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Abstract: It was previously found that a cationic amphiphilic peptide, Ac-(Leu-Ala-Arg-Leu);-NHCH; (43),
caused the destabilization of a phospholipid membrane and showed strong antibacterial activity [Lee et al.
Biochim. Biophys. Acta 1986; 862: 211-219]. In order to investigate the effect of changing o-helix
propensity, hydrophobicity and basicity in 45 on the peptide conformation and activity, the 45 analogs, [Gly
(or Val)®]4,, [Gly (or Val)26]4,, [Gly (or Val)?>61°14,, [GIn®]4,, [GIn®7]45 and [GIn®>7-!1]4, were synthesized.
Except for [Val*>¢]45 and [Val?>¢1°]4,, which mainly formed a f-structure, other peptides formed an «-helix
and showed moderate membrane-perturbing activity toward neutral and acidic lipid vesicles. All the
peptides other than [Val?:1°]4, and [GIn®7-1°]4,; had the antibacterial activity comparable with that of 4.
The relationship between the membrane-perturbing activity and the antibacterial activity was not always
parallel. Conclusively, the Ala — Val substitution in 45 causes the change of peptide conformation and the
presence of a cationic amino acid residue is necessary for the antibacterial activity. Copyright © 1999
European Peptide Society and John Wiley & Sons, Ltd.

Keywords: amphiphilic peptide; circular dichroism; membrane perturbation; hemolytic activity; antibacte-

rial activity

INTRODUCTION

Many naturally occurring and artificial amphiphilic
«-helical peptides have been found to show a variety
of biological activities, e.g. membrane perturbation
[1-4], membrane fusion [5-7], antimicrobial activ-
ity [8-10], and ion channel formation [11-14]. In
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these cases, the properties and behaviors of pep-
tides, which are governed by hydrophobicity, helic-
ity and amphiphilicity, are different from each other
when in an aqueous environment and in a hydro-
phobic one. This suggests that the character of
amino acids in peptides is influenced by their sur-
roundings. With this in mind, Deber et al. have
systematically investigated the effect of successive
substitution of guest amino acids in a host peptide
on the peptide conformation and property [15,16].
They found that Ile and Val are not helix breakers
but rather helix promoters in a membrane-mimic
environment; in other words, the helical propensity
of these amino acids is enhanced in the helix-favor-
ing environment of a membrane bilayer [15]. Scher-
aga et al. also reported that the disrupting effect of
a Pro residue in an «-helix depends on its location
in the peptide [17].

We previously presented that an amphiphilic «-
helical peptide, Ac-(Leu-Ala-Arg-Leu);-NHCH; (43),



showed strong membrane-perturbing activity and
antibacterial activity against Gram-positive bacteria
[18,19]. Furthermore, by use of its more hydrophilic
and/or longer derivatives, e.g. Ac-(Leu-Ala-Arg-
Leu)s-(Leu-Arg-Ala-Leu);-NHCH; (4¢), we observed
that such derivatives had no antibacterial and weak
membrane-perturbing activities, whereas 4¢ exhib-
ited a higher membrane-fusing activity than 44 [20].
The introduction of Pro, which is a typical helix
breaker, into 45 would be anticipated to induce a
reduction of «-helicity of 45. The study on [Pro®|4,,
[Pro%%]4; and [Pro%%1°]4, showed that the helical
content gradually decreased in this order. However,
[Pro2-6:19]4, still kept «-helix-like structures in the
presence of acidic liposomes, meaning that Pro does
not always behave as a strong helix breaker in
specific surroundings [21].

In the present study, we intended to study the
effects of changing «-helix propensity, hydrophobic-
ity and basicity in 43 on its secondary structure and
activity toward phospholipids. Therefore, we syn-
thesized nine 45 analogs that contain Gly or Val
instead of Ala, or Gln instead of Arg in 45 (Table 1)
and examined their secondary structures and prop-
erties by CD and membrane perturbation measure-
ments, as well as hemolytic and antibiotic activity
assays.

MATERIALS AND METHODS

General

Reagents used for the synthesis and analysis were
of reagent grade. Amino acid derivatives and the
resin were purchased from Watanabe Chemical (Hi-
roshima, Japan). Calcein was purchased from Do-
jindo (Kumamoto, Japan), and DPPC and DPPG

PEPTIDE-LIPID INTERACTION 299

were from Sigma (St. Louis, MO). Fluorescent data
were taken on a Hitachi spectrophotometer F-3010
with a thermostatted cell holder.

Peptide Synthesis

Peptides were manually synthesized by the stepwise
elongation of Boc-amino acid on oxime resin (0.5
mmol HO/g resin) as reported previously [20]. The
Boc-amino acid derivatives used are as follows: Ala,
Arg (Tos), Gln, Gly, Leu and Val. Boc-Leu (1 mmol)
was reacted with the resin (1 g) by the HBTU-HOBt
method to give Boc-Leu-oxime resin (0.52 mmol/g).
The coupling protocol was as follows: (1) wash,
DCM ( x 1), (2) wash, 25% TFA/DCM ( x 1), (3) de-
protection, 25% TFA/DCM (30 min), (4) wash, DCM
(x2), (5) wash, i-PrOH ( x 1), (6) wash, DCM ( x 3),
(7) wash, DMF ( x 1), (8) coupling, Boc-amino acid
(three equivalents), HBTU (three equivalents), HOBt
(three equivalents), and DIEA (five equivalents) (30
min), (9) wash, DMF ( x 3), (10) wash, DCM ( x 2),
and (11) Kaiser test. When the coupling was incom-
plete, the protocol was repeated from (6). After
building up the peptide, the Boc group was re-
moved, and the peptide was acetylated with Ac,O
(five equivalents) and DIEA (two equivalents) in
DMC (10 ml/g resin) at 25°C for 30 min followed by
treatment with CH;NH;Cl (five equivalents), AcOH
(five equivalents) and DIEA (five equivalents) in DMF
(15 ml/g resin) at 25°C for 24 h. The protecting
groups of the side-chains were removed with anhy-
drous HF (10 ml) in the presence of anisole (0.5 ml)
at 0°C for 60 min. The crude peptides were purified
by RP-HPLC using Wakosil 5C18 column (A = 100%
H,0/0.1% TFA, B=100% CH;CN/0.1% TFA) or
Wakosil 5C4 column (A =100% H,0/0.1% TFA, B =
100% CH5CN/0.1% TFA:100% i-PrOH/0.1% TFA
(1:1)). The peptide gave satisfactory results on FAB-
MS and amino acid analysis (Table 2).

Table 1 Sequence of 12-mer Model Peptides

Peptide Sequence

4, Ac-LeuAlaArgLeu-LeuAlaArgLeu-LeuAlaArgLeu-NHCH,
Gl1 Ac-LeuAlaArgLeu-LeuGlyArgLeu-LeuAlaArgLeu-NHCH
G2 Ac-LeuGlyArgLeu-LeuGlyArgLeu-LeuAlaArgLeu-NHCH,
G3 Ac-LeuGlyArgLeu-LeuGlyArgLeu-LeuGlyArgLeu-NHCH,
V1 Ac-LeuAlaArgLeu-LeuValArgLeu-LeuAlaArgLeu-NHCH4
V2 Ac-LeuValArgLeu-LeuValArgLeu-LeuAlaArgLeu-NHCH,
V3 Ac-LeuValArgLeu-LeuValArgLeu-LeuValArgLeu-NHCH,
a1l Ac-LeuAlaArgLeu-LeuAlaGlnLeu-LeuAlaArgLeu-NHCH;,
Q2 Ac-LeuAlaGlInLeu-LeuAlaGlnLeu-LeuAlaArgLeu-NHCHg
a3 Ac-LeuAlaGlnLeu-LeuAlaGIlnLeu-LeuAlaGlnLeu-NHCH,

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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Table 2 Physicochemical Properties of Peptides

Peptide [MH]* Amino acid ratio in aeid hydrolysis Hydrophobicity?  «-Helical f-Structural
propensity®  propensity®
4, 1433  Ala 3.08(3), Leu 5.99(6), Arg 2.87(3) —0.123 1.21 1.09
G1 1419  Gly 1.04(1), Ala 2.00(2), Leu 6.13(6), Arg 2.90(3) —0.130 1.18 1.08
G2 1405 Gly 1.97(2), Ala 1.02(1), Leu 6.09(6), Arg 2.90(3) —0.138 1.06 1.08
G3 1391  Gly 2.89(3), Leu 6.03(6), Arg 3.13(3) —0.145 0.99 1.07
V1 1461  Ala 2.04(2), Val 1.07(1), Leu 5.88(6), Arg 3.03(3) —0.098 1.18 1.16
V2 1489  Ala 1.01(1), Val 2.08(2), Leu 6.11(6), Arg 2.87(3) —0.074 1.15 1.24
V3 1517  Val 3.15(3), Leu 5.93(6), Arg 2.88(3) —0.050 1.12 1.31
a1 1404  Glu 0.97(1), Ala 3.11(3), Leu 6.08(6), Arg 1.86(2) —0.030 1.22 1.10
Q2 1375  Glu 1.89(2), Ala 3.00(3), Leu 6.15(6), Arg 0.92(1) 0.063 1.23 1.12
Qa3 1336  Glu 2.99(3), Ala 3.12(3), Leu 6.11(6) 0.155 1.24 1.18

2 Hydrophobicity was calculated using the consensus value of hydrophobicity value for each amino acid residue [23].
b ¢-Helical propensity and B-structural propensity were calculated according to the literature [24].

Preparation of Phospholipid Liposomes

SUV of DPPC and DPPC:DPPG (3:1) were prepared
for CD and leakage experiments. Phospholipid (7.4
mg) was dissolved in CHCl;:MeOH (3:1, 2 ml) and
then dried by a stream of N, gas. The dried lipid was
hydrated in 20 mwm Tris-HCI buffer (pH 7.4, 10 ml)
using a Branson Bath-type sonicator. The suspen-
sion was sonicated at 50°C for 20 min using a
Taitec Ultrasonic Processor VP-5T at 10 W intensity.
The vesicles were left for 30 min at 25°C before the
measurements. Lipid concentration was 1 mm. The
vesicles trapping calcein were prepared by the re-
ported procedure [3]. The dried lipid (20 mg) was
hydrated in the buffer (pH 7.4, 2.0 ml) containing
0.1 M calcein. The calcein-entrapped vesicles were
separated from free calcein by gel filtration using
Sephadex G-75 (1.0 x 20 cm) with the same buffer
(pH 7.4).

CD Measurement

CD spectra were recorded on a JASCO J-720W
spectropolarimeter with a thermostatted cell holder
using a quartz cell of 1.0 mm path length. The
peptide concentration was 5.0 um in 20 mwm Tris-
HCI buffer solution (pH 7.4) or in the presence of
0.9 mmM phospholipid vesicles. Measurements were
done at 25 or 50°C. The CD data were calculated by
the method by Scholtz et al. [22].

Calcein Leakage

To a 20 mmM Tris—-HCI buffer solution (pH 7.4, 2 ml)
in a cuvette was added 20 ul of the vesicles contain-
ing 0.1 m calcein to give a vesicle solution with a
final concentration of 70 pMm. To the cuvette placed

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

in a holder (25 or 50°C) was added 20 pl of an
appropriate dilution of the peptides in the buffer.
The fluorescent intensities of calcein were moni-
tored at 515 nm (exited at 495 nm) and measured 2
min after the addition of the peptides. To measure
the fluorescent intensity for 100% dye release, 10 ul
of Triton X-100 (10% in water) was added to dis-
solve the vesicles. The percentage of the calcein
release caused by the peptides was calculated by
the equation, 100 x (F — F)/(F, — F,), where F is the
fluorescent intensity achieved by the peptides, F,
and F, are intensities observed without the peptide
and after Triton X-100 treatment, respectively.

Hemolytic and Antibacterial Assays

To fresh rabbit blood (1 ml) PBS (pH 7.4, 1 ml) was
added, the resulting mixture was centrifuged at
2600 rpm for 5 min and the precipitates were col-
lected. Washings with PBS were repeated three
times. The precipitates obtained were suspended
with fourfold volumes of PBS. Hemolytic assay was
carried out by the procedure of Argiolas and Pisano
[25]. To a rabbit erythrocyte solution (5 pl), PBS
solution (pH 7.4, 1 ml) was added followed by the
peptides. The resulting suspension was incubated
for 20 min at 37°C and then centrifuged. The super-
natant was monitored at 413 nm. Since @3 was
hardly dissolved in PBS solution, the assay could
not be done. On the antibacterial assay, the mini-
mum inhibitory concentration was measured by the
standard agar dilution method as described previ-
ously [19]. In this case, V3 and @3 were slightly
soluble in Mueller Hinton medium. Therefore, V3
and @3 were at first dissolved in small amounts of
formic acid and MeOH, respectively, and diluted

J. Peptide Sci. 5: 298-305 (1999)



with the medium. The solutions were used for the
assay.

RESULTS AND DISCUSSION

Peptide Desigh and Synthesis

Our previous study showed that [Pro*®!°]4, took a
slightly o-helix-like structure in the presence of
DPPC/DPPG (3/1) liposomes [21]. Furthermore, De-
ber and Li reported that helical propensity of pep-
tides highly depends on environment [15]. On the
basis of these findings, we attempted to study the
effect of amino acid substitution in 45 on its sec-
ondary structure and property. The synthetic pep-
tides are shown in Table 1. Gly and Val instead of
Ala were introduced into 45, because their helix
propensities are low and the hydrophobicities of Gly
and Val are lower and higher, respectively, than the
hydrophobicity of Ala. Among uncharged amino
acids, Gln has the helix propensity fairly similar to
that of Arg (Table 2). Accordingly, replacement of
Arg by GIn was done to evaluate the influence of
charge. The N- and C-termini were masked by
acetyl and methylamide groups, respectively, to
avoid the influence of undesirable charge.

Peptide synthesis was carried out by a solid phase
method using oxime resin, which is useful for
preparation of protected peptides of medium size
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[26]. All the peptides were obtained in moderate
yield.

CD Study

In order to elucidate the structural characteristics
of the peptides, the CD measurements were carried
out in Tris—-HCI buffer solution (pH 7.4), 2,2,2-tri-
fluoroethanol (TFE) and the buffer solution contain-
ing phospholipid liposomes. The results are shown
in Figure 1 and «-helical contents calculated ac-
cording to the literature by Scholtz et al. [22] are
listed in Table 3. In the buffer (Figure 1Al and A2),
G1, G2 and G3 were random, and Gln-containing
peptides showed higher helical contents than 4.
V1 exhibited low helicity of 18%, whereas V2 and
V3 did not give an «-helix pattern but rather a
p-structure. These results are reasonable from the
values of «-helical and f-structural propensities in
Table 2. High temperature (50°C) in the buffer in-
duced a decrease in helical content, indicating some
loss of «-helical structure. Peptide 45 had the heli-
cal content of 44% in TFE at 25°C. On GIn-contain-
ing peptides, the contents slightly increased in the
order of @1 < @2 < @3 (Table 3 and Figure 1B2). On
the other hand, the helical contents decreased with
an increase in the number of Gly in the case of
Gly-containing peptides (Figure 1B1). It is interest-
ing that V1, V2 and V3 exhibited moderate helical
contents in TFE (Table 3), supporting the viewpoint
by Deber and Li [15].
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Figure 1

CD spectra of the peptides in 20 mm Tris-HCI buffer (pH 7.4) (Al, A2), TFE (B1, B2), DPPC (C1, C2) and

DPPC:DPPG (3:1) vesicles (D1, D2) at 25°C; [peptide] = 5.0 pm, [lipid] = 0.9 mm.
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Table 3 «-Helical Contents of Peptides

Peptide «-Helical content (%)?

Bulffer (pH 7.4) TFE DPPC DPPC:DPPG (3:1)

25°C 50°C 25°C 25°C 50°C 25°C 50°C
4, 24 R 44 50 46 55 52
G1 R R 31 34 31 62 62
G2 R R 26 27 26 55 49
G3 R R 24 20 21 51 50
V1 18 R 33 46 48 64 61
v2 B B 37 B B 20 20
V3 B B 43 B I B B
g1 27 22 44 61 51 67 57
Q2 34 27 47 59 50 65 54
Q3 40 37 50 49 31 59 49

2 f and R denote f-structure and random, respectively.

In the presence of neutral DPPC vesicles (Figure
1C1 and C2), the helical contents of Gly-containing
peptides were roughly parallel to those in TFE. Al-
though V1 could form «-helices, V2 and V3 again
gave f-structure, indicating the strong helix-break-
ing property of Val under the conditions used. The
fact that a rise in temperature gave no appreciable
conformational change for Gly-containing peptides
and V1 may indicate that these peptides form stable
conformation. In contrast, the helical contents of
31, @2 and @3 decreased with a rise in tempera-
ture to cause a probable loss of the peptide struc-
ture. A similar tendency was observed in the
presence of acidic DPPC:DPPG (3:1) vesicles (Figure
1D1 and D2). Higher content values suggest that
the electrostatic interaction between basic peptide
and acidic phospholipids may help the helix forma-
tion. The CD curve that is probably attributable to a
mixture of «-helix (20%), f-structure (40%) and
random (40%) was found for V2 in acidic liposomes.
This means that an Ala—Val substitution in 45 is
allowed to form «-helical structure, but two substi-
tutions are on the boundary (Table 3).

Calcein Leakage

The results are shown in Figure 2. In the presence
of DPPC vesicles at 25°C (Figure 2A), V1 showed
exceptionally strong leakage activity among the Gly-
and Val-containing peptides. This suggested the im-
portance of hydrophobicity for the peptide-lipid
binding. Indeed the leakage activity of G1, G2 and
G3 decreased in this order. In addition to hydropho-
bicity, amphiphilicity is also required for strong

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.

leakage activity. Although V2 and V3 have higher
hydrophobicity than V1, they showed very weak
leakage activity probably due to incomplete am-
phiphilicity: when Val-containing peptides form a
p-structure, hydrophobic Leu and Val residues are
present on one side and hydrophobic Leu and hy-
drophilic Arg residues on another side along the
peptide chain. As the result, the peptides have in-
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Peptide (uM)

Figure 2 Profiles of the calcein leakage as a function of
the peptide concentration. (A) DPPC at 25°C, (B) DPPC at
50°C, (C) DPPC:DPPG (3:1) at 25°C and (D) DPPC:DPPG
(3:1) at 50°C; [lipid] =70 pMm. 45 (--®--), G1 (— ® —), G2
(—A—-),G3(—H—-), V1 (—-O—-),V2 (—A—-), V3 (—
0-), 81 (--O--) and @2 (--A--).
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complete amphiphilic structure. @1 and @2, which
have higher hydrophobicity than 45, exhibited the
maximum activity of 60-65%, which was stronger
than that of 45. In the presence of DPPC vesicles at
50°C (Figure 2B), the peptides except for V2 and V3
showed the maximum leakage activity of ca. 100%
within or at the peptide concentration of 0.2 pm,
suggesting that the structure of DPPC membrane
becomes unstable above the phase transition tem-
perature and the increase in fluidity of lipid mem-
brane may allow the easy penetration of peptide
into the hydrophobic region of lipid.

In the presence of acidic DPPC:DPPG (3:1) vesi-
cles at 25°C (Figure 2C), most peptides revealed
slightly stronger leakage activity as compared with
neutral DPPC vesicles. It is likely that the electro-
static interaction of basic peptides with acidic lipid
membrane increased the population of the bound
peptides to cause destabilization of the membrane
[20]. Under the same conditions, V2 and V3 exhib-
ited the maximum activity at the peptide concentra-
tion of 2.5-4 um and then the activity gradually
decreased. This phenomenon may be due to an
incident other than dye leakage. At 50°C (Figure
2D), all the peptides showed much stronger leakage
activities than those observed at 25°C. Complete
leakage was observed for the peptides other than V2
and V3 at the peptide concentration of 2-3 pm.
However, the peptide concentrations required for
complete leakage at 50°C were different between the
cases in acidic vesicles (2-3 pum) and in neutral
vesicles (0.2 pm). This result may be interpreted by
prevention of peptide penetration into the hydro-
phobic region of lipid membrane because of electro-
static interaction between charged peptides and
lipids at the surface of membrane [27].

Hemolytic and Antibacterial Activity

Hemolytic activity was measured using rabbit ery-
throcytes in order to evaluate the effect of the pep-
tides on cell membrane. The results are shown in
Figure 3. Peptide 45 showed the maximum activity
at the peptide concentration of 9 um. The activity of
G1, G2 and G3 was found to be lower than that of
4., whereas V1, V2 and V3 had higher activity. It is
interesting that V2 and V3 induced strong hemoly-
sis. Peptides V2 and V3 have incomplete am-
phiphilicity but high hydrophobicity, suggesting
that hydrophobicity of peptides exceeds their am-
phiphilicity for hemolytic activity. However, the re-
verse was found for Gln-containing peptides, which
showed a weaker activity than that of 45 in spite of

Copyright © 1999 European Peptide Society and John Wiley & Sons, Ltd.
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Figure 3 Profiles of the hemolysis as a function of the
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having higher hydrophobicity. Although the reason
is unclear, decrease in charged Arg residue(s) may
weaken the interaction of the peptides with rabbit
red blood cell membrane.

The antibacterial activities of peptides are listed
in Table 4. The activity against various Gram-posi-
tive bacteria was observed for 4; and the related
peptides except for V3 and @3. On the other hand,
none of the peptides were effective against Gram-
negative bacteria even at the peptide concentration
of 50 pg/ml. It is noticeable that G1, G2 and G3
exhibited the same activity as that of 45, suggesting
that amphiphilicity is more important than hydro-
phobicity for the antibacterial activity against
Gram-posive bacteria. The fact that V1, @1 and @2
have the same activity also support this view. Since
bacterial membrane contains acidic phospholipids,
V2 may partially take an «-helical structure by
interaction with the membrane to show the activity.
The lack of antibacterial activity of V3 and @3
indicates that amphiphilicity and the presence of
basic amino acid residue are required for the activ-
ity. From the study on the activity of four «-helical
antimicrobial peptides based on sequences and am-
phiphilicity of many naturally occurring peptides
having «-helical domains, Tossi et al. found that the
peptides with the side-chain projection angle of ca.
100° and cationic residues exhibited high bioactiv-
ity against Gram-positive and -negative bacteria [9].
Our data are in accord with their results.

CONCLUSIONS

The results showed that more than two Ala—Val
substitutions in 45 were not enough to holding its
o-helical structure, while the Ala — Gly or Arg — GIn

J. Peptide Sci. 5: 298-305 (1999)
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Table 4 Antibacterial Activity of Peptides

Organism Minimum inhibitory concentration (pug/ml)?
4, G1 G2 G3 V1 V2 V3 g1 Q2 Q3

Staphylococcus aureus FDA 209p 6.25 6.25 3.13 3.13 6.25 12.5 >50 3.13 6.25 >50
S. aureus 1840 6.25 6.25 6.25 6.25 6.25 12.5 >50 3.13 6.25 >50
S. epidermidis ATCC 12228 6.25 6.25 6.25 6.25 6.25 12.5 >50 6.25 6.25 >50
Streptococcus pyrogenes C-203P 25 25 25 25 50 >50 >50 25 25 >50
Enterococcus faecalis LS-101P 6.25 6.25 6.25 6.25 12.5 50 >50 12.5 25 >50
Bacillus subtilis PCI 219 6.25 6.25 6.25 6.25 6.25 12.5 >50 6.25 6.25 >50
Escherichia coli NIHJ JC-2 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
Shigella flexneri EW-10 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50
Proteus vulgaris IFO 3988 >50 >50 >50 >50 >50 >50 >50 >50 >50 >50

2 Method: agar dilution method; Medium: Mueller Hinton medium (Difco); Inoculum size,

b Added 10% horse blood.

substitution gave little structural change. High hy-
drophobicity and helical propensity were favorable
for strong membrane-perturbing activity. Further-
more, hydrophobicity was likely to be more impor-
tant than amphiphilicity for hemolytic activity, but
the opposite situation was observed for antibacte-
rial activity. The present study exhibited that the
helix-breaking ability of Val in 45 was unexpectedly
stronger as compared with that of Pro under the
conditions tested [21], although it has been found
that Pro has the lowest helix propensity in the
membrane-mimic environment of SDS micelles [15].
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