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Staphylococcal bacteria are a prevalent cause of infections associated with foreign bodies and indwelling
medical devices. Bacteria are capable of escaping antibiotic treatment through encapsulation into biofilms.
RNA IlI-inhibiting peptide (RIP) is a heptapeptide that inhibits staphylococcal biofilm formation by obstruct-
ing quorum-sensing mechanisms. K,-S4(1-13),, is a 13-residue dermaseptin derivative (DD,;) believed to kill
bacteria via membrane disruption. We tested each of these peptides as well as a hybrid construct, DD,;-RIP,
for their ability to inhibit bacterial proliferation and suppress quorum sensing in vitro and for their efficacy
in preventing staphylococcal infection in a rat graft infection model with methicillin-resistant Staphylococcus
aureus (MRSA) or S. epidermidis (MRSE). In vitro, proliferation assays demonstrated that RIP had no
inhibitory effect, while DD,;-RIP and DD, ; were equally effective, and that the chimeric peptide but not DD, 5
was slightly more effective than RIP in inhibiting RNA III synthesis, a regulatory RNA molecule important for
staphylococcal pathogenesis. In vivo, the three peptides reduced graft-associated bacterial load in a dose-
dependent manner, but the hybrid peptide was most potent in totally preventing staphylococcal infections at
the lowest dose. In addition, each of the peptides acted synergistically with antibiotics. The data indicate that
RIP and DD,; act in synergy by attacking bacteria simultaneously by two different mechanisms. Such a chi-
meric peptide may be useful for coating medical devices to prevent drug-resistant staphylococcal infections.

Nosocomial infections due to Staphylococcus aureus and
Staphylococcus epidermidis have increased over the last de-
cades (36, 41, 42). These common skin bacteria are also known
to be a frequent cause of infections related to prosthetic and
indwelling medical devices (16, 46), where these infections are
related to bacterial biofilm formation on material surfaces,
such as venous or urinary catheters, prosthetic heart valves,
orthopedic devices, and contact lenses (16, 40, 46, 63). In
particular, the late-appearing vascular graft infections are one
of the most feared complications that the vascular surgeon
treats, frequently resulting in prolonged hospitalization, organ
failure, amputation, and death (7, 34).

Effective strategies for the prevention of prosthetic infec-
tions vary and include the use of antimicrobials bound in high
concentrations to prosthetic grafts (11, 44, 63, 69, 71). Because
of the increase in resistance to antibiotics, several studies have
focused on developing new prosthetic materials that reduce
biofilm formation (28, 71). One of the most interesting studies
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was based on the fact that the resistance of a biofilm to anti-
microbial agents is acquired as a multicellular strategy that
relies on exchange of chemical signals between cells in a pro-
cess known as quorum sensing (48). Thus, interfering with this
mechanism of bacterial cell-cell communication could provide
a novel approach to prevent biofilm formation. A seven-amino-
acid peptide termed the RNA III-inhibiting peptide (RIP) was
described to suppress diseases caused by S. aureus and S. epi-
dermidis (2-6, 14, 27, 29, 73).

RIP inhibits pathogenesis via biofilm formation (6) and toxin
production (73) by disrupting quorum-sensing mechanisms
through inhibition of TRAP phosphorylation (4). TRAP is a
protein unique to staphylococci but is highly conserved among
strains, and therefore its inhibitor RIP was effective against any
staphylococcal strain tested (2, 3, 14, 27, 29, 73). RIP does not
directly kill the bacteria but interferes with their signal trans-
duction, thus making them nonpathogenic.

The ubiquitously produced cationic antimicrobial peptides
(1,9, 23, 30, 31, 39, 57, 72) are attracting increasing research
and clinical interest for their roles in innate immunity and for
their potential uses in various antimicrobial fields (50, 74). The
cytoplasmic membrane was proposed to be their ultimate tar-
get. Being cationic, the peptides interact electrostatically with
the negatively charged phospholipid headgroups and insert
into the membrane bilayer in a manner that leads to its dis-
ruption (22, 33, 35, 42, 65). Although the steps involved in this
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mechanism remain to be delineated, there is a large body of
experimental data demonstrating that antimicrobial peptides
display a direct correlation between antibiotic effect and in-
creased plasma membrane permeability, conductance of ions
across lipid bilayers, and dissipation of the transmembrane
electric potential (17, 21, 24, 39, 49, 58, 59, 62, 68, 66). Thus,
while their precise mechanism of action is not fully understood,
their microbicidal effect is believed to result from the peptides’
capacity to disrupt the ordered membrane structure of target
cells.

The molecular basis for selective activity between mamma-
lian and bacterial cells is also ill defined but is believed to result
from differences in the lipid composition of target versus non-
target cells, such as membrane fluidity and high negative
charge density (1, 12, 45, 74). These differences seem to be
responsible for the preferred accumulation of antimicrobial
peptides on microbial membranes. Numerous studies have
demonstrated that the peptides’ physicochemical properties,
i.e., amphipathy, positive charge content, and hydrophobicity,
are the main factors affecting membrane lysis activity (1, 8, 12,
42). Accordingly, isomers composed of all b-amino acids are as
active as the L-enantiomers, implying that the mechanism of
action is not mediated by interaction with a stereo-specific
receptor. These properties enabled several cationic antimicro-
bial peptides to escape microbial mechanisms involved in mul-
tidrug resistance (12, 25, 56).

Dermaseptins are a large family of linear polycationic pep-
tides from frog skin (10, 51, 53, 54) whose cytolytic activity is
believed to result from interaction of their N-terminal domain
with the plasma membranes of target cells (52, 55). Recent
investigations with respect to the relations between physical
properties (structure and organization in solution) of derma-
septin S4 and its interaction with target membranes (19, 37) led
to the design of short derivatives that maintain the amphi-
pathic alpha-helical structure of the parent peptide, bind avidly
to model membranes with association affinity constants (K ) in
the range of 10° to 10" M~! and exert rapid cytolytic activity
against a variety of pathogens. Among these, the 13-mer de-
rivative K,-S4(1-13), is of particular interest as it is the small-
est derivative that combines low toxicity and efficient large-
spectrum antimicrobial activity both in culture and in animal
models of infection (20, 56).

In this paper, we tested the hypothesis that a hybrid con-
struct composed of RIP and dermaseptin would benefit from
the properties of both components. We show that RIP and the
13-mer dermaseptin derivative DD, individually inhibit bio-
film formation on a Dacron graft and that their chimeric ver-
sion eradicates drug-resistant staphylococcal infections in a
fashion that is greater than the additive effect of the individual
peptides comprising the chimera.

MATERIALS AND METHODS

Peptides Peptides were synthesized by the solid-phase method as described
previously (37), applying the Fmoc active ester chemistry on a fully automated,
programmable model 433A peptide synthesizer (Applied Biosystems). 4-Meth-
ylbenzhydrylamine-resin (Novabiochem) was used to obtain amidated peptides.
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 a semipreparative C4 column (Vydac) with a
linear gradient of acetonitrile in water (1%/min), both solvents containing 0.1%
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trifluoroacetic acid. The purified peptides were subjected to amino acid analysis
and electrospray mass spectrometry in order to confirm their composition. Pep-
tides were stored as a lyophilized powder at —20°C.

CD spectra. Circular dichroism (CD) spectra were measured in 20% (vol/vol)
trifluoroethanol in water with an AVIV model 62A DS spectrometer (Aviv
Assoc., Lakewood, N.J.) with a 0.020-cm rectangular QS Hellma cuvette at 25°C.
CD data represent average values from three separate recordings.

Bacteria. Methicillin-resistant S. aureus (MRSA) strain ATCC 43300 was
commercially purchased from Oxoid S.p.A., Milan, Italy. Methicillin-resistant S.
epidermidis (MRSE) was a clinical strain from the Institute of Infectious Diseases
and Public Health, University of Ancona, Ancona, Italy.

Animals. Adult male Wistar rats, 250 to 300 g (Istituto Nazionale Riposo e
Cura Anziani, Istituto di Ricovero e Cura a Carattere Scientifico animal facility,
Ancona, Italy) were used, with 15 animals per experimental group.

Susceptibility testing. The antimicrobial susceptibilities of the strains were
determined by the broth microdilution method, according to the procedures
outlined by the National Committee for Clinical Laboratory Standards. The MIC
was taken as the lowest antibiotic concentration at which observable growth was
inhibited. Experiments were performed in triplicate.

Graft infection rat model. Rats were anesthetized, their back hair was shaved,
and the skin was cleansed with 10% povidone-iodine solution. One subcutaneous
pocket was made on each side of the median line by a 1.5-cm incision. Asepti-
cally, 1-cm? sterile albumin-sealed Dacron grafts (Albograft; Sorin Biomedica
Cardio, S.p.A., Saluggia VC, Italy) were implanted into the pockets. Before
implantation, the grafts were soaked for 20 min in sterile solutions of the various
agents. The pockets were closed by means of skin clips, and saline solution (1 ml)
containing MRSA or MRSE at a concentration of 2 X 107 CFU/ml was inocu-
lated onto the graft surface with a tuberculin syringe to create a subcutaneous
fluid-filled pocket. The animals were returned to individual cages and thoroughly
examined daily. All grafts were explanted at 7 days following implantation.

Assessment of the infection. The explanted grafts were placed in sterile tubes,
washed in sterile saline solution, placed in tubes containing 10 ml of phosphate-
buffered saline solution, and sonicated for 5 min to remove the adherent bacteria
from the grafts (6). After sonication, grafts were microscopically checked to
verify that all bacteria were removed. Quantitation of viable bacteria was per-
formed by culturing serial dilutions (0.1 ml) of the bacterial suspension on blood
agar plates. All plates were incubated at 37°C for 48 h and evaluated for the
presence of the staphylococcal strains. The organisms were quantitated by count-
ing the number of CFU per plate. No significant differences in cell viability were
present upon testing the effect of sonication for up to 10 min on both antibiotic-
sensitive and -resistant bacteria. The limit of detection for this method was
approximately 10 CFU/ml (14).

Peptide binding to Dacron. To determine how much peptide impregnated the
graft, 1-cm? slices of collagen-sealed Dacron were soaked at room temperature
in peptide solutions in quadruplicate for 0.5 and 5 h (1 ml of saline per graft,
containing 50 wg/ml of each peptide). Following the incubation period, the
Dacron was removed, and residual peptide (unbound fraction) was subjected to
reverse-phase HPLC analysis as described above. Peptide identification was
based on retention time and spectral analysis. The amount of unbound peptide
was calculated by area integration of the UV-absorbing peak (220 nm) and
comparison with standard curves of known concentrations for each peptide (19).

RNA III synthesis and bacterial growth. Early-exponential-phase S. aureus
cells containing the rnaiii::blaZ fusion construct (29) were grown in 30 pl (2 X
107 cells) for 2.5 h with 5 pl of peptides (0 to 5 p.g) in TSB growth medium at
37°C with shaking. Of the total reaction volume (35 pl), a 5-pl sample was
removed, diluted in saline, and streaked on Luria agar plates to determine CFU.
The rest of the reaction mixture was used to determine RNA III synthesis
(beta-lactamase activity). This was done by adding a substrate of beta-lactamase
(nitrocefin), and the optical density (OD) was determined at 490 and 650 nm
(29).

Statistical analysis. MICs are presented as the geometric mean of three
separate experiments. Quantitative culture results from all groups are presented
as mean * standard deviation, and the statistical comparisons between groups
were made with analysis of variance on the log-transformed data. Significance
was accepted when the P value was =<0.05.

RESULTS

Prevention of graft-associated infections. Since DD,; is a
bactericidal peptide while RIP prevents staphylococcal biofilm
formation, a hybrid version, DD,;-RIP, was constructed (Ta-
ble 1) and tested for efficacy in preventing staphylococcal graft-
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TABLE 1. Primary structures and designations of
the peptides investigated
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TABLE 3. Prevention of graft-associated infections in
rats based on combined therapy”

Peptide Amino acid sequence Designation
RIP YSPWTNF onin RIP
K,-S4(1-13), ALWKTLLKKVLKA o\ DD,
Hybrid ALWKTLLKKVLKAYSPWTNF o DD, ;-RIP

associated infections. The RIP and DD, ; concentrations range
to be tested was based on their active concentrations from
previous studies (2-6, 19, 20, 22, 37, 56). Immediately prior to
being implanted in rats, the collagen-coated Dacron grafts
were coated with 10, 20, or 50 mg of either RIP or DD, 5 per
liter and compared to DD,;-RIP at the same concentrations.

Bacteria (MRSA or MRSE) were injected into the implants,
the implants were removed after a week, and the bacterial load
was determined. The study included a negative control group
(untreated graft with no bacterial challenge) and a positive
control group (untreated graft with bacterial challenge). The
results are summarized in Table 2. None of the animals in-
cluded in the negative control group had anatomic or micro-
biological evidence of graft infection (no graft contamination).
All rats included in the positive control groups that were im-
planted with untreated grafts and challenged with MRSA or
MRSE (total of 30 rats) demonstrated evidence of bacterial
colonization, with quantitative culture results showing 4.4 X
10° = 1.2 X 10° and 6.9 X 10° = 1.8 X 10° CFU/ml, respec-
tively.

Animals implanted with grafts presoaked in 10, 20, or 50 mg
of RIP solutions per liter and challenged with MRSA demon-
strated reduced evidence of bacterial colonization, with 4.1 X
10* = 7.1 X 10%,5.9 X 10° = 1.7 X 10°, and 8.4 X 10* = 3.6 X
10" CFU/ml, respectively, and those challenged with MRSE
demonstrated reduced evidence of infection with 6.9 X 10° =
1.9 X 10%, 8.5 X 10*> = 2.0 X 10% and 3.9 X 10" = 1.6 X 10!
CFU/ml, respectively.

Animals implanted with grafts presoaked with DD,; and
challenged with MRSA demonstrated reduced or no evidence
of bacterial colonization, with 5.8 X 10% = 1.6 X 10? and 4.0 X
10" * 1.7 X 10" CFU/ml, respectively, and negative quantita-
tive cultures for the same doses as RIP. Similarly, animals

TABLE 2. Effect of peptides on graft-associated infections in rats

Treatment

MRSA
(mean CFU/ml + SD)

MRSE
(mean CFU/ml * SD)

None (control)

4.4 x10°+ 1.2 x 10°

6.9 X 10° = 1.8 x 10°

Treatment® Sc())liliilgﬁ MRSA MRSE
(mg/liter) (mean CFU/ml = SD)  (mean CFU/ml = SD)
None (control) 0 44 x10°*=1.2x10° 6.9 X 10° = 1.8 X 10°
RIP* 10 41x10*+71x10° 69 x10° = 1.9 x 10°
20 59x10°+ 1.7 X 10° 8.5 X 10*> = 2.0 X 10?
50 84 + 36 39+ 16
DD,,* 10 5.8 X107 =21 x 10> 52X 10*> = 1.6 X 10?
20 40 £ 17 44 + 13
50 <10 <10
DD, ;-RIP* 10 19=3 307
20 <10 <10
50 <10 <10

“ Dacron grafts were presoaked in saline (control), RIP, DD, or DD 5-RIP

at the designated concentrations and implanted in rats (15 rats per group). Grafts
were then inoculated with MRSA or a clinical isolate of MRSE. Grafts were
removed after a week, and CFU were determined. *, P < 0.05 compared to
control untreated group. Detection limit, 10 CFU/ml.

Rifampin* 6.7 X 10> £ 0.9 X 10° 0.88 X 10° *+ 0.3 x 10°
Rifampin + RIP* <10 <10
Rifampin + DD,;* <10 <10
Rifampin + DD,;-RIP* <10 <10

“ Grafts presoaked in saline (control), rifampin alone (5 mg/liter), or rifampin
combined with either RIP, DD,;, or DD 5-RIP (10 mg/liter) were implanted in
rats and inoculated with MRSA or MRSE. Grafts were removed after a week
and assessed for viable CFU. Detection limit, 10 CFU/ml. *, P < 0.05 compared
to control untreated group.

challenged with MRSE demonstrated reduced or no evidence
of infection,. with 5.2 X 10? = 1.6 X 10% and 4.4 X 10' * 1.3 X
10" CFU/ml, respectively, and negative quantitative cultures.

Animals implanted with in DD,;-RIP solutions and chal-
lenged with MRSA demonstrated reduced evidence of bacte-
rial colonization, with 1.9 X 10" = 0.3 X 10* CFU/ml at 10 mg
per lite,r and when the grafts were soaked in 20 or 50 mg per
liter, animals showed no evidence of staphylococcal infection,
with negative quantitative cultures. Similarly, animals chal-
lenged with MRSE displayed 3.0 X 10" = 0.7 X 10" CFU/ml
and negative quantitative culturesfor 10 and 20 to 50 mg per
liter.

In addition, treatment with these peptides was compared
with the conventionally used antibiotic rifampin (63). These
experimental groups received grafts presoaked with 5 mg of
rifampin per liter alone or rifampin and RIP, DD, 5, or DD, ;-
RIP at 10 mg per liter. The results are summarized in Table 3.
The group of rifampin-treated rats showed quantitative culture
results of 6.7 X 10° = 9.1 X 10> CFU/ml for MRSA and 8.8 X
10* = 3.0 X 10*> CFU/ml for MRSE, but when grafts were
soaked in combination with RIP, DD,;, or DD,;-RIP, the
animals showed negative quantitative cultures and no evidence
of bacterial colonization. Note that rifampin-resistant bacteria
that were exposed to DD, ; were previously shown to exhibit a
MIC identical to that obtained with rifampin-sensitive bacteria
(56).

Of note is that all agents used did not show any signs of
toxicity and none of the animals included in any group died or
had clinical evidence of drug-related adverse effects, such as
local signs of perigraft inflammation, anorexia, vomiting, diar-
rhea, or behavioral alterations. Reduction in bacterial load was
significant (P < 0.05) in all experimental groups compared to
positive control groups.

In vitro studies. (i) Peptide binding to Dacron cuffs. To
verify the relationships between the observed in vivo activity
and the amount of peptide present on the Dacron grafts, the
grafts were soaked in peptide solutions as described above
prior to being grafted in rats. After removal of the grafts, the
solutions were subjected to HPLC analysis, from which the
amount of Dacron-bound peptide was deduced from the cal-
culated amount of residual unbound fraction. The results are
summarized in Fig. 1 for the peptide solution of 50 mg per
liter. Among the three peptides, RIP bound the least, with a
mean bound amount of 6.5 = 2.5 pg/cm?® DD, ; was found to
bind the most and significantly more than RIP, with a mean
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FIG. 1. Peptides binding to Dacron. Collagen-sealed Dacron grafts
were soaked in peptide solutions (50 mg per liter) for either 0.5 or 5 h.
Bound peptide was estimated from the unbound fraction, which was
subjected to analytical reverse-phase HPLC as described previously
(19). Peptide identification was based on retention time and spectral
analysis. Unbound peptide was determined after area integration of
the UV-absorbing peak (220 nm) and comparison with standard curves
of known concentrations. Error bars indicate standard deviations of
the mean determined from four independent experiments.

bound amount of 27 = 0.5 pg/cm?, whereas DD, ;-RIP bound
more than RIP but less than DD, ; with a mean bound amount
of 16 = 2 pg/cm? The data indicate that longer soaking peri-
ods enabled uptake of larger amounts of each peptide. For
instance, nearly 100% (i.e., 50 ug) of DD, 5 was found to bind
after 5 h of soaking (Fig. 1). While these experiments indicate
that longer soaking times result in higher peptide concentra-
tions on the grafts, they also demonstrate that the high pro-
tective efficacy of the chimeric peptide compared to the pep-
tides alone is not due to its relative concentration but rather to
its specific activity (see below).

(ii) Bacterial growth and RNA III synthesis. To better un-
derstand the molecular mechanisms involved in the synergistic
activity, the three peptides were investigated for their effect(s)
in vitro on RNA III synthesis (known to be inhibited by RIP)
and for bacterial proliferation (known to be inhibited by
DD,;). These experiments were performed by growing S. au-
reus cells containing an rnaiii::blaZ fusion construct in the
presence of either one of the peptides. Cultures were moni-
tored by determination of RNA III synthesis by a colorimetric
method with nitrocefin as a substrate, while the peptides’ effect
on bacterial viability was assessed by performing CFU counts
with conventional microbiological methods. The results are
summarized in Fig. 2.

DD,; and DD, ;-RIP displayed quasipotent bactericidal ac-
tivity, whereas RIP was virtually inactive (Fig. 2A). According
to the broth microdilution method, DD,; and DD,;-RIP ex-
hibited MICs of 2 mg per liter for both staphylococcal strains
(compared to susceptibility to rifampin, with MICs of 0.5 mg
per liter for both of the organisms). RIP did not demonstrate
any in vitro bactericidal activity against either of the two strains
when tested at up to 128 mg per liter (data not shown).

As also shown in Fig. 2, RIP efficiently inhibited RNA III
synthesis, while both DD,; and DD, ;-RIP appeared to be
more efficient than RIP alone. However, closer inspection of
the data revealed that at high peptide concentrations, most of
the inhibitory activity observed was attributable to cell death.
Moreover, at low peptide concentrations, where no cell death
occurred, DD, ; was unable to affect RNA III synthesis, unlike
DD, ;-RIP, which displayed the highest efficacy (Fig. 2B, inset).

CD measurements. Indication of the molecular organization
of the peptides in solution was obtained from CD measure-
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ments in trifluoroethanol (Fig. 3). Since the helical organiza-
tion of the 13-mer dermaseptin derivative was established by
nuclear magnetic resonance (37), the present study aimed at
comparing detectable differences in the CD spectrum of its
elongated analog (DD,5-RIP) which would point to alter-
ation(s) of the structure. For a control peptide, another 13-mer
dermaseptin S4 derivative of was used, S4 (4-16), KTLLKKV
LKAAAK, corresponding to three residues truncated from the
DD,; N terminus and elongation by three residues at the C
terminus. As shown in Fig. 3, whereas the control peptide
displayed a typical spectrum for a random structure, both
DD,; and DD, ;-RIP displayed typical ellipticity spectra of an
a-helix as characterized by double minima at 208 and 222 nm.
DD, ;-RIP displayed a slight increase in ellipticity signals
around 222 nm, suggesting an eventual slight stabilization of
the a-helix but essentially a molecular organization similar to
that of DD,5.

DISCUSSION

In order to prove efficacy in preventing bacterial adhesion
and biofilm formation in vivo, a well-characterized experimen-
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FIG. 2. Invitro effects of peptides on bacterial growth and RNA III
synthesis. Early-exponential-phase S. aureus cells containing the rnaiii::
blaZ fusion construct (=2 X 107 cells) were grown with peptides (0 to
5 pg) in a total volume of 35 pl in TSB and then divided into two
portions. One portion (5 wl) was diluted in saline and streaked on LB
agar plates to determine CFU (A). The other portion (5 wl) was used
to determine RNA III synthesis (B) by adding the beta-lactamase
substrate nitrocefin and measuring the optical density (OD) at 490 and
650 nm (29). Error bars indicate standard deviations from the mean as
determined from two independent experiments performed in tripli-
cate. If no error bar is shown, the standard deviation was smaller than
the diameter of the symbol. The inset is the same as panel B but
focuses on low peptide concentrations. Symbols in panel B are the
same as in panel A.
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FIG. 3. Far-UV CD spectra of DD,; and DD,;-RIP and a control
peptide. CD spectra were taken for peptide samples of 300 pM (de-
termined by UV by using standard curves of known concentrations for
each peptide) in 20% trifluoroethanol-water. CD data represent av-
erage values from three separate recordings.

tal Dacron graft rat model was used. For comparison purposes,
the antibiotic rifampin was chosen for its current utilization in
clinical practice against staphylococci (63). Rifampin was very
effective in our experimental model, as expected from previous
literature (3, 26). However, as with RIP alone, rifampin did not
eradicate bacterial infection; 100% inhibition was reached only
when rifampin was combined with a peptide. The reason RIP
did not cause total inhibition when used alone could be due to
the actual amount of RIP bound to the graft. It is estimated
that soaking the graft in 50 mg of RIP per liter resulted in 6.5
+ 2.5 pg of RIP bound to the graft before implantation, which
may not be enough to prevent adhesion of the 10 million cells
that were injected. Perhaps if the grafts were coated with a
higher concentration of RIP, such as after a longer soaking
time, better prevention could have been reached with RIP and
the other peptides alone. Note, however, that such a high level
of a single dose of bacterial contamination is unlikely to occur
in clinical settings, suggesting that the amounts of bound pep-
tides utilized in the present in vivo experiments could be suf-
ficient to coat grafts in a clinical practice.

Chimeric peptides with enhanced activity compared to the
individual peptides were used in previous studies (13, 18, 47,
60, 61, 67). Here, we constructed a chimeric molecule com-
posed of two small peptides that individually produce their
antibacterial effects by distinct mechanisms of action. To
choose the chimeric sequence, we hypothesized that the N and
C termini of the chimera must be occupied by DD, ; and RIP,
respectively, to preserve their individual properties. Indeed,
previous studies suggested that the antimicrobial activity of the
dermaseptin derivative (16, 19, 26, 52, 54) and its alpha-helical
structure (37) would best be maintained at the N terminus
of the chimeric molecule. On the other hand, studies with RIP
evoked the importance of the C terminus of RIP for RNA
III-inhibiting activity (29). The sequence DD, ;-RIP was there-
fore selected in this study, although chimeric peptides with
other arrangements will be investigated in the future.
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The present study also demonstrates that, like RIP, DD 5 is
highly efficient in inhibiting staphylococcal colonization whether
used alone or in combination with the conventional antibiotic.
In fact, DD,; was significantly more efficient than RIP. The
chimeric construct, however, displayed further efficiency, en-
dowing the Dacron graft with near sterility at the lowest doses.
At present, the molecular basis for this synergistic activity is
not well understood, as it could result from a number of rea-
sons. The simplest reason that comes to mind is that DD 5-RIP
is able to express the typical properties of both building units,
i.e., TRAP antagonist activity of RIP and cytolytic activity based
on membrane disruption by DD,;. This is hypothesized be-
cause the viable CFU assays showed that RIP had no cytolytic
activity and did not enhance or reduce the bactericidal activity
of DD,; since DD,5-RIP and DD, ; displayed equal activity.

The CD data suggested that DD,; and DD,;-RIP have
rather similar molecular organizations. On the other hand, at
nontoxic concentrations, DD,; was unable to affect RNA III
synthesis, unlike DD, ;-RIP, which displayed the highest inhib-
itory efficacy. These results suggest that the profound in vivo
inhibitory activity of DD,5-RIP is a result of synergistic activ-
ities based on the ability of DD,; to enhance RIP’s RNA
III-inhibiting activity. According to our estimate, the amount
of peptide present on the graft excludes the possibility that
efficacy was proportional to a much higher quantity of bound
peptide. For instance, while RIP and DD, 5-RIP bound to the
graft to practically the same extents (about a twofold differ-
ence), the chimeric peptide had a much higher efficacy in vivo
(more than an order of magnitude). Similarly, DD, ; displayed
the highest binding but not the highest efficacy in vivo. This
indicates that the high efficacy of the chimeric peptide in vivo
is not due to its relative concentration on the graft but rather
to its specific activity. Taken together, these data indicate that
the extreme efficacy of DD,5-RIP in vivo could result from its
ability to launch an overwhelming attack on the target cells,
with either one or both of two different mechanisms of action
simultaneously.

In conclusion, we show in this paper an alternative approach
to preventing device-associated infection by S. aureus and
S. epidermidis, including those caused by antibiotic-resistant
strains. It is probably through modulating the bacterial mech-
anism of communication by RIP combined with the cytotoxic
effect of DD 5 that their pathogenesis is inhibited. We there-
fore postulate that RIP and DD, 5 act in synergy by attacking
bacteria simultaneously by different mechanisms. Since DD, ;-
RIP is extremely effective in preventing staphylococcal infec-
tions, our data suggest that DD,;-RIP could be used to coat
medical devices known to be associated with staphylococcal
infections.
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