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Previous studies have established the potential of the oligo-acyl-lysyl (OAK) concept in generating simple
chemical mimics of host defense peptides (HDPs) with improved antimicrobial properties. We investigated the
antibacterial properties of such an OAK, C16(�7)-KK-C12-Kamide, to obtain a better understanding of the
complex mode(s) of action of cationic antibacterial peptides. The average MIC, determined against a multi-
species panel of 50 strains, was 6 � 5 �g/ml. However, although the OAK exerted an essentially dose-dependent
bactericidal effect (time-kill curves typically exhibited 99% death within 2 h), marked differences in the killing
rates occurred among inter- and intraspecies strains. Mechanistic comparison between equally sensitive and
related strains revealed death of one strain to stem from the OAK’s capacity to breach the cell membrane
permeability barrier, whereas the death of the related strain resulted from the OAK’s direct interference with
DNA functions in vivo, without detectable membrane damage. These findings therefore support the notion that
the antibacterial mechanism of action of a single HDP can vary among inter- and intraspecies strains. In
addition, we present data illustrating the differential effects of environmental conditions (pH, ionic strength
and temperature), on the OAK’s antibacterial properties, and ultimately demonstrate potency enhancement
(by orders of magnitude) through selection of optimal incubation conditions. Such attributes might be useful
in a variety of antibacterial applications.

The ubiquitous occurrence of host defense peptides (HDPs)
and their critical roles as major immunity effectors is well
established. Many were found to exhibit activity against a
broad spectrum of microorganisms, including viruses, bacteria,
fungi, and protozoa (19, 38, 65). Although various details of
their mechanism of action are poorly understood, several po-
tential targets have been described. These include the cyto-
plasmic membrane, cell division, and the synthesis of cell wall
and macromolecules (6, 39, 55). As therapeutic agents, HDPs
could present various a priori advantages over antibiotics, in-
cluding molecular simplicity, broad-spectrum activity (27, 45,
59), potentially low levels of induced resistance (41), and con-
comitant anti-inflammatory activities (11, 25, 36). Neverthe-
less, as potential drug candidates, HDPs can present a variety
of shortcomings that need to be addressed (30, 61). Namely,
the antimicrobial activity of many HDPs is significantly re-
duced in the presence of salts (1, 22, 37) and is susceptible to
pH changes (31, 52) and/or to plasma components (40, 45, 49).
HDPs can also display poor pharmacokinetic properties and
systemic toxicity and are associated with high production costs
(5, 23, 34, 64).

Various approaches were proposed to alleviate one or more
of these shortcomings, including the use of peptides composed
of D-amino acids (2, 56, 62), combinatorial libraries (3, 12), and
a wide array of sequence templates and/or minimalistic strat-
egies (8, 9, 13, 28, 59, 60). Other approaches opted for the de

novo design of peptide-like constructs that mimic HDPs struc-
ture and/or function (29, 47, 57, 58). Oligo-acyl-lysyls (OAKs)
are among the simpler HDP-mimic designs wherein the two
most important characteristics for activity—hydrophobicity
and charge—are represented by tandem repeats of amide-
linked fatty acids and lysines. This design was shown to over-
come limitations of conventional HDPs with respect to in vivo
efficacy and toxicity (43, 44) and, more recently, showed prom-
ise toward systemic therapy (33, 53).

In addition to their enhanced potential applications, simple
yet robust HDP-mimics might be useful in better understand-
ing various mechanistic aspects of cationic peptide-based an-
timicrobials. Previous mechanistic studies of OAKs have sub-
stantiated the idea that different sequences can exert a number
of distinct antibacterial modes of action, as suggested for
HDPs. For instance, whereas the sequence C16(�7)K-�12 ex-
erted a typical rapid bactericidal effect (54), its analog
C12(�7)K-�12 was limited to a bacteriostatic effect over Gram-
positive bacteria, mediated by high-affinity but superficial
membrane interactions (16, 53). Also, the octamer C12K-7�8

exerted bactericidal activity through cytoplasmic membrane
disruption of Gram-negative bacteria (44). However, when
compared against the very same bacteria, the hexameric ver-
sion, C12K-5�8 was unable to disrupt the plasma membrane
(48). It was suggested that C12K-5�8 exerts its antibacterial
effect after translocating into the cytoplasm, where the OAK
inhibits biosynthesis of macromolecule through direct interac-
tion with DNA.

A growing list of HDPs (6, 39) is proposed to exert antibac-
terial activity through interaction with intracellular targets.
Therefore, combined with the OAK findings, the collective
data suggest that small differences in charge and/or hydropho-
bicity might be sufficient for an antibacterial compound to
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switch from one mechanism to another. However, since the
vast majority of mechanistic insights published in the literature
were based on investigations that used a single strain of a single
bacterial species, this prohibits conclusion on whether a par-
ticular compound can be expected to always use a particular
mechanism versus using distinct mechanisms on distinct
strains. It is also possible that an antibacterial compound might
use multiple/combined mechanisms, as sometimes touted in
the literature but yet to be convincingly demonstrated experi-
mentally. Here, we attempted to address this hypothesis by
investigating the mechanism of action of a representative OAK
[C16(�7)K-�12; the molecular structure is shown in Fig. 1]
against a multispecies and multistrain panel of bacteria to
determine whether a single antibacterial sequence can use
multiple mechanisms of action.

MATERIALS AND METHODS

Peptide synthesis. C16(�7)K-�12 was synthesized by the solid-phase method
(16) by applying the 9-fluorenylmethyloxy carbonyl (Fmoc) active-ester chemis-
try (Applied Biosystems, model 433A peptide synthesizer) essentially as de-
scribed previously (44). The crude compounds were purified to chromatographic
homogeneity in the range of �95% by using reversed-phase high-performance
liquid chromatography with a mass spectrometer (Alliance-ZQ Waters).

Bacteria. Unless specified otherwise, bacteria were cultured in LB medium (10
g of tryptone/liter, 5 g of yeast extract/liter, 85 mM NaCl [pH 7.4]).

Gram-positive bacteria. The Gram-positive bacteria examined were as follows:
Staphylococcus aureus, ATCC strains 25923, 29213, and 43300; methicillin-sen-
sitive S. aureus (MSSA), clinically isolated strains (CI) 15877, 15668, 15886, and
20745; methicillin-resistant S. aureus (MRSA), CI strains 15903, 15819, 15852,
15918, and 17314; Staphylococcus xylosus ATCC 29971; Staphylococcus epider-
midis ATCC 12228; Listeria seeligeri ATCC 35967; Listeria grayi ATCC 19120;
Listeria ivanovii ATCC 19119; Listeria innocua ATCC 33090; Listeria welshimeri
ATCC 35897; Bacillus polymyxa ATCC 842; Bacillus cereus ATCC 11778; and
Enterococcus faecalis ATCC strains 29212 and 51299. Listeria monocytogenes Li2,
ATCC 19115, was grown overnight in BHI medium (Bacto brain heart infusion;
Difco Labs, France) also containing 85 mM NaCl at pH 7.

Gram-negative bacteria. The Gram-negative bacteria examined were as fol-
lows: Escherichia coli, ATCC strains 35218, 25922, and 43894 and CI strains
16223, 16287, 16147, 16229, 16348, 16327, 16329, 14213, and 16302; Pseudomo-
nas aeruginosa, ATCC strains 9027 and 27853 and CI strains 13216, 11816, 11662,
12777, and 8732; Salmonella enterica serovar Typhimurium ATCC strains 14028
and 7308; Klebsiella pneumonia, CI strains 1287, 1286, and 1331; Proteus mira-
bilis, CI strain 1285; and Stenotrophomonas maltophilia, CI strains 748 and 749.

Growth inhibition assay. The MICs were determined by microdilution assay in
sterilized 96-well plates (final volume, 200 �l) as follows. Bacteria were grown
overnight in medium (LB or BHI) and diluted 10,000-fold in growth medium. A
100-�l portion of culture medium containing bacteria (2 � 105 to 4 � 105

CFU/ml) was added to 100 �l of medium containing C16(�7)K-�12 in serial 2-fold
dilutions. Inhibition of proliferation was determined by measuring the optical
density at 620 nm (OD620) after incubation overnight at 37°C. The term “stan-
dard growth conditions” refers to growing bacteria in LB medium containing 85
mM NaCl (pH 7) at 37°C. To determine the MIC under nonstandard conditions,

bacteria and OAK were preconditioned for 15 min prior to transferring them to
the specified incubation conditions.

Kinetic studies. Bactericidal kinetics were assessed as follows: bacteria were
grown overnight in medium (LB or BHI) and diluted 100-fold in growth medium.
A 100-�l portion of growth medium containing bacteria was added to 900 �l of
the medium containing C16(�7)K-�12 at final concentrations equal to four times
the MIC value, followed by incubation at 37°C under shaking. At the specified
time points aliquots were diluted (serial 10-fold dilutions in saline) and plated on
LB or BHI agar for the CFU count, using the drop-plate method (three 20-�l
drops onto agar plates). CFU were counted after an overnight incubation at
37°C. The reported results are from two independent experiments. To assess the
effect of temperature variations, bacteria were incubated for 15 min at the
specified temperatures (i.e., 4, 25, and 48°C) prior to the experiment. For pH and
salt variations, the culture medium was brought to the desired pH by adding
NaOH or HCl (1 N) or to the desired saline concentration by adding NaCl. For
all tested conditions, the OAK concentration was 10 �g/ml.

Cytoplasmic membrane permeability assays. The OAK effect on bacterial
membrane integrity was determined by measurement of a non-membrane-per-
meabilizing fluorophore propidium iodide (PI) from the BacLight kit by Molec-
ular Probes, Inc. (Eugene, OR). PI exerts its fluorescence after incorporation to
DNA. To assess the translocation of PI from the medium to the cytoplasm,
mid-logarithmic-phase E. coli ATCC 35218 and S. aureus ATCC 29213 cells
(OD600 � 0.05) were washed in phosphate-buffered saline (PBS; pH 7.4) and
incubated with OAK samples at 4� the MIC value for different time intervals. At
the designated time points bacteria were centrifuged and resuspended in PBS
containing PI (30 �M). After 15 min of incubation, the fluorescence was mon-
itored (excitation of 485 nm and emission of 645 nm). The results shown here are
from three independent experiments.

A cytoplasmic membrane depolarization assay was performed with S. aureus
(ATCC 29213) and E. coli (ATCC 35218 and CI 16327) strains as follows. S.
aureus samples in mid-logarithmic phase were washed and resuspended in 5 mM
HEPES buffer. E. coli strains were resuspended in5 mM HEPES buffer contain-
ing 2 mM EDTA. These cell suspensions were incubated with diSC3-5 (0.4 mM),
and quenching was allowed to occur at room temperature for 60 min. KCl (100
mM) was added to equilibrate the cytoplasmic and external K concentrations.
OAK (four multiples of the MIC value) was added to the bacterial suspensions,
and changes in fluorescence were continuously recorded (using excitation and
emission wavelengths at 622 and 670 nm, respectively).

Inhibition of bacterial biosynthesis. Macromolecular synthesis and bacterial
killing assays were performed as described previously (48).

Gel electrophoresis assay. C16(�7)K-�12 was incubated at different concentra-
tions with pUC19 (200 ng) for 30 min in a final volume of 15 �l at room temperature.
The plasmid and marker (DNA Ladder Mix) were applied on 1% agarose gel
containing ethidium bromide. Electrophoresis was carried at 80 V for 1 h.

Intracellular localization using DNA binding assay. The assay was performed
with E. coli K-12 containing pUC19 plasmid as described previously (48). Mid-
logarithmic-phase bacterial cultures (grown on LB containing ampicillin) were
washed in PBS (pH 7.4) and resuspended in the same buffer. The OAK at 4� the
MIC value was incubated with bacterial cells (106 CFU/ml) for 30 min. After this
preincubation step, the bacteria were thoroughly washed (four wash-spin cycles
to prevent the carryover of unbound OAK). Pellets from the last wash were
submitted to plasmid purification procedure using a miniprep plasmid DNA
purification kit (Qiagen, Inc.). The plasmid was then incubated for 1 h at 37°C
with DNase that opens the plasmid in one point (XbaI) according the manufac-
turer’s procedure (New England Biolabs, Inc.). The plasmids and marker (�-
HindIII) were run in 1% agarose gel for 40 min. Control experiments performed

FIG. 1. Molecular structure of C16(�7)K-�12. The N terminus is hexadecenoyl-lysyl. The sequence lysyl-aminododecanoyl-lysyl-amide is referred
to as a �12 subunit.
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to assess the OAK binding to DNA were carried out as described above, but
instead of incubating OAK with bacteria OAK was incubated with 150 ng of
purified pUC19 (extracted from E. coli K-12 and purified with plasmid DNA
purification kit after 30 min of incubation with the OAK) . The reported results
are from three independent experiments.

RESULTS

Broad-spectrum antibacterial activity. Antibacterial activity
of C16(�7)K-�12 was previously assessed against a limited num-
ber of bacteria (four strains), suggesting a potential broad-
spectrum activity (54). Thus, the first aim of the present study
was to verify this postulate by assessing its activity against a
multispecies panel, including 50 bacterial strains. Table 1 sum-
marizes the outcome in terms of MICs. Although Gram-posi-
tive species were often somewhat more sensitive than Gram-
negative species, C16(�7)K-�12 was significantly active against
all of the strains tested, displaying an average MIC of 6 	 5
�g/ml, where the growth of 90% of the strains tested was fully
inhibited at 10 �g/ml or less (MIC90 � 10 �g/ml). For com-
parison, conventional antibiotics, such as penicillin G and cip-
rofloxacin, assessed under identical conditions against four
representative multidrug-resistant clinical isolates—S. aureus
strains 15903 and 15852 and E. coli strains 16329 and 16327—
yielded MIC values that ranged from 16 to �512 �g/ml (data
not shown). These results established C16(�7)K-�12 as a potent
broad-spectrum antibacterial compound.

Environmental conditions differentially affect antibacterial
activity. Table 2 summarizes both the MIC values and the
bactericidal rates (time required for reducing viability by 99%
at 10 �g of OAK/ml) obtained under different incubation con-
ditions, as assessed against two pathogenic species—Gram-
positive Listeria monocytogenes (ATCC 19115) and Gram-neg-
ative Escherichia coli O157:H7 (ATCC 43894)—selected due
to their ability to grow under a wide range of environmental
conditions. Generally, although some extreme incubation con-
ditions have affected both OAK-treated and OAK-untreated
bacteria, significant differences could be observed neverthe-
less. Namely, the data obtained with Listeria showed that the
OAK’s activity was slightly reduced or improved, respectively,
at an extremely acidic or alkaline pH (by 2-fold each), whereas
the mode of action evolved from growth inhibition at low pH

to a gradually fast bactericidal mode at higher pH values.
Extremely high salt concentrations (up to 1,030 mM NaCl) had
no effect on the MIC value, although they slowed down the
bactericidal rates. Low temperatures hardly affected the MIC
value (a 2-fold reduction was noted at between 37 and 4°C),
whereas a higher temperature (48°C) significantly enhanced
potency, reducing the MIC from 5 to 1.2 �g/ml and the bac-
tericidal kinetics from 15 to 5 min.

Interestingly, activity against E. coli revealed a substantially
different profile with respect to pH and salt: the changes in pH
did not alter the MIC value, but the bactericidal effect was
inhibited at low pH, whereas salt did increase the MIC values
while inhibiting the killing mode. Only the effect of tempera-
ture was relatively comparable to that observed with Listeria in
that, low temperatures did not alter the MIC value and the
high temperature enhanced potency by 4-fold. Also, as ob-
served with Listeria, the bactericidal rates of E. coli increased
with increasing temperatures.

Remarkably, when tested under the combined optimal con-
ditions (i.e., 85 mM NaCl [pH 8.5] and 48°C), the OAK dis-
played 250-fold enhanced potency against L. monocytogenes
(the MIC was reduced from 5 to 0.02 �g/ml). Similarly, the
MIC against E. coli was reduced by 62-fold (i.e., from 5 to 0.08
�M). This increase in potency was also reflected in terms of the
bactericidal rates; an effective reduction of 99% of the bacte-
rial population was observed after 5 and 15 min, respectively.
As shown in Fig. 2, altering the pH values and salt concentra-
tions did not significantly modify the OAK’s light scattering at
the relevant concentration range, suggesting that the observed
functional properties were not extensively biased by self-as-
sembly phenomena (54). Nevertheless, the discrepancies ob-
served upon pH and NaCl variations were uncanny, raising

TABLE 2. Effects of incubation conditions on MIC and on
bactericidal kinetics of C16(�7)K-�12

a

Incubation
conditions

E. coli L. monocytogenes

MIC
(�g/ml)

Bactericidal
kinetics (h)

MIC
(�g/ml)

Bactericidal
kinetics (h)

pH
3.5 5 GI 10 GI
5.5 5 GI 5 2
7 5 3 5 0.25
8.5 5 3 2.5 0.08

NaCl concn (mM)
85 5 3 5 0.25
170 10 GI 5 0.5
260 10 GI 5 1
515 20 GI 5 2
1,030 40 GI 5 4

Temp (°C)
4 5 GI 10 1
25 5 4 5 0.5
37 5 3 5 0.25
48 1.2 2 1.2 0.08

Optimalb 0.08 0.25 0.02 0.08

a Shaded rows represent the standard incubation conditions. GI, Growth
inhibition effect defined as reduction of CFU count by 
 1 log unit after 4
h exposure to OAK.

b That is, the optimal incubation conditions: pH 8.5, 85 mM NaCl, and 48°C.

TABLE 1. Antibacterial activity of C16(�7)K-�12 in a panel
of 50 strains

Bacterium No. of strains
tested

MIC range
(�g/ml)

Gram-positive
Listeria spp. 5 1.2–2.5
Staphylococcus spp. 14 1.2–5
B. cereus 1 2.5
E. faecalis 2 5–10
B. polymyxa 1 20

Gram-negative
P. aeruginosa 7 2.5–10
E. coli 12 5–20
S. enterica serovar Typhimurium 2 5–10
K. pneumoniae 3 10–20
P. mirabilis 1 10
S. maltophilia 2 10
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again the possibility that the OAK acted on Listeria and E. coli
by distinct mechanisms.

Bactericidal rates are strain dependent. Figure 3A to D
depicts the dose-dependent time-kill curves under standard
conditions of four bacteria representing Gram-positive (S. au-
reus and E. faecalis) and Gram-negative (P. aeruginosa and E.
coli) species, while Fig. 3E and F compare the time-kill curves
of four different strains of S. aureus and E. coli, respectively, at
a single concentration representing four multiples of the MIC
value. Clearly, the OAK exerted a dose-dependent bactericidal
effect in all cases. However, significant inter- and intraspecies
rate variations were observed. For instance, among the four S.
aureus strains, C16(�7)K-�12 reduced the CFU count by 6 log
units within 15 to 30 min in two strains, whereas, in the re-
maining two strains, the rapid reduction in CFU count (�2 log
units) observed initially significantly slowed down thereafter.
Such a phenomenon and its possible mechanism were recently
reported with another OAK sequence (33).

Evocative rate differences were also observed among differ-
ent E. coli strains, although among all species tested, E. coli
displayed a particularly odd behavior in that the initial killing
rate was repeatedly and predominantly slow (e.g., during the
first 30 min), even among strains displaying relatively fast ki-
netics. This was true for the four strains shown in Fig. 3F, as
well as for three additional strains that we tested (data not
shown). Thus, combined with the observations described
above, these kinetic discrepancies also insinuated the possible
occurrence of multiple mechanisms of action and suggested E.

FIG. 2. Self-assembly of C16(�7)K-�12 in solution. Shown are rep-
resentative dose dependence plots of the light-scattering intensities
obtained for PBS solutions of C16(�7)K-�12 at the specified salt con-
centrations (A) and pH values (B).

FIG. 3. Bactericidal properties of C16(�7)K-�12. Panels A to D show the dose-dependent bactericidal kinetics as assessed against E. faecalis
ATCC 29212 (A), S. aureus ATCC 29213 (B), P. aeruginosa ATCC 9027 (C), and E. coli ATCC 35218 (D). Symbols (A to D): E, untreated control;
�, 1� the MIC; ‚, 2� the MIC; ✳, 4� the MIC. Panels E and F show the bactericidal kinetics against four representative S. aureus (E) and E.
coli (F) strains, at a single concentration representing 4� the MIC. Symbols in panel E: E, CI 15903; �, CI 17314; ƒ, CI 15668; ‚, ATCC 29213.
Symbols in panel F: E, ATCC 35218; �, ATCC 43894; ƒ, CI 16327; ‚, CI 16329. The dashed and solid lines in panels E and F represent untreated
and OAK-treated bacteria, respectively. Bacteria were sampled at the specified time periods, subjected to serial 10-fold dilutions, and plated on
LA agar for CFU counting after overnight incubation at 37°C.
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coli species as ideal candidates for verifying this notion. There-
fore, we selected two equally sensitive E. coli strains (E. coli
16327 and 35218, herein referred to as Ec1 and Ec2, respec-
tively) displaying identical MIC value but differential killing
curves (Fig. 3F) and compared them to two S. aureus strains
(ATCC 29213 and 17314, referred to as Sa1 and Sa2, respec-
tively).

Comparing the mechanism of action against related bacte-
rial strains. The potentially sensitive dye diSC3-5 (66) is often
used as an indicator for membrane depolarization resulting
from disruption of the plasma-membrane integrity (15, 35, 66).
We compared the OAK’s effect on the plasma membranes of
strains Ec1, Ec2, Sa1, and Sa2 and simultaneously monitored
viability by CFU counts performed on aliquots drawn from the
diSC3-5 assay. As shown in Fig. 4A, upon exposure to OAK
(4� the MIC), an immediate burst of fluorescence (increase in
dye release) occurred in strain Ec1; this is believed to reflect
membrane depolarization (66). The addition of another dose
of C16(�7)K-�12 or of an HDP (dermaseptin, known for its
rapid disruption of the cytoplasmic membrane) �10 min after
the first OAK treatment had little effect, indicating that the
initial OAK treatment was responsible for near-total mem-
brane depolarization. A CFU count performed concomitantly
under the specific experimental conditions of the diSC3-5 assay
(i.e., in the presence of EDTA) showed a clear correlation in
that the OAK induced concomitantly rapid reduction in bac-
terial viability, thus supporting the notion that the bactericidal

mechanism of C16(�7)K-�12 over this E. coli strain stemmed
from damaging its cytoplasmic membrane.

In sharp contrast, these same conditions failed to induce
depolarization in strain Ec2, and the CFU count did not detect
lower viability than with the untreated control, albeit some
growth inhibition seems to have taken place (Fig. 4B). Figure
4C shows the rapid depolarization and death of strain Sa1,
while strain Sa2 showed a similar outcome (data not shown).
To validate the data collected from the diSC3-5 assay, we
compared the uptake kinetics of the normally excluded dye,
propidium iodide (PI). As shown in Fig. 4D, strain Ec2 re-
vealed no detectable evidence for PI uptake, unlike strain Sa1,
whose exposure to the OAK led to rapid PI uptake concomi-
tantly with membrane depolarization (shown in Fig. 4C). Com-
bined with the observed lack of depolarization (Fig. 4B), the
lack of PI uptake by strain Ec2 provided further support to the
view that C16(�7)K-�12 did not damage the cytoplasmic mem-
brane of strain Ec2, as opposed to the staphylococcal strain. It
should be noted that the OAK concentration used (4� the
MIC) does not allow one to rigorously conclude that observa-
tions reflect a mechanism of killing versus a postdeath event.

What then induced the bactericidal effect in strain Ec2? To
address this question, we assessed the OAK’s aptitude to affect
bacterial viability through direct interaction with DNA as pre-
viously reported for the OAK sequence C12K-5�8 (48). Essen-
tially, the assay exploits the fact that E. coli K-12 contain a
plasmid (pUC19), used here as a reporter for OAK interac-

FIG. 4. Aptitude of C16(�7)K-�12 (4� the MIC) to disrupt the cytoplasmic membrane. Panels A to C show the simultaneous determination of
bacterial viability and membrane depolarization using E. coli CI 16327 (A), E. coli ATCC 35218 (B), and S. aureus ATCC 29213 (C). Symbols in
panels A to C: E, untreated control; �, OAK-treated bacteria. Black traces show online monitoring of the fluorescence increase representing
release of the potential-sensitive dye diSC3-5 in OAK-treated bacteria. Arrows point to the times of addition of the OAK. The second arrow in
panel A points to the time for dermaseptin addition (4� the MIC). Panel D compares the PI uptake kinetics by OAK-treated E. coli ATCC 35218
(E) and S. aureus ATCC 29213 (f).
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tions with bacterial DNA. To reveal this interaction, bacteria
were preincubated with the OAK; pUC19 was then extracted,
exposed to the specific DNase, XbaI (selected due to the pres-
ence of a single restriction site on pUC19), and run in an
agarose gel. It is assumed that OAK-bound DNA will alter the
enzyme’s binding affinity to its site of action either by the
physical occupation of the binding site on the plasmid or by
altering its chemical environment in a manner that will prohibit
proper XbaI reaction with pUC19. Figure 5A shows a control
experiment where purified pUC19 was incubated with the
OAK (30 min, room temperature) at concentrations roughly
corresponding to 1� and 2� the MIC and run on agarose gel.
The fact that DNA migration was inhibited in a dose-depen-
dent manner provided initial evidence for the OAK’s ability, a
priori, to interact with bacterial DNA. Figure 5B shows another
control experiment where digestion of pUC19 (in the absence
of OAK) yielded a single band, whereas direct incubation of
pUC19 with OAK (4� the MIC) prior to exposure to XbaI has

shifted the band position to that of a lower molecular weight
(similarly to the native plasmid). This suggested that the OAK
interaction with pUC19 can protect from XbaI digestion. Next,
we assessed this property in vivo when E. coli cultures were
pretreated with OAK briefly (for 30 min or even less) and
washed thoroughly to minimize potential OAK carryover, and
then the pUC19 was extracted, exposed to XbaI, and run in a
gel. As shown in Fig. 5B, the OAK prohibited the enzymatic
activity. Hence, this finding revealed the cytoplasmic localiza-
tion of the OAK under conditions where the plasma mem-
brane disruption was not detectable (Fig. 4B).

Next, we verified that bacteria exposed to the OAK (4� the
MIC) were indeed subject to similarly rapid inhibition in car-
rying out biosynthesis, as assessed by their ability to incorpo-
rate radiolabeled thymidine. Figure 5C shows that C16(�7)K-
�12 inhibited the process of thymidine incorporation, although
as evident from CFU enumeration of aliquots from the same
experiment, reduced viability was reflected only hours later.
This finding supports the notion that the consequence of
OAK’s direct interaction with bacterial DNA was to inhibit
biosynthesis, which leads to cell death only hours thereafter
(48). The combined data therefore support the view that
C16(�7)K-�12 can affect the viability of strain Ec2 through in-
terference with processes of DNA maintenance and expression
despite its apparent inability to afflict damage to the cytoplas-
mic membrane.

DISCUSSION

Data collected from the present study provided evidence for
the aptitude of a broad-spectrum bactericidal OAK to affect
bacterial viability by distinct mechanisms. This notion is based
on a variety of direct and indirect evidence. (i) When assessed
against a variety of bacterial species, C16(�7)K-�12 exhibited
high heterogeneity in killing rates (Fig. 3). Whereas fast time-
kill curves are often associated with abrupt membrane disrup-
tion (33, 35), slower rates are more compatible with inhibition
of vital processes (48). (ii) C16(�7)K-�12 is not always able to
inflict early membrane-damage, as seen by comparing between
two E. coli strains that were equally sensitive to the OAK
(identical MIC value). This view was corroborated by two
dye-based assays (diSC3-5 and PI). (iii) Different experimental
evidence supports the view that C16(�7)K-�12 can induce bac-
terial death through interaction with DNA under live condi-
tions. For instance, the OAK was directly responsible for pro-
tecting bacterial DNA from XbaI action and inhibited
biosynthesis very early, suggesting that bacterial death was the
consequence of this inhibition. (iv) Various changes in envi-
ronmental conditions, such as pH and ionic strength, signifi-
cantly diverged in their effects over OAK’s potency, supporting
the view that the OAK is involved in interactions with at least
two different targets: cytoplasmic membrane and DNA (dis-
cussed further below).

Collectively, these findings add up to provide strong support
to the view that while, in some cases, bacterial death can stem
from the capacity of C16(�7)K-�12 to breach the cell perme-
ability barrier; in other cases, death stems from direct inter-
ference with DNA functions. By extrapolation, it is possible
that at least some HDPs will behave similarly, provided that
enough strains are tested. MSI-78, for example, has shown

FIG. 5. Binding of C16(�7)K-�12 to DNA and the resulting synthesis
inhibition. (A) Agarose gel runs of bacterial plasmid pUC19 (200 ng)
after incubation with various OAK concentrations (30 min, room tem-
perature). (B) DNA restriction inhibition assay showing (from left to
right) agarose gel runs (in duplicates) of pUC19 in its native state and
after treatment with the DNase XbaI or when preincubated (30 min)
with OAK (4� the MIC) and then treated with XbaI. The rightmost
lanes show the gel runs of pUC19 after extraction from OAK-free and
OAK-pretreated bacteria (4� the MIC). (C) Bacterial viability (CFU
count) and macromolecule synthesis ([3H]thymidine incorporation as-
say) using E. coli CGSC 5895. Symbols: circles, untreated control;
triangles, OAK-treated bacteria (4� the MIC). Open symbols, radio-
activity signals; closed symbols, bacterial viability.
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similar heterogeneity in bactericidal rates (20). Various studies
have reported that a single HDP (42) or peptidomimetic (14)
can exert antibacterial activity by different mechanisms at dif-
ferent peptide concentrations, suggesting that at their lowest
inhibitory concentrations, HDPs may be less capable of dam-
aging cell membranes, while they maintain their ability to in-
hibit macromolecular synthesis. In the present study, however,
the same OAK concentration exhibited different mechanisms
of action. This phenomenon had not been reported before, to
our knowledge. A few closely related references are found in
the literature. (i) Rotem et al. (48) provide evidence that
analogous OAKs (i.e., hexamer and octamer) acted on a single
bacterial strain by distinct mechanisms, inhibition of DNA
functions or membrane disruption, respectively, whereas here
a single OAK is proposed to use, against different bacteria, one
of these mechanisms or the other. (ii) According to Epand et
al. (14), a peptidomimetic compound acted by a dose-depen-
dent dual mechanism, i.e., at low concentrations (up to 25
�g/ml) the polymer was proposed to inhibit cytoplasmic com-
ponents, whereas at higher concentrations the polymer pre-
vents entry to the cytoplasm by blockage of transport across the
outer membrane. This is clearly not the case with C16(�7)K-�12.
Similarly, Livne et al. (33) reported that interspecies differen-
tial bactericidal rates stem from interactions with cell wall
specific components leading to a transient rapid bactericidal
stage that over time converts to a bacteriostatic effect.

The combined data seem to support the notion that cationic
peptide-based antibacterials might in principle have the capac-
ity to affect bacterial viability through a range of mechanisms,
suggesting therefore the futility in assigning a mode of action
to a particular peptide, as a rule. Future studies will have to
face a remarkable challenge in better defining the molecular
basis of this phenomenon, a task likely to be more suitable for
molecules that are simpler than typical HDPs.

The present study also illustrated the effects of incubation
conditions on antibacterial potency. The OAK maintained sig-
nificant growth inhibitory activity under a variety of extreme
incubation conditions while other conditions have radically
enhanced potency. From the mechanistic viewpoint, the man-
ner by which different incubation conditions have affected the
OAK’s activity was both revealing and quite complex for in-
terpretation. While further studies are clearly required to fully
comprehend the molecular basis for these observations, these
findings seem nonetheless consistent with the occurrence of
the stipulated differential mechanisms. Thus, increases in pH
values have greatly influenced potency over Listeria, whereas
they had a much lower effect on E. coli. This would make sense
according to the view of the cytoplasmic localization of the
OAK’s target in E. coli as opposed to targeting the membrane
in Listeria, where the electrostatic interactions are known to
play a major role and are therefore expected to affect more
severely the membrane-damaging mechanism. For compari-
son, a similar study performed with the OAK C12K-7�8, which
is notorious for its membrane-active properties (48), revealed
that changes in pH have equally affected the OAK’s potency
against both Gram-negative and Gram-positive bacteria (21).
Consistent with the dual-mechanism view is the fact that the
potency of C16(�7)K-�12 was inversely affected in a high-ionic-
strength milieu, which was expected to influence DNA inter-
action more severely due to the charge-masking effect of NaCl.

Accordingly, an increase in temperature is not expected to
differentially affect the OAK’s potencies, as observed. In fact,
potency was significantly enhanced against both bacterial spe-
cies. In comparison, the potency of the membrane-active HDP
dermaseptin was severely reduced under acidic conditions,
high salt concentrations, or low temperatures (52, 63).

In addition to their mechanistic relevance, these data also
reveal new means for enhancing antibacterial potency (by up to
250-fold) through proper selection and combination of the
most favorable incubation conditions. Although the molecular
basis for these observations also warrants further investigation,
the findings are likely to contribute to better understanding the
antibacterial effects of OAKs and HDPs and the design of new
treatment strategies, for instance in topical applications of
polymicrobial infections such as in oral mucositis (10) or in
diabetic foot ulcers (32).

In addition to their therapeutic potential, HDPs are believed
to be useful in a variety of antimicrobial applications, such as
in cosmetics or food safety (17, 51). Nisin, for instance, is a
widely used bacteriocin (50), including its use to control and/or
prevent L. monocytogenes in a variety of foods (7, 17). Nisin,
however, has several disadvantages, including low solubility
over the physiological pH range, activity restricted to Gram-
positive bacteria, and known resistant strains (4). New ap-
proaches that combine bacteriocins and heat treatments, pulse
fields, or other chemicals have shown improved activity, al-
though they might imply a higher production cost (17). There
is thus a need for new approaches that would properly address
these problems. Both E. coli and Listeria have highly efficient
mechanisms of global stress resistance, which contribute to
their low infectious dose and tolerance to stress factors, includ-
ing acidic pH (4, 46), allowing these pathogens to overcome
food preservatives and safety barriers and thereby pose poten-
tial risks to human health (18, 26). In this respect, our data
point to potential uses of OAKs in food safety since the OAK
properties were studied under conditions relevant to food
preservation (24).
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