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The peptide-induced fusien of neutral and «cidic liposomes was studied in relation to the amphiphiticities evaluated
by a-helical contents of peptides by means of a carboxyfluovescein leakage asssy, Jight scattering, a membrane
intermixing assay and electron microscopy. An umphipathic mother peptide, Ac-(Leu-Ala-Arg-Leu),-NHCH, (4,),

and its derivatives, [Pro®l4; (1), {Pro**l4, (2), and [Pro*“'*14, (3), which bave very similar hydrephobic
moments, caused a leakuge of contents from small unilamellar vesicles composed of egg yolk phosphatidyicheline
and egg yolk phosphatidic zcid (3:1). The abilities of the peptides to induce the fusion of the acidic lipesomes
increcsed with increasing a-helical conteat: in acidic liposomes the helical contents were in the order of
4,>1>2>3 ( Lee et al, (1289 Chem. Lett.,, 599-602). Electron microscopic data showed that 1 cavicd a
transformation of the small unilamellar vesicles (20-50 am in diameter) to large ones (100-380 nm). Based on ¢
fact that these peptides have very similar hydrophobic moments despite of decreasing in the mean residue
hydrophobicities to some extent, it was concluded that the abilities of the peptides to induce the fusion of lipssomes
depend on the extent of amphiphilic conformation evaluated by o-belical contents of the peptides in the presence of
liposomes. For neutral liposomes of egg yolk phosphatidy!choline, all the proline-containing peptides showed no
fusogenic ability but weak lezsage abilities, suggesting that the charge interaction between the basic peptides and
acidic phnspholipid is an important factor tv induce the perturbation and fusion of the bilayer.

Introduction [2], we reported that basic amphipathic a-helical pep-

tides caused the destabilization and fusion of acidic

The peptide-~lipid interaction has been extensively and neotyal lipo<ames, and their fusogenic abilities

studicd to understand the general rules of the mem-
brane fusioii {1} To uaderstand the molecuiar details
of this process, the interac:ion of peptides or proteins
with lipids has been studied on model systems such as
phospholipid bilayers. An amphipathic peptide is ide-
ally suited to interact with amphipathic surface such as
cell membranes or liposomes. In the preceding paper
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d-yliphosphatidylethanclamine; N-Rh-PE, N-(lissamine Rhodamine
B sulfonyllphosphatidylethanolamine; Hepes, 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid.
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were closely associated with their hydrophobic mo-
ments when the pepides ook an a-helical structure.
Recently, Kono et al. reported that an amphipathic
and basic sequential peptide, poly(Lys-Aib-Leu-Aib),
induced a fusion of DPPC liposomes in an alkaline
solution below the phase transition temperature of the
membrane [3). A similar result has also been obtained
for an acidic amphipathic a-helical peptide in acidic
pH regions in the presence of neutral liposomes [4}
These findings have indicated that a pH-dependent
conformational change is essential for tziggering the
interaction of the peptide with a lipid bilayer to induce
the membrane fusion and that the fusogenic ability of
amphipathic a-helical peptides against artificial mem-
branes is correlated to the a-helix formation of the
peptides, regardless their acidities and basicities. How-
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Fig. 1. Primary structures of the basic model peptides containing
proline and their o-helical wheels (X = Pro).

ever, a relationship between the extent of a-helical
conformation of amphiphilic peptides and the fuso-
genic ability has not been studied completely. '

In previous report, we presented cvidence that
an a-helical peptide, Ac-(1-Leu-t-Ala-L-Arg-L-Leu)s-
NHCH, (4,), showed various biological activitics owing
to a perturbation of biomembranes {5] and was an
effective fusogen for liposcmes [2]. This peptide shows
amphiphilicity by taking an a-helical structure with one
iaterai hydrophobic side and the other hydrophilic side
{Fig. 1). Since prolinc is a typica! helix-breaker amino
acid, the substitution of Ala to Pro in the sequence is
censidered to causc the decrease in the a-helical con-
tont of the peptide. and conscquently a reduction of
ine extent of amphiphilic conformation. We previously
synthesized three analogs of 4 “vhich contained one
to three prolines; {Pro®M4; (1) [Pro?*M; () and
[Pro>*'"H, (3) (Fig. 1). Previous ”D data showed that
the a-helix-forming notential of tne peptides in the
presence of acidic lipscomes s gradually reduced with
an increase in the Pro residue in the peptides. The
antimicrobial activity of the peptides was also reduce
with the sams order, in licating that the cffect of the
peptide on biological activity was correlated to the
ability to adupt a-helical structure [5].

The membranc-related peptides and proteins have
been characterized by the valug of a-helica!l hydropho-
bic mement and the mean residue hyd:nphobicity [7,10].
Peptide 4, and the anaiogs have very similar hydropho-
bic moments when they take fully an e-helical struc-
ture. The hydrohobicities of the peptides gradually
decreased to some extent. but not very different, with
increasing proline residuc. Therefore, these peptides
having e samc hydrophobic moments and similar
hydrophobicities, but various a-helical contents in the
presence of acidic liposonies are a favorable model for
studying the quantitative relatinn between the am-
phiphilic structure and fusogenic abilities of peptides.

In tke present work, the fusogenic abilities of the
peptides with the different a-helical contents are siud-

ied with regard to their conformations in neutral and
acidic liposomes.

Materials and Methods

Egg PC and egg PA were purchased from Sigma
Chemical Co. (St. Louis, MO, USA). N-NBD-PE and
N-Rh-PE were purchased from Avanti Polar Lipids
Inc. (Pclham, AL, USA). Carboxyfluorescein from
Eastman Kodak Co. (Rochester, NY, USA) was puri-
fied by recrystallization from ecthanol. Ail other
reagents were of an anaiytical grade.

The peptides were prepared by solution methods as
reported previously [5,6] and their purities were con-
firmed by thin-layer chromatography, paper elec-
trophoresis, amino acid and elemental analyses. The
peptide contents were calculated from the result of
clemental analysis as follows: 4,-3JAcOH - 6H,0; 1+
4AcOH - 6H,0; 2-5AcOH - H,0; 3-5A¢OH - 6H,0.
Peptides vicie dissolved in 5 mM Hepes buffer (pH
7.4) at a desired concentration whilst being stirred over
a period of an hour. The solution was stocked in a
refrigerator.

Small unilamellar liposomes were prerared by soni-
cation using a Tomy Seiko Ultrasonic disrupier Model
UR-200P, followed by gel-filtration as-reported previ-
ously [2,5]. The buffer solution used throughout this
work was 5 mM Hepes (pH 7.4) containing 100 mM
MaCl. All assays and incubations were performed.at
22°C. Fluorescence spectra were recorded on a JASCO
FP-550A spectrofluorophotometer equipped with a
thermostatted cell holder.

Leakage of vesicle contents was determined with
carboxyfluorescein as reported previously [2). The fluo-
rescence intensity was measured at 3 min after the
addition of the peptides to the liposomes. Complete
release of carboxyfluorescein was obtained by the addi-
tion of Triton X-100. Turbidity measurements for assay
of vesicle aggrepation and sizc incrcase were per-
formed in the JASCO spectrofluorometer with both
excitation and emission monochrometers set at 545 nm
at 25°C. The light-scattering intensity was measured at
10 min after the incubation of peptide with liposomes
as reported previously [2]. The membrane intermixing
was determined by measuring the change in the fluo-
rescence imsens:ty owing to the fluorescence energy
transfer between the labeled probes NBD-PE and Rh-
PE [9]. Two kinds of small unilamellar vesicles contain-
ing NBD-PE and N-Rh-PE (cach 2 mol%) were pre-
pared by sonication, followed by gei fiitration. Equimo-
lar aliquots of them were mixed at 25°C and diluted
with th2 buffer solution to make the final concentra-
tion e{ the liposomes to be 70 pM. The peptides were
added to the mixed liposomes and the decrease in
NBD fluorescence was recorded continuously at an
cxcitation wavelength of 450 nm and an emission wave-



length of 530 nm. The membrane intermining abitity of
the peptide was expressed as a percentage of the
fluorescence intensity, The fluorescencs intensity of
the mixed solution of both liposomes before the addi-
tion of the peptides was taken as 100%.

Samples for electron microscony were prepared as
previously described [2] and measured with a JEM-100C
electron microscope. Liposomes were prepared to 10-
times higher concentration (about 700 pM) than in
other experiments to facilitate electronmicroscopic im-
age. The peptide was incubated at the concentration of
150 uM for about 1 min with lipcsomes before nega-
tive-staining.

Amphiphiiicity of peptides

The amphiphilicity of a segment in polypeptide
chains is often evaluated by the hydrophobic moment
[7). The four model peptides used here (see Fig. 1)
have high and similar hydrophobic moments of about
0.50 keal/residue when they take an a-helical struc-
ture [7]. The mean residne hydrophobicities of 4, and
t-3are —-0.12, -0.15, --0.17 and -0.20 kcal /residue,
respectively [7]. All peptides therefore belong to the
cluster of ‘surface-associating’ peptides according to
Pownall et al. [10] and can be considerzsd to bind to
lipid with almost same manner.

As previously described {6], 4, has a slightly a-heli-
cal structure in the buffer solution and a highly a-heli-
cal one in neutral and acidic liposomes. All proline-
containing analogs of 4, have a random structure in
the aqueous solution. In neutral liposomes, 2 and 3
take a random structure and 1 takes a somewhat or-
dered structure. In acidic liposomes, all peptides tested
showed a-heiical CD bands and the band intensity
decreased in order of 4,>1>2>3, The a-helical
contents were calculated by the methiod of Chen et al.
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[8] on the basis of previous CD data {6]. The percent-
ages of a-helix of 4; and 1-3 are 76. 43, 30 and 15% in
acidic liposomes, respectively. These results indicate
that the proline-containing peptides weakly or scarcely
bind to neutral liposomes and tavorably interact with
acidic liposomes and the extent of the amphiphilicities
of the four peptides in acidic lipcsomes can be ex-
pressed in terms of the a-helical content of the pep-
tides.

Peptide-induced dye leakage from liposomes

The leakage of encapsulated carboxyfluorescein has
been used for examining a change of the nermeability
of lipid bilayers [11). As shown in Fig. 2, it is evident
that the leakage abilities of the peptides decreased
with decrease in their a-heiicai conients. A distinct
difference in the leakage abilities of the peptides was
observed in neutral liposomes which interact weakly or
scarcely with peptide as found in the CD data. Peptide
1 had a fairly high leakage ability but its efficiency was
lower than that observed for 4,. Furthermore, 2 had a
slight leakage ability, and 3 failed io cause the leakage
of the dyc from liposomes. Since 1 formed a somewhat
helix-like ordered structure while 2 and 3 took no
ordered structure in neutral liposomes [6], such a dif-
ference in the leakage ability can be interpreted as
being due to the difference of the binding affinities
according to the differerence in the conformations of
the peptides in liposomes. In acidic liposomes, 4, i
and 2 released the dye strongly and any noticeable
difference in the leakage abilitics was not observed
among these three peptides at the concentration of
0.1-1 M. Peptide 3 also showed a fairly high leakage
ability. It is certain that the charge interaction beiwzen
the caticn of basic peptides and the head groups of the
acidic liposome is more essential to release the dye
than the hydrophobic interaction between amphipathic
peptides and lipids.
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Fig. 3. Plots of membrane-mixing of ege PC/cgg PA (3:1) (a) and egg PC (b) liposomes induced by the peptides as a function of peptide
concentration, Dita were colierted at 10 min after the incubation of peptides with liposomes. 45, G: 1, 412, . and 3,0,

Intermixing assay

Fig. 3 shows the degree of the intermixing of lipo-
some meinbranes as a function of peptide concenira-
tion for egg PC and egg PC/cgg PA (3:1) containing
N-NBD-PE and N-Rh-PE. In acidic liposomes, 4,, 1
and 2 induced the intermixing at a concentration of 1
aM and a difference in the ability to induce intermix-
ing was observed at a peptide concentration higher
than 10 uM. Peptide 3 induced the membrane-inter-
mixing at a concentriztion of 5 uM. The magnitude of
intermixing decreased with decreasing helical content
at a pueptide conceniration higher than 10 uM, These
results indicate that the content of amphiphilicity esti-
maicd by the a-helix-forming ability is signifirant to
execute the fusion of liposomes. In neutral liposomes,
4, which can take an a-helicai struciure in ncutral
fiposomes showed a fairly high ability to induce inter-
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Fig. 4, Light-scanterivg profiles of epp PClegg PA {3:1) in the
presence of peplides. 4y, 01 1, 4: 2, 0. and 3, 0.

mixing, while 1 and 2 showed only slight abilities and
no imermixing was observed for 3. As 1-3 have no
amphipathic structure in neutral liposomes, it is likely
that the fusogeric abilities of these peptides are due to
the stight difference among their hydrophobicities.

Light scattering

The peptide-induced zggregation of liposomes was
monitored by light scattering {Fig. 4). Among the pep-
tides tested, 4, induced aggregation of acidic liposomes
composed of egg PC and egg PA (3:1) most effectively,
and its cfficiency was about 3-times higher than that of
1. On the contrary, peptides 2 and 3 induced the
aggregation of the acidic liposomes less effectively than
! at a concentration of 20 uM. That is clear that the
aggregation efficiencies of the peptides are also corre-
lated to the a-helical contents of the peptides in acidic
liposomes. Any decrease in light scattering intensities
of the peptides was not observed even at concentra-
tions higher than 20 uM (data not shown), suggesting
that tiie peptides did not disrupt the phospholipid
bilayer to form a micellar or discoidal structure [12].

Electror: microscopy

Electron microscopic data indicated that & induced
the increase in the mass of acidic liposomes. After 1
min incubation, the diameter of the acidic liposomes
consisting of egg PC and egg PA (3:1) increased from
2050 nm to 100-300 nm (Fig. 5). The average size was
slightly smaller as compared to that obtained for the
liposomes cnlatged by 4, (2], Although 2 and 3 alse
caused aggregaticn or fusion of the liposomes, the size
of the liposomes was much smaller than that induced
by 1 (data not shown).

Discussion

In the nreceding paper [2}, we reported that the
amphiphilicily i ine peplides dus o the formaiion uf
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Fig. 5. Electron micrographs of liposomes. Unilamellar vesicles consisting of egg PC/egg PA (3:1){a) were incubuted with 1 for about 1 min (b),
Micrugraphs were abtained by the negztive-stain method. The bar reprasents 200 nm.

an o-helical structure was important for inducing the
fusion of liposomes, and their fusogenic abilities were
corielated to hydrophobic moments of the peptides.
All the results in the present study showed that the
preline-containing peptides have abilities to induce the

" fusion of small acidic unilamellar liposomes and their
abilities depend on the a-helical contents of the pep-
tides in the liposomes.

The values of hydrophobicities (--2.0 to -1.0
keal /residue) and hydrophobic moments (about 0.50
xcal /residue) of these peptides fall in a ‘surface associ-
ating’ pepcide having a low membrane mean residue
hydrophobicity {-2.0 to 1.0 kcal/residue) and a high
helical hydrophobic moment (5.5 to 1.25 keal /residue)
[10]. This implies that the peptides would tind to lipid
bilayers in similar manner under a certain condition. In
fact, the proline-containing peptide took a random
structurc in buffer and reunal liposomes and an a-
nelical structure in acidic liposomes. Since the a-heli-
cal siructure was induced ir the presence of acidic
liposome, the binding affimty of these peptides to
acidic lipid might be evaluated by their a-helicai-for-
ming poientials.

In acidic liposomes, tie a-irelical contents of 44, 1, 2
and 3 decreascd in this order. Furthermore, the abili-
ties of the pecptides to induce aggregation and fusion of

liposomes as examined by light scattering and lipid
mixing techniques were also parallel to the helicai
contents. Since their a-helical forming-potentials are
coirelated to the extent of their amphiphilicities, these
findings indicate that the abilities o: thc peptides to
induce ihe fusion of liposomes depend on the extents
of amphiphilicities.

The content mixing fecliaiguc used to cstitale a
fusion ability could not be adopted for these peptides
because of too rapid initial bussi of th: leakage to
monitor under the conditions employed {i3]. However,
electron microscopic dzta suggest=d that the increase
in the size of liposome: induced by the peptides was
not due to the exchange of the lipid molecules between
liposomes but due to the fusion ot liposomes (Fig. 5).

As previously reported, 4, inducec a massive leak-
age [2.. 1t is noteworthy that all the Pro-containing
derivatives of 4, induce a massive icakage similarly to
4, in acidic liposomes, <ven tho:3zh e amphiphilici-
ties of thc peoptides decrease, owisg to the decrease in
the a-inclical contenis, These finding, suggest that the
amphiphilicity of the peptide i» aot dominant for in-
ducing the massive leakuge. There is a possibility that
the ability of the peptide to induce the massive leakage
is dependent on the hydrophobicity of the veptide. In
this case, however, this possibility can be negligible
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since the leakage ability of the peptide 4, remained
erchanged after reducing the hydrophobicity by substi-
tutng Ala(s) to Pro{s). It should be noted that peptide 3
induced the leakage of the dye entrapped in the neu-
tral liposomes slightly, while this peptide induced the
massive leakage for the acidic liposomes. These resuits
lead us to conclude that the charge interactivin be-
tween the peptide and liposome is important for the
peptide-induced membrane perturbation and fusion.

Conclusively, the abilities of the peptides to induce
the fusion of liposomes depend on the extent of am-
phiphilic conformation evaluated by a-helical contents
of the peptides. This is consistent with the previous
view that the effect of the peptides on biological activ-
ity is correlated to the ability of taking the amphipathic
structure by e-helix formation [6].
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