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Antimicrobial peptides (AMPs) were recently determined to be potential candidates for treating drug-
resistant bacterial infections. The aim of this study was to develop shorter AMP fragments that combine
maximal bactericidal effect with minimal synthesis cost. We first synthesized a series of truncated forms
of AMPs (anti-lipopolysaccharide factor from shrimp, epinecidin from grouper, and pardaxin from Par-
dachirus marmoratus). The minimum inhibitory concentrations (MICs) of modified AMPs against ten
bacterial species were determined. We also examined the synergy between peptide and non-peptide

Key‘.’vo.rds" . . antibiotics. In addition, we measured the inhibitory rate of cancer cells treated with AMPs by MTS assay.
Antimicrobial peptides . . . . . .. .

Epinecidin-1 We found that two modified antibacterial peptides (epinecidin-8 and pardaxin-6) had a broad range of
Pardaxin-1 action against both gram-positive and gram-negative bacteria. Furthermore, epinecidin and pardaxin

SALF were demonstrated to have high antibacterial and anticancer activities, and both AMPs resulted in a
Antimicrobial significant synergistic improvement in the potencies of streptomycin and kanamycin against methicillin-
Anticancer resistant Staphylococcus aureus. Neither AMP induced significant hemolysis at their MICs. In addition,
both AMPs inhibited human epithelial carcinoma (HeLa) and fibrosarcoma (HT-1080) cell growth. The
functions of these truncated AMPs were similar to those of their full-length equivalents. In conclusion,
we have successfully identified shorter, inexpensive fragments with maximal bactericidal activity. This
study also provides an excellent basis for the investigation of potential synergies between peptide and

non-peptide antibiotics, for a broad range of antimicrobial and anticancer activities.
© 2013 Elsevier Inc. All rights reserved.

1. Introduction

The widespread use of antibiotics in recent years has led to
the rapid emergence of antibiotic-resistant bacteria [16]. Hence,
it is very important to develop new classes of antimicrobial agents
[38]. Naturally occurring, cationic antimicrobial peptides (AMPs)
are suitable templates for the development of new therapeutic
agents. AMPs have been isolated from a variety of organisms [2,8],
and the likelihood of pathogens developing AMP resistance is
very low [7]. In addition, AMPs have antimicrobial activity against
a broad spectrum of pathogens, including gram-positive and
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gram-negative bacteria, fungi, and protozoa, and they exhibit
antiviral and anticancer properties [6,26,38].

Infections with antibiotic-resistant bacteria require treatment
with either new antibiotics or combination therapy with two or
more drugs [31]. Synthetic combination therapy can reduce the
drug dose required, and also prevent the development of resistance
in bacteria [1,36]. In order to improve the activity and specificity of
AMPs, several groups have altered their sequence, length, charge,
and other properties [3,19,28,32]. High-throughput studies have
generated synthetic or designer AMPs that are active against a
broad range of pathogens [30,33]. These features have fostered
renewed interest in studying synergy in antibiotic actions in several
laboratories [4,5,20,27,29,37].

We have previously studied the biological activities of shrimp
anti-lipopolysaccharide factor (SALF), epinecidin (Ep), and par-
daxin [10,15,23]. Here, we investigated the possibility of producing
low cost variants of these AMPs, and whether combination treat-
ment with peptide and non-peptide antibiotics can (i) improve the
antimicrobial activity of the peptides, (ii) increase the number of
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Table 1

Sequences and physicochemical properties of epinecidin variants used in this study.
Peptide Sequence Molecular weight Isoelectric point Charge
Epinecidin-1 GFIFHIIKGLFHAGKMIHGLV 2335.87 10.80 +5
Epinecidin-2 GFIFHIIKGLFHAGK 1685.03 10.80 +4
Epinecidin-3 GFIFHIIKG 1031.26 9.69 +2
Epinecidin-4 FIFHIIKGLFH 1371.68 9.69 +3
Epinecidin-5 FIFHIIKGLF 1234.54 9.69 +2
Epinecidin-6 FIFHIIKGLFHA 1442.75 9.69 +3
Epinecidin-7 FIFHIIKGLFHAG 1499.81 9.69 +3
Epinecidin-8 FIFHIIKGLFHAGKMI 1872.33 10.8 +4
Epinecidin-9 GFIFH 619.71 7.55 +1
Epinecidin-10 IKGLFHAGKMIHGLV 1621.01 10.8 +4
Epinecidin-11 KGLFHAGKMIH 1238.51 10.8 +4
Epinecidin-12 LFHAGKMIH 1053.29 9.68 +3
Epinecidin-13 MIHGLVTRR 1082.33 12.50 +3
Epinecidin-14 FHAGAM 632.73 7.55 +1
Epinecidin-15 AGKMIHGLV 925.15 9.69 +2
Epinecidin-16 HIIKGL 679.85 9.69 +2
Epinecidin-17 VTRRRHGV 980.13 12.80 +4
Epinecidin-18 [HGLV 537.65 7.55 +1

Table 2

Sequences and physicochemical properties of pardaxin variants used in this study.
Peptide Sequence Molecular weight Isoelectric point Charge
GE-1 GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE 3323.85 9.53 +1
GE-2 PKIISSPLFKTLLSAVGSALSSSGGQE 2675.05 9.53 +1
GE-3 PLFKTLLSAVGSALSSSGGQE 2049.29 6.34 0
GE-4 LSAVGSALSSSGGQE 1349.41 3.85 -1
GE-5 ALSSSGGQE 834.83 3.85 -1
GE-6 GFFALIPKIISSPLFKTLLSAVGSALS 2778.34 10.80 +2
GE-7 GFFALIPKIISSPLFKTLLSA 2263.77 10.80 +2
GE-8 GFFALIPKIISSPLF 1650.02 9.69 +1
GE-9 GFFALIPKI 1005.26 9.69 +1
GE-10 KTLLSAVGS 875.03 9.69 +1

candidates for antibacterial therapeutic drugs, and (iii) inhibit can-
cer cell growth.

2. Materials and methods
2.1. Antimicrobial agents

Peptides were synthesized by GL Biochemistry (Shanghai,
China) using an Fmoc/tBu solid-phase procedure. We obtained
crude peptides by extraction and lyophilization. The peptides were
purified by reverse-phase high-performance liquid chromatogra-
phy (RP-HPLC). The molecular masses and purities of the purified
peptides (with purity grades of >95%) were verified by mass
spectroscopy (MS) and high-performance liquid chromatography
(HPLC), respectively. The sequences of the different peptides of
epinecidin-1, anti-lipopolysaccharide factor (ALF), and pardaxin
are summarized in Tables 1-3.

2.2. Bacteria

The bacterial strains used were grouper Vibrio alginolyticus
(from Dr. Kuo-Kau Lee, Department of Aquaculture, National

Taiwan Ocean University, Taiwan), Vibrio harveyi (BCRC 13812),
Vibrio vulnificus (204; from Dr. Chun-Yao Chen, Tzu Chi University,
Hualien, Taiwan), Micrococcus luteus (BCRC 11034), Staphylococcus
aureus (BCRC 10780), Streptococcus pneumonia (BCRC 10794), Strep-
tococcus agalactiae (from Dr. Chun-Yao Chen), Staphylococcus sp.
(BCRC 10451), Pseudomonas aeruginosa, and methicillin-resistant
Sta. aureus (MRSA) (from Dr. Yih-Shyun E. Cheng). All strains were
reconstituted according to suggested protocols.

2.3. Cell lines and culture

Hela (human cervix adenocarcinoma), HT1080 (human
fibrosarcoma), and MRC-5 (human lung fibroblast) cell lines
were purchased from American Type Culture Collection (ATCC;
Rockville, MD, USA). All cells were cultured using ATCC-suggested
media.

2.4. Minimum inhibitory concentrations (MICs)
MICs against bacteria were determined using 96-well microtiter

cell culture plates and a modified microdilution broth method for
cationic AMPs, as previously described [24]. Briefly, bacterial cells

Table 3

Sequences and physicochemical properties of shrimp anti-lipopolysaccharide factor variants used in this study.
Peptide Sequence Molecular weight Isoelectric point Charge
SALF-1 ECKFTVKPYLKRFQVYYKGRMW(CP 3069.68 10.07 +5
SALF-2 ECKFTVKPYLKRFQVYCP 2247.69 9.35 +3
SALF-3 ECKFTVKPYLCP 1425.72 8.22 +1
SALF-4 ECKFCP 723.86 6.23 0
SALF-5 ECYLKRFQVYYKGRMWCP 2368.81 9.28 +3
SALF-6 ECVYYKGRMWCP 1532.82 8.21 +1
SALF-7 ECMWCP 765.93 3.85 -1
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grown overnight were diluted in medium broth to a cell density
of 10° colony-forming units (CFU)/ml. In addition, peptides were
dissolved in phosphate-buffered saline (PBS) to the desired concen-
tration, and serial dilutions of the peptides were placed in 96-well
polypropylene microtiter plates. Each well was seeded with 100 .
of test bacteria (10° CFU/well), and aliquots of an equal volume of
the peptide were added and mixed. The plates were then incu-
bated at 37°C for 16 h in an incubator. Microbial sedimentation
was confirmed by visual verification, and the absorbance readings
at 600 nm (0.D.600) were measured using a microtiter plate reader.
The MIC was defined as the lowest concentration of a peptide that
inhibited growth of the bacteria after overnight incubation. Each
experiment was performed in triplicate and repeated at least three
times.

2.5. Hemolytic-activity testing

Briefly, sheep blood cells (SBCs) in 10% citrate phosphate
dextrose were harvested by centrifugation (1000x for 5min at
room temperature). SBCs were washed three times with PBS, and
then diluted 25-fold with PBS to a blood cell concentration of
approximately 4% (v/v). A portion of the SBC suspension (100 1)
was transferred to each well of a 96-well microtiter plate, and
mixed with 100 pl of an AMP solution in PBS at the desired concen-
tration. The microtiter plate was then incubated at 37 °C to allow
hemolysis to occur. After 1h of incubation, non-hemolyzed SBCs
were separated by centrifugation (1000 x g for 5 min at room tem-
perature). Aliquots (100 1) of the supernatant were transferred to
a new 96-well plate, and hemoglobin release was monitored by
measuring the absorbance of the supernatant at 540 nm using a
microtiter plate reader. An SBS solution treated with 0.1% TritonX-
100 (to induce 100% lysis) was used as a positive control for this
assay, and an untreated SBC suspension in PBS alone was used as a
negative control. Each assay was performed in triplicate for three
independent experiments, and data were expressed as the mean
and standard deviation (SD) of triplicate analyses of three inde-
pendent experiments. The percentage of hemolysis was calculated
using the following formula: hemolysis (%)=[(0.Ds4onm of the
treated sample —0.Ds49nm Of the negative control)/(0.Ds40nm
of the positive control—0.Ds4onm of the negative
control)] x 100%.

2.6. Synergistic effect

Combinations of AMPs with antibiotics of different classes were
tested for synergistic effects by the checkerboard titration method.
The fractional inhibitory concentration (FIC) index (FICI) of each
antimicrobial drug mixture (drugs A and B) was calculated accord-
ing to the equation: FICI=FIC A + FIC B=(MIC A combination/MIC A
alone) + (MIC B combination/MIC B alone), where MIC A combina-
tion and MIC B combination were MICs of drugs A and B tested in
combination, MIC A alone and MIC B alone were the MICs of drugs A
and B tested alone, and FIC A and FIC B were the FICs of drugs A and
B, respectively. FICI values were interpreted as follows: an FICI of
<0.5 indicated synergy; an FICI of >0.5 and <1 indicated additivity;
an FICI of >1 to <4 indicated indifference (no interaction); and an
FICI of >4 indicated antagonism.

2.7. Mammalian-cell cytotoxicity

AMP cytotoxicity in HeLa and HT1080 cells was determined
individually using an MTS assay, as previously described [17].
Briefly, HeLa and HT1080 cells (5 x 103 cells/well) were cul-
tured at 37°C in 96-well plates overnight. After removal of the
media, cells were incubated at 37°C for 24h with 0.1ml of
AMPs. At the end of the treatment period, 20l of a mixture

of the tetrazolium compound, 3-(4,5-dimethylthiazol-2-yl)-5-
(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS), and an electron-coupling reagent, phenazine methosulfate
(PMS) (Promega, Mannheim, Germany), was added, and the cells
were incubated for a further 2 h at 37 °C. A microtiter plate reader
was then used to detect absorbance at 490nm. All data were
repeated in triplicate for three independent experiments. Results
are expressed as a percentage of the inhibition rate of viable
cells, and values of the PBS-treated group (negative control) were
subtracted from the experimental results.

2.8. Statistical analysis

Student’s t-test was used to graph and compare the data
between the two groups. Multiple-group comparisons were evalu-
ated by analysis of variance (ANOVA) using SPSS software (Chicago,
IL, USA). Differences were defined as significant at p <0.05.

3. Results
3.1. Characterization of peptide fragments

In order to reduce the costs associated with synthe-
sizing AMPs, we attempted to identify truncated variants
of AMPs that retained the biological activities of the full-
length peptide. We randomly deleted peptide sequences
from shrimp anti-lipopolysaccharide factor (SALF), epinecidin
(Ep), and pardaxin (GE). The respective full-length sequences
of Ep, GE, and SALF are Ac-GFIFHIIKGLFHAGKMIHGLV-NH2,
Ac-GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE-NH2, and Ac-
ECKFTVKPYLKRFQVYYKGRMWCP-NH2. We synthesized seventeen
modified Ep peptides, nine modified GE peptides, and six mod-
ified SALF peptides; these modified AMPs exhibited differences
in sequence, length, and the charge of several groups. The
molecular weight, isoelectric point, and charge of the peptides
were determined using GenScript’s Peptide Property Calculator
(https://www.genscript.com/ssl-bin/site2/peptide_calculation.cgi),
and the results are shown in Tables 1-3.

3.2. MICs of the AMPs

The antimicrobial activities of the peptide fragments were
tested using three gram-negative (grouper V. alginolyticus, V. har-
veyi, and V. vulnificus) and five gram-positive bacteria (M. luteus,
Sta. aureus, Str. pneumonia, Staphylococcus sp., and Str. agalactiae).
Among the Ep peptides, Ep-3 and Ep-9-18 had no activity against
grouper V. alginolyticus, V. harveyi, V. vulnificus, M. luteus, Sta. aureus,
Str. pneumonia, Staphylococcus sp., or Str. agalactiae in three inde-
pendent experiments. In contrast, Ep-1, -2, and -4-8 exhibited
antibacterial activity against grouper V. alginolyticus, V. harveyi,
Staphylococcus sp., and Sta. aureus. The MIC of Ep-4 against Sta.
aureus was 6.25 mg/L, whereas the MICs of Ep-2 and -7 were 25 and
50 mg/L against M. luteus, and 50 and 25 mg/L against Str. pneumo-
nia, respectively. Importantly, while the MIC of full-length Ep (Ep-1)
against Sta. aureus and Str. pneumonia was 50 mg/L, the MIC of Ep-8
against Sta. aureus was 6.25 mg/L. That is to say, the MICs of Ep-1
were higher than those of Ep-8, and hence, Ep-8 is more effective at
low concentrations against both the gram-negative V. harveyi and
the gram-positive Sta. aureus and Str. pneumoniae (Table 4a).

Of the truncated GE peptides, GE-2-5 and -8 had no activity
against the three gram-negative or five gram-positive bacteria in
two independent experiments. However, the MICs of GE-7 were
100 mg/L against M. luteus, Sta. aureus, and Str. pneumonia, and
12.5 mg/L against Staphylococcus sp. The MICs of GE-1 (full-length
pardaxin) were 50 mg/L against grouper V. alginolyticus, V. harveyi,
and Sta. aureus, and 100 mg/L against V. vulnificus, M. luteus, Str.
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Antibacterial activities of 40 antimicrobial peptides against grouper Vibrio alginolyticus, Vibrio harveyi, V. vulnificus, Micrococcus luteus, Staphylococcus aureus, Streptococcus

pneumonia, Str. agalactiae, and Staphylococcus sp.

Peptide MIC (mg/L)

Gram negative

Gram positive

Grouper Vibrio Vibrio Vibrio Micrococcus Staphylococcus  Streptococcus Streptococcus Staphylococcus

alginolyticus harveyi vulnificus luteus aureus pneumoniae agalactiae sp.
(a) Epinecidin
Epinecidin-1 6.25 6.25 50 6.25 50 50 2100 6.25
Epinecidin-2 25 12.5 100 25 25 50 50 6.25
Epinecidin-3 NA NA NA NA NA NA NA NA
Epinecidin-4 6.25 6.25 NA NA 6.25 NA 2100 2100
Epinecidin-5 6.25 6.25 NA NA 6.25 NA NA 6.25
Epinecidin-6 25 6.25 NA NA 6.25 NA NA 125
Epinecidin-7 6.25 6.25 NA 50 6.25 25 NA 6.25
Epinecidin-8 12.5 6.25 NA NA 6.25 NA NA 12.5
Epinecidin-9 NA NA NA NA >100 >100 NA NA
Epinecidin-10 NA NA NA NA NA NA NA NA
Epinecidin-11 NA NA NA NA =100 =100 NA NA
Epinecidin-12 NA NA NA NA >100 >100 NA NA
Epinecidin-13 NA NA NA NA >100 2100 NA NA
Epinecidin-14 NA NA NA NA >100 2100 NA NA
Epinecidin-15 NA NA NA NA NA NA NA NA
Epinecidin-16 NA NA NA NA >100 >100 NA NA
Epinecidin-17 NA NA NA NA 2100 2100 NA NA
Epinecidin-18 NA NA NA NA NA >100 NA NA
(b) Pardaxin (GE)
GE-1 50 50 100 100 50 100 100 6.25
GE-2 NA NA NA NA NA NA NA 100
GE-3 NA NA NA NA NA NA NA NA
GE-4 NA NA NA NA NA NA NA NA
GE-5 NA NA NA NA NA NA NA NA
GE-6 125 12.5 50 25 50 50 50 6.25
GE-7 NA NA NA 100 100 100 NA 125
GE-8 NA NA NA NA NA NA NA NA
GE-9 NA NA NA NA >100 NA NA NA
GE-10 NA NA NA NA NA NA NA NA
(c) SALF
SALF-1 25 25 50 NA NA NA NA 25
SALF-2 NA NA NA NA NA NA NA NA
SALF-3 NA NA NA NA NA NA NA NA
SALF-4 NA NA NA NA NA NA NA NA
SALF-5 NA 100 NA NA NA NA NA 50
SALF-6 NA NA NA NA NA NA NA NA
SALF-7 NA NA NA NA NA NA NA NA

pneumonia, and Str. agalactiae. On the other hand, the MICs of GE-6
were 12.5 mg/L against grouper V. vulnificus and V. harveyi, 25 mg/L
against M. luteus, and 50 mg/L against V. vulnificus, Str. pneumo-
nia, and Str. agalactiae. Thus, at low concentrations, GE-6 was more
effective than GE-1 against both gram-negative and gram-positive
bacteria (Table 4b). Compared to SALF-1, no gain in activity of
SALF-2-7 against bacteria was observed among the SALF fragments
(Table 4c).

We proceeded to compare EP-1 to EP-8, and GE-1 to GE-6.
We used the Schiffer-Edmundson helical wheel model to predict
hydrophilic and hydrophobic regions in the four (EP-1, EP-8, GE-1,
and GE-6) synthesized peptides (Fig. 1). EP-8 showed a hydropho-
bic region leaning to one side, and a positive region partially to
the other side. Moreover, there were more hydrophilic regions in
EP-1 than in EP-8. On the other hand, there were fewer hydropho-
bic regions in GE-1 than in GE-6. We proceeded to analyze the
hemolytic, antimicrobial, and anticancer activities of EP-8 and GE-6,
and compared them to those of EP-1 and GE-1, respectively.

3.3. Hemolytic analysis of peptides

In general, the safety of target applications and biomaterials
need to be identified using various methods. Synthetic antimicro-
bial biomaterials should undergo hemolytic analysis, to determine

their ability to lyse mammalian SBCs. When developing anti-
infective agents, one must understand their hemolytic properties,
to ensure that they do not cause adverse side effects at working con-
centrations. Hemolytic analysis of the four selected peptides (EP-1,
EP-8, GE-1, and GE-6) was performed, to determine concentrations
causing 50% blood cell lysis (HL50). EP-1 and EP-8 did not have a
strong hemolytic effect at low doses (Fig. 2a and b). Moreover, the
HL50 values of GE-1 and GE-6 (about 100 mg/L) were much higher
than those of EP-1 and EP-8 (Fig. 2c and d). The HL50 value of EP-
8 was about 400 mg/L, which was 64-times higher than the MIC
for Sta. aureus. The HL50 of GE-6 was 100 mg/L, which was twice
as high as the MIC for Sta. aureus. The hemolytic activities of these
four peptides were ranked in the following order: GE-1 > GE-6 > EP-
1>EP-8.

3.4. Effect of synergy on peptide antimicrobial activity

Preliminary screening was performed to determine whether
the antimicrobial peptides interacted with clinically-used antibi-
otics with different structures, and if so, whether these interactions
were synergistic, additive, or antagonistic. As shown in Table 5,
each AMP/antibiotic (streptomycin or kanamycin) combination
was apportioned an FICI (see Section 2). FICI values of <0.5 were
considered synergistic. In this study, no synergy was observed for
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AMPs/antibiotic combinations against Pse. aeruginosa strains. Three
AMPs (EP-1, GE-1, and GE-6) had FICI values of 1.3 when com-
bined with streptomycin and kanamycin. Ep-8 was observed to be
additive with antibiotics when used against Pse. aeruginosa strains,
with an FICI of 0.8. Interestingly, the four antimicrobial peptides
(EP-1, EP-8, GE-1, and GE-6) showed synergy with streptomycin
and kanamycin in inhibiting MRSA growth. These results demon-
strate that AMPs and non-peptide antibiotics improve antibacterial
potency and thus the cost-effectiveness of the AMPs.

3.5. Toxic effects of peptides on inhibition of cancer cell growth

We next used MTS to examine the toxicities of EP-1, EP-8, GE-1,
and GE-6 in HeLa and HT1080 cells. These cells were treated with
0,3.125,6.25, 12.5, 25, or 50 mg/L of one of the four peptides for 3,
6, 12, or 24 h. For both Hela (Fig. 3a, b, e and f) and HT1080 cells
(Fig. 3¢, d, g and h), cell viability was not substantially affected by
peptides at 3.125, 6.25, and 12.5 mg/L. However, over 50% cytotox-
icity was observed upon treatment with peptides at 25 and 50 mg|/L.
Moreover, the AMPs affected cell morphology (Fig. 4). These results
demonstrate that the truncated AMPs are able to inhibit cancer cell
growth.

4. Discussion

In this work, we studied the synergy between AMPs and
non-peptide antibiotics. Upon optimizing combination treatment
conditions of a peptide with non-peptide antibiotics (kanamycin
and streptomycin), we observed a dramatic increase in the
antibacterial activity of the peptide. We also observed increased
effectiveness of non-peptide antibiotics at low concentrations
when they were used in combination with these peptides. Herein,
we describe the in vitro activities of these peptides against
bacteria. We also identified an optimized peptide against cer-
vical carcinoma and a fibrosarcoma. Taken together, our results
indicate that optimized peptides result in extreme synergistic
enhancement of antibacterial activity, and also exhibit anticancer
properties.

In order to identify optimal fragments with a low cost of syn-
thesis and yet maximal bactericidal effect, we created many AMP
fragments. We found that Ep-1 has antibacterial, antiviral, antipar-
asitic, and anticancer activities [18,22,25,34]. It is also involved

in immune regulation [11,15,23]. Ep-8 retained the antibacterial
activity of Ep-1, despite being shorter. In addition, GE-1 has antibac-
terial and anticancer activities, according to previous reports
[10,12,21], and we found that its shorter variant, GE-6, also pos-
sessed antibacterial activity.

The goal of our in vitro study was to evaluate synergies among
antibiotics and AMPs for treating MRSA infections. One of the great-
est advantages of combining antibiotics and AMPs is the resulting
decrease in therapeutic dosage, which decreases the possibility
of adverse side effects, an important factor for clinical develop-
ment. We report significant improvement in MIC values for the
four peptides (Ep-1, Ep-8, GE-1, and GE-6) against many bacteria
(Table 4). Thus, synergy resulted in dramatic decreases in MICs for
Ep-1, GE-1, and GE-6 (from 12.5 to 4.3 mg/L) and Ep-8 (from 50
to 16.6 mg/L) against MRSA. In addition, antibiotics showed a 2-3-
fold increase in potency in the presence of antibiotics (Table 5).
Hence, synergistic combinations have the potential to make ther-
apy more cost-effective, by decreasing the dosage of each agent
used.

Streptomycin and kanamycin are different classes of antibiotics
that affect translation processes [13,14], while AMPs induce mem-
brane permeabilization via (1) carpet, (2) barrel stave, (3) toroidal
pore, and (4) detergent-like models [9]. Schiffer-Edmundson heli-
cal wheel modeling revealed that Ep-8 has a hydrophobic region
that leans to one side, and a positive region partially to the other
side (Fig. 1). The region with a positive area may interact with the
membrane and permeabilize it. The observation that both strepto-
mycin and kanamycin had synergistic effects with AMPs suggests
that different mechanisms may be involved.

To determine the effects of AMPs alone on mammalian cells, we
studied their hemolytic potentials (Fig. 2) and their toxic effects on
HeLa and HT1080 cell lines (Fig. 3). Ep-1 was previously shown to
be cytotoxic to HeLa and HT1080 through inducing lysis [18]. More-
over, GE-1 demonstrated antitumor activity in human fibrosarcoma
and epithelial carcinoma cells [10], which may be due to increased
caspase-3/-7 activities, decreased MMP, and elevated reactive oxy-
gen species (ROS) production [12]. As Ep-8 and GE-6 also inhibited
HeLaand HT1080 cell lines (Fig. 3), these truncated peptides may be
suitable therapeutic agents for future use against human fibrosar-
coma and epithelial carcinoma cells.

Ep-8 contains fewer His, Gly, Leu, and Val residues than Ep-1.
According to the AMP database, the ratios of His, Gly, Leu, and

Table 5
Synergistic activities of the tested antibiotics combined with antimicrobial peptides.
Peptide antibiotic Nonpeptide antibiotic MIC (pg/ml) FIC index
Peptide antibiotic Nonpeptide antibiotic
Nonsynergy Synergy Nonsynergy Synergy

Pseudomonas aeruginosa

Epinecidin-1 Streptomycin 125 8.3 125 8.3 1.3
Kanamycin 125 8.3 12,5 8.3 13

Epinecidin-8 Streptomycin 100 16.6 125 8.3 0.8
Kanamycin 100 16.6 12.5 83 0.8

Pardaxin-1 Streptomycin 12,5 8.3 125 8.3 1.3
Kanamycin 125 8.3 125 8.3 13

Pardaxin-6 Streptomycin 125 8.3 12.5 83 13
Kanamycin 12.5 8.3 12.5 83 13

Methicillin-resistant Staphylococcus aureus (MRSA)

Epinecidin-1 Streptomycin 125 4.3 200 16.7 0.4
Kanamycin 125 4.3 100 4.3 0.4

Epinecidin-8 Streptomycin 50 16.6 200 43 0.2
Kanamycin 50 16.6 100 4.3 0.2

Pardaxin-1 Streptomycin 125 4.3 200 4.3 0.4
Kanamycin 125 43 100 43 0.4

Pardaxin-6 Streptomycin 125 43 200 43 04
Kanamycin 12.5 4.3 100 4.3 0.4
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Fig. 3. Cytotoxicity (MTS assay) of full-length and truncated AMPs on mammalian cells. The inhibition rate of epinecidin-1 (a and c), epinecidin-8 (b and d), pardaxin-1 (e
and g), and pardaxin-6 (f and h) against HT1080 (c, d, g, and h) and Hela (a, b, e, and f) cells was determined at the indicated concentrations and times. Different letters
indicate a significant difference between two groups, while the same letter indicates no difference between two groups.
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Val in antibacterial peptides were 2.23%, 10.86%, 9.18%, and 6.38%,
respectively. In anticancer peptides, the ratios for His, Gly, Leu, and
Val were 3.90%, 8.40%, 9.60%, and 6.60%, respectively. GE-6 con-
tains fewer Ser, Gly, GIn, and Glu residues than GE-1; interrogation
of the AMP database revealed that the ratios of Ser, Gly, GIn, and

Glu in antibacterial peptides were 4.98%, 10.86%, 2.51%, and 2.03%,
respectively, and in anticancer peptides, 4.80%, 8.40%, 1.80%, and
1.20%, respectively. All of these residues are far less frequently
included than hydrophobic residues, which are present at a ratio
of 43.93% in antibacterial peptides, and 45.00% in anticancer pep-

b

wZ A
12.5 ug/ml |,

Fig. 4. The morphology of HT1080 (b, d, f, and h) and Hela (a, c, e, and g) cells treated with the indicated concentrations of epinecidin-1 (a and b), epinecidin-8 (c and d),
pardaxin-1 (e ane f), or pardaxin-6 (g and h) for 24 h.
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tides [35]. It should also be noted that the isoelectric point of both
Ep-1 and Ep-8 was 10.80, and Ep-1 and Ep-8 had charges of +5 and
+4, respectively (Table 1). The isoelectric points of GE-1 and GE-6
were 9.53 and 10.80, and GE-1 and GE-6 had charges of +1 and +2,
respectively (Table 2). Thus, the chemical properties of Ep-8 and
GE-6 were similar to those of Ep-1 and GE-1, accounting for their
similar therapeutic capabilities.

In conclusion, we generated truncated AMP fragments that
retained maximal bactericidal effects, but could be synthesized at
minimal costs. Our results indicate that Ep-8 and GE-6 exhibited
similar activity against pathogens to Ep-1 and GE-1, suggesting
that the former may aid in the development of antibacterial and
anticancer drugs.
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