as the PIV5 TMD. gp41 FP caused an isotropic peak
to the static 3P spectrum of an equimolar DOPC : DOPE : CHOL mixture, but did not
cause an isotropic peak to a virus-mimetic membrane (LM3) with less PE [31]. Thus, PE

is synergistic with FP in causing membrane curvature. The gp41 FP induced the isotropic
peak at a low P/L ratio of 1:50, indicating that it is more effective than the MPER-TMD

in causing membrane curvature. PIV5 FP generated high curvature to POPC at a P/L of
1:15 [55] while MPER-TMD did not cause curvature to POPC even at a higher P/L of

1:10. The influenza M2 protein, which has membrane scission activity, causes NGC in 30%
cholesterol membrane at a P/L ratio of 1:15 [65]. In comparison, gp41 MPER-TMD has no
such ability in the 33% cholesterol POPE membrane at a P/L ratio of 1:10, indicating that
not all curvature-inducing peptides respond to cholesterol the same way. The PIV5 fusion
protein TMD has a similar ability as gp41 MPER-TMD to cause curvature to PE membranes
[22]. However, the PIV5 TMD does not possess a membrane-surface domain. Instead, its
Val and lle rich sequence adopts an unusual strand-helix-strand conformation, which was
hypothesized to promote membrane curvature. Therefore, both the primary sequence and
the three-dimensional structure impact membrane-curvature generation by these viral fusion
protein hydrophobic domains.

The second conclusion from the current data is that gp41 MPER-TMD increases the
dynamic disorder of multiple phospholipids, including PC, PE and PS. This is manifested by
the lower CP intensities of the 31P spectra relative to the DP spectra in the peptide-bound
membranes compared to peptide-free membranes (Fig. 4). The increased lipid mobility
and disorder is expected for fusion intermediates. Since POPE resides in high-curvature
membranes, we interpret the increased dynamic disorder as due to faster reorientation

of POPE. In comparison, POPS exhibits the lowest CP intensities among the three
phospholipids and its static linewidth also appears to be preferentially broadened by the
peptide (Fig. 3c and 4d). These observations suggest that POPS may undergo slower,
intermediate-timescale, motion in the presence of the peptide. This interpretation is
consistent with a model where electrostatic attraction between negatively charged POPS
headgroups and positively charged K665 and K683 in the MPER might slow POPS mation
relative to POPC and POPE.

The third finding of the current data is that MPER-TMD increased, rather than decreased,
the hydration of all phospholipids, irrespective of membrane curvature. This hydration effect
is manifested by the higher water-31P cross peaks in 2D 1H-31P correlation spectra (Fig.
5-7) and faster water to POPS 1H magnetization transfer rates (Fig. 8). This enhanced

water polarization transfer to lipids occurs despite the faster lipid motion. POPE and

POPS headgroups both contain exchangeable NH protons, thus water polarization transfer
can proceed efficiently through chemical exchange and spin diffusion, regardless of the
peptide. Both POPE and POPS showed higher cross peaks with water when the peptide is
present, indicating increased hydration of the membrane surface. This increased hydration

is opposite to the expectation for membrane fusion in the absence of proteins [49], where
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water expulsion is thought to be a necessary high-energy step. Instead, our data support

a model where gp41 MPER-TMD reduces the dehydration energy barrier by coating the
membrane surface with the MPER helices [14]. This potential alteration of the free energy
of protein-free membrane fusion by reducing the dehydration barrier has also been proposed
for other viral fusion proteins such as PI1V5 [66].

For gp41l MPER-TMD, another possible reason for the higher membrane hydration is

the presence of a cationic arginine, R696, in the middle of the TMD (Fig. 1). Hydrogen-
deuterium exchange NMR data show that the C-terminal TMD residues are more accessible
to water than the N-terminal residues [67]. This water pathway in the trimeric helical bundle
might increase the membrane hydration. Interestingly, MD simulations of gp41 TMD in
DPPC and DPPC : CHOL membranes reported fluctuations of membrane thickness up to

7 A, which correlate with a water defect near the Arg residue [68]. Moreover, this water
defect is better localized in the cholesterol-containing membrane than in the cholesterol-
free membrane. Thus, gp41 MPER-TMD might increase membrane hydration through the
cationic R696.

The membrane-hydrating effect of gp41 MPER-TMD is the opposite of the effect of the
PIV5 fusion protein on the membrane. Based on 2D 1H-31P correlation NMR spectra, we
found that the PIV5 FP dehydrates POPC [55] and DOPE membranes [69] but hydrates the
POPC : POPG membrane. This trend correlates with the secondary structure of the PIV5
FP: the more a-helical the peptide, the higher the membrane hydration. For the PIV5 fusion
protein TMD, the peptide maintains the hydration of POPC and POPC : POPG membranes
but dehydrates the POPE membrane, in which the TMD adopts the -strand conformation
[22]. Thus, for both the FP and TMD of the PIV5 fusion protein, the B-sheet conformation
is correlated with membrane dehydration. In comparison, the a-helical gp41 MPER-TMD
hydrates the membrane, and the gp41 chimera that covalently links the FP and MPER-TMD
also increases membrane surface hydration [18]. Taken together, these data suggest that
a-helical fusion protein domains maintain and even increase the hydration of membrane
surfaces. Only when B-strand conformations coat the membrane surface is dehydration
observed.

In conclusion, the current 31P solid-state NMR study shows that gp41 MPER-TMD relies on
PE to induce the negative-Gaussian curvature that is required for hemifusion intermediates
and fusion pores. This curvature-inducing action is accompanied by the peptide’s ability

to increase the dynamic disorder of the lipids, and by the attenuation of the dehydration
barrier, both facilitating membrane merger. The observed bilayer-stabilizing effects of
cholesterol suggest that cholesterol may not be enriched at the fusion site, which is
consistent with biochemical findings that HIV-cell fusion occurs at the boundary between
cholesterol-rich and cholesterol-poor regions of the membrane. Future elucidation of the
molecular mechanism and pathway of Env-mediated HIV-cell membrane fusion should take
into account the specific peptide-lipid interactions observed here.
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Schematic model of the possible effects of gp41 MPER-TMD trimers on membrane
structure and dynamics, to be investigated by the experiments shown in this work. The
peptide might coordinate with negative-curvature lipids such as POPE (green) to induce
negative Gaussian curvature. The peptide might change lipid mobility and membrane surface
hydration to charged lipids such as POPS (blue) and zwitterionic lipids such as POPC
(orange). At neutral pH, MPER-TMD contains +3 charges. Two MPER-TMD trimers are
depicted schematically, but the data here do not probe whether multiple trimers are in close
proximity.
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Figure 2.
Static 31P NMR spectra of POPE membranes with varying cholesterol and peptide

concentrations. The P/L ratio increases from the top to the bottom (0 to 1:10), while the
cholesterol concentration increases from the left to the right. Spectra were measured at 298
K (black) and 310 K (red). (a) 31P spectra of CHOL-free POPE membranes. (b) 31P spectra
of POPE : CHOL (10 : 1) membranes. (c) 31P spectra of POPE : CHOL (10 : 2) membranes.
Dashed lines guide the eye to the POPE isotropic chemical shift. The approximate intensity
fraction of the isotropic peak relative to the full spectrum is indicated for various spectra.
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Figure 3.
Static 31P NMR spectra of POPC and POPC : POPS membranes with varying MPER-TMD

and cholesterol concentrations. (a) POPC membrane. (b) POPC : CHOL (10:2) membrane.
(c) POPC : POPS (7:3) membrane. (d) POPC : POPS : CHOL (7:3:2) membrane. The P/L
molar ratios are 1:100 or 1:40, as shown on the left of each spectrum. 31P spectra were
measured at 298 K (black lines) and 310 K (red lines). Dashed lines guide the eye to the
isotropic chemical shift.
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Figure 4.
31p CP-MAS (dotted lines) and DP-MAS (solid lines) spectra showing the effects of the

MPER-TMD on phospholipid dynamics. The samples were spun at 5 kHz. Peptide-free
spectra are shown in black while peptide-containing spectra are shown in red. For each
panel, the peptide-free and peptide-containing DP spectra are scaled to match the intensities,
so that the different intensities of the CP spectra indicate the different CP efficiencies

of the two samples. (a) POPE spectra measured at 310 K. MPER-TMD decreased the

CP intensities relative to the DP intensities, indicating that the peptide increased POPE
dynamics. (b) POPE : CHOL (10:2) spectra measured at 293 K. (c) POPC : POPS (7:3)
spectra without and with the peptide. The peptide decreased the CP intensities of both POPC
and POPS relative to the DP intensities, indicating that it increased lipid dynamics. (d)
POPC : POPS : CHOL (7:3:2) spectra. Gp41 decreased the CP efficiency like in (c). (e) DP
and CP spectra of three POPC : POPS membranes: POPC : POPS (7:3) without the peptide,
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POPC : POPS (7:3) membrane with 1:40 peptide, and POPC : POPS : CHOL (7:3:2) with
1:40 peptide. When each pair of spectra are scaled to match the DP and CP intensities of
the POPC peak at —0.84 ppm, the POPS CP intensity decreased relative to the DP intensity,
indicating that POPS mobility is preferentially enhanced compared to POPC by the peptide.
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2D 1H-31p correlation spectra of POPE and POPE : CHOL (10:2) membranes without

and with MPER-TMD, measured with a 1H mixing time of 64 ms at 310 K. (a) POPE
membranes without (black) and with (green) the peptide at a P/L of 1/20. (b) POPE : CHOL
membrane without (red) and with (orange) the peptide at a P/L of 1:20. (c) 1H cross sections
of the four 2D spectra. The peptide caused a broad water peak only in the membrane
containing both the peptide and cholesterol.
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Figure 6.
2D 1H-31p correlation spectra of POPC : POPS and POPC membranes without and with

MPER-TMD. The spectra were measured with a 1H mixing time of 225 ms at 293 K. (a)
POPC : POPS (7:3) membranes without and with the peptide. (b) POPC : POPS : CHOL
(7:3:2) membranes without and with the peptide. (c) POPC H cross sections of the 2D
spectra in (a) and (b), extracted from a 31P chemical shift of —0.83 ppm (corresponding to
POPC). Blue lines guide the eye to the water 1H chemical shift. The peptide-free membranes
show no or weak water cross peaks while the peptide-containing samples show strong water
cross peaks. (d) POPC membranes without and with peptide. () POPC : CHOL (10:2)
membranes without and with peptide. (f) POPC 1H cross sections of the 2D spectra in (d)
and (e). The peptide moderately increases the water cross peak intensity.
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Figure 7.

2D 1H-31p correlation spectra of POPC : POPS membranes without and with MPER-TMD
and with and without cholesterol. The spectra were measured with a 1H mixing time of

25 ms at 293 K. (a) 2D spectra of POPC : POPS membranes without the peptide, with P :
L of 1:100 (green) and 1:40 (orange). (b) POPS H cross sections of the POPC : POPS
membranes for the three samples shown in (a). (c) 2D spectra of POPC : POPS : CHOL
(7:3:2) membranes without the peptide, with P : L = 1:100 and 1:40. (d) POPS H cross
sections of the POPC : POPS : CHOL membranes. The peptide moderately increased the
water cross peak with POPS.
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Figure 8.

Water IH magnetization transfer to POPS in POPC : POPS membranes containing varying
concentrations of peptide and cholesterol. The buildup curves were extracted from 2D
1H-31p HETCOR spectra measured as a function of mixing time. (a) Water-POPS 1H-31p
cross peak intensities in the POPC : POPS (7:3) membranes without the peptide (black),
with 1:100 peptide (green), and 1:40 peptide (orange). Intensities have been corrected for
water 1H spin-lattice (T1) relaxation. Error bars were propagated from the experimental
signal-to-noise ratios. (b) Water-POPS cross peak intensities in POPC : POPS : CHOL
(7:3:2) membranes without the peptide (black) and with 1:40 peptide (orange). (c) POPS 1H
cross sections extracted from the 2D spectra of the POPC : POPS membrane without the
peptide and with peptide (data shown in panel a). Dashed blue lines guide the eye to the
water 1H chemical shift.
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The lipid mole percentages in MT-4 plasma membranes and MT-4 derived HIV virions. Adapted from
guantitative mass spectrometry data of Lorizate and coworkers [33].

Table 1.

Lipids MT-4 plasma membrane  MT-4 derived HIV
Cholesterol 32.4% 32.7%
Sphingolipids  13.9% 16.0%

PC 15.5% 7.9%

PE 9.7% 5.6%

pl-PE 12.3% 20.9%

PS 11.6% 15.2%

Pl 4.4% 1.0%

PG 0.1% 0.7%

Total 100% 100%
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Table 2.

Page 28

31p chemical shift anisotropies (Ao=811 — 833 by the Herzfeld-Berger convention) and percentages of the

isotropic component in the static 31P NMR spectra of lipid membranes with different P/L ratios and at two

temperatures.
298 K 310 K
Membrane P:L Isotropic% Ae (ppm) Isotropic % Ae (ppm)
0 0% 44.2 0% 43.4
1:100 0% 435 9% 44.0
POPE
1:20 27% 42.7 83% 44.4
1:10 45% 433 83% -
0 0% 43.7 0% 43.0
POPE : Chol (10:1) 1:100 0% 423 10% 41.4
1:20 0% 42.2 43% 412
0 0% 43.6 0% 40.2
1:100 0% 427 14% 41.6
POPE : Chol (10:2)
1:20 0% 41.2 0% 40.0
1:10 0% 42.1 43% 39.3
1:100 0% 46.7 0% 45.2
POPC
1:10 0% 45.1 0% 45.2
1:100 0% 46.9 0% 454
POPC : Chol (10:2)
1:10 0% 45.8 0% 45.2
1:100 0% 55.2,44.1 0% 53.9,42.6
POPC : POPS (7:3)
1:40 0% 51.7,42.9 0% 52.7,405
100 0% 53.5, 44.0 0% 53.1,42.6
POPC : POPS : Chol (7:3:2)
1:40 0% 52.1,42.0 0% 51.9,40.7
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