
Effect of Cholesterol on the Interaction of the HIV GP41 Fusion Peptide with
Model Membranes. Importance of the Membrane Dipole Potential†

Vı́ctor Buzón and Josep Cladera*

Unitat de Biofı´sica, Departament de Bioquı´mica i de Biologia Molecular, i Centre d’Estudis en Biofı´sica,
Facultat de Medicina, UniVersitat Autònoma de Barcelona, 08193 Bellaterra, Barcelona, Spain

ReceiVed March 29, 2006; ReVised Manuscript ReceiVed September 28, 2006

ABSTRACT: Fusion of viral and cell membranes is a key event in the process by which the human
immunodeficiency virus (HIV) enters the target cell. Membrane fusion is facilitated by the interaction of
the viral gp41 fusion peptide with the cell membrane. Using synthetic peptides and model membrane
systems, it has been established that the sequence of events implies the binding of the peptide to the
membrane, followed by a conformational change (transformation of unordered and helical structures into
â-aggregates) which precedes lipid mixing. It is known that this process can be influenced by the membrane
lipid composition. In the present work we have undertaken a systematic study in order to determine the
influence of cholesterol (abundant in the viral membrane) in the sequence of events leading to lipid mixing.
Besides its effect on membrane fluidity, cholesterol can affect a less known physical parameter, the
membrane dipole potential. Using the dipole potential fluorescent sensor di-8-ANEPPS together with
other biophysical techniques, we show that cholesterol increases the affinity of the fusion peptide for the
model membranes, and although it lowers the extent of lipid mixing, it increases the mixing rate. The
influence of cholesterol on the peptide affinity and the lipid mixing rate are shown to be mainly due to
its influence of the membrane dipole potential, whereas the lipid mixing extent and peptide conformational
changes seem to be more dependent on other membrane parameters such as membrane fluidity and
hydration.

Enveloped viruses employ fusion proteins to enter and
infect target cells (1, 2). In HIV-11 the fusion protein
(glycoprotein gp41) is noncovalently linked to the glyco-
protein gp120, forming the so-called envelope (Env) glyco-
protein complex (3), which seems to be assembled in the
viral membrane forming trimers (4). The first step in the
sequence of events leading to virus entry into the target cell
is the binding of gp120 to the CD4 receptor on T-
lymphocytes membranes. The interaction of gp120 with
members of the chemokine receptor family, acting as
coreceptors, is also necessary for successful infection (5).
Receptor recognition is followed by a structural reorganiza-
tion of the Env complex, which makes possible the interac-
tion of the amino terminus of gp41 with the target cell
membrane (6). The amino terminus of gp41 contains the
fusion peptide (FP), a 16-23 residue long sequence, highly
hydrophobic and rich in glycine and alanine residues (7).

The interaction of this peptide with the cell membrane is
essential for viral and cell membrane fusion to take place
since it has been shown that mutations in its sequence
completely inhibit the fusion process (8-11).

The crystal structure of the gp41 ectodomain has been
solved, showing that the protein is organized as a trimer (12-
14). However, the protein in the crystals lacks the amino-
terminal fusion peptide because of its hydrophobicity. Due
to this fact, data on the structure of the peptide and the
mechanisms by which the fusion peptide triggers membrane
fusion have been obtained using synthetic fusion sequences
and model membranes (15). These studies have revealed that
the fusion process implies the formation ofâ-pleated
structures (16-21). In a recent study we have shown that
the transformation of unordered plus helical structures into
â-pleated structures takes place upon membrane binding and
precedes lipid mixing (16).

Membrane lipid composition is an important factor when
considering HIV fusion peptide-membrane interactions. It
is well-known that the viral membrane is rich in cholesterol
(22, 23), and it seems that budding of the viral particles from
the infected cells takes place through the cell membrane
microdomains known as rafts (24-26). The presence of
cholesterol in membranes is usually interpreted in terms of
its influence on membrane fluidity. But cholesterol, as a
molecular dipole, can influence another, less known, physical
parameter in the lipid bilayer: the membrane dipole potential.
In the past few years the influence of the dipole potential
on several biological systems has been reported (27-35).

† This work was funded by the Fundacio´ La Maratóde TV3, Grant
020410 to J.C.

* Corresponding author. E-mail: josep.cladera@uab.cat. Phone: 00-
34-935812112. Fax: 00-34-935811907.

1 Abbreviations: HIV-1, human immunodeficiency virus type 1; PC,
egg phosphatidylcholine; PE, egg phosphatidylethanolamine; CHOL,
cholesterol; 6-KC, 6-ketocholestanol; DMSO, dimethyl sulfoxide; FPE,
fluorescein-phosphatidylethanolamine; Rh-PE,N-(lissamine rhodamine
B sulfonyl)phosphatidylethanolamine; NBD-PE,N-(nitrobenz-2-oxa-
1,3-diazolyl)phosphatidylethanolamine; di-8-ANEPPS, 1-(3-sulfonato-
propyl)-4-[â-[2-(di-n-octylamino)-6-naphthyl]vinyl]pyridinium betaine;
FP, fusion peptide; LUVs, large unilamelar vesicles; FTIR, Fourier
transform infrared; gp41, glycoprotein 41; gp120, glycoprotein 120;
FRET, fluorescence resonance energy transfer.

15768 Biochemistry2006,45, 15768-15775

10.1021/bi060622i CCC: $33.50 © 2006 American Chemical Society
Published on Web 12/01/2006



This membrane potential is generated by the presence of
electrical dipoles on the phospholipid molecules and the
presence of oriented water molecules at the membrane-water
interface (36). In the case of viral fusion peptides there is
some scarce evidence that the magnitude of the membrane
dipole potential can affect the extent of the fusion process
(37). The magnitude of the membrane dipole potential can
be modulated in model membranes using, besides cholesterol,
other sterols, such as 6-ketocholestanol and phloretin (38,
39).

In the present work we have studied how cholesterol and
6-ketocholestanol affect the interaction of a 23 residue long
HIV fusion peptide with model membranes and which events
leading to membrane fusion (binding to the membranes,
conformational changes, and lipid mixing) can be related to
changes in the magnitude of the dipole potential. The
approach based on the combined use of fluorescence and
infrared spectroscopies shows that the interaction of the
fusion peptide with model membranes is affected by the
magnitude of the membrane dipole potential. The affinity
of the fusion peptide is higher for model membranes with
higher values of the dipole potential (more positive toward
the center of the membrane). Increasing the magnitude of
the dipole potential increases as well the lipid mixing rate.
Variations on the extent of the conformational changes
associated to membrane binding and fusion and lipid mixing
extent are, however, shown to be dependent upon other
membrane properties such as the membrane fluidity and
membrane hydration.

MATERIALS AND METHODS

Materials.Egg phosphatidylcholine (PC) and phosphati-
dylethanolamine (PE) were purchased from Avanti Polar
Lipids. Cholesterol (CHOL), 6-ketocholestanol (6-KC), and
reduced Triton X-100 were purchased from Sigma. Fluo-
rescein-phosphatidylethanolamine (FPE),N-(lissamine
rhodamine B sulfonyl)phosphatidylethanolamine (Rh-PE),
N-(nitrobenz-2-oxa-1,3-diazolyl)phosphatidylethanolamine
(NBD-PE), and 1-(3-sulfonatopropyl)-4-[â-[2-(di-n-octy-
lamino)-6-naphthyl]vinyl]pyridinium betaine (di-8-ANEPPS)
were purchased from Molecular Probes. Deuterated dimethyl
sulfoxide (DMSO) (spectroscopy grade) was purchased from
Merck. All other reagents were of analytical grade.

Peptide Synthesis.The sequence corresponding to the
N-terminus of the HIV-1 gp41 protein was synthesized using
chloride as a counterion and purified (estimated homogeneity
>90%) by Jerini Peptide Technologies (Berlin, Germany).
Peptide stock solutions were prepared in deuterated dimethyl
sulfoxide. The sequence for FP23H was H-AVGIGALFLG-
FLGAAGSTMGARS-CONH2.

Preparation of Large Unilamellar Vesicles (LUVs).Large
unilamelar lipid vesicles were prepared according to Mayer
et al. (40). Phosphatidylcholine, phosphatidylethanolamine,
and cholesterol (all in chloroform) or 6-ketocholestanol (in
methanol), when required, were mixed in a round-bottom
flask and dried under a stream of nitrogen gas by rotary
evaporation until a thin film of lipids was formed. The film
was resuspended in buffer (10 mM Tris, pH 7.5, for
fluorescence experiments or 10 mM HEPES, pD 7.5, for
infrared measurements) and then frozen and thawed five
times. Finally, the vesicle suspension was extruded 10 times

through two polycarbonate filters of pore size 100 nm using
a Liposofast extruder. Liposomes were always 100 nm in
diameter according to control measurements carried out with
a Ultrafine particle analyzer (data not shown).

Labeling of LUVs with FPE and Di-8-ANEPPS.LUVs
were labeled exclusively in the outer bilayer leaflet with the
surface potential sensor fluorescein-phosphatidylethanola-
mine (FPE) as described (16). Briefly, the unilamellar
vesicles were incubated with FPE dissolved in ethanol (never
more than 0.1% of the total aqueous volume) at 37°C for 1
h in the dark. Any remaining unincorporated FPE was
removed by gel filtration on a PD10 Sephadex G-25 column
(Amersham Biosciences) equilibrated with the appropriate
buffer. Such a procedure leads to the incorporation of 30-
50% of the externally added FPE to the preformed membrane
vesicle. Furthermore, there was no observed transmembrane
flipping of the FPE, at least over time scales of 1 week. The
FPE liposomes were stored at 4°C until use.

LUVs were labeled with the dipole potential fluorescent
sensor di-8-ANEPPS [1-(3-sulfonatopropyl)-4-[â-[2-(di-n-
octylamino)-6-naphthyl]vinyl]pyridinium betaine] by adding
the dye at a final concentration of 8µM (from a stock
solution in ethanol) into a cuvette containing LUVs at a final
concentration of 300µM. LUVs were incubated overnight
at 37 °C in the dark with the dye to ensure its complete
labeling.

Fluorescence Measurements with FPE-Labeled Mem-
branes.Fluorescence time courses of FPE-labeled vesicles
were measured after adding the desired amount of peptide
into 2 mL of lipid suspensions (300µM lipid) with a SLM-
Aminco 8000 spectrofluorometer. Excitation and emission
wavelengths were set at 490 and 520 nm, respectively.
Temperature was controlled with a thermostatic bath at 20
°C. The contribution of light scattering to the fluorescence
signals was measured in experiments without the dye and
was subtracted from the fluorescence traces. Data were fitted
to a sigmoidal binding model (41) using the equation:

whereF is the fluorescence variation,Fmax the maximum
fluorescence variation, [FP] the fusion peptide concentration,
Kd the dissociation constant of the membrane binding
process, andn the Hill coefficient. The experimental points
shown in the figures are the mean value of two measure-
ments. In experiments with FPE-labeled membranes with
membranes supplemented with 6-KC or cholesterol, par-
ticular attention was paid to the fact that the initial
fluorescence level was the same as for the control membranes
(PC/PE membranes) in order to have an indication that the
additives were not affecting the magnitude of the surface
potential (membrane surface electronegativity).

Fluorescence Measurements with Di-8-ANEPPS-Labeled
Membranes.Di-8-ANEPPS excitation spectra were obtained
by exciting the vesicle suspension at 460 nm and collecting
their emission at 580 nm. Dual-wavelength recordings with
the di-8-ANEPPS dye were obtained by exciting the samples
at two different wavelengths (430 and 510 nm) and measur-
ing their emission intensity ratio,R430/510, at 580 nm (42,
43). Any contribution of light scattering to the fluorescence
signals was corrected from identical recordings with unla-

F ) (Fmax[FP])n/(Kd
n + [FP])n (1)
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beled membranes. Temperature was controlled with a
thermostatic bath at 20°C.

Lipid Mixing Measurements.Lipid mixing experiments
were carried out by measuring the fluorescence intensity
change resulting from the fluorescence resonance energy
transfer (FRET) between NBD-PE and Rh-PE, inserted into
the lipid bilayer, as described by Struck et al. (44).
Fluorescence was monitored by using an SLM-Aminco 8000
spectrofluorometer. Vesicles were prepared as described
above except that the dyes were added into the initial organic
lipid solution. Vesicles containing both dyes at 0.6 mol %
each were mixed with dye-free vesicles (1:9 molar ratio) at
a final lipid concentration of 300µM. The initial fluorescence
of the labeled/unlabeled vesicle suspension was taken as 0%
lipid mixing, and the 100% lipid mixing was determined by
adding reduced (to eliminate quenching of the NBD probe)
Triton X-100 at a final concentration of 0.1% (v/v). The
excitation wavelength was 465 nm and emission wavelength
530 nm. Temperature was controlled with a thermostatic bath
at 20°C. The experimental points shown in the figures are
the mean value of two measurements. In all cases particular
attention was paid to the initial level of fluorescence in lipid
mixing experiments in order to ensure that the intial
fluorescence was the same for the different membrane
compositions. This allowed us to rule out any lipid mixing
previous to the one due to the peptide, coming from, for
example, the presence of cholesterol in the bilayer.

Fourier-Transform Infrared Spectroscopy (FTIR) Mea-
surements.FTIR spectra were recorded at 20°C on a FTIR-
Mattson Polaris spectrometer, equipped with a cooled
nitrogen-cadmium-telluride (MCT) detector, at a nominal
resolution of 2 cm-1. The spectrometer was continuously
purged with dry air (dew point lower than-60 °C). The
spectra were corrected for atmospheric water vapor contribu-
tion. For time-resolved experiments vesicles from stock
solutions in deuterated buffer and the FP23H peptide from
a stock solution in DMSO were mixed to give a lipid-to-
peptide ratio of 10 and immediately placed between two CaF2

windows separated with a 50µm spacer. Twenty scans were
collected and averaged using a shuttle device every 110 s
for 1 h. The concentration of the lipid vesicles was kept
around 10 mM and the concentration of FP23H around 1
mM.

For the analysis of the carbonyl lipid band, 500 spectra
were collected and averaged using a shuttle device. The lipid
concentration was 10 mM. Spectra were corrected for solvent
contribution. Component band curve fittings were carried
out using the program Grams (Galactic Inc.).

RESULTS

Modulation of LUVs’ Membrane Dipole Potential by
Cholesterol and 6-Ketocholestanol.Variations in the mag-
nitude of the membrane dipole potential can be monitored
using the fluorescent sensor di-8-ANEPPS. Changes in the
total membrane dipole moment are known to cause a shift
in the excitation spectrum maximum of the dye, which is
usually measured as an excitation difference spectrum. In
agreement with previous reports (45), the difference excita-
tion spectra shown in Figure 1A reveal that both cholesterol
and 6-ketocholestanol increase the magnitude of the mem-
brane dipole potential in PC/PE membranes. The maximum

around 430-450 nm and the minimum around 510 nm are
a consequence of the blue shift caused in the excitation
spectra of di-8-ANEPPS when the dipole potential is made
more positive toward the center of the bilayer. By exciting
the membrane suspensions at the two different wavelengths
corresponding to the maximum and the minimum of the
difference spectrum, a fluorescence intensity ratioR can be
calculated. This ratio can be used as a measure of the relative
changes in the magnitude of the dipole potential: the higher
theR the more positive the dipole potential toward the center
of the bilayer (38, 43, 46). In Figure 1B the values of the
fluorescence intensity ratioR as a function of the different
membrane compositions used throughout the present work
are shown.

FIGURE 1: (A) Difference in excitation spectra (emission 580 nm)
for di-8-ANEPPS-labeled PC/PE vesicles containing 15 mol %
6-KC (gray line) or 50 mol % CHOL (black line) subtracted from
labeled vesicles containing no additive. (B) Dependence of the
magnitude of the dipole potential, expressed as the fluorescence
ratio R430/510, on membrane composition. The mol % of CHOL or
6-KC is indicated in parentheses.
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Effect of Cholesterol and 6-Ketocholestanol on the Binding
of the Fusion Peptide to PC/PE Model Membranes.Binding
of the fusion peptide to model membranes was monitored
using the fluorescent probe fluorescein-phosphatidyletha-
nolamine (FPE), which is sensitive to changes in the
electrostatic surface potential (41). The interaction of the
positively charged peptide with the membrane resulted in
an increase of the fluorescence intensity of FPE, as shown
in Figure 2A (inset), which is consistent with an increase in
the electropositivity of the surface potential. The cumulative
changes of fluorescence intensity represented as a function
of peptide concentration (binding curves) are shown in Figure

2A (effect of 6-ketocholestanol) and Figure 2B (effect of
cholesterol). In all cases the binding data fit eq 1, a sigmoid
which can imply some degree of cooperativity in the binding
process (41). One interpretation of this cooperativity is that
perhaps the initial membrane contacts involve interactions
between more than one peptide molecules (the number of
peptide molecules involved would be given by the Hill
coefficient,n) (41). Nevertheless, it is not possible to simply
establish a direct link between this cooperativity and the
known formation of gp41 oligomers on the viral and cell
membranes (see ref16). The clear differences observed in
the fluorescence intensities reached at the plateaus, depending
on the membrane sterol content, correspond to different
degrees of surface potential disturbance caused by peptide
binding. These differences could be due to a difference in
the membrane binding capacity (number of peptide molecules
bound per lipid molecule) although differences in the
conformation of the bound peptides could also contribute to
the observed fluorescence changes. On the other hand, the
binding curves reveal an unequivocal effect of the sterol
content on the affinity of the peptide for the membrane. Both
cholesterol and 6-ketocholestanol cause a decrease in the
value of the dissociation constant calculated using eq 1
(Figure 3). This increase in the affinity of the peptide for
the membrane must be due to the increase in the magnitude
of the dipole potential caused by the two sterols, since they
have an opposite effect on other physicochemical parameters,
such as hydration or fluidity (see Discussion).

Effect of Cholesterol and 6-Ketocholestanol on Membrane
Lipid Mixing. The peptide fusogenic capacity was monitored
by measuring its ability to induce lipid mixing between model
membranes composed of PC/PE (1:1) alone or supplemented

FIGURE 2: Binding of the fusion peptide to FPE-labeled vesicles.
The binding curves were derived from the time course fluorescence
variations caused by addition of FP23H to PC/PE FPE-labeled
membranes [panel A inset: addition of FP23H at a final concentra-
tion of 30µM to PC/PE FPE-labeled membranes (black line), with
30 mol % 6-KC (light gray line) and with 33 mol % CHOL (gray
line), indicated by the arrow. The initial fluorescence level is the
same, within experimental variation, for the different membrane
compostions; this means that addition of either cholesterol or 6-KC
does not affect the magnitude of the surface potential]. (A) PC/PE
membranes containing 0 mol % 6-KC (filled squares), 10 mol %
6-KC (open circles), 15 mol % 6-KC (filled triangles), and 30 mol
% 6-KC (open triangles). (B) PC/PE membranes containing 0 mol
% CHOL (filled squares), 33 mol % CHOL (open circles), and 40
mol % CHOL (filled triangles). PC and PE were always equimolar
in the model membranes. The lipid concentration was 300µM.
The temperature was 20°C. The buffer was 10 mM Tris, pH 7.5.
The solid line represents the best fits using eq 1. Each data point
in the binidng curve is the mean value of two independent
determinations (two independent binding curves), and the error bars
correspond to the range of the mean.

FIGURE 3: Fluorescence ratioR ) I430/I510 as a function of the
dissociation constants derived from Figure 2. Different percentages
of 6-KC (filled squares) and CHOL (open circles) in the membranes
have been converted into the correspondingR value using Figure
1B. Kd values have been calculated as the mean value from two
independent fittings to eq 1 of the two experimental binding curves
available (see Figure 2 legend) for each membrane composition.
Errors bars are the range of the mean. Fitting of the experimental
points to eq 1 was highly reproducible: the regression coefficient
wasR ) 0.99 in all cases, and the mathematical (fitting) errors in
the calculation of the dissociation constant from the fittings were
as in the following examples:Kd(PC/PE)) 11.6 ( 0.2; Kd(10%
KC) ) 9.5 ( 0.61; Kd(15% KC) ) 6.2 ( 0.02; Kd(30% KC) )
5.2 ( 0.32;Kd (33% chol)) 9.24( 0.06;Kd(40% chol)) 5.3 (
0.4.
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with 6-ketocholestanol or cholesterol. The NBD fluorescence
increase (decrease in energy transfer) as a consequence of
the lipid mixing caused by the addition of the peptide for
different membrane lipid compositions at a lipid/peptide ratio
of 10 is shown in Figure 4A,B. It can be deduced from this
figure that 6-ketocholestanol increases both the rate and the
extension of lipid mixing whereas the presence of cholesterol
reduces the extent of lipid mixing, and its influence on the
mixing rate depends on the cholesterol molar percentage in
the membrane. From these data a different influence of the
dipole potential (mainly affecting the lipid mixing rate) and
of the fluidity and/or hydration of the membrane (mainly
affecting the lipid mixing extent) can be deduced (see
Discussion). The different effect of cholesterol and 6-keto-
cholestanol on the lipid mixing extent is also apparent from
Figure 4C (maximum lipid extent is given by the percentages
at the plateaus), where the lipid mixing percentage has been
plotted as a function of peptide concentration. Comparison
of the curves plotted in Figure 4C with the binding curves
shown in Figure 2 reveals that fusion takes place as binding
occurs. In fact, similar values of the dissociation constant
were obtained when fitting the data in Figure 4C to eq 1,
compared to those derived from Figure 2.

Effect of Cholesterol and 6-Ketocholestanol on the Fusion
Peptide Conformation upon Interaction with the Membrane.
In order to gain insight on the structural changes taking place
during the interaction of the fusion peptide with membranes,
we monitored the secondary structure variations of FP23H
as a function of time, in the absence and the presence of
membranes of different lipid composition. The FTIR spectra
obtained at a fusogenic lipid/peptide ratio are shown in Figure
5 and are in general dominated by two main features: a band
with a maximum at 1624 cm-1, characteristic of aggregated
intermolecularâ-structures, and another band with a maxi-
mum centered around 1648 cm-1, which corresponds to a
mixture of unordered and helical structures (47). The dilution
of the peptide in aqueous buffer and the interaction with
model membranes implies the transformation of unordered
plus helical structures intoâ-aggregated structures. These
transformations become more apparent if we represent the
ratio Abs1624/Abs1648 as a function of time (Figure 6).
According to the data and in agreement with previous reports
(16) the presence of membranes favors the transformation
of unordered plus helical structures intoâ-sheet aggregates.
Cholesterol up to 50% does not affect much the amount of
structures converted intoâ-sheet, a conversion which is,
however, clearly enhanced by the presence of 15 mol %
6-ketocholestanol. Since 50 mol % cholesterol and 15 mol
% 6-ketocholestanol cause a similar increase in the magni-
tude of the dipole potential of PC/PE membranes (see Figure
1B), the observed effect on the formation ofâ-structures
would rather be caused by the increase in membrane fluidity
and/or hydration due to the presence of 6-ketocholestanol,
rather than to the variation of the dipole potential.

Effect of Cholesterol and 6-Ketocholestanol on Lipid
Hydration.Since it has been previously established that the
interaction of the 23 residue long HIV fusion peptide with
model membranes causes a dehydration of the lipid-water
interface (16, 19), we have measured how the presence of
cholesterol or 6-ketocholestanol affects the hydration degree
of the model membranes used in the present study. Figure 7
shows the phospholipid carbonyl region of the infrared

FIGURE 4: Lipid mixing time course induced by addition of FP23H
(at a final 30µM final concentration) to membrane suspensions
supplemented either with 6-KC or with CHOL. (A) (a) PC/PE, (b)
PC/PE and 15 mol % 6-KC, and (c) PC/PE and 30 mol % 6-KC;
(B) (a) PC/PE, (b) PC/PE and 33 mol % CHOL, and (c) PC/PE
and 50 mol % CHOL. (C) Percentage of lipid mixing induced by
addition of FP23H to NBD/Rh-labeled membranes as a function
of peptide concentration. The membrane composition was as
follows: PC/PE (solid circles); PC/PE and 15 mol % 6-KC (open
circles); PC/PE and 30 mol % 6-KC (solid squares); PC/PE and
40 mol % CHOL (open squares); PC/PE and 50 mol % CHOL
(solid triangles). PC and PE were equimolar in all model mem-
branes. The lipid concentration was 300µM. The temperature was
20 °C. The buffer was 10 mM Tris, pH 7.5. During lipid mixing
experiments samples were coninuously and gently stirred using a
magnetic stirrer. The solid line represents the best fits using eq 1.
Gray straight lines are drawn in order to help appreciating the
differences in the initial lipid mixing rate for the different membrane
compositions.
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spectra of PC/PE membranes containing different molar
percentages of either cholesterol or 6-ketocholestanol. Three
infrared bands are detected: one centered around 1739-
1744 cm-1, which can be assigned to the stretching vibration
of the dehydrated phospholipid carbonyls; another one
centered around 1720-1730 cm-1, assignable to phospho-
lipid carbonyls which are hydrogen bonded to water mol-
ecules; and a third band around 1710 cm-1 which corre-
sponds to bihydrated carbonyl groups (48, 49). It is clear
from Figure 7 that 6-ketocholestanol reduces the percentage

of ester carbonyls hydrogen bonded to water molecules
whereas cholesterol increases the hydration of the lipid
headgroups. In all cases, addition of the peptide to the
membranes did cause a reduction in the level of hydration
(data not shown) in agreement with previous observations
(16).

DISCUSSION

Cholesterol is an important component of the HIV
envelope membrane, where the cholesterol/phospholipid ratio
is around 0.9 (22, 23). It has been described that the use in
vitro of fluidizing agents, acting on the membrane cholesterol
content, reduces HIV infection and replication (50-52). The
relationship between cholesterol and membrane fluidity has
been widely studied. Cholesterol, however, is a molecule
bearing a dipole moment, and its presence in a lipid bilayer
does influence one of the less well characterized physical
parameters associated to biological membranes: the mem-
brane dipole potential. The importance of this electrostatic
potential is only recently becoming apparent in relation to
some biological processes (27-35). In the case of fusion
peptides, it has been previously described that variations in

FIGURE 5: Fourier transform infrared (FTIR) spectra of the FP23H
peptide (1 mM) in deuterated 10 mM HEPES buffer (A) and mixed
with membrane suspensions (10 mM lipid) with the following
compositions: (B) PC/PE; (C) PC/PE and 15 mol % 6-KC; (D)
PC/PE and 50 mol % CHOL. Spectra were acquired as a function
of time. Each spectrum is the average of 20 scans, and the spectral
contribution of the buffer was always subtracted. One spectrum
was collected every 110 s. The temperature was 20°C. The buffer
was 10 mM HEPES, pD 7.5. The series of spectra shown are
representative of two independent measurements. Arrows indicate
spectral regions where the intensity increases (v) and decreases (V).

FIGURE 6: Kinetics of the structural changes illustrated in Figure
5. The transformation of helical+ unordered structures into
â-aggregates has been plotted as the ratio Abs1624/Abs1648 versus
time: PC/PE vesicles (filled squares); PC/PE vesicles with 15 mol
% 6-KC (up open triangles), PC/PE vesicles with 50 mol % CHOL
(open circles); FP23H into buffer (down filled triangles). Each data
point is the average of two independent experiments.

FIGURE 7: Ester carbonyl region of the FTIR spectra of (A) PC/
PE (1:1) model membranes, (B) PC/PE with 15 mol % of 6-KC,
(C) PC/PE with 30 mol % 6-KC, (D) PC/PE with 33 mol % CHOL,
and (E) PC/PE with 50 mol % CHOL. Component bands were fitted
to the original spectra using Grams 3.2 (Galactic Inc.). Numbers
in parentheses indicate the percentage of the total carbonyl band
corresponding to each component.
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the magnitude of the dipole potential do affect the extension
of the membrane fusion process triggered by a 12 residue
long peptide from the simian immunodeficiency virus (37).
In the present work, we undertook a more systematic study
in order to determine which effects caused by cholesterol
on peptide-membrane interactions can be assigned either
to variations in the magnitude of the dipole potential or to
changes in other membrane parameters such as the level of
hydration and membrane fluidity. The main objective was
to study the influence of cholesterol in each one of the
different peptide-membrane interaction events which have
been kinetically described previously in Buzo´n et al. (16):
membrane binding followed by a conformational change
(transformation of helical plus unordered structures into
â-aggregates) which precedes lipid mixing. In order to
distinguish the influence of the membrane dipole potential
from the influence of hydration and membrane fluidity, we
have used cholesterol and 6-ketocholestanol as components
of the model membranes described in Figure 1. Both
compounds are known to increase the magnitude (making it
more positive toward the center of the lipid bilayer) of the
membrane dipole potential (Figure 1B and refs42 and45).
Cholesterol, however, increases the hydration of the lipid
headgroups in the lipid bilayer (Figure 7) and decreases
membrane fluidity, whereas 6-ketocholestanol reduces mem-
brane hydration (Figure 7) and increases membrane fluidity
(53).

Our data show that an increase in the magnitude of the
dipole potential (by adding either cholesterol or 6-ketoc-
holestanol to the membranes) does reduce the dissociation
constant of the binding process; that is, the affinity of the
peptide for the membrane increases (Figures 2 and 3). This
means that when the peptide potential is higher, a lower
peptide concentration is required in order to fill a given
percentage of the total number of possible “binding sites”.
Dipole potential does not seem to affect, however, the
conformational transition (transformation of helical plus
unordered structures intoâ-aggregates) that follows mem-
brane binding (Figure 6). Mole percentages of either
cholesterol or 6-ketocholestanol causing an equivalent in-
crease in the magnitude of the dipole potential (the same
ratio R in Figure 1B) affect differently the conformational
transition. The increase in the amount ofâ-aggregates formed
in the presence of 15 mol % 6-ketocholestanol and the lack
of effect observed when there is 50 mol % cholesterol in
the membranes must be related to the opposite influence of
these compounds on membrane fluidity or hydration. Finally,
both the extent and the kinetics of the lipid mixing process
are affected by the presence of cholesterol and 6-ketoc-
holestanol in the model membranes (Figure 4). It can be
deduced that the increase in the magnitude of the dipole
potential caused by either 6-ketocholestanol (15 and 30 mol
%) or cholesterol (40 mol %) does increase the lipid mixing
rate (Figure 4A,B). In the case of cholesterol, however, if
we further increase its membrane content to 50 mol %, the
effect on the lipid mixing rate seems to be reverted, getting
back to the initial lipid mixing rate measured for the control
(PC/PE membrane). The effect of cholesterol on the lipid
mixing rate seems to have an optimum; once this optimum
is exceeded, other physical properties, such as membrane
fluidity, may be taking over, balancing and finally overcom-
ing the dipole poential effect. Lipid mixing extent, however,

seems to depend on parameters such as hydration and/or
membrane fluidity, since 6-ketocholestanol increases lipid
mixing whereas cholesterol decreases it.

In conclusion, it is clear from our results that part of the
importance of the presence of cholesterol in the HIV
envelope membrane can be due to its influence on the
magnitude of the membrane dipole potential. We have shown
that an increase in the magnitude of this electrostatic potential
can increase the affinity of the fusion peptide for the
membrane and the lipid mixing rate. Other events in the
membrane fusion process (conformational transitions, lipid
mixing extent) seem to be dependent on other membrane
parameters, such as membrane hydration and fluidity.
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