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Derivatives of the cytotoxic peptide dermaseptin S4 have recently emerged as potential antimicrobial agents.
Here, we report on the antibacterial properties of three derivatives with improved toxicity profiles: a 28-
residues K4K20-S4 and two shorter versions, K4-S4(1-16) and K4-S4(1-13). The range of MICs of K4K20-S4
against clinical isolates of Staphylococcus aureus, Pseudomonas aeruginosa, and Escherichia coli were, respec-
tively, 1 to 4, 1 to 4, and 1 to 16 �g/ml. MICs of the short derivatives were rather similar or two to fourfold
higher. Each of the three peptides was rapidly bactericidal in vitro, reducing the number of viable CFU of either
E. coli or S. aureus by 6 log units in 30 min or less. Compared with MSI-78 or PG-1, K4-S4(1-13) was at least
as potent against bacteria (assessed at two MIC multiples) but displayed lesser toxicity against human
erythrocytes. Serial passage in subinhibitory concentrations led to emergence of resistance to commercial
antibiotics but not to the L- or D isomer of either of the dermaseptin derivatives. The short derivatives were
further investigated for antibacterial activity in vivo, using a peritonitis model of mice infected with P.
aeruginosa. Naive mice in the vehicle control group exhibited 75% mortality, compared to 18 or 36% mortality
in mice that received a single intraperitoneal injection (4.5 mg/kg) of K4-S4(1-16) or K4-S4(1-13), respectively.
In vivo bactericidal activity was confirmed in neutropenic mice, where intraperitoneal administration of
K4-S4(1-16) reduced the number of viable CFU in a dose-dependent manner by >3 log units within 1 h of
exposure, and this was sustained for at least 5 h. Overall, the data suggest that dermaseptin S4 derivatives
could be useful in treatment of infections, including infections caused by multidrug-resistant bacteria.

In the past 20 years, over 400 cationic antimicrobial peptides
have been identified from extremely diverse sources from uni-
cellular organisms to mammals, including humans (2, 16, 24,
26). Presently, cationic antimicrobial peptides are believed to
represent an important, though poorly understood, component
of the innate host defenses. Antimicrobial peptides display a
large heterogeneity in primary and secondary structures but
share common features such as amphipathy and net positive
charge. These features seem to form the basis for their cyto-
toxic function. The facts that some antimicrobial peptides are
active against a large spectrum of microorganisms and that
isomers composed of D amino acids display potency identical
to that of the L counterparts are consistent with the hypothesis
that cytotoxic activity is not mediated by interaction with a
chiral center. Although their precise mechanism of action is
not fully understood, a large body of data indicates that anti-
microbial peptides kill target cells by interacting with and de-
stabilizing the ordered structure of the cell membrane(s) (9,
28). These findings imply that peptide-based antimicrobials
could escape the mechanisms involved in multidrug resistance.

In addition to their direct membrane-disrupting activity, cat-
ionic antimicrobial peptides are reportedly able to activate
cells of the innate immunity, such as leukocytes and mono-
cytes/macrophages. Thus, the frog antimicrobial peptide der-
maseptin S1 was shown to stimulate microbicidal activities of

rat and human leukocytes (1), and more recently, the insect-
derived peptide CEMA (a cecropin-melittin hybrid) was re-
ported to induce the expression of 35 genes in macrophages
(27). Moreover, an increasing number of cationic peptides and
proteins, including lactoferrin (3, 22), bactericidal/permeability
increasing protein (8), synthetic antiendotoxin peptides (7),
dermaseptins (unpublished data), and CEMA (14), are report-
edly endowed with lipopolysaccharide (LPS) binding activity.
LPS is a potent activator of macrophages and is responsible for
sepsis caused by gram-negative bacteria. By binding LPS, these
peptides were shown to block the interaction of LPS with
LPS-binding protein, suppress the ability of LPS to stimulate
the production of inflammatory cytokines by macrophages, and
protect animals from lethal endotoxic shock.

Thus, cationic antibacterial peptides have in recent years
been attracting increasing interest of both the scientific com-
munity and the pharmaceutical industry for their potential as
new therapeutic agents. However, it is widely believed that this
family of agents lacks specificity and might be too toxic for
systemic treatment (15, 24). Therefore, topical use has been
chosen for various antimicrobial peptides that are currently
undergoing clinical trials (4, 12). In this study, we report an
evaluation of the in vitro antibacterial properties of three der-
maseptin S4 derivatives and present data demonstrating in vivo
safety and efficacy.

Dermaseptins are a large family of antimicrobial peptides
(28 to 34 amino acids) expressed in amphibian skin. These
linear polycationic peptides are unstructured in polar media
but readily switch to an amphipathic �-helix in apolar sol-
vents. Dermaseptins display cytolytic activity in vitro generally
against a broad spectrum of host-free microorganisms, includ-
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ing bacteria, protozoa, yeasts, and filamentous fungi (5, 6, 10,
18, 20, 25), as well as against intracellular parasites (13, 21).
Unlike most dermaseptin members, the 28-residue dermasep-
tin S4 is highly toxic to erythrocytes. This toxicity is probably
related to its high hydrophobicity, as both nuclear magnetic
resonance and fluorescence methods have indicated that the
peptide is in a high aggregation state in aqueous solutions (13),
whereas recent data (10) revealed that N-terminal domain
interaction between dermaseptin S4 monomers is responsible
for the peptide’s oligomerization in solution. Aggregation in
solution is probably further responsible for limiting its spec-
trum of potential target cells. Thus, bell-shaped dose-response
profiles obtained with bacteria but not with protozoa or red
blood cells (RBC) (which lack a cell wall) implied that peptide
aggregation in solution is an important factor affecting selec-
tive activity (10). Tampering with the composition of the hy-
drophobic domains by reducing hydrophobicity or by increas-
ing the net positive charge of native dermaseptin S4 resulted in
a number of analogs that displayed enhanced antibacterial
activity and reduced hemolytic activity. Among these, K4K20-
S4 was two- to threefold more potent than native dermaseptin
S4 against protozoa and RBC, yet K4K20-S4 was more potent
by 2 orders of magnitude against bacteria. Also, a 16-mer ver-
sion, K4-S4(1-16), displayed antibacterial activity against Esch-
erichia coli that was more potent by 2 orders of magnitude
(50% inhibitory concentration, 0.4 �M) than that of native
dermaseptin S4 (50% inhibitory concentration, 40 �M). In
contrast, this analog displayed reduced hemolytic activity (50%
lethal concentration, 20 �M compared to 1.4 �M). An even
shorter dermaseptin S4 derivative, K4-S4(1-13), displayed a
twofold-reduced antibacterial activity and a twofold-increased
relative selectivity ratio due to its low hemolytic activity (10,
21). In addition, when injected intravenously into rats, K4-S4
(1-13) was well tolerated at the high dose of 10 mg of peptide/
kg of body weight (11). These peptides were selected for this
study to undergo a further assessment of their potential as
antibacterial agents.

MATERIALS AND METHODS

Peptides. The peptides were synthesized by the solid-phase method, applying
9-fluorenylmethoxy carbonyl active ester chemistry. After removal of the 9-flu-
orenylmethoxy carbonyl from the N-terminal amino acid, the peptide was
cleaved from the resin with an 85:5:5:5 mixture of trifluoroacetic acid (TFA)–
para-cresol–H2O–thioanisole (10 mg of resin-bound peptide in a 1-ml mixture).
The TFA was then evaporated, and the peptide was precipitated with ether
followed by six ether washes. The crude peptides were extracted from the resin
with 30% acetonitrile in water and purified to chromatographic homogeneity in
the range of 98 to �99% by reverse-phase high-pressure liquid chromatography
(HPLC) (Alliance-Waters). HPLC runs were performed on preparative and then
on analytical C4 columns (Vydac) using a linear gradient of acetonitrile in water
(1%/minute), with both solvents containing 0.1% TFA. Purification and refold-
ing of PG-1, which contains cysteine residues, was performed basically according
to the procedure described by Harwig et al. (17). Briefly, after cleavage from the
resin, the peptide was reduced with dithiothreitol, using a fivefold excess relative
to thiol groups in 0.1 M ammonium bicarbonate. After overnight incubation at
25°C, the mixture was acidified (with acetic acid) then purified by HPLC. Folding
of the reduced peptide was accomplished in 0.1 M Tris buffer (pH 7.7) containing
20% dimethyl sulfoxide. The mixture was air oxidized for 24 to 26 h at 25°C and
repurified by HPLC as described above, and the �-sheet content was confirmed
by circular dichroism. All purified peptides were subjected to amino acid and
mass spectrometry analyses in order to confirm their composition. Peptides were
stocked as lyophilized powder at �20°C. Prior to being tested, fresh solutions
were prepared in water, vortexed, sonicated, centrifuged, and then diluted in the
appropriate medium.

Reagents. All reagents for peptide synthesis and cell cultures were analytical
grade. Buffers were prepared using mQ double-distilled water (Millipore). An-
tibiotic solutions were prepared in 0.1 M phosphate buffer from the following
diagnostic powders of known potency: ciprofloxacin (Bayer Corp., Frankfurt,
Germany), gentamicin (Biogal Pharmaceutical Works Ltd., Teva Group, Deb-
recen, Hungary), penicillin G and rifampin (Biochemie GmbH, Kundl, Austria),
ceftazidime (Glaxo Group Ltd., Worthing, United Kingdom), and piperacillin
(Stragen, Geneva, Switzerland).

Bacterial strains. All strains were epidemiologically nonrelated clinical iso-
lates collected at Tel Aviv Medical Center. Gram-negative isolates used in the
susceptibility studies were multidrug-resistant isolates that were resistant to at
least three agents from distinct classes of antibiotics (e.g., gentamicin, piperacil-
lin, and ciprofloxacin). For studies of emergence of resistance and for in vivo
studies, clinical blood isolates were used.

In vitro assays. Unless otherwise stated, antibacterial activity was assessed
using a rapid screening assay for growth inhibition in 2� TY culture medium (16
g of tryptone per liter, 10 g of yeast extract per liter, 5 g of NaCl per liter [pH
7.4]) as follows. Inocula of 106 bacteria/ml at the exponential phase of growth
were used. The cell populations were estimated by optical density measurements
at 620 nm referred to a calibration curve. A 100-�l bacterial suspension at the
exponential phase of growth was added to 100 �l of culture medium containing
no test compound or various test compound concentrations (serial twofold di-
lutions of an initial concentration of 32 �g/ml) in 96-well plates (Nunc). The MIC
was determined from the lowest concentration that induced 100% inhibition.
Inhibition of proliferation was assessed by optical density measurements (620
nm) after an incubation period of 4 h with shaking at 37°C.

For the resistance studies, Pseudomonas aeruginosa strain B35225 and Staph-
ylococcus aureus strain B38302 were used as representatives of gram-negative
and gram-positive bacteria, respectively. Bacteria at the exponential phase of
growth were exposed to an antimicrobial agent for MIC determination basically
as described above. Following incubation overnight, bacteria were harvested
from wells that displayed near 50% growth inhibition, washed and diluted in
fresh medium, grown overnight, and subjected again to MIC determination for
up to 15 similar serial passages. In parallel, MIC evolution during these subcul-
tures was compared concomitantly with each new generation, using bacteria
harvested from control wells (wells cultured without antimicrobial agent) from
the previous generation. The relative MIC was calculated for each experiment
from the ratio of MIC obtained for a given subculture to that obtained for
first-time exposure. Statistical data for each of these experiments were obtained
from at least two repeats performed in duplicate.

For the kinetics studies, 100-�l stock solutions of peptides prepared in culture
medium to yield a final concentration of 20 �M [corresponding to 57, 36, 30, 50,
and 43 �g/ml, respectively, for K4K20-S4, K4-S4(1-16), K4-S4(1-13), MSI-78, and
PG-1] were added to Eppendorf tubes containing 100 �l of bacteria at the
exponential phase of growth. Bacteria used were S. aureus strain 15886 and E.
coli strain U16318. After 0, 5, 30, and 60 min of exposure to the peptides at 37°C,
cultures were subjected to serial 10-fold dilution (up to 1/10,000) by adding 20 �l
of sample to 180 �l of cold PBS (50 mM sodium phosphate, 150 mM NaCl [pH
7.3]), from which 50-�l aliquots were plated on TyE agar plates (15 g of agar per
liter, 10 g of tryptone per liter, 5 g of yeast extract per liter, 8 g of NaCl per liter
[pH 7.5]) for CFU counts after additional overnight incubation at 37°C.

For the hemolysis assay, human blood was washed three times in PBS by
centrifugation for 1 min at 2,700 � g, and then 2.5 � 108 RBC suspended in 50
�l of PBS were added to Eppendorf test tubes containing 200 �l of peptide
solutions (serial twofold dilutions in PBS), PBS alone (for baseline values), or
distilled water (for 100% hemolysis). After incubation (4 h with agitation at
37°C), samples were centrifuged and the hemolytic activity was assessed as a
function of hemoglobin leakage by measuring the absorbance of 200 �l of
supernatant (405 nm). Statistical data were obtained from at least two indepen-
dent experiments performed in duplicate.

In vivo studies. Experiments were conducted using naive male BALB/c mice 8
to 10 weeks of age (weighing 22 to 24 g) and female neutropenic ICR mice 5
weeks old (weighing 23 to 26 g). Animals were obtained from Harlan Labora-
tories, Ltd., Jerusalem, Israel, and were allowed to acclimatize to our animal
facility for at least 5 days before experiments were conducted.

Acute toxicity was examined by intraperitoneal (i.p.) injection of the tested
dermaseptin to groups of 10 BALB/c mice. Each mouse was injected with a
0.5-ml solution of freshly prepared dermaseptin derivative in PBS. The doses of
peptide administered per mouse were 0, 125, 250, 500, and 750 �g (correspond-
ing to 0, 5.4, 10.9, 21.8, and 32.6 mg/kg of body weight). Animals were directly
inspected for adverse effects for 4 h, and mortality was monitored for 7 days
thereafter. Differences between groups were analyzed using the Fisher exact test.
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All tests were two sided, and differences were considered to be statistically
significant when the P value was �0.05.

Infection was induced by i.p. injection of 106 CFU in 0.2 ml of a logarithmic-
phase culture of P. aeruginosa (B35225, a clinical blood isolate). A bacterial
inoculum was prepared on brain heart infusion (BHI) broth (Becton-Dickinson)
with agitation (180 rpm) at 37°C for 5 to 6 h. Cells were harvested when the
culture reached an optical density of 0.8 (at 620 nm), and then the cells were
centrifuged and resuspended in sterile BHI broth. The number of viable cells was
verified by plating serial dilutions of the injected inocula onto BHI agar plates.
For induction of infection in naive BALB/c mice, inocula were prepared with 5%
(wt/vol) mucin as an adjuvant (mucin bacteriological; Becton-Dickinson).

In order to decrease the influence of the host immune system and to reduce
the variability in bacterial counts, models were developed with neutropenic mice.
Female neutropenic ICR mice were used to evaluate in vivo the antibacterial
effect of K4-S4(1-16). ICR mice were rendered neutropenic by i.p. injection of
cyclophosphamide at 150 and 100 mg/kg on days 0 and 3, respectively. The
procedure was confirmed to result in severe neutropenia by day 4, at which time
infection was induced. Groups of mice (n 	 6) were infected i.p. with a loga-
rithmic-phase culture of P. aeruginosa (106 CFU in 0.2 ml) prepared as described
above. After inoculation, K4-S4(1-16) was injected i.p. at various doses. Mice
were sacrificed 0, 1, or 5 h later, and peritoneal washes (with 2 ml of sterile
saline) were performed immediately to determine the bacterial count. Peritoneal
fluids (approximately 1.5 ml) were collected from each mouse separately and
kept on ice. The number of viable bacteria was determined by plating samples of
fluids on Mueller-Hinton agar plates.

RESULTS

In vitro activity. The susceptibility of bacteria to dermasep-
tin S4 derivatives was assessed by measuring the peptide MICs
against 66 clinical isolates, including the multidrug-resistant
gram-negative bacteria P. aeruginosa and E. coli as well as the
gram-positive bacterium S. aureus. The resulting data are sum-
marized in Table 1. The 28-residue dermaseptin derivative
K4K20-S4 displayed potent activity against all clinical isolates
regardless of their class (gram negative or positive), with MICs
ranging between 1 and 4 �g/ml for most of the strains tested.
Statistical analysis, as exemplified by the MICs for 50 and 90%
of bacteria tested, revealed remarkably low fluctuations, in-
cluding among different bacterial types. Consistent with the
peptide’s theoretic mode of action, the low level of fluctuation
reflects the peptide’s insensitivity to the diverse mechanisms
that bacteria have developed for becoming resistant to antibi-
otics. These findings confirm the high antibacterial activity
previously observed for three other gram-negative bacteria
(10) and, combined with other studies (11, 21), establish
K4K20-S4 as a potent broad-spectrum antibacterial agent.

Replacing the C-terminal 12 residues of K4K20-S4 by a car-
boxamide resulted in a similar profile of activity, where po-
tency was slightly enhanced against E. coli and somewhat re-
duced against S. aureus and P. aeruginosa. Broad-spectrum
antibacterial activity was maintained after further reduction of

the C-terminal end of K4-S4(1-16) by three residues. The re-
sulting 13-mer analog still had considerable potency, displaying
MICs that were higher by up to fourfold for S. aureus and
P. aeruginosa (Table 1).

The kinetics of bactericidal activity against both gram-neg-
ative and gram-positive bacteria (represented by E. coli and
S. aureus, respectively) were investigated by enumerating CFU
after 0, 5, 30, and 60 min of exposure to dermaseptin peptides
or to other antimicrobial peptides with reportedly rapid bac-
tericidal activity, such as the 22-residue magainin derivative
MSI-78 (31) and the 18-residue protegrin PG-1 (29). In addi-
tion, the peptides were compared with respect to hemolytic
activity. Figure 1 summarizes the outcome from the three as-
says for the shortest dermaseptin derivative. K4-S4(1-13) was
rapidly bactericidal against both gram-negative and gram-pos-
itive bacteria. At a peptide concentration of 20 �M (corre-
sponding to 30 �g/ml, i.e., 2 multiples of the MIC), K4-S4(1-
13) reduced the number of viable CFU of both E. coli (Fig. 1A)
and S. aureus (Fig. 1B) by 6 log units in 30 min or less. Both
longer derivatives were more rapidly bactericidal, displaying
the same outcome but in 5 min or less (data not shown). Under
similar conditions, PG-1 displayed kinetics identical or similar
to those of K4-S4(1-13), whereas MSI-78 displayed identical
kinetics against E. coli and slower kinetics against S. aureus.
When the peptides were compared with respect to toxicity
towards human erythrocytes (Fig. 1C), PG-1 displayed the
highest hemolytic activity, MSI-78 was substantially less hemo-
lytic, and K4-S4(1-13) displayed the least hemolytic activity.
Both longer dermaseptin S4 derivatives were more hemolytic
than K4-S4(1-13), by 5- and 100-fold, respectively, for K4-S4(1-
16) and K4K20-S4 (10).

Resistance studies. To assess emerging resistance that could
develop following multiple exposures of bacteria to a given
antimicrobial agent, two clinical isolates of P. aeruginosa and
S. aureus were used as representatives of gram-negative and
gram-positive bacteria, respectively. Bacteria were cultured for
up to 15 consecutive generations in the presence of one of the
dermaseptin S4 derivatives or in presence of one of four clas-
sical antibiotics. Figure 2 shows the outcome for the shorter
dermaseptin S4 derivative, K4-S4(1-13). As shown in Fig. 2A,
after 15 subcultures following the initial exposure, the relative
MIC of K4-S4(1-13) against P. aeruginosa remained stable. A
similar result was obtained when using the peptide’s D isomer
(composed of amino acids of the D configuration) or when
using any one of the K4-S4(1-16) or K4K20-S4 isomers (data
not shown). In contrast, during the same period of time, the
MIC gradually increased for all other agents, reflecting emer-

TABLE 1. Amino acid sequences of the dermaseptin S4 derivatives and their antibacterial activities
against 66 multidrug-resistant clinical isolates

Peptide Amino acid sequencea

MIC (�g/ml)b

S. aureus (n 	 23) P. aeruginosa (n 	 17) E. coli (n 	 26)

50% 90% Range 50% 90% Range 50% 90% Range

K4K20-S4 ALWKTLLKKVLKAAAKAALKAVLVGANA 1 2 1–4 2 2 1–4 4 8 1–16
K4-S4(1-16) ALWKTLLKKVLKAAAKa 2 4 0.5–8 4 4 1–8 2 4 1–8
K4-S4(1-13) ALWKTLLKKVLKAa 4 8 1–16 8 8 2–16 4 8 2–16

a a, amide.
b 50% and 90%, MICs (based on amino acid analysis) at which 50 and 90% of the tested clinical isolates were inhibited, respectively.
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gence of resistant bacteria. Thus, at the 15th generation the
MICs increased by 57-fold for ciprofloxacin, by 13-fold for
gentamicin, by 12-fold for ceftazidime, and by 8-fold for pip-
eracillin. Moreover, when the 15th generation of each of the
bacteria that had developed resistance to antibiotics was tested
against the dermaseptin S4 derivatives, all bacteria were found
to be susceptible, with MICs similar to those at the initial
exposure.

Similar results were observed when a representative clinical
isolate of S. aureus was cultured for 10 consecutive genera-
tions. Figure 2B shows that the MIC of the dermaseptin S4

derivative remained stable at 10 subcultures following the ini-
tial exposure but that the MIC of ciprofloxacin increased by
33-fold, that of gentamicin increased by 4-fold, that of penicil-
lin increased by 8-fold, and that of rifampin increased by �100-
fold. This demonstrated that bacterial resistance is less prone
to develop in dermaseptin-treated gram-negative or gram-pos-
itive bacteria, whether they are sensitive or resistant to con-
ventional antibiotics.

In vivo efficacy studies. The peptide efficacy in vivo was
assessed for the three derivatives. At first, acute toxicity was
examined after i.p. injection of a single dose of each peptide to
groups of BALB/c mice (n 	 10 mice/group). Mild fur erection
was noticed for doses of above 125 �g/animal (5.4 mg/kg)
minutes after injection and was resolved in all cases within 4 h
or less. No immediate adverse events were noticed for the
short peptides with doses of up to 250 �g (11 mg/kg), whereas
K4K20-S4 caused 30% mortality at 11 mg/kg (data not shown).
No mortality was observed in animals injected with up to 250
�g of either of the short peptides (corresponding to 11 mg of
peptide/kg). Injection of higher doses of K4-S4(1-16), i.e., 500
and 750 �g/mouse [corresponding to 21.7 and 32.6 mg of
K4-S4(1-16)/kg], resulted in mortality rates of 60 and 100%,
respectively. All cases of mortality occurred within 4 days after
peptide injection.

FIG. 1. Bactericidal kinetics and hemolytic activities of K4-S4(1–
13), MSI-78, and PG-1. A peptide concentration of 20 �M [corre-
sponding to 30, 50, and 43 �g/ml, respectively, for K4-S4(1-13) (aster-
isks), MSI-78 (squares), and PG-1 (circles)] was used to treat cultures
of E. coli (A) and S. aureus (B). After 0, 5, 30, and 60 min of exposure
time at 37°C, aliquots were diluted (serial 10-fold dilutions) and plated
for CFU counts after overnight incubation at 37°C. The peptide he-
molytic activity (C) was assessed against human erythrocytes (1% he-
matocrit). Hemolysis was determined by measuring absorbance (405
nm) of the supernatants after 4 h of incubation at 37°C in the presence
of water (100% hemolysis), PBS (baseline), or serial twofold dilutions
of peptides in PBS starting from 200 �M [corresponding to 300, 500,
and 430 �g/ml, respectively, for K4-S4(1-13), MSI-78, and PG-1]. Plot-
ted values correspond to the means 
 standard deviations.

FIG. 2. Evolution of MICs after successive exposures of bacteria to
sublytic concentrations of the specified antimicrobial agent. (A and B)
Evolution of MICs after 15 and 10 serial passages of P. aeruginosa and
S. aureus, respectively. The relative MIC is the normalized ratio of the
MIC obtained for a given subculture to the MIC (determined concom-
itantly) obtained for first-time exposure.
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Next, we performed protection studies. Since K4K20-S4 was
suspected to be toxic , only the two short dermaseptin deriva-
tives were investigated. Also, we chose to study P. aeruginosa
because of its high virulence, high propensity for emergence of
resistance, and limited treatment options. Thus, BALB/c mice
were infected with inoculum of 106 CFU of P. aeruginosa per
mouse. K4-S4(1-16) and K4-S4(1-13) were administered i.p.,
immediately after the bacteria, at a single dose of 100 �g (4.5
mg/kg) to 16 animals. All cases of mortality occurred within the
first 24 h after injections. Mortality in K4-S4(1-16)-treated
mice was lower than that in the control group (18.7 versus
75%, respectively; P 	 0.004). Mortality among K4-S4(1-13)-
treated animals was also significantly lower than that among
controls (36.6 versus 75%; P 	 0.025).

To evaluate the peptide’s antibacterial effect in vivo, models
were developed in neutropenic mice in order to decrease the
influence of the host immune system and to reduce the vari-
ability in bacterial counts. K4-S4(1-16) was injected i.p. at
doses of 0.05, 0.45, 4.5, 9, and 23 mg/kg immediately after
induction of infection. Peritoneal washes were performed at 0,
1, and 5 h later and were subjected to quantitative cultures.
Figure 3 summarizes the results obtained for the peritoneal
washes. K4-S4(1-16) was found to reduce the bacterial counts
by �3 log CFU per mouse at the nontoxic levels (up to 9 mg/
kg). A dose-response effect was evident, with a further reduc-
tion of the log CFU at the dose of 23 mg/kg.

DISCUSSION

Emergence of antimicrobial resistance is a growing problem
and a public health threat. To overcome infections caused by
multidrug-resistant strains and strains resistant to all available
antimicrobials, new classes of antimicrobials should be devel-
oped. This has been recognized by the U.S. Congress Office of
Technology Assessment (30) and by the United Kingdom
House of Lords (19). Antimicrobial peptides represent a prom-
ising class of new agents. These agents are rapidly bactericidal,

and since their action relates to physical properties, it is all the
more difficult for bacteria to develop resistance to such pep-
tides. Moreover, it is possible to engineer their structure with
relative ease, since peptide chemistry allows a multitude of
modifications that are relatively time- and cost-effective. Nev-
ertheless, most of the agents undergoing clinical trials lack
specificity and are examined only for topical uses (15, 24).

Here, we describe the activities of three related synthetic
antimicrobial agents derived from the natural peptide derma-
septin S4. These agents were highly active against a series of
multidrug-resistant gram-negative clinical isolates as well as
against gram-positive strains. In contrast to the conventional
antibiotics tested, the dermaseptin derivatives did not have
increased MICs upon serial passages in sublytic drug concen-
trations. Both K4-S4(1-16) and K4-S4(1-13) improved the sur-
vival in a P. aeruginosa-mouse peritonitis model and showed a
dose response for in vivo bacterial killing. In this work, we also
document that these agents caused less hemolysis than other
tested peptides and did not cause acute toxicity in mice at
clinically used doses. The antibacterial activity demonstrated
for the dermaseptin S4 derivatives might offer significant ad-
vantages over conventional antimicrobial agents, which often
act on intracellular targets. Both the speed of action and the
inability of bacteria to develop resistance to dermaseptin pep-
tides are consistent with their theorized target and mode of
action, i.e., disruption of the membrane structure. Accordingly,
it would be expected for D isomers to display the same activity
(as was indeed observed), since they present the same physi-
cochemical properties. Thus, by acting on a surface target,
antimicrobial peptides circumvent the known mechanisms that
bacteria develop in order to resist the action of antibiotic
compounds. The fact that activity is not mediated by interac-
tion with a chiral center (receptor or enzyme, etc.) combined
with the external location of the target may be two solid and
sufficient reasons for the lack of the development of bacterial
resistance observed for conventional antimicrobial agents,
which often need to reach internal targets and require longer
exposure periods.

This study established the dermaseptin S4 derivatives as
potent broad-spectrum antibacterial agents. Among the three
derivatives, K4K20-S4 was found to be the most potent but also
the most toxic, both for mice and for human erythrocytes in
vitro. Toxicity is probably due to the peptide’s particular phys-
icochemical properties, which combine both high hydropho-
bicity and high charge content, as discussed previously (10) and
as is often observed with a variety of antimicrobial peptides.
Accordingly, by reduction of its hydrophobicity (by deletion of
the C-terminal hydrophobic stretch), the peptide became more
selective in vitro and less toxic in vivo but conserved a consid-
erable broad-spectrum antimicrobial potency. Thus, whereas
K4K20-S4 might be useful in nonsystemic antimicrobial appli-
cations, the short derivatives seem to be more adapted to a
systemic use as well. Although dermaseptin derivatives have
improved toxicity profiles, further perfection is desirable to
reach the safety of some conventional antibiotics.

After a single administration of a nontoxic dose, the short
dermaseptin S4 derivatives were efficient in treating peritoneal
infections. The intraperitoneal route of administration is some-
times preferred, such as for antimicrobial therapy of peritonitis
in patients receiving chronic ambulatory dialysis (23). Our re-

FIG. 3. In vivo bactericidal activity of K4-S4(1-16). Neutropenic
mice infected i.p. with P. aeruginosa were treated i.p. with PBS alone
or with PBS containing the specified peptide doses. Animals (six mice/
group) were sacrificed at 0, 1, and 5 h after bacterial infection, and
peritoneal fluids were removed as described in Materials and Methods.
Viable bacterial counts were determined (in triplicate) by plating di-
luted peritoneal fluids on Mueller-Hinton agar plates. The results
shown correspond to the means 
 standard deviations.
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sults were obtained when peptides were administrated imme-
diately after a high-inoculum infection was introduced. Further
studies will determine the effectiveness of delayed treatment
and other routes of administration. Intravenous administra-
tion, for instance, was well tolerated at high a dose (10 mg/kg)
of K4-S4(1-13) in rats (11).

In conclusion, these studies demonstrate that short derma-
septin S4 derivatives are safe and potent antibacterial agents,
with in vivo activity against clinically relevant antibiotic-resis-
tant bacteria.
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