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Abstract
The fusion peptide (FP) of the human immunodeficiency virus (HIV) is part of the N-terminus of
the viral envelope glycoprotein gp41 and is believed to play an important role in the viral entry
process. To understand the immediate effect of this peptide on the cell membrane, we have studied
the influence of the synthetic FP sequence FP23 on the mechanical properties of model lipid
bilayers. For this purpose, giant unilamellar vesicles were prepared from the unsaturated lipid
dioleoylphosphatidylcholine mixed in various molar ratios with FP23. The bending stiffness of the
vesicles was measured with two different methods: fluctuation analysis and aspiration with
micropipettes. The data obtained from both of these approaches show that the bending stiffness of
the membrane decreases gradually with increasing concentration of the FP23 in the bilayer. Low
concentrations of only a few mol% FP23 are sufficient to decrease the bending stiffness of the
lipid bilayer by about a factor of 2. Finally, data obtained for the stretching elasticity modulus of
the membrane suggest that the peptide insertion decreases the coupling between the two leaflets of
the bilayer.

1. Introduction
The human immunodeficiency virus (HIV) uses ectodomain glycoproteins to dock with
receptors on the T-cell membrane. Subsequently, it perturbs the target membrane forming a
pore [1]. The glycoprotein gp41 of the HIV envelope is considered to be the main mediator
of the viral entry process [2, 3]. gp41 is believed to induce crucial changes in the target
membrane to facilitate fusion of the viral envelope with the target cell. Upon binding, it
undergoes a conformational change that exposes a fusion peptide (FP) with a highly
hydrophobic sequence. The first 23 amino acids of the N-terminal domain of gp41 constitute
what is called the FP sequence FP23, which inserts into the target cell bilayer during viral
entry [2]–[6]. The solubility of the synthetic peptide FP23 in chloroform and water is poor,
but it dissolves well in hexafluorisopropanol (HiP). FP23 is reported to have a largely α-
helical conformation in HiP and in phosphatidylglycerol–phosphatidylcholine membranes
[7, 8]. Populations of both α-helical and β-sheet conformations have been observed for other
membrane constructs, with β-sheet favored at higher peptide–lipid molar ratios and in
membranes containing cholesterol [8]–[10]. On the other hand, FP23 is suggested to adopt
an intermolecular β-sheet conformation when being part of the original gp41 trimer [8, 11].
It has even been proposed that conversion from α-helical to β-structure is a step in
membrane fusion [12].
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The FP23 sequence contains a large fraction of hydrophobic residues, which allow for
secure anchoring in the target bilayer on insertion. FP23 is also positively charged because
of arginine present in the peptide's C-terminus protruding at the membrane surface. The
fusogenic effects of FP23 and its mutants were demonstrated on human erythrocytes [13,
14] and liposomes [15, 16].

As with any membrane fusion, the fusion of the HIV viral envelope and the target cell is
supposed to have at least one highly curved intermediate state, which is responsible for the
fusion energy barrier. On the other hand, bilayer curving is governed to a large extent by the
membrane bending rigidity, which is a fine sensor for the effects of various inclusions in the
membrane and molecules or ions present in the bilayer vicinity [17, 18]. Indeed, recent
experiments on lipid bilayer stacks with x-ray diffuse scattering [19] reveal that the addition
of small molar fractions of FP23 to the lipid bilayer significantly lowers the bending rigidity
of the membrane, providing one possible mechanism for fusion mediation.

Unlike classical diffraction and scattering methods, which probe the elasticity of
multilamellar stacks at a microscopic scale, giant unilamellar vesicles (GUVs) provide a
more natural model system that ensures full hydration of the membrane, absence of any
perturbations due to neighboring bilayers or a supporting substrate, and control over the
membrane tension. In experiments with GUVs, the mechanical response of a single bilayer
is revealed at a macroscopically averaged level. Being similar in size to actual living cells,
GUVs provide a handy model to mimic the cell membrane at the cell-size scale and study
the mechanical and rheological properties of bilayers as a function of membrane
composition and environment [20]. Their size also allows for direct visualization of the
membrane response to external factors (for example, electric fields [21, 22], hydrodynamic
flows [23] and molecules inserting in the membrane [24]) with conventional light
microscopy.

A number of methods have already been developed to study the elastic properties of lipid
membranes in giant vesicles (see the overview in [25]). Fluctuation analysis (also referred to
as flicker spectroscopy) is a well-established method for evaluating the bending rigidity of a
lipid bilayer from stochastic analysis of the thermal undulations of a freely suspended
membrane [26]–[29]. Micropipette aspiration is another common method for measuring the
mechanical properties of lipid membranes [30]–[36]. It consists of analysing the response of
the vesicle area to tensions induced by pressure applied with a micropipette. One advantage
of this method is the possibility of obtaining the bending rigidity and the stretching elasticity
of the particular vesicle membrane simultaneously in a single experiment. Yet another
method is vesicle electrodeformation, which consists of analysing changes in the shape of
the vesicle in response to an applied electric field [17, 37, 38].

In this paper, we report our results for the elastic properties of GUVs made of
dioleoylphosphatidylcholine (DOPC) doped with FP23. Data were collected using two
different methods—fluctuation analysis and micropipette aspiration. After introducing the
experimental procedures, we show results for the electrophoretic mobility of vesicles
containing FP23 and then present the softening of the membrane induced by FP23. In the
analysis of the elastic properties of the examined membranes, we consider the effect of FP23
on the intermonolayer coupling in the bilayer. Finally, we discuss tests to fuse GUV couples.

2. Materials and methods
2.1. Preparation of giant unilamellar vesicles

The vesicles were prepared from DOPC (Avanti Polar Lipids Inc., Alabaster, AL), 4 mM
stock solution in chloroform (Sigma Aldrich, Steinheim, Germany), mixed with FP23
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(AVGIGALFLGFLGAAGSTMGARS, Peptide Synthesis Facility at the Pittsburgh
Biotechnology Center, Pittsburgh, PA), 0.4 mM stock solution dissolved in HiP (Sigma–
Aldrich). The GUVs were formed using the electroformation method [39] as follows. A
solution prepared from the stocks mixed in certain ratios of lipid to peptide was dried out
with nitrogen flow in a vial and then dissolved in a mixture of HiP and chloroform (5 : 1).
The choice for this solvent composition was set by the limited miscibility of chloroform and
HiP. The resulting solution was deposited on conducting glasses coated with indium tin
oxide (ITO). The formed film was dried in vacuum for 2 h at 57 °C to remove traces of
solvents. After that, the ITO glasses and a 2-mm-thick Teflon spacer were assembled into a
chamber. The chamber was then filled with sugar solution and subjected to an ac electric
field applied with an Agilent 33220A function generator (Agilent Technologies Deutschland
GmbH, Böblingen, Germany). The exact composition of the sugar solution and the ac field
parameters were set depending on the planned type of experiment. For the fluctuation
analysis, a 10 mM solution of glucose (Sigma–Aldrich) was used with sine-shaped 10 Hz
electric field of increasing strength (from 250 to 550 VRMS m−1 in 100 VRMS m−1 steps
every 20 min). For the micropipette aspiration experiments, a 100 mM solution of sucrose
(Sigma–Aldrich) was used, with the applied ac field being 10 Hz sine-shaped with 550
VRMS m−1 for 1 h. The two different protocols arise from trials to optimize the vesicle yield.
In both cases, the electroformation was finished with a vesicle detachment stage (5 Hz, 550
VRMS m−1). For the aspiration experiment, the vesicles were subsequently diluted in a 110
mM solution of glucose. The choice for the solvents is justified later in the text. The exact
osmolarities were measured with an Osmomat 030 cryoscopic osmometer (Gonotec, Berlin,
Germany).

2.2. Preparation of large unilamellar vesicles
Large unilamellar vesicles (LUVs) were prepared from the same stocks as GUVs by
depositing a certain amount of stock lipid/peptide solution into a vial, drying out the
solvents, filling the vial with bidistilled water and shaking the vial for 15 min. After that, the
obtained solution was extruded with a pneumatic extruder LiposoFast (Avestin Europe,
Germany) successively through polycarbonate membranes from 400, to 200 and to 100 nm
pore diameters to achieve homogeneous size distribution of the LUVs. The resulting average
concentration of lipids was 73 nM, approximately corresponding to that in GUV solutions.

2.3. Fluctuation analysis experiments
For this type of experiment, GUVs were prepared with a 10 mM solution of glucose as both
inner and outer media. This low concentration ensures osmotic stabilization and thus
constant volume of the vesicle as assumed in the analysis procedure. Higher sugar
concentrations were avoided to prevent gravity effects on fluctuation spectra [40]. In
previous studies, such gravity effects were either neglected in the fluctuation analysis,
minimized by choosing a certain subset of vesicles [41, 42], or taken into account by explicit
shape calculations [29]. Note that for sugar concentrations in the 100–200 mM range,
gravity has a significant effect on the fluctuation spectra for vesicles with radii larger than
about 15 μm [29, 42]. The vesicles measured here were chosen large enough (10–50 μm in
diameter) to ensure good optical resolution for the larger wavelengths. The vesicles
exhibited visible fluctuations. Images over time were recorded with a fast digital camera
(HG-100 K Redlake Inc., San Diego, CA) at 60 frames per second and an exposure time in
the range of 100–150 μs. Approximately 5500 images for each measurement were collected
under phase contrast with an Axiovert 135 upright optical microscope (Zeiss, Germany).
The short exposure times allow capture of the higher modes of the fluctuations, preventing
the image from being blurred by longer camera integration time [17, 43]. The image analysis
was performed with in-house-developed software described in [17], which finds the contour
of the vesicle on each image, carries out statistical analysis of the modal distribution and
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extracts the value for the bending rigidity and vesicle tension by means of fitting. Typical
tensions of the vesicles in measurements accepted as successful are in the range of 0.5–50
nN m−1. All measurements were carried out at 25 °C.

2.4. Micropipette aspiration experiments
For this type of experiment, the GUVs were prepared with a 100 mM solution of sucrose as
the inner medium and 110 mM solution of glucose as the outer medium. These solvent
conditions were chosen in order to obtain reasonably good image contrast of the vesicle part
aspirated into the pipette while preventing the vesicle from being too heavy to distort the
axial symmetry of the part outside the pipette. Simultaneously, the sugar solutions ensured
constant volume of the vesicle due to osmotic stabilization. The higher glucose (external)
osmolarity guarantees volume-to-area ratios suitable for vesicle aspiration. The pipettes
were pulled from glass capillaries (World Precision Instruments) with a pipettepuller (Sutter
Instruments, Novato, CA) and polished with a microforge (Narishige, Tokyo, Japan). The
inner pipette diameter varied in the range of 10–30 μm. Our experimental set up consists of
two independently operational linear translational stages (M-531.DD and M-535.21; Physik
Instrumente, Karlsruhe, Germany) with micromanipulators MP-225 (Sutter Instruments)
rigged to an Axiovert 135 microscope with a 20× objective operated in phase-contrast mode.
Single-pipette configuration was employed for elastic property measurements, while for the
fusion tests, two pipettes were used. Images were recorded with a CCD camera
(CS3960DCL; Toshiba Teli Corp., Tokyo, Japan) connected to a frame grabber (PCIe-1427;
National Instruments, Austin, TX). The vesicle solution was deposited in a chamber of
volume ~2 ml with a small opening to allow access for pipettes. After initial aspiration, first
the vesicle was pre-stressed with a pressure of about 100 Pa to get rid of possible suboptical
membrane folding and wrinkling defects [44]. Then the pressure was released to the initial
value and the vesicle was subjected to a series of increasing pressures. To exclude errors
caused by possible flickering of the membrane, several (usually 5) images were recorded for
each pressure for further averaging during analysis. The waiting time between a pressure
change and image acquisition was about 1 min, which for the soft membranes explored in
this work was sufficient to establish equilibrium. The experimental time for scanning the full
pressure range in the elasticity measurements was of the order of 1.5 h. Due to the small
opening of the chamber, no substantial evaporation was observed during the experiment as
judging from the constant vesicle volume. The whole setup was controlled with an in-house-
developed LabVIEW-based software allowing for automatic scanning of the pressure range
applied to both pipettes independently, and recording the corresponding images. The typical
tension range explored in the micropipette aspiration experiments was from nearly 0 up to
approximately 2 mN m−1. Higher pressures resulted in complete sucking of the vesicle into
the pipette or vesicle budding. The images were analysed afterwards with in-house-
developed software that detects and calculates the vesicle geometry as a function of the
applied pressure and fits the area dilation versus tension plot with either logarithmic (for
bending rigidity) or linear (for stretching elasticity) dependence [45, 46], with corrections
outlined in [47]. More details of our implementation of the algorithm can be found in the
supplementary material (available at stacks.iop.org/NJP/13/025004/mmedia). All
measurements were carried out at 25 ° C.

2.5. ζ potential measurements
Electrophoretic mobilities at a temperature of 25 ° C were determined with a zetasizer
(Zetasizer Nano ZS; Malvern Instruments, Worcestershire, UK) operating with a 4 mW
HeNe laser (632.8 nm) and a temperature-control jacket for the cuvette. Each sample was
degassed for 15 min prior to the measurement to remove air bubbles. The cuvette was sealed
to avoid evaporation and left for 5 min to allow temperature equilibration. The samples
(with volume 0.75 ml) were loaded into folded capillary ζ potential cells with integral gold
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electrodes. Three measurements consisting of 100 runs were carried out. The mobility μ was
converted to ζ potential using the Helmholtz–Smoluchowski relation ζ = μη/∊∊0, where η is
the solution viscosity, ∊ is the dielectric constant of water and ∊0 is the permittivity in
vacuum. The measurement accuracy is about ±5 mV, as stated by the manufacturer. The
data presented here were obtained on LUV solutions. Contrary to an earlier report [48],
measurements carried out on GUVs showed poor reproducibility and larger errors and were
thus discarded.

3. Results and discussion
3.1. Peptide incorporation

Because of the poor solubility of FP23 in chloroform-based solutions, we were concerned
about the partitioning of the peptide in the membrane. In order to test whether the peptide
incorporates into the vesicle membrane at all and how the incorporation depends on the
amount of the peptide, we used ζ potential measurements. These are made possible by the
fact that we use a zwitterionic lipid (DOPC) and the peptide has an arginine near the C-
terminus. Upon FP23 insertion in the membrane, this positively charged amino acid at the
tail of the peptide locates on the surface of the membrane. Thus, FP23 present in the
membrane at various fractions is expected to influence the surface charge of the liposomes
and therefore the measured ζ potential.

The results presented in figure 1 show that with increasing peptide concentration, the ζ
potential grows, and so does the net positive charge of the vesicles used in the experiment.
The data for each of the explored vesicle compositions were distributed in a single peak.
This is an indication of the absence of FP23 aggregates in the water, which if present would
produce a peak with positive ζ potential. Thus, our data suggest that on the bulk level, the
peptide is indeed inserted into the membrane and not left in the solution, which is an
expected result considering the high hydrophobicity of the peptide and the poor solubility in
water.

On the other hand, the resolution of the technique (a standard deviation of ±5 mV for a
single measurement) did not allow us to identify whether the peptide is homogeneously
distributed among all vesicles.

3.2. Bending rigidity
Bending rigidity measurements on a total of 278 vesicles were performed, with 176 of them
studied with fluctuation analysis and the remaining 102 with micropipette aspiration.
Examples of raw data collected with both techniques are provided in the supplementary
material (see figures S2, S3 and S5 available at stacks.iop.org/NJP/13/025004/mmedia). The
results for the dependence of the bending rigidity on the molar fraction of FP23 in the
membrane are presented in figure 2, as measured with the two techniques.

The data for pure DOPC obtained with fluctuation analysis are in good agreement with
previously reported values [17, 49, 50] in the range of 7–10 × 10−20 J or 17–24 kBT, where
kB is the Boltzmann constant and T is the temperature. The overall trend in the data
indicates a decrease in the bending rigidity with increasing peptide concentration, supporting
recently reported results [19]. However, it can be clearly seen that the two methods herein
give different results. The origins of this difference are discussed below.

The sugar solutions used in these two methods are very different. While for the fluctuation
analysis the vesicles were in a 10 mM glucose solution, the micropipette aspiration was
performed on vesicles prepared in a 100 mM sucrose solution and diluted in a 110 mM
glucose solution. The sugar type and concentration can have a drastic influence on the
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elastic properties of the lipid bilayer [51, 52]. As reported for stearoylphosphatidylcholine
[51], sucrose at a concentration of 100 mM induces a decrease in the bending rigidity of the
bilayer from 1.27 ± 0.07 × 10−19 J in the absence of sucrose to 0.75 ± 0.2 × 10−19 J in 100
mM sucrose solution (data for the effect of glucose were not reported in that work).

To test the effect of sugars in our system, we carried out a series of control aspiration
experiments using 8 mM sucrose as the inner medium and 8 mM glucose as the outer
medium. This posed a serious problem for image recognition because of the very faint
contrast of the membrane, particularly inside the pipette due to strong reflection from the
glass capillary. In fact, the automated procedure consistently failed to recognize the
aspirated part of the vesicle. By performing manual measurements on recorded images, it
was possible to measure 11 vesicles, with overall accuracy considerably lower than that of
the automated procedure. The obtained average value for the bending rigidity was 22.8 kBT
with standard error ±2.2kBT, which is about twice as much as the value measured for the
case of 100 mM sucrose/110 mM glucose (11.7 kBT with standard error ±1.5kBT). This
result qualitatively and quantitatively agrees with data on the sucrose effect on SOPC
vesicles reported in [51]. Furthermore, the value obtained with micropipette aspiration for
low sugar concentrations agrees reasonably with the one obtained with fluctuation analysis
and with values for DOPC reported in [17, 49, 50]. The effect of sugars on the mechanical
properties of the membrane is presumably due to their adsorption on the lipid bilayer, as
suggested by earlier experimental data on the uptake of glucose by vesicle dispersions [53].
We cannot also exclude effects due to impurities in the sugars used here and in other studies.
Let us also note that effects resulting from the use of lipids from different producers also
cannot be excluded. Karatekin et al [54] have reported differences in the material properties
of membranes prepared from lipids purchased from two different producers.

Another source of the discrepancy between the data obtained with micropipette aspiration
and with fluctuation analysis may be attributed to the sugar asymmetry across the membrane
in the micropipette aspiration experiments (sucrose inside and glucose outside) that may
further affect the material properties of the membrane [55]. In addition, the difference
between the results obtained with the two methods may also stem from limitations of the
classical analysis procedure for the aspiration experiments [30], which was shown to give
consistently lower bending rigidity values than the fluctuation analysis [47]. Similar
differences were found for another mechanical method for measuring the membrane bending
rigidity, namely vesicle electrodeformation [37], and were discussed in detail in [17].

Another consistent problem faced in the analysis originates from heterogeneous distribution
of the peptide among the different vesicles. The histograms of the bending rigidity values
obtained with fluctuation analysis for various concentrations of FP23 are plotted in figure 3.
The values corresponding to the peak in the distribution for pure DOPC appear in
measurements on membranes with added FP23, suggesting the presence of peptide-free
vesicles. The reason for such heterogeneity might be poor miscibility of the solvents for
DOPC and FP23—chloroform and HiP, respectively. Adjusting the vesicle preparation
procedure and the solvent ratio before the step of deposition on the ITO glasses (see section
2), we were able to achieve reasonable miscibility on the macroscopic level. However,
microscopically, there is still the possibility of forming regions where FP23 was absent in
the lipid bilayer, or where FP23 self-aggregated and came out of the bilayers. For some
concentrations of the peptide, namely 1.5, 2 and 3%, we also observe deviations towards
higher bending rigidity, which drive the average value up (see figure 2). These deviations
could be due to multilamellarity of the vesicles.

To be able to compare the results from the two methods with each other and with the results
reported in [19], we performed the following steps. Firstly, to overcome the problem of
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heterogeneous distribution of the peptide among different vesicles, for the analysis of
experiments with a nonzero fraction of FP23 obtained with the same method, we considered
only vesicles with bending rigidity lower than that of pure DOPC including the standard
error (see the supplementary material for details: available from stacks.iop.org/NJP/
13/025004/mmedia). Secondly, we compared only relative changes in the bending rigidity as
a function of the FP23 molar fraction in the sample, i.e. the data were rescaled by the value
measured for pure DOPC membranes. The results are presented in figure 4 (see figure S6 in
the supplementary material for the raw unrescaled data). The three methods, fluctuation
analysis, micropipette aspiration and diffuse x-ray scattering from bilayer stacks, show
reasonably good agreement, with the largest difference in the range of highest peptide
concentration, where the measurements on GUVs show an insignificant increase in the
bending rigidity. In addition, the experimental methods used in this work show slightly
weaker softening of the bilayer as compared to the data reported in [19] when we consider
the absolute values of the bending rigidity. For example, the values obtained for 2–3% FP23
from diffuse x-ray scattering are around 6–7kBT [19], while on GUVs we measure
approximately 12kBT using fluctuation analysis (see figure S6 in the supplementary
material). This small discrepancy is presumably because of the different lengthscales
explored by the different techniques. However, the trend for the effect of the peptide on the
membrane bending rigidity observed in both the systems, bilayer stacks and giant vesicles, is
the same. Such a decrease in the bending rigidity is similar to that observed with co-
surfactants [56] and theoretically expected for transmembrane inclusions (see e.g. [57]–
[59]).

3.3. Coupling of the bilayer leaflets
The micropipette aspiration technique allows us to simultaneously measure the bending
rigidity κ and the stretching elasticity modulus K for a given vesicle. Unfortunately, K
cannot be reliably measured for every vesicle, since often the vesicle is completely sucked
into the pipette and lost before the tension regime governed by membrane stretching has
been reached. It was possible to measure altogether 29 GUVs, on average 7 per peptide
concentration, where both the bending rigidity and the stretching elasticity modulus could be
evaluated for the same vesicle. The values of the stretching elasticity modulus K alone do
not depend significantly on the concentration of FP23 (see supplementary material, figure
S4, available from stacks.iop.org/NJP/13/025004/mmedia) and were found to be 124 mN
m−1 with standard error ±18 mN m−1. For pure DOPC membranes, the stretching elasticity
modulus was reported to be 265 ± 18 mN m−1 [49]; however, these measurements were
carried out in sugar solutions at concentrations twice as high as the one here. Note that
measurements at very low sugar concentration are not feasible because the low osmotic
pressure will not ensure constant vesicle volume.

We considered the elasticity ratio κ/K, which shows the clustering behaviour exhibited in
the distribution histograms of the bending rigidity in figure 3. After filtering out the
contribution due to pure DOPC vesicles, one obtains the dependence shown in figure 5.

The coupling between the two elasticity moduli, κ and K, is well established and has been
theoretically considered [49, 60, 61] and experimentally explored for pure lipid bilayers
[49]. The elasticity ratio κ/K scales quadratically with the hydrophobic thickness of the
bilayer d following κ/K = βd2. The numerical constant β describes the coupling between the
two bilayer leaflets. For completely bound leaflets, β = 1/12 [60], whereas for freely sliding
monolayers, β = 1/48 [61]. A polymer brush model for the bilayer predicts the intermediate
value β = 1/24 [49].

Using our results, we can estimate the value of the coupling constant β, provided that data
for the membrane thickness d are available. For pure DOPC bilayers, d = 2.7 nm [62]. Thus,

Shchelokovskyy et al. Page 7

New J Phys. Author manuscript; available in PMC 2013 March 13.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://stacks.iop.org/NJP/13/025004/mmedia
http://stacks.iop.org/NJP/13/025004/mmedia
http://stacks.iop.org/NJP/13/025004/mmedia


we obtain β ~ 1/18, which is between values for the polymer brush model and for
completely bound monolayers. Experiments based on x-ray scattering show only a slight
thinning of DOPC bilayers containing FP23. For a peptide molar fraction of 6%, the bilayer
thinning was estimated to be about 0.4 nm [63]. Thus, for the highest FP23 fraction
measured here, the membrane thickness is minimum d = 2.3 nm. Taking this estimate and
the measured value of elasticity ratio in the presence of the peptide ~0.14 nm2, we obtain the
monolayer coupling constant β ~ 1/38. This finding suggests that the peptide significantly
reduces the interleaflet interaction, shifting it towards β values characteristic for freely
sliding monolayers. On the molecular level, this result could be understood if one considers
the peptide as an obstacle (or a molecular spring) in the hydrophobic core of the bilayer,
which effectively pushes the two monolayers apart. Indeed, the peptide length, whether in
α-helical or β-strand conformation, can slightly overspan the bilayer thickness, as
demonstrated in simulations [64] and NMR studies [65]. In any conformation, the peptide is
longer than the monolayer thickness and is typically located in the membrane at a specific
tilt angle with respect to the membrane plane. Simulations [64, 66] and experiments [67, 68]
have provided estimates for the tilt angle of the helical FP, and FTIR experiments have
shown that a β-sheet FP can also be tilted [69]. The peptide tilting in the bilayer core might
be relevant for the intermonolayer coupling in the membrane effectively sliding in between
the two monolayers. A recent study of one of the authors shows that in DOPC, FP23 is
located near the centre of the hydrocarbon interior of each monolayer, not at the centre of
the bilayer. This is consistent with a tilted peptide that is not transmembrane. We are
tempted to speculate that the weakening of the interaction between the bilayer leaflets as
reported here is energetically favorable for reaching the intermediate fusion state in which
gp41 is involved.

3.4. Vesicle fusion
A number of studies report on the fusogenic activity of the FP23-peptide on membranes
[14]–[16], [70]–[73]. To probe this behaviour on giant vesicles, we brought two GUVs into
close contact while holding them with micropipettes. In this experimental configuration, it is
possible to independently set the tensions of the two membranes to facilitate fusion [74, 75].
The applied tensions were in the range of 0–0.7 mN m−1. Higher tensions in the range of
significant membrane stretching could not be explored, as discussed in the previous section.
Fusion between GUVs was not observed, even if we kept the vesicles in contact for 2 h. The
vesicles were also not observed to adhere after moving them away from each other.

Compared to LUVs, which have been used in fusion assays with FP23 [16, 70, 71], giant
vesicles have practically zero membrane curvature. LUVs have a two orders of magnitude
greater curvature. High curvature is known to promote fusion [76], but it may not be the sole
factor. Peptide-mediated fusion has been reported on less curved membranes compared to
those of cells and cell ghosts [14, 72, 73]. Thus, other prerequisites, mainly specific
membrane composition, may be required. For example, the presence of
phosphatidylethanolamine in the bilayer was found necessary for the HIV-1 gp41 peptide to
induce membrane fusion [77]. Also reported is the necessity of Ca2+ and Mg2+ ions to be
present in order that successful fusion events in the presence of FP23 occur [70].

4. Conclusion
Our studies on giant vesicles show that the HIV-1 FP lowers the bending rigidity of freely
suspended lipid bilayers made of DOPC. These results support earlier studies collected on
lipid membrane stacks [19], suggesting coherence of the behaviour of the DOPC–FP23
system on different lengthscales. Quite a strong decrease in the bending rigidity is observed
already at very low concentrations of the peptide, with some sort of saturation at higher
peptide content. The well-known fusion enhancement attributed to FP23 was not observed in
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our experiments with GUVs. Previous studies report FP23-mediated fusion on
phosphatidylethanolamine-containing LUVs, which have much higher curvature compared
to GUVs. We do not observe fusion in DOPC giant vesicles doped with the peptide even at
the moderate tensions applied. This outcome emphasizes the importance of membrane
curvature and composition in fusion. Finally, our experimental data for the ratio of the
bending rigidity to the stretching elasticity modulus suggest that the insertion of FP23 into
the membrane changes the coupling between the leaflets of the bilayer considerably. This
novel result and the exhibited behaviour may be relevant for the exact mechanism of action
of the HIV FP upon viral fusion with the target membrane.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
ζ potential in mV measured on LUV suspensions prepared from DOPC–FP23 mixtures.
Error bars are standard deviations.
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Figure 2.
Bending rigidity of DOPC bilayers doped with various fractions of FP23 as measured by
two experimental methods—fluctuation analysis (filled circles) and micropipette aspiration
(open squares). The vesicles used for fluctuation analysis were in 10 mM glucose solutions,
while those used for micropipette aspiration were prepared in a 100 mM sucrose solution
and diluted in a 110 mM glucose solution. The data were averaged over measurements
carried out on more than 20 vesicles per composition. The error bars represent standard
errors. All experimentally obtained values are included (see text for details).
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Figure 3.
Histogram of the bending rigidity values obtained with fluctuation analysis. Values
corresponding to pure DOPC membranes are observed also in the measurements on
membranes with added FP23.
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Figure 4.
Relative changes of the bending rigidity as a function of the concentration of FP23 in DOPC
bilayers. Different datasets correspond to the results obtained with different methods:
fluctuation analysis (filled circles), micropipette aspiration (open squares) and diffuse x-ray
scattering from [19] (filled diamonds). The values obtained with the first two techniques are
averaged over data where the values for pure DOPC have been filtered out, as described in
the text.
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Figure 5.
Dependence of the ratio between the bending rigidity and the stretching elasticity modulus,
κ/K, for DOPC membranes with increasing mole fraction of FP23. The inserted peptide
reduces the elasticity ratio of the bilayer. The error bars represent standard errors.
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