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Hydrophobic sequential peptides with various chain lengths, Boc-(Ala-Aib),-OMe (n =2, 4, 6, 8) and Boc-Ser(CH, Ant)-(Ala-
Aib),-OMe (n =2, 4, 6, 8, 10, Ant represents O-anthrylmethyl; abbreviated as A2—-A10), were synthesized and their orientation
and aggregation in a lipid bilayer membrane were investigated. Circular dichroism (CD) measurements revealed that the
peptides took a partially helical structure, and that the helix content increased with increasing chain length and upon distribution
to phospholipid vesicles. When long-chain peptides, A8 and A10, were incorporated into lipid bilayer membranes, the membrane
fluidity was reduced, while 5/6-carboxyfluorescein (CF) leakage through the bilayer membranes was enhanced. Fluorescence
quenching of the anthracene group with 12-doxylstearic acid suggested that these peptides took a perpendicular orientation in
the membrane. Detection of excimer emission and large fluorescence depolarization of the peptides indicated an aggregation in
the membrane. In addition, Boc-(Ala-Aib),-OMe (n = 4, 8) showed a channel-like activity in a bilayer lipid membrane (BLM).
The channel-forming ability of the hexadecapeptide was higher than that of the octapeptide. Taken together, the long-chain

hydrophobic helical peptides tend to aggregate in lipid bilayer membranes with a transmembrane orientation.

Introduction

Alamethicin forms a voltage-dependent ion channel
in phospholipid membrane. It has been suggested that
the ion channel is composed of a bundle of «-helices
with a transmembrane orientation [1]. However, the
on/off mechanism, for example, of a voltage-depen-
dent ion channel by membrane potential is still contro-
versial, and several explanations have been proposed
[2-5]. Since alamethicin contains 8 Aib residues in a
total of 20 residues, several model peptides composed
of Aib residues have been synthesized and studied.
Karle et al. [6] analyzed the conformation of Boc-(Aib-
Ala-Leu);-Aib-OMe by X-ray diffraction, and found
that the a-helix prevails from the middle to the car-
boxyl terminal of the peptide chain and that it is
distorted in the other half of the chain by the presence
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of an inserted water molecule. Consequently, some
carbonyl groups are directed outward to form a hy-
drophilic region. The decapeptide, therefore, possesses
an amphiphilic character, though it is composed exclu-
sively of hydrophobic amino acids [7]. The amphiphilic
property is the key factor for the formation of an ion
channel. On the other hand, Menestrina et al. [8] have
synthesized another group of hydrophobic peptides,
Boc-(Ala-Aib-Ala-Aib-Ala) ,-OMe (n = 1-4). The pep-
tides formed a voltage-dependent ion channel in BLM,
indicating that the hydrophobicity and a-helical struc-
ture are necessary conditions for ion-channel forma-
tion. However, the formation of a bundle structure by
transmembrane helices in the membrane remains to be
clarified.

We have synthesized hydrophobic helical peptides
which would take a transmembrane orientation in
phospholipid membrane. However, hydrophobic ho-
mopolypeptides such as polyalanine, polyleucine,
poly(y-benzyl glutamate), and poly( N-methylalanine)
were not easily incorporated into phospholipid mem-
brane, because of formation of a B-sheet structure, low
solubility in lipid membrane, or serious damage on the
membrane structure [9]. The Aib unit is effective in
suppressing the formation of a B-sheet structure, be-
cause the torsion angles, ¢ and , of the Aib residue
are confined to the right- and left-handed helical (3,
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Fig. 1. Molecular structure of Boc-(Ala-Aib),-OMe and Boc-Ser-
(CH, Ant)-(Ala-Aib),-OMe.

or a) regions of the conformational energy map [10].
a-Helical conformation is interesting because of the
macrodipole, which may make the peptide susceptible
to the electric field applied across the membrane.
However, the terminally blocked (Aib),, is reported to
take a 3,,-helix conformation [11], which has a lower
dipole moment than the a-helical conformation.
Therefore, we have chosen the alternating sequence of
Ala and Aib, Boc-(Ala-Aib), -OMe (n = 1-10), for hy-
drophobic helical peptides, which are expected to form
ion channels by taking a transmembrane orientation.
Boc-(Ala-Aib),-OMe (n = 4, 6, 8) were shown to take
an a-helix conformation in CD,CN by 'H-NMR analy-
sis, while the octapeptide in a crystalline state was
shown to take a 3,,-helix conformation by X-ray analy-
sis [12].

In the present investigation, Boc-(Ala-Aib),-OMe
and Boc-Ser(CH, Ant)-(Ala-Aib),-OMe (n = 2, 4, 6, 8,
10, Ant represents O-anthrylmethyl; abbreviated as
A2-A10) were synthesized (Fig. 1) and their interac-
tions with phospholipid bilayer membranes were inves-

TABLE 1

Elemental analysis of synthetic peptides

tigated. In order to know the orientation and aggrega-
tion of the peptides in the membrane, an anthryl group
was connected to the N-terminal unit of the peptides
as a fluorescence probe. Ion-channel formation of the
peptides in BLM was also examined, and discussed in
terms of the peptide structure in the membrane.

Methods

Materials. Dimyristoylphosphatidylcholine (DMPC),
dipalmitoylphosphatidylcholine (DPPC), 12-doxyl-
stearic acid (12DS), and 5 /6-carboxyfluorescein (CF)
were purchased from Sigma and used without further
purification. Azolectin (Associated Concent.) was puri-
fied by the method reported by Kagawa et al. [13].

Synthesis of peptides. Peptide synthesis was carried
out by the conventional liquid phase method. Fragment
condensation was repeated by using dicyclohexylcarbo-
diimide and N-hydroxybenzotriazole as coupling rea-
gents to ultimately obtain Boc-(Ala-Aib),-OMe (n = 2,
4, 6, 8). The synthesized peptides were purified by
either recrystallization from a methanol /diethyl ether
mixture or chromatography through a Sephadex LH-20
column with methanol as eluant. Each compound was
identified by 'H-NMR, and the purity was checked by
thin-layer chromatography. The results of elemental
analysis are summarized in Table I. An (n=2, 4, 6, 8,
10) were synthesized similarly. For example, A8 was
synthesized as follows: Boc-(Ala-Aib);-OMe was
treated with trifluoroacetic acid. The solid product was
dissolved in dimethylformamide and coupled with Boc-
Ser(CH,Ant) by using dicyclohexylcarbodiimide and
N-hydroxybenzotriazole. The product was purified by a
Sephadex LH-20 column using methanol as eluant and
a Cosmosil 5C 4P reversed-phase HPLC column using
methanol /water (9:1, v/v) as eluant.

Preparation of liposome. Small unilamellar vesicles
were prepared by sonication of DMPC or DPPC dis-
persion in a buffer solution (10 mM Hepes, 0.1 M
NaCl, 0.1 mM EDTA, pH 7.4) and ultracentrifugation
at 100000 x g. Lipid concentration was determined by

Sample Formula C (%) H (%) N (%)
Boc-(Ala-Aib),-OMe C,oH3N,O; caled. 54.03 8.16 12.60
found 54.21 8.36 12.60
Boc-(Ala-Aib),-OMe - 2H,0 CiHyNgO 4 caled. 51.50 8.14 14.13
found 51.83 7.99 14.22
Boc-(Ala-Aib)g-OMe-H,O CugHgH 5044 calcd. 53.02 7.97 15.46
found 53.19 8.08 14.90
Boc-(Ala-Aib)g-OMe -H,0 Cs:H19N;c05 caled. 53.20 7.92 16.01
found 53.15 7.88 16.22




the colorimetric method using phospholipase D (Di-
acolor, Toyobo).

Measurements. Circular dichroism (CD) and fluores-
cence spectra were measured on a JASCO J-20 or
J-600 spectropolarimeter and a Hitachi MPF-4 fluo-
rophotometer, respectively. The CD data are pre-
sented as mean residue ellipticities. Fluorescence de-
polarization of 1,6-diphenyl-1,3,5-hexatriene (DPH),
1-anilinonaphthalene-8-sulfonate (ANS), or the anthryl
group of the peptides was measured by an equipment
installed on the fluorophotometer reported previously
(14].

CF leakage. CF-encapsulated DPPC vesicles were
prepared by the method reported by Barbet et al. [15].
The excitation and monitor wavelengths of CF were
470 and 515 nm, respectively. Complete release of CF
was attained by destruction of vesicles with Triton
X-100.

BLM experiments. A thin Teflon film (0.25-mm thick)
with a hole of 0.1-mm diameter was clamped between
two compartments of a Teflon trough. The hole was
coated with hexadecane /hexane (6:4, v/v) mixture in
advance. The azolectin membrane was formed by the
method reported by Montal et al. [16]. An unbuffered
KCl solution (1 M) was used. Before the measurement,
an AC voltage of 200 mV (peak-to-peak, 1 kHz) was
applied to the membrane for 30 min, which made the
planar bilayer membranes virtually solvent-free (8]. The
peptide was added to the aqueous phase in both com-
partments.

Results and Discussion

Conformation in solution

CD measurements of Boc-(Ala-Aib),-OMe (n =2,
4, 6, 8) and A10 revealed that the intensity of negative
Cotton effect at 208 and 222 nm increased as the
peptide chain was elongated, probably with increasing
helix content (Fig. 2). We have reported that the criti-
cal chain-length for 3,,- to a-helix transition is eight on
the basis of the experimental fact that the preferred
conformation of Boc-(Ala-Aib),-OMe was 3,-helix in a
solid state but a-helix in solution [12]. It is therefore
considered that Boc-(Ala-Aib),-OMe (n =6, 8) and
A10 take an a-helix conformation, and that the helix
content of A10 is about 50%, which is highest among
these peptides.

Distribution to lipid bilayer membrane

Fluorescence spectra of An(n=2,4,6,8, 10) in a
buffer solution are shown in Fig. 3. Monomer emission
around 410 nm is predominant in the spectra of A2
and Ad, indicating that these peptides are molecularly
dispersed in a buffer solution. On the other hand,
excimer emission around 470 nm was observed with
longer peptides, and prevailing in the spectra of A8
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Fig. 2. CD spectra of Boc-(Ala-Aib),-OMe (n = 2, 4, 6, 8, the residue
concentration was 2 mM) and A10 (the residue concentration was 1.4
mM) in ethanol.

and Al0. Excimers of A8 and A10 should have re-
sulted from aggregation of these peptides due to hy-
drophobic interactions.

Addition of DMPC liposomes to the peptides in a
buffer solution changed the fluorescence spectra, re-
flecting incorporation of the peptides into the
phospholipid bilayer membranes. The monomer emis-
sion intensities of A2, A4, and A6 decreased in the

Fluorescence Intensity

390 130 0 510 530
Wavelength / am

Fig. 3. Fluorescence spectra of An (n=2, 4, 6, 8, 10) in a buffer
solution. The peptide concentration was in the range of 0.95-107¢ —
1.1-10~% M. Excitation wavelength was 367 nm.
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Fig. 4. Change of monomer emission intensity of A2 (A), A4 (0),

and A6 (@) by the addition of DMPC liposome. The peptide concen-

tration was in the range of 0.95-107% —0.99-10~% M. Excitation and
monitor wavelengths were 367 and 414 nm, respectively.

presence of a small amount of liposomes, but increased
when the lipid concentration increased beyond 0.3-0.4
mM (Fig. 4). The decrease of monomer emission inten-
sity is a result of excimer formation due to condensa-
tion of peptide molecules into a narrow region of a
lipid bilayer membrane. However, dilution of peptides
in large amounts of lipid membranes increased the
intensity of monomer emission.

With A8 and A10, excimer emission prevailed in a
buffer solution, but monomer emission became prevail-
ing after addition of DMPC liposome, indicating disso-
ciation of aggregates by distribution to the lipid mem-
brane (Fig. 5). However, excimer emission remained in
the presence of excess amounts of DMPC liposome.
This situation occurred . especially with A10 which
tended to associate with themselves in the lipid mem-
brane.
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Fig. 5. Change of fluorescence spectra of A10 (0.94-107% M) by the

addition of DMPC liposome, DMPC]=0 mM; , 0.12 mM;
------ ,029mM; —— —, 057 mM; - —-—-.

Conformation in lipid membrane

CD spectra of Boc-(Ala-Aib),-OMe (n=2, 4, 8)
were measured in the presence of DPPC liposome of
varying concentrations (Fig. 6). The ellipticity at 220
nm of the tetrapeptide changed the sign from minus to
plus in the presence of a small amount of liposomes,
but decreased again to a negative value by further
addition of lipid molecules. The spectrum showing a
positive 220-nm ellipticity resembles those of Aib-con-
taining oligopeptides taking a B-turn structure [17].
The B-turn structure of the tetrapeptide was also indi-
cated by IR spectrum in chloroform, showing the amide
I absorption at 1676 cm™! and the N-H stretching
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Fig. 6. Change of CD spectra of (a) Boc-(Ala-Aib),-OMe (0.23 mM) and (b) Boc-(Ala-Aib)g-OMe (0.072 mM) by the addition of DMPC

liposome, [DMPC] 0 mM;

, 1.4 mM;

------ ,2.7mM; ———, 6.8 mM; -~ —-.



absorption at 3348 cm™! [18]. Therefore, the tetra-
peptide forms a B-turn structure under a condensed
state in the lipid membrane. However, it takes a ran-
dom conformation under diluted conditions.

Boc-(Ala-Aib),-OMe behaved similarly to the tetra-
peptide in CD spectroscopy. In the presence of a small
amount of liposomes, a small positive Cotton effect
was observed around 220 nm, which decreased to a
negative value with increasing addition of liposomes.

On the other hand, Boc-(Ala-Aib);-OMe in a buffer
solution showed a negative ellipticity around 230 nm
(Fig. 6), which is typical for a-helix, aggregated he-
lices, as exemplified by rhodopsin [19]. Such aggrega-
tion in a buffer solution is consistent with the excimer
formation as observed by the fluorescence measure-
ment described above. However, by the addition of
liposomes, CD spectrum turned to a double-minimum
type that is typical for an a-helix conformation. There-
fore, the hexadecapeptide takes an a-helix conforma-
tion in lipid membranes with weakened intermolecular
interactions.

Membrane perturbations

The effect of peptide distribution on the membrane
structure was evaluated by measuring the membrane
fluidity and the leakage of encapsulated substance.
Fluorescence depolarization of DPH and ANS repre-
sents the fluidity of the hydrophobic core and the
surface of the membrane, respectively. As shown in
Fig. 7, fluorescence depolarization of ANS, that is, the
fluidity of the membrane surface, decreased upon dis-
tribution of Boc-(Ala-Aib),-OMe (n =2, 4, 6, 8) into
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Fig. 7. Change of fluorescence depolarization of DPH, B, and ANS,
@, with the addition of Boc-(Ala-Aib),-OMe in the presence of
DPPC liposome. W: [DPH]=7.5 uM, [DPPC]=0.77 mM, and
[peptide] = 12 uM. Excitation and monitore wavelengths are 357 and
457 nm, respectively. @: [ANS]= 0.51 mM, [DPPC]= 0.76 mM, and
[peptide] =20 uM. Excitation and monitor wavelengths are 395 and
480 nm, respectively. P, and P represent fluorescence depolarization
without additive and with peptide, respectively.
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Fig. 8. CF leakage from DPPC liposome by the addition of Boc-(Ala-

Aib),-OMe; n=2,04, X; 6, a 8, B. O, liposome without peptide.

[DPPC]=1.7-10"° M. [peptide]=2.4-10"% M (at st arrow) and
4.8-107% M (at 2nd arrow). Temperature was 31°C.

the membrane. The hexadecapeptide remarkably de-
creased the fluidity of the hydrophobic core as well as
the surface of membrane, and enhanced the leakage of
CF encapsulated in DPPC liposome (Fig. 8).

The reduced fluidity of the membrane reflects a
tight packing of lipid molecules as a result of molecular
motion suppressed by Boc-(Ala-Aib);-OMe. Since the
tight membrane is a barrier to CF leakage, the en-
hanced CF leakage might have resulted from the chan-
nel formation by aggregation of Boc-(Ala-Aib);-OMe
spanning across the membrane. This point will be
discussed further subsequently.

Orientation of peptides in bilayer membrane

The position of an anthryl group of An (n =2, 4, 6,
8, 10) in the bilayer membrane was determined by
fluorescence quenching experiments with 12DS (Fig.
9). The doxyl group of 12DS was located in the middle
part of the DMPC bilayer membrane. The emission of
anthryl group of A6 and A8 was quenched most effec-
tively by 12DS. When A6 and A8 take an «-helix
conformation with a perpendicular orientation to the
lzilayer membrane, the molecular length becomes 20-25
A and the emission from anthryl group located close to
the doxyl group in the membrane is quenched effec-
tively. On the other hand, the quenching rate of A10
by 12DS was very low;) The molecular length of a-heli-
cal A10 is about 35 A. This is somewhat too long to
place the anthryl group in the middle of the bilayer
membrane having the peptide oriented perpendicu-
larly. The quenching experiment indicated that long
peptides take an a-helix conformation with a perpen-
dicular orientation to the bilayer membrane. The N-
terminal portion of the peptides should be located in
the depth of the membrane rather than on the surface
of the membrane owing to the hydrophobic property of
the anthryl group.
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Fig. 9. Change of monomer emission intensity (I, /I —1) of An by

the addition of 12DS in DMPC liposome at 15°C. [DMPC]=5.7- 10~

M. [12DS]=2.9-10"° M. The peptide concentration was in the

range of 0.9-107°-1.0-10"% M. Excitation and monitor wave-
lengths were 367 and 414 nm, respectively.

Association of peptides in bilayer membrane
Fluorescence depolarization of anthryl groups of the
peptides was examined in a mixture of glycerol and
ethanol (1:4, v/v). As shown in Fig. 10a, fluorescence
depolarization decreased monotonously with increasing
length of peptide chains due to restricted motion of
large molecules. On the other hand, in the presence of
DMPC liposomes, it decreased with increasing peptide
length below dodecapeptide, but increased beyond it in
the order of A6 < A8 < A10 (Fig. 10b). The increasing
fluorescence depolarization of longer peptides is as-
cribed partly to the increased fluidity around the an-
thryl group, which is located in the middle of the lipid
bilayer membrane. However, the substantially high
value of fluorescence depolarization of A10 should be
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Fig. 11. Current-voltage response of Boc-(Ala-Aib),-OMe (n=4, @
8, O) in a planar bilayer membrane. The diameter of a hole in Teflon
film was 0.3 mm. The peptide concentration was 3-107% g/ml.

due to energy migration between anthryl groups. The
temperature dependence of fluorescence depolariza-
tion of A10 was studied at two different lipid concen-
trations (Fig. 10c). It was more extensive at lower lipid
concentrations, in other words, at higher peptide con-
centrations which facilitate peptide aggregation. Taken
together, it is suggested that Al0 is incorporated into
lipid bilayer membranes accompanying aggregation in
which the helix axis is perpendicularly oriented to the
membrane surface.

BLM measurement

A bundle of hydrophobic helical peptides should act
as an ion channel in bilayer membranes. Current—volt-
age (I-V') response across BLM containing Boc-(Ala-
Aib),-OMe (n =4 or 8) is shown in Fig. 11. The I-V
curve at higher voltages can be described by a hyper-
bolic function of voltage, where current increases expo-
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Fig. 10. Fluorescence depolarization of anthryl group of An (a) in a mixture of 20% glycerol and 80% ethanol and (b) in the presence of DMPC
liposome at 15°C. (c) Temperature dependence of fluorescence depolarization of A10 at two different concentrations; ®, [DMPC] 1.7 mM and
[A10]=2.7- 1076 M; o, [DMPC] = 3.0 mM and [A10]=2.4- 1075M.
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Fig. 12. Single-channel current fluctuations at a constant applied
voltage of 120 mV, in the presence of Boc-(Ala-Aib)g-OMe (3.0-10~7
g/ml). The diameter of the hole was (.1 mm.

nentially beyond the critical voltage, V. V. was about
150 mV for the octapeptide, but drasticaly decreased
to about 50 mV for the hexadecapeptide.

When the membrane was kept under slightly higher
voltage than V, in the presence of peptides, fluctuation
of membrane conductance was observed (Fig. 12). Al-
though the current fluctuation was not stepwise changes
between defined levels, the peptides are suggested to
form ion channels with various conductance levels.
This type of ion channel has been reported by Ghosh
and Stroud [20] in the case of a model peptide of §
subunit of the nicotinic acetylcholine receptor, which is
suggested to form a bundle of membrane-spanning
helices with various sizes. Although the single-
channel-like response was formed at the applied volt-
age of 80 mV in the case of hexadecapeptide, the
octapeptide did not show such a response at the ap-
plied voltage of 200 mV. When the peptide concentra-
tion of the octapeptide was doubled, a single-channel-
like response was detected at the applied voltage of
160 mV. The channel conductance and opening fre-
quency of the octapeptide was much lower than those
of the hexadecapeptide.

These peptides may be regarded as a voltage-depen-
dent ion channel, and Boc-(Ala-Aib)g-OMe is highly
potent in forming this type of channel. The high ability
of the hexadecapeptide in channel formation can be
explained on the basis of its tendency for aggregation
in bilayer membrane with a perpendicular orientation.
These findings are consistent with the other report that
the hydrophobic helical 21-peptide analogs span the
lipid bilayer with their long axis normal to the mem-
brane surface [21]. It should be pointed out, however,
that the number of reports, which confirmed the orien-
tation of helical peptides in the phospholipid bilayer
membranes by using spectroscopic methods (e.g. Refs.
22-24), is relatively small. Although it is generally
admitted that hydrophobic a-helical peptides with more
than 20 amino acid residues traverse the lipid bilayer
[25-27], the relation between the orientation and the

7

peptide-chain length was not clarified clearly. In the
present study, the significant differences were observed
between A10 (21mer peptide) and A8 (17mer peptide)
as shown in Fig. 9 and Fig. 10b. Thus, the chain length
of the peptides is one of the critical factors for deter-
mining the peptide orientation in the membrane. The
peptides with chain length enough to traverse the
membrane predominantly take the perpendicular ori-
entation, probably because amide protons and carbonyl
groups at the N- and C-terminal regions of the helix,
which don’t participate in the hydrogen bonds, should
be stabilized at the polar region of the membrane
surface. However, A8 and Boc-(Ala-Aib);-OMe
(16mer) also took the perpendicular orientation, though
the fraction was less than A10, and formed an ion
channel effectively.

Another important conclusion is the aggregation of
the peptides in the lipid bilayer. Previously, we have
reported that hydrophobic oligopeptides aggregated in
the membrane of the gel state [28], suggesting that
interactions between peptides are stronger than those
between peptide and lipid. Although A10 is composed
only of hydrophobic residues, the peptide still tends to
aggregate in the membrane. Therefore, the formation
of the helix bundle in the membrane is ascribed to the
molecular property of the hydrophobic peptides in the
membrane.

Amphiphilic helical peptides have been shown to
form ion channels in the membrane [29-32]. However,
amphiphilic helical peptides tend to stay at the mem-
brane surface oriented parallel to the surface [23,33].
Therefore, further studies on the orientation of pep-
tides in the membrane should be needed as described
here.

Molecular design for voltage-dependent ion channel
should be a preparation of hydrophobic helical peptide
having a chain long enough to span across lipid bilayer
membrane. However, the pore size, which determines
the cation selectivity of the channel, is variable depend-
ing on the number of the helix rods in the bundle
formed in the membrane.
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