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?H nuclear magnetic resonance spectroscopy supports larger amplitude fast
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contains 3 sheet human immunodeficiency virus gp41 fusion peptide or
helical hairpin influenza virus hemagglutinin fusion peptide at fusogenic pH
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ARTICLE INFO ABSTRACT

Keywords: Enveloped viruses are surrounded by a membrane which is obtained from an infected host cell during budding.
HIV Infection of a new cell requires joining (fusion) of the virus and cell membranes. This process is mediated by a

Influenza monotopic viral fusion protein with a large ectodomain outside the virus. The ectodomains of class I enveloped
NMR Lutini viruses have a N-terminal “fusion peptide” (fp) domain that is critical for fusion and binds to the cell membrane.
I;pe:iagg utinin In this study, 2H NMR spectra are analyzed for deuterated membrane with fp from either HIV gp41 (GP) or

influenza hemagglutinin (HA) fusion proteins. In addition, the HAfp samples are studied at more fusogenic pH 5
and less fusogenic pH 7. GPfp adopts intermolecular antiparallel B sheet structure whereas HAfp is a monomeric
helical hairpin. The data are obtained for a set of temperatures between 35 and 0 °C using DMPC-d54 lipid with
perdeuterated acyl chains. The DMPC has liquid-crystalline (L,) phase with disordered chains at higher tem-
perature and rippled gel (Pg.) or gel phase (Lg.) with ordered chains at lower temperature. At given temperature
T, the no peptide and HAfp, pH 7 samples exhibit similar spectral lineshapes. Spectral broadening with reduced
temperature correlates with the transition from L, to Pg. and then Lz phases. At given T, the lineshapes are
narrower for HAfp, pH 5 vs. no peptide and HAfp, pH 7 samples, and even narrower for the GPfp sample. These
data support larger-amplitude fast (> 10° Hz) lipid acyl chain motion for samples with fusogenic peptides, and
peptide interference with chain ordering. The NMR data of the present paper correlate with insertion of these
peptides into the hydrocarbon core of the membrane and support a significant fusion contribution from the
resultant lipid acyl chain disorder, perhaps because of reduced barriers between the different membrane
topologies in the fusion pathway. Membrane insertion and lipid perturbation appear common to both 3 sheet
and helical hairpin peptides.

Fusion peptide

1. Introduction (HIV) and influenza virus are class I enveloped viruses and their protein

complexes for initial infection of a cell are respectively glycoprotein

Many viruses that cause human disease are enveloped by a mem-
brane obtained during viral budding from the plasma membrane of an
infected host cell. The subsequent steps of the viral life cycle include
virus binding to a cell that can support replication, and then viral entry
into the cell. These steps are mediated by protein complexes in the virus
membrane [1-4]. The sequences are generally non-homologous for the
proteins of different enveloped viruses. Human immunodeficiency virus

(GP) 160 and hemagglutinin (HA). The envelope protein complex is
composed of three copies of a subunit that is a monotopic virus mem-
brane protein (gp41 or HA2) with large ectodomain (ED) outside the
virus, and three copies of a subunit (gp120 or HA1) that is bound to the
trimer of gp41 or HA2 ED's [1,5]. The gp120 or HA1 subunits bind to
specific receptors on their respective target cells, CD4 and CXCR4/
CCRS5 for gp120, and sialic acid for HA1. The sialic acid binding to HA1

Abbreviations: DMPC-d54, dimyristoylphosphatidylcholine with perdeuterated myristic chains; DOPC, dioleoylphosphatidylcholine; ED, ectodomain; EPR, electron
paramagnetic resonance; fp, fusion peptide; GP, HIV glycoprotein; HA, hemagglutinin; HIV, human immunodeficiency virus; LUV, large unilamellar vesicle; MAS,
magic-angle-spinning; NMR, nuclear magnetic resonance; POPC, 1-palmitoyl-2-oleoylphosphatidylcholine; REDOR, rotational-echo double-resonance; Scp, order
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triggers the cellular response of endocytosis of the virus, followed by
endosome maturation including pH reduction to < 6. The low pH de-
stabilizes HA2 ED/HA1 interactions which results in separation of HA1
from HA2 ED, followed by a large structural rearrangement of the HA2
ED to a final state [6]. The gp120 binding to CD4 and CXCR4/CCRS5 is
the trigger for gpl20 separation from gp41l ED, with subsequent
structural rearrangement of gp41 ED to a final state. There are high-
resolution structures of much of the initial complex that contains the
three gp41 ED's + three gp120's and the initial complex that contains
three HA2 ED's + three HA1 [7-12]. For gp41 and HA2, there are also
structures of the soluble region of the ED (SE) for the final state without
gp120 or HA1, respectively [13-16].

Joining (fusion) of the virus and target cell membranes is concurrent
with the viral protein separations and ED rearrangements, and results in
deposition of the virus capsid and genetic material in the target cell
cytoplasm. The influenza virus fuses with the membrane of the late
endosome inside the cell, whereas HIV can fuse directly with the plasma
membrane [17-20]. Fluorescence and electron microscopies and other
experimental data support a temporal sequence of membrane fusion
steps that include: (1) close apposition of the two membranes; (2)
formation of a shared bilayer “stalk” and then “diaphragm” that sepa-
rates the virus and cell contents (hemifusion); (3) formation of small
pores in the hemifusion diaphragm that allow passage of small
(< 1 kDa) molecules; (4) pore expansion with accompanying elimina-
tion of the diaphragm; and (5) a single contiguous membrane that en-
closes the cell and the virus capsid [3,18,21-23]. Several calculations
suggest that the barrier to initial membrane apposition is the highest
energy step during fusion, with energy of ~25 kcal/mol relative to the
separated bilayers [3]. In our view, there aren't yet clear experimental
data about the relative timings of the transformations of the membranes
vs. those of the viral proteins.

The ~25-residue N-terminal segment of gp41 or HA2 is named the
“fusion peptide” (fp), in part because some mutations in this segment
significantly reduce fusion [24-27]. The GPfp and HAfp sequences are
non-homologous, but the GPfp sequence is fairly-conserved among
clades of HIV, and the HAfp sequence is highly-conserved among sub-
types of influenza [28]. Fig. 1 shows the GPfp and HAfp sequences used
in the present study. Both sequences bind model membranes [29,30].
The fusion significance of fp/membrane interaction is evidenced by the
observation that after influenza virus fuses with vesicles, the fp and the
transmembrane (TM) domain are the only HA segments that are deeply
inserted in the fused membrane [31].

Most mechanistic models of envelope protein-catalyzed fusion posit
fp binding to the target membrane during the structural transformation
of the ED from the initial complex with the receptor-binding subunit to
the final state without this subunit [1,4,32]. Some experimental data
are consistent with this hypothesis, including the fp being part of the
initial gp41 ED/gp120 or HA2 ED/HA1 complex, but not part of the
final C-terminal SE structures of gp41 without gp120 or HA2 without
HAL. Both the gp41 and HA2 SE structures are hairpins with proximity
between regions closest to the fp and TM domains [13,16]. The hairpin
SE structures in combination with the fp in the target membrane and
TM in the virus membrane could reduce the energy needed for initial
close apposition of the target and virus membranes [33,34]. As noted
above, some calculations show that close apposition is the highest en-
ergy barrier in fusion. This apposition mechanism also correlates with
efficient vesicle fusion induced by large gp41 and HA2 constructs that
include the fp, final state SE, and in some cases TM domains
[32,33,35-37].

There has been substantial study of the structures of GPfp and HAfp
in membrane and in detergent-rich media like micelles and bicelles. The
high-resolution structures are for peptide-only without the SE hairpin.
In detergent media, GPfp is a single helix whereas HAfp is typically a
helical hairpin with close packing of the two antiparallel helices
[38-40]. In membrane, there are distributions of structures whose po-
pulations depend on parameters like mole fraction cholesterol and
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GPfp: AVGIGALFLGFLGAAGSTMGARS

HAfp: GLFGAIAGFIEGGWTGMIDGWYG

closed semi-closed

Y22

Fig. 1. Sequences and structural models of GPfp and HAfp based on data for
peptide without the rest of the protein. A few residues are identified in the
models. One strand of a GPfp intermolecular antiparallel  sheet is displayed.
The sheets have distributions of adjacent strand registries that include the re-
sidue 1 — 16/16 — 1 and 1 — 17/17 — 1 registries. HAfp is a monomeric
helical hairpin with populations of closed and semi-closed structures. The
closed structure is based on PDB 2KXA.

peptide:lipid ratio [41-43]. We describe the structures that are most
relevant to the present study. In membrane, GPfp is predominantly an
oligomer with intermolecular antiparallel B sheet structure (Fig. 1)
[44,45]. There is a distribution of adjacent strand registries that include
the residue 1 — 16/16 — 1 and 1 — 17/17 — 1 registries [46]. In
membrane without cholesterol, one fraction of HAfp adopts the
“closed” helical hairpin structure that is also observed in detergent,
while a second fraction adopts a “semi-closed” structure in which the
Phe-9 ring inserts between the two helices (Fig. 1) [47-49]. There is
larger semi-closed:closed population ratio at pH 5 vs. 7 that correlates
with protonation of the E11 sidechain near the turn region between the
two helices. HAfp-induced vesicle fusion is also higher at pH 5 vs. 7
which correlates with greater hydrophobic surface area of the semi-
closed vs. closed structure. Influenza virus fusion happens at pH = 5.
Circular dichroism and NMR data for the fusion peptide domain in
larger gp41 or HA2 constructs are generally consistent with the Fig. 1
peptide-only models [33,50-52].

As noted above, one likely fusion role of fp is binding the target
membrane, which in combination with the SE structure, closely apposes
the target and virus membranes. Such apposition is the first step in
fusion and has ~25 kcal/mol calculated energy barrier in the absence of
fusion protein. The present paper examines other possible fusion con-
tributions from the fp that are associated with changes in the target
membrane with bound fp. Earlier experimental studies have detected fp
effects on membrane that include dehydration of lipid headgroups,
decreased bending modulus, and increased membrane curvature
[53-56]. These latter effects may facilitate formation of membrane
fusion intermediate states like hemifusion that have localized regions of
high curvature. In the present study, we probe another possible effect of
fp's on membrane, disordering of the lipid acyl chains. Disordering
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Fig. 2. Chemical structure of DMPC-d54 lipid.

seems plausible if there is fp insertion into the acyl chain region of the
membrane, but analyses of experimental data from earlier studies
supported differing interpretations that included ordering, no effect, or
disordering, depending on the study [57-61]. Helical HAfp in mem-
brane has also been the subject of molecular dynamics simulations, and
some studies report significant acyl chain disordering, including acyl
chain protrusion out of the hydrocarbon core of the membrane
[60,62-64]. Such protrusion may facilitate the initial formation of an
intermediate structure like the hemifusion diaphragm, with one leaflet
of the diaphragm from the target membrane and one leaflet from the
virus membrane.

In the present paper, 2H NMR spectra are acquired and analyzed for
samples prepared with dimyristoylphosphatidylcholine with perdeut-
erated myristoyl chains (DMPC-d54, Fig. 2) and with GPfp or HAfp at
pH 5 or pH 7. The pH 5 is close to the endosome pH for influenza virus
fusion and HAfp is more fusogenic at pH 5 vs. 7. °H NMR spectral
lineshapes and linewidths are very useful for assessing the amplitudes
of “fast” molecular motion with frequencies > 100 kHz, which is the
approximate difference in quadrupolar NMR frequency between the *H-
C bond parallel vs. perpendicular to the spectrometer magnetic field.
For temperature > 20 °C, the DMPC acyl chains are in the liquid-
crystalline (L,) phase in which there is significant amplitude of fast
motion. Peak splittings are often resolved for many of the different -C,,D
sites (n = 2-14) along the myristoyl chains, and provide information
about site-specific changes in motion due to bound peptide [65-68].
The variation of changes in site-specific splittings/motion also provides
information about the depth of peptide insertion into the acyl chain
core of the membrane. At ~20 °C, the DMPC acyl chains undergo a
phase transition to the Py rippled gel phase, and at ~10 °C, undergo a
phase transition to the Lg- gel phase, in which the acyl chains are or-
dered with all-trans conformation [69-71]. Spectra are obtained over
these temperatures, and variations in their lineshapes and linewidths
with bound peptide are interpreted in terms of peptide insertion and
perturbation of acyl chain motion.

DMPC is a phosphatidylcholine lipid, which is typically a significant
component of the target membranes of HIV and influenza, respectively
the host cell plasma membrane and the late endosome membrane
[72-74]. There are of course other lipids in these membranes and the
lipid compositions are different between them. For the present study,
GPfp and HAfp are studied in membrane with the single component
DMPC. Use of the same membrane makes it more straightforward to
compare the effects of GPfp vs. HAfp which have non-homologous se-
quences and very different structures, respectively oligomeric anti-
parallel 3 sheet and helical hairpin (Fig. 1).

2. Materials and methods
2.1. Materials

Wang resins and Fmoc protected amino acids were purchased from
Peptides International (Louisville, KY), Calbiochem-Novabiochem (La
Jolla, CA), and Sigma Aldrich (St. Louis, MO). DMPC-d54 lipid was
purchased from Avanti Polar Lipids (Alabaster, Al). Buffers were 10 mM
HEPES and 5 mM MES adjusted to either pH 5.0, 7.0, or 7.4, and
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contained 0.01% sodium azide as preservative.

2.2. Peptides

GPfp has sequence AVGIGALFLGFLGAAGSTMGARSWKKKKKKG
and HAfp has sequence GLFGAIAGFIEGGWTGMIDGWYGGGKKKKG,
and the underlined residues are respectively the N-terminal residues of
the HIV gp41 and the influenza virus HA2 proteins. The GPfp sequence
is from the LAV-1 laboratory strain of HIV and the HAfp sequence is
from a H1 subtype of influenza virus. The C-terminal, non-underlined
residues are non-native. The G and K residues increase aqueous solu-
bility and the W in GPfp is a 280 nm absorption chromophore. GPfp and
HAfp were synthesized using solid-phase peptide synthesis and Fmoc
and t-Boc chemistry, respectively. A '3CO label was incorporated in
HAfp at Ala-5. Peptides were purified using reverse-phase HPLC with a
linear gradient between two different water/acetonitrile mixtures. A C4
column was used for GPfp and a C18 column was used for HAfp. The
MALDI-TOF spectrum of each purified peptide showed a prominent
peak corresponding to the expected mass, and with relative intensity
consistent with > 95% purity.

2.3. NMR sample preparation

Preparation of the “no peptide” sample began by weighing 44 pmol
dry DMPC-d54 and then dissolving in ~2 mL of chloroform:methanol
(9:1). The solvent was removed by nitrogen gas and overnight vacuum.
The lipid film was suspended in ~2 mL water followed by formation of
large unilamellar vesicles (LUVs) by freezing in liquid nitrogen and then
thawing (> 10 X ). More homogeneous-diameter LUVs were prepared
by repeated extrusion through a 100 nm diameter polycarbonate filter.
The LUV suspension was then ultracentrifuged at 100,000g for ~4 h.
The pellet was harvested, lyophilized, transferred to a 4 mm diameter
NMR rotor, and then hydrated with ~20 pL of water.

The HAfp, pH 5 and HAfp, pH 7 sample preparation began with
similar preparation of extruded DMPC-d54 LUVs in buffer at either
pH 5.0 or pH 7.0. An aqueous solution was prepared using A,gy with
[HAfp] = 150 uM, followed by dropwise addition to the LUV solution
while maintaining pH. The desired HAfp:DMPC-d54 molar ratio was
determined by the volume of HAfp solution that was added. The re-
sultant proteoliposome suspension was then treated with the cen-
trifugation, harvesting, lyophilization, transfer, and hydration protocol
used for the no peptide sample. Approximately quantitative binding of
HAfp to the membrane was evidenced by A,go = 0.01 in the supernatant
after centrifugation. The final hydration in the NMR rotor was with
buffer that maintained the pH of the sample. This has been the typical
method previously used to prepare HAfp samples, including those for
which the closed and semi-closed helical hairpin structures were de-
tected and for which deep membrane insertion was detected [49,75].

GPfp + DMPC-d54 samples were prepared by dissolving GPfp in
water with concentration determined by A,go, followed by pipetting an
aliquot, and then lyophilization. The GPfp and 44 yumole DMPC-d54
were co-dissolved in ~2 mL 2,2 2-trifluoroethanol:chloro-
form:1,1,1,3,3,3-hexafluoroisopropanol (2:3:2). The solvent was re-
moved by nitrogen gas and overnight vacuum. The lipid film was sus-
pended in ~2 mL buffer at pH 7.4 followed by formation of LUVs by
freezing in liquid nitrogen and then thawing (> 10x). The LUV sus-
pension was then ultracentrifuged at 100,000g for ~4 h. The pellet was
harvested, lyophilized, transferred to a 4 mm diameter NMR rotor, and
then hydrated with ~20 L of buffer at pH 7.4. This is a method that
has previously been used to prepare GPfp samples and has resulted in
predominant 3 sheet structure for GPfp with deep membrane insertion
[75,76]. The [ sheet structure and deep insertion have also been ob-
served for GPfp samples prepared by the above “HAfp” method [75]. In
addition, helical monomer structure has been detected previously for
HAfp samples prepared by the “GPfp” method [42,77].
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2.4. NMR spectroscopy

NMR spectra were acquired on a 9.4 T Infinity Plus spectrometer
using a magic-angle-spinning (MAS) probe equipped for 4 mm diameter
rotors. Nitrogen gas at defined temperature was flowed around the
sample for ~1 h prior to data acquisition. *C spectra were obtained
with Ty, = —50 °C, and with 'H — *3C cross-polarization followed by
13C detection with 'H decoupling. Typical NMR parameter frequencies
included 8 kHz MAS, 100.8 MHz '3C and 400.6 MHz 'H transmitter,
50 kHz 'H m/2-pulse, 50 kHz 'H and 60-65 kHz ramped '3C cross-
polarization for 1.6 ms, 80 kHz 'H decoupling, and 1 s pulse delay. Data
were processed with 100 Hz Gaussian line broadening, Fourier trans-
formation, phasing, and polynomial baseline correction. Spectra were
externally-referenced to the methylene peak of adamantane at
40.5 ppm.

2H NMR spectra were obtained with Ty, between 35 and 0 °C, which
brackets the ~20 °C and ~10 °C temperatures of the respective L, — Pp-
transition and Pg. — Lg- phase transitions of hydrated DMPC-ds4, with
L, = liquid-crystalline, Pg = rippled gel, and Ly = gel phase. *H
spectra were acquired without spinning and with the solid-echo pulse
sequence (7t/2)y - T - (;t/2)y - T1 — acquire. Typical parameters included
61.5 MHz transmitter frequency, 1.6 ps w/2 pulse (calibrated with
2H,0), t = 30 ps, t; = 11 ps, dwell time = 2 ps, and recycle
delay = 1 s. The phase cycle of the first /2 pulse, second 5/2 pulse,
and acquisition was: x, y, x; =X, Y, =X X, =Y, X; =X, =Y, =X ¥, —X, Y;
-y, =X, =Y;Y¥, X, ¥; —Y, X, —Y. The pulse program was written so that
7, included the receiver dead time, and data processing included re-
moval of some initial acquired data so that the first datum was the peak
echo. Typically 11 points were removed, so the first datum was 33 ps
after the second mt/2 pulse. This is comparable to T = 30 ps and is
consistent with the quadrupolar spin physics. Processing also included
exponential line broadening, Fourier transformation, and phasing. The
spectra were externally referenced to ?H,0 at v = 0 Hz. De-Paking was
done using a NMRPipe macro that implemented a weighted fast Fourier
transformation procedure [78,79].

3. Results
3.1. HAfp helical structure

Previous studies have shown that membrane-associated HAfp and
GPfp have populations with either monomeric a helical or oligomeric
sheet structures in membrane [45-47,49,80]. The relative populations
are assessed by comparison of relative intensities of resolved *C NMR
peaks of the a helical and B sheet populations. The monomer a:oli-
gomer [} ratio is negatively-correlated with peptide:lipid molar ratio,
and the ratio also depends on lipid composition, with some variation
among replicate samples [41-43,81]. Fig. 3 shows the isotropic CO
region of a 3C MAS NMR spectrum of a sample prepared with
HAfp:DMPC-d54 = 1:50 at pH 5. The HAfp was *3CO labeled at Ala-5
and the spectrum exhibits a dominant feature with peak shift at
179.5 ppm. This shift correlates well with the RefDB database shift
distribution for Ala '*CO in helical structure, 179.4 + 1.3 ppm, but not
with the shift distribution in 3 strand structure, 176.1 *= 1.5 ppm [82].
The Ala-5 label contributes ~54% of the total *3CO intensity. The broad
background between 173 and 185 ppm is assigned to the natural
abundance "®CO signals from HAfp and DMPC-d54, which are ~17 and
~29% of the total intensity, respectively. The 174-178 ppm region
makes the largest contribution to the broad signal and this chemical
shift range correlates well with the shift range of the DMPC *°CO nuclei
that contribute ~65% of the natural abundance intensity [83]. There
isn't detectable (3 sheet population for HAfp based on earlier observa-
tion of the B sheet Ala-5 '>CO shift at 172 ppm and no clear peak at
172 ppm in Fig. 3 [47].

The GPfp samples of the present study likely have oligomeric anti-
parallel B sheet structure, based on previous *C NMR of GPfp/DMPC
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HAfp, pH 5
A5 *CO label
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Fig. 3. Cross-polarization MAS spectrum of the isotropic '>CO region of a
sample with HAfp and DMPC-d54 lipid. Sample preparation was at pH 5.0 with
0.88 pmole HAfp with Ala-5 3CO label and 44 pmole DMPC-d54. The spectrum
was acquired at 9.4 T with magic angle spinning at 8 kHz frequency, and the
sample was cooled with nitrogen gas at —50 °C. The spectrum is the sum of
3000 scans, and was processed with 50 Hz Gaussian line broadening. The
spectrum exhibits a prominent feature with peak shift at 179.5 ppm, which
correlates better with the RefDB database Ala *CO shift distribution for helical
structure, 179.4 = 1.3 ppm, vs. the distribution for B strand structure,
176.1 = 1.5 ppm.

samples showed peak shifts that correlated with B sheet rather than a
helical structure, e.g. 173 ppm for GPfp with Phe-8 '3CO label [75,76].
These samples were prepared by the same method as the GPfp samples
of the present study.

3.2. Narrower lineshapes and higher-amplitude fast motion with fusogenic
peptides

Fig. 4 displays ?H NMR spectra of static samples bathed in nitrogen
gas at temperatures between 35 and 0 °C. Gas was flowed around a
sample for ~1 h prior to NMR data acquisition. The peptide:lipid molar
ratio is 1:25. Fig. S1 displays spectra of a replicate GPfp sample which
are very similar to the GPfp spectra in Fig. 4. For this temperature
range, DMPC-d54 acyl chains can adopt the liquid-crystalline (L),
rippled gel (Pg), and gel phases (Lg), with L, — Pg transition at
~20 °C, and Py — Lg transition at ~10 °C.

Each spectrum is the sum of individual symmetric powder patterns
from the 12 -CD, groups and the -CD3 group of the chains. Each group is
indexed using the carbon numbering convention for myristic acid with
n = 2 for the -CD, closest to the glycerol linkage and n = 14 for -CDs.
Each pattern will typically have a pair of symmetric “horns” which
correspond to transitions of the perpendicular principal component of
the 2H quadrupolar tensor [65]. The width of a pattern and the horn
separation is reduced by motions with frequencies much greater than
the width of a static -CD group, i.e. > 100 kHz. The narrowest horn
separation is for the -CD3; group which experiences rapid rotation about
the three-fold symmetry axis. The amplitude of fast motion for -CD,
groups is typically reduced with decreasing n along the chain, and the
powder patterns are correspondingly broader.

For 35, 30, and 25 °C, spectra of all samples show patterns of
sharper features within the = 20 kHz range that reflect a dominant
contribution from the L, phase [65]. The spectrum of the no peptide
sample is significantly broader at 25 vs. 20 °C with fewer resolved
features, which correlates with the L, — Pp- phase transition of the
DMPC-d54 lipid. Relative to the L, liquid-crystalline phase, there is
smaller-amplitude fast motion in the P rippled gel phase. Many of the
Pg lipids are packed in ordered domains with all neighboring CD,-CD,
groups in the extended trans conformation, and without large-ampli-
tude axial rotation of the molecules. The no peptide spectra are even



U. Ghosh and D.P. Weliky

BBA - Biomembranes 1862 (2020) 183404

’H NMR spectra

35°C

No peptide

GPfp

HAfp, pH 5
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Fig. 4. Variable-temperature ?H NMR spectra of static samples with DMPC-d54 and either no peptide, GPfp, HAfp, pH 5, or HAfp, pH 7. The peptide:lipid molar
ratio = 1:25. Spectra were acquired with the sample bathed in nitrogen gas whose temperature was set between 35 and 0 °C, which brackets the L, — Pp and Pp. —
Lg phase transitions of DMPC-d54. Each spectrum is typically the sum of ~5000 scans and is processed with 100 Hz exponential line broadening for 35-25 °C spectra
or 500 Hz exponential line broadening for 20-0 °C spectra. Spectra are referenced to *H,0 with v = 0 Hz. Spectra of a replicate GPfp sample are presented in Fig. S1.

broader at 10 and 0 °C, which correlates with transition to the Py gel
phase in which all lipids are in the ordered domains.

At a given temperature of 20, 10, or 0 °C, the spectrum of the HAfp,
pH 7 sample is very similar to those of the no peptide sample, which
supports similar lipid phase behavior in the two samples. The spectra of
the GPfp sample are different, and the 20 °C spectrum has the narrow
width typical of L, phase, and the 10 and 0 °C spectra have similar
shapes and widths as the 20 °C spectra of the no peptide and HAfp, pH 7
samples. The shapes and widths of the HAfp, pH 5 sample are similar to
the GPfp sample, and support reduction of the DMPC-d54 phase tran-
sition temperatures by the fusogenic peptides.

Fig. 5 displays an expanded view of spectra obtained at 35 °C, with
peptide:lipid molar ratio = 1:25 and 1:50. Fig. S2 displays spectra of
replicate samples which evidences reproducibility. For a particular
temperature, comparison of spectra of the no peptide and 1:25 samples
shows the general trend in widths GPfp < HAfp, pH 5 < no pep-
tide < HAfp, pH 7. The effect of each peptide on spectral width is

evidenced by more similar widths of the three 1:50 samples and the no
peptide sample. Fig. 6 presents de-Paking analyses of the 35 °C no
peptide and 1:25 spectra, i.e. the spectra expected for the membrane
bilayer normal oriented parallel to the external magnetic field. Each
major peak splitting (Avcp) of a de-Paked spectrum is assigned to spe-
cific 2H—C, of DMPC-d54. The largest Avcp is considered to be a su-
perposition of the unresolved n = 2-6 signals, and the remaining peaks
are assigned using a monotonic decrease in Avcp with increasing n
[65-68]. There aren't clearly resolved splittings for the sn-1 vs. the sn-2
myristic chains. The order parameter for a >H—C, segment is calculated
as Scp = Avep/334 kHz. Table 1 lists the numerical values of Scp vs. n
and Fig. 7 displays plots of Scp, AScp, and AScp/Scpno peptide VS- 1,
where AScp = Scp,peptide — Scprno peptide- The uncertainties are + 0.002
in Scp, * 0.003 in AScp, and =+ 0.02 in ASgp/ASyo peptide> and are based
on the variations of Scp values between replicate samples, see Table S1.
The Scp for the no peptide sample in Table 1 are similar to earlier re-
ported Scp for DMPC-d54 without peptide, with (Scp,table 1)/
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’H NMR spectra
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Fig. 4. (continued)

(SCD,literature) = 1.1 [68]

4. Discussion

Fusion peptides are domains of viral fusion proteins that are critical
for catalyzing joining of virus and host cell membranes. In the present
paper, the effects of the fusion peptides of HIV and influenza on the
perdeuterated acyl chains of DMPC-d54 lipids were probed by 2H NMR
spectroscopy. GPfp adopts predominant oligomeric antiparallel 3 sheet
and HAfp adopts monomeric a helical structure. The lineshapes of the
2H NMR spectra support retention of the bilayer phase with either
peptide. This is consistent with some earlier studies for which the
membrane has a large fraction of phosphatidycholine lipid [55,61].
Isotropic phases have sometimes been observed for membranes with
fusion peptide and large fraction of phosphatidylethanolamine lipid
[55,84].

Both GPfp and HAfp, pH 5 promote lipid acyl chain disorder, as
evidenced by narrower spectra than the no peptide sample that reflect
larger-amplitude fast motional averaging of the *H quadrupolar inter-
action. This narrowing is apparent at all temperatures between 35 and

0 °C, with apparent lowering by 10-20 °C of the L, — Pg- and Pg. — Lg-
phase transitions that transform the disordered acyl chains into all-trans
ordered conformation. By contrast, HAfp, pH 7 results in spectral
lineshapes and linewidths that are similar to the no peptide sample.
Fusion of the influenza virus and endosome membranes happens near
pH 5 and HAfp induces more vesicle fusion at pH 5 vs. 7. There is
therefore a correlation of more fusogenic peptides with lipid acyl chain
disorder.

The order parameter analysis presented in Fig. 7 and Table 1 pro-
vides more site-specific analysis of the effects of the peptides on the
lipid acyl chain. The Scp peptide = Scp,no peptide = AScp are < 0 for fu-
sogenic GPfp and HAfp, pH 5, and > 0 for HAfp, pH 7. The magnitude
of fractional change |AScp/Sho peptidel has similar qualitative depen-
dence on n for the three peptides, with larger values for the chain re-
gion nearer the tail vs. the headgroup. For n = 2-6, AScp/Sno peptide =
—0.12, —0.05, and 0.03 for GPfp, HAfp, pH 5, and HAfp, pH 7, re-
spectively, and for n = 7-14, AScp/Sno peptide = —0.18, —0.08, and
0.04, respectively. The intermolecular antiparallel [3 sheet structure of
GPfp shows > 2x larger chain disordering effect vs. the monomeric
HAfp a helical hairpin at pH 5.
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’H NMR spectra, 35 °C

No peptide

1:25 molar ratio

GPfp

HAfp
pH5

HAfp
pH7
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s
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Fig. 5. ?H NMR spectra at 35 °C of samples with DMPC-d54 and either no peptide, GPfp, HAfp, pH 5, or HAfp, pH 7. Spectra are displayed for peptide:lipid molar
ratios = 1:25 and 1:50. Each spectrum is typically the sum of ~5000 scans and is processed with 100 Hz exponential line broadening. Spectra of replicate samples are

displayed in Fig. S2.

For GPfp, the larger |AScp/Sno peptidel for the region closer to the tail
vs. headgroup correlates with previous REDOR NMR between GPfp
backbone '3CO nuclei and 2H nuclei in the acyl chains of phosphati-
dylcholine and cholesterol lipids [75,76]. There is deep membrane in-
sertion of the GPfp B sheet, as evidenced by close (< 5 A) contacts with
2H nuclei at or near the chain termini. There is similar GPfp B sheet
structure and similar GPfp REDOR results for samples prepared using
organic co-solubilization like the GPfp samples of the present study and
for samples prepared by aqueous binding to vesicles like the HAfp
samples of the present study.

As noted above, HAfp induces acyl chain disordering at fusogenic
pH 5, although less than GPfp. HAfp induces small acyl chain ordering
at less fusogenic pH 7. There is also ~30% greater extent of vesicle
fusion induced by HAfp at pH 5 vs. 7 [49]. Earlier NMR studies showed
that HAfp adopts two related but distinct helix-turn-helix structures in
membrane: “closed” with tight packing of the helical hairpin; and
“semi-closed” with insertion of the Phe-9 ring between the two helices
(Fig. 1). The closed and semi-closed fractions are respectively ~0.53
and 0.47 at pH 5 and ~0.68 and 0.32 at pH 7, and there is ~20%
greater hydrophobic surface area for the semi-closed vs. closed struc-
ture. The samples for these earlier NMR studies were prepared in a

similar manner as the HAfp samples of the present study. There are thus
positive correlations between semi-closed structure and hydrophobic
surface area of HAfp, lipid acyl chain disorder, and membrane fusion.

HAfp insertion into the acyl chain core correlates with larger |AScp/
Sno peptide| for the chain region closer to the tail vs. headgroup (Fig. 7).
There are other experimental data about HAfp location in membrane,
but in our view there isn't yet a definitive determination. Analysis of
EPR relaxation rates for site-specifically labeled HAfp were interpreted
to support tilted N- and C-terminal insertion deep into a single mem-
brane leaflet with one report of 6 A deeper insertion at pH 5 vs. 7
[80,85]. Interpretation of these measurements is complicated by the
hydrophobicity of the spin label. One molecular dynamics simulation
that compared membrane location of peptide with and without spin
label showed much deeper insertion with the label [86]. Both HAfp and
the fp segment of full-length HA2 in detergent micelles exhibited sig-
nificant hydrogen-to-deuterium exchange at pH 7.4 [34,39]. These data
have been interpreted to support HAfp location at the membrane/water
interface. By contrast, REDOR NMR data show that HAfp backbone
13CO exhibit close (< 5 A) contact with 2H nuclei at the methy] termini
of the acyl chains, and more distant contact with H nuclei closer to the
headgroups, which supports deep insertion of HAfp [75].
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Fig. 6. De-Paking analysis of Fig. 5 no peptide and 1:25 spectra, which represent the spectra for the membrane bilayer normal parallel to the external magnetic field.

Table 1

Order parameters of DMPC-d54 at 35 °C*".
Carbon number No peptide GPfp HAfp HAfp

pH 5 pH7

2-6 0.2538 0.2225 0.2416 0.2611
7 0.2335 0.1957 0.2163 0.2435
8 0.2181 0.1792 0.2002 0.2268
9 0.1920 0.1583 0.1781 0.2010
10 0.1829 0.1490 0.1668 0.1888
11 0.1627 0.1328 0.1500 0.1701
12 0.1445 0.1166 0.1322 0.1502
13 0.1187 0.0980 0.1106 0.1252
14 0.0350 0.0285 0.0310 0.0360

2 Each Scp order parameter is determined from a Av splitting of the de-Paked
spectra of Fig. 5 with Scp = (Av)/334 kHz. Samples with peptide were prepared
with 1:25 peptide:lipid molar ratio. Table S1 lists order parameters obtained
from replicate samples.

> There is + 0.002 uncertainty in Scp, which is based on the variations of Scp
values between replicate samples, see Table S1.

The HAfp in membrane has been the subject of several molecular
dynamics simulations using different methods. Membrane locations of
HAfp vary between different simulations, and include the membrane/
water interface, shallow insertion in a single leaflet, deep insertion in a
single leaflet, and traversal of both leaflets [60,62,63,87,88]. A few of
the simulations also examined effects of HAfp on the lipid molecule
structure and motion including acyl chain Scp. HAfp-induced acyl chain
disordering is a common feature of these simulations and there is semi-
quantitative agreement between the experimental AScp/Spo peptide Of
the present study (Fig. 7 and Table 1) and the simulation values. We
provide a more detailed comparison of the simulation AScp/Sno peptide
and comparison to our values for HAfp, pH 5, AScp/Spo peptize = —0.05
forn = 2-6 and = —0.08 for n = 7-14. For one simulation in which
HAfp is located at the POPC membrane/water interface, HAfp induced
palmitic chain disorder, with AScp/Sno peptide = —0.07 forn = 2-4, =
—0.10 for n = 5-8, with a gradual increase to = —0.03 for n = 9-14

[62]. For a second simulation, AScp/Spo peptide = —0.07 for n = 2-6
and ~—0.15 for n = 7-14 [60]. The first and second simulation values
agree semi-quantitatively with the experimental values in Fig. 7, and in
the second simulation matches the experimental observation of more
negative AScp/Sno peptide fOr n = 7-14. Our experimental data provide
average AScp/Sno peptide; While the first simulation analysis also dis-
tmgulshes 11p1ds closer to vs. farther from HAfp, i.e. distance that
is < 7 A vs. > 7 A. The farther lipids exhibit AS¢p/Sno peptide Close to the
average values, whereas the closer lipids exhibit much greater disorder
with AScp/So peptidce = —0.25 for n = 4-12. However, this effect was
not observed in a third simulation, and the AScp/Sno peptide Were similar
for the two lipid classes for DMPC surface-associated HAfp [63]. The
second and third simulations also showed a population of HAfp that
traverses the membrane. For this HAfp population, there was greater
disordering for closer vs. farther lipids, with Scp cioser/Scp,farther = 2.
The smaller AScp/Sno peptide from 2H NMR of the present study are more
consistent with the molecular dynamics AScp/Sno peptide for interfacial
HAfp than for transmembrane HAfp. Some of the simulations also show
up to 10X greater probability of acyl chain “protrusion” out of the
membrane for closer vs. farther lipids. HAfp-induced “intrusion” of
lipid headgroups into the membrane has also been detected in simu-
lations [64]. These large structural deviations of the lipids may reduce
activation barriers between the different membrane topological states
of membrane fusion. These deviations could also modify interpretation
of data from experiments like EPR relaxation rates, peptide **C-lipid 2H
REDOR NMR, or H/D exchange. The typical interpretations of these
data assume that the locations of lipids and water close to the peptide
are similar to those in membrane without peptide.

We also make comparison to analyses of other experimental data
that yielded acyl chain order parameters for membrane samples with
GPfp or HAfp. One such analysis with GPfp is based on wide-angle X-
ray scattering of bilayers with uniaxial alignment [58]. A single Scp is
reported for each sample and is interpreted as the average value of
<3cos®p — 1>, where B is the angle between the axis of an acyl chain
segment and the bilayer normal. For a sample with DOPC lipid and
0.062 mol fraction GPfp, the X-ray AScp/Sno pepide = —0.4, with



U. Ghosh and D.P. Weliky

i I 2 2R B 1
el A A A A A g
¢ o o o o 7
0.20 - o Ay
o a ¥
- H
0.15 4 e A 3
[a] e A
O
@ 0.10 * i
' = no peptide -
¢ GPfp
0.05 - A HAfp, pH 5
v HAfp,pH 7 ¥
0.00 ~—=— =1 = a& ¢ I r & °© & - 1
0.01 4 v
\ 2
YV VY VY vV gV
0.00 v
A
@
-0.01 4 o
A A A A A A A
o) A
O A A A
2 -0.02- :
@
-0.03 4 s & o & o .
e o
-0.04 - ® .
1 ¥ T Lt T L T % T 2 T L T
. v
0.05 _— v,
Yy v v v v v v
0.00
]
2 0054 A A A A
[}
2 A & A Ay
9D 0.0
o ¢ o o o o -
(7]
< 0.15-
°
@
LRGPP .
-0.20 - *
1 L ] ¥ 1 ) 1 » 1 L 1 L 1
2 4 6 8 10 12 14
Carbon number
Fig. 7.Plots of (top) calculated Scp order parameters, (middle)

AScp = Scp,peptide = Scp,no peptide; and (bottom) AScp/Scp,no peptide VS 1 (carbon
numbers) of the myristic chains of DMPC-d54. The middle plot is the peptide-
induced change in Scp and the bottom plot is the fractional change in Scp. The
Scp = (Av)/334 kHz where Av is a quadrupolar splitting of a Fig. 6 de-Paked
spectrum. The Scp are the same for n = 2-6 because the splittings are un-
resolved. The Scp are also presented in Table 1. The uncertainties are + 0.002
in Scp, * 0.003 in AScp, and * 0.02 in AScp/ASy, peptide and are based on the
variations of Scp values between replicate samples, see Table S1.

similar values for GPfp in other lipid compositions. Both the earlier X-
ray and the present and earlier NMR studies support disordering of acyl
chains by GPfp [61]. There is ~1.5 X greater mole fraction GPfp and
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~2X greater AScp/Sno peptide for the X-ray vs. the present study. For
lipid samples without peptide, the X-ray Scp values are larger than any
of the site-specific Scp from de-Paking analysis of NMR spectra. This
difference may reflect the longer timescale of fast motion in NMR vs. X-
ray measurements.

Order parameters have also been determined from analysis of EPR
spectra of spin labels attached to specific segments of lipids that are in
phosphatidylcholine-rich membranes with bound GPfp or HAfp
[57,59]. The overall result was that GPfp and HAfp induce ordering of
lipids, which is opposite the disordering that was observed by H NMR
in the present study, and earlier studies using X-ray scattering and
molecular dynamics simulation approaches. For the EPR studies, the
peptide:lipid molar ratio was <1:100 and there was typically a step-
wise onset of ordering around peptide:lipid = 1:700. Typically, the
AScp/Sno peptide = +0.15, with larger AScp/Sno peptide for spin labels
attached to the headgroup or C5 of the stearoyl chain vs. C14 of the
stearoyl chain. There were larger AScp/Sno peptiae for HAfp, pH 5 vs. 7.
The NMR, X-ray, and simulation approaches detect all the lipids,
whereas EPR only directly detects the spin-labeled lipid which is just
0.5 mol% of the total lipid. The spin label is a NO radical in a rigid 5-
membered ring C((CH,)5)-N(O)-C((CH3)5)-C(H2)-O where the bold
atoms form the ring and substitute the methylene hydrogens in bold
-CH>((CHs)5) in one of acyl chains. The label is much larger than the
substituted hydrogens and may disrupt acyl chain packing. It may be
that the peptide-induced ordering is specific to the acyl chains of the
spin-labeled lipid rather than the majority unlabeled lipid, perhaps
because of some preference of the peptide for contact with the spin
label. The lipid in the NMR, X-ray, and simulation samples doesn't have
a chemical perturbation and these approaches also probe all of the li-
pids in the sample. It is unlikely that the observations of disordering for
NMR, X-ray, and simulation vs. ordering for EPR are due to peptide:-
lipid ratio, because the NMR and X-ray experiments are done at higher
ratio than EPR and the simulations are done at lower ratio. The dif-
ference is also unlikely a consequence of the timescale for averaging, as
the X-ray and simulations are for shorter times, and the NMR is for
longer times.

We also compare our order parameters to those obtained from 2H
NMR spectra of DMPC-d54 with LL-37, an antimicrobial peptide that is
a single amphipathic helix at the membrane surface [66]. The LL-37
sample was prepared using an approach similar to the approach for the
GPfp sample. At 35 °C, LL-37 induces acyl chain ordering, with AS¢p/
Sno peptide = +0.1 which is similar to less fusogenic HAfp, pH 7 with
AScp/Sno peptide = +0.04. HAfp, pH 7 may therefore be surface-asso-
ciated like LL-37, with ordering of contacting lipid headgroups. By
contrast, the more fusogenic GPfp and HAfp, pH 5 induce acyl chain
disordering, which may be a consequence of their insertion into the acyl
region. There are earlier REDOR NMR data that support a positive
correlation between depth of membrane insertion and fusogenicity for
GPfp constructs [89].

The samples of the present study contain DMPC lipid and the con-
clusion of fusion peptide-induced lipid disordering is based on the
smaller Scp values in the liquid-crystalline phase and on the reduced T,,,
of the disordered-to-ordered acyl chain phase transitions. To our
knowledge, there hasn't been calorimetric study of these phase transi-
tions for membrane with fusion peptide. There has been calorimetry for
DMPC with the antimicrobial peptides LL-37 or gramicidin S, which
respectively have amphiphathic a helical and antiparallel 3 sheet
structures [66,90,91]. For both peptides, the enthalpy change asso-
ciated with the Pg' — L, transition at ~24 °C is similar to the enthalpy
change of DMPC without peptide. This transition occurs over a broader
temperature range for the DMPC samples with peptide vs. without
peptide. This breadth has been interpreted to be a consequence of the
heterogeneity of lipid proximities to peptides and we expect that there
would be similar broadening for calorimetry of DMPC with fusion
peptides.

Although the samples of the present study contain a single lipid
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DMPC, the goal is to understand the properties of the target cell
membrane with bound fusion peptide. The target membrane contains a
complex mixture of lipids including cholesterol which does not have the
same phases as DMPC. However, our observation of acyl chain dis-
ordering for DMPC with fusion peptide was also observed by X-ray
scattering for lipid mixtures with cholesterol and fusion peptide.
Disordering is probably a general effect of fusion peptides that would
also be manifested in cell membranes [58]. There are substantial energy
barriers between the topological states of the lipid bilayers during fu-
sion, e.g. between two apposed bilayers and a stalk and between a stalk
and the hemifusion state. The high-energy transition states associated
with the barriers likely have significant acyl chain disorder, so fusion
peptide-induced disordering of the target membrane may reduce these
activation barriers and increase the fusion rate.

Cholesterol wasn't included in our samples because of our interest in
having a single composition with either helical monomer or (3 sheet
oligomer fusion peptide, and because (3 sheet oligomers are the domi-
nant HAfp structure for membrane with cholesterol [42]. We also note
that the specific lipid compositions aren't known for the target mem-
branes of influenza and HIV. For influenza, the lipid composition of the
endosome membrane changes during maturation in part because en-
dosomes are also used for cholesterol transport [72,92]. Influenza virus
fusion with vesicles is also fairly independent of the lipid compositions
of the vesicles [93]. For HIV, there are microscopy and other experi-
ments showing direct fusion with the plasma membrane as well as
endocytosis followed by fusion with the endosome membrane [18]. For
direct fusion, there are conflicting data about whether or not fusion
occurs in specific domains, and also some data supporting fusion at
domain boundaries [94-96].

5. Summary

The present study focuses on 2H NMR spectra of membrane with
DMPC-d54 lipid and fusion peptide from either the HIV gp41 or in-
fluenza virus HA2 proteins. The GPfp samples were prepared at pH 7.4,
which is the pH of HIV/host cell fusion, and the HAfp samples were
prepared at pH 5, which is close to the pH of influenza virus/late en-
dosome fusion, and at pH 7, for which there is less fusion. GPfp is an
oligomer with intermolecular antiparallel B sheet structure, and HAfp is
a monomer with helical hairpin structures. Spectra were obtained at
temperatures between 35 and 0 °C, which encompasses phase transi-
tions between liquid-crystalline and gel lipid phases, with respective
disordered and ordered all-trans conformations of the myristic chains.
The lineshapes of the 2H NMR spectra are affected by the amplitudes of
motions with frequencies > 100 KHz, with larger amplitudes resulting
in narrower lineshapes. At a given temperature, there are similar line-
shapes and linewidths of the no peptide and HAfp, pH 7 samples, and
narrower lineshapes for the GPfp and HAfp, pH 5 samples. The line-
shapes and linewidths of the GPfp and HAfp, pH 5 samples at O °C are
similar to those of the no peptide and HAfp, pH 7 samples at 20 °C. The
data are consistent with disordering of acyl chains by fusogenic pep-
tides. In addition, site-specific order parameters Scp were determined
from de-Paking analysis of the 35 °C spectra, followed by calculations of
ASCD = SCD,peptide - SCD,no peptides and ASCD/SCD,no peptide* The ASCD/
Scbno peptide < O for the fusogenic GPfp and HAfp, pH 5, which is
consistent with chain disordering. The intermolecular antiparallel 3
sheet structure of GPfp shows > 2 x larger chain disordering effect vs.
the monomeric HAfp a helical hairpin at pH 5. The |[AScp/Scp;no peptidel
are ~1.5 X larger for 2H closer to the tail vs. the headgroup, with AS¢cp/
Scp,no peptide = — 0.18 for the terminal n = 7-14 of GPfp. These results
are consistent with deep insertion of the fusogenic peptides into a single
membrane leaflet. The small positive AScp/Scpino peptide = +0.04 for
less fusogenic HAfp, pH 7 may be due to its location at the membrane
interface with minimal insertion in the membrane. Overall, our study
provides strong experimental evidence for a correlation between acyl
chain disordering and efficacy of fusion peptides, and supports a
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correlation between depth of insertion of the peptide in the acyl chain
region and fusion. These correlations are observed both for GPfp which
forms an intermolecular antiparallel 3 sheet, and for HAfp which adopts
monomeric helical hairpin structures. Fusion peptide-induced dis-
ordering of the target membrane may reduce the large activation bar-
riers between the different membrane topologies during fusion, e.g. the
apposed bilayers — stalk and stalk — hemifusion steps, and thereby
increase the fusion rate. The results of the present paper are generally
consistent with earlier studies which include analysis of X-ray scattering
that evidences overall disordering of acyl chains by GPfp, as well as
semi-quantitative agreement between site-specific AScp/Scp,no peptide
for HAfp from the present study and site-specific AScp/Scpno peptide
from earlier molecular dynamics simulations.
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Figure S1. ’H NMR spectra of replicate GPfp (1:25) samples
Sample 1 spectra are displayed in Fig. 4 in the main text
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Figure S2. ’H NMR spectra of replicate samples at 35 °C

Top spectra are displayed
in Figure 5 in main text
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Table S1. Order parameters of DMPC-d54 at 35 °C?

Carbon no GPfp HAfp
number peptide pH 7
Sample
A B C D E F

2-6 0.2538 0.2540 0.2225 0.2217 0.2610 0.2601
7 0.2335 0.2341 0.1957 0.2011 0.2435 0.2416
8 0.2181 0.2179 0.1792 0.1835 0.2268 0.2246
9 0.1920 0.1936 0.1583 0.1604 0.2010 0.1967
10 0.1829 0.1792 0.1490 0.1536 0.1888 0.1876
11 0.1627 0.1656 0.1328 0.1386 0.1701 0.1664
12 0.1449 0.1439 0.1166 0.1218 0.1502 0.1494
13 0.1187 0.1193 0.0980 0.1012 0.1252 0.1227
14 0.0350 0.0339 0.0285 0.0281 0.0360 0.0356

aEach Scp order parameter is determined from a Av splitting of the de-Paked spectra with Scp = (Av)/334 kHz. Samples with peptide
were prepared with 1:25 peptide:lipid molar ratio. Table 1 in the main text is based on spectra for samples A, C, and E.
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