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Abstract

MDAP-2 is a new antibacterial peptide with a unique structure that was isolated from house-
flies. However, its biological characteristics and antibacterial mechanisms against bacteria are still
poorly understood. To study the biological characteristics, antibacterial activity, hemolytic activi-
ty, cytotoxicity to mammalian cells, and the secondary structure of MDAP-2 were detected; the
results showed that MDAP-2 displayed high antibacterial activity against all of the tested
Gram-negative bacteria. MDAP-2 had lower hemolytic activity to rabbit red blood cells; only
3.4% hemolytic activity was observed at a concentration of 800ug/ml. MDAP-2 also had lower
cytotoxicity to mammalian cells; IC50 values for HEK-293 cells, VERO cells, and IPEC-J2 cells
were greater than 1000 wg/ml. The circular dichroism (CD) spectra showed that the peptide most-
ly has a-helical properties and some p-fold structure in water and in membrane-like conditions.
MDAP-2 is therefore a promising antibacterial agent against Gram-negative bacteria. To deter-
mine the antibacterial mechanism(s) of action, fluorescent probes, flow cytometry, and transmis-
sion electron microscopy (TEM) were used to study the effects of MDAP-2 on membrane perme-
ability, polarization ability, and integrity of Gram-negative bacteria. The results indicated that the
peptide caused membrane depolarization, increased membrane permeability, and destroyed
membrane integrity. In conclusion, MDAP-2 is a broad-spectrum, lower hemolytic activity, and
lower cytotoxicity antibacterial peptide, which is mainly effective on Gram-negative bacteria. It
exerts its antimicrobial effects by causing bacterial cytoplasm membrane depolarization, increas-
ing cell membrane permeability and disturbing the membrane integrity of Gram-negative bacte-
ria. MDAP-2 may offer a new strategy to for defense against Gram-negative bacteria.
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Introduction

For many decades, Gram-negative bacteria (GNB)
have been the main pathogenic bacteria that trigger in-
fections in hospitals and communities, and drug resis-
tance in clinical isolates is increasing each day (Canton
et al. 2012, Patriarca et al. 2017). The majority of these
bacteria are conditional pathogenic bacteria, and they
easily mutate into superbugs that are resistant to
almost all antibiotics, creating a serious threat to hu-
man and animal health (Falagas et al. 2014) Therefore,
it has become a top priority to increase the pace of
research on new antimicrobial agents for the treatment
of infections caused by Gram-negative bacteria.

Antimicrobial peptides (AMPs) are important
components of innate immunity, and have highly effec-
tive and broad-spectrum antimicrobial activities. AMPs
have strong inhibitory effects on bacteria (Mai et al.
2014, Zhuang et al. 2014, Meloni et al. 2015), fungi
(Lee et al. 2015), viruses including Lent virus
(Wachinger et al. 1998, Fernandes et al. 2002), myco-
plasma (Tassanakajon et al. 2015), etc. AMPs can also
effectively inhibit the proliferation of tumor cells in vi-
tro. In addition, AMPs have the advantages of not caus-
ing injury anima to cells, and of having no immunoge-
nicity and a low possibility of incurring resistance
(Lazarev 2009). Thus, AMPs are a promising alterna-
tive antibiotic drug.

Houseflies live in a wet, organic matter-enriched
environment, they carry many types of pathogens (bac-
teria, fungi, viruses, and parasites), and transmit these
pathogens to people, domestic animals, and poultry.
However, houseflies rarely show signs of disease.
Researchers have predicted that the houseflies’ stron-
ger protection against infections of pathogens being
largely due to the antimicrobial peptides produced by
their bodies. In recent years, many antimicrobial pep-
tides have been discovered from houseflies, such as
attacin, defensin, cecropin, and deptericin. Antimicro-
bial peptides isolated from Musca domestica have a
wide spectrum of antimicrobial activity against bacte-
ria, fungi, parasites, and viruses, and therefore have
broad research prospects and great research value.

MDAP-2 is a new antibacterial peptide (7.5 kDa,
highly soluble in water) with a unique structure that
was isolated from houseflies. Compared with other
antimicrobial peptides, MDAP-2 had high antibacterial
activity against all of the tested Gram-negative bacteria
strains, but the antibacterial activity against Gram-
-positive bacteria was not detected (Pei et al. 2014). As
a promising antibacterial agent against Gram-negative
bacteria, the hemolytic activity, the cytotoxicity, and the
action mechanisms of MDAP-2 against bacterial mem-
branes are still poorly understood.

In this study, the antibacterial activity, hemolytic
activity, and the cytotoxicity was determined, and the
secondary structure of MDAP-2 was then determined
by circular dichroism (CD) spectrophotometer. Fluo-
rescent probes, flow cytometry, and transmission elec-
tron microscopy (TEM) were also used to determine
how MDAP-2 interacts with the G-negative bacterial
cell membrane. The aim of this study was to provide
effective data for development of new antimicrobial
agents against Gram-negative bacteria.

Materials and Methods

Bacterial strains and cell lines

Salmonella pullorum NCTC5776, Escherichia coli
ATCC 25922, Pseudomonas aeruginosa ATCC 27853,
and Vibrio parahaemolyticus ATCC 27969 were pur-
chased from the China Institute of Veterinary Drugs
Control; One strain of Salmonella gallinarum/pullorum
and one strain of Pseudomonas aeruginosa were isolat-
ed from chickens; One strain of Pasteurella multocida
and one strain of Klebsiella pneumoniae were isolated
from cattle; One strain of Escherichia coli was isolated
from pigs; One strain of Proteus vulgaris were isolated
from sheep. HEK-293 cells, VERO cells and IPEC-J2
cells were kindly provided by the College of Animal
Sciences and Technology, Jilin Agricultural University.

Peptides and main reagents

Antimicrobial peptide MDAP-2 was synthesized by
Shanghai Biotech Bioscience & Technology Co., Ltd.;
Melittin was purchased from Sigma (USA); polymyxin B
was purchased from Amresco (USA); O-nitrophenyl-
-B-D-galactopyranoside (ONPG) was purchased from
Amresco (USA); N-phenyl-1-naphthylamine (NPN),
bis-(1, 3-dibutylbarbituric acid) pentamethine oxonol
(DiBACH4 (3)), propidium iodide (PI) and Triton X-100
were purchased from Sigma (USA).

Circular dichroism spectroscopy

CD spectra were acquired at 25°C on a Bio-Logic
MOS-500 circular dichroism spectrometer (FRA).

Scan parameters: the wavelength range was
190-270 nm, the acquisition duration was 1 s, the band-
width was 2 nm, and the scanning speed was 100 nm/
min. Reaction system: PBS 5 mM (pH 7.4), 50% TFE
(pH 7.4) solution, and 30% SDS (pH 7.4) solution.
The concentration of MDAP-2 in the three solutions
was 320 g/ml. A blank spectrum, a buffer solution
lacking peptide, was also recorded and subtracted in
the final analysis. Three spectra were accumulated and
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averaged to generate the final spectra. The mean resi-
due ellipticity was calculated according to Wallace and
Janes (Wallace and Janes 2001)

Assays of antibacterial activity

The minimal inhibitory concentration (MIC) of
MDAP-2 required for antibacterial activity was detec-
ted using the tube broth dilution method. Briefly, single
colonies of bacteria were inoculated into nutrient broth
supplemented with fetal bovine serum and cultured
overnight at 37°C, and the concentrations of bacteria
were then adjusted to 2-6x 10° CFU/ml. 100 ul of bacte-
rial culture (2-6 x10° CFU/ml) were mixed with 20 ul of
MDAP-2 solution (PBS 5 mM, pH 7.4), and the final
concentrations of MDAP-2 were between 0.0125 and
0.8 mg/ml, the mixtures were then incubated at 37°C for
16-20 h. A Multiskan Spectrum spectrophotometer
(Model 1500; Thermo Scientific, Nyon, Switzerland)
was used to measure the bacterial growth by monito-
ring the optical density at 600 nm, and the MIC of
MDAP-2 was determined by comparing the cell densi-
ties with the cell densities in cultures treated with
sterile saline (negative control) or with gentamicin
(0.008 mg/ml) (positive control).

Hemolytic activity and cytotoxicity assay

The hemolytic activity of the peptide to rabbit red
blood cells was assayed using the method described by
Sang et al. (Sang et al. 2017). Erythrocytes were sus-
pended with PBS buffer, dispensed into 96-well plates
as 100 ul samples of 5% (v/v) Erythrocytes in PBS, and
were incubated with 100 ul of two-fold serial diluted
MDAP-2 (final concentrations were 25 ug/ml, 50 ug/ml,
100 wpg/ml, 200 wg/ml, 400 ug/ml, 800 wg/ml and
1600 ug/ml) for 120 min at 37°C. The absorbance
of the supernatant was measured using a Multiscan
MK3 microplate reader at 540 nm. Cells incubated with
PBS were used as a negative control, and cells treated
with 2% Triton X-100 were used as a positive control.
Hem()lytic (%) = (Atcst_A ncgativc)/ (A positive -A ncgativc)*loo'
Treatment with 100 ul of melittin (purity >95%;
Sigma) solution (50 ug/ml, dissolved in PBS) was used
as the control. The final results were recorded by aver-
aging at least three experiments.

The cytotoxicity of the antibacterial peptide MDAP-2
was determined by a TransDetect® Cell Counting Kit
(CCK). HEK-293 cells, VERO cells, as well as IPEC-J2
cells, were seeded at 5.0x10° cells/well in a 96-well
plate, after 4-6 h incubation, the cells were treated with
0, 15.625, 31.25, 62.5, 125, 250, 500, or 1000 ng/ml of the
peptides, after a 24 h incubation with the different con-
centrations of peptides, 20 ul of 5 mg/ml CCK solution

was added to each well and incubated for 4-8 h.
The absorbance was measured with a Multiscan MK3
microplate reader at a test wavelength of 450 nm.
The final results were recorded by averaging at least
three experiments and the viability of the control cells
was set as 100% cell survival. The IC,  value for each
cell line was defined as the dose of peptide causing a
50% decrease in absorbance compared to the control.
Treatment with 50 pg/ml melittin (purity >95%; Sig-
ma) was used as the control.

Transmission electron microscopy

Mid-growth-phase Salmonella pullorum were re-
suspended at 1x10® CFU/ml in sodium-phosphate buf-
fer (pH: 7.4) and then incubated with 25 or 50 ug/ml
MDAP-2, or 25 pg/ml melittin (positive control) at
25°Cfor 1 h. A bacterial solution with no peptide served
as the negative control. The cells were centrifuged at
8000x g for 5 min, the supernatant was discarded, and
500 ul glutaraldehyde [2.5% (v/v)] was added to fix the
cells and incubated at 4°C for 12 h. The liquid was
removed, and the samples were rinsed 3 times, centri-
fuged at 8000x g for 5 min, and fixed for 2 h with 1%
osmic acid solution. The samples were then dehydrated
with ethanol at gradually increasing concentrations
(50%, 70%, 80%, 90% and 95%). Sections were sliced
using a Reichert Ultramicrotome and observed with a
transmission electron microscope (JEM-1230, JPN).

Membrane permeability assay
Outer membrane (OM) permeability assay

Single colonies of Salmonella pullorum were inocu-
lated into nutrient broth supplemented with fetal bo-
vine serum and cultured overnight at 37°C. Aliquots of
the culture were transferred to 50 ml of fresh medium
and incubated at 37°C for 3-6 h. The bacteria were col-
lected at OD,,=0.4-0.5 and centrifuged at 8000X g for
5 min, and the supernatant was discarded. The bacte-
rial cells were resuspended in buffer (5 mM HEPES,
pH 7.2, 5 mM KCN) and adjusted to 1 x 10® CFU/ml
2 ml of Salmonella pullorum cells were then added to
a fluorescent cup, and the fluorescence intensity was
measured for 50 s (Ex=350 nm/Em=420 nm). 20 ul
NPN solutions (0.4 mM) were then added, and the flu-
orescence intensity was again measured for 50 s. A se-
ries of MDAP-2 solutions was added with a final con-
centration of 4, §, or 16 ug/ml, followed by measurement
of the fluorescence intensity for 10 min. Negative con-
trol: Salmonella pullorum with NPN; positive control:
Salmonella pullorum cells with NPN and polymyxin B
(32 pg/ml). The curve of fluorescence intensity versus
time was drawn.
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Table 1. MICs of MDAP-2 against ten Gram-negative bacteria.

Bacterial strains Concentrations of MDAP-2 (mg/ml) MIC:
04 02 01 005 0025 00125 000625 0003125 (mg/ml)

Salmonella pullorum NCTC5776 - - - - + + + + 0.05
Salmonella pullorum clinical isolate - - - - + + + + 0.05
E. coli NTCC 25922 - - - + + + + + 0.1
E.coli clinical isolate - - - + + + + + 0.1
Pseudomonas aeruginosa ATCC 27853 - - + + + + + + 0.2
Pseudomonas aeruginosa clinical isolate - - - + + + + + 0.1
Klebsiella pneumoniae clinical isolate - - - + + + + + 0.1
Vibrio parahaemolyticus ATCC 27969 - - + + + + + + 0.2
Pasteurella multocida clinical isolate - - + + + + + + 0.2
proteus vulgaris clinical isolate - - - + + + + + 0.1
Positive control® - - - - - - - - /

Negative control° + + + + + + + + /

*+ There was bacterial growth in the tube.

- There was no bacterial growth in the tube.

2 Minimal inhibitory concentration, the minimal concentration of peptide that inhibited microbial growth.
b Positive control: gentamicin was added to the sample.

¢ Negative control: only sterile saline (no recombinant peptide) was added to the sample.
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Fig. 1. Secondary structures and hemolytic activity detection results of MDAP-2
a: CD spectra of MDAP-2 in PBS, 30 mM SDS or 50%TFE; b: hemolytic activity results in vitro of different concentrations of MDAP-2.

Membrane permeability assay ed. The cell pellet was resuspended in sodium—phos-
. phate buffer (pH 7.4), and the concentration of bacteria
Inner membrane (IM) permeability assay was adjusted to 1 X 108 CFU/ml. ONPG and MDAP-2

were then added with the final concentrations of
1.5 mmol/L and 50 ug/ml, respectively. The mixture was
incubated at 37°C and continuously sampled every
15 min for 140 min. The samples were centrifuged at
were transferred to 20 ml of fresh medium and incu- 8000%g for 5 min to collect the supernatants for deter-
bated at 37°C for 3-6 h. The bacteria were centrifuged mination of absorbance at 405 nm and compared with
at 8000x g for 5 min, and the supernatant was discard- the positive control (bacteria treated with 0.2% Triton

Single colonies of Salmonella pullorum were inocu-
lated into nutrient broth supplemented with fetal bo-
vine serum and cultured overnight at 37°C. Aliquots
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X-100) and negative control (bacteria treated with
sterile saline). The curve of A, versus time was drawn.

Depolarization of the bacterial membrane assay

Single colonies of Salmonella pullorum were inocu-
lated into nutrient broth supplemented with fetal bo-
vine serum, and cultured overnight at 37°C. Aliquots of
culture were transferred to 20 ml of fresh medium and
incubated at 37°C for 3-6 h. The bacteria solution was
collected at OD,,=0.5 and centrifuged at 8000X g for
5 min; the supernatant was discarded. Bacterial cells
were resuspended in sodium—phosphate buffer (pH 7.4),
and adjusted to 1x10° CFU/ml. MDAP-2 was then
added to a final concentration of 50 ug/ml, incubated at
37°Cfor 2 h, and compared with the bacteria treated with
sterile saline (negative control) and bacteria treated
with melittin (50 ug/ml) (positive control). DiBAC4(3)
was added to a final concentration of 50 ug/ml and in-
cubated at 37°C for 2 h protected from light. the bacte-
rial cells were then detected using a flow cytometer
(Ex=493 nm/Em=516 nm). The results were analyzed
using FlowJo 6.2.1 and GraphPad Prism 5 software.

Bacteria cell membrane integrity assay

During the logarithmic phase of cultivated Salmo-
nella pullorum, the bacterial cells were washed 3 times
by PBS (pH 7.4), resuspended in MH liquid medium,
and adjusted to 1x10° CFU/ml. MDAP-2 was then
added with a final concentration of 50 wg/ml, incubated
at 37°C for 0.5 h in shaker incubator (150 r/min), and
compared with the bacteria treated with sterile saline
(negative control) and bacteria treated with melittin
(25 ug/ml) (positive control). Propidium iodide (PI)
solution was added to a final concentration of 10 ug/mL
and incubated while protected from light at 25°C for
15 min. The samples were centrifuged at 8000xg for
5 min, the supernatant was discarded, and the pellet
was washed with PBS (pH 7.4), the bacterial cells were
then detected by a flow cytometer (Ex=535 nm/
Em=615 nm). The results were analyzed by FlowJo
6.2.1 and GraphPad Prism 5 software.

Results
Circular dichroism spectroscopy

The CD spectra of MDAP-2 (Fig. 1a) display a
strong positive band at 200 nm and a strong negative
band near 218 nm in 5 mm PBS (hydrophilic environ-
ment), indicating that MDAP-2 contains the secondary
structures of alpha helices and beta folds in a hydro-
philic environment. In contrast, in solutions containing
50% TFE (simulating a cell membrane) and 30 mM

SDS (hydrophobic environment), a strong positive
band near 192 nm, and two intense negative bands at
approximately 208 nm and 220 nm were observed, indi-
cating that MDAP-2 has a-helical properties in mem-
brane-like conditions.

Assays of antibacterial activity

The results showed that MDAP-2 displayed
broad-spectrum antibacterial activity against all of the
tested Gram-negative bacteria, including Salmonella
pullorum, Escherichia coli, Pseudomonas aeruginosa,
Vibrio  parahaemolyticus,  Pasteurella  multocida,
Klebsiella pneumoniae and proteus vulgaris. The MIC
value of MDAP-2 against Salmonella pullorum was
0.05 mg/mL, the lowest in all tested bacteria. The MIC
value of MDAP-2 against E. coli, proteus vulgaris,
Pasteurella multocida, Klebsiella pneumoniae, Pseudo-
monas aeruginosa and Vibrio parahaemolyticus were
0.1,0.1,0.1, 0.2, 0.2, and 0.2 mg/ml, respectively (Table 1).

Haemolytic activity

In vitro haemolytic assays showed that incubation
of rabbit red blood cells with MDAP-2 (800 ug/ml) at
37°C for 120min, only 3.4% hemolysis was observed
at a concentration of 800 ug/ml (Fig. 1b), while melittin
exhibited 100% hemolysis at a concentration of only
50 pug/ml. These results strongly suggest that MDAP-2
only weakly disrupts rabbit red blood cells.

The cytotoxicity assay

The cytotoxicity assay showed that the IC,, value
for HEK-293 cells, VERO cells, and IPEC-J2 cells
were greater than 1000 wg/ml. In contrast, melittin
showed 100% cytotoxicity in the three mammalian
cells. These results suggest that MDAP-2 has very low
cytotoxicity to mammalian cells.

Transmission electron microscopy examination
of bacteria

Transmission electron microscopy images showed
that MDAP-2 killed bacteria by damaging their cell
membranes and caused leakage of the cytoplasm.
Salmonella pullorum, without treatment of any antibac-
terial peptides, was round or oval in shape, the cellular
membrane was intact, and the electron density of cyto-
plasm was homogeneous (Fig. 2a). Salmonella pullo-
rum showed deformation, damaged cell membranes,
evidence of leaked cell contents, and the electronic
cloud density in some regions of cytoplasm were
reduced when treated with 24 ug/ml (0.5xMIC)
MDAP-2 (Fig. 2b). When the concentration of MDAP-2
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Fig.2. Bacterial morphology of Salmonella pullorum treated with MDAP-2 under transmission electron microscope, x7000

a: normal bacterial morphology of Salmonella pullorum (negative control); b: bacterial morphology of Salmonella pullorum treated
with MDAP-2 at 0.5XMIC; c: bacterial morphology of Salmonella pullorum treated with MDAP-2 at 1xMIC; d: bacterial morphol-
ogy of Salmonella pullorum treated with melittin at 1xMIC (positive control).

was increased to 48 ug/ml (1xXMIC), the cellular mor-
phology was similar to those treated with melittin: the
cell membranes were notably damaged and caused
leakage of the cytoplasm, and the bacterial cells were
completely cracked (Fig. 2c, 2d).

Outer membrane (OM) permeability assay

N-Phenyl-1-naphthylamine (NPN) is a hydropho-
bic fluorescent agent, that emits faint fluorescence in
aqueous solution. However, when in a hydrophobic

medium, it will emit strong fluorescence. The integra-
ted outer membrane can stop the NPN from entering
into bacterial cells, but when the outer membrane is
damaged, the permeability of the cells is increased, and
NPN will enter the bacterial cells and fluoresce. Com-
pared with the negative control, the fluorescence inten-
sity in the experimental groups treated with MDAP-2
markedly increased (Fig. 3a). As the concentration of
MDAP-2 increased, NPN fluorescence intensity also
gradually increased. The results indicate that MDAP-2
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Fig. 3. Membrane permeability assay results of MDAP-2
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a: time course of NPN uptake in the outer membrane of Salmonella pullorum NCTC5776; b: effects of MDAP-2 on inner membrane permeabil-

ity of Salmonella pullorum NCTC5776.

permeabilized the outer membrane of Salmonella
pullorum.

Inner membrane (IM) permeability assay

Compared with the negative control, the A, in the
experimental groups treated with MDAP-2 (25 ug/ml)
was significantly increased, and the increase in A, in
the groups treated with MDAP-2 (50 wg/ml) was similar
to that of the positive control (Fig. 3b). The results
indicated that MDAP-2 increased the inner membrane
permeability of Salmonella pullorum, and beta-galacto-
sidase was released from the cells or ONPG entered
the cells, resulting in the increase of A, , in the experi-
mental groups.

Depolarization of the bacterial membrane assay

To determine whether MDAP-2 could cause depo-
larization of the bacterial cytoplasmic membrane,
Salmonella pullorum cells treated with MDAP-2 were
stained with DiBAC4(3), and the changes of fluores-
cence intensity were detected by flow cytometry. Com-
pared with the negative control, the fluorescence inten-

sity of Salmonella pullorum NCTC5776 cells treated
with MDAP-2 increased by 35.3% (p<0.01) (Fig. 4a),
and the result showed that MDAP-2 could depolarize
the bacterial cytoplasmic membrane.

Bacteria cell membrane integrity assay

Compared with the negative control, the fluores-
cence intensity of Salmonella pullorum cells treated
with MDAP-2 increased by 66.5% (p<0.01) (Fig. 4b).
The results showed that MDAP-2 can destroy the cell
membrane integrity of bacteria, allowing PI to enter the
cells and embed in the DNA, thus emitting red fluores-
cence.

Discussion

Antibacterial peptides from various organisms have
been reported (Diamond 2001, Haug et al. 2007). Some
of them have antibacterial activity against both
Gram-positive and Gram-negative bacteria, such as
cecropin and melittin. Some of them have antibacterial
activity only against Gram-positive bacteria, such as
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Fig. 4. Depolarization ability of MDAP-2 and its affection on Salmonella pullorum membrane integrity
a: depolarization ability of MDAP-2 on Salmonella pullorum plasma membrane by flow cytometry; b: effects of MDAP-2 on mem-

brane integrity of Salmonella pullorum assayed by flow cytometry.

M: proportion of Salmonella pullorum in which fluorescence was not detected; N: proportion of Salmonella pullorum in which

fluorescence was detected.

Plectasin. And some antibacterial peptides have high
antibacterial activity only against Gram-negative bacte-
ria, such as microcin. MDAP-2 is a new antibacterial
peptide, with a unique structure, that was isolated from
houseflies. It has high antibacterial activity against all
of the tested Gram-negative clinical isolates, inferring
that MDAP-2 has a higher specificity, and it may also
have unique antibacterial mechanisms. In this study,
the antibacterial activity assay results showed that
MDAP-2 has the highest antibacterial activity towards
Salmonella pullorum among the 6 tested Gram-negative
bacteria; therefore, Salmonella pullorum NCTCS5776
was selected as the model bacteria to study the antibac-
terial mechanisms in this study.

Properties of antibacterial peptides such as amino
acid composition, secondary structure, and size allowed
them to bind to or insert themselves into bacteria, thus
bringing about antibacterial action through various
mechanisms (Abiraj et al. 2004, Sun et al. 2014). Before
exploring the antibacterial mechanisms of MDAP-2,

we examined its secondary structure. The CD spectra
showed that MDAP-2 has a-helical properties in mem-
brane-like conditions, which was consistent with bio-
informatics prediction results. The properties provide
some suggestions for antibacterial mechanistic studies
of the new antibacterial peptide.

Most antimicrobial peptides have toxicity to eukary-
otic cells, and this is one of the most important factors
restrict their application in clinical contexts. Hemolytic
test and cytotoxicity assay were often used to to detect
and measure the toxicity of antimicrobial peptides to
eukaryotic cells. In this study, the haemolytic activity of
MDAP-2 was far lower than that of melittin, and only
3.4% hemolysis of rabbit red blood cells was observed
at a concentration of 800ug/ml. The cytotoxicity assay
showed that the IC,; value for HEK-293 cells, VERO
cells, and IPEC-J2 cells was greater than 1000 wg/ml.
The results suggest that MDAP-2 has lower cytotoxicity
to mammalian cells. The above experiment results indi-
cate that MDAP-2 has very low toxicity to eukaryotic
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cells, and could become a new type of antibacterial
agent by structure modification.

Most antimicrobial peptides interact with bacterial
cell membranes through electrostatic or receptor-
-mediated interactions, causing increased membrane
permeability, altering the efflux of intracellular ions
and the influx of water molecules, and eventually killing
the bacteria (Sugawara et al. 2010, Fernandez et al. 2013,
Torcato et al. 2013). Gram-negative bacteria have a
two-layer membrane, the outer membrane and an inner
cytoplasmic membrane (Michela et al. 2015); the outer
membrane and the underlying peptidoglycan layer con-
stitute the cell wall. In this study, the hydrophobic fluo-
rescent probe (NPN) and the inner membrane probe
(ONPG) were used to study the effects of MDAP-2 on
the outer/inner membrane permeability, respectively.
Under normal circumstances, the integrated outer
membrane can prevent NPN from entering bacterial
cells. In this study, the outer membrane was destroyed
and its permeability increased, and NPN entered the
bacterial cells and emitted fluorescence, which was
detected by a fluorescence spectrophotometer. Similarly,
ONPG cannot enter bacteria cells when the inner mem-
brane is intact. But if the permeability of the inner
membrane is increased or disrupted, ONPG can enter
and be hydrolyzed by B-galactosidase into galactose and
the yellow compound o-nitrophenol, which can be
detected by spectrophotometry. Membrane permeability
results indicated that MDAP-2 increased the mem-
brane permeability of Salmonella pullorum, and the
increase was in a concentration-dependent manner.

In addition to the effect on membrane permeability,
antimicrobial peptides can also cause depolarization of
the bacterial cytoplasmic membrane or destroy cell
membrane integrity, eventually resulting in the death
of the bacteria. In this study, transmission electron mi-
croscopy and flow cytometry were used to detect the
effect of MDAP-2 on the membrane integrity of bacte-
ria, TEM images and the flow cytometry results showed
that MDAP-2 destroyed the integrity of Salmonella
pullorum membranes, and caused the leakage of cyto-
plasm; the level of destruction was slightly lower than
that of melittin.
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