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Promising Activity against Colistin-Resistant Strains of Acinetobacter
baumannii and a Dual Mode of Action
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Multiple strains of Acinetobacter baumannii have developed multidrug resistance (MDR), leaving colistin as the only effective
treatment. The cecropin-a—melittin hybrid BP100 (KKLFKKILKYL-NH,) and its analogs have previously shown activity against
awide array of plant and human pathogens. In this study, we investigated the in vitro antibacterial activities of 18 BP100 analogs
(four known and 14 new) against the MDR A. baumannii strain ATCC BAA-1605, as well as against a number of other clinically
relevant human pathogens. Selected peptides were further evaluated against strains of A. baumannii that acquired resistance to
colistin due to mutations of the IpxC, IpxD, pmrA, and pmrB genes. The novel analogue BP214 showed antimicrobial activity at 1
to 2 pM and a hemolytic 50% effective concentration (ECs,) of >150 M. The lower activity of its enantiomer suggests a dual,
specific and nonspecific mode of action. Interestingly, colistin behaved antagonistically to BP214 when pmrAB and IpxC mutants

were challenged.

Multidrug—resistant (MDR) Acinetobacter baumannii infec-
tions often occur in intensive care units, where patients are
typically immunosuppressed or have been subjected to invasive
procedures (1). The therapy outcome is further threatened by the
common coexistence of multiple heteroresistant subpopulations
(2,3).

Due to the growing prevalence of carbapenem resistance (4, 5),
colistin as a last-resort treatment is increasingly critical. Unfortu-
nately, colistin-resistant clinical isolates of A. baumannii have
been reported several times (6-8).

Polymyxins are well known for binding to the LPS of Gram-
negative bacteria, with concomitant displacement of Ca’" and
Mg*" ions (9). From a chemical perspective, this interaction is
very specific, and studies on polymyxin nonapeptides (i.e., lacking
the lipidated N-terminal amino acid) have revealed that the enan-
tiomers are inactive (10). This specificity provides the basis for
both the high activity and selectivity of polymyxins against Gram-
negative bacteria. Unfortunately, it also provides pathogens with a
clear escape route: known mechanisms (11) behind colistin resis-
tance in A. baumannii consist of (i) the addition of ethanolamine
to the lipid A moiety of the LPS mediated by the pmrA, pmrB,
pmrAB, and pmrC genes (12) and (ii) loss of LPS due to mutations
in the IpxA, IpxC, and IpxD genes (13).

Its high specificity ultimately makes the self-promoted uptake
process very effective but also very delicate, and colistin appears to
work in an “all-or-nothing” fashion: susceptible strains are typi-
cally inhibited at concentrations of <0.5 WM, whereas resistant
strains appear unaffected at concentrations of <128 M.

Many studies in recent years have focused on modifying poly-
myxins to address their shortcomings (9, 14), but only a few have
dealt with identifying a novel lead for their potential replacement.
We envisaged that a less specific antimicrobial peptide could offer
the advantage of better robustness and reliability in the critical
clinical scenario whereby a last-resort drug is employed. This was
based on the assumption that the activity of a peptide able to
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rapidly kill bacteria of different genera, both Gram positive and
Gram negative, could not depend on a single molecular target.
This characteristic was expected to lower the survival probability
of heteroresistant populations, as well as to overcome resistance
mechanisms based on target modification.

Given the previous reports (15, 16) of cecropin-a—melittin hy-
brids showing activity against colistin-resistant strains of A. bau-
mannii, we developed an interest in the BP peptide family (17-19).
In the present study, we investigated the in vitro antibacterial ac-
tivity of 18 BP100 (KKLFKKILKYL-NH,) analogs, four known
and 14 new, against MDR A. baumannii ATCC BAA-1605, as well
as against a number of other clinically relevant human pathogens.
Selected peptides were then evaluated against four colistin-sus-
ceptible and -resistant clinical isolates of A. baumannii. We report
that BP214, a novel analogue, showed only slightly reduced activ-
ity compared to colistin and a hemolytic EC5, of >150 uM. The
peptide displayed rapid bactericidal properties, and its high activ-
ity was also maintained against colistin-resistant strains featuring
mutated IpxC, pmrA, and pmrB genes.
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MATERIALS AND METHODS

Abbreviations. AMP, antimicrobial peptide; DCM, dichloromethane;
DIC, N,N'-diisopropylcarbodiimide; DIEA, diisopropylethylamine;
DMF, N,N’-dimethylformamide; EC,, 50% effective concentration;
Et,O, diethyl ether; EtOH, ethanol; Fmoc, fluoren-9-ylmethoxycarbonyl;
HATU, O-(7-azabenzotriazol-1-yl)-1,1,3,3,-tetramethylaminium hexafluo-
rophosphate; HOAt, 1-hydroxy-7-aza-benzotriazole; HPLC, high-perfor-
mance liquid chromatography; LPS, lipopolysaccharide; MALDI-TOF
MS, matrix-assisted laser desorption ionization—time of flight mass spec-
trometry; MeCN, acetonitrile; MDR, multidrug-resistant; MHB, Muel-
ler-Hinton broth; MRSA, methicillin-resistant Staphylococcus aureus;
ODy, optical density at 600 nm; PBS, phosphate-buffered saline; PTFE,
polytetrafluoroethylene; RBC, red blood cells; TFA, trifluoroacetic acid;
TIS, triisopropylsilane; VRE, vancomycin-resistant Enterococcus faecium.

Solid-phase peptide synthesis. Disposable 5-ml polypropylene reac-
tors fitted with a PTFE filter were acquired from Thermo Scientific. Hy-
pogel RAM 200 resin and Fmoc-protected amino acids were purchased
from Iris Biotech GmbH. The resin was allowed to swell overnightin DMF
and was then washed with DMF (five times). The Fmoc group was re-
moved by treatment with a 20% (vol/vol) piperidine solution in DMF
(three times for 4 min each); then, the resin was washed with DMF (three
times), DCM (three times), and DMF again (five times). Chain elongation
was achieved with single couplings using 3.5 equivalents each of amino
acid, HOAt, and HATU and 7 equivalents of DIEA (based on declared
resin loading). Fmoc-protected amino acids were dissolved in DMF to-
gether with HOAt (both at a concentration of 0.4 M); they were then
activated by the sequential addition of the HATU solution (0.4 M in
DMF) and of DIEA (pure), and the mixture was immediately transferred
into the reactor. After 2 h, the resin was washed with DMF (three times),
DCM (three times), and DMF again (five times); then, Fmoc removal with
piperidine was performed as described above. Cycles of amino acid cou-
pling and Fmoc removal were alternated until the chain elongation pro-
cess was completed. After the last deprotection cycle for the N-terminal
amino acid, the resin was additionally washed with EtOH (five times) and
dried in vacuo. The release from the solid support and the cleavage of the
side chain protecting groups were performed by treatment with a TFA-
H,O-TIS (95:2.5:2.5) solution for 2 h. The cleavage solution was collected
and concentrated to ~300 .l with a gentle stream of N,, and then the
peptide was precipitated (and washed) with Et,O (three times). After
spontaneous evaporation of the residual Et,O, the residue was dissolved
in H,0-MeCN (8.5:1.5) and freeze-dried.

Peptoid synthesis. Peptide-peptoid hybrids were synthesized via the
submonomer approach as previously described (20). Briefly, bromoacetic
acid (20 equivalents, 0.6 M in DMF) was coupled (twice for 20 min each
time) to the free N terminus of the growing resin-bound peptide after
preactivation (3 min) with diisopropyl carbodiimide (DIC, 19 equiva-
lents). After washing with DMF (10X), a solution of the appropriate
amine (20 equivalents; 1 M in DMF) was added, and the reactor was
placed on a shaker for 2 h.

Peptide purity and identity. The verification was performed using
analytical HPLC and MALDI-TOF MS. The a-cyano-4-hydroxycinam-
mic acid matrix was used for MALDI-TOF MS experiments. Peptides
were purified via preparative HPLC; purity was =95% for all peptides
tested. Results are presented in the supplemental material.

Hemolytic activity. Peptide-induced hemolysis was determined in
triplicate by mixing 75 pl of peptide solution in PBS with 75 pl of a 0.5%
RBC (blood type O*) suspension in PBS, incubating the mixture at 37°C
for 1 h, and then measuring hemoglobin release with a spectrophotometer
(N = 414 nm). Results were normalized to a positive (melittin) and neg-
ative (PBS) control.

Determination of antimicrobial activity. MICs were determined in
triplicate using the tube microdilution method according to CLSI guide-
lines. Bacterial inocula were prepared by diluting an overnight culture
1:100 with preheated MHB-II. The suspension was allowed to reach an
ODyyp 0f 0.2 to 0.4 and then diluted to 1 X 10° CFU/ml.

January 2016 Volume 60 Number 1

Antimicrobial Agents and Chemotherapy

A Peptide Active against MDR Strains of A. baumannii

Tests against colistin-resistant strains were performed using two alter-
native procedures. When colistin was maintained through all stages, in-
cluding the final test tubes, the overnight culture and all following dilu-
tions were made using a colistin-enriched (10 pg/ml colistin sulfate)
MHB-II medium. Alternatively, colistin was present only in overnight
culture medium, and all following dilutions were performed with stan-
dard MHB-II medium.

Peptide solutions were mixed with an equal volume of bacterial sus-
pension in a polypropylene microtiter plate and incubated at 37°C for 16
h. Inhibition of bacterial growth was assessed visually.

Peptides were tested as TFA salts against Escherichia coli ATCC 25922
(reference strain), Staphylococcus aureus ATCC 33591 (MRSA), Entero-
coccus faecium ATCC 700221 (VRE), Pseudomonas aeruginosa ATCC
27853 (reference strain), Klebsiella pneumoniae ATCC 700603 (MDR),
and Acinetobacter baumannii ATCC BAA-1605 (MDR). ATCC strains
were obtained commercially. Selected peptides were tested against addi-
tional strains of A. baumannii, namely, ATCC 19606, Ab-167 (MDR,
colistin-susceptible clinical isolate) (21), Ab-176 (MDR, colistin-suscep-
tible clinical isolate) (21), CS01 (colistin-susceptible clinical isolate) (8),
Ab-167R (strain Ab-167 containing an ISAbal insertion at nucleotide 321
of IpxC) (22), Ab-176R (strain Ab-176 with a G739T substitution at nu-
cleotide 739 of the IpxD gene, producing a premature stop codon) (22),
RC64 (derivative of ATCC 19606 containing R134C and A227V muta-
tions in pmrB) (23), and CR17 (colistin-resistant derivative of CS01 con-
taining an M12K mutations in pmrA) (8).

Time course experiments. Time-Kkill curves were measured by grow-
ing single colonies of ATCC 19606 or RC64 in MHB-II. In the case of
RC64, the growth medium was supplemented with colistin sulfate (10
pg/ml) to prevent reversal of resistance. For stationary-phase experi-
ments, overnight cultures were used directly. For exponential-phase ex-
periments, the overnight cultures were diluted 1:100 in 50 ml of preheated
(37°C) MHB-II (with the addition of colistin sulfate in the case of RC64)
and transferred into Erlenmeyer flasks placed in a water bath under shak-
ing. When the cultures reached an ODy, of 0.5, they were divided into
fresh flasks and treated with the test compound. Spot plating was per-
formed in triplicate at 0, 1, 3, and 5 h by transferring 10 pl of a 10-fold-
diluted suspension on a plate containing MHB-II medium. In persister
assays, the procedure was the same, but the cultures were divided at two
time points, i.e., before and after ciprofloxacin treatment. Spot plating was
performed as described above.

RESULTS

The antimicrobial activities of all peptides investigated in this
study are presented in Table 1, along with the hemolytic activities
observed at 150 wM. For consistency with previous literature, the
“BP” designation has been maintained for the novel sequences
presented in this study, with a new numeration starting from 201.
BP100 and RW-BP100 were synthesized and tested to ensure com-
parability with previously reported data.

In this discussion, the term “persister” is used to describe met-
abolically inactive bacteria that survive antibiotic treatment (24).
The term “heteroresistant” describes metabolically active sub-
populations that display a lower susceptibility to antibiotics due to
phenotypic variations (25).

Design of optimized analogs. The BP peptide family com-
prises numerous analogs with various degrees of antimicrobial
and hemolytic activity. Our design approach was based on com-
bining elements from different analogs, as well as introducing
novel modifications.

BP201 to BP206 are BP100 analogs featuring single and double
Lys-to-Arg substitutions. A second set of analogs (BP207 to BP209)
was designed by introducing stereochemical modifications that in-
cluded unprecedented p/L-amino acid combinations and peptoids.
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TABLE 1 Antimicrobial and hemolytic activities of all peptides investigated in this study”

MIC (pg/ml) (MIC [wM])

Compound  Sequence” % HA®  S. aureus E. faecium  E. coli P. aeruginosa K. pneumoniae  A. baumannii®
BP100 KKLFKKILKYL-NH, 33 134.5 (64) 67 (32) 17 (8) 33.5 (16) 17 (8) 8.5 (4)
RW-BP100  RRLFRRILRWL-NH, 100 18.5 (8) 18.5 (8) 4.5(2) 18.5 (8) 18.5 (8) 18.5 (8)
BP143 KKLfKKILKYL-NH, <8 134.5 (64) 67 (32) 8.5 (4) 33.5(16) 17 (8) 8.5 (4)
BP157 KKLFKkilkyl-NH, 8 269 (128) 134.5 (64) 33.5(16) 134.5 (64) 67 (32) 33.5(16)
BP201 RKLEKRILKYL-NH, 45 137.5 (64) 275(128)  275(128)  137.5 (64) 137.5 (64) 69 (32)
BP202 KRLFRKILKYL-NH, 44 8.5(4) 8.5 (4) 17 (8) 17 (8) 8.5 (4) 4.5 (2)
BP203 KKLFKKILRYL-NH, 31 33.5 (16) 8.5 (4) 8.5 (4) 17 (8) 8.5 (4) 1(2)

BP204 KRLERKILRYL-NH, 69 70.5 (32) 35 (16) 70.5 (32)  70.5 (32) 35 (16) 17.5 (8)
BP205 KKLFRRILKYL-NH, 63 8.5(4) 8.5 (4) 34.5 (16) 17 (8) 8.5 (4) 4.5 (2)
BP206 RRLFKKILKYL-NH, 68 34.5 (16) 17 (8) 34.5(16) 17 (8) 17 (8) 45(2)
BP207 KKLFKKIiLKYL-NH, ND >269 (>128) 269 (128) 269 (128) 269 (128) 269 (128) 134.5 (64)
BP208 KKLEKKILKYL-NH2 ND >269 (>128) 269 (128) 134 (64) 134 (64) 269 (128) 134 (64)
BP209 KKLFKKLLKFL-NH, ND >269 (>128) 269 (128) 269 (128) 269 (128) >269 (>128)  >269 (>128)
BP210 RRL(2-Nal)RRILRYL-NH, 100 37 (16) 18.5 (8) 73.5(32) 147 (64) 37 (16) 37 (16)
BP211 KKLfKKILRYL-NH, 43 17 (8) 17 (8) 4.5 (2) 8.5 (4) 8.5 (4) 4(2)

BP212 KKL(D-2-Nal)KKILKYL-NH, 85 17 (8) 17 (8) 45(2) 8.5 (4) 8.5 (4) 45(2)
BP213 KKLFKkilryl-NH, <8 134.5 (64) 67 (32) 33.5(16) 67 (32) 33.5 (16) 17 (8)

BP214 kklfkkilryl-NH, 42 33.5(16) 8.5 (4) 8.5 (4) 33.5(16) 8.5 (4) 4(2)

@ All experiments were performed in triplicate.

b Lowercase letters indicate p-amino acids. Underlining identifies peptoid residues (e.g., F indicates NPhe).

“HA, hemolytic activity at 150 wM. ND, not determined.
4 A. baumannii ATCC BAA-1605.

BP210 was based on the structure of RW-BP100, but the bulky aro-
matic group (2-Nal for Trp) was moved from position 10 to position
4. We included the previously reported BP143 (KKLfKKILKYL-
NH,) and BP157 (KKLFKkilkyl-NH,; lowercase indicates D-amino
acids) in our initial screening against clinically relevant human patho-
gens. These peptides were selected on the basis of their low toxicity
and good activity previously published against phytopathogenic
strains of the Pseudomonas genus (18).

Among the novel sequences, BP203 stood out as a net improve-
ment: by introducing a single arginine at position 9, we were able
to match and surpass the high activity of RW-BP100 without any
detectable increment in toxicity to RBC. BP207 to BP209 did not
produce any encouraging results and were not further investi-
gated. BP143 showed an activity profile similar or identical to that
of the more hemolytic BP100, while BP157 proved considerably
less active.

Analogs BP211 to BP213 were designed by combining ele-
ments of BP203 with elements from the less hemolytic BP143 and

BP157. Partial b-amino acid substitution did not result in any
reduction of hemolysis, which was instead slightly increased. Fi-
nally, BP214 was designed as the all-pD BP203 enantiomer and
behaved similarly.

Activity against colistin-resistant A. baumannii strains. The
peptides BP202, BP203, BP211, BP213, and BP214 showed good
activity against MDR A. baumannii ATCC BAA-1605 and differ-
ent degrees of selectivity between Gram-positive and -negative
bacteria and caused <50% hemolysis at 150 WM. These peptides,
along with BP100 and RW-BP100, were tested against a wider
array of colistin-susceptible and -resistant strains of A. baumannii
(Table 2). Overall, the resistant mutants proved 4- to 16-fold less
susceptible to BP peptides than their parent strains and practically
insusceptible to colistin. However, the all-p BP214 showed even
higher activity than BP203 and the overall highest of the series.
Together with RW-BP100, it proved the least affected by the lack
or modification of the LPS.

Susceptibility tests against colistin-resistant strains were car-

TABLE 2 Antimicrobial activity of BP100, RW-BP100, BP202, BP203, BP211, BP213, and BP214 against selected colistin-susceptible and -resistant

strains of A. baumannii®

MIC (pg/ml) for Acinetobacter baumannii

Colistin susceptible

Colistin resistant

Compound Ab-167 Ab-176 ATCC 19606 CS01 Ab-167R Ab-176R RC64 CR17
BP100 8.5 17 8.5 8.5 17 (33.5) 67 (67) 8.5 (67) 33.5 (67)
RW-BP100 8.5 45 8.5 8.5 8.5 (4.5) 17 (17) 8.5 (8.5) 4.5 (8.5)
BP202 4.5 8.5 45 4.5 33.5 (17) 33.5 (33.5) 17 (33.5) 17 (33.5)
BP203 45 17 8.5 8.5 67 (33.5) 67 (67) 8.5 (33.5) 33.5 (67)
BP211 45 17 8.5 17 33.5 (33.5) 67 (67) 4.5 (33.5) 17 (67)
BP213 8.5 17 17 17 33.5 (17) 67 (67) 17 (134.5) 67 (269)
BP214 2 45 45 2 8.5 (17) 33.5 (33.5) 4.5 (17) 8.5 (33.5)
Colistin 0.5 0.5 0.25 0.25 >128 >128 128 >128

“ Colistin sulfate is included as a reference. Values in parentheses were obtained with a colistin-enriched medium (10 pg/ml colistin sulfate). All tests were performed in triplicate.
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FIG 1 Time-kill curves for colistin and BP214 against A. baumannii ATCC 19606 in exponential phase (A and B) and stationary phase (C and D). Each data point
is the average of readings from at least three independent experiments. (A and C) BP214. @, control; B, 1 X MIC; [, 2X MIC; A, 4X MIC; @, 8X MIC. (B and

D) Colistin. @, control; l, 16X MIC; A, 32X MIC; @, 64X MIC.

ried out both in standard MHB-II medium and in a modified
version containing 10 wg/ml of colistin sulfate. With the exception
of RW-BP100, the presence of colistin resulted in a marked antag-
onistic effect on BP peptides in a challenge of prmr mutants.

Time course experiments. The most interesting analog,
BP214, was selected for further investigation and compared to
colistin. Time course experiments were carried out with stationary
and exponentially growing cultures of A. baumannii ATCC 19606
and RC64 (Fig. 1 and 2). For practical reasons, tests on exponen-
tially growing cultures were carried out from an initial bacterial
concentration of approximately 5 X 10° CFU/ml (ODg,, =~ 0.5);
tested peptide concentrations were, however, based on multiples
of the MICs determined for a standard inoculum of 5 X 10°
CFU/ml (Table 2).

Both colistin and BP214 appeared to be affected by the higher
bacterial inoculum, although to different extents. At 1 X MIC, the
bactericidal effect of BP214 was moderate and, after less than 3 h,
the bacterial population showed full recovery (Fig. 1A); this be-
havior is compatible with heteroresistance phenomena (3) or with
peptide sequestration by membrane debris. At 4X MIC and
above, BP214 was able to reduce the number of CFU of the colis-
tin-susceptible strain ATCC 19606 to below our detection level
(Fig. 1A). The >3-log reduction in CFU per milliliter clearly in-
dicates a bactericidal action. Colistin proved visibly affected by the
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high bacterial concentrations and/or heteroresistance phenomena
(Fig. 1B), being unable to eradicate a growing culture even after 5
h at 64X MIC. None of the tested concentrations of BP214 had
any effect on stationary-phase ATCC 19606 cells (Fig. 1C). Even at
high concentrations, colistin only had a modest effect on station-
ary-phase cells (Fig. 1D).

A different picture emerged when BP214 challenged the colis-
tin-resistant pmrB mutant RC64. Concentrations of BP214 corre-
sponding to 4X MIC and above could reduce the number of
CFU/ml in the culture to below our detection level for both expo-
nential-phase (Fig. 2A) and stationary-phase (Fig. 2B) cultures.

We found that ciprofloxacin induced persister formation in
both ATCC 19606 and RC64 cultures (Fig. 3). After BP214 was
added (2 h), no bactericidal effect was observed for ATCC 19606,
whereas the number of CFU of RC64 per milliliter was reduced to
below our detection limit. Overall, the susceptibility of persisters
to BP214 was thus quite similar to that of stationary-phase cul-
tures.

DISCUSSION
As previous studies have highlighted the worrying ease with which
colistin-resistant mutants of A. baumannii can be isolated (22),
more robust alternatives are needed.

From a drug design perspective, colistin’s case indicates that an
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FIG 2 Time-kill curves for BP214 against A. baumannii RC64 in exponential
phase (A) and stationary phase (B). Each data point is the average of readings
from at least three independent experiments. ¢, control; B, 1 X MIC; [J, 2X
MIC; A, 4X MIC; @, 8 X MIC.

LPS-dependent mechanism of action might be a disadvantageous
approach for achieving selectivity against Gram-negative bacteria,
and this appears to apply particularly well to A. baumannii. On the
other hand, the LPS is a constitutive element of the Gram-negative
cell wall and thus an attractive (and obligate) target. Furthermore,
the partial or complete loss of LPS has been connected to increased
susceptibility to many antibiotics and decreased virulence (11,
26); therefore, pmr mutants of A. baumannii have been suggested
to be of greater clinical importance (11). From this perspective, it
is clear that colistin-resistant strains are not intrinsically more
threatening or virulent, but they become clinically important due
to the increasing prevalence of carbapenem resistance and the role
of colistin as a last-resort treatment (4, 27).

We envisaged that a highly attractive alternative to colistin for
the treatment of A. baumannii infections would be able to strongly
interact with wild-type and modified LPS while also being able to
exert a bactericidal effect via alternative mechanisms. Ideally, such
a peptide should also be short, nontoxic, and resistant to proteol-
ysis.

Due to their small size and good antimicrobial activity, the BP
series of cecropin-o-melittin hybrids constituted a good starting
point. Our synthetic approach to improved BP100 analogs is de-
scribed in Results, and MICs for all compounds are presented in
Tables 1 and 2.
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FIG 3 Determination of the time efficiency of BP214 in clearing ATCC 19606
(A) and RC64 (B) persisters remaining after 2 h of ciprofloxacin treatment.
Each data point is the average of readings from at least three independent
experiments. @, control; B, ciprofloxacin, 2X MIC; A, ciprofloxacin, 2X MIC
+ BP214, 4X MIC (added at 2 h); @, ciprofloxacin, 2X MIC + BP214, 8X
MIC (added at 2 h).

As hypothesized, the broad-spectrum BP peptides were less
affected overall than colistin by modifications or loss of the LPS.
This proved true in particular for RW-BP100, as the full arginine
substitution grants it an advantage in electrostatic interactions,
due to the higher basicity of the guanidino group (pK, = 12.5)
versus primary amino groups (pK, = 10.5). The superior hydro-
gen bonding capability, as well as the increased size and lipophi-
licity of Trp versus Tyr, can also be expected to play a role in
stabilizing peptide-membrane interactions. Taken together, these
characteristics make RW-BP100 a potent and nonspecific mem-
brane-active agent, as further evidenced by its high hemolytic ac-
tivity. At the same time, however, RW-BP100 did not provide any
significant advantage over its less hemolytic analogues against
colistin-susceptible strains.

Our efforts in designing an AMP that would ideally be equally
active against colistin-susceptible and -resistant strains of A. bau-
mannii have resulted in the identification of BP214 (Fig. 4). This
all-p undecapeptide displayed robust activity (MIC ~ 4 pg/ml as
TFA-salt; =2 pM peptide concentration) against several strains,
including clinically important pmr mutants, and a modest hemo-
lytic ECs, >150 wM. The evaluation of this peptide in microbio-
logical assays led to several interesting observations.

In time course experiments, remarkable differences were ob-
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FIG 4 Structures of the lead compound BP100 (top) and the novel analog BP214 (bottom).

served between exponential- and stationary-phase cultures of the
colistin-susceptible strain ATCC 19606 and its pmrB mutant
RC64. Specifically, stationary-phase cultures of the susceptible
strain proved immune to BP214 and only moderately susceptible
to high concentrations of colistin, while RC64 proved instead sus-
ceptible to BP214. Interestingly, persisters remaining after cipro-
floxacin treatment behaved identically. Previous studies showed
differences in cell shape and membrane appearance between ex-
ponential- and stationary-phase cultures of colistin-susceptible
and -resistant strains of A. baumannii (28). Upon entering sta-
tionary phase, A. baumannii considerably changes its transcrip-
tome and upregulates maintenance and protective processes, sev-
eral of which can play a role in determining the susceptibility to
membrane-active agents (29-31). From this perspective, it is plau-
sible that the fitness cost involved in colistin resistance would pre-
vent RC64 from dedicating sufficient resources to these protective
mechanisms (11). Another possibility, as shown for [px mutants,
is related to the zeta potential of the bacterial outer membrane.
Colistin-susceptible strains have shown a less negative potential in
stationary than in exponential phase, whereas resistant mutants
behaved oppositely (32).

In terms of in vitro MIC, the enantiomeric pair BP203 and
BP214 behaved very similarly against most species (Table 1).
This is expected for membrane-active peptides that do not bind
specifically to any target, e.g., cecropin, melittin, and their hy-
brids (33). However, moderate but consistent differences in
MIC were observed with several A. baumannii strains (Table 2),
suggesting the presence of binding targets with strict chiral
requirements, as is the case for, e.g., colistin and drosocin (10,
34). Ultimately, all BP peptides are able to kill bacteria via
nonspecific, amphipathicity-driven membrane damage; addi-
tionally, as far as A. baumannii is concerned, BP214 appeared
able to interact with certain structural elements also in a more
specific fashion. For wild-type strains and pmr mutants, the
high number of stereocenters in the saccharide portion of the
LPS may very well account for the observed enantiomeric dis-
crimination. Moreover, being a prominent feature of the cell
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wall, the LPS can be expected to play a major role in determin-
ing the susceptibility of Gram-negative bacteria to membrane-
active agents in general. Accordingly, LPS-deficient Ipx mu-
tants proved consistently less susceptible than LPS-modified
pmr mutants to the investigated BP peptides—again, with the
exception of the RW analog.

However, the [pxC mutant Ab-167R unexpectedly proved very
susceptible to BP214. Interestingly, the same strain had been pre-
viously reported to be 100-fold less susceptible to LL-37 than its
parent strain, whereas other mutants proved as susceptible (22).
BP203 also was 16-fold less active than its enantiomer. While the
advantages of RW-BP100 can be rationalized as described above,
for LL-37, BP203, and BP214, the same task is more arduous with-
out assuming the presence of specific binding targets other than
the LPS. The existence of such structures has been hypothesized
before in order to explain the higher anionic zeta potential of
stationary-phase IpxA mutants than their parent strains (32). The
lower susceptibility of Ab-176R suggests that these structures
might be constitutive but lost, modified, or masked as a conse-
quence of [pxD mutation.

Further insight was provided by the observed antagonism be-
tween colistin and BP peptides when pmr mutants were challenged
(Table 2). Due to the cationic nature of all these compounds, the
sequestration of BP peptides by colistin does not appear probable.
However, previous studies have shown that, although unable to exert
a bactericidal effect, colistin can still effectively bind to the outer
membrane of resistant A. baumannii cells (28). A plausible expla-
nation is therefore that colistin and BP peptides compete for bind-
ing to the modified LPS, but the former is not able to translate
binding into bacterial killing. However, most BP peptides were
heavily affected by the presence of colistin, confirming that the
latter is also a high-affinity ligand for the modified LPS.

Several observations support this competitive model: (i)
thanks to its stronger cationicity and/or nonspecific membrane
activity, RW-BP100 appeared unperturbed by the presence of
colistin; (ii) the presence of colistin at a high concentration raises
the MIC of BP peptides for pmr mutants virtually to the same level
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as for the LPS-deficient [px mutants, as in both cases LPS binding
is not possible; (iii) this antagonism was generally not observed for
Ipx mutants. However, the activity of BP214 against Ab-167R
again was an exception. This was the only case in which competi-
tion between colistin and BP peptides was observed when an Ipx
mutant was challenged. By definition, a competitive binding im-
plies the presence of a defined target available in limited quantity.
This is confirmed by the activity difference between BP214 and
its enantiomer. Clearly, for an Ipx mutant this target cannot be
the LPS.

The competition between BP214 and colistin in the case of
Ab-167R leads to additional interesting considerations. To our
knowledge, it has never been shown before that colistin can bind
other intrinsic membrane targets with high affinity. The promi-
nence of the LPS is presumably the reason why this phenomenon
has not been observed before.

From a structural perspective, the advantage of BP214 over
colistin might stem from the higher flexibility of linear peptides
compared to macrocycles (35). Being more rigid, colistin can bind
the LPS with a lower entropic penalty and thus with higher affin-
ity; however, this rigidity prevents it from binding to a modified
partner without substantial differences. The more flexible BP214
cannot bind with as high an affinity but is able to modify its con-
formation easily, resulting in more robust antimicrobial activity.
This hypothesis, however, remains to be demonstrated.

In conclusion, under optimal conditions, colistin’s activity
against susceptible A. baumannii strains remains unrivaled, but its
performance drops dramatically in a variety of other relevant sce-
narios. Colistin-resistant strains are becoming increasingly com-
mon and virtually immune to the drug at viable concentrations.
Due to its toxicity to kidneys, increasing the dosage entails a seri-
ous collateral risk for patients. The advantages of slightly less ac-
tive but more reliable agents should thus be carefully taken into
consideration.

BP214 is one such agent and arguably the most promising
member of its family identified to date. Its dual mode of action,
both specific and nonspecific, resulted in a potent and very robust
antimicrobial activity. Being composed of D-amino acids only,
BP214 can be expected to be proteolytically stable and potentially
suitable for oral administration (36).

Overall, BP214 displayed attractive antimicrobial properties,
and most importantly, its small size and chemical simplicity hold
promise of ample improvement potential. These characteristics
make BP214 an attractive lead for the development of novel anti-
microbials targeting threatening Gram-negative pathogens, espe-
cially A. baumannii.
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