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CA-MA is a hybrid antimicrobial peptide (AMP) derived from two naturally occurring AMPs, cecropin A and magainin 2.
CA-MA shows strong antimicrobial activity against Gram-negative and Gram-positive bacteria but also exhibits cytotoxicity
toward mammalian cells. Our objective was to identify CA-MA analogues with reduced cytotoxicity by systematic replacement
of amino acids with positively charged R groups (His and Lys), aliphatic R groups (Leu), or polar R groups (Glu). Among the
CA-MA analogues studied (CMAL to -6), CMA3 showed the strongest antimicrobial activity, including against drug-resistant
Escherichia coli and Pseudomonas aeruginosa strains isolated from hospital patients. CMA3 appeared to act by inducing pore
formation (toroidal model) in the bacterial membrane. In cytotoxicity assays, CMA3 showed little cytotoxicity toward human
red blood cells (hRBCs) or HaCaT cells. Additionally, no fluorescence was released from small or giant unilamellar vesicles ex-

posed to 60 M CMA3 for 80 s, whereas fluorescence was released within 35 s upon exposure to CA-MA. CMA3 also exerted
strong lipopolysaccharide (LPS)-neutralizing activity in RAW 264.7 cells, and BALB/c mice exposed to LPS after infection by
Escherichia coli showed improved survival after administration of one 0.5-mg/kg of body weight or 1-mg/kg dose of CMA3. Fi-
nally, in a mouse model of septic shock, CMA3 reduced the levels of proinflammatory factors, including both nitric oxide and
white blood cells, and correspondingly reduced lung tissue damage. This study suggests that CMA3 is an antimicrobial/antien-
dotoxin peptide that could serve as the basis for the development of anti-inflammatory and/or antimicrobial agents with low

cytotoxicity.

hen microorganisms infect vertebrate or invertebrate an-
imals, the secretion of cytokines, chemokines, and other
peptides is an important component of the animals’ innate
immune response (1, 2). Among those other peptides are anti-
microbial peptides (AMPs), which play key roles in the innate
immune responses of mammals, amphibians, and insects,
among others (3, 4). Indeed, more than 2,300 different AMPs
have been identified and isolated from a wide range of organ-
isms, including bacteria (n = 322), protozoa (n = 6), fungi
(n = 12), plants (n = 306), and animals (n = 1,801). Most
AMPs contain at least 10 amino acid residues, have a net charge
ranging from —3 to +20, and exhibit <60% hydrophobicity
(5). Together, these features underlie the bactericidal activity
of AMPs, enabling them to bind and form damaging pores in
the membranes of Gram-negative and Gram-positive bacteria.
To induce pore formation, AMPs have an a-helical structure
and the ability to interact with anionic components of the cy-
toplasmic membrane, resulting in the formation of toroidal,
carpet, or barrel stave pores (6). Additionally, many AMPs can
potentially prevent septic shock via their antiendotoxic activity
through electrostatic interaction with lipopolysaccharides (LPS)
and lipoteichoic acid in the bacterial membrane (7-9).
CA-MA is a hybrid AMP synthesized from residues 1 to 8
from cecropin A, a naturally occurring AMP isolated from the
hemolymph of Hyalophora cecropia (one of the giant silk moths)
and residues 1 to 12 of magainin 2 from the skin of Xenopus laevis
(African clawed frog) (10, 11). Like most naturally occurring
AMPs, CA-MA targets the bacterial cytoplasmic membrane
and appears to have strong activity against both Gram-negative
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and Gram-positive bacteria (12). Unfortunately, however,
CA-MA also shows cytotoxicity against normal mammalian
cells. A recent study characterized a set of CA-MA analogues in
which amino acid residues were systematically replaced at lo-
cations carrying positively charged R groups (His and Lys),
aliphatic R groups (Leu), or polar R groups (Glu) (13). Ana-
logues CMAL1 to -6, especially CMA6 peptide, reportedly
showed the strongest binding affinity for the bacterial cell
membrane (12-15).

In the present study, we assessed the antimicrobial activities of
CA-MA and CMAL1 to -6 against Gram-negative and Gram-posi-
tive drug-resistant bacterial strains, as well as their cytotoxic ac-
tivities against cultured HaCaT cells. In addition, we identified a
possible mechanism of action against the Escherichia coli cell
membrane and detected anti-inflammatory activity against E. coli
0111:B4 LPS, as well as endotoxin-neutralizing activity in BALB/c
mice injected with E. coli 0111:B4 LPS.
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MATERIALS AND METHODS

Microorganisms. Escherichia coli (ATCC 25922) and Pseudomonas
aeruginosa (ATCC 15692) were obtained from the American Type Cul-
ture Collection. The strains of Staphylococcus aureus (strains 3518, 1870,
1630, 4716, 3551, and 5155) and P. aeruginosa (strains 434, 5018, 4891,
3399, 341, 138, 778, 4007, 3344, 4076, 3552, 3543, 3290, and 4891) used
are ampicillin- and gentamicin-resistant strains isolated from hospital
patients with otitis media at Chonnam National University, Republic of
Korea.

Peptide synthesis and purification. The peptides were synthesized
using the 9-fluorenylmethoxycarbonyl (Fmoc) solid-phase method on
Rink amide 4-methyl benzhydrylamine resin (0.55 mmol/g; Nova-
biochem) with a Liberty microwave peptide synthesizer (CEM Co., Mat-
thews, NC). To obtain N-terminal fluorescently labeled peptides, the
resin-bound peptides were treated with 20% (vol/vol) piperidine in dim-
ethylformamide (DMF) to remove the protective Fmoc group from the
N-terminal amino acid residue. The peptides were then cleaved from the
corresponding resins, precipitated with ether, and extracted. The resul-
tant crude peptides were purified by reversed-phase preparative high-
performance liquid chromatography (RP-HPLC) on a Jupiter C,4 col-
umn (250 by 21.2 mm, 15 pM, 300 A) using a 0-to-60% acetonitrile
gradient in water also containing 0.05% trifluoroacetic acid. The purity of
the extracted peptides (more than 95%) was then confirmed using ana-
Iytical reversed-phase HPLC on a Jupiter proteo C,g column (250 by 4.6
mm, 90 A, 4 uM). The molecular mass of the peptides was confirmed
using a matrix-assisted laser desorption ionization (MALDI) mass spec-
trometer (MALDI II; Kratos Analytical Instruments) (16).

Antimicrobial activity. Bacterial cells were cultured at 37°C in appro-
priate culture media (tryptic soy broth [TSB], Luria broth [LB], and
0.05% NaCl with nutrient broth [NB]), and the antimicrobial activities of
the AMPs were determined using microdilution assays and/or the NCCLS
method. Briefly, twofold serial dilutions of each peptide (CA-MA and its
analogues; 0.5 to 64 uM) or conventional antibiotics (ampicillin and gen-
tamicin; 6.25 to 800 wM) were added in duplicate to bacterial cell-con-
taining medium (5 X 10°> CFU/ml) during the mid-logarithmic phase of
growth. The samples were then incubated for 24 h at 37°C, after which the
MIC:s of the peptides were determined by measuring the absorbance level
at 650 nm. The lowest peptide concentration that completely inhibited
growth was defined as the MIC (16, 51).

Hemolytic activity. Fresh human red blood cells (hRBCs) from
healthy donors were centrifuged at 800 X g and washed with phosphate-
buffered saline (PBS) until the supernatant was clear. Twofold serial
dilutions of the peptides in PBS were added to a 96-well plate, after
which the hRBCs were added to obtain a final concentration of 8%
(vol/vol). The samples were then incubated with mild agitation for 1 h
at 37°C. The samples were then centrifuged at 800 X g for 10 min, and
the absorbance of the supernatant was measured at 414 nm. All the
measurements were performed in triplicate (11, 12), and the percentages
of hemolysis were calculated using equation 1:

% hemolysis = [ (A4, in peptide solution — A4 in PBS)/
(A414in 0.1 % Triton X — 100 — Ay, in PBS)] X 100 (1)

where 100% hemolysis was defined as the absorbance measured from
hRBCs exposed to 1% Triton X-100 and zero hemolysis was characterized
using hRBCs alone in PBS (16).

Cytotoxicity. To examine the cytotoxic effects of the peptides, HaCaT
(human keratinocyte) cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin) and 10% fetal calf serum at 37°C in a hu-
midified chamber under a 5% CO, atmosphere. Growth inhibition was
evaluated using 3-(4,5-dimethylthizol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assays to measure cell viability. After cells were seeded
into a 96-well plate at a density of 2 X 10*/well and incubated for 24 h,
twofold serial dilutions of each peptide in DMEM were added to the wells,
and the cells were incubated for an additional 24 h at 37°C. Thereafter, 10
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plof MTT (5 mg/ml) was added to each well, and the plate was incubated
for 4 h. The supernatants were then removed, and 50 pl of DMSO was
added to each well to dissolve any remaining precipitate. Finally, the ab-
sorbance at 570 nm was measured using a microtiter reader (16).

Binding affinity of peptides to SUV liposomes. Small unilamellar
vesicles (SUVs) were prepared using the sonication method (17, 18). The
desired phospholipid mixture (phosphatidylcholine-sphingomyelin [PC-
SM], 2:1, wt/wt) was dissolved in chloroform, dried in a glass tube under
nitrogen, and then lyophilized overnight to remove any residual solvent.
Dry lipid films were then added to 1 to 2 ml of 10 mM HEPES buffer (pH
7.4), and the resulting mixtures were vortexed. To prepare the SUVs, the
lipid dispersions were sonicated in a bath-type sonicator for 30 min, until
the turbidity had cleared. After preparation of the vesicles, the suspen-
sions were extruded 15 times through polycarbonate membranes with
0.05 and 0.2 pM pores, which ensured a homogeneous SUV population.
The concentration was determined using a standard phosphate assay (19).
Circular dichroism (CD) spectra were recorded at 25°C on a Jasco 810
spectropolarimeter (Jasco, Easton, MD, USA) equipped with a tempera-
ture control unit. A 0.1-cm-path-length quartz cell was used with 30 uM
and 60 uM CA-MA/CMA3 in 300 uM SUVs in 10 mM HEPES buffer (pH
7.4). At least three scans were acquired and averaged to improve the sig-
nal-to-noise ratio at 250 to 190 nm (20).

Preparation and visualization of GUV liposomes. Giant unilamellar
vesicles (GUVs) were prepared using the electroformation method.
Briefly, the desired phospholipid mixture (PC-SM, 2:1, wt/wt) was pre-
pared in chloroform, after which 100-l aliquots of the lipid mixture were
deposited on indium tin oxide (ITO)-coated glass slides (25 by 35 by 1.1
mm; Sigma-Aldrich, St. Louis, MO), which were then spin coated at 600
rpm for 5 min. Any residual organic solvent was removed by evacuation in
avacuum for at least 2 h. Two ITO glass slides, one with a lipid film, were
then placed such that they were separated only by a poly(dimethylsilox-
ane) spacer so as to form an electroformation chamber (25 by 25 by 1
mm). The chamber was filled with 0.1 M sucrose in 10 mM HEPES buffer
(pH 7.4) through a hole in the poly(dimethylsiloxane) spacer. A 1.7-Vpp
(peak to peak voltage), 10 Hz alternating current (AC) field was then
applied to the ITO slides using a function generator (Agilent 33220A;
Agilent Technology, USA). After 1.5 h, the electric field was changed to 4
Vpp, 4 Hz for 10 min to detach the liposomes that formed on the slides.
The liposome solution was then gently removed from the electroforma-
tion chamber and diluted in 10 mM HEPES buffer containing 0.1 M
glucose. Aliquots of the resultant GUV suspension were deposited on
microscope slides and allowed to settle for 1 min. This settling was due to
the density difference between the sugar solutions inside and outside the
liposomes. The liposomes on the slides were examined under a micro-
scope (IX71; Olympus, Tokyo, Japan), and images were recorded using a
digital charge-coupled device (CCD) camera (DP71; Olympus) and video
recorder and were analyzed using software provided by the manufacturer
(21).

CD analysis. CD spectra were recorded at 25°C on a Jasco 810 spec-
tropolarimeter (Jasco, Easton, MD, USA) equipped with a temperature
control unit. A 0.1-cm-path-length quartz cell containing 30 WM peptide
solution was used along with 30 mM sodium dodecyl sulfate (SDS; wt/
vol). At least five scans were acquired and averaged to improve the signal-
to-noise ratio at 250 to 190 nm. Mean residue ellipticity ([], deg - cm? -
dmol ') was calculated using the following equation (20):

[9] = obs/10lc (2)

where obs is the measured signal (ellipticity) in millidegrees, I is the
optical path length of the cell in centimeters, and ¢ is the molar con-
centration of a peptide (mean molar concentration of the residues: c =
number of residues in the peptide X molar concentration of the pep-
tide [mol/liter]).

Sytox green uptake analysis. E. coli cells were grown to mid-logarithmic
phase at 37°C, washed, and resuspended (2 X 107/ml) in 10 mM sodium
phosphate buffer (pH 7.2). The cells were then incubated with 1 uM Sytox
green for 15 min in the dark. After the addition of 2 to 64 wM peptide
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TABLE 1 Sequences, chromatography retention times, and molecular weights of CA-MA and its analogues

Mol wt
Peptide Sequence Mean retention time (min)* Observed Calculated
CA-MA KWKLFKKIGIGKFLHSAKKF-NH, 23.6 2,404.3 2,401.0
CMA1 KWKLFKKIGIGKHFLSAKKF-NH, 20.9 2,405.0 2,402.2
CMA2 KWKLFKKIGIGKFLSAHKKF-NH, 22.3 2,405.0 2,404.2
CMA3 KWKLKKHIGIGKHFLSAKKF-NH, 17.8 2,394.9 2,393.2
CMA4 KWKHLKKIGIGKFLSAHKKF-NH, 19.1 2,394.9 2,390.8
CMAS5 KWKHLKKIGIGKHFLSAKKF-NH, 17.6 2,394.9 2,392.6
CMAG6 KWKLFKKIGIGKFLQSAKKF-NH, 23.9 2,396.0 2,394.3

“ Mean retention time during reversed-phase high-performance liquid chromatography (RP-HPLC).

(CA-MA or CMA3), the time-dependent increases in fluorescence caused by
the binding of the cationic dye to intracellular DNA were monitored (excita-
tion at 485 nm and emission at 520 nm) (20).

Membrane depolarization of intact bacterial cells. The membrane-
depolarizing activities of the peptides were evaluated in E. coli cells using
the membrane potential-sensitive fluorescent dye DiSC;-5 (3,3’ -dipropy-
Ithiadicarbocyanine iodide). Two batches of bacterial cells (experiment
and control) were grown to mid-log phase at 37°C, harvested, and washed
three times with buffer A (20 mM glucose, 5 mM HEPES [pH 7.2]). The
cells were then resuspended to an A, 0f 0.05 in buffer A containing 0.1 M
KCl, after which DiSC;-5 was added to a final concentration of 0.1 uM
and the mixture was incubated for ~60 min until the fluorescence level
stabilized. The peptides were then added to bacterial suspensions, and the
changes in fluorescence were continuously recorded (excitation at 622 nm
and emission at 670 nm) for 30 min (20).

CLSM. To analyze the cellular distribution of the peptides, E. coli cells
were incubated with tetramethyl rhodamine (TAMRA)-labeled peptide
and monitored using confocal laser-scanning microscopy (CLSM). The
peptides were added to the cells using the same procedure used for the
antimicrobial assays (see above). TAMRA-labeled peptides at their re-
spective MICs were added to 100 pl of cell suspension. After incubation
for 30 min, the cells were pelleted by centrifugation at 4,000 X g for 5 min
and washed three times with ice-cold PBS. The localization of the
TAMRA-labeled peptides was then examined under an inverted LSM510
laser-scanning microscope (Carl Zeiss, Gottingen, Germany) equipped
with a helium/neon laser (543-nm line). The resulting images were re-
corded digitally in a 512- by 512-pixel format (22).

SEM. Morphological alteration of E. coli cells was assessed by compar-
ing cells incubated in the absence or presence of CA-MA or CMA3. E. coli
cells grown to mid-logarithmic phase at 37°C were resuspended in 10 mM
sodium phosphate buffer (pH 7.4) to an optical density at 600 nm
(ODgq) of 0.15, after which 1/2 MIC of each peptide was added. After
incubation for 10 min at 37°C, the cells were fixed, dehydrated through a
50-t0-100% ethanol series (10 min at each step), and coated with plati-
num. The cells were then examined under a scanning electron microscope
(SEM) (JSM-7100F; JEOL, Japan) (23).

LPS binding analysis. CD spectra were recorded at 25°C on a Jasco
810 spectropolarimeter (Jasco, Easton, MD, USA) equipped with a tem-
perature control unit. A 0.1-cm-path-length quartz cell containing a 50
M peptide solution was used, along with 10 mM sodium phosphate
buffer (pH 7.4) and 30 mM E. coli LPS. At least five scans were acquired
and averaged to improve the signal-to-noise ratio at 250 to 190 nm (20).

LPS aggregation analysis. To analyze LPS aggregation based on light
scattering, several concentrations of TAMRA-labeled CMA3 (0, 5, 10, 20,
30, and 40 pg/ml) were mixed with 25-pg/ml E. coli LPS solution in 10
mM sodium phosphate buffer (pH 7.4) and incubated for 30 min at 37°C.
The aggregation sample was collected by centrifugation at 12,000 X gand
resuspended in 10 mM sodium phosphate buffer (pH 7.4). The dose-
dependent increases in fluorescence caused by the aggregation of
TAMRA-labeled CMA3 with E. coli LPS were then monitored (excitation
at 570 nm and emission at 570 nm) (24).
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Neutralization of LPS. The neutralization of LPS by the peptides was
assessed using a chromogenic limulus amebocyte lysate assay. A constant
concentration of E. coli LPS (1 ng/ml) was incubated with various con-
centrations of the peptides (0 to 25 uM) at 37°C in the wells of a pyrogenic
sterile microtiter plate. Fifty-microliter aliquots of the mixtures were then
added to equal volumes of limulus amebocyte lysate reagent, and the
mixtures were incubated for 10 min at 37°C. A yellow color developed
upon the addition of 100 wl of a chromogenic substrate solution. The
reaction was stopped by adding 25% acetic acid, after which the absor-
bance was measured at 405 nm (20).

Mammalian cell culture. Raw 264.7 (mouse macrophage) cells were
cultured in DMEM supplemented with antibiotics (100 U/ml penicillin
and 100 pg/ml streptomycin) and 10% fetal calf serum at 37°C in a hu-
midified chamber under an atmosphere containing 5% CO,. For experi-
mentation, the cells were plated in 12-well plates (10°/well) and cultured
for 24 h under the same conditions.

Nitric oxide assay. RAW 264.7 cells (5 X 10°/well) were incubated for
9 hat 37°C with 1 g/ml E. coli LPS in the presence or absence of 50 p.g/ml
CMA3 in DMEM supplemented with serum and antibiotics in a humidified
chamber with a 5% CO, atmosphere. The culture supernatants were then
collected, mixed with Griess reagent (equal volume), and incubated for 10
min at room temperature. The NO produced was measured on a microplate
reader at 540 nm. The changes evoked in NO levels were determined by
comparison with data points obtained in the absence of CMA3 (25).

Effects of CMA3 on LPS-dependent TNF-« induction. The expres-
sion level of a proinflammatory cytokine (tumor necrosis factor alpha
[TNF-a]) was evaluated after the addition of E. coli LPS (1 pg/ml) to RAW
264.7 cells (5 X 10°/well) in the presence or absence of CMA3 (50 wg/ml)
in DMEM supplemented with serum and antibiotics. The cells were incu-
bated for 9 hat 37°C in a humidified chamber with a 5% CO, atmosphere.
TNF-a secretion was measured in the culture supernatant using a mouse
TNF-a enzyme-linked immunosorbent assay (ELISA) kit (Biotechnology
Komabiotech) (22). The levels were quantified by measuring the absor-
bance at 450 nm on a VERSA max microplate reader.

Western blot analysis. Western blot analysis was performed as previ-
ously described (22). Briefly, proteins extracted from mouse organs were
separated by SDS-PAGE in a 15% polyacrylamide gel for 3 h and trans-
ferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad, USA)
for 1 h using 90 V. Each membrane was then incubated overnight at 4°C
with anti-TNF-a or anti-GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) antibody (Santa Cruz Biotechnology) in a 5% skim milk solution
(Abfrontier). The membranes were washed with Tris-buffered saline con-
taining Tween 20 (0.05% TBST) and incubated with horseradish peroxi-
dase (HRP)-conjugated goat anti-rabbit IgG. Finally, the membrane blots
were developed using a Western blot detection kit (Abfrontier).

Immunocytochemistry (ICC) analysis. RAW 264.7 cells (5 X 10°/ml)
were cultured in an 8-well plate for 12 h at 37°C under an atmosphere
containing 5% CO, and then stimulated for 9 h with E. coli LPS (1 pg/ml)
in the presence or absence of CMA3 (50 pg/ml). Thereafter, the cells were
washed with PBS, fixed in 4% paraformaldehyde (15 min), and permeab-
ilized using 0.5% Triton X-100 in PBS. The cells were then washed again
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FIG 1 Diagrams of CA-MA and CMA3. (A) Helical wheel projections of CA-MA and CMA3. Residues that were replaced in CMA3 are shown in red font in both
projections. (B) Hemolytic activities of CA-MA and its analogue peptides against hRBCs, compared with that of melittin peptide. Error bars indicate standard
deviations (SD) (P < 0.005). (C) Cytotoxicities of CA-MA and the indicated analogues toward HaCaT. Error bars indicate SD (P < 0.005). (D) CD spectra for
CA-MA and CMA3 in the presence of small unilamellar vesicles (PC-SM, 2:1, wt/wt). Mean values are presented; n = 3. (E) Photomicrographs showing the
effects of CA-MA and CMA3 on giant unilamellar vesicles (PC-SM, 2:1, wt/wt). The size bar represents 5 pm.

by gently shaking in PBS for 5 min three times, blocked in blocking buffer
(5% bovine serum albumin in PBS at 200 pl/well) for 1 h with gentle
shaking, and then incubated with a 1:100 dilution of primary antibody
(anti-TNF-a antibody; Abfrontier) for 12 h at 4°C. Thereafter, they were
washed three times in PBS (5 min/wash) and incubated with a 1:200
dilution of secondary antibody (fluorescein isothiocyanate [FITC]-con-
jugated goat anti-mouse IgG) for 1 h at 37°C. The nuclei were stained
using DAPI (0.25 pg/ml; Life Technologies), and the staining was visual-
ized using a confocal laser-scanning microscope (LSM510; Carl Zeiss,
Gottingen, Germany) (26).
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In vivo assays. Studies were conducted according to the standards
of the institutional ethics committee of Chosun University and to the
checklist for ethical consideration of cytotoxicity studies (authoriza-
tion no. CIACUC2015-A0011) (https://www.cre.or.kr/article/policy/1
382313). Male BALB/c mice (aged 7 weeks, 23 = 0.5 g) were injected
intraperitoneally (i.p.) with 15 mg of E. coli 0111:B4 LPS (Sigma) per kg
of body weight. The CMA3 peptide was injected i.p. into mice at a con-
centration of 0.5 or 1 mg/kg 30 min after the E. coli 0111:B4 LPS injection.
Survival was followed for 40 h, after which mice were sacrificed, blood and
lungs were collected, lungs were fixed, white blood cells (WBCs) were
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TABLE 2 Antimicrobial activities of AMPs and antibiotics against drug-resistant bacterial strains

MIC (uM) of:
CA-MA in: CMAS in: Ampicillin Gentamicin
Strain” Sp? MHB* SP MHB in MHB in MHB
E. coli CCARM 1229 8 32 8 32 800 400
P. aeruginosa 3552 8 4 8 4 800 400
S. aureus 3518 2 64 2 >64 800 800
S. aureus 1870 2 >64 2 >64 800 400
S. aureus 1630 2 64 2 >64 800 800
S. aureus 4716 4 64 4 >64 800 400
S. aureus 3551 1 64 1 >64 800 800

@ The S. aureus and P. aeruginosa strains used are drug-resistant strains isolated from patients with otitis media in a hospital.
b This assay was performed in 10 mM sodium phosphate (pH 7.4) with 10% Mueller-Hinton broth (MHB).
¢ The procedure used was in accordance with NCCLS (National Committee for Clinical Laboratory Standards) methods.

counted, and NO and histochemical assays were performed. Whole lungs  injected i.p. with 0.5 or 1 mg/kg CMA3 (100 wl) 30 min prior to i.p.
were stained with hematoxylin and eosin (H&E) (27). injection of 100 wl PBS buffer and/or 15 mg/kg E. coli 0111:B4 LPS.

Mouse survival rate. In the induced-inflammation and toxicity ex-  Experimental mice were monitored for survival over the subsequent
periments, groups of 7-week-old male BALB/c mice (n = 10) were 60 h (27).
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FIG 2 Mechanism of CA-MA and its analogue peptides. Circular dichroism (CD) spectra for CA-MA analogues in aqueous solution (A) and SDS solution (B).
(C) Time-dependent influx of Sytox green into E. coli cells. The cells were incubated with 1 uM Sytox green until the basal fluorescence reached a steady state.
CA-MA or CMA3 was then added, and the fluorescence was measured at the indicated time points (excitation at 485 nm and emission at 520 nm). Error bars
indicate SD (P < 0.005). (D) Time-dependent depolarization of E. coli cells by CA-MA and CMA3. The E. coli concentration in mid-logarithmic phase was adjusted
to an ODy, of 0.05 and preequilibrated for 10 min with DisC;-5. CA-MA (black) or CMA3 (gray) was then added, each at its MIC (2 wM and 4 M, respectively), and
changes in fluorescence were monitored continuously (excitation at 622 nm and emission at 670 nm) and plotted in arbitrary units. The dramatic second change in
fluorescence was elicited by the addition of Triton X-100 (0.1%) to determine the maximum response. Mean values are presented; n = 3.
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FIG 3 Morphological analysis of E. coli membrane with CA-MA and CMA3 peptides. (A) Localization of TAMRA-labeled CA-MA and CMA3 in E. coli. The cells
were incubated for 10 min with the MIC of TAMRA-CA-MA (top) or TAMRA-CMA3 (bottom) and then examined using a confocal laser-scanning microscope.
The scale bar is 5 wm. DIC, differential interference contrast. (B) Morphological analysis of E. coli cells in the absence and presence of CA-MA and CMA3 using
SEM. CA-MA and CMA3 were incubated with E. coli cells at the MIC in 10 mM sodium phosphate buffer (containing 10% medium). The scale bar is 1.0 pm.

WBC staining and cell counts using Hoechst stain. Whole-blood
samples were extracted from mouse heart tissues soaked in heparin for 30
min. After complete separation of red and white blood cells (RBCs and
WBCs, respectively) from the serum by centrifugation for 10 min at 800 X
& the cells were resuspended in PBS buffer (8%, vol/vol). The 8% RBCs
were stained using 0.25 mg/ml Hoechst dye for 10 min at 37°C. The cells
(10 pl) were then observed under a fluorescence microscope (IX71;
Olympus, Tokyo, Japan), and the WBCs were counted (28).

Nitric oxide assay. Whole-blood samples were collected following in-
duction of inflammation using 15 mg/kg E. coli 0111:B4 LPS in the ab-
sence or presence of 1 mg/kg CMA3. Thirty minutes after LPS injection,
the BALB/c mice were injected i.p. with either CMA3 (0.5 and 1 mg/kg) or
PBS alone. Forty hours after treatment, whole-blood samples were ex-
tracted and centrifuged at 4,000 X g for 10 min at 4°C. The supernatant
was then retained for NO assays. To determine NO levels, Griess reagent
[N-(1-naphthyl) ethylenediamine dihydrochloride; 0.1% in distilled wa-
ter] was added to the samples, which were then mixed with equal volumes
of sulfanilic acid (1% in phosphoric acid). Aliquots of the resultant mix-
ture (50 pl) were incubated for 30 min at 25°C with continuous mixing,
and the absorbance at 548 nm was measured using a microplate reader.
NO levels were calculated against a standard curve constructed using so-
dium nitrite (27).

H&E staining. Whole-lung-tissue samples were removed, washed
once in PBS buffer, and then transferred to 4% paraformaldehyde for 24 h.
The samples were next dehydrated in 50% and then 100% ethanol (2 h
each), followed by 3 washes in xylene substitute (1 h). They were then
embedded in paraffin, cut into 4-pwm-thick sections using a microtome
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(Thermo Scientific), and stained with H&E. The stained sections were
evaluated using an inverted microscope (IX71; Olympus, Tokyo, Japan)
(27).

RESULTS
Modification of the CA-MA hybrid AMP and bactericidal and
cytotoxic activity. We initially designed the CA-MA hybrid AMP.
Analogue peptides were then produced with the aim of reducing
the hydrophobicity and cytotoxicity of the peptides while main-
taining the antimicrobial activity. We constructed six CA-MA an-
alogues (CMAL1 to -6) by replacing the amino acid residues in
positions 13 to 17 with positive (H or K), aliphatic (L), or polar
(Q) amino acids. The resultant peptides each had an approximate
charge of +8 under physiological conditions (Table 1; Fig. 1A).
With the exception of CMAS, all of the analogues had shorter
retention times than CA-MA during RP-HPLC, indicating an in-
crease in polar surface area (Table 1). When we examined the
antimicrobial activities of the analogues against Gram-negative
and Gram-positive bacteria, we found that, like CA-MA, the ana-
logue peptides exhibited strong antimicrobial activities against
Escherichia coli (ATCC 25922) and Pseudomonas aeruginosa
(ATCC 15692) at 2 to 4 uM (data not shown).

Antimicrobial activities against drug-resistant strains. Given
the results summarized above, we selected CMA3 for analysis of its
activity against drug-resistant E. coli (CCARM strains 1229 and
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1238) and P. aeruginosa strains isolated from patients with otitis
media in Chonnam National University Hospital using National
Committee for Clinical and Laboratory Standards (NCCLS)
guidelines. CA-MA and CMA3 showed stronger activities against
drug-resistant bacteria (E. coli and P. aeruginosa strains) than am-
picillin or gentamicin did (Table 2). Furthermore, the hemolytic
activity of CA-MA and its analogues was tested against hRBC cells
(Fig. 1B). Incubation of the hRBC cells in the presence of 200 pM
CA-MA peptide resulted in about 6% hemolysis, but no hemolytic
activity was observed in the hRBC cells for higher peptide concen-
trations (200 wM) of its analogues. On the other hand, melittin, a
honeybee venom toxin that has been reported to possess potent
antimicrobial activity over a broader spectrum (29), exhibited
100% hemolytic activity at 3.13 pM (Fig. 1B).

Cytotoxic activity. The cytotoxicities of CA-MA and its ana-
logues were tested against HaCaT cells (Fig. 1C). Incubating
HaCaT cells in the presence of 12.5 wM CA-MA resulted in about
85% cell lysis. However, CMA3 at a concentration of 100 uM
exhibited no cytotoxicity toward HaCaT cells and showed mini-
mal cytotoxicity (7.6%) at 200 pM. Among the six analogues,
CMA3 had the strongest antimicrobial activity with no evident
toxicity against mammalian cells, even at high concentrations
(Fig. 1C).
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We then investigated the cytotoxic mechanism of CA-MA
and CMA3 by using small unilamellar vesicles (SUVs) and gi-
ant unilamellar vesicles (GUVs) constructed of phosphatidyl-
choline-sphingomyelin (PC-SM; 2:1, wt/wt) to approximate
mammalian cell membrane components (17, 18, 21). Confor-
mational changes to CA-MA and CMA3 were identified using
CD spectroscopy. Our CD measurements indicated that
CA-MA (60 wM) had strong binding affinity for PC-SM (2:1,
wt/wt) SUV liposomes, whereas CMA3 peptide (60 uM) had
much weaker affinity (Fig. 1D). Moreover, imaging of GUVs
exposed to the peptides showed that at a concentration of 60
puM, CA-MA rapidly interacted with PC-SM (2:1, wt/wt) GUVs
and disrupted the vesicles within about 42 s. In contrast, at the
same concentration, CMA3 showed little interaction with
GUVs, even after 80 s. These results indicate that CA-MA, but
not CMA3, rapidly accumulates on PC-SM GUVs, leading to
membrane disruption and vesicle lysis (Fig. 1E).

Helicity and membrane permeabilization by CA-MA and its
analogues. To analyze the structural features of CA-MA ana-
logues and the effects of amino acid substitution, we first used
far-UV CD spectra to evaluate their structures in aqueous solution
(in 10 mM sodium phosphate buffer [pH 7.4]) (Fig. 2A) and in 30
mM SDS buffer (Fig. 2B). In aqueous buffer, the AMPs did not
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self-associate, and they assumed a random coil structure. In SDS
solution, in contrast, all six CA-MA analogues assumed an o-he-
lical structure, suggesting that the peptides’ antimicrobial efficacy
reflects that structure. We also assessed the mechanism by which
CA-MA and CMA3 disrupted the cytoplasmic membrane of E.
coli ATCC 25922 cells loaded with 1 M Sytox green (Fig. 2C).
There is no change in intracellular Sytox fluorescence without
membrane disruption, since Sytox does not cross intact mem-
branes. Upon the addition of CA-MA or CMAS3 to E. coli cells,
membrane disruption was evident from the dose-dependent in-
crease in Sytox fluorescence intensity (Fig. 2C), as well as the rapid
membrane depolarization at the MIC (2 puM CA-MA and 4 pM
CMA3) (Fig. 2D). From these results, it appears that CA-MA and
CMA3 disrupt both the inner and outer cytoplasmic membranes
of E. coli cells.

Visualization of E. coli membrane disruption using CLSM
and SEM. To further investigate the effects of CA-MA and
CMA3 on E. coli, TAMRA-labeled CA-MA and CMA3 were incu-
bated with E. coli at their respective MICs. Examination of the cells
using CLSM showed the peptides to be localized on the E. coli cell
surface (Fig. 3A). Visualization of E. coli cells using SEM fol-
lowing incubation of the cells with CA-MA or CMA3 at their
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respective MICs revealed that the peptides caused pore forma-
tion in the cytoplasmic membrane that appeared consistent
with the toroidal-pore model. This confirms that both CA-MA
and CMA3 kill bacteria through the formation of damaging
pores in the cytoplasmic membrane (Fig. 3B).

LPS binding activity. Because CA-MA and CMA3 have a
charge of +8 under physiological conditions, we anticipated that
they would bind to LPS. We therefore used CD spectra to analyze
the binding of CA-MA and CMA3 (50 uM) to E. coli LPS (30
mM), which we found shifted the peak minimum from 210 nm to
190 nm (Fig. 4A). When TAMRA-labeled CMA3 (0, 5, 10, 20, 30,
or 40 pg/ml) was incubated with E. coli LPS (25 pg/ml) in 10 mM
sodium phosphate buffer for 30 min, we observed dose-depen-
dent increases in the fluorescence intensity, reflecting aggrega-
tion of the TAMRA-labeled peptide with LPS. At 40 pwg/ml, the
peptide showed strong aggregation (25.8%) with the E. coli LPS
at 25 pg/ml (Fig. 4B). Furthermore, using the limulus amebo-
cyte lysate method with 0.156 to 20 uM CMA3 and 1 ng/ml
LPS, we determined that CMA3 also dose dependently neutral-
ized LPS, showing 70.78% neutralization at 20 p.g/ml (Fig. 4C).
The computer modeling shown in Fig. 4D revealed that bend-
ing of the CMA3 peptide (at lysine residues) results in it having
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strong affinity for LPS, enabling it to bind to and neutralize the
endotoxin.

Anti-inflammatory effect of CMA3 on RAW 264.7 cells. The
ability of 50 pug/ml CMA3 to neutralize 1 pg/ml LPS prompted us
to ask whether CMA3 could suppress the inflammatory response
elicited by LPS. To address that question, we assessed the effect of
CMAS3 on E. coli LPS (1 pg/ml)-induced secretion of nitric oxide
(NO) and the proinflammatory cytokine TNF-o from RAW 264.7
cells. As shown by the results in Fig. 5A, LPS significantly increased
the NO secretion from RAW 264.7 cells compared with the NO
secretion from control cells (11.45 wM versus 3.78 WM, respec-
tively), but that response was diminished (to 10.19 wM) after
treatment with 50 pug/ml CMA3. Furthermore, Western blot anal-
ysis and CLSM showed that LPS stimulates the expression of
TNF-a in RAW 264.7 cells and that this response too was sup-
pressed by CMA3 (Fig. 5B and D). Correspondingly, TNF-a
ELISA analysis of culture supernatants showed that CMA3 signif-
icantly reduced the secretion of TNF-a in RAW 264.7 cells com-
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pared with its secretion in cells induced with LPS only (656.75
pg/ml versus 904.75 pg/ml, respectively). In the CMA3-treated
cells, the peptide concentration of 50 pwg/ml reduced TNF-a se-
cretion to 248 pg/ml (Fig. 5C).

In vivo CMA3 activity. To evaluate the therapeutic activity of
CMA3 in a model of severe sepsis, BALB/c mice were injected with
0.5 mg/kg or 1 mg/kg CMA3 peptide prior to injection of E. coli
0111:B4 LPS (15 mg/kg). The CMA3 pretreatment increased the
survival rate at 40 h posttreatment by more than 50% compared to
the survival of mice treated only with LPS (Fig. 6A). In addition,
the WBC counts were also significantly higher (814 WBCs) in
E. coli0111:B4 LPS-treated BALB/c mice than in untreated con-
trol mice (258 WBCs). However, pretreatment with CMA3
dose dependently reduced the WBC counts, to 420 WBCs with
0.5 mg/kg CMA3 and to 400 WBCs with 1 mg/kg CMA3 (Fig.
6B). Similarly, CMA3 also reduced the elevated serum NO lev-
els otherwise seen following LPS administration, where the NO
levels were 35 and 6.99 wM with 0.5 and 1 mg/kg CMA3 treat-
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ment, respectively, compared with 75.1 pM in serum induced
with LPS only (Fig. 6C). Indeed, CMA3-treated mice showed
no serious increase in NO levels following LPS administration.
Consistent with those findings, lungs from E. coli 0111:B4 LPS-
treated mice were significantly swollen and/or damaged, but
CMA3 administration appeared to partially reverse that swell-
ing and damage (Fig. 6D). These data indicate that the CMA3
antimicrobial peptide is also a strong neutralizer of endotoxin
activity in BALB/c mice.

DISCUSSION

The immune response to bacterial infection involves the produc-
tion of cytokines, chemokines, and other proteins, including
AMPs (2, 30-34) such as cathelicidin/LL-37 (35, 36), by various
immune cells (e.g., macrophages, monocytes, and NK cells). Bac-
terial infection also induces epithelial cells in the skin, lungs, gut,
and breast to produce these peptides (37, 38), which also show
anticancer activity against drug-resistant MCF-7 breast cancer
cells (39—41).

In the present study, we examined CA-MA, a hybrid peptide
synthesized from truncated versions of the a-helical structures of
the AMPs cecropin A and magainin 2, two proteins that interact
with the bacterial cytoplasmic membrane. Through the use of a set
of substituted analogues, CA-MA was shown to act by binding to
or inserting into the bacterial membrane (15). The parent pep-
tides exert potent antimicrobial effects against both Gram-nega-
tive and Gram-positive bacteria but also exhibit hemolytic and
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cytotoxic activities against normal mammalian cells (10, 11). The
CA-MA hybrid shows stronger antimicrobial activity than either
of the parent peptides but does not induce hemolysis; however, it
retains some cytotoxicity toward mammalian cells (12—14).

The purpose of the present study was to obtain additional in-
formation about the mechanism of action of a set of peptides
derived from CA-MA through amino acid substitution. CA-MA
has an a-helical structure when interacting with the cell mem-
brane, and the source of CA-MA’s cytotoxicity toward mamma-
lian cells appears to be related in part to the interaction of the
linear benzyl side chains of phenylalanine with the cell membrane
(6). During the interaction, phenylalanines in positions 5, 13, and
20 of the peptide are aligned with one another in close proximity.
It was therefore reasoned that cytotoxicity could be reduced by
replacing those amino acids with alanine (16). In the present
study, therefore, we eliminated or left the phenylalanine at posi-
tion 5 and/or replaced the phenylalanine at position 13 with his-
tidine in an effort to reduce cytotoxicity; also replaced were the
lysine, histidine, and leucine residues, as summarized in Table 1
and Fig. 1A. Also, all of the analogue peptides were configured to
have the same charge (+8). Among the analogues created, CMA3
was eluted earliest (17.3 min) during HPLC, indicating it to be the
least hydrophobic. In that regard, we believe the hydrophobicity
of AMPs contributes to their cytotoxicity (hRBC and HaCaT
cells), which was therefore reduced by the replacement of hydro-
phobic amino acid residues (such as Phe). CA-MA had strong
affinity for GUV membranes (PC-SM liposome), which were rap-
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idly disrupted upon CA-MA binding, but CMA3 had much
weaker affinity. The reason for the reduced cytotoxicity was the
elimination (position 5) and replacement (positions 13 and 14) of
the phenylalanine residues. Eliminating the phenylalanines from
CA-MA was particularly important for reducing cytotoxicity to-
ward mammalian cells (HaCaT cells).

Furthermore, we confirmed the antimicrobial activities of
CA-MA and its analogues against standard and drug-resistant
strains of Gram-negative and Gram-positive bacteria. CA-MA
and CMA3 appeared to have the strongest antimicrobial activity
against drug-resistant strains of P. aeruginosa in 10 mM sodium
phosphate buffer with 10% Mueller-Hinton broth, though these
peptides also showed good activity when the NCCLS method was
used. The mechanism of action of CMA3 against drug-resistant
strains remains to be tested, but in E. coli cells, CMA3, like CA-
MA, appears to induce pore formation that disrupts both the
inner and outer membranes. Moreover, under SEM, the pores
formed appear to be consistent with the toroidal model (42). In
contrast, two conventional antibiotic drugs, ampicillin and gen-
tamicin, had no antimicrobial activity against drug-resistant strains,
even at high concentrations.

The mortality and morbidity caused by infection with bac-
teria like S. aureus and P. aeruginosa are often related to the
inflammatory response elicited; for example, the septic shock
induced by LPS, a cell membrane component of Gram-negative
bacteria, and lipoteichoic acid (LTA), a membrane component
of Gram-positive bacteria (8, 43, 44). These responses reflect in
large part the enhanced expression of inflammatory mediators,
such as Toll-like receptor 4 (TLR4) and NO-related proteins
(e.g., inducible NO synthase). Through its interaction with
TLR4 on macrophage cells, LPS stimulates the production of
NO and proinflammatory cytokines like TNF-a and interleu-
kin 1B (IL-1B) (45, 46).

The most important features of AMPs, affecting their anti-
microbial activity, cytotoxicity, and ability to neutralize LPS,
are their hydrophobicity and net positive charge (47). For ex-
ample, AMPs must have the proper net positive charge (+7 to
+9) to bind LPS or LTA and exert neutralizing activity (48). In
the present study, CMA3 retained the same net charge (+8) as
CA-MA but with reduced hydrophobicity. This combination
conferred strong antimicrobial activity with minimal cytotox-
icity and significantly increased the LPS binding affinity. These
features are thought to reflect the strong electrostatic interac-
tion between lysine residues in CMA3 and lipid A in LPS. We
also found that E. coli LPS-stimulated production of both NO
and TNF-a in a cultured macrophage cell line (RAW 264.7)
was suppressed by CMA3, perhaps as modeled in Fig. 7. In
addition, in vivo studies showed that CMA3 has strong endo-
toxin-neutralizing activity. LPS is located on the Gram-nega-
tive bacterial membrane, strongly induces inflammation (49),
and is responsible for the physiological manifestations of var-
ious diseases, including pneumonia (50). Here, we show that
serum levels of the inflammatory marker NO are significantly
reduced when mice administered E. coli-derived LPS are pre-
treated with CMA3. Treatment with CMA3 also increased the sur-
vival rate among the mice and reduced lung damage. For these
reasons, we suggest that CMA3 is able to bind to and neutralize
endotoxin LPS (in the lipid A subunit). And because CMA3 also
shows strong antimicrobial activity against drug-resistant P.
aeruginosa strains, we suggest that treatment with CMA3 may re-
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lieve the inflammation caused by LPS from Gram-negative bacte-
ria while exerting antimicrobial effects.

Our results show that the AMP CMA3 has potent antimicro-
bial activity with little or no cytotoxicity toward hRBC and HaCaT
cells, even at high concentrations. In addition, CMA3 shows
strong endotoxin-neutralizing activity against LPS both in vivo
and in vitro. CMA3 therefore appears to be an excellent antibiotic
candidate.
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