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A wealth of evidence indicates that lipid rafts are involved in the fusion of the viral lipid envelope with the

target cell membrane. However, the interplay between these sterol- and sphingolipid-enriched ordered

domains and viral fusion glycoproteins has not yet been clarified. In this work we investigate the

molecular mechanism by which a membranotropic fragment of the glycoprotein gH of the Herpes

Simplex Virus (HSV) type I (gH625) drives fusion of lipid bilayers formed by palmitoyl oleoyl

phosphatidylcholine (POPC)–sphingomyelin (SM)–cholesterol (CHOL) (1 : 1 : 1 wt/wt/wt), focusing on the

role played by each component. The comparative analysis of the liposome fusion assays, Dynamic Light

Scattering (DLS), spectrofluorimetry, Neutron Reflectivity (NR) and Electron Spin Resonance (ESR)

experiments, and Molecular Dynamics (MD) simulations shows that CHOL is fundamental for liposome

fusion to occur. In detail, CHOL stabilizes the gH625-bilayer association by specific interactions with the

peptide Trp residue. The interaction with gH625 causes an increased order of the lipid acyl chains,

whose local rotational motion is significantly hampered. SM plays only a minor role in the process,

favoring the propagation of lipid perturbation to the bilayer inner core. The stiffening of the peptide-

interacting bilayer leaflet results in an asymmetric perturbation of the membrane, which is locally

destabilized thus favoring fusion events. Our results show that viral fusion glycoproteins are optimally

suited to exert a high fusogenic activity on lipid rafts and support the relevance of cholesterol as a key

player of membrane-related processes.
1 Introduction

Lipid ras are nanosized, dynamic sterol- and sphingolipid-
enriched domains of the plasma membrane, which present
reduced uidity and permeability.1,2 Since their discovery, ras
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have been recognized as the preferential localization region of a
variety of membrane proteins. Consequently, they have been
proposed to be involved in many physiologic or pathologic
cellular processes based on a combination of lipid–protein,
protein–protein and lipid–lipid interactions, including T and B
cell activation,3 cell adhesion,4 membrane trafficking in
epithelial cells,5 and amyloid b peptide brillogenesis.6

Many studies have suggested the critical role of lipid ras in
infections by enveloped viruses. In particular, the involvement
of lipid ras has been demonstrated in different stages of the
viral life cycle.7–9 For enveloped viruses, entry and egress from
the target cells require a sequence of fusion and ssion events
between the viral envelope and the cell membranes. These
processes are controlled by one or more viral glycoproteins
(fusion proteins) that undergo conformational changes favoring
lipid re-arrangement.10 Studies have suggested that lipid ras
may promote virus entry by concentrating the viral receptors
and facilitating binding via an efficient interaction of these
receptors with viral glycoproteins.11 In other cases, a physical
association of these glycoproteins and membrane lipid micro-
domains has been reported to play a key role in promoting the
Soft Matter, 2015, 11, 3003–3016 | 3003
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viral fusion process.12 Ra-dependent cell entry has been
proposed for a variety of enveloped viruses, including HIV,13

ebola and marburg loviruses,14,15 inuenza virus,16 and New-
castle disease virus.17 In some of these cases the major role has
been suggested to be specically played by cholesterol
(CHOL),13,17 while the relevance of the other ra components
has not been clearly identied.

Recent studies have highlighted the role played by ras and
ra-located proteins in the cell entry operated by herpes
simplex virus (HSV).18–20 HSV requires the concerted action of
four glycoproteins, named gB, gD, gH, and gL, to execute fusion
between the viral envelope and the non-covalently associated
plasma membrane of the target cell during the infection
process.21 The crystal structure of the gH–gL complex reveals a
boot-like structure which bears no structural homology to any
known fusion protein.22 However, there are several lines of
evidence demonstrating that gH is involved in membrane
fusion.23–26

Several peptides matching a number of regions of the gH
ectodomains have been shown to interact with membranes, and
are hypothesized to play a role in the fusion process,27,28 prob-
ably forming a hydrophobic membrane-interacting surface that
simultaneously or sequentially could destabilize apposing viral
and cellular membranes during fusion. In particular the H625–

F644 sequence, located in the domain II of gH from herpes
simplex virus type I, has been proposed to be actively involved in
the process. Indeed, the peptide gH625 corresponding to this
sequence has been found to interact with model membranes,
folding into an a-helix with amphiphilic characteristics, with
most of the hydrophobic residues grouped on the same side.29

Interaction with this peptide effectively promotes fusion of
CHOL-enriched membranes.30 This is not completely
surprising, considering that the gH625 sequence includes the
cholesterol recognition/interaction amino acid consensus
(CRAC) motif –L/V–(X)(1–5)–Y–(X)(1–5)–R/K–, in which (X)(1–5)
represents between one to ve residues of any amino acid.31–33

However, to date, the actual role played by CHOL in the fusion
event is still elusive.

In this scenario, the present work focuses on the interac-
tion of gH625 with lipid bilayers formed by the mixture pal-
mitoyl oleoyl phosphatidylcholine (POPC)–sphingomyelin
(SM)–cholesterol (CHOL) (1 : 1 : 1 w/w/w). SM presents the
same lipophilic portion of the various sphingolipids naturally
occurring in biomembranes. The POPC–SM–CHOL mixture, at
the composition used, forms homogeneous bilayers in the
liquid-ordered state (Lo),34 mimicking the lipid ra organiza-
tion. In order to analyze the role played by each lipid in the
peptide–membrane interaction, we also consider bilayers
formed by POPC, POPC–SM (2 : 1 w/w) and POPC–CHOL (2 : 1
w/w). POPC and POPC–SM membranes are in the liquid-
disordered state (La), while POPC–CHOL bilayers, at the
composition considered, are in the Lo state.34 The comparative
analysis of the liposome fusion assays, Dynamic Light Scat-
tering (DLS), spectrouorimetry, Neutron Reectivity (NR) and
Electron Spin Resonance (ESR) experiments, and Molecular
Dynamics (MD) simulations is aimed to highlight the specic
role of cholesterol and sphingolipids in modulating the
3004 | Soft Matter, 2015, 11, 3003–3016
peptide–membrane interactions and the resulting peptide
fusion ability.

2 Materials and methods
2.1 Materials

Phospholipid palmitoyl oleoyl phosphatidylcholine (POPC), the
uorescent probes N-(7-nitro-benz-2-oxa-1,3-diazol-4-yl)phos-
phatidylethanolamine (NBD-PE) and N-(lissamine-rhodamine-
B-sulfonyl)phosphatidylethanolamine (Rho-PE) as well as the
spin-labeled phosphatidylcholines (1-palmitoyl-2-stearoyl-(n-
doxyl)-sn-glycero-3-phosphocholine, n-PCSL, n ¼ 5, 7, 10, 14)
were obtained from Avanti Polar Lipids (Birmingham, AL, USA).
Cholesterol (CHOL), sphingomyelin from chicken egg yolk (SM)
and Triton-X100 were obtained from Sigma (St. Louis, MO,
USA).

Ultra-high-quality water (resistivity ¼ 18.2 MU cm; Elga) was
used in all experiments. D2O (99.7%) for NR experiments was
provided by the Institut Laue-Langevin (ILL) in Grenoble,
France. The solid supports for neutron reection were 8 � 5 � 1
cm3 silicon single crystals cut to provide a surface along the
(111) plane. These were polished by Siltronix (Archamps, F) and
cleaned for 15 min in a mixture of 1 : 4 : 5 H2O2–H2SO4–H2O at
80–85 �C, followed by ozonolysis. This treatment leaves a
natural oxide layer of 7–20 Å thickness and 3–5 Å roughness.

2.2 Peptide synthesis

gH625 (NH2–HGLASTLTRWAHYNALIRAF–CONH2) was synthe-
sized by the solid-phase method using the Fmoc strategy and
subsequently puried as previously reported.30 The puried
peptide was shown to be homogeneous (>98%) by analytical
HPLC and was obtained in good yields (30–40%). The peptide
was further subjected to electrospray mass spectroscopy to
conrm its molecular weight.

2.3 Sample preparation

The peptide–membrane interaction was investigated by a
combined experimental strategy, including uorescence, DLS,
NR and ESR experiments. POPC, POPC–SM (2 : 1 w/w, �2 : 1
mol/mol), POPC–CHOL (2 : 1 w/w, �1 : 1 mol/mol) and POPC–
SM–CHOL (1 : 1 : 1 w/w/w, �1 : 1 : 2 mol/mol/mol) mixtures
were used to prepare lipid membranes; i.e. CHOL, whenever
present, constituted about 50 mol% of the bilayer lipid
composition, thus allowing a reliable comparison between the
results obtained for the different lipid systems. The bilayer
morphology (e.g., various kinds of liposomes, supported bila-
yers) was optimized for each experimental technique.35 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 unlabelled lipids, were prepared
according to the extrusion method in 5 mM HEPES, 100 mM
NaCl, pH 7.4. LUVs were also used for DLS measurements.
Multi-Lamellar Vesicles (MLVs) including 1% w/w of spin-
labeled phosphatidylcholines, to be used for ESR experiments,
were prepared by the lipid thin-lm hydration method. The
samples containing the peptide were prepared following the
This journal is © The Royal Society of Chemistry 2015
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same procedure but, in this case, the lipid lms were suspended
with a specic amount of gH625 solution in buffer. The
peptide–lipid ratio was 0.5 : 1 w/w, corresponding to about 0.1
molar ratio. For selected samples, ESR measurements were also
performed on LUVs prepared by the extrusion method. No
signicant difference was observed with respect to measure-
ments performed on MLVs, as shown in the ESI,† indicating
that the liposome morphology has no inuence on the peptide–
lipid interaction.

For neutron reectivity experiments, Supported Lipid Bila-
yers (SLBs) were prepared by vesicle fusion:35 Small Unilamellar
Vesicles (SUVs), 25–35 nm in diameter, were formed by vortex-
ing and sonicating for 3 � 10 min the MLV suspension. The
SUV suspension (0.5 mg mL�1) was injected into the NR cell,
allowed to diffuse and adsorb to the silicon surfaces over a
period of 30 min. Aerwards, the sample cell was rinsed once
with deuterated water to remove excess lipid. gH625 was added
to the bilayer by injecting into the cell an aqueous solution (0.25
mg mL�1) in order to obtain the 0.5 : 1 peptide–lipid weight
ratio.

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

The extent of vesicle fusion was monitored using a Fluorescence
Resonance Energy Transfer (FRET) assay to quantify lipid mix-
ing as reported in the literature.36 Although other methods to
measure liposome fusion have been proposed,37 this remains
one of the most widely adopted methods. When two pop-
ulations of liposomes with different lipid composition fuse, the
lipids mix up; consequently, lipids present only in one pop-
ulation are diluted by lipids forming the other population. For
the assay adopted in the present work two liposome samples
were prepared for each experiment. They presented the same
lipid composition with the exception that one of them also
included 0.6 mol% of both the labelled lipids NBD-PE (donor)
and Rho-PE (acceptor). NBD-PE bears a uorescent moiety that
adsorbs at 465 nm and emits at 530 nm. In the labelled lipo-
somes, NBD-PE emission was effectively quenched by Rho-PE,
because of the short spatial distance between them. To start an
experiment, labelled vesicles were mixed with unlabelled vesi-
cles in a 1 : 4 ratio (nal lipid concentration 0.1 mM). Then,
small volumes of peptide in less than 2% v/v dimethylsulfoxide
(DMSO) were progressively added and changes in donor emis-
sion were monitored. Increased emission revealed an increased
distance between NBD-PE and Rho-PE molecules, due to their
dilution in the liposomes fused by the peptide action. Thus, the
uorescence intensity was assumed to be proportional to the
extent of vesicle fusion. The uorescence scale was calibrated
such that the zero level corresponded to the initial residual
uorescence of the labelled 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 (0.05% v/v) at the same total
lipid concentrations of the fusion assay.

Each experiment lasted no more than 40 minutes from the
mixing of the two liposome populations, thus avoiding possible
bias deriving from the transfer of labeled lipids from one
This journal is © The Royal Society of Chemistry 2015
liposome to another without fusion.38 Fluorescence spectra
were recorded on a Cary Eclipse spectrouorimeter (Varian,
Palo Alto, CA, USA). A cut-off lter at 515 nm was used between
the sample and the emission monochromator to avoid scat-
tering interference.

Lipid mixing experiments were repeated at least three times
and the results were averaged.
2.5 Inner-monolayer phospholipid-mixing measurement

The lipid mixing assay does not discriminate between hemi-
fusion and complete fusion of the membranes constituting the
liposomes. Whenever hemifusion occurs, only lipids forming
the outer leaets of the membranes mix up, while those
constituting the inner leaets remain separated, delimiting two
juxtaposed aqueous pools. Peptide-induced phospholipid-mix-
ing of the inner monolayer was measured by a modication of
the phospholipid-mixing measurement as reported elsewhere.39

Briey, labelled vesicles were treated with sodium dithionite to
completely reduce the NBD located on 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) and it was incubated for approximately 30–45
min on ice in the dark. Sodium dithionite was then removed by
size exclusion chromatography through a Sephadex G-75
ltration column (Pharmacia, Uppsala, Sweden) eluted with
buffer containing 10 mM TRIS, 100 mM NaCl, and 1 mM EDTA,
pH 7.4. By this treatment, liposomes labelled only in the inner
lipid leaet were obtained. Fusion of the labelled inner leaets
with unlabelled ones was monitored by following the same
protocol described above for lipid mixing assays. Experiments
lasted no more than 40 minutes from removal of sodium
dithionite, thus avoiding any bias due to translocation (ip-op)
of labelled lipids from the inner to the outer leaet of the
membrane.38 All experiments were repeated at least three times
and the results were averaged.
2.6 Leakage assays

The ANTS/DPX assay was used to measure the ability of the
peptide to induce leakage of ANTS/DPX pre-encapsulated in
liposomes. This experiment was performed to verify that the
lipid bilayer integrity was preserved during the fusion process.
Details of this assay can be found elsewhere.40 To initiate a
leakage experiment, the peptide, in a stock solution at pH 7.4
containing 5 mM HEPES and 100 mM NaCl, was added to the
stirred vesicle suspension (0.1 mM lipid).
2.7 Dynamic light scattering measurements

DLS measurements were performed with a home-made instru-
ment, as described in the literature.41 All the solvents used in
sample preparation were ltered through a 0.2 mm lter.
Considering that the solutions are quite dilute, the Stokes–
Einstein equation, which rigorously holds at innite dilution
for non-interacting spherical species diffusing in a continuous
medium, was used to evaluate the hydro-dynamic radius RH of
the aggregates from their translational diffusion coefficients D.
Soft Matter, 2015, 11, 3003–3016 | 3005
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2.8 Tryptophan uorescence measurements

The degree of gH625 association with lipid bilayers was
measured by performing spectrouorimetric titrations of
gH625.30 Small amounts of LUV suspension were progressively
added to 4 mM peptide and the uorescence spectra were
recorded between 300 and 400 nm with an excitation wave-
length of 295 nm. The uorescence values were corrected by
taking into account the dilution factor corresponding to the
addition of microliter amounts of liposome suspension and by
subtracting the corresponding blank. The peptide concentra-
tion was low enough to cause minimal aggregation in the
aqueous phase.

The binding of hydrophobic peptides to membranes can be
described as a partition equilibrium,30 Xb ¼ KpCf, where Kp is
the apparent partition coefficient in units of M�1, Xb is the
molar ratio of bound peptide per total lipid and Cf is the
equilibrium concentration of the free peptide in solution.
Briey, in this work FN, the uorescence intensity obtained
when all the peptide is lipid-bound, was estimated by extrap-
olation of a double reciprocal plot of the total peptide uo-
rescence vs. the lipid concentration in the outer leaet,
assumed to be 60% of the total lipid concentration. Knowing
the uorescence intensities of the free and bound forms of the
peptide, the fraction of the membrane-bound peptide, fb,
could be determined as fb ¼ (F � F0)/(FN � F0), where F
represents the uorescence of the peptide aer each addition
of the vesicles and F0 represents the uorescence of the
unbound peptide. The value of fb allowed to calculate the
equilibrium concentration of the free peptide in the solution,
Cf, as well as the extent of peptide binding Xb. It was assumed
that the peptide was initially partitioned only over the outer
leaet of the LUVs. Therefore, the values of Xb were corrected
as X*

b ¼ Xb/0.6.
The curve resulting from plotting X*

b versus the concentration
of the free peptide, Cf, is referred to as the conventional binding
peptide isotherm. The surface partition coefficients, Kp, was
estimated from the initial slope of the curve.
2.9 Neutron reectivity measurements

NR measurements were performed on the D17 reectometer at
the high ux reactor of the Institut Laue-Langevin (ILL, Gre-
noble, France) in time-of-ight mode using a range of wave-
lengths between 2 and 20 Å with two incoming angles of 0.8 and
3.2�.

In a neutron reectivity experiment, the specular reection
at the silicon/water interface, R(q), is measured as a function of
the wave vector transfer, q:

q ¼ 4p

l
sin q (1)

where l is the wavelength and q the angle of the incoming beam
to the surface. R(q) is related to the scattering length density
across the interface, r(z), by:

RðqÞ ¼ 16p2

q2
jr̂ðqÞj2 (2)
3006 | Soft Matter, 2015, 11, 3003–3016
where r̂(q) is the one-dimensional Fourier transform of r(z):

r̂ðqÞ ¼
ðþN

�N

expð�iqzÞrðzÞ dz (3)

r(z) being a function of the distance perpendicular to the
interface. r is related to the composition of the adsorbed species
by:

rðzÞ ¼
X
j

njðzÞbj (4)

where nj(z) is the number of nuclei per unit volume and bj is the
scattering length of nucleus j. 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.42

Samples were measured at 25 �C using H2O, SMW (silicon-
matched water), 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 bulk silicon.

NR proles were analyzed by box model tting using initially
the AFIT program.43 It allows the simultaneous analysis of
reectivity proles from the same sample in different water
contrasts, characterizing each layer by its thickness, 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.44 All the
parameters are varied until the optimum t to the data is found.
Although more than one model can be found for a given
experimental curve, the number of possible models is greatly
reduced by a prior knowledge of the system, which allows
dening upper and lower limits of the parameters to be opti-
mized, by the elimination of the physically meaningless
parameters, and most importantly by the use of different
isotopic contrasts.42 Initially, the bare silicon substrate was
characterized in terms of thickness and roughness. The set of
NR proles were calculated for a uniform single layer model
(the silicon oxide layer) of thickness 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
peptide-interacting bilayer.
2.10 Electron spin resonance spectroscopy

ESR spectra of lipid and lipid–peptide samples were recorded
on a 9 GHz Bruker Elexsys E500 spectrometer (Bruker, Rhein-
stetten, Germany) equipped with a super-high sensitivity probe-
head. Flame-sealed glass capillaries containing the samples
were placed in a standard 4 mm quartz ESR-sample tube con-
taining light silicone oil for thermal stability. The temperature
of the sample was regulated and 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;
This journal is © The Royal Society of Chemistry 2015
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modulation frequency, 100 kHz; modulation amplitude, 1.0 G;
time constant, 20.5 ms, and incident power, 5.0 mW. Several
scans, typically 16, were accumulated to improve the signal-to-
noise ratio. A quantitative analysis of n-PCSL spectra for all lipid
samples was realized determining the acyl chain order param-
eters relative to the bilayer normal, S, and the isotropic hyper-
ne coupling constants for the spin-labels in themembrane, a 0

N,
through a home-made MATLAB-based soware routine, as
described in the literature.45
2.11 Molecular dynamics simulations

MD simulations have been performed using the NAMD
program46 and the gH625 fragment of the NMR structure in
micelle as the startingmodel.29 This structure was rst immersed
in a box containing a POPC–SM–CHOL (1 : 1 : 1 w/w/w, ra-like)
bilayer and water molecules. The starting model was placed in
the bilayer as suggested in a previous study,29 i.e. forming
stabilized electrostatic and hydrophobic interactions with the
lipid chains. In particular, Arg633 and Arg642 side chains were
located at the bilayer depth of the P lipid atoms, whereas the
Trp634 side chain faced towards the bilayer core. The resulting
structure presents the inertia principal component of the
peptide perpendicular to the bilayer normal. All the solvent
molecules with at least one atomwithin 2 Å from a non-hydrogen
atom of the protein were removed. The process of model inser-
tion was performed retaining the POPC–SM–CHOL 1 : 1 : 1 w/w/
w composition of the bilayer. Incorporation of the peptide into
the bilayer did not induce signicant alterations of the system. In
order to have an ionic strength of 0.1 M, NaCl was added. Models
of each system were generated by using the CHARMM force-eld
parameters.47,48 The TIP3P water model was used.48

The system was submitted to a minimization procedure of
1000 steps. Aer this procedure, 2 ns of MD simulations were
carried out in the NPT ensemble with a target pressure and
temperature equal to 1.013 bar and 310 K, respectively. In this
stage a harmonic constraint was used for all protein atoms; 2 fs
time-step was used to integrate the Verlet equation. Then, the
velocities were reassigned in a semi-isotropic NPT assemble. A
total of 300 ns were simulated. 250 ns of equilibrated trajectory
have been analyzed. The lipid cross-sectional area on the x–y
plane has not been xed. This equilibration protocol has been
already used in other studies.49

The simulation was conducted using a cutoff of 9 Å, a
smooth switching function of 7.5 Å and a non-bonded pair list
set of 10.5 Å. Long-range electrostatic interactions were
computed using the particle-mesh Ewald method with the grid
spacing of 1 Å.50
Fig. 1 gH625-promoted membrane fusion of POPC (-), POPC–SM
(A), POPC–CHOL (:) and POPC–SM–CHOL (1 : 1 : 1 by weight) (C)
liposomes as determined by lipid mixing assay (A). gH625-promoted
membrane fusion of the inner monolayer of POPC (-), POPC–CHOL
(:) and POPC–SM–CHOL (C) liposomes as determined by lipid
mixing assay (B).
3 Results and discussion
3.1 Membrane interaction studies

We rst investigated the ability of gH625 to induce fusion
between vesicles of POPC or POPC–SM–CHOL (ra-like). 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
This journal is © The Royal Society of Chemistry 2015
LUVs and increasing amounts of peptide were added. The
dependence of the extent of lipid mixing on the peptide–lipid
molar ratio was analyzed (Fig. 1A).

In the case of membrane fusion induced by the peptide,
dilution of labeled lipids should result in a reduction of the
uorescence energy transfer efficiency, hence dequenching
(increase) of the donor uorescence. The graph shows that
gH625 effectively fuses POPC–SM–CHOL membranes, while
under these experimental conditions we were unable to nd any
signicant activity in POPC vesicles. To investigate the role
played by each lipid component, we also considered POPC–
CHOL and POPC–SM liposomes. Fig. 1A shows that gH625
presents a fusogenic activity on POPC–CHOL bilayers almost
equal to that observed for POPC–SM–CHOL liposomes. No
effect was observed on POPC–SM vesicles. Thus, the fusogenic
activity of this peptide seems specically directed towards
CHOL-enriched membranes.

The ability of peptides to induce lipid mixing of the inner
monolayer, in order to discriminate between hemifusion and
complete fusion of the membranes, was also analyzed. In the
Soft Matter, 2015, 11, 3003–3016 | 3007
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innermonolayer assay, the uorescence from the outer leaet of
the vesicle labeled with NBD- and Rho-PE is eliminated by the
addition of an aqueous reducing agent, and this experiment
reveals the extent of lipid mixing between the inner monolayers
of vesicles in solution. Fig. 1B shows a signicant fusion of the
inner monolayer in both POPC–SM–CHOL and POPC–CHOL
liposomes. This is only slightly lower than the fusion level
obtained in the lipid mixing experiment. Therefore, this assay
clearly indicates that the peptide is able to induce fusion of both
the inner and the outer leaets constituting the membranes of
the liposomes.

Fusion between liposomes reects in their dimension, as
revealed by the DLS measurements reported in the ESI.† In the
case of POPC–SM–CHOL LUVs, the average aggregate radius
increases from about 100 to 180 nm in the presence of gH625 at
a 0.1 peptide/lipid ratio. No variation is detected in the case of
POPC liposomes.

The ability of the peptide to induce membrane leakage of
POPC–SM–CHOL was also determined, to investigate whether
the membrane integrity is preserved during the fusion event. In
particular, the release of ANTS and DPX from vesicles is
commonly used as a measure of bilayer perturbation and
interpreted as “transient pore formation”.40,51 Content-mixing is
manifested by a decrease in uorescence intensity if vesicles
encapsulating uorescent cargo (e.g., ANTS) merge contents
with those containing quenchers (e.g., DPX). The leakage
experiment, reported in the ESI,† shows that the probe did not
leak out signicantly to the medium aer the interaction with
the peptide used in this study.

To evaluate the degree of peptide binding to the membrane
bilayers, we measured the intrinsic uorescence of gH625 in
suspensions of liposomes with different compositions (POPC,
POPC–CHOL or POPC–SM–CHOL). In all experiments, the
increased emission indicated that the single tryptophan residue
of the peptide is located in a less polar environment upon
interaction with lipids (see the ESI† for an example). The
increase in uorescence for tryptophan binding to membrane
phospholipids was used for the generation of binding
isotherms, also reported in the ESI,† from which partition
coefficients were calculated. The results, collected in Table 1,
show a stronger tendency of gH625 to interact with POPC–
CHOL or POPC–SM–CHOL bilayers than with POPC ones.
Interestingly, similarly to what observed for the membrane
fusion assay, the Kp value obtained for POPC–CHOL coincides,
within the experimental uncertainty, with that obtained for
POPC–SM–CHOL. This indicates that the peptide–bilayer asso-
ciation is fundamentally tuned by the CHOL present in the
membrane.
Table 1 Partition coefficients of gH625 in lipid bilayers

Kp � 10�3/M�1

POPC 2.5 � 0.2
POPC–CHOL 18 � 2
POPC–SM–CHOL 21 � 2

3008 | Soft Matter, 2015, 11, 3003–3016
3.2 NR data

First, POPC and POPC–SM–CHOL bilayers in the absence of
gH625 peptide were characterized by using D2O, SMW and H2O
as isotopic contrast solvents. The experimental curves are shown
in Fig. 2A and C and the parameters used to t the curves
simultaneously from all the contrasts are given in Table 2. A
schematic representation of the results is reported in Fig. 3. For
both systems, a ve box model was found to best t the data. The
rst two boxes correspond to the silicon oxide and to the thin
solvent layer interposed between the silicon surface and the
adsorbed bilayer. The three other boxes describe the lipid bilayer,
which is subdivided into the inner headgroup, the hydrophobic
chain, and the outer headgroup layers. The theoretical scattering
length density, r, was calculated through eqn (4).

In the case of POPC, the r of the lipid headgroups is equal to
1.86 � 10�6 Å�2, while the r of the acyl chains is equal to �0.29
� 10�6 Å�2.35,52 These values were kept constant during the data
analysis, since their optimization was found to give no tting
improvement. 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. Inspection of
Table 2 indicates that the overall thickness of the bilayer is 43 �
1 Å and the solvent content is (35 � 10)% for both headgroup
layers. In the case of the bilayers also containing SM and CHOL,
a total thickness of 48 � 1 Å and a solvent content in the
headgroup region of (�22 � 10)% for the inner and outer polar
layers were obtained by the tting model. r is equal to ��0.1 �
10�6 Å�2 for the acyl chain region, conrming the presence of
cholesterol in this part of the bilayer, while the r value for the
headgroup region is equal to 1.7 � 10�6 Å�2. For both consid-
ered bilayers, any model without a water layer between the
substrate and the bilayer gave a bad t to the data. These NR
results are in agreement with those previously reported35,52 and
show that POPC–SM–CHOL bilayers are thicker and substan-
tially less hydrated with respect to POPC ones.

The effect of gH625 on the bilayers was studied bymeasuring
the neutron reectivity curves of the pure POPC and POPC–SM–

CHOL membranes to which the peptide was added. NR curves
are shown in Fig. 2B and D. The values of all parameters opti-
mized in curve tting are reported in Table 2. In Fig. 3, a
schematic representation of changes in lipid bilayers due to the
presence of the gH625 peptide is shown.

Data from the POPC bilayer interacting with the peptide were
tted by an additional layer with respect to the case of the pure
lipid model. The model suggests that the peptide prominently
interacts with the outer bilayer surface; the peptide r was
calculated from eqn (4) and is equal to 1.9 � 10�6 Å�2. In order
to obtain a good curve tting, it was not necessary to change the
r values of all lipid membrane layers, thus suggesting that their
composition remains unchanged, i.e. no peptide penetration.
Inspection of Table 2 reveals, as only effect of the peptide, that
the thickness of the outer hydrophilic layer decreases by �3 Å,
indicating that gH625 interacts with the membrane surface,
perturbing only the external region. NR proles corresponding
to the POPC–SM–CHOL bilayer in the presence of gH625 were
also analyzed. In this case, a good curve tting was obtained
This journal is © The Royal Society of Chemistry 2015
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Fig. 2 NR profiles (points) and best fits (continuous lines) corresponding to POPC bilayers in the absence (A) and presence (B) of hydrogenated
gH625; POPC–SM–CHOL bilayers in the absence (C) and presence (D) of hydrogenated gH625 peptide. D2O (C), SMW (,) and H2O (:) were
used as contrast solvents. The insets show the r profiles for the lipid bilayers in D2O.

Table 2 Values (�standard deviations) of the parameters derived frommodel fitting of the reflectivity profiles for lipid bilayers in the absence and
in the presence of gH625

Interfacial layer Thickness (Å) % Solvent Roughness (Å)

POPC Water 3 � 1 100 3 � 1
Inner headgroups 7 � 1 35 � 10 5 � 1
Chain region 29 � 2 — 6 � 2
Outer headgroup 7 � 1 35 � 10 7 � 1

+gH625 Water 3 � 1 100 3 � 1
Inner headgroups 5 � 1 34 � 10 5 � 1
Chain region 28 � 2 — 3 � 2
Outer headgroup 4 � 1 35 � 10 4 � 1
Interacting peptide 6 � 1 84 � 10 3 � 1

POPC–SM–CHOL Water 5 � 1 100 4 � 1
Inner headgroups 7 � 1 23 � 10 4 � 1
Chain region 34 � 2 — 5 � 2
Outer headgroup 7 � 1 22 � 10 7 � 1

+gH625 Water 5 � 1 100 4 � 1
Inner headgroups 5 � 1 32 � 10 4 � 1
Chain region 37 � 2 — 9 � 2
Outer headgroup 10 � 1 40 � 10 8 � 1

This journal is © The Royal Society of Chemistry 2015 Soft Matter, 2015, 11, 3003–3016 | 3009
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Fig. 3 Schematic representation of lipid bilayers at different lipid concentrations in the absence and presence of the gH625 peptide, with
indication of some structural parameters obtained by NRmeasurements. The image of the peptide is only to indicate the location of gH625 in the
bilayer, the orientation being not implied from NR data.

Fig. 4 ESR spectra of n-PCSL in POPC bilayers in the absence (solid
line) of peptide and in the presence (dotted line) of gH625. Red
segments are guides to the eye highlighting shifts of maximum and
minimum points.
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without the additional layer, but varying all parameters related
to the hydrophobic and hydrophilic layers. In particular, r

changes were observed for the hydrophobic region and the
outer headgroup region. In the rst case, r increases to a value
of �0.36 � 10�6 Å�2, while for the hydrophilic layer it becomes
equal to �1.9 � 10�6 Å�2. This evidence indicates that the
peptide strongly interacts with the lipid membranes, partially
penetrating into the hydrophobic core. In addition, for both
hydrophobic and outer hydrophilic regions the thickness
increases by �3 Å, conrming the peptide insertion, while
roughness values undergo only a slight variation. The gH625
addition also causes an increase of the solvent content in the
external headgroup layer, while no changes in the solvent
content for the acyl chain region was observed. Finally, for the
inner hydrophilic layer a small decrease of the thickness and an
increase of the roughness was detected, indicating that it was
slightly but signicantly perturbed although the gH625 peptide
does not interact with it.

3.3 ESR data

The membrane–peptide interaction was also investigated by
ESR measurements, incorporating phosphatidylcholines spin-
labeled on the different positions of the sn-2 chain (n-PCSL, with
n¼ 5, 7, 10, 14) in the lipid bilayers; 5-PCSLmonitors the bilayer
region just underneath the hydrophilic interface, while in the
case of 14-PCSL the reporter group is deeply embedded in the
inner hydrophobic core. n-PCSL spectra in POPC and POPC–
SM–CHOL membranes in the absence and presence of gH625
are shown in Fig. 4 and 5.
3010 | Soft Matter, 2015, 11, 3003–3016
We rst analyze the spectra registered without the peptide
(solid lines in the gures). In both lipid systems, 5-PCSL shows a
clearly dened axially anisotropic behavior, as detectable by the
This journal is © The Royal Society of Chemistry 2015
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Fig. 5 ESR spectra of n-PCSL in POPC–SM–CHOL bilayers in the
absence (solid line) of peptide and in the presence (dotted line) of
gH625. Red segments are guides to the eye highlighting shifts of
maximum and minimum points.

Fig. 6 ESR spectra of n-PCSL in POPC–CHOL bilayers in the absence
(solid line) of peptide and in the presence (dotted line) of gH625. Red
segments are guides to the eye highlighting shifts of maximum and
minimum points.
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splitting of the low- and high-eld lines, indicating an ordered
organization of the outer segments of the lipid acyl chains.

As the reporter group is stepped down along the acyl chain, a
different behavior is observed for the two lipid systems: in POPC
bilayers the spectrum anisotropy markedly decreases and, in
the case of 14-PCSL, a three-line quasi-isotropic spectrum is
obtained. In contrast, in POPC–SM–CHOL bilayers the spec-
trum anisotropy is preserved for all the spin-labels. This
evidence unequivocally indicates that POPC membranes are in
the liquid-disordered (La) crystalline state, while the POPC–SM–

CHOL ones are in the liquid-ordered (Lo) state.53

For both lipid systems, the addition of gH625 causes
signicant variations in the n-PCSL's spectra, although in the
opposite direction, see Fig. 4 and 5 (dotted lines). In the case of
POPC membranes, a decrease of the anisotropic behavior is
observed, as highlighted by the decreased distance (in Gauss)
between the high-eld maximum and the low-eld minimum.
The opposite is observed for POPC–SM–CHOL bilayers.

We also considered POPC–CHOL bilayers, see the spectra in
Fig. 6. POPC–CHOLmembranes, at the composition considered
in this work, are in the Lo state, as detectable by the similarity of
their ESR spectra with those obtained for the POPC–SM–CHOL
bilayers. However, interesting differences arise when the
spectra registered in the presence of gH625 are considered.
Indeed, while in the case of POPC–SM–CHOL bilayers the
perturbations due to the peptide are evident at all spin-label
positions, in the case of POPC–CHOLmembranes the spectra of
the inner spin-labels seem to be less affected than those bearing
the reporter group close to the bilayer interface.

A quantitative analysis of n-PCSL spectra was realized
determining the order parameter, S, and the hyperne coupling
constant, a 0

N. S is a measure of the local orientational ordering
This journal is © The Royal Society of Chemistry 2015
of the labeled molecule with respect to the normal to the bilayer
surface, while a 0

N is an index of the micropolarity experienced by
the nitroxide. Fig. 7 shows the dependence of S on the chain
position, n, for the n-PCSL spin-labels in lipid membranes, with
and without gH625 peptide, while the a 0

N values are reported in
Table 3.

In the case of POPC membranes, the addition of peptide
causes a decrease of the S value to the same extent (�0.4) for 5, 7
and 10-PCSL. For the 14-PCSL spectrum, no S change is
observed. This is evidence that the peptide binds solely at the
membrane surface, causing a major uidity of the bilayer, and
does not penetrate appreciably into the membrane interior.

In contrast, the addition of the gH625 peptide to the POPC–
SM–CHOL membranes causes an increase of S values for all
spin-labels. In particular, it increases at 5, 7 and 10 chain
positions to the same extent (�0.3). For the 14-PCSL, a more
signicant change was observed in the ESR spectrum, which
presents an evident anisotropic lineshape and an S increase
from 0.35 to 0.45. This is evidence that the peptide partially
penetrates into the bilayer interior, reducing the mobility of the
lipid acyl chains. No change in the a 0

N values upon peptide
addition to the bilayer was observed, see Table 3. This param-
eter is related to the polarity of the local environment in which
the reporter group is embedded. Consequently, this evidence
indicates that gH625 penetrating POPC–SM–CHOL membranes
does not carry hydration water molecules, consistent with NR
results previously discussed.

For POPC–CHOL bilayers an S increase is observed in the
presence of gH625, similarly to what observed for POPC–SM–

CHOL. However, the difference decreases with increasing n,
indicating that the inner core of the bilayer is less affected by
the peptide interaction.
Soft Matter, 2015, 11, 3003–3016 | 3011
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Fig. 7 Dependence on spin-label position, n, of the order parameter, S, of the n-PCSL phosphatidylcholine spin labels in membranes of POPC
(A), of POPC–SM–CHOL (B) and POPC–CHOL (C), in the absence (C, continuous line) and presence of gH625 (B, dotted line) peptide.
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3.4 MD results

In order to examine at the atomic level the interactions between
gH625 and the components of the POPC–SM–CHOL bilayer, a
300 ns long MD simulation has also been performed. First, we
have analyzed the conformation adopted by the peptide and
have tried to identify the positioning of each part of the peptide
during the simulation, calculating the probability to nd each
residue at a given Z-axis value of the bilayer (data not shown). It
is found that the peptide retains its starting amphiphilic a-
helical structure and remains mostly embedded among the
lipid headgroups, with the helix axis almost parallel to the
bilayer surface. Ca atoms are located between the P and car-
bonilic O lipid atoms, but closer to the second. Some side
chains of the peptide are oriented towards the lipid core and
others towards the exterior of the lipid bilayer. In particular,
Table 3 a 0
N values of n-PCSL in liposomes of pure POPC, POPC–SM–

peptide

n-PCSL

a 0
N/G

POPC POPC + gH625-644 POPC–SM–C

5-PCSL 15.3 � 0.1 15.2 � 0.1 15.4 � 0.1
7-PCSL 15.1 � 0.1 15.1 � 0.1 15.4 � 0.1
10-PCSL 14.9 � 0.2 14.7 � 0.2 15.2 � 0.1
14-PCSL 13.6 � 0.2 13.9 � 0.2 14.1 � 0.2

3012 | Soft Matter, 2015, 11, 3003–3016
His625, Leu627, Leu631, Trp634, Asn638, Ile641 and Phe644
present their side chains facing towards the interior of the lipid
bilayer, while Ser629, Thr632, Arg633, His636, Leu640 and
Arg642 (Fig. 8) have their side chains towards the hydrophilic
region.

To identify in more detail the positioning of Arg633, Trp634
and Arg642 side chains, the Z-axis position of the gH625 Ca
mass center and side chain atoms of these residues when
compared to that occupied on average by the P lipid atoms (Dr)
has been calculated and reported in Fig. 9 as a function of time.
It is found that Arg side chains are exposed to the solvent,
whereas the Trp634 side chain protrudes towards the lipid core
at a depth of about 9 Å from the lipid P atoms. This nding
supports the results already reported analyzing the Trp634
uorescence spectrum in POPC–CHOL vesicles.30 The Trp
CHOL and POPC–CHOL in the absence and presence of the gH625

HOL
POPC–SM–CHOL
+ gH625-644 POPC–CHOL

POPC–CHOL
+ gH625-644

15.8 � 0.1 15.3 � 0.1 15.5 � 0.1
15.8 � 0.1 15.1 � 0.1 15.4 � 0.1
15.2 � 0.1 14.9 � 0.1 15.2 � 0.1
14.2 � 0.2 14.1 � 0.2 14.5 � 0.2

This journal is © The Royal Society of Chemistry 2015
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Fig. 8 Structure of the peptide inserted in the bilayer. P lipid atoms are
represented as brown spheres.

Fig. 9 Z-axis position of the Ca (black) and side chain atoms of the
Arg633 (red), Trp634 (green) and Arg642 (blue) when compared to the
average value of the P lipid atoms during the MD simulation. A value of
Dr equal to 0 Å indicates that the considered atoms are located within
the hydrated region of the bilayer, exactly at the same depth of the P
lipid atoms; positive values of Dr indicate that the considered atoms
are located at the exterior of the lipid bilayer, whereas negative values
indicate that they are within the bilayer.
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residue interacts principally with one CHOL molecule during
the simulation (see for example Fig. 10A). The distances
between the O3 atom of this CHOL molecule and the Trp634
N31 and Asn638 Od1 atoms have been followed as a function of
time (Fig. 10B). During the simulation, the N3H atom of the
Trp634 side chain forms a hydrogen bond with the OH group of
Fig. 10 Hydrogen bond interaction between CHOL and both Trp634 and
Trp634 N31 (black) and Asn638 Od1 (red) atoms (B).

This journal is © The Royal Society of Chemistry 2015
CHOL. This hydrogen bond is assisted by the Asn638 side chain
(Fig. 10B). These interactions stabilize the peptide in the bilayer
and suggest a role for CHOL molecules in stabilizing the
peptide insertion in the lipid core. Interestingly, we did not
found any specic interaction of Tyr637 with CHOL or other
lipid molecules. This residue belongs to the CRAC motif, and
has been speculated to play a pivotal role in recognizing CHOL
molecules in the membrane, even though its actual role is still
debated.54

Special attention was then devoted to N-terminal residue
His625, which has been suggested to play an important role in
the peptide–bilayer interaction.30 Notably, although the N-
terminal region of the peptide is located at the same depth of P
lipid atoms in the bilayer, the side chain of this residue is
located at the same bilayer depth as the carbonylic lipid O
atoms and is oriented towards the lipid core (Fig. 8). In partic-
ular, the integration of the radial pair distribution function
shows that there are on average 0.6 carbonylic lipid O atoms at
3.5 Å from the His625 Nd1 atom. This nding suggests the
formation of a rather stable hydrogen bond. This peptide–lipid
direct interaction can suggest the mechanism by which the
presence of His in this position can help to incorporate the
peptide in the bilayer.

The packing of the peptide in the bilayer has also been
estimated by evaluating the number of neighbor molecules,
where neighbors are dened as objects that have at least one
atom in close contact (<4.0 Å) with the peptide. The average
number of POPC and SM neighbors of the peptide is 7 and 6 �
1, respectively, whereas this value has been estimated to be
within 3 � 1 for CHOL.

3.5 Biological implications

Recent studies have demonstrated that the receptor nectin 1,
in the presence of the aVb3-integrin, could drive HSV to the
lipid ras of the target cell, where virus entry occurs through a
ra-dependent pathway.18,19 Consequently, it is reasonable to
hypothesize that the virus has developed a molecular
machinery optimally suited to fuse its own envelope with
sterol- and sphingolipid-enriched membranes. In this work,
we have demonstrated that the peptide gH625, encompassing
one of the membranotropic segments of the gH glycoprotein
Asn638 residues (A). Distance vs. time of the CHOL O3 atom from the

Soft Matter, 2015, 11, 3003–3016 | 3013
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of the HSV type I, presents a specic fusogenic activity on
CHOL- and SM-containing bilayers in the Lo state, represen-
tative of naturally occurring lipid-ras. In contrast, it is almost
inactive on uid phospholipid membranes in the La state.
This specicity derives from the different mechanisms of
interaction of the peptide with the two kinds of lipid
membranes and from the different effects it exerts on the lipid
arrangement.

In the case of ra-like bilayers, gH625 partially penetrates
into the membrane, positioning between the hydrophilic layer
formed by the lipid headgroups and the hydrophobic core
formed by the acyl chains. This location is favored by the
conformation of the peptide, which adopts an amphiphilic a-
helical structure, with polar and charged residues on one side
and apolar residues mostly grouped on the opposite side. The
helix axis lies almost parallel to the membrane interface with
comparable deepness of insertion of N- and C-termini. Most of
the hydrophobic residues (Leu627, Leu631, Trp634, Ile641,
Phe644) insert their side chains among the lipid acyl chains,
while hydrophilic residues (Ser629, Thr632, Arg633) are
embedded among the largely hydrated lipid headgroups. The
residue more deeply inserted into the bilayer is Trp634 that,
forming a hydrogen bond with the CHOL hydroxyl, stabilizes
the peptide–membrane interaction. A similar conclusion was
drawn for other peptides derived from the fusion glycopro-
teins gp36 of the Feline Immunodeciency Virus (FIV)35 and E1
of the Hepatitis C Virus.55 This evidence suggests a key role
played by tryptophans, for the peptide, and by CHOL for the
lipid, in the protein/membrane interplay occurring during
viral fusion.

Particularly, our results show that, independent of the
presence of SM, CHOL is able to drive the membrane interac-
tion with the membranotropic protein domain. POPC–CHOL
and POPC–SM–CHOL bilayers are equally fused by gH625 and
the peptide presents the same partition coefficient in these lipid
mixtures. For these bilayers, which are in the Lo state, the
presence of the peptide causes an increased order of the lipid
acyl chains, whose local rotational motion is signicantly
hampered. The stiffening of the peptide-interacting bilayer
leaet results in an asymmetric perturbation of the membrane,
which is locally destabilized thus favoring fusion but not
leakage events. Interestingly, the presence of SM seems to tune
the effects of the peptide on the lipid ordering and dynamics.
While in the case of POPC–CHOL membranes lipid perturba-
tion is limited to the more external portion of the acyl chains,
for POPC–SM–CHOL bilayers it propagates along the whole
chains.

gH625 also interacts with uid phospholipid bilayers.
However, in this case it tends to localize above the external
hydrophilic layer. As an indirect effect of this “adsorption” the
lipid chains become even more disordered and their rotational
motions increase. These perturbations do not promote the
membrane fusion. A possible explanation is that uid and
disordered membrane are able to re-arrange opposing the effect
of the peptide, thus neutralizing its destabilizing activity. Thus,
ordered and relatively rigid ras are much more easily led to
fuse.
3014 | Soft Matter, 2015, 11, 3003–3016
Our ndings support the relevance of alterations of lipid
dynamics, as recently proposed for other ra-related patholo-
gies.56,57 The ne tuning of acyl chain order and segmental
motion, operated at the microscopic level by interacting
proteins, peptides or other guest molecules, reects in meso-
scopic membrane features (e.g., local curvature, permeability,
stability), which in turn determine the membrane macroscopic
functional behavior. Since in lipid ras the lipid–lipid and
lipid–protein interplay is enhanced, interacting guests cause
more effective perturbations.
4 Conclusions

gH625, a membranotropic fragment of the glycoprotein gH of
the Herpes Simplex Virus (HSV) type I, drives fusion of Lo ra-
like lipid bilayers. The comparative analysis of liposome fusion
assays, Dynamic Light Scattering (DLS), spectrouorimetry,
Neutron Reectivity (NR) and Electron Spin Resonance (ESR)
experiments, and Molecular Dynamics (MD) simulations shows
that, in the presence of CHOL, gH625 partially penetrates into
the membrane, adopting an amphiphilic a-helical structure.
The peptide–bilayer association is stabilized by specic Trp–
CHOL interactions. gH625 causes an increased order of the
lipid acyl chains, whose local rotational motion is signicantly
hampered. The stiffening of the peptide-interacting bilayer
leaet results in an asymmetric perturbation of the membrane,
which is locally destabilized thus favoring fusion events. Alto-
gether, our results clearly indicate the relevance of CHOL as a
key player in the membrane fusion process.

The present study, besides furnishing a contribution to the
elucidation of the molecular details underlying a complex
phenomenon of biological interest, such as viral fusion, gives a
scientic support to the exploitation of peptides derived from
fusion glycoproteins for drug delivery. In particular, gH625 has
been already demonstrated to be able to transport a cargo into
the cytoplasm and across the blood–brain barrier.58 Moreover,
the possibility to conjugate gH625 with liposomes, nano-
particles and dendrimers,58 enhancing their intracellular
penetration, has been reported. Our results point to the need of
a correct choice of the carrier peptide in relation to composition
and features of the membrane of the target cell. In this direc-
tion, gH625 is optimally suited for cells whose membrane is
enriched in cholesterol and sphingolipids.
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