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Summary. The fusion of lipid enveloped viruses with cellular
membranes is thought to be mediated by the insertion into the
target membrane of the N-terminal polypeptides of viral spike
glycoproteins. Since membrane destabilization is a necessary step
in membrane fusion, we investigated whether synthetic peptides
with amino acid sequences corresponding to the N-termini of
influenza virus hemagglutinin (HA2), vesicular stomatitis virus
G-protein and Sendai virus F-protein, induce the destabilization
and fusion of phospholipid vesicles. Membrane destabilization by
the peptides was monitored by the release of aqueous contents
of large unilamellar phospholipid vesicles. Aggregation was de-
tected by a resonance energy transfer assay. Membrane fusion
was followed by means of assays for the intermixing of phospho-
lipids and of aqueous contents. The 17-amino acid HA2 peptide
(HA2.17) destabilized phosphatidylcholine (PC) vesicles even at
neutral pH, but the rate and extent of destabilization increased at
lower pH. This peptide did not mediate appreciable release of
contents from phosphatidylserine (PS) vesicles. HA2.17 induced
neither aggregation nor fusion of PC or PS vesicles. In contrast,
the 7-amino acid N-terminal peptide of G-protein (G.7) destabi-
lized PS-containing membranes and not pure PC vesicles. Al-
though G.7 caused aggregation of and lipid mixing between PS
vesicles, it did not mediate any detectable intermixing of aqueous
contents. The presence of cholesterol in PC membranes did not
affect the destabilization caused by the N-terminal peptide of
Sendai virus F-protein (F1.7), suggesting that cholesterol is not
necessary for the effective interaction of this peptide with mem-
branes, contrary to earlier proposals. Our results support the
hypothesis that the hydrophobic N-terminal region of certain viral
envelope proteins insert into and destabilize target membranes.

Key Words membrane fusion - fusion peptides - lipid enve-
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Introduction

Lipid enveloped viruses infect their host cells by
fusing with either the plasma membrane, as in the
case of Sendai virus, or the endosome membrane
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public of Russia.

after endocytosis of the virion (Ohnishi, 1988;
Okada, 1988; Hoekstra & Kok, 1989; Marsh & Hel-
enius, 1989). The former process takes place at neu-
tral pH, whereas the latter requires the acidification
of the endosomai lumen. Membrane fusion is medi-
ated by membrane glycoproteins of the viruses
(White, Kielian & Helenius, 1983; Diizgiines, 1985;
Spear, 1987; Ohnishi, 1988; Stegmann, Doms & Hel-
enius, 1989). The homology of the amino acid se-
quence of the N-termini of these proteins has led to
the proposal that this region is intimately involved
in the fusion process (Gething, White & Waterfield,
1978). Synthetic peptides corresponding to these se-
quences can inhibit viral infectivity or fusion (Nor-
rby, 1971; Richardson, Scheid & Choppin, 1980;
Kelsey et al., 1990). The 26-amino acid N-terminal
peptide from the G-protein of vesicular stomatitis
virus (VSV) exhibits pH-dependent hemolytic activ-
ity, and the hemolytic domain appears to reside in
the 6-amino acid N-terminal region (Schlegel &
Wade, 19844,b). The hydrophobic N-terminal pep-
tide of the Sendai virus F-protein is normally ex-
posed on the surface of the protein (Gething et al.,
1978; Hsu, Scheid & Choppin, 1981; Asano, Mura-
chi & Asano, 1983), whereas that of the influenza
virus hemagglutinin (HA2) is exposed only when the
pH is lowered (Skehel et al., 1982; White & Wilson,
1987). A crucial step in membrane fusion is destabi-
lization of the lipid bilayer within the area of adhe-
sion (Diizgiines, 1985; Chernomordik, Melikyan &
Chizmadzhev, 1987; Diizgiines & Bentz, 1988;
Hoekstra & Wilschut, 1989). Thus, destabilization
of phospholipid vesicles by N-terminal peptides may
provide insights into the fusogenic potential of the
envelope protein and the mechanisms of fusion.
We have reported previously that a synthetic
peptide (HA2.7) corresponding to the 7 amino acids
of the N-terminus of HA2 (X-31 strain) induces con-
ductance fluctuations in planar bilayers and leak-
age from liposomes at neutral pH (Diizgiines &
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Table. The amino acid sequence and the average hydrophobicity (Eisenberg et al., 1984) of N-terminal peptides of viral envelope

glycoproteins, and the membrane destabilizing effect of the peptides?

Peptide Sequence Hydrophobicity Destabilization
PC PS
HA2.7 GLY-LEU-PHE-GLY-ALA-ILE-CYS 0.79 -/+ -
HA2.10 GLY-LEU-PHE-GLY-ALA-ILE-ALA-GLY-PHE-CYS 0.78 + —/+
HA2.17 GLY-LEU-PHE-GLY-ALA-ILE-ALA-GLY-PHE-ILE-GLU- 0.51 ++ + -/+
ASN-GLY-TRP-GLU-GLY-CYS
G.7 LYS-PHE-THR-ILE-VAL-PHE-CYS 0.51 —/+ +++
G.11 LYS-PHE-THR-ILE-VAL-PHE-PRO-HIS-ASN-GLY-CYS 0.27 - —/+
F1.8 PHE-PHE-GLY-ALA-VAL-ILE-GLY-CYS 0.84 ++ —/+

2 Destabilization of phosphatidylcholine (PC) or phosphatidylserine (PS) liposomes is indicated by the extent of the release of contents
1 min after the addition of the peptides at pH 7.4. (~): No release (=1%). (—/+): Less than 4% release. (+): Between 4 and 10%
release. (+ +): Between 10 and 20% release. (+ + +): Greater than 20% release.

Gambale, 1988). Mutant peptides in which the gly-
cines at the N-terminus or the 4-position are replaced
with glutamic acid are considerably less effective in
causing conductance changes or leakage (Diizgiines
& Gambale, 1988), consistent with the impairment of
the fusion activity of HA2 molecules with identical
mutations (Gething et al., 1986). A similar correla-
tion was observed by Rafalski et al. (1991) who used
20-residue peptides. They also found that, in the
presence of small unilamellar palmitoyloleoyl phos-
phatidylcholine (POPC) vesicles, the wild-type but
not the N-terminal mutant peptide adopts a predomi-
nantly a-helical conformation at low pH. Burger et
al. (1991) found that while the wild-type peptide pen-
etrates dioleoyl PC/dioleoyl phosphatidyletha-
nolamine (PE)/cholesterol monolayers more effec-
tively than the mutant, both peptides have similar
a-helical content and suggested that the formation
of an a-helix is not sufficient for fusion activity. HA2
peptides with 20 amino acids have been shown to
induce lipid mixing between small unilamellar vesi-
cles composed of POPC, again at neutral pH,
whereas the mutant peptides are ineffective (Whar-
ton et al., 1988). Similar peptides corresponding to
sequences from the A/PR/8/34 and B/Lee/40 strains
of influenza virus also mediate lipid mixing between
sonicated egg PC or POPC vesicles, respectively,
although the former peptide requires acidic pH (Lear
& De Grado, 1987; Murata et al., 1987). Since small
vesicles may have phospholipid packing defects that
render them more susceptible to fusion (Wilschut,
Diizgiines & Papahadjopoulos, 1981; Diizgiines,
1985; Parente, Nir & Szoka, 1988; Stegmann et al.,
1989), it is essential to investigate the fusion activity
of such peptides using large unilamellar vesicles. It
is also of interest to find the minimal peptide unit
that is required for the induction of various effects
on membranes, such as membrane aggregation, lipid

mixing, fusion and destabilization. It was shown pre-
viously that while a pH-sensitive synthetic peptide
of 30 amino acids is able to destabilize phospholipid
vesicles, its fragments up to 16 amino acids do not
cause any significant destabilization (Subbarao et
al., 1987).

We investigated the membrane destabilizing and
fusogenic activities of several N-terminal peptides
from the fusion glycoproteins of influenza, Sendai,
and vesicular stomatitis viruses (the Table). We
monitored the destabilization of membranes by the
release of 1-aminonaphthalene-3,6,8-trisulfonic acid
(ANTS) and N,N'-p-xylylenebis (pyridinium bro-
mide) (DPX) initially coencapsulated in large unila-
mellar liposomes. We monitored vesicle aggregation
and membrane fusion by means of resonance energy
transfer assays involving N-(7-nitrobenz-2-oxa-1,3-
diazol-4-y1) PE (NBD-PE) and N-(lissamine) rhoda-
mine B sulfonyl PE (Rh-PE) incorporated into the
liposome membrane. We also monitored the inter-
mixing of internal aqueous contents of vesicles as a
measure of membrane fusion by encapsulating
ANTS and DPX in separate populations of vesicles.
A preliminary report of our findings has been pre-
sented earlier (Diizgiines & Shavnin, 1988).

Materials and Methods

MATERIALS

Bovine brain phosphatidylserine (PS), egg phosphatidylcholine
(PC), Rh-PE and NBD-PE were provided by Avanti Polar Lipids
(Alabaster, AL) and stored in chloroform under argon at —70°C.
Cholesterol was obtained from Behring Diagnostics (La Jolla,
CA) and recrystallized twice from methanol. n-Dodecyl octaethy-
lene monoether (C;Eg) was from Calbjiochem (San Diego, CA).
ANTS and DPX were obtained from Molecular Probes (Eugene,
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OR). NaCl was from Fisher. EDTA, N-tris (hydroxymethyl)-
methyl aminoethane sulfonic acid (TES) and 2(N-morpholino)
ethane sulfonic acid (MES) were from Sigma (St. Louis, MO).
Sodium citrate was from Mallinckrodt. Water was distilled twice,
the second time in an all-glass apparatus, and purified further in
a Barnstead Nanopure system.

PEPTIDES

Peptides were synthesized either by Biosearch (San Rafael, CA)
or the Biomolecular Resource Center, UCSF, using an Applied
Biosystems 430A peptide synthesizer. The purity of the peptides
was assessed to be more than 90% by HPLC analysis. Amino
acid analysis indicated the expected composition. All peptides
contained an additional cysteine at the C-terminus, both to keep
this terminus constant between the peptides and for use in cou-
pling the peptides to liposomes or a carrier. The peptides were
very hydrophobic and hence would not dissolve in water. A large
number of solvent systems were tested, and the best solvent was
found to be 2 M guanidine hydrochloride/50% ethanol. The stock
peptide solution was diluted 100-fold when injected into the buffer
containing the phospholipid vesicles in the fluorometer cuvette.
Control additions of the solvent or solvent containing a hydro-
philic control peptide (a 17-amino acid consensus sequence form
calcium-dependent membrane-binding proteins (Geisow et al.,
1986)) to the vesicles produced no significant effects on the perme-
ability or lipid mixing properties of the vesicles.

PREPARATION OF PHOSPHOLIPID VESICLES

Large unilamellar vesicles, or liposomes (LUV), were prepared
by reverse-phase evaporation followed by extrusion four times
through polycarbonate membranes (Nuclepore; Pleasanton, CA)
of 100-nm pore diameter (Szoka et al., 1980; Diizgiines et al.,
1983). The size distribution of the vesicles was determined by
dynamic light scattering in a Coulter N4 MD submicron particle
analyzer. The mean diameter of the vesicles was about 150 nm.

LiPID MIXING ASSAYS

Three populations of vesicles were prepared for the resonance
energy transfer assay for lipid mixing (*‘probe dilution™ assay;
Struck, Hoekstra & Pagano, 1981; Rosenberg, Diizgiines & Kaya-
lar, 1983; Diizgiines et al., 1985, 1987): Labeled vesicles, con-
taining 1 mole % each of Rh-PE and NBD-PE, unlabeled vesicles,
and vesicles to be used for the calibration of fluorescence to 100%,
containing 0.2 mole % of each probe. The lipid concentration of
the vesicle preparation was determined by phosphorus analysis
(Bartlett, 1959). Labeled vesicles were mixed with unlabeled vesi-
cles at a 1:4 ratio, at a total lipid concentration of 50 nmol/ml in
1 ml 100 mmM NaCl, 5 mm TES, 5 mM MES, 5 mM citrate, pH 7.4
(‘““medium buffer’’) at 25°C. Complete mixing of the labeled and
unlabeled vesicles would produce a “‘mega-vesicle’ containing
0.2 mole % of each probe (Diizgiines et al., 1985). Thus, the
fluorescence intensity of vesicles (50 nmol lipid/ml) containing
0.2 mole % of each probe was set to 100% (designated F,,). The
fiuorescence intensity of the labeled vesicles was taken as 0%.
Dilution of the probe molecules from labeled vesicles into unta-
beled vesicles results in the decrease of the efficiency of energy
transfer from NBD to Rh, and hence the fluorescence intensity
of NBD increases. The probe dilution method has been shown to

be insensitive to the mere aggregation of vesicles and to be a
reliable indicator of lipid mixing during membrane fusion (Diiz-
glines et al., 1987). Fluorescence measuremernts were made in an
SLM 4000 fluorometer and recorded on an Omniscribe chart
recorder. The excitation wavelength was 450 nm, and the emis-
sion wavelength was 520 nm with the monochromator slits set
at 4 nm. The fluorometer cuvette was stirred continuously and
thermostatted to 25°C.

For the “‘probe mixing’’ assay (Hoekstra, 1982; Diizgiines
et al., 1987) two populations of vesicles were prepared, one con-
taining 1 mole % of NBD-PE and the other containing 1 mole %
of Rb-PE. As well as monitoring lipid mixing between vesicles,
this assay is a sensitive indicator of vesicle aggregation, since
resonance energy transfer has a sharp dependence (1/¢%) on the
distance between the probes.

RELEASE OF AQUEOUS CONTENTS

The breakdown of the permeability barrier function of liposome
membranes in the presence of peptides was determined by coen-
capsulating 12.5 mmM ANTS and 45 mMm DPX, with 10 mm TES,
pH 7.4, adjusted to the osmolality of the medium buffer using
NaCl (Ellens, Bentz & Szoka, 1984; Diizgiines et al., 1985). After
preparation of LUV as described above, unencapsulated material
was separated from the liposomes by gel filtration on a Sephadex
G-75 (Pharmacia, Piscataway, NJ) column using medium buffer
for elution. The fluorescence scale was set to 100% (F,,,) by
lysing the vesicles with 9.8 mM (final concentration) C,Eg. The
residual fluorescence of the intact vesicles (which was very close
to that of the buffer) was set to 0% fluorescence.

AQUEOUS CONTENTS MIXING ASSAY FOR
MEMBRANE FUSION

Intermixing of aqueous contents during membrane fusion was
monitored by the ANTS/DPX assay (Diizgiines et al., 1985; El-
lens, Bentz & Szoka, 1985), in which one population of vesicles
contained 25 mm ANTS and the other 90 mm DPX, with 10 mm
TES, pH 7.4, and adjusted to the osmolality of the medium buffer.
Unencapsulated material was separated from the vesicles as de-
scribed above. The two populations were mixed ata 1: 1 ratio at
a final lipid concentration of 50 nmol/ml. ANTS fluorescence was
measured using a Corning 3-68 high-pass filter (>>530 nm) with
the excitation monochromator set at 360 nm. The initial fluores-
cence of the vesicle mixture was set at 100% (corresponding to 0%
fusion). The fluorescence of vesicles containing coencapsulated
ANTS/DPX was set to 0% (corresponding to 100% fusion, a
hypothetical situation in which the contents of all the vesicles
have intermixed).

Results

PEPTIDES FROM VESICULAR STOMATITIS
Virus G-PROTEIN

The ““probe mixing’’ assay, in which NBD-PE and
Rh-PE are incorporated into separate populations of
vesicles, monitors the combined effect of lipid mix-
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Fig. 1. The pH dependence of the effect of G.7 on probe mixing
between and ANTS/DPX leakage from large unilamellar PS vesi-
cles. The upper curves indicate the time course of the decrease
of NBD-PE fluorescence due to resonance energy transfer to
Rb-PE, the fluorophores being incorporated in separate popula-
tions of vesicles. The decrease could result from both aggregation
and intermixing of membrane components. The lower curves
show the increase of ANTS fluorescence due to dilution of the
probe and its collisional quencher into the medium. Ten ul of a
0.667-mg/ml stock solution of the peptide was added to 1 ml of
PS vesicles (50 nmol lipid/ml in 100 mm NaCl, 5 mm TES, §
mM MES, 5 mM citrate, adjusted to the indicated pH) at a final
concentration of 6.7 ug/ml. The temperature was 25°C.

ing and aggregation of vesicles (Dizgiines et al.,
1987). Addition of the 7-amino-acid N-terminal pep-
tide of the G-protein of vesicular stomatitis virus
(G.7; the Table) to a suspension of PS vesicles
caused the decrease of fluorescence due to reso-
nance energy transfer from NBD to Rh (Fig. 1). The
initial rate and extent of probe mixing increased as
the pH was decreased. The concentration of the
peptide was chosen to reveal significant differences
under the different experimental conditions uti-
lized in our studies, such as membrane composition
and pH.

The effect of peptides on the permeability bar-
rier properties of phospholipid membranes can be
monitored by the release of encapsulated fluoro-
phores (Diizgiines & Gambale, 1988; Shiffer et al.,
1988; Hoyt & Gierasch, 1991; Rafalski et al., 1991).
The fluorescence of ANTS increases when the flu-
orophore is released into the medium where the colli-
sional quencher DPX is no longer effective when
it is diluted. The effect of G.7 on the release of
ANTS/DPX from PS vesicles was also pH depen-
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Fig. 2. The pH dependence of the effect of G.7 on probe dilution
between and intermixing of aqueous contents of large unilamellar
PS vesicles. The upper curve represents ANTS fluorescence at
pH 7.4, 6.0 and 5.0. The lower curves show the time course of
NBD-PE fluorescence, an increase indicating the dilution of both
NBD-PE and Rh-PE from labeled to unlabeled vesicles, at the
indicated pH. Other conditions were as in Fig. 1.

dent (Fig. 1). The release was initially rapid but
slowed down over time. To ascertain that leakage
was not induced by the dimerization of G.7 via oxi-
dation of the C-terminal cysteine sulfhydryls, the
peptide was reduced by treatment with dithiothrei-
tol; identical results were obtained as described
above.

The “‘probe dilution’” method has been shown
to be insensitive to the mere aggregation of phos-
pholipid vesicles and is therefore a more reliable
indicator of lipid mixing between membranes than
the ‘‘probe mixing’’ method (Dizgiines et al.,
1987). A low level of lipid mixing was observed at
pH 7.4 in the presence of G.7. The initial rate and
extent increased at pH 6.0, but no further increase
was noted at pH 5.0 (Fig. 2). The change in
fluorescence intensity at low pH was considerably
lower than that observed in the probe mixing
assay.

Lipid mixing between interacting phospholipid
vesicles may result from lipid transfer, mixing of
outer monolayers, as well as membrane fusion (Diiz-
giines, 1985; Diizgiines & Bentz, 1988). The latter
process is defined in our studies as the mixing of
aqueous contents of vesicles. The ANTS/DPX assay
for the intermixing of aqueous contents during mem-
brane fusion indicated no change in ANTS fluores-
cence in the presence of G.7 at pH 7.4-5.0 (Fig. 2).
This effect may be the result of either the rapid
leakage of contents from vesicles interacting with
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Fig. 3. Kinetics of G.7-induced release of encapsulated
ANTS/DPX from large unilamellar vesicles composed of pure
PC, PC/PS (1:1) or pure PS. The pH was 6.0. Other conditions
were as in Fig. 1.

G.7 or the absence of any coalescence of the internal
aqueous space of the aggregated vesicles, despite
lipid transfer between the vesicles. At this stage, we
cannot rule out the possibility that the rapid leakage
of contents may have prevented the ANTS and DPX
from interacting during a relatively slow process of
intermixing of internal aqueous spaces of the vesi-
cles. However, this assay can observe membrane
fusion even in liposome systems that exhibit rapid
release, albeit transiently (Diizgiines et al., 1985),
and thus, any mixing of aqueous contents that occurs
faster than the release of contents should have been
observed.

The interaction of G.7 with membranes, as mea-
sured by the leakage of ANTS/DPX, was dependent
on the phospholipid composition of the vesicles. PS-
containing vesicles displayed rapid leakage in the
presence of the peptide (Fig. 3), while vesicles com-
posed of pure PC did not release their contents to
a significant degree. The observation that not all
the internal contents of the vesicles leaked as a
result of peptide-membrane interaction may be
attributed to the possibility that several peptides
need to form a complex before the membrane is
destabilized and that this is a dynamic process
(Diizgiines & Gambale, 1988; Parente, Nir &
Szoka, 1990). The 11-amino acid peptide G.11 did
not have a significant effect on the permeability of
PS or PC vesicles and did not induce any lipid
mixing between these vesicles (data not shown;
the Table).
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Fig. 4. Influence of lipid composition on the kinetics of HA2.17-
induced release of ANTS/DPX from large unilamellar vesicles.
The final peptide concentration was 6.7 ug/ml. For each lipid
composition, the lower curve was obtained at pH 7.4 and the
upper curve at pH 6.0.

PEPTIDES FROM INFLUENZA VIRUS
HEMAGGLUTININ (HA2)

The membrane action of the N-terminal peptides of
the cleaved hemagglutinin of influenza virus, HA2.7,
HA2.10, HA2.17 (the Table), had different effects
on the release of aqueous contents from PC vesicles.
The most significant effect was observed with
HA2.17 (Fig. 4). The extent of release 1 min after
the addition of the peptide to PC vesicles at pH 7.4
was 28% F,, for HA2.17, while for HA2.10 and
HAZ2.7 these values were 4.2% F,, and 3.1% F,,,,
respectively (data not shown). The effect of HA2.17
was enhanced when the pH was lowered to 6.0.
PC vesicles were the most sensitive to the effect of
HA2.17, compared to PS/PC and pure PS vesicles.
The interaction of HA2.17 with each of these vesi-
cles was enhanced at pH 6.0,

The hemagglutinin peptides did not cause any
appreciable aggregation or lipid mixing in PC or PS
vesicle suspensions at pH 7.4-5.0 (data not shown).
At pH 5.0, addition of 13.4 ug/ml HA2.17 to PC
vesicles caused an increase of about 2% F_,, within
15 sec, in the probe dilution assay. This effect was
not observed when the peptide concentration was
reduced to 6.7 ug/ml or when the pH was increased
to 6.0 or 7.4. In some experiments the aggregation of
negatively charged vesicles was mediated by adding
small nonfusogenic concentrations of calcium or
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Fig. 5. The effect of the cholesterol content of PC vesicles on the
kinetics of ANTS/DPX release from large unilamellar vesicles
induced by F1.8 or HA2.17. The cholesterol mole % is given next
to each curve. The pH was 7.4, and the peptide concentration
was 6.7 ug/ml. Other conditions were as in Fig. 1.

magnesium; the peptides were unable to induce fu-
sion even under these conditions (data not shown).

PepTIDES OF SENDAI VIRUS F1-PROTEIN

The 8-amino acid peptide, F1.8, corresponding to
the N-terminus of the Sendai virus Fl-protein has
the highest hydrophobicity index per amino acid
(Eisenberg et al., 1984) among the peptides used in
our studies (the Table). However, the kinetics and
extent of ANTS/DPX leakage induced by F1.8 in
PC liposomes was considerably lower than that pro-
duced by HA2.17 (Fig. 5). Lowering the pH to 6.0
enhanced the extent of leakage from PC liposomes
by 50%, and the inclusion of PS in PC liposomes
(1:1) reduced the leakage induced by this peptide
by 88%. No lipid mixing was observed with PC or PS
vesicles between pH 5.0 and 7.4 (data not shown).

The presence of cholesterol in the target mem-
brane can influence virus fusion in some systems
(Diizgiines, 1988; Hoekstra, 1990). Cholesterol has
been proposed to facilitate the insertion of the
N-terminus of Sendai F1 into the membrane, thought
to be accompanied by the formation of a stereospe-
cific complex between the two molecules (Asano &
Asano, 1985). It was therefore of interest to examine
the effect of cholesterol on the interaction of F1.8
with phospholipid vesicles. The differences in the
kinetics of leakage, between vesicles containing 0,

20 or 30 mole % cholesterol in PC vesicles, were
not significant (Fig. 5). In contrast, the inclusion
of cholesterol in PC vesicles affected the HA2.17-
induced destabilization. Both the initial rate and ex-
tent of release were decreased when the cholesterol
content of PC vesicles was increased from 0 to 30
mole % {(Fig. 5).

Discussion

Our resnlts indicate that the N-terminal segments of
envelope glycoproteins of several lipid enveloped
viruses can interact with target membranes and de-
stabilize them. In the case of HA2, G- and F1-pro-
teins, this interaction is specific for the phospholipid
composition of the target membranes and is en-
hanced at low pH. Our observations support the
hypothesis that these viral envelope proteins medi-
ate fusion by inserting their N-termini into the mem-
brane with which the virus is fusing. Independent
evidence for the insertion of the HA2 N-terminus
has been obtained by hydrophobic photolabeling
(Harter et al., 1989). The mechanism by which pep-
tide insertion causes the fusion of the viral and target
membranes is not known. It is possible that the de-
stabilization increases the hydrophobicity of the
membrane surface (Ohki & Diizgiines, 1979; Ohki,
1988) and changes the water structure of the region
of adhesion between the viral and target membranes.
The increased hydrophobicity may alter locally the
intermembrane interaction energy, possibly forcing
the viral envelope bilayer to adapt to this new micro-
environment by ‘‘out-of-plane’”” molecular motions
of the phospholipids, as proposed by Leikin et al.
(1987) for thermal fluctuations. An alternate possibil-
ity is that the exposed N-terminus also interacts with
the viral membrane (Ruigrok et al., 1986), thereby
creating a hydrophobic interface which then inter-
acts with the hydrophobic region on the target mem-
brane. It is possible that one monomer of the HA
trimer interacts with the target membrane while an-
other interacts with the virus membrane.

The induction of nonbilayer lipid structures by
a hydrophobic 19-amino acid peptide corresponding
to the N-terminus of measles virus Fl-protein sug-
gests the possibility that membrane fusion is medi-
ated via the formation of such structures (Yeagle et
al., 1991). However, the correlation of membrane
fusion and the formation of these structures is not
absolute (Yeagle et al., 1991); in addition, hydropho-
bic ‘‘signal peptides’’ also induce nonlamellar struc-
tures in phospholipid membranes (Killian et al.,
1990). Studies with mutant peptides have shown cor-
relations between the ability of the peptides to insert
into membranes and the capacity of the parent pro-
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tein to mediate either fusion, as in the case of influ-
enza HA (Gething et al., 1986; Dizgiines &
Gambale, 1988; Wharton et al., 1988; Rafalski et al.,
1991), or membrane translocation, as in the E. coli
outer membrane protein OmpA (Hoyt & Gierasch,
1991). These observations suggest that the ultimate
function of ‘‘fusion’ or ‘‘signal’’ peptides depends
on the remainder of the protein.

Peptide-induced lipid mixing and leakage were
both increased by decreasing pH. This may be attrib-
uted to various factors including conformational
changes of the peptide, alteration of the charge on
the peptide thereby reducing the free energy of trans-
fer of the peptide from the aqueous phase to the
lipid bilayer (Ohnishi, 1988), and, in the case of PS,
reduction of the magnitude of the membrane surface
potential. Since the effects of the peptides are ob-
served at pH 7.4, however, low pH does not appear
to be required for membrane destabilization. This
proposal is supported by the negative free energy
of transfer of the F1 and HA2 N-termini from the
aqueous to the lipid bilayer phase even at neutral pH
(Ohnishi, 1988). Thus, the conformational change
of the HA2 induced by low pH would expose the
N-terminus, which would then insert into the target
membrane in a pH-independent manner, Since low
pH-induced fusion of influenza virus with erythro-
cyte ghosts is arrested when the pH is returned to
neutral (Stegmann et al., 1986), while the low pH-
induced conformational change of HA and binding
of the ectodomain of HA to liposomes is thought to
be irreversible (Skehel et al., 1982; Sato, Kawasaki
& Ohnishi, 1983; Doms, Helenius & White, 19853),
itis intriguing that fusion does not proceed at neutral
pH once it has been initiated. We have proposed
earlier that the process of conformational change
induced by low pH may be necessary for fusion
(Diizgiines & Gambale, 1988). The recent proposal
by Puri et al. (1990) that fusion occurs during the
transition from a ‘‘relaxed’” conformation at low
pH to an ‘“‘active’’ conformation of HA while the
molecule is associated with the target membrane
also supports our hypothesis. It is also possible that
the low pH conformations of other sections of the
HA are necessary for fusion, as also suggested by
Wharton et al. (1988), particularly since the molecule
appears to constitute a formidable steric hindrance
to the approach of the N-terminus to the target mem-
brane and to the apposition of the viral and target
membranes, even after the folding of the globular
heads (see White & Wilson, 1987).

The specificity of G.7 for PS over PC mem-
branes may be related to the proposal that PS may
be the cellular receptor for VSV (Schlegel et al.,
1983), in that the N-terminus of the G-protein may
bind to PS molecules exposed on the cell surface.

Arguing against the involvement of the N-terminus
of G-protein in fusion is the observation by Woodget
and Rose (1986) that the mutation of the N-terminal
lysine to glutamic acid does not affect the cell-cell
fusion activity of the G-protein expressed in cultured
cells. However, the substitution of one polar amino
acid for another does not alter appreciably the over-
all hydrophobicity of this region and, thus, may not
be a critical mutation. As long as the hydrophobicity
is maintained, a specific sequence may not be neces-
sary for fusion.

In contrast, HA2.17 interacts preferentially with
PC membranes. Since G.7 and HA2.17 have the
same hydrophobicities per unit (the Table) but have
different effects on membranes of the same composi-
tion, the specific amino acid sequence or composi-
tion must play a role in their specific actions on
membranes. The shorter HA2 peptides, HA2.7 and
HAZ2.10, with average hydrophobicities of 0.79 and
0.78, respectively, were considerably less effective
than HA2.17. Thus, the length of the peptides ap-
pears to have a distinct effect on their interaction
with phospholipid membranes, possibly because of
the ditferences in the allowable conformations of the
peptides. A similar observation was made by Lear
and DeGrado (1987) with respect to the interaction of
HA? peptides from the B/L.ee/40 strain of influenza
virus with sonicated POPC vesicles, in that the 20-
amino acid, but not the 16-amino acid peptide,
adopted a helical conformation when bound to vesi-
cles. The inefficiency of the longer G peptide (G.11)
to destabilize membranes may be related not only to
the lower hydrophobicity of this peptide (the Table)
but also to the allowable conformations for this
length of peptide with this sequence of amino acids.

F1.8 destabilizes PC membranes to a greater
extent than PS or PS/PC membranes. This observa-
tion, however, does not imply that the viral FlI-
protein as a whole interacts less efficiently with neg-
atively charged membranes. The rate of fusion of
Sendai virus with cardiolipin/PC liposomes is inhib-
ited as the mole fraction of PC is increased (Klappe
etal., 1986), and F1 has been shown to penetrate into
cardiolipin or PS membranes (Novick & Hoekstra,
1988). Sendai virus induces leakage from small unila-
mellar vesicles composed of PS and not from those
of PC (Amselem et al., 1985). Nevertheless, Citov-
sky, Blumenthal and Loyter (1985) have suggested
that fusion of the virus with PC/cholesterol lipo-
somes, and not negatively charged liposomes, re-
flects the properties of the virus involved in fusion
with cellular membranes. The observation that the
destabilization is enhanced at lower pH correlates
with the enhanced fusion of Sendai virus with vari-
ous liposomes at reduced pH (Klappe et al., 1986;
Nir, Klappe & Hoekstra, 1986). The rate of fusion
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of an isolate of Sendai virus with cultured cells is
also enhanced at mildly acidic pH (Pedroso de Lima
et al., 1991). We should point out, however, that the
virus-cell membrane fusion reaction is considerably
more complex than the insertion of the hydrophobic
segment of the envelope protein and may have differ-
ent molecular requirements.

The presence of cholesterol decreases the effect
of HA2.17 on PC vesicles, but it does not affect the
action of F1.8. This observation suggests that the
initial interaction of the N-terminus of the Sendai
F-protein with target membranes may not require
the presence of cholesterol, in contrast to an earlier
proposal (Asano & Asano, 1985). It is possible that
cholesterol mediates the conformational changes of
the F-protein subsequent to insertion of the N-termi-
nus into the target membrane.

The peptides investigated in this study do not
induce observable membrane fusion in large unila-
mellar phospholipid vesicles. Although G.7 causes
probe dilution in PS vesicles, this is not accompanied
by the intermixing of aqueous contents. Probe dilu-
tion may have resulted from peptide-mediated lipid
exchange or the intermixing of the outer monolayers
of labeled and unlabeled vesicles, a process that
does not necessarily lead to aqueous contents mixing
(Rosenberg et al., 1983; Diizglines & Bentz, 1988).
This observation emphasizes the need to monitor
fusion by independent techniques. The other pep-
tides tested do not even mediate aggregation, as
monitored by the probe mixing assay and by 90° light
scattering.

All studies on the fusion activity of influenza
virus peptides reported so far have utilized small
unilamellar vesicles prepared by sonication (Lear &
DeGrado, 1987; Murata et al., 1987; Wharton et al.,
1988). Such vesicles, because of their inherent lipid
packing defects, may be prone to fusion under condi-
tions which do not cause the fusion of large unilamel-
lar vesicles (Wilschut et al., 1981; Parente et al.,
1988; Stegmann et al., 1989; M. Murata and S.I.
Ohnishi, personal communication). Our studies in-
dicate that large vesicles do not undergo significant
fusion in the presence of the various viral peptides
we have utilized. A 20-amino acid peptide from the
X-31 HA2 N-terminus was also shown not to induce
the fusion of large POPC vesicles (unpublished data
of Wilschut et al. cited in Rafalski et al., 1991). It
will be of interest to examine the effect on membrane
destabilization and fusion of longer peptides which
may adopt conformations closer to those of the na-
tive N-terminal region. We should also note, how-
ever, that the fusion induced by such peptides may
not necessarily reflect the fusogenic activity of viral
fusion proteins. Although the N-termini of the mem-
brane-spanning subunits of influenza and human im-

munodeficiency virus envelope glycoproteins are
clearly involved in the fusion of these viruses, as
determined by studies utilizing site-directed muta-
genesis (Gething et al., 1986; Kowalski et al., 1987),
the remainder of the protein and the other members
of the oligomeric structure formed by the proteins
must also participate in the fusion process (see dis-
cussion by Hoekstra (1990)). Studies on the molecu-
lar and structural requirements for the membrane-
destabilizing effects of the N-terminal peptides may
be relevant to understanding how these segments
of the viral envelope proteins mediate membrane
fusion. In addition, examination of the structural
requirements of model peptides for interaction with
phospholipid membranes (Subbarao et al., 1987;
Parente et al., 1988, 1990; Suenaga et al., 1989;
Burger et al., 1991; Hoyt & Gierasch, 1991) may
provide additional insights into the mechanisms of
the initial steps involved in viral protein-mediated
membrane fusion.
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