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The hybrid peptides, CA-ME, CA-MA and CA-BO, with the N-terminal sequence 1-8 of cecropin
A and the N-terminal sequences 1-12 of melittin, magainin 2 and bombinin, respectively, have
more improved antibacterial activities. CA-MA was found to have stronger antifungal activity
against Trichoderma sp than other hybrid peptides and their parental peptides. In order to elu-
cidate the relationships between the peptide structure and antifungal activity, several analo-
gues of CA-MA or CA-BO were also designed and synthesized by the solid phase method. An-
tifungal activity was measured against T. reesei snd T. viride, and hemolytic activity was
measured by a solution method against human red blood cclls. The residue 16 of CA-MA, Ser,
was found to be important for antifungal activity. When the residue was substituted with Leu,
antifungal activity was dramatically decreased. CA-MA, P1, P4 and P5 designed in this study
showed powerful antifungal activity against T. reesei and T. viride with low hemolytic activity
against human red blood cells. These hybrid peptides will be potentially useful model to further
design peptides with powerful antifungal activity for the effective therapy of fungal infection
and understand the mechanisms of antifungal actions of hybrid peptides.
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A number of antibacterial peptides have been
discovered from mammalian, amphibian, and insect.
Among them, cecropin A (CA), melittin (ME), bom-
binin (BO) and magainin-2 (MA) are found to pos-
sess potent antimicrobial activity with broader spec-
trum (1-4). These peptides are known to play im-
portant roles in insect immunity and host defense (5,
6). The unique amphipathic structures of these pep-
tides are considered to be essential for the in-
teraction with the outer phospholipid bilayer of bac-
teria (7-9). Recent studies suggest that the mechan-
ism of antibacterial activity of these peptides in-
volves in the formation of ion channels with con-
sequent disruption of bacterial phospholipid bilayer
leading to eventual cell death (8, 9).

CA, BO, and MA are not hemolytic, but ME, a
bee venom, is highly hemolytic due probably to the
highly basic region at C-terminus of ME (2, 10). A
number of synthetic peptides have been designed
to improve their antibacterial activity while to de-
crease the undesirable hemolytic activity (11-13).

Previous reports (10-12) suggested that CA-ME hy-
brid peptides consisting of N-terminal regions from
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CA and ME have more potent antibacterial ac-
tivities than parental peptides. Among CA-ME hy-
brid peptides, CA-ME composed of CA(1-8) and ME
(1-12) has highly powerful antibacterial activity wi-
thout hemolytic activity in assays using the agarose
hole method (12). Since the N-terminal sequences 1-
12 of MA and BO are similar to ME(1-12), the hy-
brid peptides, CA-MA and CA-BO, were also design-
ed, respectively. In our previous study, CA-MA and
CA-BO were found to have more improved antibac-
terial activity than MA and BO, respectively (14).

In the present study, in order to elucidate the re-
lationships between the peptide structure, an-
tifungal and hemolytic activity, several analogues
(P1-P5) from CA-ME, CA-MA and CA-BO were also
designed. All peptides were synthesized by the sol-
id phase method (15). Antifungal activity was in-
vestigated by a growth inhibition assay against T.
reesei and T. viride. Hemolytic activity for the hu-
man red blood cells (h-RBCs) were also examined
by the solution method (7).

Materials and Methods

Strains and human red blood cells (h-RBCs)
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Trichoderma reesei (KCTC 1285) and Tricho-
derma viride (KCTC 6047) were obtained from
Korean Collection for Type Cultures, Korea
Research Institute of Bioscience & Biotechnology,
Korea. The fungi were grown at 30°C in the PG
medium (2% glucose and 20% Potato extract). h-
RBCs were purchased from the Blood Center of
Korean Red Cross.

Reagents

Chemical reagents for solid phase peptide synthesis
were purchased from Sigma Chemical Co. (USA).
Fmoc (9-fluorophenylmethoxycarbonyl) -amino acids,
Fmoc-Ser(tBu)-Wang-resin, Fmoc-Asn(Trt)-Wang-resin
and Rink Amide MBHA(methyl benzhydrylamine)-
resin were obtained from Nova Biochem (USA). Po-
tato dextrose broth for the preparation of PG medium
was from Difco Laboratories (USA).

Peptide synthesis

All peptides were synthesized manually by solid
phase techniques. The solid support used was Rink
amide MBHA-resin for the synthesis of the C-ter-
minal amidated peptides except MA and BO. Fmoc-
Ser(tBu)-Wang-resin and Fmoc-Asn(Trt)-Wang-
resin were used as the starting materials for the
synthesis of MA and BO, respectively (16). The
chain elongations were manually performed using
DCC (dicyclohexylcarbodiimide) and HOBt (N-hy-
droxybenzotriazole). The protected final peptide-
resin were treated with Reagent K [TFA-phenol-
thioanisole-H,0-1,2-ethanedithiol (85:5:5:5:2.5, v/v)].
The crude peptides were purified using a pre-
parative reverse-phase (RP) HPLC on a C, column
(Delta Pak, 19x 300 mm, Waters, Japan).

Antifungal activity assays

T. reesei and T. viride were inoculated at the con-
centration of 1x 10° spores per tube containing 2.0
m] PG medium and 20 pg of synthetic peptides were
added, respectively. After the tubes were incubated
at 30°C for 48 h under constant shaking (140 rpm),
the dry weight(DW)s of fungi were measured. Zero %
inhibition (negative control) were determined in the
absence of peptide. The % inhibition was calculated
from the following formula. % inhibition=[DW in the
absence of peptide -DW in the presence of peptide/
DW in the absence of peptide]x 100

Hemolytic activity assays

h-RBCs were washed three times with phosphate
buffered saline (PBS: 35 mM sodium phosphate, 150
mM sodium chloride, pH 7.0) prior to assay. Each
peptide was dissolved in 0.5ml of PBS at the con-
centrations of 400 ug/ml and 100 pg/ml, and then 0.5
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ml of a 4% solution of the h-RBCs suspended in
PBS was added (The final peptide concentrations,
200 ug/ml and 50 ug/ml, respectively). The mixture
was incubated for 1h at 37°C, and then centrifuged
for 5 min at 1,000xg. The absorbance of the su-
pernatant was measured at 414 nm. Zero % hemo-
lysis and 100% hemolysis were determined in PBS
and 1% Triton-X 100, respectively. % hemolysis (%
HL) in the peptide solution was calculated from the
following formula. %HL=[(A,. in the peptide solu-
tuion-A,, in PBS)/(A,. in 1% Triton-X 100-A,, in PBS)]
> 100.

Results and Discussions

The purities of all the purified peptides were
judged to be above 95% by an analytical RP-HPLC
and the molecular weights and amino acid com-
positions of the peptides determined by MALDI
spectra and amino acid analyses were consisted
with the expected molecular weights and amino
acid compositions, respectively (date not shown).
The amino acid sequences of parental peptides, hy-
brid peptides and their analogues designed in this
study are shown in Table 1. The hybrid peptides
and their analogues were designed to have am-
phipathic-flexible-hydrophobic structure. Since an
amphipathic o-helical structure is critical for an-
tibiotic activity, the amphipathic sequence 1-8 of
CA was placed at N-termini of the hybrid peptides.
The flexible-hydrophobic sequences of CA-ME, CA-
MA and CA-BO were derived from the sequence 1-
12 of ME, MA and BO, respectively.

T. reesei and T. viride were used for the meas-
urement of the antifungal activities of the peptide
in this study. These fungi cause an occasional in-
fection in the immunocompromised patients. The
antifungal activities of the peptides against T.
reesei and T. viride are shown in Table 2. Although
both fungi are belong to the same genus, the an-
tifungal effects of the peptides is much different. In
the parental peptides, only ME which is known to
be highly hemolytic showed higher antifungal ac-
tivity against both fungi. The other parental pep-
tides were not specific to T. viride, but showed vari-
ous antifungal activity against T. reesei. Among
them, MA showed the strongest antifungal activity
against T. reesei (Table 2). As shown in Table 3,
hemolytic activities of the parental peptides were
consisted well with previous reports (16).

Among the hybrid peptides, only CA-MA inhibited
completely the growth of both T. reesei and T. viride
at a fixed concentration, 10 pg/ml. However, the oth-
er hybrid peptides, CA-ME and CA-BO, showed 0%
and 3.2% growth inhibitions against T. reesei, and
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Table 1. Amino acid sequences of antibacterial peptides and their hybrid peptides

Peptides Sequences Remarks
CA KWKLFKKIEKVGQNIRDGIIKAGPAVAVV-GQATQIAK-NH, Native cecropin A
ME GIGAVLKVLTTGLPALISWIKRKROO-NH, Native melittin
MA GIGKFLHSAKKFGKAFVGEIMNS Native magainin 2
BO GIGGALLSAAKVGLKGLAKGLAEHFN Native bombinin

CA-ME KWKLFKKI GIGAVLKVLTTG-NH, CA:1-8 ME:1-12

CA-MA KWKLFKKI GIGKFLHSAKKF-NH, CA:1-8 MA:1-12

CA-BO KWKLFKKI GIGGALLSAAKV-NH, CA:1-8 BO:1-12
P1 KWKLFKKI GIGAFLHSAKKF-NH, CA-MA:K"}-{A"]
P2 KWKLFKKI GIGKFLHLAKKF-NH, CA-MA:[S"}-[L"]
P3 KWKLFKKI GIGAFLHLAKKF-NH, CA-MA:[K"™ S“}-[A"”, L'}
P4 KWKLFKKI GIGKFLHSATTF-NH, CA-MA:[K", K"}-[T", T"]
P5 KWKLFKKI GIGALLSAAKVG-NH, CA:1-8 BO:1-3, 5-13

The underlined amino acid residues indicate the substituted ones from CA-MA or CA-ME.
The superscript numbers indicate the positions in CA-MA or CA-ME.
All peptides except MA and BO are the C-terminal amidated peptides.

Table 2. Antifungal activities of antibacterial peptides and
their hybrid peptide against Trickoderma viride and Tri-
choderma reesi

Trichoderma viride Trichoderma reesi
Peptides Dry weight Inhibition® Dry weight Inhibition*

(mg) % (mg) %
CA 6.5 0 4.5 26.2
ME 0 100 1.1 82.0
MA 6.4 0 0 100
BO 6.6 0 34 43.3
CA-ME 6.5 0 4.3 30.0
CA-MA 0 100 0 100
CA-BO 6.1 3.2 1.7 72.1
P1 0 100 0.8 86.9
P2 4.9 22.2 11 82.0
P3 3.7 41.3 4.4 279
P4 0 100 24 60.7
P5 0 100 0.8 86.9
Control® 6.3 0 6.1 0

*Percent inhibition was determined by comparison of the
dry weights of the fungus in the peptide treatment with no
peptide treatment.

* Control indicates no peptide treatment.

30% and 72.1% growth inhibitions against T. viride,
respectively. Since the N-terminal sequence 1-11 of
the hybrid peptides are identical, their different ef-
fects could be considered to be derived from their C-
terminal sequences. Among them, the residues at po-
sitions 12, 16, 18 and 19 are remarkably different.
Hemolytic activities of the hybrid peptides, CA-ME,
CA-MA and CA-BO, were 5.4, 0.2 and 0.2% at 50 ng/
ml of the peptide, and 34.5, 1.1 and 0.5% at 200 ug/
ml of the peptide. CA-ME was known not to be
hemolytic when measured by the agarose hole
method (12, 14), and our data also showed the same
result in that method (14). We could not observed
any clear zones up to 1000 uM of the peptide except

Table 3. Hemolytic activities of antibacterial peptides and
their hybrid peptide against human red blood cells

% Hemolysis

Peptides
50 pug/ml 200 pg/ml
CA 0 0.2
ME 100 100
MA 0 0.1
BO 0.7 1.5
CA-ME 5.4 34.5
CA-MA 0.2 11
CA-BO 0.2 0.5
P1 0.7 1.5
P2 0.7 3.5
P3 11.6 53.8
P4 0.25 0.95
P5 0.2 0.7

The hemolysis percentage of the peptides was measured at
50 pg/ml and 200 pg/ml, respectively.

ME, but found much different activity in the solu-
tion method. The results suggest that the solution
method is more sensitive than the agarose hole
method.

To investigate the effect of these residues of CA-
ME and CA-MA on their antifungal and hemolytic
activity, four analogues (P1-P4) substituted at po-
sitions 12, 16, 18 and 19 of CA-MA were designed
(Table 1). The substitutions were focused to mimic
CA-ME. The Ala substitution (P1) of Lys at po-
sition 12 of CA-MA did not show any significant ef-
fect on the antifungal and hemolytic activity. P2 in
which Ser at position 16 was substituted with Leu
displayed much less antifungal activity against 7.
viride than CA-MA, but the substitution was less
effective against 7. reesei. However, the double sub-
stitution (P3) with Ala and Leu of Lys and Ser at
position 12 and 16 of CA-MA, respectively, induced
a significant reduction in antifungal activity again-



24 Shin ¢t al

st both T. viride and 7. reesei, but a drastic in-
crease in hemolytic activity. The substitution (P4)
with Thr-Thr of position 18 and 19 of CA-MA caus-
ed slight reduction in antifungal activity against 7.
reesel, but did not alter antifungal activity against
T. viride and hemolytic activity. These results sug-
gest that Ser at position 16 of CA-MA may play an
important role for antifungal activity against T.
viride, and the effect of the residues 12, 16, 18 and
19 against T. reesei may be cumulative. Also, the
residue 12 of the hybrid peptide is less related to
antifungal activity, but considered to be correlated
to hemolytic activity when the residue 16 is hy-
drophobic (Leu or Val).

Analogue 5, in which the fourth residue, Gly, of
the BO segment of CA-BO is deleted and Gly at its
C-terminus is added, had much more powerful an-
tifungal activity than CA-BO against 7. viride (Table
2). When remove the fourth Gly residue from Gly-Ile-
Gly-Gly, the central flexible segment of CA-BO may
considerably decrease and this effect may produce
improvement in antifungal activity. The similar
phenomenon was observed in antibacterial activity
against both Gram-negative and Gram-positive bac-
teria (data not shown). Thus, the results suggest
that the length of the central flexible region of the
hybrid peptide molecule seem to be important for
the antifungal and antibacterial activities.

The overall activities of the hybrid peptides
against the fungi used were appeared in the order
of CA-MA>CA-BO>CA-ME. Their antibacterial ac-
tivities on both Gram-positive and Gram-negative
bacterial strains of these peptides were observed in
the order of CA-ME > CA-MA >CA-BO (14). The dif-
ferences between antibacterial and antifungal ac-
tivity of the hybrid peptides could be considered to
be related to the differences of the cell surface com-
positions in bacteria and fungi.

In conclusion, the hybrid peptides, CA-MA, P1, P4
and P5 showed more potent antifungal activity
against T. reeser and T. viride, but were less hemo-
lytic against h-RBCs. Therefore these hybrid pep-
tides can be potentially used as model peptides to de-
velope the powerful antifungal drug for treating the
fungal infection, and be also used for understanding
the structure-antifungal activity relationships.
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