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ABSTRACT: Elucidation of the molecular mechanism leading to biomembrane fusion is a challenging issue
in current biomedical research in view of its involvement in controlling cellular functions and in mediating
various important diseases. According to the generally admitted stalk mechanism described for membrane
fusion, negatively curved lipids may play a central role during the early steps of the process. In this
study, we used atomic force microscopy (AFM) to address the crucial question of whether negatively
curved lipids influence the interaction of the simian immunodeficiency virus (SIV) fusion peptide with
model membranes. To this end, dioleoylphosphatidylcholine/dipalmitoylphosphatidylcholine (DOPC/DPPC)
bilayers containing 0.5 mol % dioleoylphosphatidic acid (DOPA) were incubated with the SIV peptide
and imaged in real time using AFM. After a short incubation time, we observed a 1.9 nm reduction in the
thickness of the DPPC domains, reflecting either interdigitation or fluidization of lipids. After longer
incubation times, these depressed DPPC domains evolved into elevated domains, composed of nanorod
structures protruding several nanometers above the bilayer surface and attributed to cylindrical reverse
micelles. Such DOPC/DPPC/DOPA bilayer modifications were never observed with nontilted peptides.
Accordingly, this is the first time that AFM reveals the formation of cylindrical reverse micelles in lipid
bilayers promoted by fusogenic peptides.

Membrane fusion processes play an important role in
controlling cell life (1-3) and in mediating infection
processes (1). As bending of bilayers is necessary for the
formation of intermediates during membrane fusion (4-6),
negatively curved lipids (such as diglycerides, phosphati-
dylethanolamine, and phosphatidic acid) may be required.
These lipids which cannot form bilayers preferentially
organize as inverted micelles (6). Recent studies have shown
that only very low concentrations (1-4 mol %) of such
negatively curved lipids, which actually match physiological
concentrations, are necessary for the promotion of membrane
fusion (6). In cell membranes, these cone-shaped lipids are
produced by the lipolytic activity of phospholipase C and D
enzymes (PLC1 and PLD, respectively). For example, PLD
produces phosphatidic acid (PA) by hydrolyzing the phos-
phoester bond between the phosphatidyl moiety and the

choline headgroup of phosphatidylcholine (PC). An important
consequence of the production of PA by PLD is that it
facilitates membrane fusion (7, 8).

Negatively curved lipids are not the only promoters of
membrane fusion since certain proteins and peptides also
have the ability to induce membrane fusion processes that
are biomedically important. For example, the role of viral
fusion proteins is crucial for the internalization of the virus
into host cells through a membrane fusion mechanism (9).
Some neurodegenerative diseases (such as Alzheimer’s and
Creutzfeldt-Jakob diseases) are another example that il-
lustrates peptide-induced perturbations of cell membranes
(by the amyloid peptide and the prion protein, respectively).
Hence, understanding the molecular basis of protein- and
peptide-induced membrane fusion processes is challenging.

Tilted peptides are short peptides found in many membrane-
interacting proteins (viral fusion proteins, neurotoxic proteins,
lipolytic enzymes, etc.) (10). They are known to insert into
lipid bilayers with an oblique orientation and to facilitate
the formation of inverted micelles (5), thereby promoting
membrane fusion processes. It has been suggested that the
ability of tilted peptides to favor reverse micelle formation
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and fusion is more pronounced with negatively curved lipids
(5, 10, 11). However, experimental data are still needed to
gain a molecular picture of the interaction between tilted
peptides and membranes.

Atomic force microscopy (AFM) has proven to be an
efficient technique for imaging biological specimens at high
resolution (12). AFM is very useful in biophysics in
characterizing supported lipid bilayers at high resolution, in
terms of formation of micro- and nanodomains (13, 14) and
of interaction with external agents, including solvents (15),
peptides (16), proteins (17), and antibiotics (18). Furthermore,
AFM aided in the study of many membranotropic peptides.
For example, tapping mode AFM on the influenza hemag-
glutinin ectodomain provided evidence of its self-association
when incorporated within membranes (19). Furthermore, as
opposed to electron microscopy images, AFM images can
be acquired under physiological conditions. This property
allowed the elucidation of amylin-induced defects within
supported membranes (20).

Here, we used AFM to elucidate the influence of nega-
tively curved lipids on the ability of a viral fusion peptide
to perturb the organization of lipid bilayers. The simian
immunodeficiency virus (SIV) fusion peptide was selected
because of its biomedical relevance and because it is known
to destabilize lipid membranes (21-25). To probe the
sensitivity of the SIV peptide toward curved lipids, mixed
DOPC/DPPC bilayers containing 0.5% DOPA were imaged
in the presence of the peptide. Real-time monitoring of the
SIV peptide-induced modification of membrane topography
provided novel information. We have noticed a significant
reduction in the bilayer thickness of the DPPC domains after
short incubation times with the peptide, while after longer
times, the domains evolved toward a thicker phase.

EXPERIMENTAL PROCEDURES

Materials. L-R-Dioleoylphosphatidic acid (DOPA),L-R-
dioleoylphosphatidylcholine (DOPC),L-R-dipalmitoylphos-
phatidylcholine (DPPC), ethylenediaminetetraacetic acid
(EDTA), and 2,2,2-trifluoroethanol were purchased from
Sigma (St. Louis, MO). The SIV peptide (NH2-GVFVLG-
FLGFLA-CONH2) was obtained from Neosystem (Stras-
bourg, France) and was 90% pure. Other chemicals were
purchased from Merck (Darmstadt, Germany). Stock solu-
tions of peptides were prepared in trifluoroethanol (TFE) at
a final concentration of 600µM. For AFM experiments, stock
solutions were diluted into Tris/EDTA buffer [10 mM Tris,
150 mM NaCl, and 5 mM EDTA (pH 7.4)] to a final peptide
concentration of 10µM.

Preparation of Supported Lipid Bilayers.Supported lipid
bilayers were prepared using the vesicle fusion method (13,
26). To this end, lipids were dissolved in chloroform at a
final concentration of 1 mM. The mixture of these lipids
was then evaporated under nitrogen and dried in a desiccator
under vacuum for 2 h. Multilamellar vesicles (MLV) were
obtained by resuspending the lipidic dried film in calcium-
containing buffer [10 mM Tris, 150 mM NaCl, and 3 mM
CaCl2 (pH 7.4)] at a final lipid concentration of 1 mM. To
obtain small unilamellar vesicles (SUV), the suspension was
sonicated to clarity (four 2 min cycles) using a 500 W probe
sonicator (Fisher Bioblock Scientific; 35% of the maximal
power, 13 mm probe diameter) while keeping the suspension

in an ice bath. The liposomal suspension was then filtered
on 0.2µm Nylon filters (Whatman Inc.) to eliminate titanium
particles.

Freshly cleaved mica squares (16 mm2) were glued onto
steel sample disks (Veeco Metrology LLC, Santa Barbara,
CA) using Epotek 377 (Gentec Benelux, Waterloo, Belgium).
Two milliliters of the SUV suspension was then deposited
onto the mica samples, and the SUV were allowed to adsorb
and fuse onto the solid surface for 1 h at 60°C. Subsequently,
samples were rinsed five times with 2 mL of EDTA-
containing buffer [10 mM Tris, 150 mM NaCl (pH 7.4), and
5 mM EDTA] and slowly cooled to room temperature.

Atomic Force Microscopy.Supported bilayers were in-
vestigated using a commercial AFM (NanoScope IV Multi-
Mode AFM, Veeco Metrology LLC) equipped with a
125µm × 125µm × 5 µm scanner (J-scanner). Topographic
images were recorded in contact mode using oxide-sharpened
microfabricated Si3N4 cantilevers (Microlevers, Veeco Me-
trology LLC) with a spring constant of 0.01 N/m (manu-
facturer specified), with a minimal applied force (<500 pN)
and at a scan rate of 5-6 Hz. Images were recorded at room
temperature (23-25 °C) either in Tris/EDTA buffer [10 mM
Tris, 150 mM NaCl, and 5 mM EDTA (pH 7.4)] or after
incubation in Tris/EDTA buffer containing 10µM peptide.

RESULTS

To explore the sensitivity of tilted peptides for negatively
curved lipids, mixed DOPC/DPPC/DOPA (495:500:5 molar
ratio) bilayers were imaged by AFM in buffer solution in
the absence and presence of the SIV peptide. As shown in
Figure 1A (0 min), the topographic image obtained for a
native DOPC/DPPC/DOPA bilayer revealed the coexistence
of two phases, as observed for DOPC/DPPC-supported
bilayers (13, 17). The phase diagrams of DPPC and DOPC
(17) as well as previous AFM studies (17, 18) lead us to
believe that the lighter level correspond to DPPC in the gel
phase and the darker level to DOPC in the fluid phase. The
step height measured between the two phases was 1.1( 0.1
nm and resulted from a difference in the thickness and
mechanical properties of the DOPC and DPPC films (13,
27). Importantly, we note that a third phase that can be
attributed to PA-enriched domains was never seen in the
images, presumably because the amount of PA (0.5 mol %)
was too low to induce lateral segregation.

Addition of the SIV peptide to the DOPC/DPPC/DOPA
bilayer induced profound, time-dependent modification of
the bilayer morphology. Figure 1B shows that after incuba-
tion for 15 min, while the DOPC fluid phase remained
apparently unchanged, the DPPC phase was depressed and
exhibited a thickness reduction of 1.9( 0.1 nm. After 30
min (Figure 1C), elevated bright features protruding 3.2(
0.2 nm above the DOPC surface were observed. Since they
appeared at the interface between the DOPC and the
depressed DPPC phases, they are likely to represent a third,
newly formed phase. Importantly, this elevated phase was
found to grow with an increase in incubation time, in a
centripetal way, from the edge of the DPPC-depressed
domain toward its center (see panels D-H of Figure 1).
Hence, incubation of DOPC/DPPC/DOPA bilayers with the
SIV peptide induces two consecutive, marked morphological
changes, i.e., depression of whole DPPC domains followed

Interaction of the SIV Peptide with Negatively Curved Lipids Biochemistry, Vol. 45, No. 30, 20069337



by the formation of a third elevated phase slowly covering
the initial DPPC domain. Figure 2 is an enlargement of this
newly generated domain corresponding to an incubation time
of 60 min (corresponding to the white box in Figure 1F).
As one can see, this new phase is composed of highly ordered
tubular nanostructures with a periodicity of 77.4( 6.1 nm
and an amplitude of 0.7( 0.1 nm.

From the AFM images depicted in Figure 1, we have
measured the height difference between the new thick phase
and the surrounding DOPC. The heights were then plotted
as a function of incubation time. Importantly, we note that
the newly formed phase became progressively thicker with
time (Figure 3), the step height with respect to the unmodified
DOPC phase increasing from 3.2( 0.2 nm at 30 min to
5.2 ( 0.4 nm at 110 min. In fact, the newly formed phase
finally reached the thickness of a new bilayer deposited onto
the native DOPC membrane.

At 110 min (Figure 1H), the elevated domain slowly
desorbed from the bilayer, and at 120 min, it had completely
disappeared, leaving round-shaped DPPC-like phases pro-
truding 0.7( 0.1 nm from the DOPC surface. Importantly,
at the end of the incubation, no domains enriched with the
SIV peptide were visible, supporting the hypothesis of its
complete desorption from the bilayer.

It is important to note that among the DOPA percentages
that were tested (0.05, 0.5, 2, and 5 mol %), only the 0.5%

DOPA-containing bilayers gave satisfactory results in terms
of the velocity and intensity of the observed phenomena.
Above this adequate percentage of 0.5% DOPA, the reaction
evolved too fast to image every step with sufficient resolu-
tion. At <0.5% DOPA, the modifications of the membrane
were too slow to observe the overall mechanism of the
reaction (11).

Furthermore, it is worth noting that while other tilted
peptides, such as prion peptide or colicin H8 and H9, also
induced the formation of transiently thicker domains (data
not shown), these were not observed with nontilted amphi-
pathic peptide ApoE, as shown in Figure 4. Within 8 min of
ApoE peptide addition (10µM), an important part of the
initial DPPC gel phase was depressed by 1.8( 0.2 nm. One
can also notice that some round DPPC domains appeared.
After 15 min, all the depressed domain disappeared, leaving
round-shaped DPPC domains and some white aggregates
protruding 0.9( 0.1 nm above DOPC (see the arrow in
Figure 4C). According to the thickness and the low mechan-
ical resistance of these aggregates, they may correspond to
areas enriched with the ApoE peptide lying flat on the
membrane. Thus, as opposed to the case for the SIV peptide,
membrane modifications induced by the ApoE peptide
occurred within 15 min and did not involve elevated domains.
Therefore, interaction of the SIV peptide with the membrane

FIGURE 1: Influence of the SIV peptide on DOPC/DPPC/DOPA bilayers. AFM topographic images (15µm × 15 µm, z-range of 10 nm)
of a DOPC/DPPC/DOPA (495:500:5 molar ratio) bilayer recorded in Tris and EDTA (pH 7.4) (A, 0 min) and in a 10µM SIV peptide
solution (Tris/EDTA) after (B) 15, (C) 30, (D) 40, (E) 50, (F) 60, (G) 80, (H) 110, and (I) 120 min. These results are representative of four
independent experiments with at least two different regions explored.
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appears to be quite different from that of the ApoE control
peptide.

Fusion experiments were performed with 495:500:5 (molar
ratio) DOPC/DPPC/DOPA liposomes with the protocol
described previously (28). The results were very similar to
those obtained for DOPC/DPPC bilayers (data not shown).
This might be due to the low percentage of DOPA which
was low enough to allow a detailed observation of the
phenomena on a nanoscale, but it was not sufficient to
significantly enhance the fusion of liposomes on a macroscale
(6).

DISCUSSION

Many transmembrane peptides have previously been
studied by AFM. Synthetic WALP peptides were described
in interaction with DPPC membranes (29). TheseR-helix

peptides formed stable striated domains corresponding to
their transmembrane insertion. The authors also showed that
the transmembrane line-type ordered arrangement of the
peptide depended on its length. With the same protocol, the
natural channel-forming peptide gramicidin A (gA) induced
the formation of highly ordered domains composed of gA
aggregates within DPPC bilayers (30). At higher gA con-
centrations, small clusters of elongated (line-type) aggregates
appeared with reproducible segment lengths. An increasing
gA ratio induced the formation of multiple lamellar structures
on the DPPC bilayer with a ripplelike surface morphology
resembling to some extent to the thick domains found here.
A noteworthy fact is that due to the low resistance of this
ripplelike structure, the top aggregate layer could be easily
scraped away by applying a large force on the AFM tip,
exposing the lower layer which appeared to be the same as
those with low gA concentrations. This is very similar to
what was observed here for the SIV peptide, when the
elevated phase finally desorbed after long incubation times.
In another recent work, Ple´nat et al. (31) demonstrated the
coexistence of two states for a cell-penetrating peptide (CPP).
The first form was composed of bundles of thin elongated
well-delimited filaments lying at the surface of the lipid
bilayer, while some peptides where localized deeply within
the membrane. The latter situation corresponded to localized
thinning of the membrane from 1.2 to 3.5 nm.

Accordingly, the SIV-induced striated domains reported
here show some similarities to those found for the gA
peptides and the CPP at high concentrations. However, there
is a major methodological difference; bilayers were prepared
from mixed lipid/gA (or lipid/CPP) vesicles, and the final
bilayer systems were then imaged. By contrast, in this work,
lipid bilayers were first prepared, and then their modification
upon addition of the SIV peptide was visualized in real time

FIGURE 2: SIV peptide induces the formation of thick domains
within DOPC/DPPC/DOPA bilayers. Higher magnification
(3 µm × 3 µm, z-range of 2 nm) of the AFM topographic image
shown in Figure 1F (white box). This image is representative of
three independent experiments with at least two different regions
explored.

FIGURE 3: Evolution of the thickness of the newly formed phase
induced by the SIV peptide. Step height differences were measured
between the newly formed phase and the surrounding DOPC in
the images presented in Figure 1. These heights were then plotted
as a function of time.

FIGURE 4: Influence of the ApoE peptide on DOPC/DPPC/DOPA
bilayers. AFM topographic images (15µm × 15 µm, z-range of
10 nm) of a DOPC/DPPC/DOPA (495:500:5 molar ratio) bilayer
recorded in Tris and EDTA (pH 7.4) (0 min) and in a 10µM ApoE
peptide solution (Tris/EDTA) after 8 (B) and 15 min (C). These
results are representative of two independent experiments with at
least two different regions explored.
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while the system evolved toward equilibrium. Even if the
topographic characteristics of our nanorods are very similar
to those previously described (striated organized domains
or ripple phases), their dynamic evolution is an essential
difference suggesting that they are not of the same nature.

In this paper, the interaction of the SIV tilted peptide with
bilayers containing 0.5% PA provoked the formation of a
new elevated phase composed of tubular structures. These
nanorods were presumably produced by the self-association
of many reverse cylinders of peptides and lipids in a
hexagonal HII phase. Indeed, these reverse cylinders might
expose the hydrophobic tails of phospholipids (PL) at their
surface, so they might self-associate to minimize their
interaction with the surrounding water (32). Thus, the length
of the reverse cylinders would correspond to the periodicity
of the thick phase, i.e., 77.4( 6.1 nm, with the cylinders
having their main axis perpendicular to the main axis of the
nanorods. This period is in agreement with some recent AFM
data obtained with surfactants (32) clearly showing that
cylindrical reverse micelles have a length in the range of
50-100 nm. Furthermore, this mechanism of self-association
is very similar to the one observed previously for association
of Alzheimer’sâ-amyloid peptide onto hydrophobic surfaces
in the absence of lipids (33).

It is also important to note that nanorod formation caused
by the SIV peptide was never seen on DOPC/DPPC bilayers
devoid of DOPA (28), indicating they are associated with
the presence of this lipid. Moreover, the same behavior was
also observed with dioleoylphosphatidylethanolamine, an-
other negatively curved lipid which is uncharged under
neutral pH conditions while DOPA is anionic (34). This
observation illustrates that the charge has no effect on SIV
peptide-induced formation of nanorods; it is due only to the
lipid shape.

In light of the data presented here as well as in a previous
paper (11), the following mechanism may be proposed to
explain the formation of the elevated domains caused by the
SIV peptide in PA-containing membranes. The type of
structure generated immediately after addition of the SIV
peptide to PA-containing membranes (Figure 5A) consists
of large areas with an∼1.9 nm depression presumably due
to DPPC interdigitation and/or fluidization. This phenomenon
could occur in the case of massive insertion of the SIV
peptide as previously described for transmembrane peptides
at high concentrations in PC bilayers (29). In such depres-
sions, the amount of inserted peptide may be sufficiently
high to alter the topographic characteristics of DPPC. Such
a high surface density of peptides would make the membrane
fragile. Therefore, one may expect an evolution of these
depressions toward more stable structures. Indeed, DPPC
domain depressions were slowly replaced by new periodic
features (Figure 5B), increasingly protruding until they reach
a thickness corresponding to two standing PL molecules (∼5
nm). These periodic structures may be cylindrical inverted
micelles of mixed PL/SIV peptide (Figure 5C). Because of
their hydrophobicity, they might self-associate in nanorods
(see Figure 5D) with a periodicity corresponding to the length
of the reverse tubular micelles. Two observations support
this view: (1) the slow transient apparition of the nanorods
and (2) their rapid disappearance from the bilayer surface.
This is in agreement with the speed characteristics described
for HII phase growth (5). They finally desorbed from the

bilayer surface presumably through conversion into spherical
reverse micelles. Consequently, the native topography was
recovered at the end of the reaction with apparently restored
DPPC domains. The dynamic modification of the bilayer is
the major evidence supporting the model of HII phase
formation initiated by the SIV peptide. It is also important
to note that the phenomena observed here with the SIV
peptide (depression of the membrane, together with spon-
taneous evolution and then desorption) have never been
described in the case of ripple phases and striated domains.

The presence of negatively curved lipids within mem-
branes is often not sufficient to induce fusion. However, the
insertion of peptides could provoke membrane destabilization
leading to fusion. Therefore, fusion-triggering peptides may
be more efficient when negatively curved lipids are initially
present within the bilayer. Our AFM in situ images clearly
demonstrated that negatively curved lipids are necessary to
promote modifications of membrane phases and structures
by the SIV peptide.

FIGURE 5: Schematic representation of SIV peptide-induced
modification of PA-containing membranes. When the SIV peptide
is added to 495:500:5 (molar ratio) DOPC/DPPC/DOPA bilayers,
it inserts within the PL, leading to topographic modification of the
surface. (A) A high concentration of inserted SIV peptide induced
the formation of local depressions probably due to PL interdigitation
and/or fluidization. (B) After a while, the depressed domains slowly
evolved to protruding structures presumably composed of metastable
cylindrical reverse micelles. They will eventually desorb to leave
the surface with its native topography. (C) Schematic enlargement
of the thicker phase showing that it is constructed, beginning with
the smallest element, by self-association of cylindrical reverse
micelles having their main axis perpendicular to the main axis of
the nanorods that are visible in the AFM image. According to this
model, cylindrical reverse micelles may present a length of 77.4(
6.1 nm, corresponding to the period of the thicker phase composed
of nanorods. In this schematic representation, DOPA was not
represented because its proportion was too low to induce visible
lateral segregation in AFM images.
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