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Abstract

The membrane-fusion activities of amphiphilic peptides of H-(Leu-Aib-Lys-Aib-Aib-Lys-Aib),-Ala-N(C 4H,), (n=1, P7D and
n =3, P21D) immobilized on liposome were investigated. P7D, which takes a random conformation, induced fusion of DPPC SUV, but
P7D immobilized on the DPPC SUV did not show the fusion activity. On the other hand, P21D showed a high activity of membrane
fusion either in the free peptide or in the immobilized state. CF-Leakage experiments revealed that the peptides caused a transient
perturbation of the membrane structure on binding to the membrane. A lasting and steady perturbation was also caused by P21D
embedded in the membrane, which was indicated by Eu®* permeation through the membrane. This type of membrane perturbation was
very slight in the case of P7D embedded in the membrane. A conclusion was reached that the different activities in the membrane fusion
are based on the transient perturbation in the membrane at the peptide binding to the membrane surface as well as the steady perturbation

caused by the peptide embedded in the membrane.

Keywords: Membrane fusion; Amphiphilic peptide; a-Helix; Membrane perturbation; Peptide /lipid conjugate

1. Introduction

Membrane fusion can be divided into three steps: (i)
association of two bilayer membranes, (ii) perturbation of
the bilayer structure to form fusion pore at the contact
point, and (iii) dilatation of the fusion pore [1-3]. Al-
though step i has been clarified in the fusion of synaptic
vesicles with the active zone of the synapse [4,5], the
molecular mechanism of step ii has not been made clear.
The fusion activities of a number of synthetic amphiphilic

Abbreviations: Aib, 2-aminoisobutyric acid; ATR-IR, attenuated total
reflection-infrared; CD, circular dichroism; CF, 5(6)-carboxyfluorescein;
DOPC, dioleoylphosphatidylcholine; DPPC, dipalmitoylphosphatidyl-
choline; MLV, multilayer large vesicle; N-NBD-PE, N-(7-nitrobenz-2-
oxXa-1,3-diazol-4-yl)phosphatidylethanolamine; N-Rh-PE, N-(lissamine
Rhodamine B sulfonyDphosphatidylethanolamine; P21D, H-(Leu-Aib-
Lys-Aib-Aib-Lys-Aib),-Ala-N(C 3 H;;),; P21D-DOPC, P21D immobi-
lized on DOPC SUV by sonication; P210Me, H-(Leu-Aib-Lys-Aib-Aib-
Lys-Aib),-OCH;; P210Me-DOPC, the sonicated dispersion of P210Me
and DOPC; P7D, H-Leu-Aib-Lys-Aib-Aib-Lys-Aib-Ala-N(C 3H3;),;
P7D-DOPC, P7D immobilized on DOPC SUV by sonication; P7OBz,
H-Leu-Aib-Lys-Aib-Aib-Lys-Aib-OBzl; SUV, small unilamellar vesicle
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helical peptides have been investigated. For example,
poly(Lys-Aib-Leu-Aib) induced fusion of DPPC vesicles
more intensively at pH 9.0 than at pH 6.3 [6]. The en-
hancement of fusion activity at pH 9.0 was attributed to
increase of a-helix content of the peptide upon deprotona-
tion of the N-terminal o-ammonium group. In general, the
amphiphilic a-helical peptide binds strongly to the bilayer
membrane, thereby disturbing the membrane structure [7].
The fusion activity of peptides has been discussed in terms
of orientation of the helical peptide in the membrane [8] or
uneven distribution of side-chain bulkiness around the
helix [9]. In either discussion, however, the ability of
peptide to perturb membrane structure is a common key
factor for membrane fusion.

Amphiphilic peptides in membrane are in dynamic equi-
librium with those in aqueous solution. Therefore, the
membrane structure may undergo a transient and drastic
perturbation upon binding to or dissociation from the
membrane of the peptide, and a lasting and steady pertur-
bation by the peptide embedded in the membrane. The
both types of perturbations have been detected in the
peptide-induced leakage of CF from liposome. The release
pattern is generally composed of two stages, an abrupt
release immediately after the addition of peptides and a
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Fig. 1. Chemical structure of peptides synthesized and a helical wheel of
P21D.

subsequent moderate release [10]. The initial leakage is
ascribed to a transient perturbation in membrane structure
upon binding of peptide, and the following slow leakage to
a lasting perturbation due to the peptide embedded in the
membrane. Therefore, the membrane fusion induced by
amphiphilic peptides should be discussed in terms of the
transient and the lasting perturbations in membrane pro-
duced transiently and steadily by the peptides.
Hydrophilic compounds conjugated with two long alkyl
chains can be immobilized on liposome [11,12]. It has
been reported that substantial intermembrane transfer of
hydrophilic macromolecules conjugated with diacyl lipids
takes place on a time scale of several hours. In the present
study, H-(Leu-Aib-Lys-Aib-Aib-Lys-Aib);-Ala-
N(C,4H3;), (P21D) was synthesized as a fusogenic pep-
tide. The dialkyl peptide was designed to form amphiphilic
a-helical structure and to make it difficult to dissociate
from the membrane (Fig. 1). The primary sequence of
P21D was so designed that the belt-shaped hydrophilic and
hydrophobic surfaces align along the helix axis to result in
highly amphiphilic property compared with poly(Lys-Aib-
Leu-Aib) reported before as a fusogenic peptide [6].

2. Materials and methods
2.1. Materials

H-Leu-Aib-Lys-Aib-Aib-Lys-Aib-OBzl (P70Bz), H-
Leu-Aib-Lys-Aib-Aib-Lys-Aib-Ala-N(C 3 H,,), (P7D),
P21D and H-(Leu-Aib-Lys-Aib-Aib-Lys-Aib);-OCH,
(P210Me) were prepared by the usual method in solution
and their synthesis was confirmed by thin layer chromatog-

raphy, '"H-NMR, amino acid analysis and elemental analy-
sis as reported previously [13].

Dioleoylphosphatidylcholine (DOPC), dipalmitoylphos-
phatidylcholine (DPPC) and 5(6)-carboxyfluorescein (CF)
were purchased from Sigma Chemical, USA. N-(7-Nitro-
benz-2-oxa-1,3-diazol-4-yl)phosphatidylethanolamine  (N-
NBD-PE) and N-(lissamine Rhodamine B sulfonyl)-
phosphatidylethanolamine (N-Rh-PE) were obtained from
Molecular Probe, USA. All other reagents were of highest
purity available.

2.2. Membrane fusion

Membrane fusion was assayed by the probe dilution
method [14—16]. A chloroform solution of N-NBD-PE (0.5
mol%), N-Rh-PE (0.5 mol%) and DOPC or DPPC (25 mg)
was evaporated to form a thin film. The dried film was
dispersed in a Tris buffer solution (3.0 ml, 10 mM Tris,
0.1 mM EDTA; pH 7.4). The dispersion was sonicated
with a Tomy UR-200P ultrasonic disrupter for 10 min
under N, atmosphere. The vesicles were subjected to
ultracentrifugation at 100000 X g to obtain probe-contain-
ing SUVs. Phospholipid concentration was determined by
a colorimetric assay using Diacolor-PL (Toyobo, Japan),
and the stock solutions of SUVs were adjusted to be 10
mM of lipids. Peptide-containing SUVs were prepared
from a chloroform solution of the peptides and DOPC
followed by a procedure similar to that described above.
The probe-containing SUVs (and the probe-free DPPC
SUVs when specified) were dispersed in a Tris buffer
solution, and an ethanol solution of peptide (P7D, P21D,
or P21-OMe, 1.5-2.0 mM) or peptide-containing SUV
was added. The volume of ethanol solution added to the
dispersion was kept less than 1.0 vol% of the total volume.
The peptide /lipid ratios in the peptide-containing vesicles
were the same as those in the preparation of vesicles,
because P21D and P7D were shown to be taken up com-
pletely by SUVs upon sonication of the dispersions [17].
The mixture was excited with a 450-nm light and the
fluorescence intensity was measured at 530 nm (N-NBD-
PE) and 593 nm (N-Rh-PE) with a Hitachi MPF-4 fluo-
rophotometer at 30°C. The fluorescence intensity from
N-NBD-PE was not changed by the presence of the pep-
tides. On the other hand, N-Rh-PE fluorescence was
slightly quenched by the peptides, but the quenching extent
was less than 3.5% under the experimental conditions. R
values will be affected by the quenching, but the change in
R value is less than 1.8% at 50% fusion. Since the effect
of the quenching on R values is very small, we did not
compensate the R values. All the lipid concentrations
specified are those for the SUV suspensions.

2.3. CF Leakage

CF-encapsulating DPPC SUVs were prepared according
to the method reported by Barbet et al. [18]. A dry thin
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membrane of DPPC or a mixture of DPPC and peptide
(P7D or P21D) was dispersed in a Tris buffer solution (10
mM, pH 7.4) containing CF (0.1 M), and the mixture was
sonicated and centrifuged to obtain SUVs. Free CF was
removed by eluting through a Sephadex G-50 column
using a Tris buffer solution (10 mM, pH 7.4) as eluant.
CF-Encapsulating SUVs were dispersed in Tris buffer (10
mM (pH 7.4)), and an ethanol solution of peptides or
peptide-containing SUV was added. In the cases of CF-en-
capsulating SUV composed of DPPC and the peptide,
fluorescence intensity was monitored immediately after
elution from the column. Zero leakage and complete leak-
age were determined from the fluorescence intensity of CF
at time zero and in the presence of Triton X-100 (0.5
wt.%), respectively. The excitation and monitoring wave-
lengths were 470 and 520 nm, respectively. The tempera-
ture was controlled at 30°C, and the concentration of
DPPC was 0.125 mM.

2.4. Eu’* Permeation

DPPC SUVs or peptide-containing SUVs in deuterium
oxide containing lanthanum nitrate (10 mM) were prepared
by the sonication method [19-21], and were subjected to
270 MHz 'H-NMR measurements (JEOL 270) at 50°C.
The dispersion was kept at 50°C for 20 min and then
europium nitrate (1 M) in a deuterium oxide solution was
added to the SUVs to a final concentration of 10 mM. The
intensities of two signals of the choline methy! groups of
DPPC SUVs were measured at different times to evaluate
the Eu®* permeation.

2.5. ATR-IR Measurement

ATR-IR Spectra were recorded on a Nicolet Model 710
Fourier transform infrared spectrophotometer equipped
with an MCT detector [22]. Peptide-containing MLVs were
prepared from a dispersion in deuterium oxide of P21D
(0.20 mM) and DMPC (20 mM) by a freeze-thaw method.
The dispersion was eluted on a Ge plate to cast a film. The
thin film was hydrated with deuterium oxide for 5 min.
The ATR-IR measurements were carried out under N,
atmosphere saturated with deuterium oxide vapor at 26°C.

3. Results
3.1. Fusion induced by free peptides

The extent of fusion of liposome was estimated by the
probe dilution method. The excitation energy transfer from
N-NBD-PE to N-Rh-PE, both of which were dispersed in
DOPC or DPPC liposome, is suppressed upon fusion with
probe-free liposome due to dilution of the probes in the
membrane. The extent of fusion was determined from a
value of R, which is the ratio of fluorescence intensity of
N-NBD-PE against that of N-Rh-PE, the R value at the
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Fig. 2. The rate of membrane fusion induced by free peptides added to
the dispersion of the probe-containing DOPC SUV ((DOPC]= 0.5 mM)
and the probe-free DOPC SUV ([DOPC]= 1.0 mM) at 30°C. Incubation
time with peptides: crosshatched bars, 0.25 h; shaded bars, 4 h; stippled
bars, 8 h. [peptide] = 0.21 mM in amino-acid residue ((P70Bz]=0.03
mM, [P7D]= 0.026 mM, [P210Me] = 0.01 mM, [P21D]= 0.0095 mM]).

complete mixing of lipid molecules being taken as 100%.
A slow fusion of membranes took place by addition of
P210Me, P21D or P7D, but scarcely occurred by P7TOBz
(Fig. 2). The fusion experiments were carried out under the
same concentrations in amino-acid residues of the pep-
tides, becanse the fusion activity of the peptides can be
compared on the basis of the interaction of the residue
with the lipid membrane (therefore, conformation of pep-
tides), and may neglect the influence of the difference of
molecular size of the peptides, which should be considered
when the actual peptide concentrations were set at the
same concentration.

The initial velocity of fusion increases with increasing
amount of probe-free SUVs (Fig. 3), suggesting that the
fusion begins with collision of SUVs. The rate of fusion
induced by P210Me, P21D and P7D increased almost
linearly with the peptide concentration (Fig. 4). Therefore,
aggregation of peptides in membrane may not be important
for the membrane fusion under the present conditions.

3.2. Fusion induced by peprides in membrane

A mixture of peptide and phospholipid was sonicated to
obtain peptide-containing liposomes. P7D and P21D were

0.17
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Fig. 3. The rate of membrane fusion induced by free peptides after 1 h
incubation with various amounts of probe-free DOPC SUV. P70Bz (O),
P7D (&), P210Me (O) and P21D (@) were added to the dispersion of
probe-containing DOPC SUV ([DOPC] = 0.5 mM) and probe-free DOPC
SUYV at 30°C. [peptide] = 0.21 mM in amino-acid residue ((P7OBz] = 0.03
mM, [P7D] = 0.026 mM. [P210Me] = 0.01 mM, [P21D]= 0.0095 mM]).
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Fig. 4. Dependence of fusion rate on peptide concentration. The peptides
(P70Bz (O), P7D (a), P210Me (O) and P21D (@)) were added to the
mixture of the probe-containing DOPC SUV (IDOPC]= 0.5 mM) and the
probe-free DOPC SUV (0.5 mM). The extent of fusion (R} was deter-
mined after 1 h incubation of the peptide, the probe-containing DOPC
SUV and the probe-free DOPC SUV. The peptide concentrations are
expressed in amino-acid residue. The actual peptide concentrations were
1/7-fold for P7OBz, 1/8-fold for P7D, 1/21-fold for P210Me, and
1,/22-fold for P21D.

quantitatively partitioned to phospholipid membrane [17].
P7D-DOPC did not show fusion activity (Fig. 5), although
free P7D induced the fusion of liposome (Fig. 3).
P210Me-DOPC induced a time-dependent fusion as free
P210Me did, the latter being faster. Probably, a part of
P210Me was taken into the inner aqueous phase of lipo-
some, resulting in a decrease of P210Me concentration in
the outer leaflet of liposome. Interestingly, P21D-DOPC
shows fusion activity with a high rate. The fusion induced
by P21D-DOPC was examined in the presence of varying
amounts of the probe-free DOPC liposome (Fig. 6a). The
rate of fusion was high and nearly independent of the
concentration of the probe-free liposome. This observation
suggests that the fusion between P21D-DOPC and probe-
immobilized liposome is predominating. On the other hand,
the rate of fusion induced by P210Me-DOPC increased
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Fig. 5. The rate of fusion induced by peptide-containing DOPC SUV
([P70Bz] =[P7D] = [P210Me] =[P21D]= 0.01 mM, [DOPC]= 1.0 mM).
The peptide-containing DOPC SUVs (P70Bz-DOPC (0O0), P7D-DOPC
(a), P210Me-DOPC (Q) and P21D-DOPC (@)) were added to the
mixture of the probe-containing DOPC SUV (IDOPC] = 0.5 mM) and the
probe-free DOPC SUV ([DOPC]= 1.0 mM). The extent of fusion (R)
was determined after 1 h incubation of the peptide-containing DOPC
SUV and the probe-containing DOPC SUV.
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Fig. 6. The rate of fusion induced by (a) P2ID-DOPC SUV and (b)
P210Me-DOPC SUV after 1 h incubation with various amounts of
probe-free DOPC SUV. The peptide-containing DOPC ([P70Bz]={P7D]
=[P210Me] =[P21D] = 0.01 mM, [DOPC]= 1.0 mM) was added to the
mixture of the dispersion of the probe-containing DOPC SUV (IDOPC]=
0.5 mM) and the probe-free DOPC SUV ([DOPC]= () 0.5 mM; (O)
1.0 mM; (O) 1.5 mM) at 30°C.

with increasing concentration of probe-free liposome (Fig.
6b). It is considered that P210Me-DOPC interacts either
with the probe-containing liposome or with the probe-free
liposome.

3.3. CF Leakage induced by free peptides

Perturbation in phospholipid bilayer membrane induced
by peptides can be estimated by measuring CF leakage.
The addition of P210Me, P21D or P7D to CF-encapsulat-
ing DPPC liposome increased CF leakage in a concentra-
tion-dependent manner (Fig. 7). On the other hand, P70Bz
did not accelerate CF leakage. Fig. 7 shows a fast leakage
of CF immediately after the addition of P210Me, P21D or
P7D. The fast release is ascribed to binding of the peptides
to liposome, thereby causing a transient perturbation in
membrane structure. In the succeeding stages, the CF
release by P7D was very slow, whereas it was moderate by
P210Me and P21D. The CF leakage in the latter stage
should be due to a lasting and steady perturbation in the
membrane by incorporation of peptide, because P21D and
P7D are considered not to dissociate from the membrane
[11]. On the other hand, P210Me released CF in two
stages, suggesting the presence of the transient perturba-
tion as well as the lasting perturbation. Therefore, the
effect of P210Me on CF leakage is larger than that of
P21D.
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Fig. 7. CF leakage induced by free peptide added to CF-encapsulating
DPPC SUV at 30°C. The ordinate represents the fraction of CF leaked
from SUV taking complete leakage as unity. The actual peptide concen-
trations are designated in the figure. [DPPC}=0.125 mM.

3.4. CF Leakage induced by immobilized peptides

The peptides were immobilized on liposome by the
sonication method, and the peptide-containing liposomes
were added to CF-encapsulating DPPC liposomes. The CF
leakage is triggered by perturbation in CF-encapsulating
liposome induced by peptides involved in other liposomes.
It is clearly shown that P21D-DOPC and P7D-DOPC do
not induce the CF leakage (Fig. 8), while free P21D and
P7D induced it. The CF leakage induced by P210Me-
DOPC should be attributed to the ability of P210Me to be
redistributed to CF-encapsulating liposomes and to disturb
the membrane structure.

The degree of perturbation of P21D-DOPC or P7D-
DOPC membrane was estimated by CF leakage. A dry
film of DPPC and P21D or P7D was dispersed in a Tris
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Fig. 8. CF leakage from DPPC SUV ([DPPC]=0.125 mM) by the
addition of P7D-DOPC ( A ), P210Me-DOPC (O) and P21D-DOPC (@)
SUVs at 30°C. [peptide] = 0.01 mM. [DOPC]=1.0 mM. The ordinate
represents the fraction of CF leaked from SUV taking complete leakage
as unity.

buffer solution containing CF (0.1 M). The dispersion was
sonicated and eluted through a Sephadex G-50 column. It
took 30 min from application of the dispersion to the
column till the start of the fluorescence measurement.
During this period, nearly half of CF entrapped in lipo-
some was lost in the case of P21D. However, CF leakage
during the preparation was low in the case of P7D. These
results are shown in Fig. 9, indicating that P21D disturbs
the membrane structure over a long period, much more
than P7D. These results are consistent with the experiment
of CF leakage by free P21D and P7D. The CF leakage due
to the steady perturbation in membrane was observed in
the case of P21D but not in the case of P7D.

3.5. Eu’* Permeation through membrane

The lasting and steady perturbation in membrane in-
duced by peptides can also be estimated by measuring
Eu’" permeation through the membrane. Two NMR peaks
of the choline methyl groups of DPPC liposome appeared
in the presence of Eu®" in outer aqueous phase of lipo-
some. One at a lower magnetic field is due to the choline
methyl groups directing to the inside of liposome mem-
brane, and the other at a higher magnetic field is due to the
choline methyl groups in contact with the shift reagent of
Eu®*. The relative intensity of the two peaks of DPPC
liposome was unchanged for more than 8 h of incubation
at 50°C in the presence of Eu’* in the aqueous phase (Fig.
10a), indicating the absence of membrane fusion and per-
meation of Eu?*. The intensity ratio of the two peaks did
not change in the presence of either P7D or P21D (1
mol%), indicating the absence of Eu’" permeation across
bilayer membranes. However, the peak at lower magnetic
field disappeared after 5 h incubation in the presence of
1.3 mol% of P21D (Fig. 10b). On the other hand, 2.0
mol% of P7D in the membrane did not change the relative
peak intensities in 5 h incubation (Fig. 10c). 4.0 mol% of
P7D was necessary to affect the relative intensities. These
results indicate that P21D perturbed the membrane struc-
ture more intensively than P7D.

CF leakage
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Fig. 9. CF leakage from P7D-DPPC (a) and P21D-DPPC (@) SUVs

containing CF at 30°C. [DPPC]/[peptide] = 100. The ordinate represents
the fraction of CF leaked from SUV taking complete leakage as unity.
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3.6. Orientation of P21D in DMPC membrane

The interaction of P21D with phospholipid membranes
was studied by FTIR-ATR. The dichroic ratio of amide I
absorption of P21D changed by incubation in DMPC
multilayer. It was 1.74 in a dry DMPC membrane, and
1.18 after incubation with D,O for 5 min and exposure to
hydrated N, atmosphere for 20 min. The average tilt angle
of the helix axis of P21D calculated from the dichroic ratio
is 60° and 90° before and after incubation, respectively
[21]. The dichroic ratio of symmetric CH, stretching mode
of DMPC was 1.08, indicating that DMPC multilayer is
formed on the substrate and the average tilt angle is 25°.
Therefore, the orientation of the helix axis is vertical to the
bilayer normal in the hydrated DMPC membrane, while it
is nearly random in the dry membrane.

4. Discussion

The peptides used here have positive charges aligning
on one side of the helix rod. The repulsive electrostatic
interactions between positive charges disturb the helical
conformation, but helical conformation of P210Me and
P21D is stabilized by Aib residues, resulting in am-
phiphilic helical structure. The interaction of these peptides
with anionic lipid bilayer membranes may be strong enough
to cause membrane fusion faster than with neutral phos-
pholipid bilayer membranes. In the present investigation,
however, neutral membranes were used to slow down the
fusion rate for investigation on the mechanism of peptide
interaction with membrane in detail. Various types of
peptides were investigated: P7OBz which does not interact
with membrane, P210Me which is distributed between
lipid membrane and aqueous phase, P21D-DOPC which is
a membrane-immobilized peptide with helix conformation,
and P7D-DOPC which is a membrane-immobilized pep-
tide with random conformation.

Membrane perturbation is considered to be prerequisite
for membrane fusion, and can be induced by interactions
with peptides. The CF-leakage profile is composed of two
phases. One of them is fast release due to a transient
perturbation in membrane caused by peptide binding, and
the other is a slow leakage due to a lasting and steady
perturbation. The transient perturbation was observed by
the addition of P2IOMe, P21D or P7D. Therefore, pep-
tides are considered to perturb membrane structure upon
binding to bilayer membranes.

P7D induced the initial fast release only, while P21D
induced both the initial fast release and the later slow
release. Since P7D and P21D do not dissociate from the
membrane under the experimental conditions, the helical

conformation of P21D in the membrane should perturb the
membrane structure more strongly than the random confor-
mation of P7D. This consideration is supported by the fact
that CF leakage induced by P21D was larger than that by
P7D at 3-fold concentration of P21D, where the leakage
was compared by concentrations in amino-acid residues
(Fig. 7). The experimental finding that the CF leakage was
enhanced most intensively by P210Me can be explained
by the helical conformation of P210Me in the membrane
and a reversible binding to the membrane.,

P7D induced membrane fusion. The extent of fusion in
I5 min incubation with P7D was similar to that with
P210Me or P21D. Therefore, amphiphilic helical structure
of peptides is not prerequisite for membrane fusion. The
transient perturbation of membrane upon peptide binding
should trigger membrane fusion.

The resonance energy transfer assay with N-NBD-PE
and N-Rh-PE was used to demonstrate membrane fusion
induced by the peptides. The fusion induced by the pep-
tides was confirmed by another assay of dynamic light
scattering (DLS) measurement. DOPC SUVs were pre-
pared by a sonication method, and were treated by the
extruder to homogenize the vesicle size [22]. The diameter
of DOPC SUVs (originally 28.9 nm) became larger by 1 h
incubation with P7D, P21D, or P210Me to be 33.5 nm,
33.9 nm, or 357 nm, respectively, although it was not
changed in the absence of the peptides in 1 h incubation.
The diameter will become 41 nm upon fusion of two
SUVs under the assumption that the occupied area of one
lipid in the membrane does not change before and after
fusion. The results of DLS measurements suggest that the
fusion induced by the peptides occurs between SUVs,
Therefore, one of the driving forces of the membrane
fusion may be due to defects produced in a large curvature
of the membrane.

In respect of the membrane fusion ability of the pep-
tides immobilized on SUVs, P21D-DOPC was signifi-
cantly high, while P7D-DOPC was negligible (Fig. 5). The
CF leakage and the Eu®* permeation experiments showed
that the membrane structure was more strongly disturbed
in P21D-DOPC than in P7D-DOPC. The high fusion activ-
ity of P21D-DOPC may, therefore, be ascribed to the
amphiphilic helical structure of P21D. However, the size
difference between P21D and P7D may explain the differ-
ent fusion ability of the peptides. It was difficult to exam-
ine this point experimentally because the membrane was
significantly disturbed at higher peptide concentrations
([ipid] /[peptide] < 100) than that expected from the per-
turbation at lower peptide concentrations ([lipid] /[peptide]
> 100). Probably, aggregation of peptides in the mem-
brane will occur at high peptide concentrations, resulted in
large membrane perturbation.

Fig. 10. "H-NMR spectra of DPPC SUV at 50°C in the absence of peptides (a), in the presence of (b) 1.3 mol% of P21D and (c) 2.0 mol% of P7D. The
concentrations of both lanthanum nitrate and europium nitrate in a deuterium oxide solution were 10 mM.
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The R value in the presence of free P210Me or P21D
increased with increasing amount of the probe-free SUV
(Fig. 3). This is because the peptides are distributed to the
probe-free and the probe-containing SUVs to increase the
amount of SUVs having defects in membrane. However,
the increase of R value by P21D-DOPC was independent
of the concentration of the probe-free SUV. The peptides
immobilized on SUVs did not strongly perturb the mem-
brane structure of other SUVs (Fig. 8). ATR-IR measure-
ment revealed that the peptide part of P21D oriented itself
in parallel to the bilayer surface. Therefore, the peptide
part of P21D is incorporated tightly into the surface region
of membrane and hindered from strong contact with other
SUVs. In other words, the fusion activity of P21D-DOPC
is sensitive to the membrane structure of the other SUVs
coming into contact for fusion. It is, therefore, considered
that P21D-DOPC should undergo fusion only with the
probe-containing SUVs, which possess membrane defects
due to a large fluorescent probes. However, we can not
exclude the possibility that positively charged peptides on
DOPC SUVs may strongly interact with negatively charged
N-NBD-PE and N-Rh-PE of the probe-containing DOPC
SUVs, resulted in fusion between these SUVs.

To conclude, the present study clearly shows that the
fusion activity of peptides is not simply related to the
amphiphilic helical conformation of the peptides. The fu-
sion activity of the peptides should be considered from the
following two points: (i) a dynamic binding equilibrium
with lipid membrane, and (ii) a lasting and steady perturba-
tion of lipid membrane in which they are incorporated or
with which they come into contact. With respect to the
first point, peptides induce membrane fusion by the pertur-
bation in membrane produced either at binding process or
at dissociation process, and hence fully hydrophobic or
hydrophilic peptides will possess low fusion activity. On
the other hand, amphiphilic peptides, which possess a
moderate affinity for phospholipid bilayer membrane, have
a strong fusion activity. With respect to the second point,
amphiphilic helical peptides possess a strong fusion activ-
ity due to intensive perturbation produced in lipid mem-
brane by the embedded peptide. However, the amphiphilic
helical peptides are incorporated on the lipid membrane so
tightly that they do not disturb the structure of other
membranes coming into contact. Consequently, their fu-

sion activity is lowered. Therefore, peptides of the ideal
amphiphilic helicity may not be effective fusogens [23].
The peptides with a moderate membrane affinity and an
imperfect amphiphilic helicity may have a high fusion
activity.

References

[1] Rothman, J.E. and Orci, L. (1992) Nature 355, 409.
[2] White, J.M. (1992) Science 258, 917.
[3] Kemble, G.W., Danieli, T. and White, J.M. (1994) Cell 76, 383.
[4] Hurfley, S.M. (1993) Trends Biochem. Sci. 18, 453.
{5] Sudhof, T.C., De Camilli, P., Niemann, H. and John, R. (1993) Cell
75, 1.
[6] Kono, K., Kimura, S. and Imanishi, Y. (1990) Biochemistry 29,
3631.
[71 Harter, C., James, P., Bachi, T., Semenza, G. and Brunner, J. (1989)
J. Biol. Chem. 264, 6459.
{81 Horth, M., Lambrecht, B., Chush, M., Khim, L., Bex, F., Thiriart,
C.. Ruysschaert, J.-M., Burny, A. and Brasseur, R. (1991) EMBO J.
10, 2747.
[9] Murata, M., Takahashi, S., Shirai, Y., Kagiwada, S., Hishida, R. and
Ohnishi, S. (1993) Biophys. J. 64, 724.
{10] Yagi, Y., Kimura, S. and Imanishi, Y. (1988) Bull. Chem. Soc. Jpn.
61, 3983.
f11] Silvius, J.R. and Zuckermann, M.J. (1993) Biochemistry 32, 3153.
[12] Torchilin, V.P., Omelyanenko, V.G., Papisov, M.I, Bogdanov Jr.,
A.A., Trubetskoy, V.S., Herron, JN. and Gentry, C.A. (1994)
Biochim. Biophys. Acta 1195, 11.
{13] Zhao, J, Kimura, S. and Imanishi, Y.J. (1995) J. Chem. Soc. Perkin
Trans. 2, 2243,
{14] Struck, D.K., Hoekstra, D. and Pagono, R.E. (1981) Biochemistry
20, 4093.
[15] Duzgunes, N., Allen, T.M., Fedor, J. and Papahajopuoulos, D.
(1987) Biochemistry 26, 8435.
[16] Conner, J., Yatvin, M.B. and Juang, L. (1984) Proc. Natl. Acad. Sci.
USA 81, 1715.
[17] Zhao, J., Kimura, S. and Imanishi, Y.J. (1996) J. Colloid Interface
Sci., in press.
{18] Barbet, J., Machy, P., Truneh, A. and Leserman, L.D. (1984)
Biochim. Biophys. Acta 772, 347.
[19] Chang, C. and Chan, S.I. (1974) Biochemistry 13, 4381,
[20] Seiter, CH.A. and Chan, S.LJ. (1973) J. Am. Chem. Soc. 95, 7541.
[21] Ohno, H., Maeda, Y. and Tsuchida, E. (1981) Biochim. Biophys.
Acta 642, 27.
[22] Okamura, E., Umemura, J. and Takenaka, T. (1986) Biochim.
Biophys. Acta 856, 68.
[23] Olson, F., Hunt, C.A., Szoka, F.C., Vail, W.J. and Papahadjopoulos,
D. (1979) Biochim. Biophys. Acta 557, 9.



