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ABSTRACT Membrane fusion induced by the envelope glycoprotein enables the intracellular replication of HIV-1; hence, this
process constitutes a major target for antiretroviral compounds. It has been proposed that peptides having propensity to interact
with membrane interfaces might exert broad antiviral activity against enveloped viruses. To test this hypothesis, in this contri-
bution we have analyzed the antiviral effects of peptides derived from the membrane-proximal external region and the trans-
membrane domain of the envelope glycoprotein subunit gp41, which display different degrees of interfacial hydrophobicity.
Our data support the virucidal activity of a region that combines hydrophobic-at-interface membrane-proximal external region
aromatics with hydrophobic residues of the transmembrane domain, and contains the absolutely conserved &7°LWYIK/R®83
sequence, proposed to embody a “cholesterol recognition/interaction amino acid consensus” motif. We further sought to corre-
late the antiviral activity of these peptides and their effects on membranes that mimic lipid composition and biophysical proper-
ties of the viral envelope. The data revealed that peptides endowed with virucidal activity were membrane active and induced
permeabilization and fusion of virus-like lipid vesicles. In addition, they modulated lipid packing and miscibility of laterally segre-
gated liquid domains, two properties that depend on the high cholesterol content of the viral membrane. Thus, the overall exper-
imental evidence is consistent with a pattern of HIV inhibition that involves direct alteration of the physical chemistry of the virus
membrane. Furthermore, the sequence-dependent effects observed might guide the development of new virucidal peptides.

INTRODUCTION

Among the major drug classes approved for human immuno-
deficiency virus (HIV) antiretroviral therapy, entry inhibitors
are unique at blocking the function of an extracellular target,
the envelope glycoprotein (Env) (1-3). The Env subunits
gp120 (surface) and gp41 (trans-membrane) are responsible
for receptor/coreceptor binding and virus-cell fusion, respec-
tively (4—6). Upon activation of the fusion process, gp4l
ectodomain trimers refold into low-energy 6-helix bundles
that pull cell and virus membranes into close contact. The
conformational transition undergone by gp41 trimers consti-
tutes the target for the clinically approved fusion inhibitor
Enfuvirtide (7), which blocks 6-helix bundle completion
and hence membrane merger (8).

Development of alternative fusion inhibitors displaying
broad and sustained antiretroviral activity against HIV-1 re-
mains a pursued goal to date (9,10). It has been recently pro-
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posed that membrane-targeting virucidal compounds may
comprise broad-spectrum inhibitors of enveloped virus en-
try (10-12). Arguably, compounds interfering with fusion
by acting on the lipid component of the viral envelope could
provide the basis for escape-proof antiviral therapies
(13,14). In addition, as opposed to host cell membranes
that are subject to ongoing synthesis, degradation, and influx
and efflux of their components, static viral membranes lack-
ing repairing mechanisms cannot escape the major perturba-
tions induced by virucide activity. In this regard, a series
of works support the possibility that peptides derived from
hydrophobic-at-interface envelope glycoprotein sequences
may comprise new generic antivirals (15-19). Along this
same line of thinking, in recent reviews it has been con-
tended that these virucidal peptides could block viral entry
by changing directly the physical chemistry of the viral
membrane upon partitioning (20,21).

We have recently established a synthetic virus-like (VL)
mixture, which includes the main seven lipid species found
in the HIV-1 membrane (22) and exhibits the same order
degree and phase behavior (termed “VL-4” in our previous
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report (23)). Here, to get new insights into the molecular
mechanisms governing antiviral activity by membrane-parti-
tioning peptides, we first compare the inhibitory potencies of
several membrane-proximal external region-transmembrane
domain (MPER-TMD)-derived peptides that possess distinct
interfacial hydrophobicity patterns (20,24), and then estab-
lish their membrane-restructuring capacities using the VL
mixture as a surrogate of the HIV membrane. Our experi-
mental data support a virucide-like activity that alters the
physical chemistry of the HIV lipid envelope for peptides
combining the hydrophobic-at-interface C-terminal MPER
sequence with the N-terminal hydrophobic section of the
TMD. We speculate that these sequences may serve as plat-
forms for further development of antiretroviral peptides.

MATERIALS AND METHODS

1-palmitoyl-2-oleoylphosphatidylcholine (POPC), 1-palmitoyl-2-oleoyl-
phosphatidylethanolamine (POPE), 1-palmitoyl-2-oleoylphosphatidylser-
ine (POPS), cholesterol (Chol), egg sphingomyelin (SM, containing ~86%
n-palmitoyl SM), dodecanoyl dihydrosphingomyelin (DHSM), and 1-(1Z-
octadecenyl)-2-oleoyl-sn-glycero-3-phosphatidylethanolamine (plasmolo-
gen PE, pl-PE) were purchased from Avanti Polar Lipids (Alabaster, AL).
The 8-aminonaphtalene-1,3,6-trisulfonic acid sodium salt (ANTS), p-xyle-
nebis(pyridinium)bromide (DPX), N-(7-nitro-benz-2-oxa-1,3-diazol-4-yl)
phosphatidylethanolamine, N-(lissamine Rhodamine B sulfonyl)phosphati-
dylethanolamine, and 6-dodecanoyl-2-dimethylaminonaphthalene (Laur-
dan) were obtained from Molecular Probes (Eugene, OR). Phospholipid
stock concentrations were determined by phosphate assay. The collection
of peptides displayed in Fig. 1 B were synthesized in C-terminal carboxa-
mide form by solid-phase methods using Fmoc chemistry, purified by
reverse-phase high-performance liquid chromatography, and characterized
by matrix-assisted laser desorption ionization—time-of-flight mass spectrom-
etry (purity >95%).

Cell-entry assays were performed by measuring green fluorescent protein
(GFP) gene transduction according to Bobardt et al. (25), with the modifi-
cations described by Markosyan et al. (26). In brief, HIV-1 pseudoviruses
were produced by transfection of human kidney HEK293T cells with the
full-length Env clone JRCSF (kindly provided by Jamie K. Scott and
Naveed Gulzar, Simon Fraser University, Burnaby, British Columbia,
Canada) using calcium phosphate. Cells were cotransfected with vectors
pWXLP-GFP and pCMV8.91, encoding a GFP and an Env-deficient
HIV-1 genome, respectively (provided by Patricia Villace, CSIC, Madrid,
Spain). After 24 h, the medium was replaced with Optimem-Glutamax II
(Invitrogen, Paisley, UK) without serum. Two days after transfection, the
pseudovirus particles were harvested, passed through 0.45-um-pore sterile
filters (Millex-HV; Millipore NV, Brussels, Belgium) and finally concen-
trated by ultracentrifugation in a sucrose gradient. HIV entry was deter-
mined using TZM-bl target cells (AIDS Research and Reference Reagent
Program, Division of AIDS, National Institute of Allergy and Infectious
Diseases, National Institutes of Health, Bethesda, MD, contributed by J.
Kappes). HIV pseudoviruses diluted to a 10-15% tissue culture infectious
dose in PBS were deposited onto poly-L-lysine-coated 96-well plates, and
incubated at 4°C for 40 min. After washing, free poly-lysine was blocked
for 20 min by medium addition (90% DMEM; 10% FBS) at 37°C. Several
dilutions of a given peptide in PBS were subsequently applied for 90 min at
37°C. After three washing steps, 1.1 x 10* TZM-bl target cells were layered
on top of immobilized virions in the presence of 30 ug/mL DEAE-dextran
(Sigma-Aldrich, St. Louis, MO). Infection levels after 72 h were inferred
from the number of GFP-positive cells as determined by flow cytometry us-
ing a BD FACSCalibur Flow Cytometer (Becton Dickinson Immunocytom-
etry Systems, Mountain View, CA).
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Large unilamellar vesicles (LUVs) made of the VL lipid mixture (POPC/
SPM/CHOL/DHSM/POPE/pl-PE/POPS  (14:12:46:5:3:13:7 mol ratio))
were produced following the extrusion method. To that end, lipid suspen-
sions were subjected to 10 freeze-thaw cycles before extrusion 10 times
through two stacked polycarbonate membranes with a nominal pore-size
of 0.1 um (Nucleopore, Pleasanton, CA). Vesicle permeability changes
and vesicle-vesicle fusion were determined by the standard assays
of ANTS/DPX leakage and Rho-PE/NBD-PE-based lipid mixing, respec-
tively (27).

Giant unilamellar vesicles (GUVs) were produced by spontaneous
swelling following procedures described in (28) and (29). For preparation
of peptide-containing GUVs, lipids (0.125 mg of the VL lipid mixture)
and peptides were mixed at the desired peptide-to-lipid molar ratio in
CHCIl3/CH;30H (9:1) before desiccation for 1 h to remove the organic sol-
vent. Dried silica beads covered with lipid-peptide mixtures were collected
and transferred to a 7.5 g/L sucrose buffer to induce spontaneous swelling
of GUVs. Formed vesicles were transferred to the observation dish in an
isosmotic 10 mM HEPES, 150 mM KCl (pH 7.4) buffer.

Images were acquired on a TCS SP5 II microscope (Leica Microsystems,
Wetzlar, Germany) as described in (23) and (29). Laurdan-stained GUVs
were excited at 780 nm using a x63 water-immersion objective (numerical
aperture = 1.2) and 512 x 512 pixel images were acquired at 400 Hz per
scanning line. The fluorescence emission was simultaneously imaged at
435 = 20 nm and at 500 *= 10 nm. Generalized polarization (GP) images
were computed for every pixel in the image (Eq. 1), where I is the intensity
in the blue channel, and Iy is the intensity in the green channel. The G factor
accounts for the relative sensitivity of the two channels, calibrated with a
5 uM Laurdan solution in pure DMSO at 21°C (30):

_]B—GXIR

GP = .
IB+G X [R

6]

To produce planar-supported phospholipid layers, phospholipid monolayers
were first spread from chloroform/methanol 9:1 (v/v) solutions onto a 5 mM
Tris (pH 7.4), 150 mM NaCl subphase, in a thermostated Langmuir-Blodg-
ett trough (NIMA Technologies, Coventry, UK), and then transferred
onto mica as described in (31,32). AFM images were obtained in an Nano-
wizard II atomic force microscope (JPK Instruments, Berlin, Germany) as
described in Huarte et al. (23).

RESULTS

The plot in Fig. 1 A displays the distribution of Wimley-
White interfacial hydrophobicity (33) along the MPER-
TMD region of HIV-1 gp4l. At the N-terminus, an
amphipathic-at-interface helix (residues 656-671) is fol-
lowed by a fully hydrophobic-at-interface stretch (residues
672-683). Supporting the biological relevance of these
MPER segments, they consecutively span the broadly
neutralizing epitopes 2F5 and 4E10 (27,34,35). These
interfacial sequences are followed by the TMD (residues
684—704), which is mostly hydrophobic according to the
Kyte-Doolittle hydropathy index (36). The TMD is also
segmented into two subdomains due to the presence of
midway polar residues (37). Interestingly, the MPER C-ter-
minal and the TMD N-terminal subregions are part of a
continuous helix (38,39). Finally, residues STOLWYIK®® at
the MPER-TMD juncture have been proposed to embody
a cholesterol recognition/interaction amino acid consensus
(CRAC) motif (31,32,40-42). This region is absolutely
conserved across viral strains and isolates, and would be
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involved in generating the type of lipid perturbations that
prime the rigid viral membrane for fusion (43-45).

The particular organization of the MPER-TMD region al-
lows, on the one hand, testing the prediction that CRAC-
mediated, Chol-dependent membrane perturbations may
sustain antiviral activity of the derived peptides (31). On
the other hand, one can assess the effect of combining
distinct hydrophobicity patterns on the inhibitory potency
of peptides (20). The sequence range covered by each of
the peptides displayed in the panels of Fig. | B was thus
selected on the basis of the presence of the CRAC motif
and the hydrophobicity profiles. The list included a peptide

bearing an Ile residue at the position of the absolutely
conserved residue Leu-679. The resulting L6791 substitu-
tion was shown to attenuate interactions of CRAC-represen-
tative peptides with Chol and reduce Env fusogenicity
(45,46).

Fig. 1 B compares the antiviral activity of the peptides
with the effects exerted on VL LUVs (leakage and fusion).
Antiviral activity was evaluated on virions that were first
attached to poly-lysine-coated plates (26) (see Fig. S1 A),
and cell infectivity subsequently quantified following pro-
cedures described in Bobardt et al. (25). The amphipathic-
at-interface peptide MPER(656—671) (34) did not display

Biophysical Journal 113, 1301-1310, September 19, 2017 1303



Carravilla et al.

significant anti-HIV activity in the 0.1-20 uM range
(Fig. 1 B, left panels). Addition of interfacial hydrophobic-
ity and the CRAC motif at the C terminus to render the
peptide MPER(656—683) did not elicit activity. Thus, it ap-
pears that bearing high interfacial hydrophobicity was not
sufficient to trigger virucidal activity, even if the peptide
contained the CRAC sequence. In contrast, the peptide
MPER(671—693), which combined the C-terminal hydro-
phobic-at-interface MPER stretch with the N-terminal sec-
tion of the TMD, induced robust antiviral activity with a
mean ICsy value of 1.67 *= 0.04 uM. Interestingly, the
peptide MPER(671—693)L6791 with the mutated CRAC
motif displayed a comparable virucidal effect (ICso value
of 0.96 = 0.02 uM). Finally, the TMD(684—704) sequence
representing the full-length gp41 TMD, as defined by Cohen
et al. (47), did not have any apparent effect on pseudovirus
cell entry.

To ascertain whether the infection-blocking effect
observed in the case of the peptides MPER(671—-693) and
MPER(671—-693)L6791 was due to a virucide-type of activ-
ity, and not as a consequence of the specific inhibition of
HIV-1 Env-mediated entry/fusion, experiments were also
conducted with virions pseudotyped with the VSV G glyco-
protein (VSV-G) (Fig. S1 B). Incubation of VSV-G pseudo-
viruses with the peptides resulted in comparable levels
of infection blocking, thereby supporting a virucide-like
behavior for the inhibitory peptides, rather than an activity
dependent on sequence-specific mechanisms.

To determine if the observed virucidal activity correlated
with the capacity of the peptides for altering the properties
of the viral membrane, we used the seven-lipid VL mixture
as an envelope surrogate (23). We first assayed leakage and
lipid mixing induced by the peptides on VL LUVs (Fig. | B,
center and right panels, respectively). Significant leakage of
contents and lipid mixing was observed upon VL LUV incu-
bation with MPER(671-693) or MPER(671—-693)L6791
peptides. Interestingly, the TMD(684—704) peptide also
induced lipid mixing, an observation consistent with data
previously reported in the literature (see for a recent review
(48)). Thus, VL vesicle destabilization correlated with the
observed virucidal effects of the peptides MPER(671—693)
or MPER(671—-693)L6791.

However, peptide-induced perturbations that in the vesic-
ular system can relax through vesicle-vesicle aggregation
and fusion, must persist in the immobilized viral particles
that are used in the infectivity assays (Fig. S1 A). Control ex-
periments also indicated that lipids were not solubilized or
extracted from virions treated with the inhibitory peptides
(Fig. S2). Thus, we hypothesized that the local perturbations
leading to LUV leakage and fusion may affect in an interre-
lated way additional physicochemical properties of the lipid
envelope in the immobilized virions.

The HIV particle is enriched in Chol (~50 mol %), which
underpins increased membrane order and the potential for
liquid phase coexistence (22,23.49). The lipids extracted
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from the infectious virus particles and the VL surrogate
actually display a high lipid packing level and lateral dem-
ixing into nanodomains (23). Therefore, to identify addi-
tional effects that might correlate with virus inactivation
in our cell infectivity assays, we next evaluated the
changes on the Chol-dependent lipid packing and lateral or-
ganization induced by the peptides MPER(671—-693) and
MPER(671—-693)L6791 (Figs. 2 and 3).

Lipid packing was first determined quantitatively by two-
photon imaging of Laurdan-stained VL GUVs (Fig. 2).
Laurdan’s fluorescent emission undergoes a large spectral
shift due to the reorientation of polar molecules in the fluo-
rophore vicinity during the time it spends in its excited state.
When incorporated in a lipid bilayer, Laurdan’s fluorescent
emission is a function of the hydration and viscosity of the
membrane, reflecting its phase state.

A wavelength-ratiometric parameter called “generalized
polarization” (GP; Eq. 1) quantifies Laurdan’s emission
spectral shift from tightly packed (low water content, high
GP values) to loosely packed (high water content, low GP
values) bilayers, thus providing an indirect measurement
of membrane order through packing (50,51). Under the
assumption that the *’’LWYIK®®® sequence can interact
with, and sequester Chol (31,46), the effect of depleting
this compound from the mixtures was assessed in parallel.
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FIGURE 2 Comparison of the effects induced by Chol depletion versus
addition of peptides MPER(671-693) or MPER(671-693)L6791 on the
membrane lateral packing as determined by two-photon excitation GP
images of Laurdan-labeled VL GUVs. Laurdan GP imaging of single
GUVs (A) and average GP values were determined in the different samples
(B). GP value distributions were determined for at least 30 single vesicles,
and mean values were depicted as box-and-whisker plots (the ends of the
whiskers represent SDs). The mole percents in the lipid mixtures were as
follows: POPC/SPM/CHOL/DHSM/POPE/pl-PE/POPS (14:12:46:5:3:13:7)
(VL), POPC/SPM/CHOL/DHSM/POPE/pl-PE/POPS (18:16:30:6:4:17:9)
(VL-30 mol % Chol), and POPC/SPM/CHOL/DHSM/POPE/pl-PE/POPS
(22:18:15:8:5:20:12) (VL-15 mol % Chol). Peptide concentration was
20 nM. Mann-Whitney test: ***p < 0.001, **p < 0.01, *p < 0.05, not sig-
nificant (n.s.) > 0.05. To see this figure in color, go online.
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FIGURE 3 Comparison of the effects induced
by Chol depletion versus inclusion of peptides
MPER(671-693) or MPER(671-693)L6791 on the
lateral organization of films made of the VL mixture.
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GP images of the different VL GUV samples displayed a
single macroscopic phase (Fig. 2 A), which was reflected
in a normal, unimodal, distribution of pixel-GP values for
every GUV (23). As expected, decreasing the Chol content
resulted in lower mean GP values, consistent with a decrease
of the VL membrane order (Fig. 2 B, left panel). A more
subtle reduction of Laurdan GP values was observed for
the GUVs treated with peptides MPER(671—-693) and
MPER(671—-693)L6791 (Fig. 2 B, right panel). Further-
more, the scored GP reduction was comparable for the
two peptides, suggesting that preservation of the CRAC
motif was not required for the fluidifying effect.

We next compared the capacity of the peptides to alter
liquid-liquid miscibility of the VL membrane at the nanoscale
(Fig. 3). Langmuir-Blodgett films were compressed to
10 mN/m, transferred onto mica and analyzed by AFM. We
caution that VL lipid monolayers were used as a model sys-
tem that allowed comparison of the potential of the different
interfacial peptides to modify the Chol-dependent liquid-
liquid miscibility. We further highlight that the supported
monolayers under our experimental conditions are limited
in the sense that they do not mimic the actual envelope and
therefore can only be used as a tool to tackle specific questions
of the lipid-peptide interplay. As such, the observed phenom-
ena provided additional insights into the action mechanism of
MPER-TMD-derived antiviral peptides.

The results displayed in Fig. 3 A revealed demixed nano-
scopic domains in the untreated VL lipid monolayer. Upon
reduction of Chol content nanodomains retained rough

boundaries and convoluted morphologies. These features
were consistent with the low line tension at the domain in-
terfaces under these conditions (23). Inclusion of the pep-
tides MPER(671—693) or MPER(671—693)L6791 into the
lipid mixture (peptide-to-lipid mole ratio, 1:100) resulted,
in both cases, in segregation of much larger lipid platforms
limited by smooth contours, which were not observed in
lipid monolayers containing lower amounts of Chol.

Line tension at the rims of demixing phases intensifies
as the height differences between rigid domains and sur-
rounding membrane regions (4h) increase (52). The high
interfacial energy can be reduced by coalescence and perim-
eter minimization of the rigid domains. The value of the 44
parameter increased upon Chol depletion from the mixtures
(Fig. 3 B, left panel). However, consistently with the
smoother contours and larger domain sizes, 4k values
were significantly higher in peptide-containing monolayers
(Fig. 3 B, right panel). Thus, inclusion of 1 mol % of peptide
induced a more marked effect on lipid miscibility than
reducing the Chol content of the mixture by 30 mol %.
Together with the fact that the presence of a functional
CRAC was not required for inducing the effect, these data
clearly indicate that the observed alterations were not the
consequence of peptide-induced Chol depletion through
the formation of equimolar peptide-Chol complexes.

In conclusion, the previous results suggest that the
MPER(671—-693) peptide does not require the establish-
ment of direct interactions with Chol through the CRAC
motif to alter lipid packing and lipid-lipid miscibility.
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To gain further insights into the mechanism by which
MPER(671—-693) exerts its antiviral activity, we next
compared its effects with those produced by the inactive
MPER-TMD sequences (Fig. 4). Fig. 4 A illustrates the effects
of the peptides on lipid packing as inferred from Laurdan GP
determinations in single vesicles. In these experiments, pep-
tide and lipids were mixed at defined 1:500 mol ratio before
desiccation on the silica beads. The data revealed a slight
decrease of the mean GP value in GUVs that contained
the virucidal peptide MPER(671—693), but comparable
decreases in GUVs containing the inactive peptides
MPER(656—671), MPER(656—683), or TMD(684—704).

Differences between the active and the inactive sequences
became apparent at the nanoscopic level (Fig. 4 B). Besides
the segregation of large lipid platforms, AFM measurements
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disclosed in the samples containing MPER(671—-693)
an accumulation of material in the fluid areas, and also
at the contacts between condensed and fluid domains
(arrowheads). Lipid monolayers containing the inactive
peptides displayed distinct nanostructures. No large segre-
gated platforms nor accumulation of material could be dis-
cerned in the samples containing MPER(656—671) peptide.
In contrast, segregated domains could be observed in the
monolayers containing MPER(656—683) peptide. Although
in these samples material was observed to accumulate in
the fluid areas, no material was detected at the periphery
of the rigid domains. Finally, liquid-liquid immiscibility
was also observed in the samples that contained the
TMD(684—704) peptide. In this case, the pattern was
completely different, with the rigid areas surrounded by

FIGURE 4 Comparison of the effects induced

671-693

656-671 656-683

Offset (um)

E
£
£
=]
5 0
Offset (um) Offset (um) Offset (um)
n.s.
1.251 *
* %k % KK %
1.00 ¢
— 0.751
: — @ F
£ B
= o.5o-$
<
0.254 active mactlve
0.00

N\ LI AT R\
Nt

1306 Biophysical Journal 113, 1301-1310, September 19, 2017

by the different gp41 MPER-TMD-derived pep-
tides on the packing and lateral organization of
VL membranes. (A) GP values were determined
for VL GUVs that contained peptide (peptide/lipid
1:500). (B) Given here is the nanoscopic structure,
as determined by AFM analyses of the peptide-
containing VL monolayers (top) and height
difference between demixed domains and the sur-
rounding lipid surface (bottom). Monolayers were
supplemented with peptide to a peptide/lipid
1:100. Conditions otherwise as in the previous
Figs. 2 and 3. Mann-Whitney test: ***p < 0.001,
*##p < 0.01, *p < 0.05, not significant (n.s.) >
0.05. To see this figure in color, go online.
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streams of fluid lipid. The height differences between do-
mains displayed in the bottom panel further emphasizes
that the most substantial effect was induced by the active
peptide MPER(671—693).

Thus, it appears that the capability to accumulate on the
edges of the lipid domains and alter line tension is a distinc-
tive property of the active MPER(671—693) sequence. Mea-
surements of the height differences between segregated
domains in VL monolayers displayed in Fig. 5 support this
idea. Consistent with an intrinsic activity of the peptide, the
data indicate that MPER(671—693) effect on line tension is
dose- and time-dependent (Fig. 5, A and B, respectively).

DISCUSSION

The basis for the broad antiviral activity displayed by some
hydrophobic and/or amphipathic peptides is not well under-
stood (15-21). Two factors emphasize the suitability of the
HIV envelope as a targetable component for this type of
peptides: 1) the HIV particle is covered with a solvent-
accessible lipid bilayer mostly devoid of protein (53); and
2) preservation of the chemical composition and biophysical
properties of that lipid bilayer seems to be critical for
the entry function (14,22,23,49,54). In addition, the Env
subunit gp41 is anchored to the HIV membrane through
the MPER-TMD region (Env residues 656—704, HXB2c
numbering), which encompasses interfacially active se-
quences enriched in aromatic residues (24). To map poten-
tial virucidal activity within the MPER-TMD region, in
this work we have employed several overlapping peptides,
which feature different degrees of interfacial hydrophobici-
ty (Fig. 1). Furthermore, using the VL surrogate we have
comparatively assessed the selected peptides in their
capacity for altering membrane stability, as well as for
modulating the Chol-dependent lipid packing and liquid-
liquid miscibility. In the following, we summarize our ob-
servations and discuss them in relation to MPER virucidal
activity, providing, to our knowledge, new insights into
the mechanism of action of hydrophobic-at-interface anti-
viral peptides (20).
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FIGURE 5 Height differences between demixed domains and the sur-
rounding lipid surface induced by MPER(671-693) in VL monolayers
as function of the peptide-to-lipid mole ratio (A) or time after injection
into the subphase (B). Mann-Whitney test: ***p < 0.001, **p < 0.01,
*p < 0.05, not significant (n.s.) > 0.05.

HIV Membrane Alteration by Peptides

Identification of an MPER-TMD sequence with
virucidal activity

The comparative assessment of MPER-TMD-derived pep-
tides identified a sequence, MPER(671—693), which in-
hibited HIV infection with an ICsy of ~1.5 uM (Fig. 1).
The fact that a similar inhibition pattern was observed for
VSV pseudoviruses (Fig. S1) supports a virucide-like
activity for this peptide. Preservation of interfacial hydro-
phobicity, although required, was not sufficient to elicit
this activity. The peptide MPER(656—683), combining
within a single construct amphipathic-at-interface and
fully hydrophobic-at-interface sections, was not virucidal.
Antiviral capacity was not attained by the fully hydropho-
bic peptide TMD(684—704) either. Notably, the peptide
MPER(671—-693), displaying virucidal efficacy, com-
bined hydrophobic-at-interface aromatic and hydrophobic-
aliphatic residues.

The antiviral activity of the peptide MPER(671—693) and
the alterations that induced on membranes also did not
require an intact CRAC motif (Figs. 1 B, 2, and 3). This
strongly suggests that the virucidal effect was not dependent
on a direct interaction of the peptide with Chol. In fact, the
observation that 1 mol % peptide induced lipid demixing
and augmented the line tension more efficiently than
reducing Chol content by 30 mol %, excludes the possibility
that MPER(671—693) acted by depleting this compound
(Fig. 3).

Correlation between virucidal activity and VL LUV
destabilization

As compared to the inactive peptides, the MPER(671—693)
sequence endowed with antiviral activity destabilized the
seven-lipid VL membranes, causing significant LUV per-
meabilization (ANTS leakage) and fusion (lipid mixing)
(Fig. 1 B). Thus, the virucidal peptides displayed membrane
activity in lipid mixtures that resembled the composition
and biophysical properties of the viral envelope.

However, the mechanism relating this membrane activity to
infection inhibition is not clear. One plausible mechanism
to explain the inhibitory effect of MPER(671—693) could
be the general solubilization or disaggregation of the viral
envelope by the peptide, either following a detergent-like
mechanism, or by extracting lipids, as described for the
Chol-depleting compound -cyclodextrin (54,55). However,
control experiments under conditions emulating the infec-
tivity assays (i.e., isolated virions immobilized onto a solid
substrate; Fig. S1 A), indicated that incubation with peptides
did not remove membrane lipids (Fig. S2, fop). In contrast,
treatment of the samples with the detergent Triton X-100 or
the Chol-depleting -cyclodextrin totally or partially depleted
the solid supports of lipid, respectively (Fig. S2, bottom).

The fact that the immobilized viral particles remained iso-
lated in the cell infectivity experimental setup (Fig. S1 A) also
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rules out virion-virion aggregation/fusion induced by pep-
tides as the mechanism underlying their virucidal activity.
Thus, we infer that perturbations resulting in membrane
permeabilization and intervesicle lipid mixing might also
affect additional biophysical properties of the membranes
in the isolated virions, whose preservation are required to
sustain infectivity.

Decrease in Chol-dependent lateral lipid packing

High quantities of Chol incorporate into the viral membrane
during HIV assembly (22), whereas depletion of this com-
pound inactivates the virus (54). It has been argued that
the high levels of lipid packing induced by Chol are required
to preserve the functionality of the HIV particle (49,54).
We observed that the virucidal peptides MPER(671—693)
and MPER(671—-693)L679I slightly, although significantly,
decreased lipid packing of the VL mixture (Fig. 2).
However, a comparable fluidifying effect was observed
when inactive sequences MPER(656—683) or TMD were
incorporated into VL GUVs (Fig. 4 A). Thus, a general,
slight fluidification of the viral membrane does not seem
to explain the virucidal activity of MPER(671—693).

Alteration of Chol-dependent lipid miscibility

Chol levels also modulate the liquid-liquid miscibility of the
VL mixture (Fig. 3). We approached the effects of the
MPER-TMD-derived peptides on lateral segregation using
lipid monolayers that were compressed to 10 mN/m, which
represents a miscibility transition pressure for the HIV lipids
and ternary mixtures containing Chol (23,56). This condi-
tion was also selected based on previous observations indi-
cating that increasing lateral pressure to 30 mN/m induces
collapse of the lipid monolayer made of the viral lipids,
whereas its lateral organization, consisting of demixed
nanodomains, was preserved at the lower values of 20 and
10 mN/m (23).

Thus, AFM analysis of VL lipid monolayers allowed
scoring at the nanoscopic length scale the effect of the
different peptides on the demixed liquid domain pattern
(Figs. 3 and 4). The topographic information obtained under
our experimental conditions confirmed that the active pep-
tide MPER(671—693) can induce nanodomain clustering.
However, a similar effect was observed for the inactive pep-
tides MPER(656—683) and TMD(684—704), Thus, the ca-
pacity of the peptides to induce nanodomain clustering
does not seem to explain the observed virucidal activity.

Accumulation at edges of lipid domains

The AFM analyses of lipid monolayers also revealed accu-
mulation of material at the rim of rigid domains in VL
monolayers containing MPER(671—693) virucidal peptide,
a pattern not observed in the case of the inactive peptides
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(Fig. 4 B). In addition, the active peptide induced the highest
measured domain height difference after nanodomain clus-
tering (Figs. 4 B and 5). This observation suggests that, in
comparison with the inactive peptides, MPER(671—693)
can alter line tension directly by accumulating at the periph-
ery of the rigid domains.

CONCLUSION

Our data provide conclusive evidence to support the virucidal
activity of a peptide derived from the HIV-1 MPER-TMD re-
gion, and a mechanism of action that involves the change of
the physical chemistry of the virus membrane. The compara-
tive analysis identifies the two properties of the virucidal
sequence that more robustly correlate with its inhibitory activ-
ity: the faculty of permeabilizing VL. LUVs and its potential
to accumulate at the periphery of rigid domains and modulate
line tension. Both effects can be interrelated, because accu-
mulation on the edges of lipid domains might help the assem-
bly of the membrane permeating structures inducing vesicle
leakage, as previously shown in the case of some pore-form-
ing toxins (57,58). The establishment of correlations among
interfacial activity, membrane activity, and antiviral activity
as a function of the sequence hydrophobicity pattern, might
help future development of virucidal peptides.
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Supporting Figure 1. Cell infection inhibition exerted by MPER-TMD-based
peptides. A) Experimental set-up. To measure cell entry inhibition, HIV-1
pseudoviruses were first pre-attached to lysine-coated plates (1-3). The immobilized
particles were subsequently treated with increasing concentrations of the peptides (4).
After washing (5), reporter TZM-bl cells were layered on top (6-7), and infectivity
inferred from the number of total cells expressing GFP (8). B) Control for sequence
specificity. In these assays VSV-G pseudoviruses were used as a control for cell entry
mediated by a different viral fusion glycoprotein. Conditions otherwise as in Fig. 1B.
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Supporting Figure 2. Fluorescence imaging of membrane lipids on solid supports
containing immobilized viral particles. For fluorescent labeling of membrane lipids,
transfected 293T cells were incubated with DiD probe prior to isolation of the
pseudoviruses as described in: Padilla-Parra et al. (2013) PLOS ONE, e71002. Particles
were attached to a poly-Lys-coated surface for imaging. Micrographs on top illustrate
the effect of the different peptides. Images were taken after 15 min incubation with
peptides applied at 20 uM, a concentration that results in full infection inhibition in the
case of MPER(671-693) (see Fig. 1B). Micrographs below display samples treated with
Methyl-p-cyclodextrin (10 mM) or Triton X-100 (0.5%). Insets display micrographs of
the samples prior to treatment with the different compounds. Scale bar is 1 um.
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