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Abstract

We characterized the physical and biological properties of a 14-residue amphipathic sequence called SFP (for short fusogenic peptide).
At acidic pH, this short synthetic peptide interacts with various phospholipidic monolayers. These interactions were correlated with a
pH-dependent conformational transition of SFP resulting in a hydrophobic a-helical structure. The hemolysis assay showed a
pH-dependent weak membrane destabilizing activity of SFP. However, membrane anchoring of SFP through a covalently bound myristic
acid enhanced by 1000-fold its membrane-destabilizing power. Moreover, SFP covalently bound to fluorescent-labeled liposomes induced
a pH-dependent mixing of both membranes. SFP, a small synthetic peptide, is thus able to mimick many aspects of viral protein-induced
membrane fusion: conformational change, membrane destabilization, membrane anchoring and finally pH-dependent lipid mixing.
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1. Introduction

Membrane fusion is a widespread and ubiquitous pro-
cess essential for cell physiology and virus infectivity
[1,2]. Although the molecular mechanism is still poorly
understood, there are many common points between inter-
or intra-cellular and viral fusion processes, particularly
concerning the involvement of fusion proteins. Virus infec-
tivity is one of the most studied fusion processes [3].
Virus-induced fusion is mediated by one or several com-
bined specific proteins [4]. Viral proteins show common
characteristics, especially the presence of a ‘fusion pep-

Abbreviations: chol, cholesterol; DMF, dimethyl formamide; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; MA, myristic acid; NBD, 7-
nitrobenz-2-oxa-1,3-diazol-4-yl; NBD-PE, phosphatidylethanolamine la-
beled at the amino group with NBD; PC, phosphatidylcholine; PE,
phosphatidylethanolamine; PS, phosphatidylserine; RET, resonance en-
ergy transfer; Rh, rhodamine; Rh-PE, phosphatidylethanolamine labeled
at the amino group with lissamine rhodamine B sulfonyl; SFP, short
fusogenic peptide; SMCC, N-succinimidyl 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylate; Tes, N-trislhydroxymethyllmethyl-2-aminoethane-
sulfonic acid (2-([2-hydroxy-1,1-bis(hydroxymethylethyllamino)ethane-
sulfonic acid); Tris, tris(hydroxymethyl)aminomethane.
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tide’ [5]. Fusion peptide sequences are short, relatively
hydrophobic and always associated with a membrane-
anchored subunit [6]. Current evidence strongly indicates
that fusion peptides interact with the lipid environment of
the target membrane before membrane destabilization [7,8].
This interaction requires a conformational change in the
fusion protein leading to an organized secondary structure
of the fusion peptide [9-11].

Our aim was to design a drug vector analogous to the
F-protein liposome [12] but with lower immunogenicity
[13] and endowed with a fusogenic pH-dependent peptide.
First, we selected the peptide required to induce membrane
fusion. This choice was based on the sequence, length and
peptide membrane binding. The rationale for the sequence
design was threefold, it had: (1) to be short, capable of
insertion in one single monolayer in order to destabilize
the bilayer membrane, (2) to have a pH-induced conforma-
tional change creating well separated hydrophilic and hy-
drophobic faces, and finally, (3) to be able to covalently
bind to a membrane.

It was previously shown that GALA, a 30-residue am-
phipathic peptide with a repeat unit of glutamic acid-
alanine-leucine-alanine, interacts with and destabilizes un-
charged lipid bilayers in a pH-dependent fashion [14]. This
was correlated with a pH-induced random coil-a transi-
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tion [15]. In helical conformation, GALA was designed to
have an alignment of hydrophilic (Glu) and hydrophobic
(Leu) residues on opposing faces [16], facilitating interac-
tions with membranes. This synthetic peptide is of great
interest due to its ability to mimick some features of
fusogenic peptides from viral fusion proteins. However,
GALA has always been used in solution and has never
been anchored into a membrane until now [15].

In this paper, we investigated the destabilizing and
fusogenic capability of a 14-residue GALA-type peptide
(SFP for short fusogenic peptide) and the importance of its
prior membrane-anchoring.

2. Materials and methods
2.1. Materials

The protected amino acids and the PepSyn KA type
resin used for the peptide synthesis were obtained from
Neosystem and Millipore, respectively. Bovine brain phos-
phatidylserine (PS), egg-yolk phosphatidylcholine (PC),
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC), egg-
yolk phosphatidylethanolamine (PE), 1,2-dihexadecanoyl-
rac-glycero-3-phosphoethanolamine (DPPE), cholesterol
(chol) and tetradecanoic acid (myristic acid, MA) were
purchased from Sigma. 3H-Myristic acid was obtained
from Amersham. N-Succinimidyl 4-(N-maleimidometh-
ylcyclohexane-1-carboxylate (SMCC) was obtained from
Pierce. N-(Lissamine rhodamine B sulfonyl)diacylphos-
phatidylethanolamine (Rh-PE) and N-(7-nitrobenz-2-oxa-
1,3-diazol-4-yl)diacylphosphatidylethanolamine (NBD-PE)
were obtained from Molecular Probes. All other reagents
and chemicals were of analytical grade.

2.2. Peptide synthesis

Three GALA-type peptides were synthesized: SFP-1
with the amino acid sequence F-E-A-A-L-A-E-A-L-A-E-
A-L-A; SFP-2 with the same sequence as SFP-1 but with
an NH,-terminal myristic acid (MA) derivatization; and
SFP-3 with the sequence W-E-A-A-L-A-E-A-L-A-E-A-L-
A-C. These peptides were synthesized via their C-terminal
extremity by solid-phase synthesis on a Milligen 9050
continuous flow peptide synthesizer using fluoren-9-
methoxycarbonyl (Fmoc) chemistry and a polyacrylic type
resin (PepSyn KA, Millipore). The dual-coupling method
was used to increase the coupling yield. Maximum cou-
pling times were 1 h, and the final peptide was cleaved by
treatment with trifluoroacetic acid/phenol /water/
ethanedithiol /thioanisol (9.2:0.2:0.2:0.2:0.2, v /v) at room
temperature for 2 h. After trifluoroacetic acid (TFA) vac-
uum-evaporation, the peptide was precipitated three times
by addition of a large volume of freezing diethyl ether and
then filtered through a polytetrafluoroethylene membrane
(FA filter type, Millipore) with 1 pm pore size. The

peptide was then dissolved in 1% ammonia and purified by
reverse-phase HPLC (Waters, Millipore) using a semi-pre-
parative Delta Pak 7.8 X 300 mm column with 15
um/C,s-300 A characteristics (Waters, Millipore) at a
flow rate of 1 ml/min with two continuous gradients:
30-80% B over the first 10 min; then 80-95% over the
last 5 min (B =99.92% acetonitrile /0.08% TFA; A =
99.9% water /0.1% TFA).

For SFP-2, tritiated MA was added in the last step of
synthesis and in the same excess as the amino acids just
before peptide cleavage from the resin. Radioactivity counts
were done to follow the derivatized peptide during HPLC
purification and characterization. DMF was the most con-
venient solvent to dissolve the peptide in non-aggregated
form before HPLC purification.

For SFP-3, a Cys was added to the C-terminal extremity
to couple the peptide to liposomes via a maleimide-func-
tionalized PE (SMCC-PE) obtained synthetically. A Trp
was used instead of Phe, of SFP-1 or SFP-2 to be able to
detect the peptide by fluorescence.

Purity and identity of the peptides were confirmed by
HPLC (Waters 486, Millipore), amino acid analysis, and
fast atom bombardement mass spectroscopy (FAB-MS) on
a trio 2000 mass spectrometer (VG Biotech). The peptides
were stable for up to 2 months when stored as a lyophilized
powder at —20°C under argon.

2.3. Peptide hydrophobicity

To evaluate hydrophobicity of the peptide at different
pH, the phase-partitioning measurement between the aque-
ous phase (citrate-phosphate buffer) and 1-octanol was
performed. SFP-1 was taken as a 1 mM stock solution in
200 mM disodium hydrogen phosphate at pH 8.8 and
diluted into the appropriate buffer (10 mM acetate, 150
mM NaCl (pH 5.0) or 10 mM Tes, 150 mM NaCl (pH
7.5)) to obtain a 0.2 mM solution. An equal volume (500
wl) of 1-octanol was then added. The mixture was strongly
vortexed for 3 min. After phase partitioning, the amount of
remaining peptide was determined by the method of Lowry
et al. [17] in a 200-u! aliquot from the aqueous phase.

2.4. Monolayer measurements

Monolayer experiments were performed at 18°C in a
thermostatically controlled box. The surface pressure at the
air/water interface was measured using the Wilhelmy
plate method [18] and a home-built film balance [19].
Experiments were performed at constant area using a
50-ml teflon trough, 6 cm in diameter. The subphase
consisted of twice distilled water, once on potassium per-
manganate. The pH of the subphase was continuously
monitored with a combined glass microelectrode and ad-
justed to the desired value with microinjections of 1 M
ammonium hydroxide or 1 M acetic acid under magnetic
stirring. 20 to 100 !l of lipid stock solutions in chloroform
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(about 0.1 mg/ml) was spread at the air/water interface
using a small glass capillary. The peptide was added to the
subphase through a small hole drilled at the edge of the
trough using a Hamilton syringe, and the resulting change
in surface pressure was recorded until a constant equilib-
rium value was reached.

2.5. Circular dichroism experiments

The CD spectra of SFP-1 were recorded at different pH
levels on a Jobin Yvon Dichrograph V spectropolarimeter.
The spectra were scanned in quartz suprasil cells with a 10
mm path length. The spectral domain was between 190
and 250 nm. All experiments were performed at 25°C.
SFP-1 was taken as a 1 mg/ml stock solution in 0.5%
ammonia at pH 8.0 and was diluted into degassed citrate-
phosphate buffer so as to obtain a 0.1 mg/ml peptide
solution at the desired pH. There was no citrate phosphate
buffer absorption in the UV range. All 6 values are
expressed as degcm? dmol ™.

Since Subbarao et al. [16] have shown that interpreta-
tions of GALA spectra below 222 nm in the presence of
phospholipid vesicles are ambiguous and the helical con-
tent of many peptides is known to be increased in interac-
tions with lipids [9,20,21], no CD measurement was done
in the presence of lipid vesicles.

2.6. Hemolysis assay

The hemolysis assay was performed according to the
modified procedure of Schiegel and Waden [22]. Fresh
human whole blood collected on ACD (85 mM trisodium
citrate, 111 mM glucose, 71 mM citric acid (pH 7.4)) was
obtained from a blood bank (Centre Régional de Transfu-
sion Sanguine, Montpellier, France). Prior to use, erythro-
cytes were isolated by washing the blood three times in
isotonic solution (150 mM NaCl) followed by resuspen-
sion in the appropriate buffer (A: 10 mM acetate, 150 mM
NaCl (pH 5.0); B: 10 mM Tes, 150 mM NaCl (pH 7.4)) at
108 cells /ml. Assays were performed in 1 ml total volume
samples. Isotonic stock solutions of tested molecules (SFP-
1, SFP-2 or myristic acid) were mixed at different final
concentrations with the human erythrocyte suspension. The
mixture was then transferred to a 37°C water bath for 10
min under gentle stirring and centrifuged at 4°C for 30 s at
3000 X g. Hemolysis was measured by supernatant ab-
sorbance at 541 nm (spectrophotometer Uvikon 930, Kon-
tron Instruments). Total hemolysis was estimated by lysing
108 cells in 1.0 ml of distilled water. Spontaneous hemoly-
sis of erythrocytes representing less than 5% of total
hemolysis was subtracted from the experimental values.

2.7. Preparation of liposomes

Two kinds of liposomes were prepared by probe sonica-
tion of an egg PC/chol/SMCC-PE (6:3:0.5) mixture,

supplemented with either NBD-PE or Rh-PE at a fluores-
cent probe /total lipid molar ratio of 1:100. Briefly, the
lipids in chloroform /methanol solutions were mixed and
dried under nitrogen followed by high vacuum for 2 h.
Lipid films were dispersed in 20 mM Tris /150 mM NaCl
(pH 7.4) and sonicated for 14 min with a 50% active cycle
on a Vibra Cell (Bioblock) at 4°C under argon. This
procedure yields liposomes with a diameter of about 200
nm. Electron microscopy (Jeol 1 200) confirmed the lipo-
some size estimated by photon correlation spectroscopy
(N4S sub-micron particle analyzer, Coultronics) and
showed an apparent size homogeneity with a low level of
multilamellar liposomes (< 4%). SMCC-PE is dipalmi-
toylphosphatidylethanolamine derived with SMCC, a het-
erobifunctional crosslinker, according to the coupling pro-
cedure with SPDP [23].

The peptide (SFP-3) was conjugated to liposomes via
reaction of SFP-3 thiol group with the liposome maleimide
group. SFP-3 was dissolved in 20 mM ammonium bicar-
bonate (pH 8.0). Fivefold excess of SFP-3 versus the
maleimide group was added to vesicles and incubated at
4°C for 20 h. The liposomes were collected after centrif-
ugation (160000 X g) through a two-step dextran gradient
(20; 10%). After lipid phosphorus measurement [24], the
final lipid concentration was 1 mM. The coupling yield
(10-20%) was determined by tryptophan fluorescence in-
tensity (A,, =280 nm; A, =348 nm). Finally, synthetic
fusogenic liposomes contained a peptide/total lipid ratio
of 1:400.

2.8. Lipid mixing assay

SFP-induced vesicle fusion, as assayed by lipid mixing,
was monitored using resonance energy transfer (RET)
between NBD and Rh probes. Briefly, 50-ul aliquots of
each preparation of fluorophore-labeled liposomes were
diluted with 1.9 ml of 20 mM Tris /150 mM NaCl (pH
7.4). A pH of 4.5 was obtained by injection of 8 ulof 1 M
HCI. Fluorescence emission spectra (500-650 nm) were
monitored with a SLM Aminco fluorometer (A, =470
nm). Intermixing of lipids of the two vesicle populations
led to a decrease in the NBD fluorescence signal (Ag,,)
concomitant with an increase in the Rhodamine fluores-
cence signal (Asyo). Fusion is shown by an increase in
energy transfer efficiency occurring when probes are mixed
within the same membrane [25].

3. Results
3.1. Peptide hydrophobicity

As the hydrophobicity of fusion peptides is an impor-
tant parameter in the fusion process, the hydrophobic

character of SFP-1 was determined using the phase parti-
tion method. As shown in Fig. 1, hydrophobicity of SFP-1
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Fig. 1. Percent of SFP-1 remaining in the aqueous phase after phase-parti-
tion as a function of pH. An equal volume of 1-octanol was added to a
0.2 mM SFP-1 in citrate-phosphate buffer at the appropriate pH.

was strongly pH-dependent with an apparent pK, between
5 and 5.5. Indeed, at pH lower than 5, only 10% of the
total peptide was retained in the aqueous phase. This
observation suggested that strong peptide—phospholipid
interactions should be observed at acidic pH.

3.2. Peptide insertion into lipid monolayers

Since the lipid monolayer system simulates one side of
a bilayer structure, we used this attractive model to study
interactions between SFP-1 and lipid targets. The ability of
a peptide to interact with a lipid substrate can be deter-
mined by the corresponding increase in surface pressure of
the lipid monolayer, at constant surface area. A significant
surface pressure increase is interpreted as being a conse-
quence of the insertion of the hydrophobic portion of the
peptide into the hydrophobic part of the lipid monolayer.

In preliminary experiments without lipid film (data not
shown), SFP-1 was injected into the aqueous phase and its
adsorption behaviour was followed at the air/water inter-
face as a function of pH. Reduction of the surface tension
was only observed at acidic pH (the equilibrium spreading
pressure was around 10 mN /m), confirming the strong pH
dependence of the hydrophobicity of SFP-1.

Subsequently, the pH profile of the surface activity of
SFP-1, (10 uM final concentration) was determined in the
presence of a DOPC monolayer. As shown in Fig. 2, there
was no modification in the surface pressure at basic and
neutral pH. On the contrary, SFP-1 showed substantial
surface activity at acidic pH (leading to a surface pressure
increase of 12.8 mN/m at pH 4.8), with an apparent pK,
of about 5.5. The kinetics of SFP-1-induced surface activ-
ity reached a plateau within a few minutes after a rapid
increase in AIT (Fig. 2, inset).

To evaluate the involvement of the charge density and
the nature of the polar headgroups in these interactions,
surface pressure variations at pH 4.8 were performed
following the addition of SFP-1 under three different lipid
monolayers (DOPC, PE and PS monolayers) at various
initial surface charge densities and initial pressures (IT;)

(see Fig. 3). The affinity of peptides to lipid surfaces is
currently evaluated by measuring the exclusion pressure
(I1,) (where a peptide is unable to penetrate or interact
with the lipid film). II, was determined by extrapolating
the surface pressure increase to zero [7]. AIT is a linear
function of II,, as previously described for fusogenic
peptides [26]. For initial surface pressures of less than 20
mN/m, no substantial difference was observed between
DOPC, PE and PS monolayers. The exclusion pressures of
SFP-1 in DOPC, PS and PE monolayers were, respec-
tively, 29, 33 and 36 mN /m, indicating a marked capacity
of the peptide to penetrate into the membrane. Additional
experiments were performed with a pure peptide film and
showed a collapse pressure of around 22 mN/m. This
value was lower than the critical pressure of insertion,
demonstrating the miscibility of both compounds in the
surface layer. However, beyond the initial pressure of 20
mN/m, a biphasic curve shape was obtained with the
DOPC monolayer, revealing a particular affinity of SFP-1
to DOPC. All the dots represent means of three different
experiments. The maximum difference between two values
was lower than 0.5 mN /m. Interestingly, when SFP-1 was
injected beneath a monolayer of PC/chol (2:1, molar
ratio) or PC/PS/chol (1:1:1, molar ratio), the plateau
observed with the pure DOPC monolayer was never ob-
tained (Fig. 3, inset).

From this set of data, we conclude that the lipid charge
density was not a major requirement for the interaction
between SFP-1 and the monolayer. Szoka and coll. [16]
pointed out the shielding effect of the ionic strength on
GALA glutamic carboxylate anions. In our experiments,
the (SFP-1)-induced surface pressure increases with a
DOPC monolayer were not affected by the addition of
sodium chloride up to 200 mM (data not shown).

To determine whether the surface pressure increase was
actually connected with penetration of SFP-1 into the
phospholipid monolayer and not simply due to adsorption,
the reversibility of the phenomenon was studied. The

mN/m
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ATI(mN/m)
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Fig. 2. pH profile of the surface pressure increase { AIT) induced by 10
#M SFP-1 in the subphasec under a DOPC monolayer. The initial surface
pressure of the monolayer was 20 mN /m. The curve was drawn through
individual points at each pH. Inset: Kinetics of the peptide-induced
surface pressure increase (example of kinetics obtained at pH 5.2).
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Fig. 3. Dependence of surface pressure increase (AII) caused by SFP-1
penetration upon initial surface pressures (IT;) of phospholipid monolay-
ers at acidic pH. SFP-1 (10 uM) was injected in the subphase at 18°C
beneath various phospholipid monolayers: (@) DOPC, (O) bovine brain
PS, (O) egg-yolk PE. The inset shows the same experiments after
addition of SFP-1 under, respectively, (o) DOPC/chol (2:1) and (W)
DOPC/PS /chol (1:1:1).

peptide was added at acidic pH under a DOPC monolayer.
Within approximately 10 min, the peptide-induced increase
in surface pressure reached equilibrium (Fig. 2, inset). The
pH of the subphase then increased to 8.0. We used the
ratio R=(AIl, — AIl;) X 100/AIl,, with AII, and
AlIIy defined in the Fig. 4, inset. This ratio represented the
pressure reversion following the pH increase as a function
of II,. As shown in Fig. 4, a total reversion, i.e., desorp-
tion, was observed only for low initial pressure (10
mN /m), with the phenomenon being partially reversible in
all other cases. For initial lipid monolayer pressures that
are relevant for bilayer membranes (higher than 30 mN /m),
pH-induced desorption of SFP-1 was only 10%.

3.3. Peptide secondary structure

We carried out circular dichroism (CD) measurements
to determine the secondary structure of SFP-1 at acidic pH.
In aqueous solution in the absence of phospholipid vesi-
cles, SFP-1 displayed CD spectra with two minima at 222
and 208 nm corresponding to a random coil conformation.
The spectra were measured at pH 7.4, 6.0 and 4.6. Elliptic-
ity at 222 nm (8,,,), characteristic for an a-helical confor-
mation, changed from — 3300 degcm®dmol™! at pH 7.4
to —14850 degcm? dmol ™! at pH 4.6 (Table 1). These
results closely agree with those obtained with the longer
GALA peptide [16]. The helical content of SFP-1 was
considerably greater at pH 4.6 (41%) than at neutral pH
(3%), according to the method proposed by Chen et al.
[27].

3.4. Peptide destabilizing activity

Since hemolysis is known to be the consequence of
erythrocyte membrane destabilization [22,28], we used this
assay to follow the destabilizing effect of SFP-1. To
mimick the anchored-subunit of fusion peptides, a myristic

100 T T T 1
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Time (min)
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Fig. 4. Percent of SFP-1 desorption after a sharp rise in pH from 4.0 to
8.0 as a function of initial surface pressure (IT;) of DOPC monolayers.
The SFP-1 concentration was 10 M. The percentage desorption was
defined as R =(AIl, — All)x100/AIl, (AIl, and AIl; were de-
fined in the inset). AII, is the peptide-induced surface pressure change at
pH 4.0 and AII; the corresponding surface pressure variation measured
when an equilibrium was established after the sharp rise in pH (arrow).
The AIl; values were corrected from the slight effect of the sharp rise in
pH on the polar head of DOPC.

acid was fixed on the N-terminus of SFP-1. The hemolytic
power of SFP-1 was compared with those of the myristoy-
lated peptide (SFP-2) and the myristic acid (MA) used as
control. At pH 7.4 (data not shown), no hemolysis of the
human erythrocytes was observed. However, at acidic pH
(Fig. 5A) the hemolytic power of the myristoylated peptide
was 1000-fold higher than that observed with SFP-1 in
solution. The hemolysis induced by SFP-2 was not due to
the myristic acid. Indeed, 5 uM of SFP-2 totally lysed 103
erythrocytes within 10 min (Fig. 5B), while myristic acid
did not induce any hemolysis at the same concentration.
The destabilizing potential of SFP-1 was thus more impor-
tant when the peptide hydrophobicity was increased after
anchoring it in the cell membrane.

3.5. Peptide fusogenic activity

The fusogenic potency of SFP-3 after coupling to lipo-
somes was studied using the RET between N-NBD and
N-Rh fluorophores. The RET was assessed by an NBD
fluorescence decrease (Agy,) and concomitant Rh fluores-
cence increase (Asq,) due to the close proximity of the
probes, presumably present in the same membrane. No
RET was observed with (SFP-3)-coupled liposomes at pH
7.4 (Fig. 6A) as well as with non-(SFP-3)-coupled lipo-
somes at pH 4.5 (Fig. 6B). On the contrary, a rapid RET
was noted (Fig. 6C) when (SFP-3)-coupled Rh- and NBD-

Table 1
Ellipticity values (8,,,) and helical content of SFP-1 at different pH
values

pH 65, (degcm? dmol ™ 1) Helical content (%)
7.4 -3300 - 3
6.0 -9900 25
4.6 —14850 41
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Fig. 5. (A) Dose dependence of SFP-1 (a), SFP-2 (@) and MA (O) -induced hemolysis. (B) Time dependence of (SFP-2)-induced hemolysis. For details

on the experimental procedures see Materials and methods.

labeled liposomes were mixed at pH 4.5. In the inset, the
t, s, for the fusion was shown to be about 5 min, leading to
75% fusion yield. Concurrently, laser light scattering mea-
surements showed a marked increase in the vesicle diame-

§

8

Fluorescence
(F530/F590)

) 10 20 30)

Time(min)

Intensity

Fluorescence

500 550 600 650
Wavelength (nm)

Fig. 6. Time-course of fluorescence emission spectra (A, =470 nm) of
an equimolar mixture of NBD-PE- and Rh-PE-containing vesicles (1
mol% fluorescent probe /total lipid). (A) (SFP-3)-coupled liposomes, pH
7.4; (B) non-(SFP-3)-coupled liposomes, pH 4.5; (C) (SFP-3)-coupled
liposomes, pH 4.5. Each figure represents the spectra at ¢ =0, 5, 10, 20
and 30 min. Inset: Time-course of lipid mixing between vesicles. ()
(SFP-3)-coupled liposomes, pH 7.4; (®) non-(SFP-3)-coupled liposomes,
pH 4.5; (@) (SFP-3)-coupled liposomes, pH 4.5. Results were expressed
by the Fs3, / Fsqq ratio for each spectrum.

ters from 235 + 25 nm at pH 7.4 to 889 + 57 nm after 30
min at pH 4.5. In these experiments, SFP-3 was coupled to
the two liposome preparations. Similar results were ob-
tained with SFP-3 in only one fluorophore-labeled popula-
tion (data not shown). However, the time-course was then
increased (¢, ,, = 15 min) and the RET intensity was lower
(30%). Addition of the same concentration of non-cova-
lently bound SFP-3 to equimolar NBD-PE- and Rh-PE-
containing vesicles induced no RET (data not shown).

4. Discussion

The aim of this study was to find a short artificial
peptide with fusion properties based on common character-
istics between viral [6] and model [9,16] fusion peptides.
GALA, a 30 amino acid membrane-active peptide, ap-
peared to have a very interesting potential. We therefore
synthesized a short GALA-type peptide composed of 14
residues and studied the biophysical and biological proper-
ties of this new peptide (SFP) to determine its membrane
destabilizing effect and its membrane fusogenic power on
a model phospholipid membrane.

As previously suggested, the induction of membrane
fusion by a viral fusion protein might involve penetration
of the fusion peptide into the target membrane [7,29].
Lipid monolayers have a great potential for studying this
kind of pH-dependent protein—lipid interactions [30]. Such
experiments clearly demonstrated that SFP-1 became hy-
drophobic when the pH was lower than 5.5 and it inter-
acted with, and very likely penetrated into, the lipid mono-
layer with a specific affinity to DOPC (Figs. 2 and 3). This
high affinity of SFP-1 to DOPC was only observed with
pure monolayers and disappeared with cholesterol. It is
well known that cholesterol interacts strongly with PC
leading to a specific lateral organization [31] which might
hinder particular interactions between SFP-1 and DOPC.
The plateau reached a few minutes after the addition of
SFP-1 (Fig. 2, inset) is in agreement with previous data on
membrane fusion kinetics [32]. Insertion of SFP-1 occurred
at surface pressures up to about 32 mN /m, assumed to be
the relevant level for lipid monolayers in biological mem-
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branes [33-35]. For comparison, the hemagglutinin HA,
chain N-terminus of the X31 strain of influenza virus, a
membrane fusogenic active peptide, has a critical surface
pressure for insertion of 34 mN/m [7]. These results
closely agree with those obtained by monolayer experi-
ments with several viral fusogenic sequences [7,26], and
with the GALA peptide model by tryptophan fluorescence
measurements [16].

Several biophysical parameters may modulate interac-
tions between proteins or peptides and lipid monolayers.
The most important are Coulombic power and structure of
the lipid polar headgroups. For instance, it has been shown
that the N-terminus of HIV gp 41 are surface-active and
penetrate lipid monolayers composed of negatively charged
lipids [10]. Concerning SFP-1, experiments with several
lipids (Fig. 3), at different ionic strengths, showed that
penetration of SFP-1 did not depend on lipid charge nor on
the ionic strength.

Circular dichroism measurements (Table 1) provided
good evidence of a pH-induced SFP-1 conformational
change. Indeed, the helical content of SFP-1 increased
from 3% at pH 7.4 to 41% at pH 4.6. Hence, this sharp
rise in pH inducing a SFP-1 conformational change lead-
ing to an a-helical structure may be correlated with the
lipid interaction and presumably membrane insertion. The
increase in monolayer surface pressure is a result of ener-
getically favorable peptide—phospholipid interactions.
Moreover, in agreement with well-documented studies,
association of the a-helical structure with penetration is
consistent with the view that the free energy of transfer of
peptide amide groups from water into the apolar bilayer is
significantly reduced by the intrapeptide hydrogen-bonding
pattern of an a-helix [36].

Recent studies have shown that peptides representing
the N-terminal segment of the surface protein gp 41 in two
different strains of HIV were a-helical when inserted into
monolayers but were in B-sheet conformation when sur-
face-adsorbed [10]. These interesting results were also
found by other workers with other hydrophobic signal
sequences [37,38]. These authors hypothesize that the in-
serted a-helical form causes membrane disruption whereas
the surface-bound $ form induces aggregation. A correla-
tion between the a-helical content and peptide capacity in
destabilization of biological membranes has been reported
for a number of NHA , synthetic analogs [39], gp 41 [10],
and other amphipathic peptides [14,40,41]. However, re-
cent monolayer experiments have indicated that a high
a-helical content alone is not sufficient to induce fusion
activity [26]. The formation of an a-helix may be a
prerequisite for membrane destabilization while not guar-
anteeing that membrane destabilization will occur [11].

Interestingly, irreversibility of the insertion of SFP-1
into a DOPC monolayer (Fig. 4) provides new information
on the penetration mechanism. Interaction of SFP-1 with
the lipid target is stimulated by lowering the pH (Fig. 2)
probably by an irreversible conformational change. At

neutral pH, SFP-1 did not interact with the monolayer
(Fig. 2). After the peptide conformational change, at mono-
layer initial surface pressures equivalent to that of the
biomembrane leaflet, the pH-increase did not dissociate the
peptide from the lipid monolayer (Fig. 4). This suggests
that SFP-1 penetrated deeply into the phospholipid leaflet,
preventing reversal of the conformational change induced
by a sharp rise in pH.

However, a high phospholipid interaction and confor-
mational transition of SFP-1 were not sufficient to induce
membrane destabilization. Only a very high SFP-1 concen-
tration (Fig. 5) was able to hemolyse some human erythro-
cytes in 10 min. Nevertheless, these results closely agree
with those obtained by Schlegel and Wade [22], in the
same concentration range, on a 25-amino acid peptide
corresponding to the NH, terminus of the vesicular stoma-
titis virus G protein. The peptide /lipid mole ratio required
for erythrocyte hemolysis was very high (50:1) in compari-
son to the results (1:500) obtained with GALA on PC
vesicle leakage [15,16]. Szoka and coll. have shown that
shortening the peptide from 30 to 16 residues decreased
the lytic activity of GALA peptides on liposomes by 8-fold
[16]. Diizgiineg and Gambale [42] also observed very weak
membrane-destabilizing activity of NHA , peptides as short
as six residues.

We obtained very interesting results showing that the
biological effects of SFP-1 could be increased by adding a
hydrophobic tail to this peptide. The hemolytic power,
predictive of destabilizing potential, of the myristic acid-
coupled peptide (SFP-2) was 1000-fold higher than that
observed with SFP-1 in solution (Fig. 5A). At least two
hypotheses can be advanced to explain this effect. Cou-
pling of the peptide to a membrane might highly reduce
hydration forces that represent an important barrier to
membrane fusion and/or it could facilitate the a-helix
conformational change essential for the fusion process.

Additional experiments using probe mixing assays
clearly showed a pH-dependent intermixing of the lipids of
the two vesicle populations leading to RET between NBD
and Rh and a decrease in the NBD fluorescence signal
(Fig. 6). The results of probe mixing assays have to be
cautiously interpreted [43]. Indeed, the decrease in the
NBD fluorescence can result either from: (i) a probe
exchange; (ii) vesicle aggregation; or (iii) an effective
membrane fusion between the two vesicle populations.
Because of the length of the acyl-chain, the headgroup-
labeled analogs, such as NBD-PE and Rh-PE, display an
essentially nonexchangeable behavior [44]. Moreover, sev-
eral arguments suggest a fusion process rather than a mere
aggregation: the interactions of SFP with the lipid mono-
layer, the destabilizing properties of SFP, the range and the
kinetics of RET assay and finally the concomitant increase
in the vesicle diameters.

Our results are also of a great interest with respect to
previous works [6] showing that fusion peptides of viral
fusion proteins are always associated with a membrane
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segment. This suggests, as noted by Burger et al. [29] with
influenza HA , peptides, that parts of fusion proteins other
than ‘fusion peptides’ may be involved in the fusion
process. On the other hand, we obtained one of the first
results showing the effect of membrane-anchoring on the
increased destabilizing potential of a synthetic peptide.
Indeed, many peptides are known for their fusogenic or
destabilizing capacity but until now most were used in
solution and only a few have been tested after coupling to
liposomes [45].

In conclusion, we showed that a 14-residue GALA-type
peptide interacts in a pH-dependent manner with various
phospholipids when organized in mono- or bi-layer(s).
This interaction is not connected with a Coulombic effect
between the peptide and the monolayer, but more related
to the peptide conformational change prior to the lipid
interaction and layer insertion. SFP is able to destabilize
the membrane lipid organization in as much as the peptide
is anchored to the membrane. Finally, we have strong
presumptions that SFP is fusogenic when coupled to vesi-
cles. It will be of interest to precise the mechanism of
SFP-induced fusion, notably by studying other factors
influencing the membrane fusion and the concomitant
mixing of contents within the two aqueous compartments
(in progress in our laboratory). But we feel comforted in
our rationale that this short synthetic peptide could be used
as a fusion inducer to introduce the aqueous content of a
liposomal drug vector into cell cytosol.
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