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The membrane-interacting abilities of three sequences representing the putative fusogenic subdomain of the
Ebola virus transmembrane protein have been investigated. In the presence of calcium, the sequence EBOGE
(GAAIGLAWIPYFGPAAE) efficiently fused unilamellar vesicles composed of phosphatidylcholine, phosphati-
dylethanolamine, cholesterol, and phosphatidylinositol (molar ratio, 2:1:1:0.5), a mixture that roughly resem-
bles the lipid composition of the hepatocyte plasma membrane. Analysis of the lipid dependence of the process
demonstrated that the fusion activity of EBOGE was promoted by phosphatidylinositol but not by other acidic
phospholipids. In comparison, EBOEA (EGAAIGLAWIPYFGPAA) and EBOEE (EGAAIGLAWIPYFGPAAE)
sequences, which are similar to EBOGE except that they bear the negatively charged glutamate residue at the
N terminus and at both the N and C termini, respectively, induced fusion to a lesser extent. As revealed by
binding experiments, the glutamate residue at the N terminus severely impaired peptide-vesicle interaction. In
addition, the fusion-competent EBOGE sequence did not associate significantly with vesicles lacking phospha-
tidylinositol. Tryptophan fluorescence quenching by vesicles containing brominated phospholipids indicated
that the EBOGE peptide penetrated to the acyl chain level only when the membranes contained phosphatidyl-
inositol. We conclude that binding and further penetration of the Ebola virus putative fusion peptide into
membranes might be governed by the nature of the N-terminal residue and by the presence of phosphatidyl-
inositol in the target membrane. Moreover, since insertion of such a peptide leads to membrane destabilization
and fusion, the present data would be compatible with the involvement of this sequence in Ebola virus fusion.

Ebola virus belongs to the Filoviridae family (23). This hu-
man pathogen occasionally causes epidemics of African hem-
orrhagic fever with a high rate of mortality (8, 23, 37). Little is
known about the viral infectivity mechanism, and there is no
specific treatment for Ebola virus hemorrhagic fever as yet.
The most prominent pathology of Ebola virus infection in-
cludes necrosis of liver parenchyma as a direct consequence of
virus replication (23). Ebola virus virions are composed of a
helical nucleocapsid containing one linear, negative-sense, sin-
gle-stranded RNA and surrounded by a lipidic envelope de-
rived from the host cell plasma membrane (8, 23). The enve-
lope contains solely one type of highly glycosylated protein
(Ebola GP) arranged into oligomers, most probably trimers,
which constitute the spikes that protrude from the virion sur-
face (8, 30, 38, 39).

The mode of entry of Ebola virus into target cells remains
unknown. However it seems likely that the single surface pro-
tein Ebola GP is responsible for both receptor binding and
membrane fusion during entry into the host cells. Homology
analysis of its coding gene-derived sequence has identified
several structural features that Ebola GP shares with other
envelope fusion proteins derived from oncogenic retroviruses
(12, 39). Just recently a detailed analysis has detected a high
degree of structural homology between Ebola GP and the
Rous sarcoma virus transmembrane protein (12). Several
structural elements that might be involved in the ectodomain
fusogenic function are shared by these viruses. In particular,
there exists in both viruses an amino acid region bounded by

cysteines that has at its center a sequence of approximately 16
uncharged and hydrophobic residues. Its location with respect
to the viral membrane, the presence of a canonical fusion
tripeptide (YFG in Ebola virus), and the fact that this se-
quence exhibits a high degree of identity among the Filoviridae
members suggest that this region might constitute in Ebola
virus the fusion peptide that is critical for virion-membrane
fusion in the Retroviridae and other families (11, 40, 41).

According to the most widely accepted mechanistic model
proposed for the initial phase of the viral fusion process, acti-
vation of the viral spikes induces the exposure of previously
buried hydrophobic fusion peptides in the vicinity of the target
cell (5, 43). Further interaction of the viral fusion peptides with
the cell membrane would depend mainly on the capacity for
binding of these peptides to the membrane lipid components
and could eventually trigger the process that brings about the
actual merging of the viral and cell membranes via a currently
unknown mechanism (41). This fact has justified the develop-
ment of in vitro studies on the membrane-destabilizing effects
of fusion peptides by using representative synthetic peptides of
different viruses and model membranes (7, 15, 19, 29).

The membrane environment into which the fusion peptide
should partition obviously plays an important role in the pro-
cess. Previous work from this laboratory has focused on the
effect of the target membrane composition on viral fusion.
Reports from this and other laboratories indicate the existence
of conformational changes induced by lipidic components in
the membrane-bound human immunodeficiency virus type 1
(HIV-1) fusion peptide (25, 28, 29), and we have identified a
fusogenic conformation of the peptide represented by an ex-
tended b-type structure (25, 26, 28). The fusogenic interaction
of the HIV-1 fusion peptide is, moreover, sensitive to factors
that affect gp41 activity in vivo (27). Modulation of viral fusion

* Corresponding author. Mailing address: Departamento de Bio-
quı́mica, Universidad del Paı́s Vasco, Aptdo. 644, 48080 Bilbao, Spain.
Phone: 34 4 4647700, ext. 2378. Fax: 34 4 4648500. E-mail: GBPNIESJ
@lg.ehu.es.

1775



by lipids has also been observed for complete virions and
reconstituted systems fusing with model membranes (6, 24,
42). These observations indicate that enveloped viruses may
optimize host interactions during the entry process, not only at
the level of the selective binding to cell receptors but also at
the level of the envelope fusion and subsequent capsid pene-
tration.

Our primary objective in this study was to confirm that the
proposed fusogenic sequence for Ebola virus might interact
with membranes, destabilize them, and eventually induce fu-
sion. Because Ebola virus infects and replicates very efficiently
in the liver, we initially employed as target membranes large
unilamellar vesicles (LUV) made of a lipidic mixture that rep-
resents the hepatocyte plasma membrane composition (18).
Our results demonstrate that this Ebola virus peptide interacts
with phosphatidylinositol (PI)-containing membranes and in-
duces vesicle fusion. Moreover, we show that the sequence
lacking the negatively charged Glu residue at the N terminus
interacts more efficiently with membranes. These data suggest
that, similarly to the HIV-1 fusion peptide (26–28), the Ebola
virus peptide segment under study may be important in viral
fusion in vivo.

MATERIALS AND METHODS

Materials. Phosphatidylcholine (PC), phosphatidylethanolamine (PE), phos-
phatidic acid (PA), and phosphatidylglycerol (PG) were from Lipid Products
(South Nutfield, England). PI, the brominated phospholipids 1-palmitoyl-2-
stearoyl(6,7)dibromo-sn-glycero-3-phosphocholine (Br6-PSPC) and 1-palmitoyl-
2-stearoyl(11,12)dibromo-sn-glycero-3-phosphocholine (Br11-PSPC), and the
fluorescent probes N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)phosphatidylethanol-
amine (N-NBD-PE) and N-(lissamine rhodamine B sulfonyl)phosphatidyleth-
anolamine (N-Rh-PE) were purchased from Avanti Polar Lipids (Birmingham,
Ala.) N-(5-Dimethylaminonaphtalene-1-sulfonyl)-1,2-dihexadecanoyl-sn-glyc-
ero-3-phosphoethanolamine (d-DHPE) was from Molecular Probes (Junction
City, Oreg.). Cholesterol (CHOL), trinitrophenylphosphatidylethanolamine
(TNP-PE), and Triton X-100 were obtained from Sigma (St. Louis, Mo.). All
other reagents were of analytical grade. The sequences representing the putative
fusogenic segment of Ebola GP, i.e., EBOGE, EBOEA, and EBOEE (see Fig. 1A),
were synthesized as their C-terminal carboxamides and purified (estimated
homogeneity, .90%) by Quality Controlled Biochemicals, Inc. (Hopkinton,
Mass.). Peptide stock solutions were prepared in dimethyl sulfoxide (spectros-
copy grade).

Vesicle preparation. LUV were prepared by the extrusion method of Hope et
al. (17) in 5 mM HEPES–100 mM NaCl (pH 7.4) buffer. Small unilamellar
vesicles (SUV) were obtained by sonication of aqueous lipid dispersions (2).
Lipid concentrations in liposome suspensions were determined by phosphate
analysis (4).

Fluorimetric assay for vesicle fusion. All fluorescence measurements were
conducted in thermostatically controlled cuvettes (37°C) with a Perkin-Elmer
LS50-B spectrofluorimeter. The medium in the cuvettes was continuously stirred
to allow the rapid mixing of peptide and vesicles. Membrane lipid mixing was
monitored by using the resonance energy transfer assay described by Struck et al.
(35). The assay is based on the dilution of N-NBD-PE and N-Rh-PE. Dilution
due to membrane mixing results in an increase in N-NBD-PE fluorescence.
Vesicles containing each probe at 0.6 mol% were mixed with unlabeled vesicles
at a 1:4 ratio (final lipid concentration, 0.1 mM). The NBD emission was mon-
itored at 530 nm, with the excitation wavelength set at 465 nm. A cutoff filter at
515 nm was used between the sample and the emission monochromator to avoid
scattering interferences. The fluorescence scale was calibrated such that the zero
level corresponded to the initial residual fluorescence of the labeled vesicles and
the 100% value corresponded to complete mixing of all the lipids in the system.
The latter value was set by the fluorescence intensity of vesicles, labeled with 0.12
mol% of each fluorophore, at the same total lipid concentration as in the fusion
assay. A high peptide-to-lipid ratio (1:1.5 unless otherwise stated) was used in
these studies in order to maximize vesicle damage, thus facilitating its detection
and study.

Peptide binding to vesicles. Peptide binding to SUV was estimated by using
three complementary methods under conditions otherwise similar to those de-
scribed for the fusion assay. For the centrifugation method, peptides were added
to 1 ml of SUV (0.5 mM) prepared in buffer (peptide-to-lipid ratio, 1:500). After
incubation of the mixture for 10 min at 37°C, centrifugation of the peptide-lipid
complexes in a Beckman Optima TLX ultracentrifuge in a TL120.2 rotor
(627,000 3 g, 90 min, 25°C) gave rise to a lipidic pellet (.95% of total lipid in
the sample). Supernatants depleted of vesicles were carefully removed, and their
peptide content was subsequently quantitated by Trp fluorescence (excitation at

280 nm and emission at 350 nm). The percentage of peptide bound to vesicles
was estimated by using the following expression:

@~F~s2l! 2 F~s1l!!/F~s2l!# 3 100 (1)

where F(s 2 l) represents Trp fluorescence emission intensity in supernatants of
centrifuged peptides in the absence of vesicles and F(s 1 l) represents Trp fluo-
rescence in supernatants of centrifuged peptide-vesicle mixtures.

An additional method to evaluate binding was based on the variation of the
fluorescence emitted by Trp. The change in peptide Trp fluorescence after
binding (1 mM peptide) was measured in emission spectra collected in the
presence of SUV (0.5 mM). The mixture was incubated for 10 min at 37°C before
data acquisition. Excitation was set at 280 nm, and slits of 2.5 nm (excitation) and
10 nm (emission) were used. The signal was corrected for inner filter effects as
described previously (3). Binding was also estimated by using an assay of reso-
nance energy transfer from peptide-Trp to the headgroup in TNP-PE as de-
scribed by Heymann et al. (16). TNP-PE was included in the target vesicle
composition to 8.4 mol%. In the presence of TNP-PE-containing vesicles (0.5
mM), the decrease of peptide Trp fluorescence (1 mM peptide) was measured
from emission spectra collected under the conditions described above.

Peptide insertion. The depth of penetration into the membrane was evaluated
by two complementary assays. In order to probe the interface, energy transfer
from peptide Trp to the surface fluorescent probe d-DHPE was measured as
described previously (13). In brief, 6 mol% d-DHPE probe was included in the
target vesicle composition (0.25 mM), and its emission spectra at increasing
peptide concentrations were collected (maximum emission wavelength, 510 nm).
The excitation wavelength was that of the Trp residue (280 nm). For probing the
acyl chain region, quenching of peptide Trp fluorescence by the hydrophobic
matrix-residing bromolipids was measured as described previously (3). In this
case, either Br6-PSPC or Br11-PSPC was used instead of PC in target PC-PI (1:2
molar ratio) vesicles. Trp emission spectra (1 mM peptide) were acquired in the
presence of the vesicles (0.5 mM lipid) and corrected as described in reference
3. In both assays, lipid-peptide mixtures were incubated at 37°C for 10 min before
data acquisition. In all peptide binding and insertion assays, a low peptide-to-
lipid ratio (1:500) was used so that the amount of free peptide would not
significantly interfere with the analysis of the experimental results.

RESULTS

Figure 1A displays the three sequences that were used in this
work as representative of the proposed Ebola virus fusion
peptide. The sequence of the fusion peptide, initially described
by Volchkov et al. (39) and Feldmann et al. (8) and whose
putative fusogenic character was put forward by Gallaher (12),
consists of a stretch of 16 hydrophobic and uncharged amino
acids which is flanked by two negatively charged Glu residues.
According to the interfacial hydrophobicity scale determined
by Wimley and White (44), Glu shows the lowest tendency to
partitioning into the bilayer. Therefore, even if the overall
interfacial hydrophobicity of the sequence is comparable to
that of the HIV-1 fusion peptide (Fig. 1B), flanking Glu resi-
dues in the Ebola virus sequence are unlikely to partition into
the interface and penetrate into the hydrophobic core of the
membrane. This fact prompted us to assess the effect of Glu
residues when they are located either at the N terminus, at the
C terminus, or at both ends of the sequence. As described
below, experimental results in this work indicate that peptide-
membrane interaction is severely impaired by Glu located at
the N terminus.

We first assessed the putative fusogenicities of these se-
quences in a model system. LUV composed of PC, PE, CHOL,
and PI (2:1:1:0.5 molar ratio) were selected as membrane tar-
gets. As discussed in the introduction, this mixture of lipids
roughly mimics the lipid composition of the hepatocyte plasma
membrane (18). As shown in Fig. 2, when added to a PC-PE-
CHOL-PI vesicle suspension, the EBOGE peptide was able to
induce fusion, detected as the mixing of the vesicular mem-
branes. Figure 2A shows that the fusion activity of the peptide
could be detected only in the presence of calcium. The cation
effect was not dependent on the order of addition; i.e., fusion
could be observed when addition of the cation preceded that of
the peptide and also when the cation was added after the
peptide. The results displayed in Fig. 2B demonstrate that the

1776 RUIZ-ARGÜELLO ET AL. J. VIROL.



observed fusion activity was dependent on the presence of PI
in the lipidic mixture. Moreover, this phospholipid could not
be replaced by other anionic phospholipids such as PG or PA,
indicating that the PI effect is not due merely to its electrostatic
charge. The acyl chain composition did not appear to be crit-
ical, since PI from bovine liver or plant origin sustained the
fusion process to the same extent (data not shown). Table 1
summarizes the fusion data obtained with different vesicles as
targets. Taken together, the data confirm that PI is necessary
for the fusion process. In addition, it can be deduced that both
LUV and SUV can be readily fused by the peptide in a PI-
dependent fashion.

The fusion capacities of the three peptides under study are
compared in Fig. 3. The results reveal that all three sequences
induced fusion in a dose-dependent manner and that EBOGE
was more efficient than EBOEE and EBOEA sequences. This
observation suggests that a negative net charge or a polar
residue at the peptide N terminus somehow hinders the mem-
brane fusion process. However, net charge might not be the
only cause of the impairing effect exerted by the Glu residue.
Experiments conducted at pH 4.5 indicate that the fusion pro-
cess mediated by the three sequences was not influenced by the
low pH (data not shown).

A decreased binding of the peptide to the vesicles could be
at the origin of the lack of fusion detected in the absence of PI
or could be the cause of the reduced fusion activity observed

for the sequences bearing Glu at the N terminus. Therefore,
we decided to estimate the amount of peptide bound to vesi-
cles and the depth of its penetration into the membrane. To
that end, we made use of the single Trp fluorescent residue
existing in the sequences (Fig. 1A). For these experiments we
employed SUV as targets, since they interfere less than LUV
with the fluorescence measurements because of their low light-
scattering properties. We also selected the simplest vesicle
composition supporting fusion that was suitable for carrying
out the penetration assays (PC-PI, 1:2 molar ratio).

FIG. 1. (A) Sequences of the three Ebola GP peptides studied in this work.
Positions of Glu (squares) and Trp (circles) residues and the canonical fusion
tripeptide (underlined) are indicated. (B) Hydropathy plots for the fusion pep-
tides of Ebola virus (EBOEE) and HIV-1 (HIVarg [26]). A window of 5 amino
acids was used with the hydrophobicity scale at membrane interfaces as described
by Wimley and White (44).

FIG. 2. Ebola virus fusion peptide (EBOGE)-induced LUV fusion. The pep-
tide was added at the times indicated by the arrows to PC-PE-CHOL-PI (2:1:1:
0.5) LUV suspensions (0.1 mM) at a peptide-to-lipid ratio of 1:1.5. (A) Influence
of calcium. Trace a, sample containing both calcium (10 mM) and peptide; trace
b, control without calcium. (B) Influence of bilayer composition. Molar ratios:
trace a, PC-PE-CHOL-PI, 2:1:1:0.5; trace b, PC-PE-CHOL, 2:1:1; trace c, PC-
PE-CHOL-PG, 2:1:1:0.5; trace d, PC-PE-CHOL-PA, 2:1:1:0.5.

TABLE 1. Influence of bilayer composition on
EBOGE-induced vesicle fusion

Composition
(PC-PE-CHOL-PI,

molar ratio)

Type of
vesicle

Initial rate
(% min21)a,b

Extent
(%)a,c

2:1:1:0.5 LUV 52 6 3.6 (4) 56 6 3.6 (4)
2:1:1:0 LUV '0 (2) '0 (2)
1.5:1:1:1 LUV 20 6 1.5 (2) 32 6 2.6 (2)
2:1:1:0.5d LUV '0 (2) '0 (2)
2:1:1:0.5e LUV '0 (2) '0 (2)
2:1:1:0.5 SUV 13 6 2.0 (4) 19 6 2.1 (4)
2:1:1:0 SUV '0 (2) '0 (2)
1:0:0:2 SUV 10 6 2.9 (3) 10 6 3.2 (3)
1:0:0:0 SUV '0 (2) '0 (2)

a The data are means 6 standard errors. The number of experiments is in
parentheses. The peptide-to-lipid ratio was 1:1.5 in all cases.

b Expressed as the slope of the curve of percent fluorescence intensity versus
time.

c Fusion percentage at 10 min.
d PG was included instead of PI.
e PA was included instead of PI.

VOL. 72, 1998 LIPID INTERACTIONS OF EBOLA VIRUS FUSION PEPTIDE 1777



Figure 4 illustrates the binding capacities of the three se-
quences as detected through changes in the intrinsic peptide
fluorescence emission. Trp emission for EBOGE changed sig-
nificantly in the presence of PC-PI SUV (Fig. 4A). The emis-
sion intensity was enhanced and the maximum was shifted to a
lower wavelength, from 351 to 348 nm. Both effects suggest
that the Trp residue in the presence of PC-PI vesicles senses a
less polar environment, which is indicative of binding to and
subsequent penetration of the peptide into the hydrophobic
core of the bilayer. In contrast, in the presence of PC SUV,
EBOGE Trp emission did not change significantly. EBOEA and
EBOEE Trp emissions show only a very small increase in the
presence of PC-PI vesicles (Fig. 4B and C). The fact that the
Trp emission fluorescence changed little in the latter samples
could be a consequence of the lack of peptide association to
vesicles or of a surface binding phenomenon that would not
imply changes in the polarity of the Trp environment. We
therefore complemented these observations with binding re-
sults obtained by two other methods. First, unbound peptide
was physically separated from peptide bound to the vesicles by
centrifugation and subsequently was quantitated in superna-
tants. Second, we also measured partitioning in the intact sys-
tem. To that end we employed an assay based on the quench-
ing of Trp fluorescence by TNP-PE incorporated into vesicles.
The TNP headgroup quenches by such a long range that, in
principle, quenching is observed for Trp residues inserted at
any level in the bilayer (16). The data obtained by the three
methods used to estimate binding correlate very well (Table 2).

Maximum binding was found by all three methods to occur for
EBOGE peptide and PC-PI vesicles. The results in Table 2
further indicate that under the same conditions, EBOEA and
EBOEE peptides bound to vesicles to a lesser extent. This
limited binding could be the cause for the reduced fusion
induced by these sequences (Fig. 2). From the results in Table
2 it can also be concluded that EBOGE hardly bound to pure
PC vesicles. Again, this phenomenon could be correlated to
the absence of fusion when PC vesicles are used as targets for

FIG. 3. Influence of the terminal sequence on Ebola virus fusion peptide-
induced liposome fusion. (A) Kinetics of fusion as a function of time. Peptides
were added at the time indicated by the arrow to PC-PE-CHOL-PI (2:1:1:0.5)
LUV suspensions (0.1 mM) at a peptide-to-lipid ratio of 1:1.5. (B) Extents of
fusion (NBD fluorescence after 10 min) as a function of increasing concentra-
tions of Ebola virus fusion peptides. The vesicle concentration was 0.1 mM in all
cases. F, EBOGE; ■, EBOEA; Œ, EBOEE.

FIG. 4. Fluorescence emission spectra of EBOGE (A), EBOEA (B), and
EBOEE (C) in buffer and incubated with SUV (0.5 mM). Spectra: 1, buffer alone;
2, PC-PI (1:2) SUV; 3, PC SUV. The peptide-to-lipid ratio was 1:500.

TABLE 2. Binding of peptides to PC-PI (1:2) SUVa

Peptide Dlmax
(nm)b

Intensityb

(arbitrary
units)

Bound
peptide

(%)c

Peptide fluores-
cence in vesi-

cles containing
TNP-PE (%)d

EBOGE 2.7 6 0.94 (4) 1.49 6 0.13 (4) 32.5 6 0.2 (4) 54 6 6 (4)
EBOEA 1.5 6 1.27 (4) 1.14 6 0.06 (4) 11.9 6 1.5 (3) 78 6 11 (4)
EBOEE 1.2 6 0.83 (4) 1.10 6 0.08 (4) 9.9 6 1.2 (3) 84 6 4 (4)
EBOGE (PC)e 1.0 6 0.40 (4) 0.99 6 0.02 (4) 3.2 6 0.4 (3) 99 6 6 (4)

a Values are means 6 standard errors. The number of experiments is in
parentheses. The peptide-to-lipid ratio was 1:500 in all cases.

b Determined from emission spectra by using the software supplied with the
fluorimeter.

c Centrifugation assay; the percentage of bound peptide was deduced by using
equation 1 (see Materials and Methods).

d Expressed as the percentage of fluorescence observed for peptides in pure
PC-PI (1:2) SUV.

e PC vesicles were used as targets in this case.
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this peptide (Table 1). The presence of 10 mM Ca21 in the
samples did not affect the binding capacity of the peptides in
any of the samples; e.g., under conditions similar to those for
Table 2, EBOGE displayed a Dlmax of 4.4 nm and a fluores-
cence intensity of 1.30, while the effect of EBOEE was clearly
smaller, with a Dlmax of 2.2 nm and an intensity of 1.14.

Finally, the results displayed in Fig. 5 and Table 3 prove that
the Ebola virus fusion peptide penetrates into the membrane
to the level of the acyl chains in the presence of PI. The ex-
periments illustrated in Fig. 5 were carried out to determine
the location of fusogenic EBOGE-Trp in the vesicle bilayer. In
Fig. 5A emission spectra of SUV containing d-DHPE are dis-
played. The spectra were acquired in the presence of increas-
ing amounts of EBOGE with the excitation wavelength set at
280 nm. The results demonstrate that peptide addition does
not affect significantly the d-DHPE fluorescence under those
conditions. This would mean that the Trp residue is unable to
effectively transfer energy by resonance to this surface-resid-
ing group. However, both Br6-PSPC and Br11-PSPC efficiently
quenched EBOGE-Trp fluorescence (Fig. 5B). Bromine atoms
quench by a short-range process that requires a close approach
to the fluorophore (3). Consequently, the Trp residue must be
located close to the quenchers in the hydrophobic matrix of the
bilayer.

Table 3 summarizes the results obtained by the two meth-
ods, i.e., use of d-DHPE and brominated lipids, for the three

peptides and for EBOGE in the presence of PC vesicles. d-
DHPE fluorescence was unaffected in the presence of any of
the peptides. Nevertheless, peptide fluorescence was quenched
by the bromolipids. The results indicate that for the three
peptides interacting with PC-PI vesicles and for EBOGE in the
presence of PC vesicles, the quenching effect parallels the
extent of binding (Table 2). In the absence of PI in the target
vesicle, even the most binding-competent EBOGE sequence is
unable to associate with and penetrate into the vesicle bilayer.

For bilayer and hydrocarbon chain region thickness of '50
and 30 Å, respectively, McIntosh and Holloway (21) deter-
mined the bromine distances from the bilayer center to be 11
Å for 6,7 labels and 6.5 Å for 11,12 labels. The Förster dis-
tances (R0) for energy transfer estimated for these labels, '6
to 9 Å (1, 3), would allow quenching of Trp residues immersed
in the methylene chain region of the bilayer. On the other
hand, the dansyl moiety in the d-DHPE probe is probably
located at the edge of the lipid-water interface in the vesicles.
Given that the R0 distance calculated for the couple dansyl-Trp
is approximately 17 Å (36), quenching of Trp fluorescence
should have been observed if this residue remained associated
with the interface and/or with the acyl chain region close to it.
We can conclude that in the peptide population bound to the
vesicles (Table 2), Trp fluorescence is completely quenched
when bromolipid-containing vesicles are used as targets and,
therefore, that these residues must be buried deep into the
hydrophobic core of the bilayer, far from the vesicle surface,
under conditions in which the peptide is fusion competent.

DISCUSSION

Our results in this work show that the Ebola virus putative
fusion peptide is able to interact with lipid vesicles and desta-
bilize them in the direction of membrane fusion. These obser-
vations imply that if, as a consequence of the activation of
Ebola virus fusion process, the fusion peptide is exposed to the
aqueous medium, this protein sequence would actually be ca-
pable of partitioning into a target membrane. This behavior is
identical to that found for various sequences arising from dif-
ferent enveloped viruses that have been proposed to act as
fusion peptides (7, 15, 19, 25–29). Moreover, our results also
demonstrate that this sequence would not act as an inert an-
chor of the spike to the target membrane; rather, the peptide
ability to induce fusion indicates that when effectively bound to
membranes, this sequence might be involved in the induction
of some kind of bilayer perturbation leading to fusion. Taken

FIG. 5. Depth of penetration into the bilayer of the EBOGE Trp residue. (A)
Fluorescence emission spectra of PC–PI–d-DHPE (1:2:0.19) SUV (0.25 mM)
incubated with increasing amounts of EBOGE. Spectra: 1, SUV alone; 2, peptide-
to-lipid ratio of 1:250; 3, peptide-to-lipid ratio of 1:125. Dashed line, positive
control containing the colicin A thermolytic fragment surface bound to PG SUV
(for comparison, the emission spectrum of SUV alone in this sample was nor-
malized to spectrum 1). (B) Fluorescence emission spectra of EBOGE incubated
with SUV (0.5 mM) containing brominated phospholipids. Spectra: 1, buffer
alone; 2, PC-PI (1:2) SUV; 3, Br6-PSPC–PI (1:2) SUV; 4, Br11-PSPC–PI (1:2)
SUV. The peptide-to-lipid ratio was 1:500.

TABLE 3. Level of peptide insertion into PC-PI (1:2)
SUV bilayersa

Peptide
Fluorescence of

PC–PI–d-DHPE vesiclesb

(peptide/lipid ratio, 1:250)

Peptide fluorescence in
vesicles containing bromo-

lipidsc (peptide/lipid
ratio, 1:500)

Br6-PSPC Br11-PSPC

EBOGE 99 6 1.8 (4) 54 6 3 (4) 49 6 3 (3)
EBOEA 99 6 0.1 (2) 85 6 1 (3) 90 6 2 (3)
EBOEE 100 6 0.1 (2) 88 6 7 (3) 88 6 1 (3)
EBOGE (PC)d 99 6 2.2 (2) 93 6 1 (3) 97 6 5 (3)

a Values are means 6 standard errors. The number of experiments is in
parentheses.

b Expressed as the percentage of fluorescence observed in the absence of
peptide.

c Expressed as the percentage of fluorescence observed for peptides in pure
PC-PI (1:2) SUV.

d PC vesicles were used as targets in this case.
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together, our findings therefore support the implication of this
sequence in Ebola virus fusion.

The fusion activity of the Ebola virus peptide could be ob-
served only in the presence of calcium. The fact that the cation
did not influence the binding process or the depth of penetra-
tion of the bound peptides implies that its action must be
confined to the fusion process itself. The molecular mechanism
behind this phenomenon is not clear at the moment. The
combined action of the cation and the peptide could be due to
a specific interaction between both of them or else could be the
result of an electrostatic effect, namely, the neutralization of
the peptide net charge, that would help bring about the pep-
tide-induced fusion process. The joint requirement of calcium
ions and PI could even suggest the implication of a PI-Ca-Glu
salt bridge. Several studies are under way in our laboratory to
discern among these possibilities.

A specific feature of Ebola virus peptide-induced fusion that
distinguishes this process from other so-far-described liposome
fusion events induced by fusion peptides is its dependence on
the presence of a particular phospholipid, PI, in the target
vesicles. According to our experimental results, PI is necessary
for the initial association of the peptide to the vesicles. The
interfacial hydrophobicity values for the Ebola virus fusion
peptide (Fig. 1B) indicate a general tendency for partitioning
into electrically neutral zwitterionic phospholipid membranes
(44). However, our results demonstrate that the peptide does
not partition into neutral interfaces unless PI is included in the
membrane composition. Several facts argue against the exis-
tence of a purely electrostatic interaction at the origin of this
effect. The only residues containing net charged side chains in
the sequence are the negatively charged Glu residues. It seems
unlikely that the anionic PI in vesicles would promote peptide
interaction at neutral pH. Moreover, other anionic phospho-
lipids at neutral pH, such as PA or PG, could not sustain the
fusion process. Finally, the high ionic strength used in the
experiments, which is close to the physiological values in se-
rum, would also weaken putative electrostatic interactions be-
tween the sequences and charged vesicle surfaces.

Among the possible explanations for the PI effect detected
in our system is that PI might be involved in inducing some
kind of change in the physical properties of the bulk mem-
brane, other than altering the vesicle surface charge, that
would be necessary for peptide association. However, there are
no indications of any such physical properties specific to PI.
Alternatively, there might exist a specific interaction of the
peptide with this particular phospholipid, and, as mentioned
above, calcium ions could be involved in this phenomenon.
The existence of stereospecific interactions has been invoked
to explain the ceramide dependence of the Semliki Forest virus
fusion with membranes (22, 24). Vesicular stomatitis virus also
binds preferentially to phosphatidylserine (31), and the fuso-
genic activity of the reconstituted fusion protein depends on
the presence of this lipid in the target vesicles (6). In addition
to their structural function in membranes, inositol lipids are
well known because they play specific roles in cell signalling
(33) and membrane protein anchoring (9). Several findings
involve this class of lipids in viral entry and infectivity as well.
Stimulation of certain viral receptors results in the activation of
signal transduction pathways involving the enzyme PI 3-kinase
(32). It has also been suggested that glycan PI hydrolysis might
be involved in the initiation of HIV-1 replication (20). Just
recently, it has been found that envelope PI is essential for a
correct epitope presentation to neutralizing antibodies in Af-
rican swine fever virions (14).

Our results also indicate that the N-terminal composition
might be a limiting factor for the destabilizing interaction of

this sequence with membranes. Glu residues at the N terminus
appear to interfere with the initial interaction of the peptide
with vesicles. A correct residue at the fusion peptide N termi-
nus appears to be crucial for the fusogenic function of certain
spike proteins (10, 34). We have reported that a polar substi-
tution, Val2xGlu, in the HIV-1 fusion peptide renders a se-
quence unable to induce liposome fusion (26–28). However,
the Glu effect in the case of the HIV-1 peptide seems to be
different, since this residue does not interfere with binding to
or penetration into the vesicle bilayer (26). Moreover, the
three peptides used in this study are representative of the
correct putative Ebola virus fusion sequence (12). Therefore,
our results should be taken as indicative of the mechanism of
action of the correct sequence within the wild-type protein.
The fact that even the bound sequences containing Glu at the
N terminus were also able to insert and induce some vesicle
fusion points to the internal amino acid sequence as the pro-
moter of the fusogenic activity. Given the sequence homology
with the Rous sarcoma virus transmembrane protein, it is also
likely that Ebola GP contains the fusion peptide in internal
regions of the glycoprotein (12, 40, 41). If this is the case, we
conclude that masking the Glu residue located at the N termi-
nus would optimize the partition of the putative fusogenic
sequence into the target membrane. It should also be noted
that our experiments are designed for detecting a maximum of
membrane fusion. Under physiological conditions, however,
what is seen here as an impairment of fusion could be bene-
ficial for viral replication, e.g., by avoidance of cell-cell fusion.

Investigations of synthetic fusion peptides and model mem-
branes have delineated the structural requirements of these
sequences and their membrane activities (7, 15, 19, 25–29). In
addition, it has recently been demonstrated for the HIV-1
fusion peptide that its lipid-mixing activity measured in vitro is
sensitive to factors of physiological relevance during the virus
entry into host cells (27). Those findings could open the pos-
sibility of using in vitro assays for assessing in an easy manner
the potencies of antiviral agents targeted to these sequences;
this would stress the importance of studies using model sys-
tems. Taking into account the strict lipid dependence for the
fusion peptide-induced fusion event detected here, our obser-
vations might in the future be important in the design of
specific therapeutic approaches for the treatment of Ebola
virus-infected individuals.
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