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Bactericidal Efficiency and Modes of Action of the Novel
Antimicrobial Peptide T9W against Pseudomonas aeruginosa

Xin Zhu, Anshan Shan, Zhi Ma, Wei Xu, Jiajun Wang, Shuli Chou, Baojing Cheng

Institute of Animal Nutrition, Northeast Agricultural University, Harbin, China

The antipseudomonal efficiency and mechanism of action of a novel engineered antimicrobial peptide, TO9W, were evaluated in
this study. TOW displayed high activity, with a lethal concentration (LC) of 1 to 4 M against Pseudomonas aeruginosa, includ-
ing against ciprofloxacin-, gentamicin-, and ceftazidime-resistant strains, even in the presence of 50 to 300 mM NaCl, 1 to 5 mM
Ca’*, or 0.5 to 2 mM Mg>*. The time-kill curve (TKC) analysis demonstrated concentration-dependent activity, with TOW
achieving complete killing in less than 30 min at 1 X LC and in less than 5 min at 4 X LC. Combination TKC analyses additionally
demonstrated a synergistic effect with ciprofloxacin and gentamicin. The selectivity of TOW was further supported by its ability

to specifically eliminate P. aeruginosa in a coculture with macrophages without toxicity to the mammalian cells. The results
from fluorescent measurement indicated that T9W bound to lipopolysaccharide (LPS) and induced P. aeruginosa membrane
depolarization, and microscopic observations and flow cytometry further indicated that T9W targeted the P. aeruginosa cell
membrane and disrupted cytoplasmic membrane integrity, thereby causing cellular content release leading to cell death. This
study revealed the potential usefulness of TO9W as a novel antimicrobial agent against P. aeruginosa.

he discovery and development of antibiotics rank among the

greatest achievements of medicine (1). Although the introduc-
tion and use of these agents played an important role in treating
bacterial infections, the emergence and increase in the number of
antibiotic-resistant clinical isolates, together with the low rate of
development and introduction of new antimicrobials, have been a
constant threat to human health. These resistant bacteria are fre-
quently resistant to at least one of the conventional antibiotics,
leading to significant increases in morbidity and mortality (2). It is
necessary to develop antimicrobials with a completely new mech-
anism of action to combat these resistant bacteria (3).

Among the resistant bacteria, the Gram-negative bacterium
Pseudomonas aeruginosa is an opportunistic pathogen that infects
a wide range of animal, plant, and human hosts (4). Compared
with other pathogens, P. aeruginosa is very difficult to eradicate
because it displays high resistance to a wide variety of antibiotics,
including aminoglycosides, fluoroquinolones, and {-lactams,
largely because of the low permeability of its outer membrane,
which limits the rate of penetration of antibiotic molecules into
the cells (5). With increased resistance rates, there is a challenging
urgency to find new drugs against P. aeruginosa.

Antimicrobial peptides (AMPs) are small, cationic peptides
that play an important role in the innate immune system (6). In
most multicellular organisms, AMPs constitute a major compo-
nent of the ancient, nonspecific innate defense system, forming
the first line of defense against invading microbes (7, 8). Com-
pared with conventional antibiotics, AMPs possess multiple
modes of action, rapid kill kinetics, broad-spectrum antimicrobial
activity, and little host toxicity. Generally, AMPs do not have spe-
cific microbial cell targets; instead, it is widely accepted that the
cytoplasmic membrane is the main target of AMPs. It is precisely
because of this mechanism of action that bacteria have a low po-
tential to develop resistance because the entire membrane struc-
ture or membrane lipid composition of a microbe would need to
be changed to evade AMPs (9). Consequently, AMPs attract wide
and specific attention for the development of a therapeutic candi-
date for protection against drug-resistant organisms.
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Similar to the activity of conventional antibiotics, the broad-
spectrum antimicrobial activity of AMPs can have a negative im-
pact on the microbiota, immunity, and health because these
agents inhibit or kill pathogens and nonpathogens indiscrimi-
nately, thus unfavorably disturbing or disrupting the homeostasis
between a healthy microbiota and the immune system (10). The
development of single-pathogen therapies to treat highly resistant
or totally resistant bacterial pathogens is an unmet need that mer-
its attention (11).

Recently, we determined that a linear, 16-residue a-helical an-
timicrobial peptide, TOW, has strong and specific activity against
P. aeruginosa and low cytotoxicity against human red blood cells
(hRBCs) as well as weak or no activity against other Gram-nega-
tive bacteria and Gram-positive bacteria, such as Escherichia coli,
Salmonella enterica serovar Typhimurium, Staphylococcus aureus,
and Streptococcus faecium (12). The value of TO9W as an antipseu-
domonal drug has not been thoroughly evaluated. In comparison,
LL37 is the only known human cathelicidin and is effective against
abroad spectrum of bacteria, including P. aeruginosa. In addition,
LL37 has also been described for its role in neutralization of en-
dotoxins, immunomodulating properties, and inhibition of bio-
film formation (13-15). In vitro assays using lipid bilayers indicate
that LL37 permeabilizes model membranes by a carpeting or to-
roidal pore mechanism (16).
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We showed here that TO9W maintained its P. aeruginosa-tar-
geted activity in the presence of physiological concentrations of
sodium chloride and divalent cations and that the susceptibility of
P. aeruginosa strains to TOW does not correlate with preexisting
resistance to antibiotics. In bacterial cells, we showed that TOW
binds to lipopolysaccharide (LPS), dissipates membrane poten-
tial, and disrupts membrane integrity. Additionally, we demon-
strated that TOW showed synergism with ciprofloxacin and gen-
tamicin when it is used against antibiotic-resistant strains as well
as cell selectivity against P. aeruginosa rather than against host
cells. Taken together, our data on T9W indicate that there is great
potential for developing a new antipseudomonal drug from the
synthesis and optimization of a class of antimicrobial agents with
a membrane-disruptive mechanism and activity against antibiotic-
resistant strains.

MATERIALS AND METHODS

Strains and culture conditions. P. aeruginosa ATCC 27853 samples were
kept in our laboratory, and ATCC 10419, ATCC 21625, and ATCC 21630
were kindly provided by Jianhua Wang (Chinese Academy of Agriculture
Sciences, Beijing, China); the clinical antibiotic-susceptible strain LC was
obtained from the College of Veterinary Medicine, Northeast Agricultural
University (Harbin, China). P. aeruginosa variants resistant to ciprofloxa-
cin (strain LCCI), gentamicin (LCGE), and ceftazidime (LCCE) were de-
veloped by a stepwise culture of strain LC with selected antibiotics, and the
stability of the acquired resistance was confirmed by at least 30 genera-
tions of exponential growth. Clinically isolated P. aeruginosa strains
11441, 11451, 21328, 25349, and 26305 were provided by the 2nd Affili-
ated Hospital of Harbin Medical University. The strains were stored at
—80°C in 15% glycerol. The strains were cultured at 37°C on Mueller-
Hinton (MH) agar and grown to the exponential phase in MH broth with
rotary shaking at 220 rpm prior to use.

Antimicrobial activity assays. The MIC was determined using a stan-
dard microtiter dilution method with minor modifications, as described
previously (17). Briefly, 50 ul of bacterial cells (5 X 10’ CFU/ml) in Mu-
eller-Hilton broth (MHB) were incubated in 96-well microtiter plates
with 50 pl of serial 2-fold dilutions of the peptides, dissolved in 0.01%
(vol/vol) acetic acid and 0.2% (wt/vol) bovine serum albumin (Sigma) to
give final concentrations ranging from 256 to 0.5 wM (equivalent to 380 to
1 pg/ml of T9W, 1,152 to 4.5 pg/ml of LL37, 352 to 0.5 pg/ml of poly-
myxin B, 200 to 0.4 pg/ml amikacin, 100 to 0.2 wg/ml of ciprofloxacin,
148 to 0.3 pg/ml of gentamicin, and 140 to 0.3 g/ml of ceftazidime). The
MICs were defined as the lowest concentration with no visible growth of
bacteria from the microtiter plates after 16 h of incubation at 37°C. MICs
were determined in duplicate, and each test was reproduced at least three
times.

To further evaluate the antimicrobial potency of the peptides, the le-
thal concentration (LC) was also determined, as described previously
(18). Briefly, the bacterial cells were washed three times with sterile phos-
phate-buffered saline ([PBS] 10 mM, pH 7.2) and resuspended in the
same buffer. The bacterial suspensions (ca. 10> CFU/ml) in PBS with or
without NaCl, MgCl,, or CaCl, were incubated with 2-fold dilutions of
peptides for 2 h at 37°C as described before (19). Following the treatment,
the cell samples were incubated on MH agar to determine the viable bac-
teria. The surviving colonies were counted the following day, and the
lowest concentration of peptides at which there was complete killing was
taken as the LC. The results given are mean values of three independent
determinations.

Kinetics of bacterial killing. P. aeruginosa cells (ca. 10° CFU/ml) were
treated with peptidesat 0X, 1X,2X, or4X LCin PBS. Aliquots of 50 ul of
the peptide-treated suspension were withdrawn at different times, serially
diluted, and plated on MH agar to determine the viable bacterial counts.
Synergistic time-kill kinetics analysis was performed by testing TOW and
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ciprofloxacin, gentamicin, or ceftazidime at 0.5X LC each, as described
above, and each test was reproduced at least three times.

Cell toxicity assay. The hemolytic activity of the peptides was mea-
sured as described previously (20). Briefly, fresh and healthy human red
blood cells (hRBCs) were collected and then centrifuged at 1, 000 X g for
5 min. The hRBCs were resuspended in PBS (pH 7.2) to attain a dilution
of 1% (vol/vol). Next, each 100 pl of hRBC solution was incubated with
100 pl of serial dilutions of peptides dissolved in PBS for 1 h at 37°C. After
centrifugation at 1,000 X g for 5 min, the supernatant was transferred to a
96-well microtiter plate, and the release of hemoglobin was monitored by
measuring the absorbance at 570 nm. The hRBCs in PBS and 0.1% Triton
X-100 were employed as negative and positive controls, respectively. Min-
imal hemolytic concentration (MHC) was defined as the peptide concen-
tration causing 10% hemolysis.

An MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium
bromide] staining assay was also performed to determine cell viability in
the presence or absence of the peptide. Briefly, RAW 264.7 macrophage
cells (ca. 10*/well) in RPMI 1640 medium were placed into 96-well plates
and then incubated under a fully humidified atmosphere of 95% air and
5% CO, at 37°C overnight. The next day, the peptides were added to the
cell cultures at final concentrations of 0.5 to 256 wM. After incubation for
24 h, the cell cultures were incubated with MTT (50 pl, 0.5 mg/ml) for4 h
at 37°C. The cell cultures were centrifuged at 1,000 X g for 5 min, and the
supernatants were discarded. Subsequently, 150 wl of dimethyl sulfoxide
was added to dissolve the formed formazan crystals, and the optical den-
sity at 492 nm (OD,,,) was measured using a microplate reader (Tecan
GENios F129004; Tecan, Austria).

Cell selectivity assay in the presence of bacteria. To determine the
selectivity of TOW between the bacteria and mammalian cells, the activi-
ties of TOW were assayed in a coculture of macrophage cells with P. aerugi-
nosa ATCC 27853. The cells (ca. 10> cells/well in RPMI 1640 medium)
were placed into 12-well plates and then incubated at 37°C and 5% CO,
until a monolayer was formed. The medium was aspirated, and a 100-pl
suspension of P. aeruginosa (ca. 107 cells/ml) was added to each well; then
900 wl of antibiotic-free medium containing peptides (at a final concen-
tration of 1X LC) was added. The coculture was then incubated at 37°C
for 30, 60, or 180 min. To determine bacterial survival, the coculture
medium was washed three times with sterile PBS and serially diluted and
plated on MH agar. After incubation overnight at 37°C, bacterial counts
were determined. For measurement of cell viability after peptide treat-
ment, cells were washed with PBS twice and then incubated in RPMI 1640
medium containing 0.5 mg/ml MTT for 4 h at 37°C. After incubation,
percent viability was assessed as described above. As controls, cells were
treated with RPMI 1640 medium in the absence (0% cytotoxicity) or
presence of bacteria or with 100% lysis buffer (PBS—0.1% Triton X-100;
100% cytotoxicity). These experiments were verified by at least three in-
dependent trials, and viability data were averaged. The final toxicity values
were expressed as the mean percent toxicity for each test condition minus
the percent toxicity in the presence of bacteria alone.

LPS binding assay. The affinities of the binding of the peptide to LPS
were examined in a displacement assay using the fluorescent dye
BODIPY-TR-cadaverine (21). The fluorescence of BODIPY-TR-cadaver-
ine is quenched upon binding to LPS, and the displacement of BODIPY-
TR-cadaverine by the test peptide results in dequenching of BODIPY-TR-
cadaverine fluorescence. Stock solutions of LPS from P. aeruginosa ATCC
27316 (5 mg/ml; Sigma-Aldrich, China) and BODIPY-TR-cadaverine
(2.5 mg/ml; Sigma-Aldrich, China) were prepared and diluted in Tris
buffer (pH 7.4, 50 mM) to yield a final concentration of 25 pg/ml of LPS
and 2.5 pg/ml BODIPY-TR-cadaverine. Then, 2 ml of this LPS-BODIPY-
TR-cadaverine mixture was added in a quartz cuvette, and the back-
ground fluorescence was recorded (excitation wavelength, 580 nm; emis-
sion wavelength, 620 nm). The changes in fluorescence were recorded
with an F-4500 fluorescence spectrophotometer (Hitachi, Japan). Poly-
myxin B was used as a positive control because of its binding to and
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TABLE 1 Susceptibility of P. aeruginosa to T9W and comparable antimicrobial agents and their cytotoxicities

Parameter TOW Polymyxin B Amikacin Ciprofloxacin Gentamicin Ceftazidime
MIC (pg/ml)* 24 0.5-1 0.4-0.8 0.8-1.6 0.3-0.6 0.3-0.6
MHC (pg/ml)” >290 >176 >100 >50 >74 >70
Cytotoxicity (pg/ml)® >290 >176 >100 >50 >74 >70

“ The MIC was determined as the lowest concentration of the peptide that inhibited bacterial growth of the reference strain P. aeruginosa ATCC 27853.
¥ Minimal hemolytic concentration (MHC) was determined as the lowest concentration of the peptide that caused 10% hemolysis of human red blood cells.
¢ Cytotoxicity was determined as the lowest concentration of the peptide that reduced cell viability of RAW264.7 macrophage cells by 10%.

neutralizing of LPS (22). Each test was performed independently at least
three times.

Cytoplasmic membrane depolarization assay. The ability of the pep-
tides to alter the cytoplasmic membrane electrical potential was deter-
mined using the membrane potential-sensitive dye diSC5(5) (3,3’-dipro-
pylthiadicarbocyanine iodide; Sigma-Aldrich, China) as previously
described (17). Briefly, P. aeruginosa ATCC 27853 cells were collected
from the mid-log-phase culture, washed in HEPES buffer (5 mM HEPES,
pH 7.2, and 20 mM glucose), and resuspended in the same buffer with the
addition of 0.2 mM EDTA to an OD, 0f 0.05. The mixture was incubated
in the dark for 2 h at room temperature under shaking (150 rpm) with 0.4
M diSC,(5) to allow maximal uptake of the fluorescent dye. The osmotic
gradient was equilibrated to a final concentration of 0.1 M KCI. A 2-ml cell
suspension was added in a 1-cm cuvette, and the desired concentration of
the peptide was added. Fluorescence was monitored with an F-4500 fluo-
rescence spectrophotometer (Hitachi, Japan) at an excitation wavelength
of 622 nm and an emission wavelength of 670 nm.

CLSM. P. aeruginosa ATCC 27853 cells (ca. 107 CFU/ml) were incu-
bated with fluorescein isothiocyanate (FITC)-labeled peptide at 1X LC
for 30 min, and the bacterial cells were washed three times with PBS with
centrifugation at 1,000 X g for 10 min. A smear was made, and the images
were captured using a Leica TCS SP2 confocal laser-scanning microscope
(CLSM) with a 488-nm band-pass filter for the FITC excitation.

TEM. The P. aeruginosa ATCC 27853 cells were collected, washed with
10 mM PBS, and resuspended to an ODy, 0f 0.2. The cells were incubated
with the peptides at 37°C for 30 or 60 min at 1X LC. The control was
run without peptides. After incubation, the cell pellets were harvested,
washed with PBS, and subjected to fixation with 2.5% glutaraldehyde
overnight and 2% osmium tetroxide for 70 min at 4°C. Following washing
with PBS, the bacterial samples were dehydrated in a graded ethanol series
and transferred to 1:1 mixtures of absolute acetone and epoxy resin for 30
min and pure resin and incubated overnight at a constant temperature.
Finally, the specimens were sectioned with an ultramicrotome, stained by

uranyl acetate and lead citrate, and examined using a Hitachi H-7650
transmission electron microscope (TEM; Japan).

Flow cytometry. P. aeruginosa ATCC 27853 cells (ca. 107 CFU/ml)
were mixed with the peptides at 37°C for 30 min. Then a final concentra-
tion of 10 wg/ml of propidium iodide (PI) was added to the bacterial
suspension and incubated for 30 min. The bacterial cells were harvested
and resuspended in PBS. Flow cytometry was performed using a FACScan
(Becton-Dickinson, San Jose, CA).

Statistical analysis. Values of LC were expressed as means * standard
errors. Differences between the results of the control and the treatment
were analyzed using the procedure Proc TTest in SAS, version 9.3 (SAS
Institute, Inc., Cary, NC, USA).

RESULTS

TO9W is active against P. aeruginosa. As shown in Table 1, MIC
values indicate that TOW activity against P. aeruginosa is compa-
rable to that of other antimicrobials (values ranging from 0.5 to 4
M or from 0.3 to 4 pg/ml). To further test the ability of TOW to
kill P. aeruginosa, bacterial cells were incubated in PBS with or
without various concentrations of peptides. We found that TOW
significantly killed P. aeruginosa in a concentration-dependent
manner, and a concentration of 4 wM, or 9 pug/ml, TOW effectively
killed P. aeruginosa at 2 h of incubation (Table 2). This activity of
TOW against P. aeruginosa was comparable to that of currently
available antibiotics such as polymyxin B, amikacin, gentamicin,
and ceftazidime. We examined whether TOW exerts bactericidal
activity against antibiotic-resistant strains. The susceptibility as-
says indicated that the bactericidal concentration of 4 uM, or 9
pg/ml, was adequate for killing ciprofloxacin-, gentamicin-, and
ceftazidime-resistant strains, including clinically isolated multi-
drug-resistant strains (Table 2). To understand the kinetics of the

TABLE 2 Lethal concentration values of T9W and comparable antimicrobial agents against P. aeruginosa

LC (pg/ml)”

Strain TOW Polymyxin B Amikacin Ciprofloxacin Gentamicin Ceftazidime
27853 4*09 1*£03 102 25*+2.6 1*0.2 1*x0.2
10419 9+0.38 11*+0.7 6+0.3 25+ 3.1 5+ 1.0 2*+1.0
21625 9*18 6+ 0.7 13+ 1.8 25+ 2.1 19 £2.0 404
21630 9+0.8 6*0.7 1*+04 25+ 34 1*0.6 1*x05
LC 2*+0.5 6*+1.3 0.2*0.2 3X05 03 *0.1 2*+0.5
LCCI 405 6*0.5 629 >100 9*19 9*1.6
LCGE 9+ 1.8 2*05 >100 50 £0 >148 9*14
LCCE 9*+1.7 6+0.5 6+ 0.6 25+ 2.6 5*1.0 >140
11441 2*05 11 £0.5 1325 50*0 37 £3.1 700
11451 4*09 6+ 0.9 13 x25 25+ 0.3 37 £ 4.1 3543
21328 9*+18 11 0.5 100 =0 >50 >74 >70
25349 4=*09 2*05 6+ 0.6 25+ 2.1 5*1.6 35 2.7
26305 4*038 2*03 3X0.6 25*+2.4 2*0.38 >70

“ Lethal concentration (LC) was defined as the lowest concentration of antimicrobial agent at which there was complete killing. The LCs were derived from representative values

(means = standard errors) of three independent experimental trials.
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FIG 1 Time-kill kinetics of polymyxin B (A) and T9W (B) against P. aeruginosa 27853 and of TOW against P. aeruginosa LCCI (C), P. aeruginosa LCGE (D), and
P. aeruginosa LCCE (E) at 0X LC (filled diamonds), 1 X LC (open squares), 2X LC (open triangles), and 4X LC (open circles). Dilutions of aliquots taken from
0to 30 min were plated on MH agar. The graphs were derived from average values of three independent trials. #:, P < 0.001, compared to the value for the control

at the same concentration.

TOW interaction with P. aeruginosa, we compared the time-kill
kinetics of one reference strain and three antibiotic-resistant
strains at multiples of the LC for a period of 30 min. TOW induced
marked bacterial killing similar to that of polymyxin B, beginning
at 5 min after exposure, and complete bacterial growth inhibition
was observed within 30 min (Fig. 1A and B). These antibiotic-
resistant P. aeruginosa strains revealed different killing profiles. At
1X LG, a ceftazidime-resistant strain, LCCE (Fig. 1E), was com-
pletely eliminated by TO9W. A ciprofloxacin-resistant strain, LCCI
(Fig. 1C), and a gentamicin-resistant strain, LCGE (Fig. 1D), were
slightly less sensitive to TOW; they were all killed within 30 min.
TO9W induced dose- and time-dependent growth inhibition, with
a bactericidal effect at all the concentrations tested. Together,
these data indicate the substantial and fast killing efficiency of
TOW against P. aeruginosa.

TI9W is resistant to salts. To examine whether the antipseudo-
monal activity of TOW was compromised in the presence of salts,
we treated P. aeruginosa with different peptide concentrations un-
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der various salt conditions. As indicated in Table 3, T9W main-
tained its strong activity against P. aeruginosa in the presence of
NacCl, CaCl,, or MgCl, at all the tested concentrations, with LCs
ranging from 2 to 4 pM or from 4 to 9 pg/ml. As a control, LL37,
a host defense peptide encoded by the only human cathelicidin
gene, displayed a significant decrease in activity against P. aerugi-
nosa, with LCs greater than 4 wM in equal or higher physiological
concentrations of salts (150 mM for NaCl, 2.5 mM for CaCl,, and
1 mM for MgCl,), as reported previously (19). These data suggest
that the activity of TOW might be particularly critical under phys-
iological conditions or in the treatment of infections that disturb
the normal salt homeostasis in certain human tissues.

TOW selectively kills bacteria from mammalian cells. We ini-
tially examined the toxicity of TOW against mammalian cells, and
we found that TOW was shown to be nontoxic to hRBCs and
macrophage cells up to 256 uM or 290 pg/ml (Table 1). To further
address the ability of TOW to discriminate bacterial from mam-
malian cells, a coculture model in which macrophages were in-
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TABLE 3 Influence of sodium, calcium, and magnesium chloride on
antimicrobial activity

LC (pg/mD)”
Salt and concn (mM) TOW LL37
Control 4+19 18 0.2
NaCl
50 4+09 18 £ 0.2
150 9+09 36 04
300 9+ 1.7 288 = 3.3
CaCl,
1 4+0.8 36 04
2.5 9+ 1.7 72 1.1
5 9+09 576 = 0
MgCl,
0.5 4*+09 18 = 0.2
1 9+ 1.7 36 04
2 9+ 1.7 72 = 1.1

“ P. aeruginosa ATCC 27853 was incubated with 2-fold serially diluted peptides in the
absence or presence of salts at 37°C for 2 h. The lethal concentration (LC) was defined
as the lowest concentration of peptide at which there was complete killing. The LCs
were derived from representative values (means * standard errors) of three
independent experimental trials.

fected with P. aeruginosa prior to peptide treatment was utilized as
described previously (23). As shown in Fig. 2, TOW decreased the
bacterial load by 90% within 30 min and effectively eliminated
total extracellular P. aeruginosa in 60 min. By comparison, the
activity of the human-derived peptide LL37 against P. aeruginosa
in coculture with macrophages was significantly compromised. In
addition, these cocultures were also examined for eukaryotic cell
viability using an MTT assay. Neither TOW nor LL37 affected the
viability of the macrophage cells (0% cytotoxicity [data not
shown]) at a concentration of 1X LC. Taken together, these re-
sults suggested the high antimicrobial selectivity of TOW as a po-
tentially effective and safe antipseudomonal agent.
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TOW acts synergistically with antibiotics against antibiotic-
resistant strains. A widely accepted approach is to treat serious P.
aeruginosa infections with a combination of antimicrobial agents,
which enhances antibiotic efficacy and contributes to drug resis-
tance less frequently than monotherapy. We hypothesized that
TOW might have synergistic activity with different classes of con-
ventional antibiotics. The in vitro time-kill analysis demonstrated
a synergistic effect within 3 h after treatment at 0.5X LC for TOW
and ciprofloxacin or within 6 h for TOW and gentamicin (Fig. 3).

T9W binds to LPS. LPS, otherwise termed endotoxin, is the
major constituent of the outer leaflet of the outer membrane of
Gram-negative bacteria. To examine whether TOW has the ability
to bind to LPS, a fluorescence-based displacement assay with
BODIPY-TR-cadaverine was performed. LL37 showed an effect
similar to the one observed with polymyxin B, a decapeptide an-
tibiotic which is known to bind to LPS and is generally used as a
reference (22). Significantly, the activity of TOW was dose depen-
dent, and TOW demonstrated the highest potency in displacing
BODIPY-TR-cadaverine from its binding to LPS (Fig. 4). These
results suggest that T9W effectively binds to the LPS of the P.
aeruginosa outer membrane.

TO9W increases cytoplasmic membrane permeability. To gain
insight into the effect of TO9W on the P. aeruginosa membrane, we
investigated the ability of this peptide to depolarize the bacterial
membrane using diSC5(5), a membrane potential-dependent
probe. Upon permeabilization of the membrane, the membrane
potential is dissipated, and diSC4(5) is released into the medium,
causing a consequent increase in fluorescence (17). As a control,
LL37 induced an increase in fluorescence intensity in a dose-de-
pendent manner. The addition of TOW triggered a significant in-
crease in fluorescence intensity, indicating rapid membrane depo-
larization (Fig. 5). These results indicate that TOW effectively
induces a loss of membrane potential.

T9W causes membrane damage. In considering the mecha-
nism of action employed by amphipathic AMPs, we hypothesized
that TOW might induce bacterial membrane damage. To monitor
the site targeted by TOW in P. aeruginosa, the bacteria were treated

= TOW

Time (min)

FIG 2 Selective toxicity of T9W in a coculture model. Macrophages (ca. 10° cells/well) were infected with P. aeruginosa 27853 (ca. 107 cells/ml) in RPMI 1640
medium with no bovine fetal serum and antibiotic. The coculture was then treated without or with peptides at 1X LC. The graphs were derived from average
values of three independent trials. **, P < 0.001, compared to the value for the control at the same concentration.
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FIG 3 Time-kill kinetics of T9W in combination with ciprofloxacin (A), gentamicin (B), or ceftazidime (C) against P. aeruginosa LCCI (A), P. aeruginosa LCGE
(B), or P. aeruginosa LCCE (C). The activity of the combination of 0.5X LC of T9W and 0.5X LC of antibiotic (open diamonds) was compared with the results
0f 0.5X LC of TOW alone (open squares), 0.5X LC of antibiotic alone (open triangles), or untreated bacteria (open circles). The graphs were derived from average

values of three independent trials. *, P < 0.01; ##; P < 0.001 (compared to results for the control at the same concentration).

with FITC-labeled peptides and observed under a CLSM. As
shown in Fig. 6, TOW bound strongly to the surface of the P.
aeruginosa cells to a degree comparable to that of LL37, confirm-
ing that these peptides interact with the bacterial cell membrane.

The transmission electron micrographs (TEMs) of P. aerugi-
nosa incubated with the peptides indicated that TOW induced sig-
nificant rupture of the cytoplasmic membrane after 30 min of
exposure, and the complete collapse of the cytoplasmic membrane
and dispersion of the intracellular contents induced by TOW were
observed after 60 min of exposure (Fig. 7). In contrast, the cell
morphology of P. aeruginosa treated by LL37 could be recognized
after 30 min, and the dispersion and release of the intracellular
contents were observed after 60 min of exposure (Fig. 7). These
observations are in agreement with widely accepted models of
cationic peptide disruption of the cytoplasmic membrane.

To further investigate cytoplasmic membrane integrity, flow
cytometry was used to analyze the cells by staining with PI. PI
fluorescently stained the nucleic acids of cells when the cells suf-
fered disruption of the cytoplasmic membrane integrity (24).
Compared with the fluorescence released by LL37 treatment, the
addition of T9W triggered a significant increase in fluorescence
intensity (Fig. 8), indicating strong membrane integrity damage.

These results suggest that T9W possesses the ability to damage the
P. aeruginosa cell cytoplasmic membrane, resulting in cell death.

DISCUSSION

Compared with other pathogens, P. aeruginosa is very difficult to
eradicate because it displays high resistance to a wide variety of
currently available antipseudomonal antibiotics, including amino-
glycosides, fluoroquinolones, and B-lactams (5). The discovery of
new antipseudomonal drugs and/or therapy is an urgent and
challenging task. The data in this study demonstrated that TOW
had potent activity against P. aeruginosa, even against ciprofloxa-
cin-, gentamicin-, and ceftazidime-resistant strains, that was
comparable to the activity of several currently available antipseu-
domonal drugs. TO9W achieved complete killing against cipro-
floxacin- and ceftazidime-resistant strains within 5 min and
against gentamicin-resistant strains within 30 min, which is a po-
tential functional advantage because rapid and complete peptide
clearance in a host environment contributes to shortening the
duration of antimicrobial treatment and decreasing the occur-
rence of antibiotic-resistant genetic mutations or phenotypic vari-
ants known as biofilms or persister cells.

Many studies have indicated that Na* and divalent cations
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FIG 4 The binding affinity of peptides to the LPS from P. aeruginosa ATCC 27316 (25 pg/ml) was determined by the BODIPY-TR-cadaverine displacement
method as described in Materials and Methods. Fluorescence intensity was monitored at an excitation wavelength of 580 nm and an emission wavelength of 620
nm. The graphs were derived from average values of three independent trials. *, P < 0.01; #*, P < 0.001 (compared to results with polymyxin B at the same
concentration). AU, arbitrary units.
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FIG 5 The cytoplasmic membrane potential variation of P. aeruginosa 27853 treated by different concentrations of peptides, as assessed by the release of the
membrane potential-sensitive dye diSC;(5). Fluorescence intensity was monitored at an excitation wavelength of 622 nm and an emission wavelength of 670 nm
as a function of time. Data plotted are representative average values of three independent experimental trials.

(Ca’" and Mg*") might compromise the antimicrobial activity of
natural antimicrobial peptides (25-27). In this study, LL37
showed high sensitivity to Na™, Ca®", and Mg ™ for P. aeruginosa.
The high-cationic peptide T9W was shown to be highly potent
against P. aeruginosa under similar salt conditions. The underly-
ing salt resistance mechanism of T9W could be attributed to its
high net cationic charge and helical stability. The net charge of
TOW is +13; thus this high cationicity could overcome the inhib-
itory effects of monovalent Na*, which could interrupt the elec-
trostatic attraction between the positively charged peptides and
the negatively charged membranes (27). In addition, TOW is en-
gineered by substituting threonine for tryptophan in the N termi-
nus of PMAP-36, and this strategic substitution in the hydropho-
bic face of the amphipathic peptide is responsible for the affinity of
TOW for the bacterial membrane, thereby leading to a greater
stability of the helical structure; this structural stability resists the
countereffect of divalent cations competing for membrane bind-
ing with peptides (28). The property of salt resistance displayed by
T9W might be particularly critical in the treatment of infections in
diseases that might disturb the normal salt homeostasis in certain
human tissues.

AMPs have frequently been hypothesized to exhibit cell selec-

Normal

Laser scanning

Merge

Control

TOW

LL37

FIG 6 Confocal microscopic images of P. aeruginosa cells. P. aeruginosa 27853
cells were treated with FITC-labeled peptides at 1 X LC for 30°C and visualized
under laser scanning and transmitted-light scanning (normal) microscopy.
Merged profiles are also shown. The control was processed without peptides.
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tivity. They selectively kill pathogens without being significantly
toxic to host cells. Cytotoxicity, a major barrier for the systemic
application of AMPs, should be urgently and extensively investi-
gated before expanding the use of AMPs (29). To evaluate the
antibacterial selectivity more appropriately, we examined the an-
timicrobial activity of TOW against P. aeruginosa in a coculture
with host cells, and we found that T9W could discriminate against
the bacterial cells while sparing the macrophages. These observa-
tions provide new information that is critical and useful to the
characterization of the therapeutic potential of T9W for systemic
applications.

P. aeruginosa, especially multidrug-resistant strains, presents a
serious therapeutic challenge for the treatment of infection, and
selection of the most appropriate antibiotic is typically compli-
cated; the efficacy of the currently available antipseudomonal
drugs is frequently compromised by the ability of P. aeruginosa to
develop resistance to multiple classes of antibacterial agents. An
urgent but arduous task is to effectively eradicate this opportunis-
tic bacterial pathogen or slow the emergence of resistance to the
available drugs (30, 31). To address this need, a combination of
antibacterial drugs is the most common strategy used in treating
P. aeruginosa infection. Little is known of whether synergistic ef-
fects exist between AMPs and antibiotics. Our data indicate that
TOW exhibited synergistic activity against resistant P. aeruginosa
with ciprofloxacin and gentamicin, suggesting that, in combina-
tion, TOW might hold promise for clinical applications.

To gain insight into the molecular mechanism of the action of
TI9W, we performed a series of molecular and cell assays with a
bacterial membrane. We first investigated the ability of TOW to
bind to LPS, the main component of the Gram-negative outer
membrane, and to permeabilize the cytoplasmic membranes. We
showed that TOW bound to the LPS and induced loss of mem-
brane potential. The fluorescence distribution shown by confocal
laser scanning microscopy indicated the initial membrane bind-
ing. Further research using TEM and flow cytometry demon-
strated the morphological alteration of the cytoplasmic mem-
brane and the loss of membrane integrity. We conclude that the
target activity allows TOW to bind to the cell membrane, which is
followed by disruption of the cytoplasmic membrane, the lethal
event leading to bacterial cell death. However, the exact mecha-
nism of action of AMPs can be multiple, and recently the antimi-
crobial mechanism has been putatively associated with cell wall
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FIG 7 Transmission electron micrographs of P. aeruginosa cells. P. aeruginosa 27853 cells were treated with peptides at 1 X LC and visualized at magnifications
of X50,000 (left panels of each pair) and X 120,000 (right panels of each pair). The control was processed without peptides.

biogenesis (32), conductive ATP transport (33), and inhibition of
DNA and protein synthesis (34, 35). But, here, the fast killing
efficiency as well as the fluorescence and the microscopic studies
indeed clearly indicated that the major target of the antimicrobial
action of T9W is the bacterial membrane. Previous studies have

shown that LL37 uses a mechanism by which it causes positive
curvature strain and toroidal pore formation, leading to leakage,
but does not break the membrane into smaller fragments or mi-
celles to exert its antimicrobial effect (15, 36). T9W can cause
membrane permeabilization and intracellular content leakage to a
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FIG 8 Flow cytometric analysis of membrane damage by PI uptake staining. P. aeruginosa 27853 cells were incubated with peptides for 30 min, and the control

was processed without peptides.
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greater extent than LL37, as shown in Fig. 7 and 8. This mem-
brane-disruptive mechanism of action, which is different from
that of conventional antibiotics, ensures that TOW is considered a
new potential antipseudomonal drug with characteristics that in-
clude an ability to kill target cells rapidly and the possibility of a
capacity to minimally induce antibiotic-resistant strains.

We demonstrated that an engineered antimicrobial peptide,
TI9W, exhibited strong bactericidal activity against P. aeruginosa
that was comparable to that of the currently available antibiotics
and was able to overcome the challenges of physiological serum
concentrations of Na™, Mg>*, and Ca*>* more effectively than the
human cathelicidin LL37. In addition, T9W showed no adverse
effects on mammalian cells and had the ability to effectively erad-
icate P. aeruginosa from host cells and, synergized with ciprofloxa-
cin and gentamicin, to rapidly kill antibiotic-resistant P. aerugi-
nosa. Last, T9W was shown to bind to the LPS and depolarize the
cytoplasmic membrane, damaging membrane integrity and caus-
ing intracellular content leakage, leading to cell death. Based on
this information, TOW represents a lead molecule for the design
and development of peptide-based membrane-disruptive drugs
with significant activity and selectivity against P. aeruginosa.
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