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ARTICLE INFO ABSTRACT

Keywords: Antimicrobial peptides (AMPs) have emerged as promising candidates in combating antimicrobial
CAMP resistance — a growing issue in healthcare. However, to develop AMPs into effective therapeutics,
AMP a thorough analysis and extensive investigations are essential. In this study, we employed an in
:yr:)ﬁ;y silico approach to design cationic AMPs de novo, followed by their experimental testing. The

antibacterial potential of de novo designed cationic AMPs, along with their synergistic properties
in combination with conventional antibiotics was examined. Furthermore, the effects of bacterial
inoculum density and metabolic state on the antibacterial activity of AMPs were evaluated.
Finally, the impact of several potent AMPs on E. coli cell envelope and genomic DNA integrity was
determined. Collectively, this comprehensive analysis provides insights into the unique charac-
teristics of cationic AMPs.

1. Introduction

Standard antibiotics are becoming less effective for clinical use due to the emergence and spread of antimicrobial resistance. The
Centers for Disease Control and Prevention (CDC) and the World Health Organization (WHO) have recognized antibiotic resistance as a
“global public health concern” [1]. Among the pathogens posing the greatest threat to human health are Gram-negative bacteria
resistant to multiple antibiotics For deaths attributable to antimicrobial resistance E. coli was responsible for most deaths in 2019 [2].
Hence, there is an urgent need for the discovery and development of novel drugs that can effectively treat bacterial infections induced
by particularly drug-resistant Gram-negative bacteria [3]. Antimicrobial peptides (AMPs) have the potential to become new thera-
peutic agents in the fight against bacterial resistance [1,4,5]. Unlike traditional antibiotics, which target specific biomolecules in
bacterial cells, AMPs have been shown to exhibit multiple modes of action with non-specific targets and are less prone to induce
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resistance [6,7].

The antimicrobial activity of most AMPs is strongly related to their physicochemical properties, such as charge, hydrophobicity,
isoelectric point, etc. [8,9]. It has been widely acknowledged that high cationic charge and moderate hydrophobicity are the most
critical determinants for the antibacterial activity of AMPs. The majority of cationic AMPs (CAMPs) are short, typically ranging from 5
to 50 amino acid residues, with a tendency to form amphipathic secondary structures upon interaction with bacterial membranes [10,
11]. CAMPs can impair the integrity of bacterial cells through the outer membrane disruption by displacing divalent cations from the
lipopolysaccharide (LPS) layer of Gram-negative bacterial cells and/or via direct interaction with the inner membrane, rich in
negatively charged phospholipids, phosphatidylglycerol, and cardiolipin, which strongly attract positively charged AMPs [12,13]. For
example, Temporin-L a 13 amino acid peptide derived from Rana temporaria [14] was reported to induce perturbations of membrane
bilayer integrity by interaction with lipid head groups, inducing their tilting, packing defects and membrane thining [15]. This often be
might followed by the formation of peptide-enriched microdomains, allowing the peptide to further diffuse into the inner leaflet of the
bilayer by creating “channels” [16]. Besides the aforementioned, some CAMPs (LL-37, BM 22, CM 15 etc.) can also compromise cell
integrity through the accumulation of reactive oxygen species (ROS), resulting in the formation of membrane-bound blebs and leakage
of cytoplasmic content [17-20]. Irrespective of membrane-damaging activity, some AMPs can enter the cytoplasm and target the key
cellular processes, including DNA, RNA, and protein synthesis, and overall, compromise bacterial metabolism [21-23].

Furthermore, in addition to their ability to act independently, CAMPs might synergistically interact with conventional antibiotics,
as reported for both Gram-negative and Gram-positive bacteria [24,25]. Synergism can lower the effective concentrations of com-
pounds, thus providing an opportunity to reinforce first-line antibiotics that have already become ineffective [26].

Despite promising antibacterial potential one obvious disadvantage of AMPs lies in their lability towards proteases which is a
limiting factor for their therapeutic use. This issue is usually addressed by the integration of unnatural amino acids (including D-
enantiomers), cyclization, N- and/or C-terminal modifications of peptide sequences [27,28].

AMPs can be divided into two groups: natural peptides isolated from a variety of organisms, including bacteria, fungi, plants, and
animals, and synthetic peptides developed by different approaches, including computer-aided design [27,29].

De novo design of antimicrobial peptides can provide a more versatile approach to develop new antimicrobial agents. It allows to
design peptides that have optimized activity, specificity, stability, and other properties. This approach can also lead to the develop-
ment of entirely new classes of antimicrobial agents, which may be less susceptible to resistance.

In silico de novo design is a less time-consuming and resource-intensive process, but it requires knowledge on structure-activity
relationship (SAR) and corresponding predictive models. Many predictive models with high performance have been offered.
Despite the improvements in predictive algorithms, most methods share the same conceptual issues. Firstly, during model develop-
ment, the information on target strains is not taken into account, although the antimicrobial potency of AMPs strongly varies
depending on strain-specific bacterial envelope types. Secondly, for model training, most methods use peptides with incomplete or
non-existent experiment-based information on their antimicrobial activities [30,31]. Consequently, there is a need to improve
available models or develop new ones.

Previously we have performed SAR study using data on AMPs from the Database of Antimicrobial Activity and Structure of Peptides
(DBAASP) [32]. The results of the study were target-specific predictive models developed for various targets (including gram-negative
E. coli) and special tools were introduced into the DBAASP. New CAMPs were designed de novo using Antibacterial Peptide Prediction
(APP) algorithm of DBAASP. In vitro testing revealed high antimicrobial potency and low cytotoxicity of these peptides [33].

Insilico designed peptides need additional testing in vitro and exploration of their mechanisms of action. In this study, we conducted

Table 1

Minimal inhibitory concentrations (MIC) of antimicrobials against E. coli ATCC 25922 at two bacterial concentrations.
Peptide/Antibiotic Sequence MIC (pg/mL)

5 x 10° CFU/mL 5 x 10° CFU/mL

24L RWIRWVWRKKLR 6.25-12.5 25-50
24D rwirwvwrkklr 3.125 3.125-6.25
L1L AIKIRKLFKKLLR 12,5 50-100
L1D aikirklfkkllr 3.125-6.25 12.5-25
LCAPL2 GIKIRKLFKKLLR 12.5 50
LCAPL4 GIKFFLKKLKKH 50 100
LCAPL8 VARFLKRIIKALF 3.125-6.25 6.25
LCAPL9 GFIKIVRKLLRLF 6.25 6.25
LCAPL10 IIKRILIQLKKLL 6.25-12.5 25-50
LCAPL14 WKKLKLWLKWKLW 50 100
LCAPL15 KKFLGKWKLRFGW 6.25 12.5
ST1L LVWKLWWRLRWLK 100 100
ST1D Ivwklwwrlrwlk 25-50 50
Temporin-L FVQWFSKFLGRIL >100 >100
Ampicillin - 6.25-12.5 6.25-12.5
Penicillin G - 25-50 50
Gentamicin - 0.78-1.56 3.125-6.25
Kanamycin - 6.25 6.25
Levofloxacin - 0.024 0.024
Nalidixic Acid - 3.125-6.25 3.125-6.25
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in vitro testing of de novo peptides designed against E. coli ATCC 25922. The antibacterial and synergistic properties of peptides, as well
as their action on the bacterial cell envelope and intracellular DNA, were evaluated.

2. Materials and Methods
2.1. Materials

Temporin-L was purchased from CRB Discovery; ampicillin sodium salt and kanamycin sulphate were purchased from Carl Roth;
3,6-bis(dimethylamino)-10-nonyl-acridinium bromide (NAO), gentamicin, penicillin G, levofloxacin, nalidixic acid, and Lisogeny-
Broth (LB) medium were purchased from Sigma Aldrich. All other reagents were of molecular biology grade.

2.2. Peptide design and synthesis

Peptides were de novo designed using the APP tool of DBAASP as described previously [33]. Specifically, CAMPs were predicted to
be active against Gram-negative E. coli ATCC 25922 using the APP algorithm [34], while the ST1 peptide (L- and D-enantiomers) was
designed against both E. coli ATCC 25922 and S. aureus ATCC 25923. Peptide amino acid sequences are presented in Table 1.

De novo designed peptides were purchased through the custom peptide synthesis service of GenScript Biotech Corporation. All
peptides are C-terminally amidated and the labeled versions of 24L, 24D, L1L and L1D have fluorescein isothiocyanate (FITC)-Ahx tag
on their N-terminal end. Peptides were delivered as lyophilized materials that had been HPLC-purified and MS-verified (MALDI). All
pure peptides were dissolved in sterile ddH3O to 2 mg/mL stock solutions and stored at —80 °C.

2.3. Bacterial strains and plasmids

The bacterial strains used in this study were E. coli ATCC 25922 and E. coli K12 DH5a. Plasmid DNA pBbE8Kk-RFP [35] was a gift
from Jay Keasling (Addgene plasmid # 35270; http://n2t.net/addgene:35270; RRID:Addgene_35270).

2.4. Minimal inhibitory concentration (MIC) test

Antimicrobial susceptibility testing was carried out using broth microdilution assay, as described before [33]. Briefly, bacteria were
grown at 37 °C in LB to reach OD600 = 0.8. Polypropylene 96-well microtiter plates were used to make twofold serial dilutions of
antimicrobials in LB medium ranging from 100 to 0.049 pg/mL. Aliquots of 100 pL of bacterial suspension to a final concentration of 5
x 10° colony forming unit (CFU/mL) (standard inoculum size) or 5 x 10%> CFU/mL were added to an equal volume of peptide or
antibiotic dilutions and the MIC was determined after 16-20 h of incubation at 37 °C. The MIC was defined as the minimal concen-
tration of antimicrobial with less than 10% bacterial growth as determined by ODg(o measurements. Each test was reproduced at least
three times.

2.5. MIC test for dividing and non-dividing bacterial cultures

E. coli ATCC 25922 cells from the overnight culture were harvested by centrifugation at 1500g for 5 min. The pellets were washed
and resuspended in fresh LB medium (for dividing bacteria experiments) or 1 x PBS (for non-dividing bacteria experiments) to 10°
CFU/mL. Aliquots of 100 pL of bacterial suspension were mixed with an equal volume of antimicrobials that had been twofold serially
diluted in LB medium (for dividing bacteria) or 1 x PBS (for non-dividing bacteria) with concentrations ranging from 100 to 1.56 pg/
mL. All samples were incubated for 1 h at 37 °C in a shaking incubator at 1000 rpm and then centrifuged at 1500 g for 5 min to remove
antimicrobials. Subsequently, the pellets were resuspended in fresh LB and left at 37 °C at 1000 rpm in a shaking incubator. The MIC
values were determined as described above. Each test was reproduced at least three times.

2.6. Checkerboard dilution assay for synergy

To evaluate synergistic interactions between CAMPs and antibiotics against E. coli ATCC 25922 a checkerboard method was used
[36]. Three antibiotics having different mechanisms of action were selected: ampicillin (cell wall synthesis inhibitor), gentamicin
(protein synthesis inhibitor), and levofloxacin (DNA gyrase inhibitor). Bacterial culture was grown in LB to the final ODgoo = 0.8 and
resuspended in fresh medium to 10° CFU/mL. CAMPs and conventional antibiotics were twofold serially diluted in LB medium in
polypropylene 96-well plates to a final volume of 100 pL in each well. Subsequently, bacterial suspension at final concentrations of 5 x
10° CFU/mL or 5 x 10® CFU/mL was applied to each well. The plates were incubated at 37 °C in a shaking incubator for 16-20 h at
1000 rpm.

Synergistic interactions between CAMPs and NAO were evaluated against E. coli ATCC 25922 at 5 x 10° CFU/mL as described
above for CAMPs and antibiotics.

ODggp measurements were obtained by reading the samples in a microplate reader.

The fractional inhibitory concentration indices (FICI) were calculated using the following formula:

FICI = FICp + FICg = (MICag/MICy) + (MICga/MICg), where MIC, and MICy are individual MICs of CAMPs and antibiotics,
respectively, and MICag and MICgp are the MICs of CAMPs and antibiotics in combination. The following types of interaction were
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defined:
FICI <0.5 (Synergy).
0.5 < FICI <0.625 (Potentiation) 0.625 < FICI <1.0 (Additivity).
1.0 < FICI <4.0 (Indifference) FICI >4.0 (Antagonism).
Each test was reproduced at least three times.

2.7. Determination of the antimicrobial activity of FITC-labeled CAMPs by microcolony technique

RFP-expressing E. coli K12 DH5a was grown overnight in LB medium supplemented with 0.2% r-arabinose and 50 pg/mL kana-
mycin. The overnight culture was diluted 100-fold with fresh LB medium and mixed with 1% low melting point agarose (LMA) at a
ratio of 1:3 (v/v). 20 pL of this suspension was immediately applied onto 1% agarose pre-coated microscope slides, covered with
coverslips and left at RT for 5 min to allow agarose to solidify. Coverslips were then removed and twofold serial dilutions of FITC-
labeled CAMPs in 1 x PBS ranging from 100 to 3.125 pg/mL were pipetted on top of agarose-encapsulated bacterial cells and incu-
bated for 1 h. The slides were rinsed 3 times with 1 x PBS and left in LB for overnight incubation at 30 °C. The formation of
microcolonies was observed the following day under Olympus BX41 fluorescence microscope.

2.8. Localization of FITC-labeled CAMPs in the bacterial cell

Bacteria (red fluorescent protein (RFP)-expressing E. coli K12 DH5a« or E. coli ATCC 25922) were grown overnight in LB medium,
encapsulated in 1% LMA (as described above), and incubated with FITC-labeled CAMPs at their MIC concentrations for 1 h on a slide
moat at 30 °C. The slides were briefly rinsed in 1 x PBS and observed under Olympus BX41 fluorescence microscope.

To induce the formation of aggregates inside the bacterial cell, E. coli ATCC 25922 was grown overnight, diluted 1:100 in fresh LB
and incubated at 47 °C for 15 min [37]. The cells were then encapsulated in LMA and treated with FITC-labeled CAMPs at their MIC
concentrations. The slides were analyzed under Olympus BX41 fluorescence microscope. All the images were captured with CCD
camera and processed using F1JI software.

2.9. NAO staining

E. coli ATCC 25222 was grown overnight and diluted with fresh LB medium to final ODgp=0.5.

Bacteria were then incubated with CAMPs at their /2 MIC concentrations in the presence of NAO at a concentration of 0.235 pg/mL
for 1 h at 37 °C with shaking at 1000 rpm. The samples were harvested by centrifugation at 5000g for 3 min. The pellets were washed
twice with 1 x PBS and resuspended in 100 pL of fresh LB. 5 pL of the resulting suspension was spotted onto 1% agarose pre-coated
microscope slides, covered with coverslips and examined under Olympus BX41 fluorescence microscope. Images were captured and
processed as described above.

2.10. Quantification of blebbed bacterial cells

RFP-expressing E. coli K12 DH5a was grown and encapsulated in LMA as described above. The slides were washed in 1 x PBS and
incubated at room temperature (RT) for 30 min to remove the traces of medium. Subsequently, the slides were placed onto a slide
moat, and CAMPs (in the presence or absence of 100 mM thiourea (TU)) diluted in 1 x PBS to their ', MIC concentrations, were added
to agarose-encapsulated bacterial cells and left at 30 °C for 10 min. The slides were then washed in 1 x PBS for 30 min and observed
under Olympus BX41 fluorescence microscope. The percentage of blebbed cells was determined by counting 50 cells on each slide.
Each test was reproduced at least three times. Statistical significance between groups was determined by two-tailed, unpaired Stu-
dent’s T-Test.

2.11. Determination of CAMP-DNA interactions by electro mobility shift assay (EMSA)

Plasmid DNA pUC18 (600 ng) in 10 mM Tris-HCl buffer (pH 7.4) was mixed with CAMPs at a molar ratio of 1:1000 or 1:500 to a
final volume of 60 pL and incubated at 37 °C for 1 h. Subsequently, 6 x loading buffer (30% glycerol, 1 mM EDTA, 0.25% bromo-
phenol) was added and aliquots of 15 pL were loaded into 1% agarose gel. The gel was run in 1 x Tris-acetate-EDTA buffer (40 mM
Tris, 20 mM acetic acid, 1 mM EDTA) at 0.6 V/cm.

The gel was stained with ethidium bromide and visualized under ultraviolet illumination. Only peptides showing full retardation of
plasmid DNA at 1:1000 DNA:CAMP molar ratio were tested at a molar ratio of 1:500.

2.12. Determination of DNA double-strand brakes (DSBs) by pulsed-field gel electrophoresis (PFGE)

A fresh bacterial culture of E. coli ATCC 25922 in LB (ODggo = 0.8) was pelleted at 1500 rpm for 5 min and diluted in 1 x PBSto 1.5
x 10° CFU/mL. The bacterial suspension was then mixed with 1.5% LMA at a ratio of 1:2 and approximately 80 pL of the solution was
dispensed into each slot of a plastic plug mold (Bio-Rad) and left to solidify at RT. The blocks containing bacterial cells were then
transferred into 2 mL tubes (one block per tube) containing 500 pL of solutions of peptides (100 pg/mL), levofloxacin (0.5 pg/mL), or
ampicillin (50 pg/mL) in 1 x PBS and incubated at 37 °C for 2 h (peptides and ampicillin) or 1 h (levofloxacin) in the presence or
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absence of 100 mM TU without agitation. Following the exposure to antimicrobial agents, the solutions were removed and the blocks
were treated with proteinase K (1 mg/mL) in digestion buffer (100 mM EDTA, 50 mM Tris-HCl, 1% sodium lauryl sarcosine, pH 8) and
incubated overnight at 50 °C without agitation. The blocks were then washed 4 x 45 minin 1 x TE (10 mM Tris-HCl, 10 mM EDTA, pH
8.0) and stored at 4 °C in TE buffer until PFGE. The plugs containing bacterial chromosomal DNA were loaded into wells of 1% agarose
gel. Electrophoresis was run in 0.5 x TBE buffer (45 mM TRIS, 45 mM boric acid, 1.0 mM EDTA, pH 8.3) at 300 V for 6 hat 12 °C with a
pulse time of 25 s using Gene Navigator Pulsed Field Gel Electrophoresis System (Amersham Biosciences). The gel was stained with
ethidium bromide and visualized under ultraviolet illumination.

3. Results
3.1. Antimicrobial susceptibility testing

The MICs of 10 de novo designed CAMPs, D-enantiomers of three of these CAMPs (24L, L1 and ST1L), 6 commercially available
antibiotics (ampicillin, kanamycin, levofloxacin, penicillin G, nalidixic acid, gentamicin) and Temporin-L (a natural AMP, sharing
some similarities with our de novo peptides in terms of cationicity, the number of amino acids and linearity) [15,16] were determined
for two bacterial inoculum densities (5 x 10° and 5 x 10° CFU/mL) of E. coli ATCC 25922 in LB medium.

A 4-fold or greater change in the MIC of antimicrobials resulting from a 100-fold change in bacterial concentration was considered
as an inoculum effect [38,39]. At lower cell densities compared to a standard inoculum density of 5 x 10° CFU/mL, only the MIC of
peptide L1L decreased 8-fold, while most of the tested CAMPs showed 2- to 4-fold decrease in their MIC values. In contrast, the MIC
values of only one from 6 tested antibiotics (gentamicin) changed in response to the changes in the bacterial concentration (see
Table 1). Surprisingly, Temporin-L did not show antimicrobial activity at any tested concentrations at either inoculum density.

Since there is plenty of data reporting that bacterial susceptibility toward antimicrobial agents might depend on the metabolic state
of a bacterial culture [40,41], we decided to assess the MIC values of Temporin-L and de novo designed CAMPs against dividing and
non-dividing cells of E. coli ATCC 25922. In this set of experiments, overnight culture of bacteria was pre-incubated with CAMPsin 1 x
PBS or LB for 1 h at 37 °C and recovered in fresh medium overnight.

As shown in Table 2, at a standard inoculum density, MIC values against dividing and non-dividing cells were not significantly
different for the majority of the tested CAMPs. However, in 1 x PBS, MIC values markedly decreased for LCAPL14 (>32-fold) and
Temporin-L (being inactive in LB) exhibited antimicrobial activity at 12.5-25 pug/mL. The revival of the antimicrobial properties of
Temporin-L in 1xPBS might most probably be attributed to its antagonistic interactions with some components of the LB. The obtained
results indicate that all the tested de novo CAMPs retain their antibacterial activity regardless of the metabolic state of bacteria. Also,
our MIC experiments unravel that, in contrast to conventional antibiotics, the antimicrobial activity of CAMPs did not significantly
differ between 1 h and overnight incubation in LB medium (compare Tables 1 and 2).

3.2. Synergy between CAMPs and conventional antibiotics

Synergy analysis between 11 de novo CAMPs and 3 conventional antibiotics was performed against E. coli ATCC 25922 at two
bacterial inoculum densities using a checkerboard assay. At a standard cell density, peptides 24L, L1L, and L1D showed synergistic
effects with all the tested antibiotics (Fig. 1 and Table 3). The highest number of synergistic combinations were obtained for genta-
micin, which, apart from 24L, L1L, and L1D, showed synergy with LCAPL2 and LCAPL10. In all synergistic combinations, the MICs of
CAMPs decreased 4 times, while the MIC values of some antibiotics decreased more significantly, for example, the MIC value of

Table 2
Minimal inhibitory concentrations (MIC) of antimicrobials against dividing (LB) and non-
dividing (PBS) cells of E. coli ATCC 25922. Bacterial cell density — 5 x 10° CFU/mL.

Antibiotic/Peptide MIC (pg/mL)

PBS LB
Ampicillin >100 >100
Gentamicin 25 50
24L >100 50-100
24D 25-50 12.5
L1L 12.5 50-100
L1D 12.5-25 12,5
LCAPL2 12.5-25 50
LCAPL4 50-100 >100
LCAPL8 6.25 6.25
LCAPL9 1.56 6.25
LCAPL10 12.5 25-50
LCAPL14 1.56 50-100
LCAPL15 12,5 12.5-25
ST1L >100 >100
ST1D 50 50
Temporin-L 12.5-25 >100
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gentamicin in combination with L1D decreased 16-fold. At 5 x 10% CFU/mL, synergy was observed only in combination with
ampicillin for two CAMPs (LCAPL2 and ST1L) with the 8-fold decreased MICs of both antimicrobial agents.

At both inoculum densities, peptide-antibiotic combinations with FICI values of 0.5 < FICI <0.625 were labeled as potentiation.
The maximum decrease in peptide MIC (16-fold) was observed for LCAPL15 in combination with ampicillin at a standard inoculum
density, while the rest of the CAMPs showed a less significant decrease in their MIC values (2-8 fold). The changes of the MIC values of
ampicillin were mostly in the same range as those of CAMPs, however, levofloxacin and gentamicin showed a more prominent decrease
in their MICs. For example, the MIC of levofloxacin decreased 32-fold in combinations with LCAPL2 and LCAPL10 at 5 x 10% CFU/mL
and 5 x 10° CFU/mL, respectively, while the maximum (64-fold) decrease of MIC was revealed for gentamicin in combinations with
ST1D and ST1L at 5 x 10° CFU/mL and 5 x 10° CFU/mL, respectively. No antagonistic interactions were observed in any antibiotic-
peptide combinations.

3.3. CAMP localization in live bacterial cells

To study the mechanisms of action, we selected 4 de novo designed CAMPs, of which 3 (L1L, 24L, and L1D) showed synergy with all
tested antibiotics, while 24D is the enantiomer of 24L.

We also intended to study the mechanism of action of ST-1L (predicted to be active against E. coli and S. aureus and showing synergy
with ampicillin) and its enantiomer ST-1D, unfortunately, labeling of these peptides with FITC completely abolished their antimi-
crobial activity, therefore we were unable to include them in these studies.

Prior to the investigation of peptide localization in the bacterial cell, effective concentrations of the selected FITC-labeled CAMPs
were determined using the microcolony technique. Multiple microcolonies were observed for FITC-24L, FITC-24D, and FITC-L1L at
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Fig. 1. Synergistic interactions between peptides and antibiotics against E. coli ATCC 25922 at two bacterial concentrations. Inner circle - 5 x 10%
CFU/mL, outer circle — 5 x 10° CFU/mL; Colors: blue- indifference; green — additivity; orange — potentiation; pink — synergy.
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Table 3

Synergistic interactions between peptides and antibiotics against E. coli ATCC 25922 at two bacterial concentrations. MIC, — MIC of peptide alone;
MICg — MIC of antibiotic alone; MICap — MIC of peptide in combination with antibiotic; MICgs — MIC of antibiotic in combination with peptide; FICI -
fractional inhibitory concentration index.

5 x 10% CFU/mL 5 x 10° CFU/mL

Peptides MIC (A) MIC (B) MIC (AB) MIC (BA) FICI MIC (A) MIC (B) MIC (AB) MIC (BA) FICI
Ampicillin

24L 12.5 6.25 6.25 0.78 0.625 25 12.5 6.25 3.125 0.5
24D 3.125 12.5 3.125 0.195 1.016 6.25 12.5 3.125 1.56 0.625
L1L 12.5 6.25 6.25 0.39 0.563 50 12.5 12.5 3.125 0.5
L1D 3.125 12.5 1.56 1.56 0.625 12.5 12.5 3.125 3.125 0.5
LCAPL2 12.5 6.25 3.125 1.56 0.5 50 12.5 25 3.125 0.75
LCAPL8 6.25 12.5 6.25 0.195 1.016 6.25 6.25 6.25 0.195 1.031
LCAPL9 6.25 6.25 6.25 0.098 1.016 6.25 12.5 3.125 1.56 0.625
LCAPL10 6.25 6.25 6.25 0.098 1.016 25 6.25 12.5 1.56 0.75
LCAPL15 6.25 12.5 3.125 3.125 0.75 12.5 6.25 0.78 3.125 0.563
ST1L 100 6.25 25 0.78 0.375 100 12.5 50 1.56 0.625
ST1D 25 6.25 3.125 3.125 0.625 50 12.5 25 1.56 0.625
Gentamicin

24L 12.5 1.56 6.25 0.78 1 50 3.125 12.5 0.78 0.5
24D 3.125 1.56 3.125 0.024 1.015 6.25 3.125 3.125 1.56 1

L1L 12.5 1.56 6.25 0.39 0.75 50 3.125 12.5 0.78 0.5
L1D 3.125 1.56 3.125 0.195 1.125 25 6.25 6.25 0.39 0.313
LCAPL2 12.5 1.56 6.25 0.195 0.625 50 6.25 12.5 0.78 0.375
LCAPL8 3.125 0.78 3.125 0.024 1.031 6.25 3.125 3.125 0.098 0.531
LCAPL9 6.25 0.78 3.125 0.39 1 6.25 3.125 6.25 0.098 1.031
LCAPL10 12.5 1.56 12.5 0.195 1.125 50 3.125 12.5 0.78 0.5
LCAPL15 6.25 0.78 6.25 0.024 1.031 12.5 3.125 3.125 1.56 0.75
STI1L 100 1.56 50 0.78 1 100 3.125 50 0.049 0.516
ST1D 50 1.56 25 0.024 0.516 50 3.125 6.25 1.56 0.625
Levofloxacin

24L 6.25 0.024 3.125 0.006 0.75 25 0.024 6.25 0.006 0.5
24D 3.125 0.024 1.56 0.012 1 3.125 0.024 3.125 0.001 1.031
L1L 12.5 0.024 6.25 0.003 0.625 100 0.024 25 0.006 0.5
L1D 6.25 0.024 3.125 0.002 0.563 25 0.024 6.25 0.003 0.375
LCAPL2 12.5 0.024 6.25 0.001 0.531 50 0.024 25 0.003 0.625
LCAPL8 3.125 0.024 3.125 0.006 1.25 6.25 0.024 3.125 0.003 0.625
LCAPL9 6.25 0.024 6.25 0.024 2 6.25 0.024 6.25 0.006 1.25
LCAPL10 12.5 0.024 12.5 0.001 1.031 25 0.024 125 0.001 0.531
LCAPL15 6.25 0.024 1.56 0.012 0.75 12.5 0.024 6.25 0.002 0.563
ST1L 100 0.024 12.5 0.012 0.625 100 0.024 25 0.012 0.75
ST1D 50 0.024 25 0.012 1 50 0.024 50 0.001 1.031

concentrations lower than 25 pg/mL, while for FITC-L1D, the colonies appeared at concentrations lower than 12.5 pg/mL. Thus, 25 pg/
mL or 12.5 pg/mL were considered as their MIC values in this system and were used for the evaluation of CAMP localization patterns in
live bacteria.

The treatment of E. coli ATCC 25922 with FITC-labeled CAMPs showed that the FITC signal was localized predominantly along the
membrane surface of treated cells with slightly enhanced fluorescence at the bacterial poles and septal regions (Fig. 2A). Similar results
were obtained for E. coli K12 DH5a (data not shown). A different distribution pattern of CAMPs was observed for RFP-expressing E. coli
K12 DH5a (bearing inclusion bodies (IB) Fig. 2B), where, as shown in Fig. 2C, FITC signal was predominantly localized in IBs. IBs are
submicron proteinaceous aggregates (usually ranging from 50 to 800 nm), accumulated in cells as a result of stress or overexpression of
recombinant proteins [42,43]. Under bright field microscope, IBs are visualized as dense dark areas in the cytoplasm at the poles and
septal regions [42].

To define whether the accumulation of CAMPs in IBs could be attributed to the presence of recombinant proteins or caused by the
attraction and accumulation of CAMPs by endogenously produced protein aggregates, we subjected E. coli K12 DH5a to heat shock at
47 °C. As shown in Fig. 2D, heat shock promoted the generation of multiple aggregates inside the bacterial cells and the localization of
FITC-labeled CAMPs corresponded to the exact location of these aggregates.

3.4. The action of CAMPs on anionic lipid distribution in live bacteria

NAO is known to specifically bind to anionic phospholipids (preferentially cardiolipin) by an interaction between its quaternary
amine and the phosphate residue of the phospholipids and by an intercalation of its hydrophobic acridine moiety into the lipid bilayer
[44,45].

Before NAO staining experiments, the MIC of NAO against E. coli ATCC 25922 was determined. An antibacterial effect of NAO was
detected at 3.125 pg/mlL, thus a 13-fold lower concentration in subsequent experiments was used. In our experiments, untreated
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Fig. 2. Presence or absence of IBs results in the different distribution patterns of FITC-labeled CAMPs in E. coli cells. (A) Representative images of
LMA-encapsulated E. coli ATCC 25922 cells treated with FITC-labeled CAMPs at their MIC concentrations (as described in Materials and Methods).
(B) Bright field and fluorescent images of RFP-expressing E. coli K12 DH5« cells bearing IBs. (C) Representative images of LMA-encapsulated RFP-
expressing E. coli K12 DH5a cells treated with FITC-labeled CAMPs at their MIC concentrations. (D) Representative images of heat-shocked E. coli

DH5a cells treated with FITC-labeled peptide 24D. All images were captured with CCD camera of Olympus fluorescent microscope equipped with
100x oil-immersion objective lens. Scale bar — 2 pm. Arrows are pointing at IBs.

bacterial cells had an NAO-staining pattern similar to what we had observed in E. coli ATCC 25922 cells treated with FITC- labeled
CAMPs. However, non-fluorescent CAMPs and Temporin-L at their 4 MIC concentrations induced a significant redistribution of
anionic phospholipids observed as discrete green fluorescent domains along the bacterial cell envelope (Fig. 3A). Interestingly, when
incubated with RPF-expressing E. coli cells, NAO was predominantly localized in IBs as it was observed for FITC-labeled CAMPs
(Fig. 3B). Overall, the cells treated with CAMPs were characterized by brighter staining due to better NAO uptake. These results led to
the investigation of a potential synergy between NAO and CAMPs. As shown in Fig. 3C, NAO indeed exhibited synergy when in
combination with 24L, L1L and L1D. Also, we noticed that all the tested CAMPs induced blebbing with intense NAO fluorescence at
bleb origination sites (Fig. 3D).

3.5. Antimicrobial peptide treatment promotes blebbing and inner membrane perturbations in E. coli cells

Since bacterial blebs detach from the cell surface in a time-dependent manner, bacterial cells were immobilized by encapsulating in
LMA (as described in the Materials and Methods section). This approach allows newly formed vesicles to remain in the vicinity of the
bacterial cells even after detachment. For these experiments, E. coli K12 DH5a with a cytoplasmic expression of RFP was used.
Therefore, vesicles (if any) produced as a result of inner membrane disruption could be detected under a fluorescent microscope as the
red fluorescence of cytoplasmic RFP leaked into vesicles. As shown in Fig. 4 A,B, all the tested CAMPs (L1L, L1D, 24L and 24D) and
Temporin-L induced blebs with strong red fluorescence. The maximum percentage of blebbed cells —53% was observed for L1D, while
the minimum - 12%, was observed for Temporin-L. In untreated cells, the percentage of blebbed cells never exceeded 1%. Blebbing
was accompanied with the overall decreased fluorescence intensity of E. coli cells pointing to the leakage of cytoplasmic content. In
order to test whether ROS was involved in the generation of blebs, bacterial cells were treated with CAMPs in the presence of TU, which
is known to possess a radical scavenging activity [46]. As shown in Fig. 4A, TU significantly reduced the percentage of blebbed cells for
all the tested CAMPs but not for Temporin-L.

3.6. Interaction of peptides with the plasmid DNA

Since recent evidence suggests that CAMPs have a multi-target mechanism of action [47] and can interact with multiple anionic
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Fig. 3. CAMPs induce the redistribution of negatively charged phospholipids in E. coli cells. (A) Representative images of E. coli ATCC 25922 cells
treated with NAO alone (control) or in combination with CAMPs at their /> MIC. Arrows are pointing at NAO accumulation sites. (B) Representative
images of NAO distribution in RFP-expressing E. coli K12 DH5a cells. (C) Synergy analysis against E. coli ATCC 25922 between CAMPs and NAO was
performed by checkerboard method. MIC, and MICy are the individual MICs of CAMPs and NAO, respectively, and MICap and MICg, are the MICs of
CAMPs and NAO in combination respectively. (D) Representative images of CAMP-induced blebbing of E. coli ATCC 25922 cells stained with NAO.

Arrows pointing at bleb origination sites. All images were captured with CCD camera of Olympus fluorescent microscope equipped with 100x oil-
immersion objective lens. Scale bar — 2 pm.
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Fig. 4. CAMPs promote ROS-dependent blebbing of RFP-expressing E. coli K12 DH5a cells, accompanied by the leakage of cytoplasmic content. (A)
Percentage of blebbed cells after 10 min treatment with CAMPs or Temporin-L in the absence (blue columns) or presence (green columns) of TU. The
results are the means of at least 3 independent experiments. Error bars indicate the standard error of the mean. * (p < 0.05). (B) Representative
image of blebbed RFP-expressing E. coli K12 DH5« cells.

targets, such as DNA [21,48-50], we examined the ability of de novo CAMPs to interact with DNA by employing EMSA. As shown in
Table 4, peptides 24L, 24D, and L1L completely inhibited the migration of pUC18 plasmid DNA through the agarose gel at a molar ratio
of 1:1000, while at a molar ratio of 1:500, these AMPs only partially retarded DNA migration. The majority of the rest of the CAMPs
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partially retarded DNA migration through the gel at a molar ratio of 1:1000.

3.7. CAMPs induce DSB formation in E. coli genomic DNA

To study the ability of CAMPs to induce DSBs in bacterial genomic DNA, we selected CAMPs with different DNA-binding properties.
Live E. coli ATCC 25922 cells encapsulated in 1% LMA blocks were treated with peptides (24L, 24D, L1L, L1D, ST1L, LCAPL2, and
LCAPLS) or conventional antibiotics (levofloxacin and ampicillin) as described in the Materials and Methods section. As shown in
Fig. 5A, the pattern of background DNA damage in the cells treated with ampicillin did not differ from that of control samples,
however, levofloxacin induced the generation of DNA fragments of approximately 50 kbp. A similar but less intense DNA damage
pattern was noticed for peptides 24L, L1D, and ST1L. For 24D, L1L, LCAPL2, and LCAPL8 ~50 kbp fragments were barely detected. To
determine whether the generation of ROS was responsible for observed DSB formation, we compared DNA fragmentation patterns of
CAMP-treated samples in the presence or absence of TU. As depicted in Fig. 5B, TU did not significantly affect the formation of DNA
fragments.

4. Discussion

Our antimicrobial susceptibility testing experiments are in line with the previously described phenomenon that AMPs are fast-
acting agents and that their antibacterial activity is not dramatically affected by either low bacterial cell densities (below 5 x 10°
CFU/mL) [51] or the ability of bacteria to divide [40,52].

Numerous papers described the ability of AMPs to synergize with conventional antibiotics [23,24,53], however, to the best of our
knowledge, there are no studies describing the effect of bacterial inoculum density on the combinatorial activity of both types of
antimicrobials. In our study, a checkerboard assay between CAMPs and selected antibiotics was performed for standard (5 x 10°
CFU/mL) and 100 times lower inoculum densities.

Most of the synergistic interactions were observed for a cell density of 5 x 10° CFU/mL, while at 5 x 10® CFU/mL, synergy was only
observed for ampicillin in combination with LCAPL2 or ST1L. This may be explained by the better individual performance of anti-
microbials at a lower cell density, resulting in increased FICI values. On the other hand, 241, L1L, and L1D have shown synergy with all
the tested antibiotics at a standard inoculum density, suggesting that these CAMPs might possess similar modes of action, most
probably involving the disruption of bacterial cell envelope, making it easier for antibiotics to reach their targets. This assumption is in
line with our finding that, out of 22 peptide-antibiotic combinations that showed a potentiation effect, in about 82% of cases, the
activity of the antibiotic was potentiated by the peptide. Interestingly, all tested CAMPs showed the ability to potentiate an antibiotic in
at least one combination. Earlier the potentiating properties of antimicrobial peptides were reported for several peptide/
peptidomimetic-antibiotic combinations (e.g. a combination of daptomycin with ampicillin) [53,54]. Therefore, it can be
concluded that de novo peptides used in this work have the potential to enhance the activity of ampicillin, gentamicin, and levofloxacin
against E. coli ATCC 25922 strain depending on particular favorable conditions, such as bacterial cell density.

In order to investigate the mechanism of action of CAMPs on the bacterial envelope, we selected 4 CAMPs (L1L, L1D, 24L, and 24D),
3 of which have revealed a synergy with all the tested antibiotics at a standard inoculum density. Our microscopy studies have shown
that all the tested FITC-labeled CAMPs and NAO have a similar staining pattern with preferential localization on the bacterial cell
surface with slightly more enhanced fluorescence in the regions of bacterial poles and septa that are characterized by an abundance of
anionic charge. However, after simultaneous treatment with NAO and CAMPs, the redistribution of anionic phospholipid domains was
noticed. These observations are in line with previous studies [55-57]. Since it was shown that NAO acts synergistically with CAMPs,
the lipid redistribution pattern cannot be solely attributed to CAMPs. Also, the observed synergy between NAO and CAMPs provides an
explanation for the enhanced NAO fluorescence intensity when administered in combination with peptides. The possible mechanism

Table 4

Electro mobility shift assay (EMSA) results of CAMPs at two different DNA:
peptide molar ratios. F — full retardation; P — partial retardation; N — no
retardation.

DNA: Peptide

Peptides
1:1000 1:500

24L

24D

L1L

L1D
LCAPL2
LCAPL4
LCAPL8
LCAPL9
LCAPL10
LCAPL14
LCAPL15
STIL

T YWY ZNYYHmH o
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Fig. 5. CAMPs induce ROS-independent DSBs in genomic DNA of E. coli ATCC 25922. (A) LMA-encapsulated cells were treated with CAMPs (100
pg/mL), levofloxacin (0.5 pg/mL), or ampicillin (50 pg/mL) (see Materials and Methods section) and DSB formation was monitored using PFGE.
Lane 1 - levofloxacin; Lane 2 — ampicillin; Lane 3 — L1L; Lane 4 — L1D; Lane 5-24L; Lane 6-24D; Lane 7 — LCAPL2; Lane 8 — LCAPLS; Lane 9 —
untreated cells; (B) LMA-encapsulated cells were treated with peptides 24L, L1D, and ST1 in the absence (lanes 2, 4, and 6) or presence (lanes 3, 5,
and 7) of 100 mM TU. Lane 1 and Lane 8 show levofloxacin and untreated cells, respectively. For full images please see Supplemental Material.

might involve CAMP-induced permeabilization of the bacterial outer membrane. This, in turn, could lead to improved accessibility of
NAO to its target in the bacterial inner membrane.

In order to study the impact of CAMPs on bacterial inner membrane, we conducted experiments on RFP-expressing E. coli K12
DH5a. These studies further confirmed the inner membrane perturbing properties of CAMPs. We showed that all the tested CAMPs as
well as Temporin-L induce formation of blebs and vesicles with intense RFP fluorescence, thus proving dramatic perturbations in the
inner membrane of treated cells. Bacterial cell blebbing was previously described for several natural antimicrobial peptides [20,58].
For example, synthetic cathelicidin BM 22 was reported to induce the generation of reactive oxygen species by disrupting the
membrane-bound aerobic respiratory electron transport chain leading to the accumulation of ROS and bleb formation. ROS scavenger
TU reduced cellular ROS levels and overcame these bactericidal effects [20]. In our experiments, treatment with TU resulted in the
significant change of percentage of blebbed cells for all the tested CAMPs. However, in the case of Temporin-L, TU did not affect the
reduction of blebbed cell counts. The observations that TU did not fully reverse CAMP-induced blebbing and that Temporin-L-induced
blebbing was not affected by the presence of TU probably indicate that some other mechanisms (other than ROS) might also be
involved in this process.

We also showed that IBs (if present in bacterial cells) represent the main localization sites for CAMPs. Since IBs are localized in the
proximity of the regions with altered membrane curvature [59,60] the uptake of CAMPs might be easier at these specific sites, allowing
IBs to absorb harmful substances (peptides, in this case) and lower their overall concentration for the rest of the cells thus promoting
their survival. Indeed, recent reports suggest that protein aggregates help bacteria to cope with proteotoxic stresses and improve
survival during antibiotic exposure [37,61]. Further research is needed to understand the mechanisms and outcomes IB-CAMPs
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interactions.

In addition to causing destruction of bacterial cell morphology and eventual cell death, numerous studies have also reported that
AMPs provoke DNA damage in bacterial cells [62,63]. In our experiments several CAMPs were shown to induce DSBs in bacterial
chromosomal DNA, resulting in the formation of DNA fragments of the similar length as those produced by gyrase inhibitor levo-
floxacin [64]. However, the generation of ~50 kbp DNA fragments was not affected by the presence of TU and, also, it did not show any
correlation with the ability of CAMPs to form complexes with DNA. Our results propose that the DSBs are neither a result of a direct
peptide- DNA interaction nor the consequence of ROS. Instead, the observed DSB formation may be due to the impaired osmoregu-
latory capacity of E. coli cells, resulting in structural changes to the genome that hinder DNA replication [65] in a manner similar to the
mechanism of action of the replication-targeting antibiotic levofloxacin [64].

In this study we evaluated antimicrobial potencies of D enantiomers of three CAMPs 24L, L1L, and ST1L. D variants of all three
CAMPs have shown higher antibacterial performance regardless bacterial density and metabolic state of bacteria. Also the substitution
of 1-amino acids with their D-variants effected the ability of CAMPs to synergize with antibiotics and induce genomic DNA damage in
E. coli cells. For example out of 3 CAMPs exhibiting synergistic interactions with antibiotics, D enantiomer of only one CAMP - L1L
retained the property to synergize with antibiotics. Also differences between enantiomers were noticed in their ability to induce
genomic fragmentation in E. coli cells (DNA damage was observed for 24L and L1D but not for 24D and L1L). It is well established that
substitution of L-amino acids with their D — counterparts protects CAMPs from protease degradation [28,33], however in our studies
only the enhanced antibacterial activity of D-enantiomers, but not their ability to synergize with antibiotics and induce DNA damage,
can be easily attributed to their stability towards proteases.

Overall, our data indicate that all de novo CAMPs used in this study are able to potentiate antibiotics probably through the
destabilization of bacterial envelope. Together with membrane disruptive properties, de novo CAMPs could also promote genomic DNA
fragmentation. These findings contribute to a better understanding of the unique properties of CAMPs.
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