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ABSTRACT We have synthesized five amphiphilic anionic peptides derived from ES peptide [Murata, M., Takahashi, S., Kagiwada, S.,
Suzuki, A., Ohnishi, S. 1992. Biochemistry 31:1986-1932. ESNN and ES5CC are duplications of the N-terminal and the C-terminal halves
of E5, respectively, and ESCN is an inversion of the N- and the C-terminal halves. E5P contains a Pro residue in the center of E5 and E8
has 8 Glu residues and 9 Leu residues. We studied fusion of dioleoylphosphatidylcholine (DOPC) large unilamellar vesicles assayed by
fluorescent probes. The peptides formed a-helical structure with different degrees; ESNN, ESCN, and E8 with high helical content and
E5CC and E5P with low helical content. These peptides bound to DOPC vesicles at acidic pH in proportion to the helical content of
peptide. The peptides caused leakage of DOPC vesicles which increased with decreasing pH. The leakage was also proportional to the
helicity of peptide. Highly helical peptides ESNN, ESCN, and E8 caused hemolysis at acidic pH but not at neutral pH. The fusion activity
was also dependent on the helicity of peptides. In fusion induced by an equimolar mixture of ES analogues and K5 at neutral pH, E8,
ESNN, and ESCN were most active but ESCC did not cause fusion. In fusion induced by E5-analogue peptides alone, ESCN was active
at acidic pH but not at neutral pH. Other peptides did not cause fusion. Amphiphilic peptides also appear to require other factors to cause

fusion.

INTRODUCTION

We synthesized a twenty-amino acid peptide, called HA-
peptide, ' of the same sequence as that of the N-terminus
of HA2 of influenza virus A/PR/8/34 and showed fu-
sion of egg PC sonicated vesicles at acidic pH, in similar
manner to fusion of virus (1). We also prepared anionic
peptides D4, E5, and ESL and a cationic peptide K35,
which are water-soluble analogues of the HA-peptide.
K5 had the same amino acid sequence similar to ES,
except for 5 Lys residues which replaced 5 Glu residues.
All the anionic peptides caused fusion of both egg PC
sonicated vesicles and large unilamellar vesicles at acidic
pH, and the cationic peptide caused fusion at alkaline
pH (2). We also showed that an equimolar mixture of
E5 and K5 caused fusion of egg PC LUYV at neutral pH
(3). These peptides formed a-helical structure with am-
phiphilic nature and were more hydrophobic under the
fusion conditions. This is likely due to protonation of the
Glu residues at acidic pH, deprotonation of the Lys resi-
dues at alkaline pH, or mutual electrostatic interactions
between the Glu residues and the Lys residues at neutral
pH. These uncharged peptide complexes may interact
with closely apposed lipid bilayer membranes to cause
fusion.

Lear and DeGrado (4) synthesized a twenty-amino
acid peptide from the N-terminus of HA2 of influenza
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' Abbreviations used in this paper: HA, hemagglutinin, DOPC,
dioleoyl-phosphatidylcholine; LUV, large unilamellar vesicles;
NBD-PE, N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) phosphatidyl-etha-
nolamine; R18, octadecylrhodamine; ANTS, 8-amino-naphthalene-
1,2,3-trisulfonic acid; DPX, N,N'-p-xylylene-bis(pyridinium bro-
mide).

virus B/Lee/40 strain and showed fusion of DOPC soni-
cated vesicles at neutral and acidic pH values. Wharton
et al. (5) also synthesized the 20- and 23-amino acid
peptides from influenza virus X-31 strain and indicated
fusion of palmitoyl-oleoyl-PC (POPC) vesicles at
various pH values. The peptides caused fusion of POPC/
cholesterol (1:1) vesicles only at acidic pH. All these
studies indicate that the ‘fusion peptide’ derived from
HA was able to cause fusion of phospholipid vesicles but
the pH dependence differed between studies. Rafalsky et
al. (6) synthesized a 23-amino acid peptide from the N-
terminus of “‘fusion protein” gp41 of human immunode-
ficiency virus and showed fusion of sonicated phosphati-
dylglycerol vesicles, but not of PC, at neutral pH. This
virus can cause fusion at neutral pH.

In the present study, we design and synthesize five
peptides derived from E5 peptide with different charac-
ters: ESCN, an inversion of the C-terminal and the N-
terminal halves; ESNN, duplication of the N-terminal
half only; ESCC, duplication of the C-terminal half only;
ES5P, with a Pro residue in the 11th position; E8, with 8§
Glu residues and 9 Leu residues (Fig. 1). We study fu-
sion of DOPC LUV induced by these amphiphilic an-
ionic peptides assayed by two independent fluorescence
methods. We also study fusion induced by an equimolar
mixture of E5 analogues and K5 at neutral pH. The re-
sults show that ESCN cause fusion at acidic pH. In com-
bination with K5, E8, ESNN, and ESCN cause fusion at
neutral pH. Other peptides do not show fusion activities.

MATERIALS AND METHODS

Peptides were synthesized similar manner to methods previously de-
scribed (7). The peptide concentration was determined from the absor-
bance at 280 nm using molar extinction coefficients (M ™' cm™!) of
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FIGURE | (A) The primary structure of ES-analogue peptides. (B) The helical diagram.

5,000 for ESCN, 11,500 for ESCC, 6,030 for ESP, and 5,500 for ES.
ESNN did not contain Trp residues and its concentration was deter-
mined by the amino acid analysis. NBD-PE, R18, ANTS, and DPX
were purchased from Molecular Probes (Eugene, Oregon ). DOPC was
obtained from Sigma Chemical Co. (St. Louis, MO). LUV were pre-
pared according to Szoka and Papahadjopoulos (8 ). Phospholipid con-
centration was determined by the method of Bartlett (9).

Fusion of DOPC LUV was assayed by lipid mixing ( 10) and internal
content mixing (11) as described (2, 3). Briefly, in the lipid mixing
assay, the peptide stock solution was added to a mixture of DOPC/
NBD-PE/R18 vesicles (fluorescent probes at 0.75 mol % each) and
unlabeled DOPC vesicles at 0.55 mM, each in buffers at various pH
values. The lipid to peptide (L/P) ratio was 20-40. The fluorescence
intensity of NBD at 530 nm with an excitation at 470 nm was mea-

sured at various times after addition of peptide at room temperature
(22-23°C) with a Hitachi 8508 fluorescence spectrometer. The first
point was measured manually at 5 s. The 100% or 0% fusion was taken
as the fluorescence intensity of vesicle suspension after addition of Tri-
ton X-100 (final 0.3%) or before addition of the peptide, respectively.
In the internal content mixing assay, DOPC LUV were prepared in 25
mM ANTS, 40 mM NaCl, 10 mM Tris-HCl or 90 mM DPX, 10 mM
Tris-HCI. A mixture of ANTS-containing DOPC vesicles and DPX-
containing DOPC vesicles at 0.55 mM each, was added with the pep-
tide and the fluorescence intensity of ANTS at 530 nm with an excita-
tion at 384 nm was measured at various times after addition of peptide.
The 0% fusion was the fluorescence intensity of vesicle suspension
alone and the 100% fusion was the zero level of the recorder.

Leakage was measured using DOPC LUV prepared in 12.5 mM
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FIGURE 2 The CD spectra of E5-analogue peptides at indicated pH value in the absence (dotted line) and presence ( full line) of DOPC sonicated
vesicles. The peptide concentration in the absence of vesicles was 1.55-1.94 mM, except for E8 at 0.25 mM. The peptide concentration was
0.25-0.39 mM and the vesicle concentration was 7.4-8.2 mM, in the presence of vesicles.

ANTS, 45 mM DPX, and 10 mM Tris-HCI. After addition of the
peptide solution, the ANTS fluorescence intensity was measured at
various times. The 100% leakage was taken as the fluorescence inten-
sity of the vesicle suspension after addition of Triton X-100 (0.3%
final). Hemolysis was assayed by addition of peptide (final 6 uM) to
human erythrocytes (5% vol/vol) in phosphate buffer (pH 7.4) at 0°C
for 5 min. Isotonic buffers at various pH values were added to the
mixture, incubated at 37°C for 30 min, and neutralized by phosphate
buffer. The optical density at 520 nm was measured.

Binding of peptides to DOPC LUV was assayed by flotation centrifu-
gation with Ficoll (Nacalai Tesque, Kyoto, Japan) according to Shen et
al. (12). After incubation of peptide and DOPC LUV containing 1
mol% of NBD-PE for 10 min at room temperature, Ficoll was added to
the mixture and then centrifuged as described (2). The peptide concen-

tration was determined by the fluorescamine assay and the vesicle con-
centration by the NBD fluorescence intensity.

The fluorescence spectrum of the Trp residue of the peptides (5.6-28
uM) was measured in the absence and presence of DOPC sonicated
vesicles at 1.4 mM. The 90° light scattering of vesicle suspension was
measured at 400 nm. The CD spectra of peptides in the absence and
presence of DOPC sonicated vesicles were measured with a JASCO
J-20 spectropolarimeter (JASCO International Co. Ltd., Hachioji City,
Japan). The ellipticity was expressed as the mean residue weight basis.

RESULTS

Design principle for E5-analogue peptides. The fu-
sion-active ES peptide has an amino acid sequence in
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TABLE 1 The ellipticity value 9 X 10~ at a minimum near
222 nm in CD spectrum of E5-analogue peptides

pH Vesicles ES ESCN ESNN ESCC ESP E8
neutral absence small —11 =21 small small -19
presence —13 -16 =23 —4 —6 =21
acidic  absence  —22 =22 -24 small smail —-22
presence  —20 -22 -24 -13 -8 =22

which the N- and C-terminal halves apparently have dif-
ferent characteristics (Fig. 1). The sequence 1-10 has a
greater propensity for a-helix than that for g-structure
based on a statistical evaluation ( 13, 14); in contrast, the
reverse is true for sequence 11-20. In an attempt to local-
ize an actively contributing domain in ES, we divided
the amino acid sequence into the N- and C-terminal
halves and prepared several peptides with different com-
binations. In the peptides ESNN and ESCC, the residue
sequence of the N- and C-terminal halves were dupli-
cated, respectively, to make the length of these peptides
comparable to that of E5 under a restriction of amphi-
philicity. ESNN was anticipated to be highly helical and
E3CC to be a less ordered structure. A Pro residue was
inserted into ESP to interrupt the secondary structure in
ES5. Interchange of the N- and C-terminal halves of ES
gave ESCN, in which a Glu residue occupied position 2,
instead of 4 as in ES5. Since a negative charge located near
the N-terminus stabilizes the helix structure, ESCN was
expected to be more a-helical than E5. E8 contained
more Leu and Glu residues.

CD spectra of E5-analogue peptides. CD spectra of
peptides at various pH values in the absence and pres-
ence of DOPC sonicated vesicles are shown in Fig. 2.
These peptides formed a-helical structure which was de-
pendent on the peptide. The helical content was in-
creased with decreasing pH values, with the peptide con-
centrations, and by addition of phospholipid vesicles, as
shown for E5 (2, 15).

ESNN, E5CN, and E8 formed high degrees of a-heli-
cal content (Fig. 2), as expected. The ellipticity value
9 X 1073 at 222 nm was —24 for ESNN and —22 for
ESCN and E8 at acidic pH as shown in Table 1. The
ellipticity value was smaller at neutral pH (Table 1).
E5CC and ESP were nearly random coil in the absence
of vesicles. However, in the presence of vesicles, they
formed a-helical structure to some extent (Fig. 2). The
ellipticity value ¢ X 1073 was —8 for ESP and —13 for
ESCC, about 33% for E5SP and 54% for ESCC as com-
pared with that for ESNN (Table 1). The ellipticity
value at acidic pH in the presence of vesicles is tabulated
symbolically in Table 3.

Binding of peptides to DOPC LUV. Binding was
measured at various pH values by flotation on the dis-
continuous Ficoll gradients. ES-analogue peptides did

not bind to DOPC LUYV at neutral pH, in contrast to ES5.
At acidic pH, ESNN bound vesicles strongly to nearly
the same extent as E5 (2). ESCN, E5P, and ES8 also
bound but weaker than ESNN. The binding was approxi-
mately 50% for ESCN and 20% for ESP and E8 of that
for ESNN, as estimated by the fluorescamine assay (see
Table 3).

The Trp fluorescence spectrum of E5-analogue pep-
tides shifted to a lower wavelength by addition of DOPC
vesicles. Peptides alone showed the fluorescence maxi-
mum at 350-356 nm at neutral pH as shown in Table 2.
At acidic pH, most of them showed similar wavelengths
but ESCN was shifted to a lower wavelength with the
maximum at 337.3 nm (from 350.0 nm at neutral pH).
Av, in Table 2 shows the shift by acidification for peptide
alone. The fluorescence maximum of ES analogues in
the presence of vesicles was blue-shifted to 330-345 nm
at acidic pH. If we express the blue shift by Aw,;, which is
the difference of the maximum wavelength of peptide
alone at pH 7.4 minus that of peptide/ DOPC at pH 5.0,
it was 16.3 nm for ESCN, 8.9 nm for E5CC, 13.8 nm for
E5P, and 25.3 nm for E8 as shown in Table 2. If we use
the blue shift by Aw, for the difference of the maximum
wavelength of peptide alone at pH 5.0 minus that of
peptide/DOPC at pH 5.0 (Table 2), the small value 3.6
nm for ESCN arises from the acid-induced blue shift of
ESCN alone as described above. Av; was symbolically
tabulated in Table 3.

Fusion induced by E5-analogue peptides. Fusion of
DOPC LUV induced by peptides was measured by two
independent fluorescence methods. In the lipid mixing
assay, a mixture of DOPC/NBD-PE/R18 vesicles and
unlabeled DOPC vesicles was incubated with peptide.
The NBD fluorescence intensity should increase upon
fusion because of dilution of NBD-PE and R18 with
phospholipids of unlabeled vesicles. In the internal con-
tent mixing assay, a mixture of ANTS-containing vesi-
cles and DPX-containing vesicles was incubated with
peptide, the ANTS fluorescence intensity should de-
crease because of the complex formation of ANTS and
DPX in fused vesicles.

TABLE2 The maximum wavelength for fluorescence spectrum
of Trp residue of E5-analogue peptides in the absence and
presence of DOPC sonicated vesicles

Presence of
vesicles

Absence of
vesicles

pH7.4 pHS50 pH74 pHSO Ay, An, A

ESCC 3542 351.3 3529 3453 29 6.0 8.9
ESP 353.1 352.3 346.6 339.3 0.8 130 138
ESCN  350.0 337.3 3444 333.7 127 36 163
E8 356.1 350.5 351.1 330.8 56 197 253

Av, = (peptide alone pH 7)~(peptide alone pHS5); Ar, = (peptide alone
pH 5)~(peptide/ DOPC pH 5); Av; = (peptide alone pH 7)-(peptide/
DOPC pH 5). The L/P ratio = 50.
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TABLE3 Function of E5-analogue peptides on DOPC LUV or red blood cells at acidic pH

Fusion induced by

Blue shift Peptides
of Trp and K5 at
a-Helix Binding fluorescence Peptides neutral pH Leakage Hemolysis

ES +++ +++ ++ +++ ++ ++++ ++
ESCN +++ ++ ++ ++ ++ ++++ +++
ESNN +++ +++ nd - ++ ++ +++
E5CC + - + - - - -
ESP + + ++ * * £ -
E8 +++ + +++ - +++ +++ +++

Of the E5-analogue peptides, ESCN caused fusion at
acidic pH but not at neutral pH. In lipid mixing assay
(Fig. 3 Ba), the fluorescence intensity initially increased
rapidly and then became more gradual at acidic pH. The
fusion was 11% of the maximum in the initial phase. In
the internal content mixing assay (Fig. 3 Bb), the ANTS
fluorescence intensity decreased rapidly and then be-
came more gradual at acidic pH. The fusion was esti-
mated as 12% of the maximum in the initial phase.
Nearly the same results were obtained from the two inde-
pendent fluorescence assays, confirming the fusion
event. The experiments for ES were also plotted in Fig. 3
A. The fusion induced by E5 was 15% of the maximum
by the lipid mixing assay and 9% of the maximum by the
internal content mixing assay in the initial phase at
acidic pH. E8 showed a slight and slow increase in the
NBD fluorescence intensity. The fusion was 5% of the
maximum after 2 min. However, ESNN, E5CC, and
ESP did not cause fusion at neutral and acidic pH values.
The pH dependence of fusion extent induced by E5 ana-
logues after 5 min is given in Fig. 4 and summarized in
Table 3.
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FIGURE 3 The time course of fusion of DOPC LUV induced by E5
(A4) or ESCN (B)at indicated pH value assayed by lipid mixing (a) and
internal content mixing (b). The vesicle concentration was 1.1 mM
and the L/P ratio was 41.

The 90° light scattering of a suspension of E5-ana-
logue peptides and DOPC LUV was small at neutral pH.
When the pH was lowered, the scattering from DOPC
LUV and E5CN, but not other E5 analogues, increased
significantly, indicating vesicle aggregation and fusion.

Fusion induced by an equimolar mixture of E5-ana-
logue peptides and K5. We have shown previously
that an equimolar mixture of ES and K5 caused fusion of
egg PC LUV at neutral pH, by electrostatic interactions
between the two peptides (3 ). Therefore, the fusion abil-
ity of an equimolar mixture of E5 analogues and K5 at

FUSION%

FIGURE 4 The pH dependence of fusion extent of DOPC LUV by
ES5-analogue peptides after 5 min assayed by lipid mixing; (O) ES, (&)
ESCN, (A) E8 and (@) ESNN, E5CC, and E5P.
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FIGURE 5 The time course of fusion of DOPC LUV induced by an
equimolar mixture of K5 and E5-analogue peptides at pH 7.4 assayed
by lipid mixing (4) and internal content mixing (B); (a) ES5, (b)
ESNN, (¢) E5CC, (d) ESP, (e) ESCN, and (/) E8. E5-analogue pep-
tides and K5 at 13 uM each were added to DOPC LUV (1.1 mM (A4)
and 0.82 mM (B)) within 2 sec and the fluorescence intensity was
measured.

neutral pH was investigated. In the lipid mixing assay
(Fig. 5 A), E8 and K5 caused fusion most extensively at
33% of the maximum after 4 min. The fusion efficiency
was a little larger than that of ES (18%). ESNN and
ESCN, in combination with K35, also caused fusion ex-
tensively at 23% of the maximum. ESP and K5 showed a
slow and small fusion of 5% of the maximum after 4
min. E5CC and K5 did not cause fusion. The fusion
efficiency was summarized in Table 3. In internal con-
tent mixing assay (Fig. 5 B), the fusion was smaller than
that assayed by lipid mixing.

The ES-analogue peptides, except for ESCC, were able
to cause fusion when combined with K5 at neutral pH.
This is in contrast to fusion by ESCN at acidic pH when
the peptide alone was added to vesicles.

The 90° light scattering of DOPC LUYV was increased
largely when an equimolar mixture of K5 and E5CN,
E5SNN, ESP, or E8 was added to vesicle suspension at
neutral pH. However, ESCC and K5 increased the light
scattering only slightly. The increase in light scattering
paralleled with the fusion activity.

Leakage and hemolysis induced by ES5-analogue
peptides. Leakage of ANTS/DPX from DOPC LUV

induced by ES-analogue peptides was measured. The
leakage was dependent on the peptide, greater at acidic
pH and less at neutral pH. The most extensive leakage
was induced by ESCN. The ANTS fluorescence intensity
increased to about 70% of the maximum immediately
after addition of peptide at acidic pH (Fig. 6). The leak-
age efficiency was similar to that of ES. The leakage at
neutral pH was much less and about 30% of the maxi-
mum after 3 min. The fusogenic peptides therefore cause
leakage. Both rates were very large initially after addition
of peptide to vesicles. The fusion was probably faster
than the leakage. It was shown that similar extents of
fusion were obtained by lipid mixing as well as content
mixing. Some data such as ESCN (Fig. 6) showed larger
rates of leakage than that of fusion (Fig. 3 Bb). This may
arise from the first point of measurement being done
manually at 5 s (see also reference 3).

E8 also caused an extensive leakage of 60% of the max-
imum after 3 min at acidic pH. The leakage rate was
slower than that of ESCN as shown in Fig. 6. ESNN
caused a leakage of 35% of the maximum at acidic pH.
However, the leakage induced by ESP was very small
and none was induced by ESCC (Fig. 6). The pH depen-
dence of leakage after 5 min, induced by E5 analogues is
plotted in Fig. 7 and tabulated in Table 3. The leakage
experiments were carried out at a L/P ratio of 41. When
the L/P ratio was changed from 27 to 82, the leakage was
larger with smaller ratios.

Leakage induced by a combination of KS and E5- ana-
logue peptides at neutral pH was also measured. The
leakage amount was dependent on peptide. The leakage
was most extensive for ESNN (70% of the maximum
after 3 min), large for ESP (50% of the maximum), and
very small for ESCC. The leakage efficiency for ES and
K5 was about 80% of the maximum after 4 min.

Hemolysis induced by ES-analogue peptides at
various pH values was measured. E8, ESCN, and ESNN
induced extensive hemolysis at acidic pH but not at neu-
tral pH (Fig. 8 4). ES also caused hemolysis at acidic
pH. However, ESCC and ESP did not hemolyze at both
pH values. The hemolysis activity is tabulated in Ta-
ble 3.

When smaller concentrations of peptide were added to
red blood cell suspension, the hemolytic peptides
showed a different dose-dependence (Fig. 8 B). E8 and
ESCN showed the maximum hemolysis at 1 uM and 2.8
uM, respectively, but ESNN gradually increased, induc-
ing 50% hemolysis at 4.2 uM.

DISCUSSION

The ES-analogue peptides are amphiphilic anionic pep-
tides with different degrees of a-helical content and show
different effects on DOPC vesicles or red blood cells as
summarized in Table 3. The peptides with a high degree
of helical content appear to bind to DOPC vesicles and
cause leakage, hemolysis, and fusion at acidic pH. The
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FIGURE 6 The time course of leakage of DOPC LUV containing ANTS/DPX induced by E5-analogue peptides at indicated pH value. The vesicle

concentration was 0.82 mM and the L/P ratio was 41.

helical peptides in combination with cationic peptide K5
cause fusion at neutral pH.

The a-helical content is high for ESNN, ESCN, and
E8, in addition to ES. However, the content for ESCC
and ESP is low. Such dependency of helicity is quite
easily understood from the discussion for design princi-
ple in the Results section. The N-terminal half of ES had
a higher ability to form helicity than the C-terminal half.
The small helical content for ESP was due to the pres-
ence of Pro residue in the center. Many Leu and Glu
residues in E8 caused helical content to increase. The ES
analogues, in addition to D4, ES, and E5L, had higher
degrees of helicity in lower pH values, at higher peptide
concentrations, and by addition of vesicles. Therefore,
the helical structure may be induced by protonation of

the Glu residues and by interactions with the peptides
and with the phospholipid membranes.

Binding of E5-analogue peptides to DOPC LUV was
measured using the discontinuous Ficoll gradients, as
carried out for ES, ESL, D4, and K5 (2). The latter pep-
tides bound strongly at neutral and acidic pH values. Of
the ES-analogues, ESNN bound strongly to DOPC as E5
at acidic pH. E5CN, E8, and ESP bound to lesser extents
and E5SCC did not bind at acidic pH. These peptides did
not bind at neutral pH. Therefore, the ES-analogue pep-
tides bound to vesicles weaker than E5. There was a blue
shift of the Trp fluorescence spectrum by addition of
vesicles. Even ESCC showed the blue shift, suggesting
binding to vesicles. The amino acid arrangement in heli-
cal structure may be important for interaction with phos-
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FIGURE 7 The pH dependence of leakage amount of DOPC LUV
containing ANTS/DPX induced by E5-analogue peptides measured
after 5 min; (O) ES, (@) ESNN, (A) ESCC, (A) ESP, (@) ESCN, and
(O) E8.

pholipid membranes because of stronger binding by
more helical peptides.

Leakage and hemolysis activities are dependent on the
a-helicity of ES-analogue peptides. ESCN, E8, and
E5NN with high helical content caused extensive leak-
age and hemolysis at acidic pH. However, ESCC did not
cause leakage and hemolysis. Parente et al. (16 ) showed

such correlation for an amphipathic 30-amino acid pep-
tide GALA, which caused leakage of egg PC LUV at pH
5.0, where GALA formed a-helical structure. Greater
leakage of vesicles was induced by much smaller concen-
trations of GALA at the L/P ratio of 500-3000 than by
ES analogues at the L/P ratio of 27-82. These authors
suggested that 8-12 GALA molecules formed pores as a
transbilayer channels and caused leakage (17). There is
a possibility for pore formation for several E5 analogues
and D4, E5, and ESL. Wharton et al. (5) showed hemo-
lysis induced by the 20-amino acid peptide from influ-
enza virus X-31 strain. The peptide induced hemolysis
much greater at acidic pH and lesser at neutral pH. The
peptide alone did not assume a-helical structure at
various pH values. In the presence of POPC vesicles, it
formed helical structure at acidic and neutral pH values.
In the presence of POPC/cholesterol vesicles, the pep-
tide formed helical structure only at acidic pH. A 17-
amino acid peptide derived from the N-terminus of influ-
enza virus X-31 strain did not cause fusion of sonicated
PC vesicles but caused leakage at acidic and neutral pH
values (18). This peptide did not form a-helical struc-
ture. The 25-amino acid peptide from the N-terminus of
vesicular stomatitis virus G protein caused hemolysis at
acidic pH. The 6-amino acid peptide from the N-ter-
minus also induced hemolysis at neutral and acidic pH
values (19).

There is a correlation between the a-helicity of E5-ana-
logue peptides and the fusion activity. This is especially
evident for fusion induced by a combination of K5 and
ES analogues at neutral pH. E8, ESNN, and ESCN, in
addition to K5, caused fusion extensively. However, ESP
fused slightly and ESCC did not. The fusion mechanism
by an equimolar mixture of E5 and K5 was discussed

B
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g g 50
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e E

14 28 42
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FIGURE 8 (A4) The pH dependence of hemolysis extent induced by
ES5-analogue peptides 30 min at 37°C; (O) ESNN, (@) ESCN, (A ) ES8,
(A) ESCC, and (O) ESP. The peptide concentration was final 5 uM.
(B) Dose-dependence of hemolysis induced by ESNN (O), ESCN (@),
and E8 (A). The pH value was 5.0 for E8 and E5CN, and 5.4 for
E5NN.
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FIGURE 9 Plots of the solvent-accessible surface area for residue side chains of ES-analogue peptides. The values of the area, which were calculated
for side chains in an extended conformation (21), are plotted at the residue positions 2-19 in a helical wheel representation. The scale (4?) is in the

radial direction.

previously (3). The two peptides formed a complex with
each other by electrostatic interaction between the nega-
tive charges of Glu residues and the positive charges of
Lys residues at neutral pH. The complex had zero net
charge, formed a-helical structure, and would interact
directly with lipid bilayer membranes. Of the E5 ana-
logues, highly helical E8, ESNN, and ESCN can form
similar complexes with K3, although some amino acid
residues are different from KS5. ESP may form partial
helical structure by interacting with a-helical K5, thus

causing smaller fusion. ESCC may not form such com-
plexes by interacting with K5.

The fusion activity of E5-analogue peptides alone was
also dependent on the a-helicity. However, ESCN was
active at acidic pH. However, helical E8 caused only
slight fusion and ESNN did not cause any fusion. The
correlation of fusion activity and «-helical structure was
shown by various authors, as for example, (4). Harter et
al. (20) indicated that HA inserted its fusion peptide
adopting an amphiphilic helical structure in the outer
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leaflet of lipid bilayers at acidic conditions. However, the
present results indicate that amphiphilic helical peptides
also require other factors to cause fusion. One character-
istic of fusion-active peptides appears to be their uneven
distribution of the side chain bulkiness over the peptides.
For example, we considered the solvent-accessible sur-
face area for the side chains (21) as a measure of the side
chain bulkiness. These are the values of surface area of
side chains which are in the extended conformation and
also finally well-correlated with the hydrophobicity of
resides (22). As shown in Fig. 9, when a peptide assumed
an a-helical conformation and was observed from the
helical axis, an envelope connecting the surface area val-
ues assigned to the residue positions is rough in the case
of fusion-active peptides; in contrast, it is rather smooth
for fusion-inactive peptides. When such a “rough” pep-
tide, in which the bulky side chains are distributed un-
evenly, was placed in a lipid bilayer membrane and in
dynamic motion, much more perturbations on lipid
structure could be expected than that for a “smooth”
peptide. Similar analysis for bulkiness is being studied
for other fusion proteins and mutants.

Brasseur et al. (23) recently studied theoretically the
conformation and mode of insertion of the “fusion pep-
tide” from various virus strains to a lipid monolayer.
The N-terminal peptide was inserted as an a-helical
structure into dipalmitoyl-PC monolayers and oriented
obliquely with respect to the lipid/water interface. The
unusual orientation may be a prerequisite to membrane
destabilization and fusogenic activity.

ESCN caused fusion at acidic pH. The fusion ability at
acidic pH but not at neutral pH has also been observed
for amphiphilic anionic peptides of HA-peptide, D4, ES5,
and E5L interacted with sonicated and large unilamellar
PC vesicles (1, 2). This may be reasonable since inser-
tion of the carboxyl groups (— COOH) of Glu and Asp
residues into phospholipid bilayer hydrocarbon layers is
more stable due to a decrease in Gibbs free energy (about
40 kJ/mol) than that for insertion of anionic carboxyl
groups (— COO") of acidic residues as suggested by Oh-
nishi (24 ). Our suggestion was that the amphiphilic pep-
tides were more helical and hydrophobic by protonation
of Glu or Asp residues at acidic pH, by deprotonation of
Lys residues at alkaline pH, or by mutual interactions of
two peptides at neutral pH. These peptides were aggre-
gated vesicles, entered closely apposing lipid bilayer
membranes more easily and caused fusion (2, 3). A pos-
sibility is to add charged molecules into membranes in
order to change the pH dependence for fusion induced
by amphiphilic peptides. When we used phosphatidyl-
serine/ DOPC membranes (1:1) LUV, K5 caused fusion
not only at alkaline pH (3) but also at neutral and acidic
pH values (Murata, M., S. Takahashi, Y. Shirai, S. Kagi-
wada, R. Hishida, and S. Ohnishi, unpublished observa-
tion). Lear and DeGrado (4) showed fusion of DOPC
sonicated vesicles at neutral and acidic pH values. Whar-

ton et al. (5) showed fusion of POPC vesicles at both pH
values, larger at acidic pH and smaller at neutral pH.
When cholesterol was added to POPC membranes at 1:1
molar ratio, the fusion occurred only at acidic pH.
Against this background, we pose the question: What is
the molecular mechanism to change pH dependence for
fusion by adding neutral cholesterol to neutral DOPC
membrane?
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