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Abstract

P18 (KWKLFKKIPKFLHLAKKF-NH2) is an antimicrobial peptide designed from a cecropin A-magainin 2 hy-
brid that has potent antibacterial activity without hemolytic activity against human erythrocytes. In this study, P18
displayed potent fungicidal activity (MIC: 12.5∼25 µM) against pathogenic fungi, Candida albicans, Trichosporon
beigelii, Aspergillus flavus and Fusarium oxysporum. The central Pro9 residue and the entire sequence of P18 are
essential for its full fungicidal activity. Circular dichroism analysis suggested that the higher α-helical content of
the peptides did not correlate with the stronger fungicidal activity.

Introduction

Cecropin A (CA), a cationic 37-residue antimicro-
bial peptide, was isolated from Hyalaphora cecropia
pupae (Boman & Hultmark 1987, Steiner et al. 1988).
Magainin 2 (MA), a cationic 23-residue antimicrobial
peptide was discovered from Xenopus laevis (Zasloff
1987, Soravia et al. 1988). Both CA and MA have
potent antimicrobial activity against Gram-negative
and Gram-positive bacteria without toxicity towards
mammalian cells. They have an amphipathic α-helical
conformation in environments mimicking lipid mem-
branes (Holak et al. 1988, Gesell et al. 1997). In
the course of our studies aimed at developing novel
antimicrobial peptides that exert potent antibacterial
activity with no toxicity against mammalian cells, we
designed CA-MA (KWKLFKKIGIGKFLHSAKKF-
NH2), a hybrid composed of the N-terminal α-helical
segment of CA (amino acids 1–8) and the C-terminal
α-helical segment of MA (amino acids 1–12) (Shin
et al. 1999). CA-MA had greater antibacterial activ-
ity than CA and MA but no hemolytic activity (Shin
et al. 1999). The structure of CA-MA in 50% tri-

fluoroethanol (TFE)/water was determined by NMR
spectroscopy, and this peptide had a common struc-
ture of helix-hinge-helix (Oh et al. 2000). Further-
more, we designed a novel antimicrobial peptide, P18
(KWKLFKKIPKFLHLAKKF-NH2), with Pro instead
of Gly9-Ile-Gly11 sequence and Leu instead of Ser16

of CA-MA (Shin et al. 2001). P18 had potent bac-
tericidal and tumoricidal activity against bacterial and
tumor cells, but had no hemolytic activity against
human erythrocytes cells (Shin et al. 2001).

In the present study, to investigate the effect of
Pro-9 residue of P18 on fungicidal effect, we syn-
thesized an analog, [Leu9]-P18, in which Pro-9 was
substituted with Leu. In addition, a series of N- or
C-terminal deletion analogs of P18 were also syn-
thesized to examine whether the entire sequence of
P18 is necessary for its full fungicidal activity. The
fungicidal activities of the peptides against Candida
albicans, Trichosporon beigelii, Aspergillus flavus and
Fusarium oxysporum were measured by means of the
broth microdilution method (Dathe et al. 1997) and
the MTT colorimetric method (Mosmann 1983). In
addition, to investigate the relationship between the
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Fig. 1. Relationship between the % α-helical content of the peptides on SDS micelles and their fungicidal activity. The line was fitted by the
linear regression. Each point represents one peptide.

structure and fungicidal activity of the peptides, CD
spectra were measured in the membrane-mimicking
environments, 50% trifluoroethanol (TFE)/water and
30 mM SDS micelles.

Materials and methods

Materials

The peptides were synthesized by the solid-phase
method using Fmoc-chemistry (Sheppard 1980). The
crude peptides were purified by a reversed-phase pre-
parative HPLC on a C18 column (20 × 250 mm,
Shim-pack) using a linear gradient of 20 to 80%
(v/v) acetonitrile in 0.1% trifluoroacetic acid for
30 min. The purity of the peptides was checked
by an analytical reversed-phase HPLC using a C18

column (4.6 × 250 mm, Shim-pack) (data not shown).
MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] and TFE (trifluoroethanol) were
purchased from Sigma.

Fungal strains

Four fungal strains (see Table 2) were from the Korean
Collection for Type Cultures (KCTC), Korea Research
Institute of Bioscience & Biotechnology (KRIBB)
(Taejon, Korea). Human erythrocytes were purchased
from the Blood Center of Korean Red Cross (Taejon,
Korea).

Fungicidal activity by broth microdilution method

Fungicidal activity of the peptides against Candida al-
bicans and Trichosporon beigelii was determined by
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Table 1. Primary structures of the peptides used in this study.

Peptide Amino acid sequencea MALDI-TOF MS

Measured Calculated

P18 KWKLFKKIPKFLHLAKKF∗ 2299.8 2298.5

[Leu9]-P18 KWKLFKKILKFLHLAKKF∗ 2316.2 2316

NT-1 WKLFKKIPKFLHLAKKF∗ 2171.9 2171.8

NT-2 KWFKKIPKFLHLAKKF∗ 2058.9 2058.6

NT-3 WFKKIPKFLHLAKKF∗ 1931.4 1930.4

NT-4 WKKIPKFLHLAKKF∗ 1783.5 1783.3

CT-1 KWKLFKKIPKFLHLAKK∗ 2152.6 2152.8

CT-2 KWKLFKKIPKFLHLAK∗ 2024.4 2024.6

CT-3 KWKLFKKIPKFLHLA∗ 1896.2 1896.4

CT-4 KWKLFKKIPKFLHL∗ 1825.1 1825.4

CT-5 KWKLFKKIPKFLH∗ 1712 1712.2

aAsterisks signify C-terminal amidation.
Leucine residue substituted is underlined.

Table 2. Fungicidal activity of the peptides against fungal cells.

Peptides MIC: µMa

C. albicans T. beigelii A. flavus F. oxysporum

P18 12.5 12.5 25 25

[Leu9]-P18 25 12.5 25 50

N-1 50 50 50 50

N-2 50 50 100 100

N-3 100 100 100 100

N-4 200 200 200 200

C-1 25 25 25 25

C-2 50 50 50 50

C-3 50 50 100 100

C-4 100 100 100 100

C-5 100 100 200 200

The fungicidal activity of the peptides against C. albicans (KCTC
7121) and T. beigelii (KCTC 7251) was determined with the broth
microdilution method (Dathe et al. 1997) as described in Mater-
ial and methods. The fungicidal activity of the peptides against
A. flavus (KCTC 7375) and F. oxysporum (KCTC 6084) was de-
termined with the MTT colorimetric method (Mosmann 1983) as
described in Material and methods.
aMIC: minimal inhibitory concentration.

the broth microdilution assay. Briefly, single colon-
ies of fungi were grown overnight at 30 ◦C in the
medium containing 1% glucose, 0.3% malt extract,
0.5% peptone, and 0.3% yeast extract. An aliquot
of this culture was transferred to 10 ml fresh culture
medium and incubated for 3–5 h at 30 ◦C to obtain
mid-logarithmic phase organisms. A 2-fold dilution
series of peptides in 1% peptone was prepared, serial
dilutions (100 µl) were added to 100 µl of 2–5 ×

106 c.f.u. ml−1 in 96-well microtiter plates (Falcon),
and then incubated overnight at 30 ◦C. The inhibition
of growth was determined by measuring the absorb-
ance at 620 nm with a Microplate ELISA Reader
(Molecular Devices, Sunnyvale, CA). The lowest con-
centration of peptide that completely inhibited growth
of the organisms was defined as the minimal inhibitory
concentration (MIC). The MICs were the average of
triplicate measurements in three independent assays.

Fungicidal activity by MTT colorimetric method

Aspergillus flavus and Fusarium oxysporum were
grown at 28 ◦C in the YM medium. The fungal conidia
were seeded into 96-well microtiter plates at a density
of 2 × 103 spores per well in 100 µl YM media. The
serially diluted-peptides (10 µl) were added to each
well, and the cell suspension was incubated for 24 h
at 28 ◦C. After incubation, 10 µl of a 5 mg ml−1

MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide] in PBS (pH 7.4) was added to
each well, and the plates were further incubated at
37 ◦C for 4 h. Forty µl of 20% (v/v) SDS contain-
ing 0.02 M HCl was added to each well, which were
then incubated at 37 ◦C for 16 h to dissolve the MTT-
formazan crystals. The absorbancy of each well was
measured at 570 nm using a microtiter ELISA reader
(Molecular Devices, Sunnyvale, CA).

Circular dichroism (CD) analysis

CD spectra of the peptides were recorded using a Jasco
J-720 spectropolarimeter (Japan Spectroscopic Co.
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Table 3. Percent α-helical contents of the peptides in the various environments.

Peptide Buffera 50% Trifluoroethanol 30 mM SDS

[θ ]222 % α-helix % [θ ]222 % α-helix [θ ]222 % α-helixb

P18 −2139.6 Random −15630.7 43.9 −9465.4 23.5

[Leu9]-P18 −2867.2 1.7 −25753.1 77.3 −20661.3 60.5

N-1 −1471.5 Random −11537.5 30.4 −5951.8 11.9

N-2 −2820.6 1.6 −16610.3 47.1 −13099.1 35.5

N-3 −2143.9 Random −16341.4 46.2 −10902.7 28.3

N-4 −2121 Random −13960.5 38.4 −9631.2 24.1

C-1 −1521.3 Random −10022.1 25.4 −7016.6 15.4

C-2 −3340.3 3.3 −9934.9 25.1 −7946.5 18.5

C-3 −2457.7 0.4 −9860.9 24.8 −7059.9 15.6

C-4 −2939.4 2 −5315.9 9.8 −6569.9 14

C-5 −2508.9 0.6 −5292 9.7 −7453.1 16.9

a10 mM sodium phosphate buffer (pH 7.4).
bPercent α-helix contents of the peptides were calculated as fellows (Chen et al. 1974): % α-helix content =
100 ([θ ]222-[θ ]0

222, )/[θ ]100
222, where [θ ]222 is experimentally observed mean residue ellipticity at 222 nm

and the values for [θ ]0
222 and [θ ]100

222, which corresponding to 0 and 100% helix content at 222 nm, are
estimated to be −2340 and −30300 deg cm−2 d−1 mol−1, respectively.

Tokyo, Japan). Four scans per sample were performed
from 190–240 nm at 0.1 nm intervals. The spectra
were measured at 25 ◦C using a 1 mm pathlength
cell. The peptide concentrations were 100 µg ml−1.
The mean residue ellipticity, [θ ], is given in deg cm−2

d−1 mol−1 and the α-helical contents were calculated
using the following equation (Chen et al. 1974): % α-
helix content = 100 ([θ ]222-[θ ]0

222,)/[θ ]100
222, where

[θ ]222 is experimentally observed mean residue ellipt-
icity at 222 nm. Values of −30300 and −2340 were
taken for 100% ([θ ]100

222) and 0% ([θ ]0
222) helix

content, respectively (Chen et al. 1974).

Results and discussion

The amino acid sequences of the peptides used
in this study are shown in Table 1. All synthetic
peptides had the correct atomic mass, as determ-
ined by matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS)
(Table 1). The fungicidal activity of the peptides
against C. albicans and T. beigelii was determined by
the broth microdilution method (Dathe et al. 1997).
The fungicidal activity of the peptides against A.
flavus and F. oxysporum was examined by the MTT
colorimetric method (Mosmann 1983).

The influence of the central Pro9 residue of P18 on
fungicidal activity was investigated by a Pro9→Leu
substitution in P18 ([Leu9]-P18). P18 showed potent

fungicidal activity with the MIC value of 12.5∼25 µM

(see Table 2). A Pro9→Leu substitution ([Leu9]-P18)
in P18 induced a two-fold decrease in the fungicidal
activity against C. albicans and F. oxysporum. Ac-
cording to the stepwise deletion of N- or C-terminal
residues, the fungicidal activity of the peptides was
gradually decreased. The order of fungicidal activity
of the peptides was P18 > C1 > N1 = C2 > N2 =
C3 > N3 = C4 > C5 > N4. Therefore, these results
suggested that the central Pro9 residue and the entire
sequence of P18 are necessary for its full fungicidal
activity.

The structure-function relationships of the pep-
tides were investigated by analyzing their CD spectra
in 50% (v/v) trifluoroethanol/water and 30 mM SDS
micelles. The α-helical contents of the peptides are
listed in Table 3. All peptides showed a random coil
structure in sodium phosphate buffer, while adopted
the typical α-helical conformation with two negative
minimum bands at 208 and 222 nm in 50% (v/v)
trifluoroethanol/water and 30 mM SDS micelles. As
expected, the substitution of Pro-9 in P18 with Leu
significantly increased the α-helicity (Table 3). The
correlation between the α-helical contents of the pep-
tides on lipid membrane-mimicking SDS micelles and
their fungicidal activity were investigated. As shown
in Figure 1, a positive correlation between α-helical
content and fungicidal activity of the peptides was not
found. This result suggested that the α-helical content
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of the peptides clearly is not the sole determinant for
increasing the fungicidal activity.

In conclusion, P18 was found to have potent fun-
gicidal activity against several pathogenic fungal cells
including C. albicans, T. beigelii, A. flavus and F.
oxysporum. Thus, P18 may serve as excellent can-
didate for the design of novel antibiotic peptides with
strong fungicidal activity. Fungicidal data demon-
strated that the central Pro9 residue and the entire
sequence of P18 are essential for its full fungicidal
activity. CD analysis revealed that the higher α-helical
content of the peptides did not correlate with the
stronger fungicidal activity.
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