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ABSTRACT

The HIV-1 glycoprotein 41 promotes fusion of the viral membrane with that of the target cell. Structural, biochemical, and bio-
physical studies suggest that its membrane-proximal external region (MPER) may interact with the HIV-1 membrane and in-
duce its disruption and/or deformation during the process. However, the high cholesterol content of the envelope (ca. 40 to 50
mol%) imparts high rigidity, thereby acting against lipid bilayer restructuring. Here, based on the outcome of vesicle stability
assays, all-atom molecular dynamics simulations, and atomic force microscopy observations, we propose that the conserved se-
quence connecting the MPER with the N-terminal residues of the transmembrane domain (TMD) is involved in HIV-1 fusion.
This junction would function by inducing phospholipid protrusion and acyl-chain splay in the cholesterol-enriched rigid enve-
lope. Supporting the functional relevance of such a mechanism, membrane fusion was inhibited by the broadly neutralizing
4E10 antibody but not by a nonneutralizing variant with the CDR-H3 loop deleted. We conclude that the MPER-TMD junction
embodies an envelope-disrupting C-terminal fusion peptide that can be targeted by broadly neutralizing antibodies.

IMPORTANCE

Fusion of the cholesterol-enriched viral envelope with the cell membrane marks the beginning of the infectious HIV-1 replica-
tive cycle. Consequently, the Env glycoprotein-mediated fusion function constitutes an important clinical target for inhibitors
and preventive vaccines. Antibodies 4E10 and 10E8 bind to one Env vulnerability site located at the gp41 membrane-proximal
external region (MPER)–transmembrane domain (TMD) junction and block infection. These antibodies display broad viral neu-
tralization, which underscores the conservation and functionality of the MPER-TMD region. In this work, we combined bio-
chemical assays with molecular dynamics simulations and microscopy observations to characterize the unprecedented fusogenic
activity of the MPER-TMD junction. The fact that such activity is dependent on cholesterol and inhibited by the broadly neutral-
izing 4E10 antibody emphasizes its physiological relevance. Discovery of this functional element adds to our understanding of
the mechanisms underlying HIV-1 infection and its blocking by antibodies.

The HIV-1 envelope glycoprotein (Env) embodies a class I fu-
sion machinery (1–3). The Env complex is organized at the

surface of the infectious virus mostly as a trimer of noncovalently
associated heterodimers (4, 5). Each heterodimer is generated
upon cleavage of the gp160 precursor by furin-like proteases, giv-
ing rise to the two composing subunits, gp120 (surface) and gp41
(transmembrane), which mediate receptor binding and virus-cell
fusion, respectively (4). Recent structural studies confirm that in
the prefusion, native state, interprotomer association is primarily
mediated by hydrophobic contacts between gp120 subunits and a
preformed trimeric coiled-coil domain involving the N-terminal
(NHR) gp41 helices (6–8). Other regions, such as the gp120
V1-V3 variable loops and the membrane-proximal external re-
gion (MPER) of gp41, also contribute to stabilize the complex, but
to a lesser extent (9, 10).

The model displayed in Fig. 1A highlights three states within
the most widely accepted mechanism of virus-cell membrane fu-
sion induced by the Env glycoprotein (3, 4, 11, 12). Upon recep-
tor/coreceptor engagement, the native gp120 trimer (state I) ac-
quires an open configuration, and it is thought to transmit
conformational signals to gp41, most likely through the C1/C5
regions, which activates the fusion cascade. Two distinct gp41
structural elements take part in the subsequent steps of the pro-
cess: (i) membrane-inserting domains, namely, the fusion peptide

(FP) and the membrane-proximal external region (MPER)–
transmembrane domain (TMD) region, which anchor gp41 in the
prehairpin configuration (state II) to target cell and viral mem-
branes, respectively, and (ii) helical domains NHR and CHR,
which assemble into an energetically stable 6-helix bundle (6-HB)
or hairpin (state III). It is assumed that completion of the 6-HB
structure results in the relocation of the FP and MPER/TMD into
spatial proximity, thereby enabling anchored membranes to
merge (12, 13).

However, close apposition of membranes pulled together by a
growing 6-HB is hampered by the strong, repulsive hydration and
electrostatic forces operating at their surfaces, which consequently
prevent the initial mixing of their lipid constituents (11, 14, 15).
Thus, it has been argued that, beyond the anchoring effect, the
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N-terminal FP inserted into the target membrane could generate
the focal points of dehydration and hydrophobic destabilization
required for fusion (recently reviewed in reference 14). Comple-
mentarily, it has been suggested that shallow insertion of MPER
into the envelope external leaflet might prime the opposing viral
membrane for fusion (16–19). Supporting its conservation and
functionality, the MPER comprises one of the four “sites of vul-
nerability” targeted by broadly neutralizing antibodies within the
Env glycoprotein and the only one existing within the gp41 sub-
unit (reviewed in references 20 and 21). Interestingly, among the
anti-MPER antibodies identified so far, 4E10 and 10E8 are the most
broadly reactive, and both bind to residues spanning the MPER-
TMD junction (22, 23).

The viral membrane is enriched in cholesterol (Chol), its con-
tent reaching ca. 50 mol% (24–26). The high rigidity imparted by
this compound accumulated in the viral envelope is predicted to
oppose the deformations required for fusion (11, 15). Thus, here
we sought to establish whether a sequence with the capability of
perturbing and fusing highly rigid membranes would exist within
the gp41 MPER-TMD region. To that aim, we designed three
overlapping peptides spanning residues 656 to 704 (HXB2c num-
bering) (Fig. 1B). Functional characterization in a lipid vesicle

system demonstrated that peptides representing the MPER se-
quence (NpreTM) or the TMD (TMDp) barely induced fusion
under any condition. In contrast, the CpreTM peptide covering
the MPER-TMD junction was a Chol-dependent fusogenic se-
quence which displayed significant activity at concentrations of
this compound comparable to those existing at the viral envelope.
Molecular dynamics simulations (MDS) in conjunction with
atomic force microscopy (AFM) provided insights into the possi-
ble mechanism underlying the CpreTM fusogenic activity mea-
sured in vitro and its dependence on cholesterol. Furthermore,
emphasizing the physiological relevance of the detected activity,
CpreTM-induced fusion was inhibited by the functional 4E10 an-
tibody but not by a nonneutralizing version with the CDR-H3 tip
deleted. These findings suggest that neutralizing antibodies bind-
ing to the MPER C terminus might block infection by targeting the
fusogenic function of the MPER-TMD junction.

MATERIALS AND METHODS
Materials. The peptides used in this study, NEQELLELDKWASLWNWF
NITNWLWYIK (NpreTM), KKK-NWFDITNWLWYIKLFIMIVGGLV-KK
(CpreTM), KKK-NAADITNWLWYIKLFIMIVGGLV-KK (Cala), and
KKK-LFIMIVGGLVGLRIVFAVLSI-KKK (TMDp), were synthesized in
C-terminal carboxamide form by solid-phase methods using Fmoc chem-
istry, purified by reverse-phase high-performance liquid chromatography
(HPLC), and characterized by matrix-assisted laser desorption ioniza-
tion–time-of-flight (MALDI-TOF) mass spectrometry (purity � 95%).
Peptides were routinely dissolved in dimethyl sulfoxide (DMSO; spectros-
copy grade), and their concentrations were determined by the bicin-
choninic acid microassay (Pierce, Rockford, IL, USA). 1-Palmitoyl-2-
oleoylphosphatidylcholine (POPC) and cholesterol (Chol) were
purchased from Avanti Polar Lipids (Birmingham, AL, USA). The
N-(5-dimethylaminonaphtalene-1-sulfonyl)-1,2-dihexadecanoyl-sn-
glycero-3-phosphoethanolamine (d-DHPE), N-(7-nitro-benz-2-oxa-
1,3-diazol-4-yl)phosphatidylethanolamine (N-NBD-PE), N-(lissa-
mine rhodamine B sulfonyl)phosphatidylethanolamine (N-Rh-PE),
and 6-dodecanoyl-2-dimethylaminonaphthalene (laurdan) fluores-
cent probes were from Molecular Probes (Eugene, OR, USA). Mono-
clonal antibody (MAb) 4E10 was a gift from Dietmar Katinger (Poly-
mun Scientific, Klosterneuburg, Austria).

Fab expression and purification. Experimental procedures similar to
those described in reference 27 were followed for the production and
purification of Fab4E10 and its derived CDR-H3 �Loop mutant. The
genes encoding Fab4E10 were synthesized (TOP Gene Technologies,
Saint-Laurent, Quebec, Canada) and subsequently expressed from the
pCOLADuet-1 vector (Novagen, Madrid, Spain). For generation of the
Fab4E10-�Loop mutant, the hydrophobic CDR H3 loop apex (residues
W100-G100A-W100B-L100C) was deleted through site-directed mutagenesis.
The resulting gap between residues G99 and G100D (ca. 6 Å) was filled with
a SG dipeptide linker. 4E10 constructs were expressed in Escherichia coli
T7 SHuffle strain (New England BioLabs, Barcelona, Spain). Bacterial
cultures were induced at an optical density at 600 nm (OD600) of 0.8 with
0.4 mM IPTG (isopropyl thiogalactopyranoside) and grown for 36 to 48 h
at 16°C. Cells were harvested by centrifugation and resuspended in 50 mM
HEPES (pH 7.5) and 500 mM NaCl supplemented with 5% glycerol, 35
mM imidazole, 1 mg/ml lysozyme, DNase, and an EDTA-free protease
inhibitor mixture (Roche, Madrid Spain). Soluble Fabs were obtained by
cell lysis using an Avestin Emulsiflex C5 homogenizer. Cell debris was
removed by centrifugation, and the supernatant was loaded onto nickel-
nitrilotriacetic acid (Ni-NTA) resin (GE Healthcare). Elution was per-
formed with 500 mM imidazole, and the fractions containing His-tagged
proteins were pooled, concentrated, and further purified using a HiLoad
Superdex 75 prep-grade gel filtration column (GE Healthcare, Madrid,
Spain). Purified protein was concentrated and stored at 4°C.

FIG 1 Proposed model for HIV-1 Env-induced membrane fusion (A) and
designation of the gp41 MPER-TMD region (B). The highlighted gp41 ele-
ments are as follows: FP, fusion peptide; NHR and CHR, amino- and carboxy-
terminal helical regions, respectively; MPER, membrane-proximal external
region; TMD transmembrane domain; 6-HB: 6-helix bundle. In panel B,
MPER-TMD sequence variability within HIV-1 clade B is displayed as a
WebLogo representation (75). Nonpolar amino acids are in blue. The green
box above indicates the position of the 4E10 epitope. The tick marks indicate
residues facing the paratope with helical periodicity. The diagram under the
sequence delimits the helical subdomains and locates positions for nonhelical
junctions. Bars below the helices span the sequences covered by the overlap-
ping peptides used in this study.
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Lipid vesicle assays. Large unilamellar vesicles (LUV) were prepared
following the extrusion method of Hope et al. (28). Phospholipids and
cholesterol were mixed in chloroform and dried under a N2 stream.
Traces of organic solvent were removed by overnight vacuum pumping.
Subsequently, the dried lipid films were dispersed in 5 mM HEPES and
100 mM NaCl (pH 7.4) buffer and subjected to 10 freeze-thaw cycles prior
to extrusion 10 times through 2 stacked polycarbonate membranes
(Nuclepore, Inc., Pleasanton, CA, USA). The size distributions of the
vesicles were determined using a Malvern Zeta-Sizer Nano ZS instrument
(Malvern Instruments, Malvern, United Kingdom). Extrusion through
membranes with a nominal pore size of 0.1 �m produced POPC-Chol
(1:1 [mol/mol]) LUV with mean diameters of ca. 120 nm. Phospholipid
concentrations of liposome suspensions were determined by phosphate
analysis. Chol content in vesicles was determined after extrusion by the
cholesterol oxidase/peroxidase method (Biosystems, Barcelona, Spain)
and found to be within the experimental error.

Membrane lipid mixing was monitored using the resonance energy
transfer assay described by Struck et al. (29). The assay is based on the
dilution of comixed N-NBD-PE and N-Rh-PE, whereby dilution due to
membrane mixing results in increased N-NBD-PE fluorescence. In the
classical format, vesicles containing 0.6 mol% of each probe were mixed
with unlabeled vesicles at a ratio of 1:4 (final lipid concentration, 100
�M). The NBD emission was monitored at 530 nm with the excitation
wavelength set at 465 nm. A cutoff filter at 515 nm was used between the
sample and the emission monochromator to avoid scattering interfer-
ence. The fluorescence scale was calibrated such that the zero level corre-
sponded to the initial residual fluorescence of the labeled vesicles and the
value of 100% corresponded to the complete mixing of all the lipids in the
system. The latter value was set by the fluorescence intensity of vesicles
labeled with 0.12 mol% of each fluorophore at the same total lipid con-
centration as in the fusion assay. Alternatively, fusion was assessed using
peptide-activated vesicles committed for fusion. In this format, unlabeled
vesicles (90 �M) were first incubated with peptide for 120 s and subse-
quently supplemented with fluorescently labeled vesicles (10 �M).

Determination of membrane rigidity was based on the estimation of
the general polarization (GP) parameter using laurdan and multiphoton
fluorescence microscopy of giant unilamellar vesicles (GUVs), as de-
scribed in reference 30. Images of GUVs were acquired on a Leica TCS SP5
II microscope. For multiphoton excitation, the sample was illuminated
with a 780-nm beam from a femtosecond-pulsed titanium-sapphire Mai
Tai Deepsee laser (Spectra-Physics, Santa Clara, CA, USA). Fluorescent
GUVs were imaged with a �63 water immersion objective (numerical
aperture [NA] � 1.2). Images were captured in 512- by 512-pixel format
at a 400-Hz scan speed. The GP value for each pixel in the images was
calculated using MATLAB (MathWorks, Natick, MA, USA)-based in-
house-developed software and subsequently applied to obtain a GP value
distribution for each individual vesicle. The mean GP value for each lipid
mixture was calculated after imaging and processing of at least 30 GUVs.

Molecular dynamics simulations. Atomic coordinates of the HIV-1
gp41 MPER were taken from PDB entries 1JAV and 2PV6. Residues
included in the model have the sequences NEQELLELDKWASLWNWF
NITNWLWYIK (NpreTM) and NWFDITNWLWYIKLFIMIVGGLV
(CpreTM). Default protonation states were used for all the ionizable res-
idues. N and C termini were amidated and acetylated, respectively.

Pre-equilibrated model bilayers containing a mixture of POPC-Chol
at ratios of 4:1 and 1:1 were used. The system was solvated by �40.000
water molecules. Na� and Cl	 ions were added to neutralize the system
up to a final experimental concentration of 150 mM. Either 4 or 12 pep-
tides were randomly placed in the solution at the start of the simulation.
The total production run was 720 ns.

MD trajectories were simulated with version 2.9 of NAMD (31), using
the CHARMM force field with CMAP corrections (32) and using the
TIP3P model for water molecules (33) and the model of Cournia et al. for
Chol (34). Standard parameters for ions in the CHARMM force field were
adopted. Simulations were performed in the NpT ensemble. Pressure was

kept at 1 atm by the Nose-Hoover Langevin piston method (35, 36) with
a damping time constant of 100 ps and a period of 200 ps. The tempera-
ture was kept at 300 K by coupling to a Langevin thermostat, with a
damping coefficient of 5 ps	1 (36). Electrostatic interactions were treated
by the particle mesh Ewald algorithm, with grid spacing below 1 Å (37).
Van der Waals interactions were truncated at 12 Å and smoothed at 10 Å.
Hydrogen atoms were restrained by the SETTLE algorithm (38), which
allowed a 2-fs time step.

Atomic force microscopy. Atomic force microscopy (AFM) measure-
ments were performed on bilayers supported on a mica substrate. Sup-
ported planar bilayers (SPBs) were left to equilibrate at room temperature
for 30 min before AFM measurements were taken. Peptide-containing
samples were further incubated for 30 min before data acquisition. The
measurements were performed on a NanoWizard II AFM (JPK Instru-
ments, Berlin, Germany) at 25°C. MLCT SiN cantilevers (Veeco Instru-
ments, Plainview, NY, USA) with a spring constant of 0.1 N/m were used
in contact or tapping mode scanning to measure the SPBs. Resolution
images measuring 512 by 512 pixels were collected at a scanning rate
between 1 and 1.5 Hz and line fitted using JPK image processing software
as required.

Cell entry assays. For the neutralization assays (27), HIV-1 pseudovi-
ruses 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, BC, Canada) using
calcium phosphate. Cells were cotransfected with vectors pWXLP-GFP
and pCMV8.91, encoding a green fluorescent protein 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 Ltd., Paisley, United Kingdom) without serum. Two days
after transfection, the pseudovirus particles were harvested, passed
through 0.45-�m-pore sterile filters (Millex HV; Millipore NV, Brussels,
Belgium), and finally concentrated by ultracentrifugation in a sucrose
gradient. HIV entry was determined using TZM-bl target cells (AIDS
Research and Reference Reagent Program, Division of AIDS, NIAID,
NIH; contributed by J. Kappes). Antibody samples were set up in dupli-
cate in 96-well plates and incubated for 1.5 h at 37°C with a 10 to 15%
tissue culture infectious dose of pseudovirus. After antibody-pseudovirus
coincubation, 11,000 target cells were added in the presence of 30 �g/ml
DEAE-dextran (Sigma-Aldrich, St-Louis, MO). Infection levels after 72 h
were inferred from the number of green fluorescent protein (GFP)-posi-
tive cells as determined by flow cytometry using a BD FACSCalibur flow
cytometer (Becton Dickinson Immunocytometry Systems, Mountain
View, CA).

RESULTS

Figure 1A schematically displays the prevailing model for Env-
mediated cell-virus membrane fusion. In line with previous se-
quence-based predictions (16, 39), recent structural studies sup-
port that the gp41 region in contact with viral lipids may span the
TMD plus the adjacent MPER sequence in the native prefusion
state (9, 10). In this study, we have designed three overlapping
peptides spanning the complete MPER-TMD region (Env resi-
dues 656 to 704) (Fig. 1B). The sequence range covered by each of
these peptides was selected on the basis of the conserved hydro-
phobicity profiles and the presence of hinges delimiting helical
subdomains. In brief, the aromatic-rich NpreTM peptide derives
from the canonical MPER sequence that precedes the predicted
TMD. Regarding hydrophobicity, this peptide combines two con-
served interfacial helices jointed by the 671NWFD674 hinge (40,
41). CpreTM covers the C-terminal MPER block and the N-ter-
minal hydrophobic section of the TMD preceding a putative kink
at Gly-692 (39, 42). Finally, the sequence of TMDp was defined
according to previous functional studies by Cohen and coworkers
(43).

Fusion Induced by the HIV-1 gp41 MPER-TMD Junction
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To determine the capacity of MPER-TMD-derived sequences
for fusing rigid membranes, we compared the lipid-mixing activ-
ity displayed by NpreTM, CpreTM, and TMDp as a function of
the Chol content (Fig. 2 and 3). Figure 2 correlates the membrane
order increase ensuing upon Chol addition with peptide-induced
fusion. Membrane ordering was monitored by two-photon mi-
croscopy of laurdan-labeled giant unilamellar vesicles as described
previously (30). Consistent with the increase in rigidity, the gen-
eral polarization order parameter increased linearly with the Chol
content (Fig. 2, squares). Order increase had a significant effect on
CpreTM activity (Fig. 2, open circles). Fusion induced by this
peptide reached almost 100% in the most rigid vesicles but de-
creased sharply upon fluidification and was totally inhibited with

Chol concentrations lower than 30 mol%. In contrast, the MPER
section represented by the NpreTM peptide displayed a bimodal
behavior (Fig. 2, filled circles). Consistent with previously re-
ported results (44), certain degree of fusion activity could be ob-
served for POPC-Chol 2:1 vesicles, but the effect was inhibited
with higher or lower Chol concentrations. Marginal fusion was
also observed for TMDp, restricted in this case to the high Chol
concentration range (Fig. 2, triangles). Overall, these data pin-
point the region covered by CpreTM as a fusogen of rigid mem-
branes which loses activity upon their fluidification. Of note, the
fusion induced by CpreTM occurred at Chol concentrations com-
parable to those existing at the viral envelope (24), while the pep-
tide remained fusion inactive at the concentrations described to
occur at the plasma membrane of the producer cells (26). The
preceding or following sequences, which only included portions
of CpreTM, were barely fusogenic under the same conditions.

To study the peptide dose dependency, fusion was assessed
using vesicles containing 50 mol% Chol (Fig. 3). Again, significant
induction of vesicle fusion was observed only for the section cov-
ered by CpreTM (Fig. 3, middle). The measured EC50 corre-
sponded to peptide-to-lipid ratios of around 1:250 (mol/mol).
These low membrane doses further suggest that fusion did not
evolve as a consequence of hydrophobic adsorption of massive
amounts of peptide to the lipid bilayer but rather as a result of an
intrinsic membrane activity of the CpreTM sequence.

To get insights into the molecular mechanism of the Chol-
dependent membrane fusion, CpreTM effects were subsequently
characterized by combining MDS and AFM methods (Fig. 4 and
5). According to the MDS, when 4 peptides were added to POPC-
Chol (1:1) bilayers, the CpreTM sequence induced disruption of
the interface (Fig. 4A, left). Detailed views of these perturbing
effects revealed promotion of phospholipid protrusion and acyl
chain exposure (Fig. 4A, right). Moreover, these disruptive effects
were enhanced upon increasing the number of CpreTM mono-

FIG 2 Fusion activity of MPER-TMD peptides as a function of membrane
rigidity. Levels of fusion (lipid-mixing assay) measured after a 10-min incuba-
tion with NpreTM, CpreTM, or TMDp were plotted against the Chol mole
fraction. The peptide-to-lipid molar ratio was 1:25 in all cases. Plotted values
are means 
 standard deviations (SD) from three experiments. Membrane
order (dotted line and squares) ranged from GP values of 0.05 (most fluid) to
0.6 (most rigid), as measured in GUVs. Arrows on top mark Chol contents in
the plasma membrane of virus-producing H9 and MDM cells (26) and virions
(24).

FIG 3 Fusion of POPC-Chol (1:1 molar ratio) vesicles induced by NpreTM, CpreTM, and TMDp peptides. (Top) Kinetics of fusion (lipid-mixing assay).
Peptides were added to vesicle suspensions at the indicated peptide-to-lipid ratios. The time of addition was 50 s (arrow). The lipid concentration was 100 �M.
(Bottom) Final extents of fusion. The percentage of lipid-mixing measured after a 10 min incubation of peptides with vesicles has been plotted as a function of
the peptide concentration. Values are means 
 SD from three different experiments.
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mers considered in the simulation (Fig. 4B). In those instances,
higher-order aggregates inserted into the bilayer seemed to coop-
erate to extract lipids, the process evolving in a focal point with
negative monolayer curvature (Fig. 4B, left). These interactions
eventually resulted in the complete extraction and exposure to
solvent of phospholipid molecules, including their acyl chain
moieties (Fig. 4B, right).

To experimentally determine the effects of the disruptive in-
teractions unveiled by the MDS (Fig. 5A), supported membranes
were treated with CpreTM and studied by AFM. Figure 5B com-
pares visual fields of untreated and CpreTM-treated POPC-Chol
(1:1) SPBs. The average height of the untreated control samples
(Fig. 5B, left) was consistent with the formation of lipid bilayers in
our system (data not shown). These samples displayed a homoge-
neous surface. In contrast, incubation of these bilayers with 0.01
�M peptide caused the formation of randomly distributed fissures
with comparable sizes (Fig. 5B, center). The depth of these cavities
relative to the surface of the bilayer was estimated in the range of 3
to 4 nm, while their brinks regularly displayed greater height dif-
ferences. Increasing the amount of peptide (0.1 �M) resulted in

heavily perforated lipid bilayers displaying more accumulation of
material at the edges of the lesions (Fig. 5B, right). Thus, according
to the AFM observations, the CpreTM peptide generated mem-
brane lesions in the bilayer that were compatible with phospho-
lipid extraction and its accumulation on the surface.

The data displayed in Fig. 5C further show that these mem-
brane-disruptive effects were not reproduced by the NpreTM se-
quence inserted into the membrane interface of the POPC-Chol
(1:1) bilayer (Fig. 5C, top), nor by CpreTM interacting with lipid
bilayers containing smaller amounts of Chol (i.e., POPC-Chol
[4:1]) (Fig. 5C, bottom). The MDS snapshots displayed on the left
revealed in those instances interactions with membrane surfaces
not leading to phospholipid extraction or acyl chain exposure
during the recorded time. Consistently, AFM examination re-
vealed rounded spots with a slight decrease in depth (ca. 1 nm) in
POPC-Chol (1:1) SPBs treated with NpreTM, while CpreTM did
not perturb so intensely the architecture of the POPC-Chol (4:1)
SPBs (Fig. 5C, right).

Overall, results displayed in Fig. 2 to 5 support a functional role
for the CpreTM sequence as a supplementary FP, which would be
active in the context of Chol-enriched rigid membranes by ex-
tracting phospholipids at the fusion loci. Data displayed in Fig. 6
and 7 further suggest that such membrane activity could represent
the target for broadly neutralizing anti-MPER antibodies such as
4E10. The MDS data displayed in Fig. 6A (left) disclosed the 4E10
epitope region exposed to solvent when CpreTM is anchored to
POPC-Chol (1:1) bilayers. Docking of the 4E10 Fab structure fur-
ther supported accessibility for antibody binding (Fig. 6A, right).
Remarkably, after docking, the Fab positioned the paratope sur-
face in contact with the membrane surface, while the CDR-H3
loop tip required for neutralization was inserted shallowly into the
bilayer interface, as previously predicted (45).

To experimentally determine 4E10’s capacity for binding the
membrane-inserted CpreTM functional form, we assessed the ac-
tivity of this antibody in a committed-fusion assay (Fig. 6B). Thus,
the previous MDS suggest that CpreTM-induced perturbations
may prime the Chol-enriched membrane for fusion. To test that
possibility, we set up a committed-fusion experimental condition
under which vesicles were first activated by CpreTM addition. At
the outset, we ensured that under the conditions selected for
priming the membranes, the amount of peptide remaining un-
bound in solution was negligible (data not shown). Further coin-
cubation of the activated vesicles with fluorescently labeled target
vesicles resulted in membrane fusion, monitored as the dilution of
the probes into the whole vesicle population (Fig. 6B, black
traces).

Consistent with binding to the fusogenic form of CpreTM,
addition of MAb4E10 to “peptide-activated” vesicles halted fusion
(Fig. 6B, left). The inhibitory effect was not observed when vesicles
were fusion activated with the Cala peptide, which bears the 4E10
epitope key dipeptide 672WF673 mutated to Ala residues (46) (Fig.
6B, right). Together, these results demonstrate that the capacity of
4E10 antibody for inhibiting the committed fusion process was a
dose- and epitope recognition-dependent phenomenon.

The physiological relevance of this fusion inhibition phenom-
enon was further inferred from the results displayed in Fig. 7. In
those experiments, we compared the Fab4E10-WT with its
Fab4E10-�Loop variant, the latter having the hydrophobic
CDR-H3 loop tip deleted (Fig. 7, left and right, respectively). The
WT and �Loop Fabs disclosed comparable secondary structures

FIG 4 MDS of CpreTM sequence interacting with POPC-Chol (1:1 molar
ratio) lipid bilayers. (A) The simulation considered 4 peptides. The snapshot
was taken at 112 ns. Peptides are displayed in stick-and-ribbon format, and
phospholipids and Chol are shown in a space-filling representation. Close
views in the right panels illustrate polar-head group engagement (top) and
acyl-chain splaying (bottom). (B) The simulation considered 12 peptides.
(Left) Snapshot of CpreTM-induced disruption of POPC-Chol (1:1) bilayers
(taken at 360 ns). (Right) Close view illustrating the phospholipid extraction
phenomenon.
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(Fig. 7A) and binding to soluble peptide epitope (Fig. 7B), thereby
confirming that the generated mutation did not interfere with the
overall structure or stability of the 4E10 binding fragment. In con-
trast, the �Loop mutation did interfere with the ability of this Fab
to block pseudovirus infection (Fig. 7C) and to inhibit liposome
fusion (Fig. 7D). Thus, cell entry blocking and fusion inhibition
phenomena seem to depend on the correct sequence of the 4E10
CDR-H3 loop.

FIG 5 Structural alterations of lipid bilayers. (A) MDS of membrane surface
alteration by CpreTM. (Left) Snapshot of CpreTM interacting with POPC-
Chol (1:1) lipid bilayers. The peptides are displayed in space-filling represen-
tation (gray), and phospholipids and Chol are shown in semitransparent mo-
lecular surface-and-stick representation (blue and red, respectively). (Right)
Phospholipid head group protrusions (1) and acyl-chain exposure (2) when
the peptide is omitted. (B) AFM height images of POPC-Chol (1:1) SPBs. An
untreated control sample (left) is compared with SPBs that were treated with
0.01 and 0.1 �M CpreTM (center and right, respectively). Images of CpreTM-

containing samples were obtained 30 min after peptide addition. Sizes of visual
fields are 4.5 by 4.5 �m. Plots below the images display the height profiles for
the trajectories indicated by the white lines. (C) Interactions of NpreTM (top)
and CpreTM (bottom) with POPC-Chol (1:1) and POPC-Chol (4:1) mem-
branes, respectively. (Left) MDS snapshots taken at 100 ns. Peptides (gray) and
lipids (POPC, green; Chol, red) are displayed in space-filling representation.
(Right) AFM height images (conditions were as described for panel B).

FIG 6 Fusion inhibition by 4E10 MAb. (A) (Left) Accessibility of the 4E10/
10E8 epitope region (in green) on the membrane surface according to MDS of
CpreTM interacting with POPC-Chol (1:1) bilayers. Side chain of Lys-683 is
displayed in orange. Phospholipids (stick representation) and Chol (space-
filling representation) are in blue and red, respectively. The snapshot was taken
at 100 ns. (Right) Docking of the 4E10 paratope into the previous structure. To
create the figure, the peptide bound to Fab4E10 in the crystal structure with
PDB code 2FX7 was fitted into the simulated CpreTM peptide. The CDR-H3
loop and the side chains of Trp residues within are highlighted in yellow. (B)
(Left) Vesicles were primed for fusion with CpreTM (a), and after 60 s (b), they
were treated with 1 (red), 2 (blue), 5 (green), or 10 (orange) �g/ml of
MAb4E10. The black trace corresponds to the control in the absence of anti-
body. Finally, the mixture was supplemented with fluorescently labeled vesi-
cles, and the remaining fusion activity was monitored over time (c). (Right)
Vesicles were primed with Cala peptide, and the MAb effect was assessed under
the same conditions.

Apellániz et al.

13372 jvi.asm.org Journal of Virology

 on O
ctober 30, 2014 by U

N
IV

E
R

S
ID

A
D

 D
E

 C
H

ILE
http://jvi.asm

.org/
D

ow
nloaded from

 



DISCUSSION

The exaggerated rigidity of the viral envelope poses a challenge to
the description of the HIV fusion mechanism according to current
paradigms of lipid bilayer remodeling (11, 15, 47). The proposed
fusion models are based on a continuous approach of membranes
in terms of their elastic properties and establish that inserted FP
moieties may promote lipid bilayer disruption and/or deforma-
tion along the fusion pathway. Thus, according to this view, the
FPs may locally dehydrate the membrane interface, generate hy-
drophobic patches, impart curvature, and/or soften the lipid bi-
layer to catalyze membrane merger (see reference 14 for a recent
review on this matter).

It has been hypothesized that gp41’s ability for restructuring
the viral membrane resides within the MPER sequence (16, 18, 19,
48). Some authors propose that hydrophobic insertion of the FP
and MPER domains into cell and viral membranes, respectively,
might generate the bulging out of the approaching bilayers during
HIV fusion (11, 17, 48). The bent lipid bilayer at the end cap of
each bulge would be fusion prone because its curvature and the
associated elastic energy would relax in the course of the fusion
reaction (11). A flaw in this fusion model is that the strong lipid
cohesion induced by the high Chol content of the viral membrane
(in the range of 40 to 50 mol% [24, 26, 49]) is predicted first to act
against the opening of cavities required for transferring MPER
residues into the membrane (50) and then to alter the bilayer
mechanical properties, including the area compressibility modu-
lus (51), the bending modulus (52), and the spontaneous radius of
curvature (53), to oppose fusion-related deformations evolving
thereafter (15).

Counterintuitively, it has been argued that the high Chol con-
tent of the viral envelope constitutes a structural component of the
virion required for the cell entry function. This idea is supported
by observations indicating that interference with (54, 55) or de-
pletion of (56–58) this compound abolishes HIV infectivity. In
particular, early fluidity measurements by Aloia et al. (25) indi-
cated that the Chol-enriched HIV-1 envelope is among the most
rigid membranes and that its fluidification may reduce infectivity.
It is tempting to speculate that Chol itself may take part in the
fusion reaction, either by directly interacting with MPER, as sug-
gested by some authors (59), or as a cofactor (18, 60).

The MPER-TMD region appears to be composed of an articu-
lated helix that is particularly enriched in conserved aromatic res-
idues at the junction between both domains (Fig. 1B). In this
work, we approached the MPER-TMD function using overlap-
ping peptides. In addition, a two-lipid model system was selected
to specifically modulate membrane rigidity as a function of the
Chol content. Although the selected POPC-Chol vesicles allowed
monitoring of changes on the membrane activity of the peptides
as a function of a single factor, both experimentally (Fig. 2, 3, and
5) and in silico (Fig. 4 and 5), we caution that this simple model is
devoid of the compositional complexity found in cell membranes
(61).

From the comparison of the fusion capacities displayed by the
overlapping peptides as a function of membrane rigidity (Fig. 2), it

FIG 7 Comparison of the 4E10 Fab (left) and its derived �Loop mutant
(right). (A) Circular dichroism spectra of Fab4E10-WT and Fab Fab4E10-
�Loop mutant. Negative absorption at 217 nm observed in both cases was
consistent with adoption of a main �-structure. (B) Binding to the soluble
peptide epitope. Competitive enzyme-linked immunosorbent assays (ELISAs)
were performed using plates coated with CpreTM (1.4 �M). Prior to being
added to the plates, Fabs were preincubated for 30 min with serial dilutions of
soluble peptide-epitope (NWFDITNWLWYIK-KKK). Percentages of binding
inhibition were determined in duplicate and adjusted to saturation curves. (C)
Cell entry inhibition assay. Pseudoviruses were preincubated with Fab, and
single cell entry events were monitored by fluorescence-activated cell sorting
(FACS) after incubation with TZM-bl target cells. Means 
 SD of 4 measure-
ments from 2 independent experiments are displayed. (D) Fusion inhibition.
(Left) Vesicles were primed for fusion with CpreTM (a), and after 60 s (b) they
were treated with 1, 2, 5, or 10 �g/ml of Fab4E10-WT, as indicated. The thicker

trace on top corresponds to the control in the absence of antibody. (Right) At
the time indicated by the arrow (b), vesicles were supplemented with 5 or 20
�g/ml of Fab4E10-�Loop, as indicated. Conditions are otherwise as described
for Fig. 6.
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can be inferred that the CpreTM spanning gp41 sequence might
embody a C-terminal FP capable of fusing rigid membranes en-
riched in cholesterol. In comparison, the NpreTM peptide, which
derived from the MPER section previously assumed to represent a
membrane-perturbing domain (16, 18, 19, 60), showed no activ-
ity under those conditions (Fig. 3). Surprisingly, reduction of the
Chol content and membrane order correlated with a loss of
CpreTM’s fusogenic activity.

MDS provided unprecedented insights at the molecular level,
on the mechanism underlying the CpreTM-induced, Chol-de-
pendent fusion phenomenon (Fig. 4 and 5). In simulations of
POPC-Chol (1:1) lipid bilayers, CpreTM was found to extract
individual phospholipid molecules and expose them to solvent.
The membrane perturbations ensuing after these interactions
were experimentally characterized by in situ AFM of SPBs (Fig. 5B
and C). CpreTM generated membrane lesions consistent with the
capacity of the gp41 MPER-TMD junction for extracting phos-
pholipid from the viral lipid bilayer during the HIV fusion pro-
cess.

Thus, we infer that the initial states of the CpreTM-induced
fusion process might be reminiscent of the lipid tail protrusion
mechanism formulated by Kinnunen and Holopainen (62), also
proposed to underlie fusion induced by the influenza virus FP
interacting with membranes (63). In brief, Kinnunen and Hol-
opainen postulate that packing strain arising from negative cur-
vature can be relieved by the adoption of an extended conforma-
tion by phospholipids (62, 64). In that conformation, one of the
acyl chains would stick out into the aqueous phase. It has been
reasoned that a lipid molecule whose two acyl chains are splayed
may suffice to build an initial lipid bridge between contacting
bilayers, a process eventually leading to the mixing of the constit-
uent lipids (47). By analogy, the negative curvature arising from

interactions of polar-head groups with aromatic residues located
within CpreTM external to the bilayer plane might eventually pro-
voke acyl chain extraction (Fig. 8).

An inspection of the snapshot displayed in Fig. 8A provides
insights into the Chol requirement for CpreTM activity. The ex-
planatory cartoon displayed in Fig. 8B illustrates two possible con-
tributions of Chol to the fusion process. First, this compound
seems to buttress the negative monolayer curvature generated in
the proximity of the peptide (Fig. 8B, dotted lines). Second, Chol
molecules appear to fill the void arising in between the opposing
monolayers during the process. Filling this void by several stack-
ing Chol molecules is likely required to stabilize the curved state of
the opposing monolayer. Upon depletion of Chol, formation of
these clusters could not be observed in the simulations, while
CpreTM insertion did not result in membrane interface disrup-
tion (Fig. 5C). We conclude that Chol can be recruited to promote
and stabilize focal points of negative curvature, which in turn may
assist CpreTM catalyze acyl-chain protrusion.

According to this model, the fusogenic activity of CpreTM was
probably due to the positioning of aromatic residues close to but
external to the membrane interface. The disruptive capacity is
likely intensified for peptides that are inserted perpendicular to
the lipid bilayer plane, an arrangement further assisted by self-
oligomerization at the membrane surface. In contrast, NpreTM
did not reproduce the lipid protrusion activity. One possibility
that might explain this differential effect is that NpreTM inserted
into POPC-Chol (1:1) bilayers mostly oriented with the main he-
lix parallel to the membrane plane. In this orientation, aromatics
were stably embedded into the membrane interface without in-
ducing a negative monolayer curvature, as has been previously
demonstrated for a slightly shorter peptide (65).

Figure 8C compiles all these possibilities into a general model

FIG 8 Proposed activity for the gp41 sequence covered by CpreTM peptide during HIV membrane fusion. (A) MDS snapshot displaying phospholipid
extraction from the interface and Chol stacking in the opposing monolayer. (B) (Left) Cartoon representation of lipids displayed in panel A. (Right) Chol
molecules have been omitted to highlight their possible effects on the phospholipid matrix. Chol may help promote phospholipid extraction by stabilizing
negative curvature of the monolayer (1) and/or by filling interlamellar voids (2). (C) Functioning of the section covered by the CpreTM sequence in the context
of Env-mediated fusion. (Left) In the prefusion state (I in Fig. 1A), the CpreTM region may be concealed at the base of the ectodomain and inserted parallel to
the membrane plane. (Center) Possible role in a prehairpin configuration (state II in Fig. 1A). Orienting conserved aromatic residues at the MPER-TMD junction
perpendicular to the membrane plane may promote phospholipid extraction. The model supports the possibility of 4E10 binding to lipids concomitantly to the
protein epitope. (Right) Closure of the hairpin might couple disruption of the viral membrane to fusion. Phospholipid molecules whose acyl chains are splayed
may establish a lipid connection between contacting bilayers. The ectodomain is proposed to bend again at the 671NWFD674 elbow in this state.
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for Env-mediated virus-cell membrane fusion. In the prefusion
state (I), MPER might be concealed at the bottom of the glycopro-
tein complex by interacting with the viral membrane mostly ori-
ented parallel to the bilayer plane. In the prehairpin intermediate
(II), self-oligomerization of the CpreTM section might ensue,
thereby relocating aromatic residues in close proximity but exter-
nal to the membrane interface. In this state, phospholipid extrac-
tion would be favored. Upon 6-HB formation (III), the viral
membrane focally disrupted at the MPER-TMD junction would
be pulled into contact with the cell membrane. Phospholipid mol-
ecules whose acyl chains are splayed might prime the rigid enve-
lope for merger.

It has been argued that HIV-1 may enter target cells through
endocytosis and fusion with endosomes (66, 67). According to
this line of evidence, viral particles may exchange lipids with the
plasma membrane, while occurrence of the release of their lumi-
nal content is mainly restricted to intracellular compartments that
are not connected to the plasma membrane. Thus, plasma mem-
brane-virus fusion would be arrested at a hemifusion stage, while
progression to fusion pore formation and dilation would require
assistance by endosome-resident factors. According to such a
mechanism, the lipid protrusion activity of the MPER-TMD con-
nection would evolve in the context of the cell surface and would
therefore be accessible to blocking factors from the external me-
dium (68). The observation that the functional 4E10 antibody
could halt the CpreTM-induced fusion process would be compat-
ible with this possibility (Fig. 6, 7).

Finally, our findings may have implications for understanding
the origin of the broad neutralization by antibodies binding to the
MPER C terminus. Within the framework of the lipid protrusion
model, maintenance of conserved aromatic residues and helical
conformation at the C-terminal side of MPER seem to be a func-
tional prerequisite. 4E10 antibody recognizes such a motif and
seems to target the fusion intermediate of gp41 (69). As put for-
ward by the model displayed in Fig. 8C (center), the aromatic-rich
CpreTM section protruding orthogonally from the bilayer in the
prehairpin state (Fig. 1A, step II) could, in association, bear ex-
tracted phospholipid. Thus, it is tempting to speculate that 4E10
might bind tightly to a proteolipid epitope and further arrest the
fusion process. The existence of such a proteolipid binding mech-
anism might help reconcile contradictory reports on the capacity
of anti-MPER antibodies for direct binding to membrane phos-
pholipids (44, 69–74).
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