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Abstract: Maculatin 1.1 (Mac) is a cationic antibacterial peptide isolated from the dorsal glands of the tree
frog, Litoria genimaculata, and has a sequence of GLFGVLAKVAAHVVPAIAEHF-NH2. A short peptide lacking
the N-terminal two residues of Mac was reported to have no activity. To investigate the structure–activity
relationship in detail, several analogs and related short peptides of Mac were synthesized. CD measurement
showed that all the peptides took more or less an α-helical structure in the presence of anionic lipid vesicles.
Analogs which are more basic than Mac had strong antibacterial and hemolytic activities, while short
peptides lacking one or two terminal residues exhibited weak or no activity. Outer and inner membrane
permeabilization activities of the peptides were also reduced with shortening of the peptide chain. These
results indicate that the entire chain length of Mac is necessary for full activity, and the basicity of the
peptides greatly affects the activity. Copyright  2004 European Peptide Society and John Wiley & Sons,
Ltd.
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INTRODUCTION

Cationic amphiphilic peptide antibiotics have been
found from a variety of natural sources, and they
have been designed artificially in the search for
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of flight mass spectrometry; MIC, minimum inhibitory concen-
tration; NPN, N-phenyl-1-naphthylamine; ONPG, o-nitrophenyl β-
galactopyranoside; PBS, phosphate buffered saline (pH 7.5); PC, 3-
phosphatidylcholine; PG, phosphatidylglycerol; RP-HPLC, reversed
phase high-performance liquid chromatography; SUV, small unil-
amellar vesicle; TFE, 2,2,2-trifluoroethanol; TSB, tryptic soy broth.
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desirable candidates for clinical use or to clarify
the structure–activity relationship [1–6]. In this
connection, much attention has been concentrated
on finding peptides with strong antibacterial activity
but with no hemolytic activity [7–10], because
hemolytic activity is undesirable for practical use
of the peptides as drugs.

Maculatins are peptides isolated from the dorsal
glands of the tree frog, Litoria genimaculata [11]. A
few of them showed antibacterial activity, and a pep-
tide named maculatin 1.1 (Mac) had the strongest
activity against Gram-positive bacteria and Gram-
negative bacteria. Mac consists of 21 amino acid
residues and was supposed to become amphiphilic
when it takes an α-helical structure (Figure 1). The
lack of the N-terminal two residues from Mac led to
the loss of antibacterial activity completely [11]. By
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Figure 1 Amino acid sequence of Mac (a) and its helical
wheel (b).

comparing Mac with another antibacterial peptide,
caerin 1.1, of which the structure–activity relation-
ship was previously investigated [12–14], it was
pointed out that the Pro15 residue in Mac might play
an important role in antibacterial activity. However,
there has been no detailed study on the struc-
ture–activity relationship of Mac. In this study, Mac
and the related peptides were synthesized to clarify
the relationship. The synthetic peptides are the Mac
analogs with one or two more Lys residues than Mac,
[A15]Mac has Ala instead of Pro15 in Mac, and several
short peptides which are devoid of one or two termi-
nal residues of Mac. The properties of these peptides
were examined by CD and calcein-leakage measure-
ments, and their biological activities were evaluated
by antibacterial, hemolytic and bacterial membrane
permeabilization assays. The peptides having high
α-helicity and strong calcein-leakage activity gener-
ally showed strong biological activities. The entire
chain length of Mac was found to be necessary for
full biological activity.

MATERIALS AND METHODS

Fmoc-amino acids, 4-(2′,4′-dimethoxyphenylamino-
methyl)phenoxy resin (Rink Amide resin) and the
coupling reagents were purchased from Watan-
abe Chemical Industries Ltd (Hiroshima) and
Calbiochem-Novabiochem AG (Switzerland). Egg PC

and egg PG were from Funakoshi Co. Ltd (Tokyo).
Calcein was from Dojindo Laboratories (Kumamoto).
Rabbit blood and bacteria were from Nippon Biotest
Laboratries (Tokyo) and Fermentation Institute for
Fermentation, Osaka (IFO) (Osaka), respectively. N-
phenyl-1-naphthylamine (NPN) was from Wako Pure
Chemical Industries Ltd (Osaka).

Peptide Synthesis

All the peptides were synthesized by the solid-phase
method using Fmoc-amino acids and Rink Amide
resin with a Shimadzu PSSM-8 peptide synthesizer.
The products were purified by gel chromatography
on a Sephadex G-10 column followed by RP-HPLC
on a YMC-Pack ODS-A column. The purity of the
final products was evaluated by analytical RP-HPLC,
and was found to exceed 95%. Characterization of
the products was performed by MALDI-TOF-MS and
amino acid analysis.

Preparation of Phospholipid Vesicles

The SUVs of egg PC and egg PC/egg PG (3 : 1)
were prepared for the CD and spectrophotometric
measurements. Phospholipid (5 µmol) was dissolved
in CHCl3/MeOH (2 : 1 v/v, 0.6 ml), then dried under
a stream of N2 gas. The dried lipid was hydrated
in 20 mM Tris HCl buffer (pH 7.4, 5 ml) using
a Branson bath-type sonicator. The suspension
was sonicated for 10 min at 25 °C using a Taitec
ultrasonic processor VT-5T at an intensity of 10 W.
The vesicles were allowed to stand for 30 min at
25 °C before the measurements were made. The lipid
concentration was 1 mM. Calcein-entrapped vesicles
were similarly prepared. The dried egg PC/egg PG
(3 : 1) (5 µmol) was hydrated in 20 mM Tris HCl
buffer (pH 7.4, 2 ml) containing 60 mM calcein and
the suspension was sonicated as described above.
The calcein-entrapped vesicles were separated from
the free calcein by gel filtration using Sephadex G-
75 (1.1 × 27 cm) with the same buffer (pH 7.4). The
fraction (4 ml) containing calcein-entrapped vesicles
was pooled.

Circular Dichroism Measurements

The CD spectra were recorded on a Jasco J-
720 W spectropolarimeter with a thermostatted cell
holder using a quartz cell of 1.0 mm path length.
The peptides were dissolved in the buffer (pH 7.4),
TFE and buffer containing 1 mM phospholipid
vesicles. The peptide concentration was 20 µM.

Copyright  2004 European Peptide Society and John Wiley & Sons, Ltd. J. Peptide Sci. 10: 414–422 (2004)



416 NIIDOME ET AL.

Measurements were done at 25 °C. The mean residue
ellipticity is given as deg cm2 dmol−1 and the α-
helical contents were calculated according to the
method of Scholtz et al. [15].

Antibacterial and Hemolytic Activity

The serial solution dilution method was used to
determine the MIC values as described by Yoshida
et al. [16]. The cell suspension was diluted with
TSB medium (pH 7.4) to 104 cells/ml. Several
concentrations of the peptide solution were placed
in the test tubes, made up to 20 µl with medium
and cell suspension (180 µl) was added. After
incubation for 24 h at 37 °C, absorbance at 620 nm
was measured. Hemolytic activity was assayed by
the method of Yoshida et al. [16]. PBS (pH 7.5,
0.5 ml) was added to fresh rabbit blood (0.5 ml).
The resulting mixture was centrifuged at 2000 rpm
for 3 min, and the precipitates were collected. After
being washed with PBS three times, the obtained
precipitates were suspended in PBS (2 ml). PBS
(1 ml) was added to the rabbit erythrocyte solution
(5 µl) followed by the peptide solution. The resulting
suspension was incubated for 20 min at 37 °C, and
then centrifuged. The supernatant was monitored
at 413 nm on a Hitachi U-2000 spectrophotometer.
To measure the absorbance for 100% activity, 10%
Triton X-100 (10 µl) instead of peptide was added to
the erythrocyte solution.

Calcein Leakage

The calcein leakage experiment was performed
by the procedure of Lee et al. [17]. The vesicles
(10 µl) containing 60 mM calcein was mixed with
20 mM Tris HCl buffer (pH 7.4, 1 ml) in a cuvette,
resulting in a final phospholipid concentration of
10 µM. While the cuvette was in the holder of a
Hitachi F-3010 spectrofluorometer at 25 °C, 20 µl
of the appropriate dilution of a peptide solution
in buffer was added to the cuvette within 10 mm
path length. The fluorescence intensities of calcein
were monitored at 515 nm (excited at 495 nm)
and measured 2 min after adding the peptide. To
measure the fluorescence intensity corresponding
to 100% calcein release, 10% Triton X-100 (10 µl)
was added to dissolve the vesicles. The percentage
of the calcein release was calculated by the equation
100 × (F − F0)/(Ft − F0), where F is the intensity
observed by adding the buffer instead of a peptide
solution, and Ft is the intensity observed after Triton
X-100 treatment.

Outer Membrane Permeabilization

Determination of the outer membrane permeability
was performed by measuring the fluorescence
intensity of NPN as described by Wu et al. [18].
Single colonies of E. coli grown on trypticase soy
agar plates were inoculated in TSB (5 ml) and
grown overnight at 37 °C. The suspension was
diluted with TSB to an absorbance of 0.5–0.6 at
600 nm. Then 100 µl of 320 µM peptide solution
was added to a mixture of the bacterial suspension
(880 µl) and 0.5 mM NPN in acetone (20 µl). The
outer membrane permeability was monitored by
measuring the intensity at 420 nm (excited at
350 nm) for 10 min at 25 °C. An equivalent volume
of water was used instead of the peptide solution in
the control assay.

Inner Membrane Permeabilization

Determination of the inner membrane permeability
was performed by measuring the galactosidase
activity using ONPG as a substrate according to
the procedure of Pellegrini et al. [19]. A suspension
of E. coli (104 cells/ml, 880 µl) was added to a
solution of 2.5 mM ONPG in TSB medium (pH 7.4,
20 µl). After 15 min of incubation, 320 µM peptide
solution (100 µl) was added. The inner membrane
permeability was monitored by measuring the rate
of o-nitrophenol production at 420 nm every 1 min.
An equivalent volume of water was used instead of
the peptide solution in the control assay.

RESULTS AND DISCUSSION

Design and Synthesis of Peptides

The balance between cationic and hydrophobic
amino acid residues is generally an important factor
for antibacterial activity [20]. When Mac takes an
α-helix structure, the Lys8, His12 and Glu19 residues
are in the same direction (Figure 1) [7]. Coexistence
of cationic and anionic residues in the same
direction would be disadvantageous for antibacterial
activity because of the cancellation of charge. To
examine the effect of a change of basicity of
Mac on antibacterial activity, three 21mer analogs,
[K12]Mac, [K19]Mac and [K12,19]Mac, were designed.
Rozek et al. pointed out that Pro in Mac seemed
to play an important role in antibacterial activity
[11]. Lee et al. also reported that substitution of a
Pro residue by other amino acids in a model peptide
caused a change in biological activity [21]. Therefore,
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[A15]Mac, which has an Ala15 residue instead of
Pro in Mac, was designed. The peptide lacking the
N-terminal two residues of Mac was found to be
inactive [11]. This finding suggested that the full
peptide chain length, appropriate α-helicity and/or
hydrophobicity would be required for antibacterial
activity. On the basis of such an assumption, several
short peptides lacking one or two residues from
the N- or C-terminus of Mac were designed. The
structures of the designed peptides are shown in
Table 1. The peptides were synthesized by the solid-
phase method using Fmoc-amino acids and Rink
Amide resin in the usual manner. After purification
by gel chromatography followed by RP-HPLC, the
final products were identified by MALDI-TOF-MS
(Table 1) and amino acid analysis (data not shown).

Circular Dichroism

CD measurements were performed in 20 mM Tris
HCl buffer (pH 7.4), TFE, and the buffer in the
presence of egg PC or egg PC/egg PG (3 : 1) SUVs
(Table 2). In the buffer, Mac and the 21mer analogs
other than [A15]Mac had low α-helical contents of
6%–8%, while the α-helical content of [A15]Mac was
25%. This result suggested that replacement of Pro15

by other amino acids might change the conformation
and nature of Mac. Although [�1]Mac showed an
α-helical content of 6%, other short peptides were
random in aqueous environment. In TFE, an α-helix-
inducing solvent, all the peptides exhibited α-helical
curves with double minima around 208 and 222 nm,

corresponding to an α-helical content of 26%–50%.
Mac and the analogs have moderate α-helicities,
while the helical contents of the short peptides are
generally low.

A similar tendency in the α-helical contents of the
21mer peptides and the short peptides was observed
in the presence of egg PC. The considerably lower
α-helicity of the short peptides suggests that they
might not be able to sufficiently interact with neutral
egg PC vesicles. All the peptides including the
short peptides had higher α-helical contents in the
presence of egg PC/egg PG (3 : 1) vesicles than in the
presence of egg PC vesicles. These results indicate
that these cationic peptides interacted more strongly
with anionic phospholipid vesicles by a charge
interaction in addition to hydrophobic interaction.
The lower α-helicity of [�1]Mac than that of Mac
implied that the entire chain length of Mac might be
important or necessary for biological activity. In the
case of [A15]Mac the exact α-helical content could
not be determined, because of formation of some
turbidity after mixing the peptide with neutral or
anionic phospholipid vesicles.

Antibacterial and Hemolytic Activities

The antibacterial activity of the peptides was exam-
ined by the serial solution dilution method using
two Gram-positive bacteria (S. aureus and B. sub-
tilis) and two Gram-negative bacteria (E. coli and P.
aeruginosa). Gramicidin S, a natural antibacterial
peptide, was used as a reference. The MIC values

Table 1 Amino Acid Sequences, Molecular Weights and Hydrophobicity Values of Peptides

Peptide Amino acid sequence MALDI-TOF-MS 〈H〉a

Found Calcd [M + H]+

Mac H-
1
GLFG

5
VLAKV

10
AAHVV

15
PAIAEH

21
F -NH2 2146.2 2145.6 0.198

[K12]Mac H-GLFGVLAKVAAKVVPAIAEHF-NH2 2137.3 2136.6 0.164
[K19]Mac H-GLFGVLAKVAAHVVPAIAKHF-NH2 2145.1 2144.6 0.175
[K12,19]Mac H-GLFGVLAKVAAKVVPAIAKHF-NH2 2135.6 2135.7 0.141
[A15]Mac H-GLFGVLAKVAAHVVAAIAEHF-NH2 2120.1 2119.6 0.213
[�1]Mac H-LFGVLAKVAAHVVPAIAEHF-NH2 2089.3 2088.6 0.200
[�1,A2]Mac H-AFGVLAKVAAHVVPAIAEHF-NH2 2047.4 2046.5 0.186
[�1,G2]Mac H-GFGVLAKVAAHVVPAIAEHF-NH2 2033.3 2032.4 0.181
[�1,2]Mac H-FGVLAKVAAHVVPAIAEHF-NH2 1976.3 1975.4 0.182
[�21]Mac H-GLFGVLAKVAAHVVPAIAEH-NH2 1998.4 1998.4 0.177
[�20,21]Mac H-GLFGVLAKVAAHVVPAIAE-NH2 1861.9 1861.3 0.207

a Hydrophobicity/residue. Hydrophobicity was calculated using the consensus value of hydrophobicity
value for each amino acid residue [36].
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Table 2 α-Helical Contents and Antibacterial Activities of Peptides

Peptide α-Helical content (%)a MIC (µM)g

Bufferb

(pH 7.4)
98%TFE Egg PCc Egg PC/egg PGc

(3 : 1)
S. aureus
IFO 12732

B. subtilis
IFO 3134

E. coli
IFO 12734

P. aeruginosa
IFO 12582

Mac 8 43 36 44 8 8 32 64
[K12]Mac 8 40 36 47 8 8 16 32
[K19]Mac 7 36 32 45 4 4 16 32
[K12,19]Mac 8 43 39 51 4 2 8 16
[A15]Mac 25 50 [25]d [25]d 4 8 >64 >64
[�1]Mac 6 32 25 30 >64 >64 >64 >64
[�1,A2]Mac Re 29 16 32 >64 >64 >64 >64
[�1,G2]Mac Re 26 12 30 >64 >64 >64 >64
[�1,2]Mac Re 27 10 29 >64 >64 >64 >64
[�21]Mac Re 35 19 36 >64 >64 >64 >64
[�20,21]Mac Re 29 12 33 >64 >64 >64 >64
Gramicidin S —f —f —f —f 4 2 16 32

a [Peptide] = 20 µM, 25 °C.
b 20 mM Tris HCl buffer (pH 7.4).
c [Lipid] = 0.98 mM.
d Exact α-helical contents were not able to be determined because of turbidity.
e R means random.
f Not determined.
g Method, serial solution dilution method; medium, TSB medium (pH 7.4); inoculum size, 104 cells/ml. After incubation for
24 h at 37 °C, absorbance at 620 nm was measured.

of the peptides are listed in Table 2. Mac, [K12]Mac,
[K19]Mac and [K12,19]Mac were active against all the
bacteria used, and their antibacterial activities were
found to be stronger against Gram-positive bacteria
than Gram-negative bacteria. The activity increased
with the increase in the Lys residue, and [K12,19]Mac
exhibited higher activity than gramicidin S against
Gram-negative bacteria. Replacement of Glu19 by
Lys induced a clear increase in the activity, while the
effect of the His12 → Lys substitution on the activity
was small. In this connection, Mihara et al. previ-
ously reported that introduction of a cationic amino
acid in amphiphilic α-helical peptides strengthened
antibacterial activity against Gram-negative bac-
teria [22]. However, an increase in antibacterial
activities of the Lys-containing analogs was found
against both Gram-positive bacteria and Gram-
negative bacteria in this study. It is noticeable
that the Pro15 → Ala substitution maintained the
strong antibacterial activity against Gram-positive
bacteria but lost the activity against Gram-negative
bacteria, suggesting that a long helical structure is
disadvantageous for Gram-negative bacteria. It was
previously found that the Ala6 → Pro substitution in
Ac-(Leu-Ala-Arg-Leu)3-NHCH3 caused a decrease in

antibacterial activity against Gram-positive bacteria,
but a retention or slight increase in the activ-
ity against Gram-negative bacteria [21]. [�1]Mac,
[�1,A2]Mac, [�1,G2]Mac and [�1,2]Mac were inactive
against all the bacteria. The result that [�1,2]Mac
showed no activity agreed with the data reported by
Rozek et al. [11]. The hydrophobicities of [�1,A2]Mac,
[�1,G2]Mac and [�1,2]Mac were lower than those of
Mac and [�1]Mac, suggesting that higher hydropho-
bicity seems to be favorable for the activity. However,
[�20,21]Mac was devoid of activity in spite of its high
hydrophobicity, and the Lys-containing analogs with
low hydrophobicity had strong activity. It is likely
that amphiphilicity, i.e. a sharp separation of the
cationic cluster from the hydrophobic cluster in the
peptide molecule, is essential for the activity. Fur-
thermore, a certain peptide chain length may be
required for retention of the biologically active con-
formation of Mac.

Cationic antibacterial peptides often have hemo-
lytic activity [23–25]. From the point of view of
the practical use as a drug, it is desirable to
find antibacterial peptides without hemolytic activity
[7,8,26]. Therefore, the hemolytic activity of the
peptides was examined using rabbit red blood
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cells [16]. A part of the result is shown Figure 2.
Mac and the 21mer analogs had fairly strong
hemolytic activities. The hemolytic activity of Mac
was considerably stronger compared with that of
magainin 2, a well-known natural antibacterial
peptide with weak hemolytic activity [24]. This may
be due to the high hydrophobicity of Mac; the
< H > values of Mac and magainin 2 are 0.198 and
−0.036, respectively. Among the 21mer analogs, the
highest hemolytic activity was observed for [A15]Mac.
Since the differences between Mac and [A15]Mac
are α-helicity and hydrophobicity, α-helicity may
also contribute, in addition to hydrophobicity, to
hemolytic activity. [�1]Mac showed weak activity,
while other 20mer and 19mer peptides were inactive
even at a peptide concentration of 100 µM. The
finding that Mac has hemolytic activity indicates
that some skilful changes in the α-helicity and
hydrophobicity of Mac will be required to convert
Mac to a nonhemolytic derivative.

There have been many studies on the effects
of the Pro → Ala substitution in melittin [27–29]
and alamethicin [30–32] on biological activi-
ties and structural properties. [A14]melittin exhib-
ited stronger membrane-binding affinity [27] and
hemolytic activity compared with melittin [29]. These
results agree with the present data. The different fea-
tures of the analogs from melittin were concluded
to be ascribable to structural changes caused by

Figure 2 Profiles of hemolysis as a function of the peptide
concentration for rabbit red blood cells. Incubation; PBS
(pH7.5), 20 min, 37 °C. Mac (ž), [K19]Mac (�), [K12,19]Mac
(∆), [A15]Mac (°), [�1]Mac (�) and [�1,2]Mac (�).

helix stabilization [27,28]. This may also be the case
for [A15]Mac, because its helicity is fairly different
from that of Mac. Furthermore, analytical studies
on the structure–activity relationship indicate that
Pro-induced kinks are important in the biological
activities of antibacterial properties and Pro substi-
tution often results in a remarkable change of action
[30–34].

Calcein Leakage

The bacterial cell membrane is the locus of
action for many cationic antibacterial peptides
[1,4,35]. Calcein-leakage activity of the peptides
was measured to confirm that the peptides could
interact with the phospholipid bilayer mimicking
the bacterial cell membrane. A part of the result
is shown in Figure 3. [K12]Mac, [K19]Mac and
[K12,19]Mac exhibited strong calcein leakage activity
in the presence of egg PC/egg PG (3 : 1) vesicles, and
Mac also showed fairly strong activity. The leakage
activity gradually decreased with the stepwise
deletion of the N- and C-terminal amino acid
residues. This result is compatible with that of
antibacterial activity and therefore suggests that the
target site for the antibacterial action of Mac is the
bacterial cell membrane. Short peptides which are
biologically inactive unexpectedly exhibited leakage

Figure 3 Calcein-leakage activities of the peptides for
egg PC/egg PG (3 : 1) SUVs. [Lipid] = 10 µM, 25 °C,
λex = 495 nm and λem = 515 nm. Leakage was measured
2 min after adding the peptide. Mac (ž), [K19]Mac (�),
[K12,19]Mac (∆), [A15]Mac (°), [�1]Mac (�) and [�1,2]Mac
(�).
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activity. This may be because artificial anionic
vesicles are very sensitive to cationic peptides
compared with the bacterial cell membrane.

Outer and Inner Membrane Permeability

NPN, a hydrophobic fluorescent probe, penetrates
into the membrane interior when the membrane is
disturbed. Since the fluorescence intensity increases
in a hydrophobic environment, it is applicable to per-
meabilization measurement. The membrane perme-
abilization activity of the peptides is related strongly
to their antibacterial activity. Therefore, permeabi-
lization activities of the peptides were examined with
the outer membrane of E. coli (Figure 4). Mac and
[�1]Mac exhibited moderate permeabilization activi-
ties, while [�1,2]Mac had negligible activity. The per-
meabilization activity of [K19]Mac was higher than
that of Mac. These results are reasonable, because
the order of permeabilization activities of the pep-
tides is in accord with that of their antibacterial
activities. However, [A15]Mac unexpectedly showed
the strongest permeabilization activity among the
peptides, although its antibacterial activity was neg-
ative against E. coli. Although it is hard to explain
this phenomenon, a possibility is that [A15]Mac may

Figure 4 Outer membrane permeabilization activities
of the peptides assessed by the NPN uptake in E.
coli. [Peptide] = 32 µM, [NPN] = 10 µM, λex = 350 nm and
λem = 420 nm.

exhibit biological activity not by membrane pertur-
bation but by an other mechanism, e.g. action on a
target other than the cell membrane.

The inner membrane permeabilization was eval-
uated by measuring β-galactosidase activity using
ONPG as a substrate [19]. When the permeabiliza-
tion of the inner membrane is increased by the
peptide, ONPG moves into the cytoplasm and is
hydrolysed by the enzyme to produce o-nitrophenol,
which is colored under weakly alkaline conditions.
Absorbance at 420 nm rapidly increased with time
(Figure 5), where gramicidin S was used as a ref-
erence. The order of permeabilization activities of
the peptides was [K12,19]Mac > Mac > [�1]Mac. This
result is again consistent with that of their antibac-
terial activities and outer membrane permeabiliza-
tion activities. Gramicidin S exhibited the strongest
antibacterial activity and membrane permeabiliza-
tion activity, suggesting that high hydrophobicity
and sharp separation of the charged and hydropho-
bic side chains are favorable for biological activity.
Since the fluorescence intensity rapidly increased
and reached a plateau afterwards, the main change
of the inner membrane structure might occur at an
early time.

CONCLUSION

To examine the structure–activity relationship of
Mac, several analogs were prepared of Mac and its
short peptides lacking N- or C- terminal residue(s).
It was found that a lack of the terminal residue(s)

Figure 5 Inner membrane permeabilities of the peptides
assessed by the ONPG uptake in E. coli. [Peptide] = 32 µM

and [ONPG] = 50 µM.
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greatly reduced the binding ability of the peptides
to the lipid membrane and their biological activ-
ities, that is, the entire peptide chain was nec-
essary for full activity and keeping an active
conformation. The introduction of Lys residue(s)
in Mac caused an increase in antibacterial and
hemolytic activities, while the Pro → Ala substi-
tution enhanced hemolytic activity. These results
indicate that cationic residues mainly participate
in antibacterial activities, and hydrophobic residues
affect both antibacterial and hemolytic activities. A
consideration of cationic residues and hydrophobic
residues is required in the design of the desirable
peptides with strong antibacterial activity but less or
no hemolytic activity. Information from the present
work would be useful for the investigations on the
structure–activity relationship of Mac-type peptides.
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