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Two peptides, MA-inv and MA-ME, with the sequence 10-17 of magainin 2 at their N-termini
were designed and synthesized. The peptides had higher antifungal activities against Aspergillus
Jumigatus without hemolytic activities. The minimal inhibition concentratory (MIC) values of both
peptides against A. fumigatus were 5 ug/ml, whereas those of the native peptides, magainin 2 and
melittin, were 10 pg/ml. At 3 ug/ml, MA-inv and MA-ME inhibited the mycelium growth of A.
Sfumigatus by 94.6% and 97.3%, respectively, whereas magainin 2 and melittin inhibited by 62.2%
and 32.4%, respectively. MA-inv showed up to 80% inhibition of (1,3)-B-D-glucan synthase activity
of A. fumigatus. The peptides also showed antifungal activities for other fungi of Aspergillus sp.
However, the antibiotic activities of MA-ME against Escherichia coli, Bacillus subtilis and Fusarium
oxysporum were more effective than those of MA-inv, suggesting that the C-terminal sequences of
MA-inv and MA-ME may also influence their antibiotic activities. These results suggest that the N-
terminal sequence of the designed peptides, KKF GKAFYV, is important for their antifungal activities
against A. fumigatus and their C-terminal sequences are related to the organism selectivity.
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glucan synthase

A. fumigatus causes a diverse spectrum of human
diseases, including allergic bronchopulmonary
pergillosis, asthma, aspergilloma, and invasive infection in
immunocompromised hosts (1). Aspergillosis is the
second most common fungal infection requiring hos-
pitalization of patients. The respiratory tract of patients
with chronic pulmonary diseases, particularly cystic fi-
brosis (2), is frequently colonized by A. fumigatus. The
symptoms of acute form of wood-trimmers' disease, gen-
erally called extrinsic allergic alveolitis, is reported to be
caused by tremorgenic mycotoxins from A. fumigatus (3).

Magainins are known to be toxic to both Gram-po-
sitive and Gram-negative bacteria, fungi, protozoa (4),
and tumor cell lines (5), but are not hemolytic (4). The
bee venom toxin, melittin, has a variety of toxic pro-
perties (6) and also has antibacterial activity (7). The
amphipathic natures of magainins are found to he cor-
related with the antibiotic activity by acting on the phos-
pholipid of the plasma membrane (8). Although the an-

as-

* To whom correspondence should be addressed

274

tifungal activity of magainins was first reported in 1987
(4), little studies have been reported.

In this study, two synthetic peptides (MA-inv and MA-
ME) with the sequence 10-17 of magainin 2 (MA2) at
their N-termini were designed in order to have the am-
phipathic-flexible-hydrophobic structure. This structure
was originally designed as the hybrid of cecropin A (CA)
and melittin (ME) (9). The hybrid peptides showed
more potent antibacterial activities for both Gram-po-
sitive and Gram-negative bacteria (9-11), and also had a
potent antimalarial activity (10). Here we report a suc-
cessful design of two synthetic peptides which show high-
er antifungal activities against A. fumigatus than their na-
tive peptides, MA2 and ME. To elucidate the property,
the growth inhibitory activities of MA-inv and MA-ME
against A. fumigatus were examined. We also examined
inhibition effects of the synthetic peptides on the (1,3)-
(B-D-glucan synthase (GS) activity of A. Sumigatus
which is essential for the fungal mycelium growth (12).
The antibiotic activities against F. oxysporum, E. coli and
B. subtilis and the human red blood cell (hRBC) hemo-
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Table 1. Amino acid sequences of the peptides used in this study
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Peptides Sequences Remarks
MA2 GIGKFLHSAKKFGKAFVGEIMNS Native magainin 2
ME GIGAVLEVLTTGLPALISWIKRKRQQ-NH./ Native melittin
MA-Inv’ KKFGKAFV GIGKFLIISA-NH. MA10-17-MA 1 1-9
MA-ME" KKFGKAFV GIGAVLKVLTTG-NH MA 1 10-17-ME : 1-12

1 C-terminal amidated peptides.
": The designed peptides in this study.

vtic activity of these peptides were also examined.
Materials and Methods

Strains

A, fwmigatus, A. nidlans, A. oryzae, F. oxysporum, E.
coli and B. sublilis were obtained from the Korean Col-
lection for Type Cultures (KCTC), and hRBC was oh-
tained from the blood center of Korean Red Cross. The
fungi were grown in the YPD medium (2% glucose, 1%
peptone and (LO% yeast extract, pll 5.5) at 30 °C. and
the bacteria were incubated in the LB medium at 37 'C.

Peptide syntheses

Peptide syntheses were performed by solid phase
methods (13) using Fmoc as the No-amino protecting
group. All peptides were purified by HPLC on a reverse
phase C.. column. The molecular weights (MWs) of the
purified peptides were determined by the matrix-as-
sisted laser desorption ionization (MALDI) mass spec-
troscopy (14). The sequence data of the synthetic pep-
tides used in this study are summarized in Table 1.

Antifungal activity assays

Minimal inhibitory concentrations (MICs) against A.
Jumigalus were determined by a broth dilution method
(15). MA2, ME, MA-inv and MA-ME were used in con-
centrations varying between 20 pg/ml and 1.25 pg/ml, in
two-fold serial dilutions. The final spore concentration
was 1> 10" colony forming units (CFUs/ml).

Growth inhibition activities of A. fumigatus and F. ox-
ysporum were tested at fixed peptide concentrations, 3
pg/ml and 5 pg/ml in 10 ml volume, respectively. The fi-
nal spore concentration was 1x10' CFUs/ml. After in-
cubating for 3 days at 30°C under constant shaking (140
rpm), the growing mycelia were harvested and the dry
weight was measured (16).

Antibacterial and hemolytic assays

Antibacterial activity was determined by the lethal con-
centration (LC) as reported (11). £ coli HB101 and B.
sublilis ATCC6633 were chosen as models of Gram-ne-
gative and Gram-positive bacteria, respectively. Three

Ul of serially diluted peptides were placed in the 3 mm
wells of the thin agarose plates seeded with 1-2x10°
CFUs/6 ml anc the plates were incubated overnight at
37°C. The letha! concentration was estimated by the re-
gression of the plot, the square diameter of the clear
zone versus the peptide concentration, as described by
Boman ¢f al. (9)

Hemolytic activity was determined in the agarose
plates prepared with 6 ml of a medium containing 1%
agarose, 0.9% sodium chloride and 10% (v/v) human red
blood cell (hRBC) suspended in Alsever's solution (11),
Three Hl of seriilly diluted peptides were applied in the 3
mm wells and the plates were incubated overnight at
37°C. The hemolytic concentration was estimated by the
regression of the plol, the square diameter of the clear
zone versus the peptide concentration, as described by
Boman ef al. (9).

Preparation and activity assay of A. fumigatus GS

The membrane fraction containing GS of A. fumigatus
wes prepared according to the method described by Beau-
liea ef al. (17). A funigaius mycelial cells were grown in
YPD broth, inoculated with 1 to 2> 10" spores/ml, and in-
cubated at 37°C for 24 h. Cells were harvested by fil-
tration on 0.22 uM membrane filter, and then washed
wirh cold deionized water. Two to 2.5g of the filtered
cells were frozen at -70°C and then broken by grinding
with mortar. These freezing and grinding steps were re-
peated five times. The ground cells were resuspensed in
15 ml of cold extraction buffer (50 mM Hepes pll 7.7, 1
M Sucrose, 50 mM NaCl. 1 mM dithiothreitol, 5 mM
EDTA, 10 mM sodium fluoride. and 0.1 mM GTDP). ther
homogenized with a teflon homogenizer. Clear lysates
were obtamed by low speed centrifugation (2,000 g, 4C.
15 min). The plasma membranes were precipitated by ul-
tracentrifugation (100,000 xg. 4'C, 60 min). The pellets
were homogenized in 20ml of cold extraction buffer
with a teflon homogenizer, and then ultracentrifuged as
above. The pellets were suspended in the extraction huff -
er (final protein concentration 2 mg/ml) and used for GS
activity assay.

Polymerization activity of GS present in membrane
preparations was also assaved by the method of Beaulicu
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Table 2. Antifungal and Hemolytic activities of the peptides

J. Microbiology

MIC*(pg/ml) % growth Inhibition” % growth Inhibition” Hemolytic
Peptides for for A. fumigatus for F. oxysporum concentration
A. fumigatus at 3 ug/ml of peptide at 5ug/ml of peptide (UM)
MA2 10 62.2 0 ND¢
ME 10 324 100 50
MA-inv 5 94.6 0 ND*
MA-ME 5 97.3 100 ND*

*: The minium peptide concentration which completely inhibited the fungal growth in liquid culture.
"1 Percentage growth inhibition was determined by comparison of the dry weights of the fungus in the peptide treated group with no pep-

tide group.

“: The hemolytic concentration was calculated by the regression of the plot, the square diameter of the clear zone versus the peptide con-

centration, as described by Boman ef . (9)
** Hemolytic activity was not detected up to 1000 uM of the peptide.

ef al. (17). One hundred pl of the membrane fraction
(containing 200 pg protein) was mixed with 33 ul of a
reaction mixture (2 mg/ml o-amylase, 3 mg/m! bovine
serum albumin, 0.4 mM UDP-glucose, and UDP-[U-"C]
glucose (1 pCi/ml) in extraction buffer). Reaction was
performed at room temperature for 15 min and stopped
by adding 1ml of cold 5% trichloroacetic acid (TCA),
which precipitated the glucan polymer, under the con-
ditions with or without 10 pg of the peptides. The pre-
cipitated polymers were recovered by vacuum filtration
on 0.45 UM membrane filters. Filters were rinsed with
5% TCA, dried, and measured radioactivity.

Results

The purities of the purified peptides were judged up to
95% by analytical HPLC, and the observed MWs of the
peptides were consisted with the expected MWs (MA2:
expected MW 2468.6, observed 2469.6; ME: expected
MW 28484, observed 2850.6; MA-inv: expected MW
1834.8, observed 1834.4; and MA-ME: expected MW
2034.2, observed 2034.0).

The designed peptides, MA-inv and MA-ME, showed 2-
fold lower MIC values against A. fumigatus as compared
with the native peptides, MA2 and ME (Table 2), even
though MA-inv (17 mer) and MA-ME (20 mer) have
shorter sequence than MA2 (23 mer) and ME (26 mer).
MICs of both MA-inv and MA-ME were 5 pg/ml,
whereas MICs of both MAZ2 and ME were 10 pg/ml. At
the fixed peptide concentration, 3 pg/ml, the growth in-
hibitions of MA-inv and MA-ME were also much greater
than those of MA2 and ME (Table 2). MA-inv and MA-
ME showed 94.6% and 97.3% growth inhibitions, respec-
tively, whereas MA2 and ME showed 62.2% and 32.4%
growth inhibitions, respectively. These results suggest
that MA-inv and MA-ME inhibit growth of A. fumigatus
more effectively than their native forms do. These pep-
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Fig. 1. Percent mnhibition of the A. fumigatus (1,3)-B-D-glucan syn-
thase by 10 pwg/ml of peptides. Percent inhibition value was ob-
tained by the formular; the radioacttvity count of reaction with the
peptide/the radioactivity count of reaction without the peptide.

tides also inhibit growth of other two Aspergillus species,
A. nidulans and A. oryzae effectively (data not shown).
However, at 5 pg/ml, ME and MA-ME completely in-
hibited the growth of F. axysporum, but MA-inv and MA2
showed no antifungal activity against F. oxysporum
(Table 2). The designed peptides, MA-inv and MA-ME,
as well as MA2 had no hemolytic activity up to 1000 uM
like, whereas ME showed strong hemolytic activity as
previously reported (6).

The antifungal lipopeptide, cilofungin, is known to in-
hibit the GS activity, and this property is related to its
antifungal activity (17). To find whether the peptides
used in this study inhibit the GS activity, the plasma
membrane fraction with GS of A. fumngatus was pre-
pared and the enzyme activity was assayed by measur-
ing the "C labeled glucan polymer. All the peptides in-
hibited the GS activity. Among them, ME-inv was the
most effective. This peptide showed 87% inhibition at
the 10 pg/ml concentration, whereas other peptides
showed 29% to 42% inhibitions (Fig. 1).
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Fig. 2. Lethal concentrations of the peptides against I colf HB101

(open har) and B, sublilis ATCCH633 (closed har).
The antibacterial activities of the peptides for both E.

The result (Fig. 2) shows that ME has the strongest an-
tibacterial activity against both these two bacterial
species, and MA-ME displays stronger antibacterial ac-
tivity than MA2 and MA-inv.

Discussion

The aim of this study is the development of shortened
peptides with potent antifungal activity against A. fumi-
gatus relative to aspergillosis (1). Since MA2 is known to
have an antifungal activity (4), the MA2-derived peptides
based on the amphipathic-flexible-hydrophobic sequence (9,
I1) were designed. Because the amphipathic  o-helical
structure s critical for antimicrobial activity (8), the am-
phipathic sequence 10-17 of MA2 was placed at the N-ter-
mini of the designed peptides, MA-inv and MA-ME (Table
1). The flexible-hydrophobic sequences of MA-inv and
MA-ME were derived from the sequence 1-9 of MA2 and
1-12 of ME, respectively (Table 1). Both designed pep-
tides have similar amphipathic o-helical patterns in their
helical-wheel diagrams within an arc of 160" positive,
whereas the patterns of MAZ and ME are much different
from those of MA-inv and MA-ME (data not shown).

The designed peptides showed stronger antifungal ac-
tivities against A. fumigatus than hoth their native pep-
tides, MAZ and ME, but did not have hemolytic activity
(Table 2). It appeares that the N-terminal sequence 10-
17 of the designed peptides, KKFGKAFV, was con-
sidered to be important for antifungal activity for A
funigatus. When the sequence of MA-ME was changed
nto the other amphipathic sequences such as 11-18 of
hombinin, KVGLKGLA, or 20-29 of hovine lactoferrin,
RRWQWRMKKL, the resulting peptides no longer show-
ed antifungal activity against A. fumigatus even though
they still have stronger antibacterial activities (data not
shown). Both MA-inv and MA-ME similar

had an-
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tifungal activities against Aspergillus sp., but different ac-
tvity against F. oxysporum which probably is due to the
differences in their C-terminal sequences (Table 2). The
C-terminal effects of the peptides were also found in the
antibacterial activities against both £ coli and B. subtilis
(Fig. 2).

A fungal GS is important to the fungal mycelium
growth by synthesizing (1,3)-B-D-glucan, a crucial (up
to 50~60%) component of the fungal cell wall. The lipo-
peptides such as cilofungin and aucleacin A inhibit iz -
tro GS activity o' A. fumigatus. and the inhibition of GS
activity by cilofurgin is well correlated with its 7 wio ac-
tvity against A. Jumigatus (17). This study (Fig. 1) also
suggests that mh:bition of (1,3)-glucan synthesis by the
peptides could be one of the possible ways of their an-
tfungal activity against A. fimigatis. and in case of MA-
mv this may be more closely related to the antifungal ac-
tvity against A jimigatus. Since GS is a membrane en-
zyme and the peptides could interact with the plasma
membrane, the inhibitions of GS activity by the peptides
could be resulted from two possible mechanisms: 1) the
plasma membrane can be disrupted by the peptides. thus
GS conformation may be changed to the lower active
form and/or 2) the peptides directly bind to GS and then
mhbit competitively or noncompetitively. T define this.
further studies are needed,

It is generally considered that the final targets of an-
tibiotic peptides with amphipathic a-helical structures
are the plasma membranes of the target orgamsms (18,
19). Therefore the cell wall and cell surface components
of the fungt could be barriers which inhibit the access of
the antibiotic molecule to the target molecules on the
plasma membrane. It has been reported that the mutants
ol Succhuromyces cerevisiae vesistant to a lipopeptide, a-
culeacin A, are no different from the parent strain with
respect to cell wall polysaccharide composition and i -
fro GS activity, but that they have differences in cell sur-
face hydrophobicit (20). Another study showed that the
antifungal hpopeptide, cilofungin. have the higher MIC
value for A. fumigotus in vitro, even though it is effective
movieo (17), and the authors suggested that the results
are caused by (he differences of cell surface hy-
drophobicities between in vitro and i vivo. Our designed
peptides, MA-inv ind MA-ME. have 25-fold lower MIC
values agamst A, funugatus (Table 2) than the lipo-
peptide, cilofungin. reported previously (17), indicating
that our designed peptides may therefore have higher ac-
cessihility to the pasma membrane of A. Jiigatus than
lipopeptides in vifrn, suggesting that these peptides are
good candidate peptides for drug development against A
Junugatus.

In conclusion, we designed the peptides, MA-inv and
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MA-ME, with more potent activity against A. fumugatus
without hemolytic activity. Their N-terminal sequence,
KKFGKAFV, was tmportant to their activity against As-
pergillus sp., and their different C-terminal sequences
were related to their different activities against F. ox-
ysporum, E. coli and B. subtilis. The inhibition activity
against GS on the plasma membrane of A. fumigatus was
greatly appeared when treated with MA-inv, and this
was considered to he one of possible mechanisms of its
antifungal activity against A. fumigatus. Although we
could not conclude the general antibiotic mechanisms of
our designed peptides against Aspergillus sp., our data sug-
gest that, comparing to the native forms, the synthetic
peptides may have a better ability to penetrate the cell
wall, to interact with the plasma membrane, and/or to in-
hibit the GS activity.
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