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Cholesterol modulates the fusogenic activity of a
membranotropic domain of the FIV glycoprotein gp36†
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Lipid composition of viral envelopes is usually rich in sphingolipids and cholesterol (CHOL). These

components have a stiffening effect on the membrane, thus enhancing the energetic barrier to be

overcome for its fusion with the T-cell plasma membrane, a fundamental step of the infection process.

In this work, we demonstrate that the octapeptide (C8) corresponding to the Trp770–Ile777 sequence of

the Feline Immunodeficiency Virus gp36 is highly effective in inducing the fusion of palmitoyl oleoyl

phosphatidylcholine (POPC)/sphingomyelin (SM)/CHOL membranes. We analyze the molecular

mechanism of the C8–membrane interactions combining Neutron Reflectivity (NR) and Electron Spin

Resonance (ESR) experiments, and molecular dynamics simulations. A strict interplay among the

different lipids in the peptide-induced fusion mechanism is highlighted. Since CHOL preferentially

locates close to SM, POPC molecules remain relatively free to interact with the peptide, driving its

positioning at the membrane interface. Here, C8 comes in contact with CHOL-interacting SM molecules,

causing a strong perturbation of acyl chain ordering, which is a necessary condition for membrane

fusion. Our findings suggest that CHOL rules, by an indirect mechanism, the activity of viral fusion

glycoproteins.
1 Introduction

For a long time, lipid bilayers were considered “inert scaffolds”
with the only function of a physical barrier between the external
and internal environments, whereas the membrane proteins
were considered to be responsible for more specic membrane
functions such as selective molecular transport, signal recep-
tion and transduction, andmembrane–membrane interactions.
Many recent studies have changed this concept, revealing that
lipids participate actively in a variety of membrane processes.1

Lipids can act by a “collective mechanism”, in which a ne
tuning of the bilayer composition regulates the physicochem-
ical properties of the membrane, such as elasticity, curvature,
surface charge and/or hydration. In particular, cholesterol and
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sphingolipids, carrying saturated or monounsaturated acyl
chains, tend to laterally segregate from phospholipids, forming
ordered domains, named “lipid ras”.2 These domains present
reduced uidity and permeability, and preferentially incorpo-
rate some proteins, whereas (to a variable extent) they exclude
others. The occurrence of lipid ras in the membrane inu-
ences a wealth of physiological and pathological processes, e.g.
the ion channel function, neurodegenerative processes or the
regulation of T-cell signaling.3,4

Alternatively, single lipids can play specic roles, depending
on chemical structure, conformation and dynamics of lipid
headgroups and acyl chains.5 This has promoted a wide interest
in the rich biodiversity of lipids present in the various bio-
membranes. In particular, specic lipid molecules can be
involved in signal transduction,6 protein folding7 or in inducing
conformation and binding properties of cytolytic and antimi-
crobial peptides.8 For example, it has been demonstrated that
gangliosides exhibit a high affinity for neurotransmitters, inu-
encing the receptor conformation and function, and regulate
neurodegenerativemechanisms.9 At the same inositol lipids have
emerged as universal lipid regulators of protein signalling
complexes in dened membrane compartments.10 Finally, much
evidence has suggested that cholesterol itself directly modulates
different processes, e.g. the nicotinic acetylcholine receptor
(nAChR) function,11 b-amyloid brillization.12,13 All these results
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clearly point to a decisive involvement of lipids in determining
the biomembrane functionality.

Among the biological processes in which lipid membranes
are involved, viral fusion is one of the most relevant. Enveloped
viruses (e.g., inuenza virus, hepatitis C virus, human immu-
nodeciency virus, herpes virus) possess a lipid membrane,
referred to as the envelope, usually rich in sphingolipids and
cholesterol.14 In these cases, viral infection requires a sequence
of fusion and ssion events between the envelope and the target
membranes for entry into the cell. These energetically unfa-
vorable processes are facilitated by the action of specic viral
membrane glycoproteins.15 It is thought that different domains
of these proteins cooperate, according to a concerted mecha-
nism of action, in driving membrane fusion. In particular, the
membrane-proximal external region (MPER), also named pre-
transmembrane domain,16 has been demonstrated to be
fundamental in lowering the energy barrier thus allowing the
nal fusion of the membranes. In this scientic framework, we
have recently focused our interest on a octapeptide, named C8,
corresponding to the Trp770–Ile777 sequence of the MPER
domain of the Feline Immunodeciency Virus (FIV) glycopro-
tein gp36. Our studies demonstrated that C8 exerted a desta-
bilizing effect on bilayers, perturbing the lipid packing and
mobility.17,18

While the role played by the viral glycoproteins in the
membrane fusion process is well established at a mechanistic
level, the role of the lipid counterpart has not been denitely
claried. Indeed, some studies report that cholesterol and
sphingolipids play key roles in the membrane-internalization of
the hepatitis C virus, and that portions of structural proteins are
localized at lipid-ra-like membrane structures within cells.19 At
the same time, other evidence has indicated that, for fusion
between inuenza virus and liposomes, the inclusion of
cholesterol and sphingolipids has marked effects on pore
formation.20 However, it has not been dened yet whether
cholesterol and/or sphingomyelin favor the viral infection by
regulating membrane biophysical properties or by specic
lipid–glycoprotein interactions.

In this scenario, the present work aims at investigating the
mechanism through which the lipid composition regulates the
interaction of the C8 peptide with lipid bilayers. First, we
present lipid mixing assays in order to correlate the peptide
fusogenic activity with lipid composition of the bilayer. Second,
the interaction of the peptide with lipid bilayers, in the absence
and presence of cholesterol and sphingomyelin, is investigated
by Neutron Reectivity (NR) and Electron Spin Resonance (ESR)
experiments. Finally, experimental investigations are combined
with molecular dynamics (MD) simulations to obtain a
description of structural and dynamic behaviour of the system
at the molecular level.
2 Materials and methods
2.1 Materials

The molecular formulae of some substances used in this study
are presented in Fig. 1. The phospholipid palmitoyl oleoyl
phosphatidylcholine (POPC) was purchased from Avanti Polar
Soft Matter
Lipids (Birmingham, AL, USA). POPC was chosen because it
includes both a saturated (C16) and an unsaturated (C18) fatty
acid, like most phospholipids present in mammalian cell
membranes.21 The uorescent probes N-(7-nitro-benz-2-oxa-1,3-
diazol-4-yl) phosphatidylethanolamine (NBD-PE) and N-(liss-
amine-rhodamine-B-sulfonyl) phosphatidylethanolamine (Rho-
PE) were also purchased from Avanti Polar Lipids, while
cholesterol (CHOL), sphingomyelin (SM) and Triton-X100 were
obtained from Sigma (St. Louis, MO, USA). The uorophore 8-
aminonaphthalene-1,2,3-trisulfonic acid (ANTS) and the
quencher p-xylylenebis(pyridinium bromide) (DPX), used in
vesicle leakage assays, were purchased from Molecular Probes,
Inc. (Junction City, OR, USA).

Spin-labeled phosphatidylcholines (n-PCSL) with the nitro-
xide group at different positions, n, in the sn-2 acyl chain, to be
used for ESR experiments, were synthesized as described by
Marsh and Watts.22,23 Sphingomyelin spin labeled at the 5-th
positions in the N-acyl chain was synthesized as described by
Collado et al.24 The spin-labels were stored at �20 �C in ethanol
solutions at a concentration of 1 mg mL�1. Ultrahigh-quality
water (U ¼ 18.2 Mohmcm; Elga) was used in all experiments.
D2O (99% purity) for NR experiments was provided from the
Institut Laue-Langevin (ILL) in Grenoble, France.

2.2 Peptide synthesis

The amino acid sequence of the C8 peptide is Ac-Trp-Glu-Asp-
Trp-Val-Gly-Trp-Ile-CO-NH2 and the deuterated C8-d5all was
synthesized including Trp-d5 in all the Trp positions. Trp-d5
including deuteron atoms on indole ring and NH-Fmoc pro-
tected group (L-tryptophan-N-Fmoc(indole-D5), 98%) was
purchased from Cambridge Isotope Laboratories Inc. (Andover,
MA, USA). C8 and C8-d5all were synthesized on a manual batch
synthesizer (PLS 4�-4, Advanced ChemTech, Louisville, KY, USA)
using a Teon reactor (10 mL), applying the Fmoc/tBu solid
phase peptide synthesis (SPPS) procedure as previously
described.18 Puried peptides (purity higher than 98%) were
obtained with good yields (30–40%).

2.3 Liposome preparation

In all measurements, bilayers with two different compositions
were alternatively tested: POPC alone and POPC/SM/CHOL
mixtures (1 : 1 : 1 wt/wt/wt). POPC forms bilayers in the liquid-
disordered state (La). The POPC/SM/CHOL lipid mixtures form
bilayers with a rich phase behavior. Depending on the compo-
sition, the La, liquid-ordered Lo and/or a gel state (Lb) can occur
and eventually coexist.25 At the composition used in this work,
the entire bilayer is in the Lo state.26 Indeed, this has been one of
the criteria for the choice of the composition to be used: in the
case of phase coexistence, averaged (for uorescence and NR
studies) or superimposed data (for ESR measurements) would
have been obtained, hampering a reliable interpretation of the
results. For NR and ESR measurements, bilayers formed by
POPC/CHOL mixtures (90 : 10, 80 : 20, 66 : 33 wt/wt) were also
considered. On increasing the CHOL content, bilayers pass
from a La to a Lo state.27 Particularly, samples containing 33%
w/w of CHOL present only one-phase Lo bilayers.26,28
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Molecular formulae of POPC, SM, CHOL, 5-PCSL (chosen as an example of spin label) and amino acid sequence of the C8 peptide.
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For uorescence measurements Large Unilamellar Vesicles
(LUVs) with a mean diameter of �0.1 mm, eventually containing
Rho-PE and NBD-PE in addition to unlabeled lipids, were
prepared according to the extrusion method in 5 mM HEPES,
100 mM NaCl, pH 7.4, as previously described.29 For ESR
experiments, Multi-Lamellar Vesicles (MLVs), containing 1 wt %
spin labeled lipids, were prepared by the lipid lm method.30

Dry lipid samples were hydrated with 20–50 mL of 10 mM
phosphate buffer, 137 mM NaCl, 2.7 mM KCl, pH 7.4 (PBS), and
vortexed, resulting in a MLV suspension. This suspension was
transferred to a 25-mL glass capillary and ame sealed. The
samples containing the peptide were prepared following the
same procedure but, in this case, the lipid lms were suspended
with specic amounts of a C8-containing PBS solution. The
peptide–lipid ratio was 0.5 : 1 wt/wt (corresponding to about
0.3 : 1 mol mol�1). At this ratio the whole bilayer interacts with
the peptide17 so that only perturbed spin-labeled lipids are
responsible for the ESR signal.

For neutron reectivity experiments, Supported Lipid Bila-
yers (SLBs) were prepared by vesicle fusion:31,32 Small Uni-
lamellar Vesicles (SUVs), 25–35 nm in diameter, were formed by
vortexing and sonicating for 3 � 10 min the MLV suspension.
The SUV suspension (0.5 mg mL�1) was injected into the NR
cell, allowing diffusion and adsorption on the silicon surfaces
over a period of 30 min. The solid supports for neutron reec-
tion were 8 � 5 � 1 cm3 silicon single crystals cut to provide a
This journal is ª The Royal Society of Chemistry 2013
surface along the (111) plane and pre-treated as described
previously.18,31 Aer lipid adsorption the sample cell was rinsed
once with deuterated water to remove the excess lipid. The
peptide was added to the bilayer dissolved in an aqueous
solution at a concentration of 0.25 mg mL�1 in order to obtain
the 0.5 : 1 peptide/lipid weight ratio.

All measurements described below have been performed at
310 K.
2.4 Lipid mixing assays

Membrane lipid mixing was monitored using the Fluorescence
Resonance Energy Transfer assay (FRET) as previously repor-
ted.33 The assay is based on the dilution of the NBD-PE (donor)
and Rho-PE (acceptor) which results in an increase in NBD-PE
uorescence. Vesicles containing 0.6 mol% of each probe were
mixed with unlabeled vesicles at a 1 : 4 ratio (nal lipid
concentration: 0.1 mM). Small volumes of peptide in dime-
thylsulfoxide (DMSO) were added; the nal concentration of
DMSO in the peptide solution was no higher than 2% v/v. The
change in donor emission was monitored as aliquots of the
peptide were added to vesicles, with emission at 530 nm and
excitation at 465 nm. A cut-off lter at 515 nm was used between
the sample and the emission monochromator to avoid scat-
tering interferences. The uorescence scale was calibrated such
that the zero level corresponded to the initial residual
Soft Matter
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uorescence of the labeled vesicles and the 100% level, corre-
sponding to complete mixing of all lipids in the system, was set
by the addition of Triton X-100 (0.5% v/v) to labeled liposomes
at the same total lipid concentrations of the fusion assay.33,34

Lipidmixing experiments were repeated at least three times and
results were averaged.
2.5 Inner-monolayer phospholipid-mixing (fusion)
measurement

Peptide-induced phospholipid-mixing of the inner monolayer
was measured by a modication of the phospholipid-mixing
measurement reported elsewhere.35 The concentration of each
of the uorescent probes within the liposome membrane was
0.6% mol/mol. LUVs with a mean diameter of 0.1 mm were
prepared as described above, and subsequently treated with
sodium dithionite to completely reduce the NBD-labeled
phospholipid located at the outer monolayer of the membrane.
The nal concentration of sodium dithionite was 100 mM (from
a stock solution of 1 M dithionite in 1 M TRIS, pH 10.0). The
liposomal suspension was incubated for approximately 1 h on
ice in the dark. Sodium dithionite was then removed by size
exclusion chromatography through a Sephadex G-75 50 DNA
Grade ltration column (GE Healthcare Pharmacia, Uppsala,
Sweden) eluted with a buffer containing 10 mM TRIS, 100 mM
NaCl, and 1 mM EDTA, pH 7.4.
2.6 Measurements of ANTS/DPX leakage

The ANTS/DPX assay was used to measure the ability of the
peptide to induce leakage of ANTS/DPX pre-encapsulated in
liposomes. Details of this assay can be found in the literature.36

To initiate a leakage experiment, the peptide, in a stock solution
at pH 7.4 containing 5 mMHepes and 100 mMNaCl, was added
to the stirred vesicle suspension (0.1 mM lipid).
2.7 Fluorescence titration measurements

C8–lipid bilayer interactions were also studied by monitoring
the changes in the Trp uorescence emission spectra of the
peptide upon addition of increasing amounts of POPC/SM/
CHOL unilamellar vesicles, as reported in previous work.18

Fluorescence measurements were performed using a Jasco
FP750 spectrouorimeter equipped with a thermostatically
controlled cuvette holder. The excitation wavelength was
280 nm and emission spectra were recorded between 310 and
450 nm, with slit widths of 2 nm. The titration was performed by
adding measured amounts of a solution containing the peptide
(1 � 10�4 M) and suspended lipid vesicles to a weighed amount
of a solution of the peptide at the same concentration, which
was initially present in the spectrouorimetric cuvette. In this
way, the lipid concentration was progressively increased (from
0 to �1 � 10�3 M), while the peptide concentration remained
constant during the whole titration. Aer each addition there
was a 20 min wait before spectrum registration, to ensure
equilibrium had been reached.
Soft Matter
2.8 NR measurements

NR allows determination of structure and composition of layers
at interfaces. Measurements were performed on the D17
reectometer37 at the high ux reactor of the Institut Laue-
Langevin (ILL, Grenoble, France) in time-of-ight mode using a
spread of wavelengths between 2 and 20 Å with two incoming
angles of 0.8 and 3.2�.

The specular reection at the silicon/water interface, R,
dened as the ratio between the reected and the incoming
intensities of a neutron beam, is measured as a function of the
wave vector transfer, q, perpendicular to the reecting surface.
R(q) is related to the scattering length density across the inter-
face, r(z), which depends on the composition of the adsorbed
species. The neutron scattering length density, r(z), is dened
by the following relation:

rðzÞ ¼
X

j

njðzÞbj (1)

where nj(z) is the number of nuclei per unit volume and bj is the
scattering length of nucleus j.38 The scattering lengths of the
constituent fragments of any species adsorbed at the surface are
the fundamental quantities from which the interfacial proper-
ties and microstructural information on the lipid bilayer are
derived. Measurement of a sample in different solvent contrasts
greatly enhances the sensitivity of the technique.39

Samples were measured using H2O, SMW (silicon-matched
water), 4MW and D2O as solvent contrasts. SMW (r ¼ 2.07 �
10�6 Å�2) is a mixture of 38 vol% D2O (r ¼ 6.35 � 10�6 Å�2) and
62 vol% H2O (r ¼ �0.56 � 10�6 Å�2) with the same refraction
index for neutrons as a bulk silicon, while 4MW (r ¼ 4 � 10�6

Å�2) consists of 66 vol% D2O and 34 vol% H2O.
Neutron reectivity proles were analyzed by box model

tting starting with simulations from the AFIT program.40 The
supported membrane is modelled as a series of boxes corre-
sponding to the different bilayer regions. The program
allows the simultaneous analysis of reectivity proles from
the same sample in different water contrasts, characterizing
each box by its thickness, scattering length density (r), solvent
volume fraction, and interfacial roughness. These initial
model ts were then used as templates for simultaneous tting
of the experimental data using the MOTOFIT program.41 All the
parameters were varied until the optimum t to the data was
found. Although more than one model could be found for a
given experimental curve, the number of possible models was
greatly reduced by a prior knowledge of the system,
which allows dening upper and lower limits of the parame-
ters to be optimized, by the elimination of the physically
meaningless parameters, and most importantly by the use of
different isotopic contrasts.39 The bare silicon substrate was
characterized rst in terms of thickness and roughness of the
native oxide layer. The set of NR proles were calculated for a
uniform single layer model (the silicon oxide layer) of thick-
ness 8 � 1 Å, roughness 3 � 1 Å (8 � 1 Å in one case), and a
scattering length density of 3.41 � 10�6 Å�2, corresponding to
100% SiO2. This step was followed by the characterization of
the lipid bilayer and nally of the C8-interacting bilayer.
This journal is ª The Royal Society of Chemistry 2013
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2.9 ESR spectroscopy

ESR spectra of lipid and lipid/peptide samples were
recorded on a 9 GHz Bruker Elexys E-500 spectrometer (Bruker,
Rheinstetten, Germany). Capillaries containing the samples
were placed in a standard 4 mm quartz sample tube
containing light silicone oil for thermal stability. The temper-
ature of the sample was maintained constant during
the measurement by blowing thermostated nitrogen gas
through a quartz Dewar. The instrumental settings were as
follows: sweep width, 120 G; resolution, 1024 points; modula-
tion frequency, 100 kHz; modulation amplitude, 1.0 G; time
constant, 20.5 ms, incident power, 5.0 mW. Several scans,
typically 32, were accumulated to improve the signal-to-noise
ratio.
Fig. 2 C8-promoted membrane fusion of POPC (C) and POPC/SM/CHOL
(1 : 1 : 1 by weight) (-) liposomes as determined by lipid mixing assays. C8-
promoted fusion of the inner monolayer of POPC/SM/CHOL (,) liposomes as
determined by lipid mixing assays.
2.10 Molecular dynamics simulations

The starting structure for the molecular dynamics simulations
of the C8 has been obtained by NMR experiments.42 This
structure was placed in a box containing a 1 : 1 : 1 POPC/SM/
CHOL bilayer and water molecules in the region of the
box containing only water molecules and with the Trp side
chains that face towards the bilayer surface. The equilibrated
bilayer was kindly provided by Pertu Niemela.43 Aer the
peptide insertion in the box, all water molecules with oxygen
atoms closer to 0.40 nm from a non-hydrogen atom of the
peptide were removed. MD simulations were performed using
GROMACS 3.2 package44 and the force eld developed by
Niemela et al.,43 following the procedure described elsewhere.45

In the standard GROMOS force elds a simple improper
torsion with corrections for the adjacent dihedrals is used to
parameterize the cis double bond. For the double bonds in the
POPC acyl chains, we have used the description by
Bachar et al.46 that takes into account the skew states in the
vicinity of the double bond. Independent studies have shown
that this double bond description provides an important
correction in both pure and cholesterol containing bilayers.47

The Simple Point Charge (SPC) model48 was used for water. For
cholesterol, we used the description of Holtje et al.49

Bond lengths were constrained using the Linear Constraint
Solver (LINCS) algorithm.50 Lennard-Jones interactions
were calculated with a single 1.0 nm cutoff. Long-range elec-
trostatic interactions were computed using the particle-mesh
Ewald method51 with a real space cut-off of 1.0 nm, spline
interpolation of order 6 and direct sum tolerance of 1025.
Periodic boundary conditions with the usual minimum image
convention were used in all three directions and the time step
was set to 2 fs. The simulations were carried out in the NpT
(constant particle number, pressure and temperature)
ensemble at p ¼ 1 atm and T ¼ 310 K. Temperature and
pressure were controlled by the weak coupling method52

with the relaxation times set to 0.6 and 1.0 ps, respectively. The
temperatures of the solute and solvent were controlled
independently and the pressure coupling was applied sepa-
rately in the bilayer plane (xy) and in the perpendicular
direction (z). A total of 8 ns of equilibrated trajectory has been
analyzed.
This journal is ª The Royal Society of Chemistry 2013
3 Results
3.1 Fusion and leakage assays

First, we investigated the effects of CHOL and SM on the ability
of the C8 peptide to induce fusion between vesicles. Experi-
ments were carried out on LUVs composed of either POPC or
POPC/SM/CHOL (1 : 1 : 1). A population of vesicles labeled with
both NBD- and Rho-labeled PE, used as the donor and acceptor
of uorescence energy transfer, respectively, was mixed with a
population of unlabeled LUVs and increasing amounts of the
peptide were added. For both lipid systems, dilution of labeled
lipids viamembrane fusion induced by the peptide resulted in a
reduction of the uorescence energy transfer efficiency, hence
dequenching (increase) of the donor uorescence and decrease
of the acceptor uorescence. In the experiment, zero percent
lipid mixing was dened by the uorescence intensity before
addition of the peptide while hundred percent lipid mixing by
the uorescence intensity aer the addition of Triton X-100
(0.5% v/v) to labeled liposomes at the same total lipid concen-
tration.34 In order to calculate the percentage of fusion, the
increase of the donor uorescence of each sample was sub-
tracted from the blank (0% lipid mixing) and compared to its
uorescence in completely disassembled liposomes (100% lipid
mixing). The dependence of the extent of lipid mixing on the
peptide/lipid molar ratio was analysed (Fig. 2). The graph shows
that C8 presents a higher fusogenic ability in POPC/SM/CHOL
than in POPC vesicles. This is an unexpected result, the former
bilayer being much more ordered and well-structured than the
latter one.

In the experiments described above, the uorescently
labeled lipids equally distributed between the outer and the
inner leaets of the lipid bilayer constituting the vesicles.
Consequently, they account for both hemi-fusion (fusion
between the outer leaets of two vesicles, with the inner ones
delimiting two juxtaposed aqueous pools) and complete fusion
(fusion of both leaets, with complete mixing of the vesicle
content). In order to discriminate between these two processes,
Soft Matter
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we performed, for POPC/SM/CHOL vesicles, also the inner
monolayer assay. In this test, the uorescence from the outer
leaet is eliminated by the addition of an aqueous reducing
agent to the liposome suspension, and the experiment reveals
only the extent of lipid mixing between the inner monolayers of
vesicles in solution. Fig. 2 shows a signicant fusion of the
inner monolayer in POPC/SM/CHOL, amounting to about 1/3 of
the total fusion assay. This nding indicates that C8 is able to
fuse both the inner and the outer leaets of the lipid
membranes.

Finally, in order to explore whether the interaction with the
peptide facilitates molecule translocation through the lipid
bilayer, we studied the C8 effect on the release of uorophores
encapsulated in POPC/SM/CHOL vesicles. A content-mixing
assay was employed to monitor any mixing of internal
vesicle components as a result of vesicle exposure to C8.
Release of ANTS and DPX from vesicles is commonly used as
a measure of bilayer perturbation and interpreted as “transient
pore formation”.33,53 Our leakage experiment showed that
the probe did not leak out signicantly to the medium aer the
interaction with the peptide (data not shown). The absence of
leakage indicates that, during the fusion events induced by the
peptide, the bilayer integrity is preserved, so that the
vesicle content is not released to the external aqueous
medium.
Fig. 3 C8 fluorescence reveals the peptide interaction with the POPC/SM/CHOL
bilayers. (A) Emission spectra of C8 in aqueous phosphate buffer (dashed line) and in
POPC/SM/CHOL unilamellar liposomes (solid line) at 1.14 mM lipid concentration.
(B) Fluorescence titration curve of the C8 peptide with POPC/SM/CHOL liposomes.

Table 1 Ka (association constant between the peptide and the lipid bilayer) and
n (average number of lipid molecules interacting with the peptide), estimated
from C8 fluorescence titrations with POPC and POPC/SM/CHOL liposomes

Ka � 10�3/M�1 n

C8–POPCa 830 � 60 6 � 2
C8–(POPC/SM/CHOL) 6.6 � 0.2 7 � 2

a Data from ref. 18.
3.2 Strength of the C8–bilayer interaction

In a rst attempt to understand the increased fusogenity of C8 on
POPC/SM/CHOL vesicles with respect to POPC vesicles, we veri-
ed its correlation with the tendency of the peptide to interact
with the two different bilayers. Fluorescence measurements offer
an opportunity to assess the strength of the C8–bilayer interac-
tion. C8 in a buffer shows a uorescence emission spectrum with
a maximum (lmax) at 356 nm, which is typical of Trp exposed to
water.54 The presence of POPC/SM/CHOL liposomes causes a
slight blue shi of lmax to shorter wavelength (352 nm) and a
reduction of the uorescence quantum yield (Fig. 3A). Similar
results were obtained in a previous work for POPC bilayers.18 The
limited extent of the shi indicates that the bilayer-interacting
Trps remain largely exposed to the solvent. Analysis of the data
according to a model previously reported18 allows estimation of
the apparent peptide–lipid association constant, Ka, and the
number of phospholipid molecules, n, that bind the peptide.
Thismethod requires a nonlinear best-tting procedure of the C8
uorescence intensities at 356 nm plotted as a function of the
total lipid concentration, as shown in Fig. 3B. The Ka and n values
for C8 interacting with POPC and POPC/SM/CHOL are collected
in Table 1. While the average number of peptide-interacting
lipids is not affected by the bilayer composition, the association
constant is much larger for POPC than for POPC/SM/CHOL.
Thus, it is evident that the higher peptide fusogenic activity that
C8 exerts on the latter lipid system cannot be explained in terms
of a stronger peptide–bilayer interaction. For this reason we
undertook an investigation of the bilayer's microstructure and
the effects, at a molecular level, of C8 on it. The results are
reported and analyzed below.
Soft Matter
3.3 Effects of cholesterol and sphingomyelin inclusion in
phospholipid bilayers

Preliminarily, POPC/SM/CHOL bilayers at 1 : 1 : 1 weight ratio
were characterized by NR and ESR measurements. Bilayers
formed by POPC alone have been analyzed in a previous work.18

In order to discriminate the effects of CHOL from those of SM
on the bilayer properties, lipid bilayers composed of POPC/
CHOL at different weight ratios (90 : 10, 80 : 20 and 66 : 33)
were also considered.

NR characterization was performed using D2O, SMW and
H2O as isotopic contrast solvents. The experimental data and
This journal is ª The Royal Society of Chemistry 2013
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the best tting curves are shown in Fig. 4. The parameters used
to t the curves simultaneously from all the contrasts are given
as ESI.† For all lipid systems, a ve box model was found to best
t the data. The rst two boxes correspond to the native oxide
on the silicon block and to the thin solvent layer interposed
between the silicon oxide surface and the adsorbed bilayer. The
remaining three boxes describe the lipid bilayer, which is sub-
divided into the inner headgroups, the hydrophobic chains, and
the outer headgroup layers. For all considered samples, a model
without the water layer between the substrate and the bilayer
gave a worse t to the data.

The theoretical r values of the used lipids were calculated
through eqn (1). For POPC headgroups, r is equal to 1.86� 10�6

Å�2 while for the acyl chains it is equal to�0.29 � 10�6 Å�2. For
CHOL r is equal to 0.22 � 10�6 Å�2.55,56 In the case of SM, the
calculated r is equal to 1.10 � 10�6 Å�2 for the headgroups and
�0.30 � 10�6 Å�2 for the acyl chains. Thus, the parameters
obtained from the best t procedure are the thickness and the
roughness of each box plus the solvent content expressed as
volume percent. Effects of lipid composition on the thickness of
each box in which the membrane can be conceptually sectioned
are visualized in Fig. 5.

The presence of CHOL and SM inuences the overall thick-
ness of the lipid bilayer, which increases from 44 � 2 Å,
obtained for the pure POPC bilayers,18 to 49 � 2 Å obtained in
Fig. 4 Neutron reflectivity profiles (points) and best fits (continuous lines) correspon
80 : 20 weight ratio, (C) POPC/CHOL at 66 : 33 weight ratio and (D) POPC/SM/CHOL
insets show the r profile for the bilayers in D2O.

This journal is ª The Royal Society of Chemistry 2013
the case of POPC/SM/CHOL bilayers at 1 : 1 : 1 weight ratio. In
particular, the presence of cholesterol causes an increase of the
thickness of the hydrophobic region, going from 28 � 2 Å (pure
POPC) to 32 � 2 Å. At the same time, the r value corresponding
to this region increases from �0.29 to �0.11 � 10�6 Å�2. The
change of the r value clearly conrms that cholesterol positions
in the hydrophobic core between the phospholipids chains.
Finally, an increase of the solvent content in the headgroup
region, from �30% in POPC to �40% in POPC/SM/CHOL bila-
yers, is observed.

Interestingly, POPC/CHOL (66 : 33) bilayers roughly present
the same average structural features of POPC/SM/CHOL
membranes, indicating that most of these properties are
determined by the presence of cholesterol in the membrane,
while SM does not seem to exert any specic effect on the bilayer
thickness. Perusal of Fig. 5 shows that the effect of CHOL on the
bilayer thickness becomes evident above 20% by weight.

ESR investigation on the same systems was realized incor-
porating phosphatidylcholine spin-labeled on the different
positions of the sn-2 chain (n-PCSL, with n ¼ 5, 7, 10, 14) in the
lipid bilayers. ESR spectra of 5-PCSL, which presents the
nitroxide group close to its hydrophilic headgroup, are illus-
trated in Fig. 6A. All the spectra show an evident anisotropy
which increases with the cholesterol content in the bilayer
(continuous lines). Interestingly, the 5-PCSL spectrum in POPC/
ding to lipid bilayers of (A) POPC/CHOL at 90 : 10 weight ratio, (B) POPC/CHOL at
at 1 : 1 : 1 weight ratio, obtained in (C) D2O, (:) 4MWand (A) H2O solvents. The

Soft Matter
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Fig. 5 Schematic representation of lipid bilayers at different lipid concentration in the absence and presence of the C8 peptide, with indication of some structural
parameters obtained by NR measurements.
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SM/CHOL is slightly less anisotropic than that in POPC/CHOL
(66 : 33) bilayers. The same effects were observed for the ESR
spectra (not shown) of 7 and 10-PCSL. We also investigated lipid
bilayers including phosphatidylcholine spin labeled on the 14
C-atom of the sn-2 chain (14-PCSL), in which the nitroxide group
is positioned close to the terminal methyl region of the chain. In
this case, a narrow, three-line, quasi isotropic spectrum is
obtained for POPC and POPC/CHOL 90 : 10 samples (see
Fig. 6B). On further increasing the cholesterol content, a second
Soft Matter
component appears in the ESR spectra indicating that spin-
labeled lipid chains have a restricted motion. In POPC/SM/
CHOL bilayers, the 14-PCSL spectrum also presents the second
component, even though less evident than that observed for
POPC/CHOL 66 : 33 bilayers (see Fig. 6B).

A quantitative analysis of n-PCSL spectra for all lipid samples
was realized determining the acyl chain order parameters, S,
and the isotropic hyperne coupling constants for the spin-
labels in the membrane, a 0

N, as described in the literature.57 S is
This journal is ª The Royal Society of Chemistry 2013
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Fig. 6 ESR spectra of 5-PCSL (panel A) and 14-PCSL (panel B) in lipid bilayers of
pure POPC (a), POPC/CHOL at weight ratios of 90 : 10 (b), 80 : 20 (c), 66 : 33 (d)
and POPC/SM/CHOL (e) in the absence (continuous lines) and presence (dashed
lines) of the C8 peptide. The ESR spectrum of 5-SMSL in a POPC/SM/CHOL bilayer
(f) is also reported in panel A in the absence (continuous lines) and presence
(dashed lines) of the C8 peptide.

Fig. 7 Order parameter, S, of n-PCSL in a lipid bilayer of POPC (A), POPC/CHOL a
nitroxide position, n, on the phospholipid acyl chains in the absence (solid circles) and
the considered systems is reported as a function of CHOL % content, in the absenc

This journal is ª The Royal Society of Chemistry 2013
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a measure of the local orientational ordering of the labeled
molecule with respect to the normal to the bilayer surface. a 0

N is
an index of the micropolarity experienced by the nitroxide. The
values of these parameters are reported as ESI,† while Fig. 7A–
7E (solid circles) show the dependence of the order parameter,
S, on chain position, n, for the n-PCSL spin-labels in the
considered bilayers. In all the investigated lipid systems, a
decreasing trend is observed, as expected for bilayers in the
uid state (either Ld or Lo).17,18,30,57–59

To better analyze the effect of lipid composition, the S values
for 5-PCSL and 14-PCSL are shown in Fig. 7F as a function of the
CHOL content in the bilayer. For both spin-labels, S increases
with the CHOL percentage (solid circles). In the case of 14-PCSL,
the S increase is more marked. These results indicate that high
concentrations of CHOL produce a strong effect on the lipid
packing of phospholipid chains, reducing their mobility also in
the terminal methyl region. In particular, perusal of Fig. 7
highlights that the external region of the bilayer is only gradually
perturbed by the CHOL presence, while a sharp increase of S
values for the inner acyl tail segments is observed between 10 and
t 90 : 10 (B), 80 : 20 (C), 66 : 33 (D) and POPC/SM/CHOL (E) as a function of the
presence (open circles) of the C8 peptide. In panel (F), S of 5-PCSL and 14-PCSL in

e (solid symbols) and presence (open symbols) of the C8 peptide.

Soft Matter

http://dx.doi.org/10.1039/c3sm50553g


Soft Matter Paper

Pu
bl

is
he

d 
on

 2
0 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 J
O

IN
T

 I
L

L
 -

 E
SR

F 
L

IB
R

A
R

Y
 o

n 
20

/0
6/

20
13

 1
7:

05
:4

8.
 

View Article Online
20% w/w of CHOL content, indicating the well-established tran-
sition of the lipid bilayer structure from a CHOL-poor uid
lamellar phase, Ld, to a CHOL-rich uid-ordered phase, Lo.27 It is
interesting to highlight that NR shows only a gradual thickening
of the hydrophobic inner core of the bilayer with increasing
CHOL content. In other words, the transition is detected only by
an analysis of the microscopic segmental order of lipids.

Interestingly, in the POPC/SM/CHOL bilayer the S values for
both 5-PCSL (solid triangle) and 14-PCSL (solid diamond) are
slightly lower than those obtained for POPC/CHOL (66 : 33 w/w)
bilayers. For this lipidmixture, we also registered the spectrum of
the sphingomyelin spin-labeled on the 5 C-atom of the N-acyl
chain (5-SMSL). A clearly anisotropic line shape is observed, as
shown in Fig. 6A (spectrum f). Interestingly, the S value (0.75) is
remarkably higher than that derived from the 5-PCSL spectrum
(0.68).
3.4 Effect of lipid composition on the interaction between
the C8 peptide and lipid bilayers

The interaction of the C8 peptide with lipid membranes was
initially studied by analyzing the NR curves of the fully hydro-
genated lipids to which the peptide with deuterated Trp resi-
dues was added. The NR curves are shown in Fig. 8. The values
of all parameters optimized in curve tting are given as ESI.†

Similar to what was found for POPC,18 the best tting of the
NR proles of the POPC/SM/CHOL bilayer in the presence of the
peptide requires an additional layer, as shown in Fig. 5. This
layer prominently consists of the peptide interacting with the
Fig. 8 Neutron reflectivity profiles (points) and best fits (continuous lines) correspon
80 : 20 weight ratio, (C) POPC/CHOL at 66 : 33 weight ratio and (D) POPC/SM/CHO
(:) 4MW, (-) SMWand (A) H2O solvents. In the last set, data at highQ fall quickly i
the solvent. The insets show the r profile for the bilayers in D2O.

Soft Matter
bilayer leaet and it is characterized by a r value equal to 3.66 �
10�6 Å�2, which corresponds to the theoretical value of the
deuterated peptide calculated by eqn (1) using a molecular
volume of 1410.3 Å3.18 Furthermore, in the presence of C8, the r
of the external headgroup layer increases from 1.86 � 10�6 Å�2

to 2 � 10�6 Å�2, indicating that the peptide effectively perturbs
the outer hydrophilic region of the membrane. In contrast, no
variations were observed in the r values corresponding to the
hydrophobic region and the inner headgroup layer. Inspection
of Fig. 5 shows that in the presence of C8 the thickness of the
external headgroup layer slightly decreases. No signicant
changes occur in the solvent content and roughness. Further-
more, no variation of tting parameters corresponding to the
inner bilayer leaet is observed, suggesting a membrane–
peptide interaction involving only the external surface.

The C8 interaction with POPC/CHOL bilayers was also inves-
tigated by NR. In the case of POPC/CHOL 90 : 10 and POPC/CHOL
80 : 20 bilayers, a behavior similar to that observed for POPC and
POPC/SM/CHOL bilayers was observed, in that an additional
layer, consisting of the hydrated peptide, was necessary to obtain a
good curve tting. Also in these lipid systems, the r of the external
headgroup region increases to �2 � 10�6 Å�2 while no variation
was observed in the r values corresponding to the hydrophobic
region and inner headgroup layers. Inspection of Fig. 5 shows that
for the POPC/CHOL 80 : 20 bilayer, the peptide causes a decrease
of the thickness of the box modeling the external headgroup
layers (by �2 Å). In contrast, no changes occurred for the chain
and inner headgroup layers, indicating that also for these bilayers
the peptide interaction involves only the bilayer interface.
ding to lipid bilayers of (A) POPC/CHOL at 90 : 10 weight ratio, (B) POPC/CHOL at
L at 1 : 1 : 1 weight ratio in the presence of C8-d5all peptide, obtained in (C) D2O,
nto the background due to the roughness of the layer and incoherent scattering of

This journal is ª The Royal Society of Chemistry 2013
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In this scenario, the POPC/CHOL 66 : 33 bilayer is an
exception. For this lipid mixture, the best t of NR proles in
the presence of the peptide required only ve model boxes and
no signicant change was observed in the values of all tting
parameters. This indicates that no interaction occurs between
this lipid bilayer and the C8 peptide.

The C8–membrane interaction was also investigated by ESR
measurements. The 5-PCSL and 14-PCSL spectra are shown in
Fig. 6 (dashed lines). For POPC/SM/CHOL, POPC/CHOL 90 : 10
and POPC/CHOL 80 : 20 bilayers, the spectra show signicant
effects of the peptide addition, while for POPC/CHOL 66 : 33
bilayers no change was observed. A quantitative analysis of the
spectra was performed by estimating the a 0

N and S values.
Fig. 7A–7E (open circles) show the dependence of the order
parameter, S, on chain position, n, for the n-PCSL spin-labels in
lipid membranes, in the presence of the C8 peptide. In the case
of POPC lipid bilayers in the presence of C8, a signicant
increase of the S values was detected at all label positions
(Fig. 7A), indicating that the ordering of the entire lipid chain is
affected by the membrane–peptide interaction.

Addition of 10% w/w CHOL, which leaves the bilayer in the
La state, does not affect the peptide–membrane interaction
(Fig. 7B). The peptide also interacts with bilayers containing
20% w/w CHOL, which are in the Lo state. However, at this
CHOL content, perturbation in the acyl chain order due to
peptide interaction with the bilayer interface does not propa-
gate to the inner hydrophobic core, n $ 7, which remains
relatively unperturbed (Fig. 7C). This nding suggests that the
peptide binds solely at the membrane surface and does not
penetrate appreciably into the membrane interior, as does, for
instance, the HIV fusion peptide gp41-FP.57

For POPC/CHOL 66 : 33 bilayers no signicant S change is
observed at all chain positions (Fig. 7D), indicating no
membrane–peptide interaction.
Fig. 9 Density profiles, i.e., distributions, of POPC (green), SM (blue), CHOL (red),
as well as C8 atoms (black) in the simulation. 0 corresponds to the center of the
bilayer and the negative side corresponds to the surface region where the C8–
bilayer interaction occurs.

This journal is ª The Royal Society of Chemistry 2013
In the case of POPC/SM/CHOL lipid bilayers, presenting the
same cholesterol content of POPC/CHOL 66 : 33 bilayers, a
relevant increase of S values was detected in the presence of C8
at all label positions (see Fig. 7E and the open triangle and
diamond in Fig. 7F), indicating interaction of the peptide with
the membrane affecting the ordering of the entire lipid chain.
In the case of POPC/SM/CHOL we also investigated changes in
the 5-SMSL spectrum due to the C8 peptide. Strikingly, in this
case a strong reduction of the spectrum anisotropy is observed,
see Fig. 6A (spectrum f), as also conrmed by the decrease of the
S value (from 0.75 to 0.71).
3.5 Molecular dynamics simulations

In order to examine at atomic level the interactions between C8
and the components of the POPC/SM/CHOL bilayer, MD
Fig. 10 Simulation snapshots showing hydrogen bonds (dashed black lines)
formed between NH atoms of Trp residues and lipid molecules.

Soft Matter
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Table 2 Number of CHOL, POPC and SM molecules interacting with the lipids
that interact with C8

POPC molecules
interacting
with C8

SM molecules
interacting
with C8

Average number of interacting
CHOL molecules

0.66 � 0.02 1.28 � 0.02

Average number of POPC
molecules

2.03 � 0.67 2.05 � 0.02

Average number of SM
molecules

0.82 � 0.02 0.25 � 0.30
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simulations were also performed. The results of the simulations
were compared with those already obtained when the interac-
tions of C8 with a POPC bilayer were studied.18 In that study, the
mass prole has been used to reveal how the different residues
of C8 penetrate into the bilayer. We have shown that C8 resides
on the bilayer surface and that Trp residues are critical for the
positioning of the molecule in the bilayer.18 Fig. 9 shows the
mass prole for C8 in the POPC/SM/CHOL bilayer obtained by
the present simulation. The projected mass density
correlates well with that previously reported for C8 in the POPC
bilayer, indicating that the peptide is located on the bilayer
surface, in the hydrophilic region, also in the presence of SM
and CHOL. A visual inspection of the trajectory andmass prole
analysis of the peptide with respect to the different components
Fig. 11 (A) Simulation snapshot showing POPC (blue) and SM molecules (red)
close to C8. The CHOL molecules that interact with lipids are also shown. In panels
(B) and (C), CHOL interacting with POPC are colored in grey, and those in contact
with SM are colored in orange.

Soft Matter
of the bilayer suggests that C8 atoms are close to SM and POPC
atoms, whereas they do not interact with CHOL molecules
(Fig. 9).

Fig. 10 shows snapshots of the peptide inserted in the
bilayer, with the nearest lipid molecules. As can be seen, the
indole NHs of Trps form direct hydrogen bonds with oxygen
atom(s) of the phosphate groups of both SM and POPC. Other
interesting contacts involve the CH3 groups of the choline
moiety of POPC and SM, which could form cation/p interac-
tions with the Trp rings.

MD simulation reveals that the presence of the peptide does
not provoke an increase in the solvent content at the level of the
bilayer surface. This nding is in agreement with that found by
NR and suggests that the enhanced fusogenic capability of C8 in
the presence of CHOL and SM is not due to a change of solvent
content of the bilayer, but most likely due to the interactions
that the peptide can have with POPC and SM. The number of C8
neighbor molecules, where neighbors are dened as molecules
that have at least one atom in close contact (<3.5 Å) with the
peptide, was also evaluated. The average number of C8 neigh-
bors in the simulation is 6–7 lipids in the POPC/SM/CHOL
bilayer, whereas it has been estimated to be within 8–10 in
POPC.18 This is in very good agreement with that obtained by
analyzing the uorescence emission spectra. In particular, C8
interacts with an average of 4 POPC and 2 SM molecules,
respectively. The analysis of the environments of the lipid
molecules which are in direct contact with C8 reveals that they
also interact with both CHOL and the other lipid (Fig. 11 and
Table 2). Interestingly, the number of CHOL molecules that are
close to SM molecules interacting with C8 is about two
times higher than that of CHOL molecules close to peptide-
interacting POPC molecules. On the other hand, C8-interacting
SM molecules do not tend to be in contact with other SM
molecules.
4 Discussion

In the present work, we have studied how the presence of CHOL
and SM in the lipid bilayers regulates the fusogenic activity of
C8, an octapeptide derived from the MPER domain of FIV gp36.
The interest in this subject comes from the fact that viral
envelopes are enriched in these fundamental constituents of
eukaryotic cell membranes,60 and that recent studies have
This journal is ª The Royal Society of Chemistry 2013
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demonstrated that the effectiveness of the viral fusion depends
on the lipid composition of the bilayers.61

Our FRET assays show that C8 fusogenic activity is much
higher in POPC/SM/CHOL than in POPC. Fluorescence experi-
ments rule out the possibility that the enhanced C8 function-
ality is caused by a stronger binding of the peptide to POPC/SM/
CHOL bilayers, the apparent peptide–lipid association
constant, Ka, being much higher for POPC bilayers than for
mixed membranes. Fluorescence results also show that C8
binds at the bilayer interface, interacting with a relatively low
number of lipids (�6), independent of the bilayer lipid
composition.

At this point, we recognized that in order to clarify the
reasons for the enhanced C8 fusogenic activity in the presence
of CHOL and SM, the peptide–lipid interaction was to be
analyzed in much deeper molecular detail. This was achieved by
ESR and NR experiments, along with MD simulations.

Before going on with the discussion of the experimental and
computational results, it is worthwhile to briey summarize
here the molecular features of the considered lipids. POPC and
SM share the same zwitterionic headgroup, while the hydro-
phobic parts of their molecules are signicantly different
(Fig. 1). Because of the presence of the amide bond and the free
hydroxyl, SM carries both H-bond acceptor and donor proper-
ties. In contrast, POPC can only act as a H-bond acceptor.62

Furthermore, the presence of a cis double bond in the middle of
one of the POPC acyl chains hinders a tight and ordered packing
of neighbouring lipid tails, while SM chains are much more
prone to align along the lipid bilayer normal.

A CHOL molecule presents only one hydroxyl as the hydro-
philic moiety while its hydrophobic portion is relatively bulkier.
Consequently, in order to be shielded from the contact with
water, CHOL requires that the headgroups of the neighbouring
lipids in the bilayer bend on it, according to the so-called
“umbrella model”.63 Furthermore, its hydrophobic portion is
mostly constituted by a semi-rigid tetracyclic ring system. From
a microscopic viewpoint, its insertion among the acyl chains of
the other lipids increases their order and rigidity.64 In the
preliminary study conducted on lipid samples in the absence of
a peptide, we have found that addition of CHOL to POPC
induces a lipid bilayer transition from a liquid-disordered (Ld or
La) to a liquid ordered (Lo) state. On the other hand, at the
composition used in this study (1 : 1 : 1 weight ratio), the entire
POPC/SM/CHOL bilayer is in the Lo state,27 with no segregation
of lipids to form mesoscopic domains.

The comparison between POPC/CHOL at 66 : 33 w/w and
POPC/SM/CHOL (1 : 1 : 1) bilayers is particularly interesting,
since they contain the same CHOL amount and consequently
allow a direct analysis of the SM effect on the bilayer properties.
NR data indicate that, on the average, these two bilayers present
similar thickness and mesostructure. Interestingly, ESR data
show SM chains to be more ordered than POPC ones. This
suggests a preference of CHOL to locate close to SM. Indeed, the
presence of a single mesoscopic lipid arrangement does not
mean that the microscopic distribution of the three compo-
nents within the bilayer is purely statistical. Preferential inter-
actions between SM and CHOL molecules are related to the
This journal is ª The Royal Society of Chemistry 2013
higher SM ability to form H-bond with the CHOL hydroxyls,65 in
combination with hydrophobic and van der Waals interactions
between the molecules.66–68 In contrast, the interactions
between CHOL and POPC have been proposed to be much
weaker due to the disturbing effect of the cis double bond in the
sn-2 chain of POPC molecules on the packing between phos-
pholipids and sterol in the monolayer.69 As a consequence, a
microscopically inhomogeneous lipid distribution could occur
in POPC/SM/CHOL, with SM and CHOL forming transient,
dynamic, and unstable associations leaving the POPC relatively
“free”.70

Our results clearly show that lipid composition modulates
the interaction of the bilayer with the C8 peptide. C8 interacts
with POPC bilayers, as discussed by us in a previous work.18 The
presence of low CHOL amounts does not affect the peptide–
membrane interaction, as highlighted by both NR and ESR
data. In contrast, the peptide does not interact at all with POPC
bilayers containing CHOL at 33% w/w. This evidence suggests
that CHOL indirectly modulates the C8–membrane interaction
by inducing more ordered and tightly packed spatial arrange-
ment of the phospholipids. Consequently the phosphocholine
groups forming the membrane interface lose the ability to
dynamically re-arrange in order to accommodate the
approaching peptide. Indeed, the lipid's aptitude to re-organize
the local curvature and even to form non-lamellar structures has
been proposed to be fundamental in modulating peptide–
membrane interactions.71,72 In connection to this, it is worth
mentioning that recent studies have identied a membrane
curvature selective mode of interaction of other peptides
derived from viral fusion proteins.73–75

Both NR and ESR data show that POPC/SM/CHOL (1 : 1 : 1)
bilayers interact with the C8 peptide. Similar to that observed in
POPC bilayers, the peptide locates at the membrane interface,
affecting the lipid's order and dynamics. ESR data specically
indicate that the peptide effect propagates along the POPC acyl
chain until the deep interior of the bilayer, inducing a signi-
cant reduction of the segmental acyl chain mobility. Our MD
simulations allow an investigation of the reason why the pres-
ence of SM favours the peptide–membrane interaction. First,
simulations rule out that the peptide positioning at the
membrane interface could be driven by selective C8–SM inter-
actions. Indeed, molecular interactions between C8 and the
lipids involve the Trps and the lipid headgroups, which are the
same for SM and POPC. Specic SM groups (the free hydroxyl
and the amide group) are not involved in the interaction with
the peptide. Moreover, the number of POPC headgroups in
contact with each C8 molecule is nearly double than that of SM
headgroups. Thus, it seems that POPC drives the membrane
interaction with C8 in POPC/SM/CHOL (1 : 1 : 1) bilayers while
in POPC/CHOL (66 : 33 w/w) bilayers it completely loses this
capability. This different behaviour could be connected with the
inhomogeneous lipid distribution in the bilayer, which gener-
ates the local microscopic structure needed to establish the
interaction with the peptide. Because of the CHOL preference to
interact with SM, POPC enriched regions transiently form, in
which the lipid headgroups maintain their ability to interact
with the peptide, driving its positioning at the membrane
Soft Matter
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interface. Here, C8 comes in contact also with CHOL-interacting
SM molecules, causing strong perturbations in the order
parameter of their hydrophobic tails, as highlighted by ESR
results. Particularly, the outer segments of the C8-interacting
SM tails (n ¼ 5) assume a much less ordered conformation,
which necessarily reects in a destabilization of the membrane
microdomains rich in SM and CHOL. This effect could justify
the higher C8 fusogenic activity on POPC/SM/CHOL
membranes with respect to POPC ones. It is worth highlighting
that in biphasic lipid mixtures the tendency of C8 to locate at
the boundary between POPC-rich and SM-rich regions of the
membrane could affect the line tension between lipid domains.
In turn, line tension plays a critical role in determining
dimension, shape and number of domains.76–78 Thus, our
results support the idea that not only transmembrane peptides
affect lipid domain formation,79–81 but also peptides interacting
with the bilayer interface.

Our results suggest a strict interplay among the different
lipids in the peptide-induced fusion mechanism. Despite CHOL
not directly coming in contact with C8, its inhomogeneous
distribution within the bilayer appears to be of fundamental
relevance: the peptide interacting with relatively CHOL-enriched
SM molecules causes a strong perturbation of the local lipid
order, which is a necessary condition for membrane fusion.

Finally, our experimental results shed a new light on the
lipid involvement in biological membrane processes. Effects of
single lipids (e.g., sphingolipids or sterols) are not to be
necessarily connected to their direct participation in the process
or to a totally aspecic change in membrane properties (e.g.,
uidity and permeability), but rather to the indirect perturba-
tion of the specic interlipid interactions.
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