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Acinetobacter baumannii has successfully developed resistance against all common antibiotics, including
colistin (polymyxin E), the last universally active drug against this pathogen. The possible widespread distri-
bution of colistin-resistant 4. baumannii strains may create an alarming clinical situation. In a previous work,
we reported differences in lethal mechanisms between polymyxin B (PXB) and the cecropin A-melittin (CA-M)
hybrid peptide CA(1-8)M(1-18) (KWKLFKKIGIGAVLKVLTTGLPALIS-NH,) on colistin-susceptible strains
(J. M. Saugar, T. Alarcoén, S. Lépez-Hernandez, M. Lopez-Brea, D. Andreu, and L. Rivas, Antimicrob. Agents
Chemother. 46:875-878, 2002). We now demonstrate that CA(1-8)M(1-18) and three short analogues, namely
CA(1-7)M(2-9) (KWKLFKKIGAVLKVL-NH,), its N*-octanoyl derivative (Oct-KWKLFKKIGAVLKVL-NH,),
and CA(1-7)M(5-9) (KWKLLKKIGAVLKVL-NH,) are active against two colistin-resistant clinical strains. In
vitro, resistance to colistin sulfate was targeted to the outer membrane, as spheroplasts were equally lysed by
a given peptide, regardless of their respective level of colistin resistance. The CA-M hybrids were more efficient
than colistin in displacing lipopolysaccharide-bound dansyl-polymyxin B from colistin-resistant but not from
colistin-susceptible strains. Similar improved performance of the CA-M hybrids in permeation of the inner
membrane was observed, regardless of the resistance pattern of the strain. These results argue in favor of a
possible use of CA-M peptides, and by extension other antimicrobial peptides with similar features, as

alternative chemotherapy in colistin-resistant Acinetobacter infections.

The species belonging to the Acinetobacter baumannii com-
plex act as causative agents for a wide variety of clinical con-
ditions (7). It is particularly insidious in intensive care units
(36), where the use of invasive devices, broad-spectrum anti-
biotics, and prolonged patient stay periods are associated with
high morbidity and mortality rates (17, 31, 44, 45). Acineto-
bacter species have shown an outstanding capacity to develop
resistance against common antibiotics such as carbapenems
and other broad-spectrum B-lactams, tetracyclines, fluoro-
quinolones, and aminoglycosides through a wide variety of
mechanisms (35, 44, 45). This has led to a practical exhaustion
in the repertoire of active antibiotics, including imipenem,
which until recently was considered the gold standard for Acineto-
bacter treatment (21, 25). In view of this therapeutic prob-
lem different alternatives were implemented, one of which was
the reappraisal of the administration of colistin (polymyxin E)
against panresistant Acinetobacter infection (14), with a signif-
icant rate of success in a variety of clinical and experimental
infections (22, 24, 38). This was further supported by new data
showing milder nephrotoxic effects of polymyxins than previ-
ously reported (14, 27, 33).

Unfortunately, with the recent description of sporadic colistin-
resistant isolates (20, 25, 34, 43, 50), the alarm signals have
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been reactivated. Partial solutions such as colistin combination
therapy with other single antibiotics (azithromycin, rifampin,
cotrimoxazole, or meropenem [25]) or even triple combination
with rifampin plus imipenem (50), along with adequate pre-
vention practices and disinfection protocols in hospitals (25),
have been assayed. Nevertheless, due to the remarkable ability
of Acinetobacter to develop resistance, increased numbers of
outbreaks of panresistant A. baumannii are quite foreseeable
and will be worsened by the paucity of new drugs developed
against gram-negative bacteria.

Eukaryotic antimicrobial peptides (EAPs) are ubiquitous
elements of the innate defense systems of all higher organisms
(4). Reasonable expectations have been raised about their
pharmacological exploitation as potent antibacterial agents
based on (i) the wide range of pathogens susceptible to them;
(ii) their extremely low rate of resistance compared with clas-
sical antibiotics, resulting from a distinctive mechanism of
membrane perturbation based on stoichiometric interaction of
the EAP with exposed anionic lipids; and (iii) their anti-endo-
toxic properties, which result from their ability to interact
with lipopolysaccharide (LPS). A number of EAPs have been
tested, both in vitro against different species of the genus
Acinetobacter (18, 39, 40), including multiresistant strains (1,
18, 40), and in vivo on animal models of bacteremia by Acineto-
bacter baumannii (3, 12).

Though polymyxins share major structural features (i.e., a
cationic peptide nature) and self-promoted uptake mecha-
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nisms with most EAPs, we earlier demonstrated that polymyxin
B (PXB) and the cecropin A-melittin (CA-M) hybrid CA(1-
8)M(1-18), an EAP, differed in the last steps of their lethal
activity on A. baumannii (40), warranting exploitation of the
latter against colistin-resistant strains. Similar pioneering work
by Urban et al. established the activity of the EAPs rBPL,, (the
recombinant 21-kDa amino-terminal fragment of the bacteri-
cidal/permeability-increasing protein) and cecropin P, on a
single polymyxin B-resistant A. baumannii isolate (43). In the
present work, we provide further evidence of the activity of
four selected CA-M analogues on two clinical strains of A.
baumannii with different degrees of colistin resistance. We
show that the CA-M hybrids have higher affinity than colistin
towards LPS isolated from colistin-resistant Acinetobacter
baumannii strains, a plausible ground for their superior ac-
tivity. These results are a first step towards clinical use of these
peptides as a feasible alternative to polymyxin-resistant A.
baumannii.

MATERIALS AND METHODS

Reagents. SYTOX green was obtained from Molecular Probes (Leiden, The
Netherlands). Protected 9-fluorenylmethoxy carbonyl (Fmoc) amino acids, res-
ins, and other reagents for peptide synthesis were from Neosystem (Strasbourg,
France), Bachem (Bubendorf, Switzerland), or Novabiochem-Calbiochem
(Léufelfingen, Switzerland). The following four CA-M sequences (CA and M
stand for cecropin A and melittin, respectively; the positional stretch of each
parental sequence included in the hybrid is within parentheses) were prepared as
C-terminal carboxamides by optimized Fmoc-based methods of solid-phase syn-
thesis (16): the 26-mer CA(1-8)M(1-18) (KWKLFKKIGIGAVLKVLTTGLPA
LIS-NH,; molecular weight, 2793.8), the 15-mer CA(1-7)M(2-9) (KWKLFKKI
GAVLKVL-NH,; molecular weight, 1770.2) and its N*-octanoyl derivative
(C,H,3CO-KWKLFKKIGAVLKVL-NH,; molecular weight, 1898.5) (6, 40),
and the short 12-mer CA(1-7)M(5-9) (KWKLLKKVLKVL-NH,; molecular
weight, 1544.1). After chain assembly and acid deprotection cleavage, the synthetic
products were purified to near homogeneity (>95%) by reverse-phase high-
performance liquid chromatography and were further characterized by matrix-
assisted laser desorption ionization-time of flight mass spectrometry and amino
acid analysis (6).

Standard laboratory powder of colistin sulfate salt (Sigma, St. Louis, MO) was
prepared according to guidelines from the National Committee for Clinical
Laboratory Standards (8). This was the only form of colistin used in this study.

Bacterial strains. A. baumannii clinical panresistant strains 208628 and
201630, resistant to cefotaxime, ceftazidime, imipenem, amoxicillin, amikacin,
piperacillin-tazobactam, doxycycline, and colistin sulfate (9), were selected from
13 panresistant strains because their colistin sulfate MICs were different (64 and
8 mg/liter, respectively). The strains were from the collection of clinical bacterial
strains at the “Virgen del Rocio” University Hospital, Seville, Spain. A. baumannii
was identified by Gram stain appearance, colonial morphology, motility, cyto-
chrome oxidase reaction, and growth at 44°C, as well as by the semiautomated
MicroScan Walk Away method (Dade-Behring). The strains were confirmed as
A. baumannii by amplified ribosomal rRNA gene restriction analysis (46). Strains
were stored at —70°C between experiments.

MIC determinations. MICs of colistin and the four CA-Ms were determined
in duplicate against the A. baumannii strains by the broth microdilution method.
Mueller-Hinton IT Broth Cation Adjusted (Becton Dickinson, Cockeysville, Md.)
was used as growth medium, and an initial inoculum of 5 X 10° CFU/ml at
exponential growth phase was used (8). The MIC was defined as the lowest
concentration of antimicrobial agent that completely inhibits growth of the
organism in the microdilution wells measured by turbidimetry at 24 h at 450 nm
in a Bio-Rad 680 Microplate enzyme-linked immunosorbent assay reader. Initial
inoculum and bacterial growth were determined by serial dilutions in physiologic
serum that were subcultured in Columbia IIT agar with 5% sheep agar plates and
incubated at 37°C for 20 h. The concentrations of antimicrobials ranged from
0.06 to 128 mg/liter. A. baumannii ATCC 19606, a reference strain that is
susceptible to colistin sulfate, was used as a control.

Permeation of Acinetobacter baumannii to SYTOX green. The permeation of
the bacterial inner membrane induced by peptides was assessed by the increase
of fluorescence of the vital dye SYTOX green (molecular weight, 600). This
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cationic dye is excluded from cells with intact membranes but enters the cyto-
plasm of those with compromised structures, binding their nucleic acids and
promoting an increase in fluorescence. We adapted previously described proto-
cols to a 100-pl total volume microscale (40). Briefly, bacteria were harvested at
exponential growth phase, washed twice in Hanks medium supplemented with 10
mM p-glucose (Hanks plus glucose), and resuspended in the same medium at an
optical density at 495 nm (OD s) of 0.05 (approximately 107 CFU/ml) in Hanks
plus glucose containing a final concentration of 1 pM SYTOX green. One-
hundred-microliter aliquots of this suspension were transferred into polypro-
pylene 96-well microplates. Fluorescence (excitation wavelength [\ ], 485 nm;
emission wavelength [\.,], 520 nm) was measured in a Polarstar Galaxy plate
reader (BMG Labotechnologies, Offenburg, Germany) at 37°C; once basal fluo-
rescence was stabilized, peptides were added at the corresponding concentra-
tion, and the increase in fluorescence was monitored for 60 min. Triton X-100
(final concentration, 0.1% [wt/vol]) was then added in order to observe full
permeation.

Isolation of lipopolysaccharide. Lipopolysaccharide (LPS) from A. baumannii
strains 208628, 201630, and ATCC 19606 was extracted from bacteria harvested
at late exponential growth phase according to the hot phenol-water method,
dialyzed extensively against distilled water, and quantified for 3-deoxy-p-manno-
2-octulosonic acid content by the thiobarbituric acid method, assuming three
molecules for each A. baumannii unit, as described previously (40).

Displacement of dansyl-polymyxin bound to LPS. Dansyl-polymyxin B (DPXB)
was synthesized and quantified by dinitrophenylation. LPS was solubilized in 5 mM
HEPES, pH 7.0, at a final concentration of 3 pM, and then DPXB was added (5 pM
final concentration). The increase in fluorescence due to the binding between these
two molecules was monitored in a Hitachi F2000 spectrofluorometer (.. = 340
nm; N\, = 460 nm). Once fluorescence was stabilized, addition of a given peptide
displaced LPS-bound DPXB, with consequent decrease in DPXB fluorescence.
Results were expressed as I, (peptide concentration causing 50% reduction of
maximal binding) and 1., (percentage of maximal displacement) (28).

Lysis of A. baumannii spheroplasts by colistin and CA(1-8)M(1-18). Sphero-
plasts from A. baumannii colistin-susceptible strain ATCC 19606 and the colistin-
resistant strains 208628 and 201630 were prepared according to Dathe et al. (10).
Briefly, bacteria were harvested at an ODys, of 0.8 and washed extensively with
Hanks plus glucose, and spheroplasts were obtained in isosmotic media (10%
sucrose, 10 mM MgCl, in 50 mM Tris, pH 8.0) by incubation first with 0.8 mg/ml
lysozyme (5 min, 4°C) and afterwards with 6.3 mM EDTA (5 min, 4°C, gentle
shaking). Spheroplasts were centrifuged and resuspended in 10 mM HEPES, 150
mM NaCl, 50 mM sucrose, pH 7.0, and adjusted to an OD,;s, of 0.5. Aliquots
(100 pl) were transferred into a 96-well microplate thermostatized at 37°C; the
peptides at the corresponding concentration were then added, and the decrease
in light scattering due to spheroplast lysis was monitored for 30 min at 450 nm.

RESULTS

Activity of CA-M peptides on A. baumannii colistin-resistant
strains. In a preliminary step, the microbicidal activity of
CA-M peptides was assayed on both susceptible and resistant
strains of A. baumannii and compared with that of colistin.
Since all experiments in this work were done in vitro, a com-
mercial preparation of colistin sulfate was used rather than the
noncationic methanesulfonate prodrug used clinically for par-
enteral administration (14). The four CA-M peptides had
MICs in the 1.1 to 2.5 pM range against all tested strains
(Table 1), with less than twofold differences among all peptides
and strains assayed and with no evident correlation to colistin
resistance patterns. In contrast, for colistin the MICs were 1.1
pM for the susceptible ATCC 19606 strain and 4.6 and 36.5
puM for the resistant strains 201630 and 208628, respectively
(Table 1).

Permeation to the vital dye SYTOX induced by peptides.
The microbicidal activity of most CA-Ms assayed to date relies
on the permeation of the plasma membrane of target cells (37).
A substantial difference between these peptides and PXB in
the ability to permeate the inner membrane was found earlier
in the colistin-susceptible strain ATCC 19606 (40). Aiming to
extend those observations to colistin-resistant strains, we as-
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TABLE 1. MICs of colistin sulfate and CA-M peptides for
Acinetobacter baumannii strains

Peptide MIC? for strain:

Peptide
pud /1\;6%(; 208628 201630
Colistin 11Q2) 36.5 (64) 46(8)
CA(1-8)M(1-18) 1.4 (4) 1.4 (4) 1.4 (4)
CA(1-7)M(2-9) 1.1(2) 1.1(2) 1.1(2)
Oct-CA(1-7)M(2-9) 11(2) 11(2) 22 (4)
CA(1-7)M(5-9) 2.5 (4) 25 (4) 25 (4)

“ Values are reported in micromolar concentrations; values in parentheses are
in milligrams/liter.

sayed the four CA-M peptides at equipotent concentration,
namely, their respective MICs. Under such conditions, and
regardless of the level of colistin resistance, the fluorescence
obtained for the CA-M peptides reached maximal value very
close to that obtained with a final addition of Triton X-100,
which was conventionally assumed to entail full permeation of
the bacterial inner membrane when the outer membrane was
leaky (Fig. 1). In contrast, when colistin sulfate was assayed at
its respective MICs, important differences among strains were
observed. The highest permeation was observed on the suscep-
tible ATCC 19606 strain, whereas the resistant 208628 strain
was hardly permeated. Notably, the MIC of colistin sulfate for
this strain is 32-fold higher than that for ATCC 19606. For
strain 201630, with a low-resistance profile, permeation to
colistin was intermediate between the previous two strains. A
common feature for all three strains after colistin treatment
was sensitization to lysis by Triton X-100, suggestive of outer
membrane damage. Interestingly, the 201630 strain showed an
intrinsic sensitivity (albeit only partial) to Triton X-100 (Fig. 1)
even without colistin pretreatment, which is not observed in
the other two strains.

Lysis of A. baumannii spheroplasts by colistin and CA(1-
8)M(1-18). In order to gain insight into whether the bacterial
components involved in colistin resistance were restricted to
differences in the outer membrane or whether others located
at the inner membrane took part as well, we assayed the lysis
capacity of both colistin sulfate and CA(1-8)M(1-18) on
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spheroplasts obtained from the A. baumannii colistin-suscep-
tible ATCC 19606 and colistin-resistant 208628 and 201630
strains. Lysis was monitored by a decrease in light scattering.
As shown in Fig. 2, the extent of lysis achieved by either colistin
or CA(1-8)M(1-18) showed scarce differences among strain
types. Again, and in agreement with the aforementioned re-
sults on inner membrane permeation, colistin induced smaller
effects than those of CA(1-8)M(1-18). These results ruled out
a major role for inner membrane components in Acinetobacter
resistance to colistin.

Displacement of DPXB bound to LPS by colistin and CA-M
peptides. The previous results suggested that strain differences
for colistin susceptibility were due to outer membrane compo-
nents, with LPS as the most likely candidate. In order to in-
vestigate this hypothesis, we looked for differences in LPS
affinity between colistin and CA-M peptides by monitoring the
displacement of previously bound DPXB. Results are shown
on Table 2. Interestingly, for the two colistin-resistant strains,
the displacement by colistin of DPXB bound to LPS, as mea-
sured by either I, or I, parameters, was significantly smaller
(P < 0.05, paired ¢ test) than those obtained with the four
CA-M peptides. This is in sharp contrast to the data corre-
sponding to LPS from colistin-susceptible A. baumannii strain
ATCC 19606, for which all peptides, including colistin, showed
very similar affinity (P > 0.1).

DISCUSSION

The emergence of multiresistant Acinetobacter baumannii
has singled out polymyxin as the last universally active drug
against this pathogen, despite its controversial toxicity and
lower success rate compared with other antimicrobials (14).

Like most EAPs, polymyxins display strong cationic charac-
ter and amphipathicity and enter bacteria by a self-promoted
uptake mechanism, disrupting the tight packing of LPS mole-
cules. Nevertheless, they differ from EAPs in the essential step
of their respective lethal mechanisms. Thus, for polymyxins a
detergent-like effect on the inner membrane was initially pro-
posed on the basis of their amphipathic nature, their high
affinity for acidic phospholipids exposed at the inner mem-
brane (23), and their ability to permeate model membranes
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FIG. 1. Inner membrane permeation of A. baumannii strains by colistin and four CA-M peptides. Permeation was measured as the increase of

fluorescence of SYTOX green (A, = 485 nm; A

exc

-m = 520 nm) after peptide addition (first arrow). Peptides were assayed at their corresponding

MIGCs, as expressed in Table 1: 1.4 uM for CA(1-8)M(1-18); 1.1 uM for CA(1-7)M(2-9); 1.1 pM (ATCC 19606 and 208628) and 2.2 uM (201630)
for Oct-CA(1-7)M(2-9); 2.5 uM for CA(1-7)M(2-5); 1.1 (ATCC 19606), 36.5 (208628), and 4.6 pM (201630) for colistin sulfate. In order to obtain
complete permeation, 0.1% Triton X-100 was added after 1 h of incubation (second arrow). Symbols: control, crosshair; CA(1-8)M(1-18), solid
circle; CA(1-7)M(2-9), empty triangle; Oct-CA(1-7)M(2-9), solid square; CA(1-7)M(5-9), empty diamond; colistin sulfate, empty circle. ATCC
19606 (left panel) was susceptible to colistin, whereas 208628 (middle panel) and 201630 (right panel) showed high and low resistance to colistin,

respectively. a.u, arbitrary units.
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FIG. 2. Lysis of A. baumannii spheroplasts by colistin and CA(1-
8)M(1-18). Spheroplasts from colistin-susceptible A. baumannii ATCC
strain 19606 (empty circles) and clinical isolates 208628 (solid square)
and 201630 (solid triangle), representative of high and low levels of
colistin resistance, respectively, were resuspended in isotonic medium
and, once absorbance at 495 nm became stabilized, wre treated with
either CA(1-8)M(1-18) (solid lines) or colistin sulfate (dashed lines) at
8 or 16 uM final concentration, respectively. Spheroplast lysis was
monitored as a decrease in light scattering at 450 nm.

(49), though this latter effect was achieved only at concentra-
tions higher than the MIC (11). Another proposed mechanism,
not exclusive of the above one, is the induction of a bacterial
stasis by means of a hyperosmotic stress caused by phospho-
lipid intermixing between the periplasmic leaflets of inner and
outer membranes (32), similar to the process observed for
vesicles in vitro (5). For EAPs, on the other hand, permeation
of the inner membrane by disruption of phospholipid packing
and subsequent loss of intracellular homeostasis appears to be
the critical final step. In a previous work (40), we demonstrated
that the bactericidal activities of cecropin A-melittin hybrid
peptide CA(1-8)M(1-18) and PXB on a colistin-susceptible
multiresistant A. baumannii strain mirrored such differences.
Whether or not these features justify the use of CA-M peptides
as a potential alternative to the rising polymyxin resistance in
Acinetobacter was the purpose of this work.

The four CA-M peptides here considered were active at
micromolar concentrations on the A. baumannii strains tested,
with a maximal twofold variation in their respective MICs, in
agreement with similar reports for the EAPs rBPI,,, and
cecropin P1 on another polymyxin B-resistant A. baumannii
strain (43).
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We have shown that the outer membrane is responsible for
colistin sulfate resistance, as the drug lyses in a similar fashion
the spheroplasts of different A. baumannii strains regardless of
their respective levels of resistance. CA(1-8)M(1-18) follows a
similar trend but with substantially higher efficacy. In gram-
negative bacteria, resistance to polymyxins has been consis-
tently linked to the presence of LPS with a less anionic lipid A,
to acylation with an additional fatty acid, or to the presence of
an O antigen (reviewed in reference 13). Such polymyxin re-
sistance often runs parallel to that for EAPs, although different
LPS modifications may introduce substantial differences be-
tween the two types of antibiotics (30, 42). Thus, the DPXB
displacement results in the present work evidenced a strong
link between LPS affinity and antimicrobial activity, which was
also observed for other CA-M peptides on Pseudomonas
aeruginosa (41). Remarkably, the concentration needed to
achieve 50% displacement of LPS-bound DPXB from colistin-
resistant strains was significantly lower for CA-M peptides than
for colistin sulfate, whereas in the ATCC 19606 reference
strain, susceptible to colistin, such difference was blurred.
While an LPS structure for ATCC 19606 is available (47), such
is not the case for the colistin-resistant strains in this work, so
one can only hypothesize on some still unknown modifications
in their LPS being responsible for their resistance.

CA-M hybrid peptides have been extensively reviewed as bac-
tericidal agents (37), and some of them have been tested on
Acinetobacter (1, 18, 40). In the present work, the four CA-M
peptides displayed very similar antimicrobial activity on A.
baumannii, particularly so when activities were expressed in
molar terms. In contrast to other peptides (2, 48), N-terminal
acylation of CA(1-7)M(2-9) did not provide a significant ad-
vantage over the unmodified analogue, as it does on other patho-
gens with accessible membranes, such as Leishmania spp. (6).

From a clinical perspective, the percentage of colistin-resis-
tant Acinetobacter sp. strains is not yet very significant, despite
the consistent evidence for the acquisition of foreign genetic
elements involved in antibiotic resistance by Acinetobacter (15,
35, 51) that may include genetic elements underlying colistin
resistance. Nevertheless, colistin resistance is not a trivial issue
for the pathogen: replication times are much higher for resis-
tant than for wild-type strains (data not shown), and in the
201630 strain a partially leaky outer membrane was observed,
suggesting defective LPS packing. As this feature appears only
in one of the resistant strains, coexistence of more than a single
LPS modification or, alternatively, more than one mechanism
of resistance against colistin must be expected. In fact, the

TABLE 2. Displacement of dansyl-polymyxin bound to lipopolysaccharides from ATCC 19606, 208628, and 201630 Acinetobacter baumannii
strains by cecropin A-melittin analogues and colistin sulfate

LPS from Acinetobacter baumannii strain:

Peptide ATCC 19606 208628 201630
Lnax (%) Iso (WM) Lnax (%) Iso (1M) Lnax (%) Iso (kM)
CA(1-8)M(1-18) 27.2 1.6 96.5 0.6 71.5 0.5
CA(1-7)M(2-9) 335 1.8 96.9 05 78.1 0.6
Oct-CA(1-7)M(2-9) 29.9 1.5 92.2 0.5 76.3 0.5
CA(1-T)M(5-9) 232 1.9 83.9 0.4 70.6 0.4
Colistin 40.2 1.3 50.5 35.4 26.3 13.4
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maintenance of the resistance to colistin implies a severe bur-
den to the bacterium; for Pseudomonas aeruginosa strains with
high-level resistance to polymyxin, instability in absence of the
antibiotics was reported (29).

Whether the CA-M peptides will deserve an opportunity as
clinical alternatives against the rising threat of widespread dis-
semination of panresistant (including colistin) A. baumannii is
still a matter for further studies. The potential of these and
other EAPs as antimicrobial leads may partly rely on the fairly
broad range of structural modulations with activity-improving
effects they can accommodate. For instance, a diastereomer
form of a designed antimicrobial peptide was recently tested
successfully in a murine model of A. baumannii bacteremia (3).
In addition, CA-M peptides have shown remarkably low
records of induction of resistance, including those mechanisms
triggered by the peptide itself (26). Moreover, the possibility of
combination therapy, such as their demonstrated synergy with
B-lactams (18), may reduce even further the risk of inducing
resistance against these peptides, an admittedly unlikely occur-
rence which nevertheless has been described and discussed by
some authors (19, 26). As a further exploratory step towards
the potential therapeutic application of CA-M peptides, we are
currently testing their antimicrobial activity in an animal model
of colistin-resistant Acinetobacter sepsis.

ACKNOWLEDGMENTS

This work was supported by research grants from the Spanish Min-
istries of Education and Science (BIO2003-09056-C0O2-02) and CSIC
200420F0332, the Spanish Network for Research in Infectious Dis-
eases (ISCIII, C03/14), the Fondo de Investigacion Sanitaria (FIS P104/
0827, P104/0624, and P104/0885 to L.R., J.P., and D.A., respectively),
and Consejeria de Salud de la Junta de Andalucia (41/02) to J.P.

REFERENCES

1. Alarcén, T., S. Lopez-Hernandez, D. Andreu, J. M. Saugar, L. Rivas, and M.
Lépez-Brea. 2001. In vitro activity of CA(1-8)M(1-18), a synthetic cecropin
A-melittin hybrid peptide, against multiresistant Acinetobacter baumannii
strains. Rev. Esp. Quimioter. 14:184-190.

2. Avrahami, D., and Y. Shai. 2003. Bestowing antifungal and antibacterial
activities by lipophilic acid conjugation to D,L-amino acid-containing anti-
microbial peptides: a plausible mode of action. Biochemistry 42:14946-14956.

3. Braunstein, A., N. Papo, and Y. Shai. 2004. In vitro activity and potency of
an intravenously injected antimicrobial peptide and its bL amino acid analog
in mice infected with bacteria. Antimicrob. Agents Chemother. 48:3127—
3129.

4. Brogden, K. A. 2005. Antimicrobial peptides: pore formers or metabolic
inhibitors in bacteria? Nat. Rev. Microbiol. 3:238-250.

5. Cajal, Y., J. Ghanta, K. Easwaran, A. Surolia, and M. K. Jain. 1996. Spec-
ificity for the exchange of phospholipids through polymyxin B mediated
intermembrane molecular contacts. Biochemistry 35:5684-5695.

6. Chicharro, C., C. Granata, R. Lozano, D. Andreu, and L. Rivas. 2001.
N-terminal fatty acid substitution increases the leishmanicidal activity of
CA(1-7)M(2-9), a cecropin-melittin hybrid peptide. Antimicrob. Agents
Chemother. 45:2441-2449.

7. Cisneros, J. M., and J. Rodriguez-Bano. 2002. Nosocomial bacteremia due
to Acinetobacter baumannii: epidemiology, clinical features and treatment.
Clin. Microbiol. Infect. 8:687-693.

8. Clinical and Laboratory Standards Institute. 2005. Methods for dilution
antimicrobial susceptibility test for bacteria that grow aerobically, 6th ed.
Approved standard M7-A6. Clinical and Laboratory Standards Institute,
Wayne, Pa.

9. Clinical and Laboratory Standards Institute. 2005. Performance standards
for antimicrobial susceptibility testing. 15th international supplement. Clinical
and Laboratory Standards Institute, Wayne, Pa.

10. Dathe, M., J. Meyer, M. Beyermann, B. Maul, C. Hoischen, and M. Bienert.
2002. General aspects of peptide selectivity towards lipid bilayers and cell
membranes studied by variation of the structural parameters of amphipathic
helical model peptides. Biochim. Biophys. Acta 1558:171-186.

11. Daugelavicius, R., E. Bakiene, and D. H. Bamford. 2000. Stages of polymyxin
B interaction with the Escherichia coli cell envelope. Antimicrob. Agents
Chemother. 44:2969-2978.

CA-M ACTIVE ON COLISTIN-RESISTANT A. BAUMANNII 1255

12. Dijkshoorn, L., C. P. Brouwer, S. J. Bogaards, A. Nemec, P. J. van den
Broek, and P. H. Nibbering. 2004. The synthetic N-terminal peptide of
human lactoferrin, hLF(1-11), is highly effective against experimental infec-
tion caused by multidrug-resistant Acinetobacter baumannii. Antimicrob.
Agents Chemother. 48:4919-4921.

13. Ernst, R. K., T. Guina, and S. I. Miller. 2001. Salmonella typhimurium outer
membrane remodeling: role in resistance to host innate immunity. Microbes
Infect. 3:1327-1334.

14. Falagas, M. E., and S. K. Kasiakou. 2005. Colistin: the revival of polymyxins
for the management of multidrug-resistant gram-negative bacterial infec-
tions. Clin. Infect. Dis. 40:1333-1341.

15. Ferreira, A. C., S. Gobara, S. E. Costa, N. Sauaia, E. M. Mamizuka, I. M.
van der Heijden, R. E. Soares, G. D. Almeida, C. Fontana, and A. S. Levin.
2004. Emergence of resistance in Pseudomonas aeruginosa and Acinetobacter
species after the use of antimicrobials for burned patients. Infect. Control
Hosp. Epidemiol. 25:868-872.

16. Fields, G. B., and R. L. Noble. 1990. Solid phase peptide synthesis utilizing
9-fluorenylmethoxycarbonyl amino acids. Int. J. Peptides Protein Res. 35:
161-214.

17. Garcia-Garmendia, J. L., C. Ortiz-Leyba, J. Garnacho-Montero, F. J. Jiménez-
Jiménez, C. Pérez-Paredes, A. E. Barrero-Almoddévar, and M. Gili-Miner. 2001.
Risk factors for Acinetobacter baumannii nosocomial bacteremia in critically ill
patients: a cohort study. Clin. Infect. Dis. 33:939-946.

18. Giacometti, A., O. Cirioni, W. Kamysz, G. D’Amato, C. Silvestri, M. S. Del
Prete, J. Lukasiak, and G. Scalise. 2003. Comparative activities of cecropin
A, melittin, and cecropin A-melittin peptide CA(1-7)M(2-9)NH, against
multidrug-resistant nosocomial isolates of Acinetobacter baumannii. Peptides
24:1315-1318.

19. Hancock, R. E. W. 2003. Concerns regarding resistance to self-proteins.

Microbiology 149:3343-3345.

Henwood, C. J., T. Gatward, M. Warner, D. James, M. W. Stockdale, R. P.

Spence, K. J. Towner, D. M. Livermore, and N. Woodford. 2002. Antibiotic

resistance among clinical isolates of Acinetobacter in the UK, and in vitro

evaluation of tigecycline (GAR-936). J. Antimicrob. Chemother. 49:479-487.

21. Jain, R., and L. H. Danziger. 2004. Multidrug-resistant Acinetobacter infec-
tions: an emerging challenge to clinicians. Ann. Pharmacother. 38:1449-
1459.

22. Jiménez-Mejias, M. E., B. Becerril, F. J. Marquez-Rivas, C. Pichardo, L.
Cuberos, and J. Pachon. 2000. Successful treatment of multidrug-resistant
Acinetobacter baumannii meningitis with intravenous colistin sulfomethate
sodium. Eur. J. Clin. Microbiol. Infect. Dis. 19:970-971.

23. Katz, M., H. Tsubery, S. Kolusheva, A. Shames, M. Fridkin, and R. Jelinek.
2003. Lipid binding and membrane penetration of polymyxin B derivatives
studied in a biomimetic vesicle system. Biochem. J. 375:405-413.

24. Levin, A. S., A. A. Barone, J. Penco, M. V. Santos, I. S. Marinho, E. A.
Arruda, E. I. Manrique, and S. F. Costa. 1999. Intravenous colistin as
therapy for nosocomial infections caused by multidrug-resistant Pseudomonas
aeruginosa and Acinetobacter baumannii. Clin. Infect. Dis. 28:1008-1011.

25. Manikal, V. M., D. Landman, G. Saurina, E. Oydna, H. Lal, and J. Quale.
2000. Endemic carbapenem-resistant Acinetobacter species in Brooklyn, New
York: citywide prevalence, interinstitutional spread, and relation to antibiotic
usage. Clin. Infect. Dis. 31:101-106.

26. McPhee, J. B., S. Lewenza, and R. E. W. Hancock. 2003. Cationic antimi-
crobial peptides activate a two-component regulatory system, PmrA-PmrB,
that regulates resistance to polymyxin B and cationic antimicrobial peptides
in Pseudomonas aeruginosa. Mol. Microbiol. 50:205-217.

27. Michalopoulos, A., S. K. Kasiakou, E. S. Rosmarakis, and M. E. Falagas.
2005. Cure of multidrug-resistant Acinetobacter baumannii bacteraemia with
continuous intravenous infusion of colistin. Scand. J. Infect. Dis. 37:142-145.

28. Moore, R. A., N. C. Bates, and R. E. W. Hancock. 1986. Interaction of
polycationic antibiotics with Pseudomonas aeruginosa lipopolysaccharide and
lipid A studied by using dansyl-polymyxin. Antimicrob. Agents Chemother.
29:496-500.

29. Moore, R. A,, L. Chan, and R. E. W. Hancock. 1984. Evidence for two distinct
mechanisms of resistance to polymyxin B in Pseudomonas aeruginosa. Anti-
microb. Agents Chemother. 26:539-545.

30. Moskowitz, S. M., R. K. Ernst, and S. I. Miller. 2004. PmrAB, a two-
component regulatory system of Pseudomonas aeruginosa that modulates
resistance to cationic antimicrobial peptides and addition of aminoarabinose
to lipid A. J. Bacteriol. 186:575-579.

31. Navon-Venezia, S., R. Ben-Ami, and Y. Carmeli. 2005. Update on Pseudomonas
aeruginosa and Acinetobacter baumannii infections in the healthcare setting.
Curr. Opin. Infect. Dis. 18:306-313.

32. Oh, J. T., T. K. Van Dyk, Y. Cajal, P. S. Dhurjati, M. Sasser, and M. K. Jain.
1998. Osmotic stress in viable Escherichia coli as the basis for the antibiotic
response by polymyxin B. Biochem. Biophys. Res. Commun. 246:619-623.

33. Ouderkirk, J. P., J. A. Nord, G. S. Turett, and J. W. Kislak. 2003. Polymyxin
B nephrotoxicity and efficacy against nosocomial infections caused by multi-
resistant gram-negative bacteria. Antimicrob. Agents Chemother. 47:2659—
2662.

34. Reis, A. O., D. A. Luz, M. C. Tognim, H. S. Sader, and A. C. Gales. 2003.

20.



1256

35.

36.

37.

38.

39.

40.

41.

42.

43.

SAUGAR ET AL.

Polymyxin-resistant Acinetobacter spp. isolates: what is next? Emerg. Infect.
Dis. 9:1025-1027.

Ribera, A., J. Ruiz, and J. Vila. 2003. Presence of the Tet M determinant in a
clinical isolate of Acinetobacter baumannii. Antimicrob. Agents Chemother.
47:2310-2312.

Richards, M. J., J. R. Edwards, D. H. Culver, R. P. Gaynes, and National
Nosocomial Infections Surveillance System. 1999. Nosocomial infections in
medical intensive care units in the United States. Crit. Care Med. 27:887-892.
Rivas, L., and D. Andreu. 2003. Cecropin-melittin hybrid peptides as versa-
tile templates in the development of membrane active antibiotics agents, p.
215-259. In G. Menestrina and M. Dalla Serra (ed.), Pore-forming peptides
and protein toxins. Harwood Academic Publishers, Reading, Berkshire,
United Kingdom.

Rodriguez-Hernandez, M. J., M. E. Jiménez-Mejias, C. Pichardo, L.
Cuberos, A. Garcia-Curiel, and J. Pachén. 2004. Colistin efficacy in an
experimental model of Acinetobacter baumannii endocarditis. Clin. Micro-
biol. Infect. 10:581-584.

Sal-Man, N., Z. Oren, and Y. Shai. 2002. Preassembly of membrane-active
peptides is an important factor in their selectivity toward target cells. Bio-
chemistry 41:11921-11930.

Saugar, J. M., T. Alarcén, S. Lopez-Hernandez, M. Lopez-Brea, D. Andreu,
and L. Rivas. 2002. Activities of polymyxin B and cecropin A-melittin
peptide CA(1-8)M(1-18) against a multiresistant strain of Acinetobacter
baumannii. Antimicrob. Agents Chemother. 46:875-878.

Scott, M. G., H. Yan, and R. E. W. Hancock. 1999. Biological properties of
structurally related alpha-helical cationic antimicrobial peptides. Infect. Im-
mun. 67:2005-2009.

Shi, Y., M. J. Cromie, F. F. Hsu, J. Turk, and E. A. Groisman. 2004.
PhoP-regulated Salmonella resistance to the antimicrobial peptides magainin
2 and polymyxin B. Mol. Microbiol. 53:229-241.

Urban, C., N. Mariano, J. Rahal, E. Tay, C. Ponio, T. Koprivnjak, and J.

44

45.

46.

47.

48.

49.

50.

51.

ANTIMICROB. AGENTS CHEMOTHER.

Weiss. 2001. Polymyxin B-resistant Acinetobacter baumannii clinical isolates
susceptible to recombinant BPI,, and cecropin P1. Antimicrob. Agents Che-
mother. 45:994-995.

Urban, C., S. Segal-Maurer, and J. J. Rahal. 2003. Considerations in control
and treatment of nosocomial infections due to multidrug-resistant Acineto-
bacter baumannii. Clin. Infect. Dis. 36:1268-1274.

Van Looveren, M., and H. Goossens. 2004. Antimicrobial resistance of Acineto-
bacter spp. in Europe. Clin. Microbiol. Infect. 10:684-704.

Vaneechoutte, M., L. Dijkshoorn, L. Tjernberg, A. Elaichouni, P. de Vos, G. Claeys,
and G. Verschraegen. 1995. Identification of Acinetobacter genomic species by am-
plified ribosomal DNA restriction analysis. J. Clin. Microbiol. 33:11-15.
Vinogradov, E. V., J. O. Duus, H. Brade, and O. Holst. 2002. The structure
of the carbohydrate backbone of the lipopolysaccharide from Acinetobacter
baumannii strain ATCC 19606. Eur. J. Biochem. 269:422-430.
Wakabayashi, H., H. Matsumoto, K. Hashimoto, S. Teraguchi, M. Takase,
and H. Hayasawa. 1999. N-acylated and p enantiomer derivatives of a
nonamer core peptide of lactoferricin B showing improved antimicrobial
activity. Antimicrob. Agents Chemother. 43:1267-1269.

Wiese, A., M. Munstermann, T. Gutsmann, B. Lindner, K. Kawahara, U.
Zahringer, and U. Seydel. 1998. Molecular mechanisms of polymyxin B-
membrane interactions: direct correlation between surface charge density
and self-promoted transport. J. Membr. Biol. 162:127-138.

Yoon, J., C. Urban, C. Terzian, N. Mariano, and J. J. Rahal. 2004. In vitro
double and triple synergistic activities of polymyxin B, imipenem, and rifampin
against multidrug-resistant Acinetobacter baumannii. Antimicrob. Agents
Chemother. 48:753-757.

Zarrilli, R., M. Crispino, M. Bagattini, E. Barretta, A. Di Popolo, M. Triassi,
and P. Villari. 2004. Molecular epidemiology of sequential outbreaks of
Acinetobacter baumannii in an intensive care unit shows the emergence of
carbapenem resistance. J. Clin. Microbiol. 42:946-953.



