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Investigating specific bacterial resistance to AMPs by
using a magainin l-resistant Escherichia coli model

Keyla C de Almeida'?, Thais B Lima!, Dielle O Motta!, Osmar N Silva!, Beatriz S Magalhaes!,
Simoni C Dias! and Octavio L Francol?

Antimicrobial peptides (AMPs) are multifunctional compounds that may show antimicrobial and immunomodulatory activities.
With the rapid increase in the incidence of multidrug-resistant bacteria, there is an enormous interest in AMPs as templates for
the production of new antibiotics. However, there are concerns that the therapeutic administration of AMPs can select resistant
strains. In order to distinguish between resistant and non-resistant strains and verify resistance specificity to AMPs, in this
study a magainin I-resistant Escherichia coli model was used. First, the identity of all strains was confirmed by matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF)-MS, VITEK 2 and MicroScan, and the susceptible and magainin-resistant

strains were successfully differentiated by MALDI-TOF-MS analysis. Furthermore, cross-resistances to a broad spectrum of
antibiotics were evaluated, showing that all E. coli strains are susceptible to the drugs tested, suggesting that the resistance
seems to be specific to AMPs. Finally, the specific resistance to magainin | compared with other AMPs was checked by
microdilution. This experiment showed that the magainin MICs were 62 and 104 pum for susceptible and resistant strains,
respectively. The other AMPs MICs were 3.4 um to proline-arginine-rich 39-amino-acid peptide, 43 um to porcine myeloid
antimicrobial 23-amino-acid peptide-23 and 1.2 pm to cecropin P1 for all strains, demonstrating any additional resistance to
peptides here evaluated, confirming that the resistance seems to be essentially specific to magainin I. In summary, the data
reported here reinforce the proposal that magainin | seems not to be merely a membrane disruptor, probably showing additional

molecular targets in pathogenic bacteria.
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INTRODUCTION

There is an emerging global health concern: while bacteria increas-
ingly adapt and develop mechanisms to become resistant to the broad
spectrum of conventional antimicrobial drugs, the discovery and
development of new antibiotic drugs is clearly in decline.!> Infectious
diseases caused by resistant bacteria are commonly associated with
higher mortality and morbidity levels in hospitals worldwide.* This
situation is made even worse by a poor pipeline for the discovery of
new antibiotics to treat health-care-associated multidrug-resistant
Gram-negative infections such as in Klebsiella ssp., Enterobacter ssp.
and Escherichia coli.”

For this reason, studies have been carried out to identify target
molecules that could be the focus for the development of new
therapeutic drugs to combat resistant pathogens and to treat severe
infectious diseases.® In this context, the antimicrobial peptides
(AMPs), commonly produced with an innate immune response by
microorganisms, plants and animals alike, have generated interest as
promising lead compounds for new classes of antimicrobial drugs.”~

AMPs are effective small polypeptides widespread among organ-
isms ranging from the microorganism to humans.'®12 Their

mechanisms of action are not fully elucidated,® but in general they
are correlated with direct interaction on bacterial membranes to form
pores leading to membrane disturbance and cell lysis.!*!* Additional
mechanisms of action and targets include inhibition of DNA, RNA
and protein synthesis, inhibition of membrane proteins and enzymes,
activation of autolysins, interference in cell wall formation, formation
of macropinosomes'>™8 and immunomodulatory activities,'>?° that
is, angiogenesis, cytokine production, chemotactic function,?!
histamine and prostaglandin release and modification of cell
migration and maturation.!* The mechanisms of AMP action seem
to be highly complex, and these mechanisms might work together to
provide a potential antimicrobial activity.

The magainins isolated from a skin secretion of the African clawed
frog Xenopus laevis,?? are o-helical cationic peptides of 23 amino-acid
residue length with bactericidal activity. So far, the main proposed
modes of action for magainins are correlated with the random
insertion of the peptide hydrophobic regions into the bacterial
membrane, forming pores, disturbing membrane stability and
further causing cell membrane disruption.'*?* However, the
internalization of magainin by E. coli has been observed, suggesting
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a possible intracellular target and perhaps a different and more
complex mechanism of action than only membrane pore formation.'®

Despite the complexity of their mechanisms of action, resistance to
AMPs due to bacterial adaptation has been observed for Salmonella
enterica with resistance to PR-39 (proline-arginine-rich 39-amino-
acid peptide),?* and E. coli resistant to magainin 12> To explore the
mechanisms of action and resistance to AMPs, we sought a bacterial
AMP-resistant model among susceptible and magainin I-resistant
strains of E. coli. The E. coli strains were first differentiated between
susceptible and resistant strains to magainin I by using matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF)-MS analysis
and then the level of resistance specificity to magainin I was evaluated
and compared with other AMPs and antibiotics.

MATERIALS AND METHODS

Bacterial strains

The magainin I susceptible and resistant strains were prepared from E. coli ATCC
8739 (American Type Culture Collection, Manassas, VA, USA) as previously
described.?> Briefly, a single colony of E. coli ATCC 8739 isolated by the streak
method in Luria-Bertani (LB) solid medium was cultivated in LB broth at 37 °C,
shaking at 240r.p.m. for 16h in the absence or presence of magainin I at
0.5x MIC in order to induce resistance.”® After 10 successive propagations
under the same experimental conditions, the colonies selected were grown in LB
liquid medium at 37 °C and shaken at 240 r.p.m. for 16 h; the inoculums were
stored in sterile 10% glycerol at —80°C until the experiments. The bacterial
suspensions stock of the magainin-resistant colonies were named R1, R2 and R3,
and the control magainin-susceptible colonies were called C1, C2 and C3; these
were used in all of the ensuing experiments.

Strain identification by automated microbiological systems

The culture strains (E. coli C1, C2 and C3 controls; R1, R2 and R3 magainin-
resistant strains) were propagated on LB agar plates and then sub-cultured on
MacConkey agar plates at 37 °C for 16 h. After this, the bacterial inoculum for the
MicroScan WalkAway system (Siemens Healthcare Diagnostics, Deerfield, IL, USA)
was prepared with a wand by the Prompt Inoculation System (3M Company,
St Paul, MN, USA) in a standard manufacturer’s solution for all tested strains, and
the MC50 test panel wells were loaded with Renok rehydrating (Siemens
Healthcare Diagnostics). The bacterial suspension for the VITEK 2 system
(BioMérieux, Durham, NC, USA) was prepared with 1-3 colonies from each
strain diluted in 0.9% saline. In the turbidity meter DensiChek (BioMérieux), the
turbidity was adjusted to 0.5 McFarland standard according to manufacturer’s
directions, and this inoculum was immediately used to load the ID-GNBcard for
Gram-negative identification. For bacterial identification via automated systems,
the biochemical results obtained after sample incubation were compared against
the taxonomic database from the software, and a numerical probability calculation
was performed to determine a numerical value for proximity. On the basis of
numerical probability calculation, different confidence levels of identification were
assigned, such as 96-99% of probability, excellent; 93-95%, very good; 89-92%,
good; 85-88%, acceptable.

MALDI-TOF-MS strain identification

In order to carry out identification of the strains and differentiate between
resistant and susceptible, MALDI-TOF-MS and BioTyper software version 3.0
(Bruker Daltonics, Fremont, CA, USA) were used. The samples for MALDI-
TOEF-MS were prepared as previously described.?” First, the E. coli magainin
susceptible (C1, C2 and C3) and the E. coli magainin-resistant (R1, R2 and R3)
strains were cultured for 12h at 37 °C in solid LB medium. Then six colonies
of each strain were individually homogenized in 1ml of 70% ethanol. The
suspensions were centrifuged at 13000¢ for 2min and the supernatant was
discarded. The pellet was resuspended in 10 pl of 70% formic acid and 100%
acetonitrile in a 1:1 ratio (v/v). Following homogenization, the samples were
centrifuged at 13000¢ for 2min. Then, 1pl of the final supernatant was
applied to a MALDI plate (Bruker Daltonics) and air dried at 25°C, and a
further 1 ul of a saturated matrix solution of o-cyano-4-hydroxycinnamic acid
(10 mgml ') in 0.3% trifluoroacetic acid and 50% acetonitrile was added. The
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samples were analyzed on a Microflex LRF mass spectrometer (Bruker
Daltonics) using the model-based testing method in a positive linear mode.
More than 24 spectra of each strain were acquired over the /z range of 2000~
20000 for protein profile generation.

Bruker MALDI BioTyper spectral analysis

The acquired spectra of each strain were smoothed; the baseline was corrected
and compared against MALDI Biotyper database version 3.0, which contains
3995 reference microorganisms. The standard parameters of the pattern-
matching algorithm were applied. The MALDI Biotyper break points consist of
a log (score) in the range 0-3.0 by comparing the peak list for an unknown
strain with the reference database, and a score (log) near 2.0 is considered a
good correlation within species level.?8

MSP dendrogram

The 24 mass spectra acquired by MALDI-TOF-MS for each strain were used to
construct a main spectrum profile (MSP) to allow bacterial differentiation
between the susceptible and resistant E. coli strains to magainin I. The MSP
dendrogram was performed using the standard parameters of the flexAnalysis
software (Bruker Daltonics) considering the mass range from 3000 to
15000 Da with a resolution set to one, the factor of compression set to 10,
tolerance of distance of 300, tolerance of peak 25, intensity correction function
0.25, the baseline subtracted and intensity smoothed by the Savitzky Golay
algorithm. For the differentiation between resistant or susceptible E. coli
strains, the MSP of the E. coli strains were compared with each other and they
were clustered in an analysis tree.

Antimicrobial susceptibility assay via MicroScan and VITEK 2
systems

The bacterial suspensions of all susceptible and magainin I-resistant strains
were prepared according to the manufacturer’s directions, as described above
in strain identification by automated microbiological systems. The antimicro-
bial susceptibility testing was performed using the MC50 test panel and the
AST-N105 test card for the MicroScan WalkAway system (Siemens) and
VITEK 2 system (BioMérieux), respectively. The broad spectrum of antibiotic
resistance was tested for amikacin, ampicillin, amoxicilin/clavulanate, aztreo-
nam, cefepime, cefotaxime, cefoxitin, cefazolin, ceftazidime, ceftriaxone,
cefuroxime, ciprofloxacin, gentamicin, levofloxacin, meropenem, imipenem,
ertapenem, piperacillin, piperacillin/tazobactam, tetracycline, ticarcillin/clavu-
lanate, tobramycin and trimethoprim/sulfamethoxazole via the MicroScan
system and for amikacin, ampicillin, ampicillin/sulbactam, piperacillin/tazo-
bactam, aztreonam, cephalothin, cefepime, cefotaxime, cefoxitin, ceftazidime,
ciprofloxacin, colistin, gentamicin, meropenem, imipenem, ertapenem and
tigecycline via the VITEK 2 system. After incubation, the automated systems
calculated the MIC for each antimicrobial tested, and the strain was classified
as susceptible (S), intermediate (I) and resistant (R) according to the
interpretative break points for MIC described in the Clinical and Laboratory
Standards Institute document M100-522.%°

Evaluation of AMP susceptibility

Magainin I (Peptide 2.0, Chantilly, VA, USA), cecropin P1, PMAP-23 (porcine
myeloid antimicrobial 23-amino-acid peptide) and PR-39 (Shanghai Hanhong
Chemical, Shanghai, China) were synthesized by the Fmoc (9-fluorenylmethyl
carbamate) method. These peptides were chosen according to two main
characteristics. First, they are from the same family of magainin I, the
cathelicidins, and second, cecropin P1 and PMAP-23 have a similar magainin
I mode of action. In contrast, PR-39 has a completely different mechanism of
action, allowing the other AMPs and magainin I to be compared. The
lyophilized powder of these peptides was reconstituted in ultrapure sterile
water and stored at —80 °C until use. The concentration and purity (>95%
purity) were assessed by MS analyses using an Autoflex Speed mass spectro-
meter (Bruker Daltonics) by the model-based testing method in a positive
linear mode over the range of 500-5000Da.?® In order to determine the
peptide’s MICs, all the E. coli strains were tested in a 96-well polypropylene
microplate by the broth microdilution method according to the Clinical and
Laboratory Standards Institute document M07-A9.3° The bacterial suspension
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Figure 1 Matrix-assisted laser desorption ionization-time of flight mass spectra of E. coli strains. C1-3, magainin |-susceptible control strains; R1-3,

magainin |-resistant strains. The proteins were analyzed on a Microflex LRF mass spectrometer in positive linear mode using the model-based testing

method. Axis ‘Y’ shows the intensity and axis ‘X’ shows mass/charge.

was inoculated to a final concentration of 5x 10°CFUml~! in LB broth
containing increasing concentrations of the peptides at 1.2-124 um. Milli-Q
water (EMD Millipore, Billerica, MA, USA) and LB without peptides were
used as negative controls and chloramphenicol 99 um was applied as a positive
control. The plates were incubated at 37 °C for 12h with stirring at 40 r.p.m.
and the end point of bacterial growth was measured at 595nm. The
experiment was performed in triplicate.

RESULTS
Strain identification by automated systems and MALDI-TOF-MS
The VITEK and MicroScan systems identified the magainin
I-resistant and -susceptible E. coli strains with confidence identifica-
tion levels of 95% and 99.99%, respectively (data not shown). The
Bruker Biotyper MALDI-TOF-MS analyses matched all magainin
I-resistant and -susceptible E. coli strains present in the database
consistent with a log pattern-algorithm score of 1.93, which is
considered a reliable correlation within species levels (Figure 1).
The MALDI-TOF-MS analysis in positive linear mode from 2000
to 20 000 Da demonstrated a similar, but not identical, protein profile
among all magainin I-resistant and -susceptible E. coli strains
(Figure 1). An MSP dendogram constructed using flexAnalysis
software was used to generate an MSP dendogram to analyze all 24
acquired spectra from each strain, and the results were compared in a
cluster tree. The MSP dendrogram showed a clear group cluster
difference between magainin I-resistant and -susceptible strains owing
to subtle modifications in molecular masses between magainin
I-resistant and -susceptible strains (Figure 2).

Susceptibility to antimicrobial drugs
With the aim of analyzing the resistance specificity to magainin I,
the magainin-resistant and -susceptible E. coli strains, we used
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Figure 2 Main spectrum profile (MSP) dendrogram obtained from ‘MSPs’ of
E. coli strains (C1-3, magainin I-susceptible control strains; R1-3,
magainin |-resistant strains).

the Vitek and MicroScan automated expert systems to test
bacterial susceptibility to 27 antibiotics used in clinical practice.
These represent 11 distinct antimicrobial classes with distinct
mechanisms of action correlated with bacterial metabolism and the
physiologic process, such as DNA replication, translation and
biosynthesis of the bacterial cell wall.® The antimicrobial
susceptibility testing results, interpreted according to the
Clinical and Laboratory Standards Institute?’ parameters, showed
that all of the magainin-resistant and -susceptible strains were
susceptible to all of the antibiotics tested (Tables 1 and 2), confirming
that AMP resistance is very specific and distinct to that observed for
antibiotics tested.
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Table 1 Comparison of MICs determined by VITEK 2 and MicroScan systems

MICs (ugmi—1)

E. coli magainin-susceptible strains E. coli magainin-resistant strains

CI c2 c3 R1 R2 R3
Antibiotic vz MS vz MS vz MS vz MS vz MS vz MS
Amikacin <2 <8 <2 <8 <2 <8 <2 <8 <2 <8 <2 <8
Amoxicillin/clavulanate <8/4 <8/4 — <8/4 <8/4 — <8/4 — <8/4
Ampicillin <2 <8 <2 <8 <2 <8 <2 <8 <2 <8 <2 <8
Ampicillin/sulbactam <2/1 — <2/1 — <2/1 <2/1 — <2/1 — <2/1 —
Aztreonam <1 <4 <1 <4 <1 <4 <1 <4 <1 <4 <1 <4
Cephalothin 4 — <2 — 4 <2 — <2 — 4 —
Cefazolin — <2 — <2 — <2 — <2 — 2 — <2
Cefepime <8 <1 <8 <1 <8 <1 8 <1 <8 <1 <8
Cefotaxime <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Cefoxitin <4 <8 <4 <8 <4 <8 <4 <8 <4 <8 <4 <8
Ceftazidime <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Ceftriaxone <1 <1 — <1 — <1 <1 — <1
Cefuroxime <4 <4 — <4 <4 <4 <4
Ciprofloxacin <0.2 <1 <0.2 <1 <0.2 <1 <0.2 <1 <0.2 <1 0.2 <1
Colistin <0.5 — <0.5 — <0.5 — <0.5 — <0.5 — <0.5 —
Ertapenem <05 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 < <0.5 <0.5 <0.5
Gentamicin <1 <4 <1 <4 <1 <4 <1 <4 <1 <4 <1 <4
Imipenem <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Levofloxacin — <2 — <2 — <2 — <2 — <2 — <2
Meropenem <0.2 <1 <0.2 <1 <0.2 <1 <0.2 <1 <0.2 <1 <0.2 <1
Piperacillin <16 <16 <16 <16 <16 — <16
Piperacillin/tazobactam — <1l6/4 — <16/4 — <le/4 — <l6/4 — <1l6/4 — <le/4
Tetracycline — <4 — <4 — <4 — <4 — <4 — <4
Ticarcillin/clavulanate — <16/2 — <16/2 — <16/2 — <16/2 — <16/2 — <16/2
Tigecycline <05 — <0.5 — <0.5 — — <0.5 — <0.5 —
Tobramycin — <4 — <4 — <4 — <4 — <4 — <4
Trimethoprim/sulfamethoxazole — <2/38 — <2/38 — <2/38 — <2/38 — <2/38 — <2/38

Abbreviations: MS, MicroScan WalkAway (Siemens); V2, VITEK 2 (BioMérieux).

C1, C2 and C3 represent magainin I-susceptible £. coli strains; R1, R2 and R3 represent magainin I-resistant E. coli strains; — indicates not tested. Numerical values are expressed in pgml 1.

Evaluation of magainin I-resistant E. coli strains for susceptibility/
resistance to AMPs

The three cationic AMPs magainin I, cecropin P1 and PMAP-23, with
a mechanism of action related to cell lysis mediated by pores in
bacterial membranes,!>!* and PR-39, with a mechanism of action
related to interruption of DNA and protein synthesis®* (Table 3),
allowed a comparison between magainin I and other AMPs.

Susceptibility to AMPs was also tested by the broth microdilution
method. The magainin I MICs for magainin I-susceptible, and
-resistant strains were 62 um and 104 pum, respectively (Table 4). There
were no differences in MICs between magainin I-susceptible and
-resistant strains for the other cationic AMPs. The MICs were 3.4, 43
and 12pm for PR-39, PMAP-23 and cecropin PI, respectively
(Table 4).

According to this, no cross-resistance was developed by the
magainin-resistant strains for the AMPs tested, and this shows that
the resistance observed in R1, R2 and R3 strains seems to be
essentially specific to magainin I. The resistance specificity to
magainin, evaluated by antimicrobial susceptibility testing and the
microdilution method, demonstrates that this AMP seems not to be
merely a membrane disruptor, probably having diverse other targets
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among pathogenic bacteria. The same could be concluded for the
other peptides evaluated here.

DISCUSSION
The prevalence of multidrug-resistant bacterial pathogens has inspired
a widespread search for new antibacterial agents. In this regard, AMPs
may be promising because it is apparently difficult for bacteria to
develop resistance to these peptides.>3!-32

In this work, the specificity of resistance to AMPs was investigated
by using a magainin I-resistant bacterial model to contribute to a
better understanding of magainin’s mode of action and resistance.
This model was provided by successive propagations with E. coli
ATCC 8739 at sub-inhibitory concentration of magainin I in
accordance with Maria-Neto et al?® to promote magainin
I-resistant strains. Multiple mechanisms of action are involved in
the antimicrobial activities observed with various magainin classes. In
turn, magainin-resistant bacteria appear to have several mechanisms
of action likely the result of a complex defense system, much of which
has not yet been described in the literature.?®

The automated expert systems, that is, VITEK 2, BD Phoenix and
MicroScan WalkAway>? are often applied in microbiology analysis



and allow bacterial identification through a comparison between the
colorimetric reaction and fluorescence quantification results obtained
from classical biochemical analysis and the database available from
the equipment software.’* Then, all the strains were identified as
E. coli, as expected, with a 95% score, which is considered very high

Table 2 Antimicrobial susceptibility testing comparison
interpretation of E. coli strains using a common antibiotic between
VITEK and MicroScan systems

Susceptibility interpretation

Cl cz2 c3 RI1 R2 R3

Magainin I-resistance specificity
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accuracy for Vitek software, and a 99.99% score, considered excellent
confidence for MicroScan analysis.

In our studies, the VITEK 2, BD Phoenix and MicroScan Walk-
Away automated expert systems both successfully identified all of the
E. coli strains in about 24—48 h. In contrast, the MALDI-TOF-MS for
rapid strain identification, had comparable accuracy but was capable
of precisely identifying many strains in a single analysis within a few
minutes. We propose therefore, that this tool in the clinical laboratory
would allow rapid and precise identification of clinical pathogens at
reduced cost and time, resulting in more rapid initiation of appro-
priate chemotherapy,>*® and probably fewer therapeutic failures
owing to the use of ineffective antibiotics.*

In addition, MALDI-TOF-MS analyses allowed the distinction of
susceptible and magainin I-resistant bacteria (Figure 2), which as far
as we know is described here for the first time in the literature. This

Antibiotic vz MS vz MS vZ2 MS V2 MS V2 MS V2 MS

result demonstrated that the difference between the degree of distance
Amikacin $ $ 8 8 8 8 85 S 8 S S S from susceptible and resistant strains could be correlated with subtle
Amoxilin/clavulanate —-—S$ -8 — 8 — 8 — 8 — S physiological differences, allowing molecular mass modifications and
Ampicillin S 8 S 8 S 8 S 8 S 8 S S (difference in ions’ intensity, which can be easily detected by MALDI-
Ampicillin/sulbactam S S S S S S TOF-MS analysis.37’38
AZtreonam. 55 S8 S8 S8 SSSS MALDI-TOF-MS has been used to rapidly discriminate bacterial
Cephalothin S S S S S S . . . e . . e .
Cefarolin s s s _ s _ s _ s strains resistant to a 51.ngle ar'1t1b10t¥c or multhle antlbl(?tlcs, such 'as
Cefepime S s s s S s s s s s s s Streptocoqus pneumoniae strgms re51sta1‘1c4e Fo c1p‘roﬂoxac1n, ofloxacin,
Cefotaxime S s s s s s s s s s s g levofloxacin or moxifloxacin,®® methicillin-resistant Staphylococcus
Cefoxitin S S S S S S S s s s s g aureus strains*®*0 and antibiotic-resistant E. coli.>®*!
Ceftazidime S S S S S S S S S S s s Our data demonstrate that magainin resistance was specific and
Ceftriaxone _ s _— § —_— § — 5 — 5 _— s there does not appear to be cross-resistance to antibiotic resistance. A
Cefuroxime _ s —_ s —_— § — s — s _— g recent study by our group, which examined comparative proteomics
Ciprofloxacin S S S S S S S s s s s s ofmagainin I-resistant E. coli strains, showed similar growth profiles
Colistin? S — s — s — S — s — S —
Ertapenem s § § §$ § § § § S § S S
Gentamicin S S S S S S S S S s s s Tabled4 MICs of distinct cationic antimicrobial peptides tested in the
Imipenem S S S S S s s s s s s s Ecolistrains
Levofloxacin - s - SsS - s —§ — § — S
Meropenem S S S S S S S S S S s s MICs (um)
Piperacillin S S S — S S S
Piperacillin/tazobactam - S - s$ — s — s — s — S Peptides ATCC 8739 Cl1 c2 Cc3 RI R2 R3
Tetracycline - S - SsS — s — 8§ — § — 8§
Ticarcillin/clavulanate - SsS — 8§ — 8§ — 8§ — § — 8§ Magainin | 62 62 62 62 104 104 104
Tigecycline? s - § _— § — s — s _— s Cecropin P1 1.2 1.2 1.2 1.2 1.2 1.2 1.2
Tobramycin _ s —_ § —§ — s — s — s PMAP-23 43 43 43 43 43 43 43
Trimethoprim/ _ s _ § _ s _— s _ s _— s PR-39 3.4 3.4 3.4 3.4 3.4 3.4 3.4

sulfamethoxazole

Abbreviations: MS, MicroScan WalkAway (Siemens); S, sensitive; V2, VITEK 2 (BioMérieux).
Results obtained according to the interpretive criteria of the Clinical and Laboratory Standards
Institute (CLSI) M100-S23. C1, C2 and C3 represent magainin |-susceptible E. coli strains;
R1, R2 and R3 represent magainin I-resistant E. coli strains; — indicates not tested.
2Interpretative break points obtained from software analysis, as no parameters were found in
CLSI 2012 and 2013 tables.

Abbreviations: ATCC, American Type Culture Collection; PMAP-23, porcine myeloid
antimicrobial 23-amino-acid peptide; PR-39, proline-arginine-rich 39-amino-acid peptide.

The MICs were obtained by the broth microdilution method according to MO7-A9 document
(Clinical and Laboratory Standards Institute, 2012) with peptide concentrations ranging from
1.2 to 124 pw; E. coli original strain ATCC 8739; C1-3, magainin |-susceptible control strains;
R1-3, magainin I-resistant strains; Milli-Q water and LB were used as negative controls and
chloramphenicol 99 um was applied as a positive control. The experiment was performed in
independent triplicates with 1 x 10 UFC ml~! bacterial culture for 12h at 37 °C.

Table 3 Properties of cationic antimicrobial peptides tested in the E. coli strains by the broth microdilution test

Molecular
Peptides  Sequence mass (Da) Isolated source Mechanism of action References
Magainin  GIGKFLHSAGKFGKAFVGEIMKS 2409  African frog Xenopus laevis Forming pore to bacterial membrane 22,25,55,56
| skin secretion
Cecropin  SWLSKTAKKLENSAKKRISEGIAIAIQGGPR 3338  Porcine small intestine Forming pore to bacterial membrane 42,43,45,50,53,54
P1 nematode Ascaris suum
PMAP-23 RIIDLLWRVRRPQKPKFVTVWVR 2961 Porcine bone marrow Forming pore to bacterial membrane 42,43,48,49
PR-39 RRRPRPPYLPRPRPPPFFPPRLPPRIPPGFPPRFPPRFP 4719  Porcine small intestine Interruption of DNA and protein synthesis ~ 42:43,51-53

tissue and immunomodulatory functions

Abbreviations: PMAP-23, porcine myeloid antimicrobial 23-amino-acid peptide; PR-39, proline-arginine-rich 39-amino-acid peptide.
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between susceptible and resistant strains. However, the most impor-
tant protein differences in resistant strains were directed to improve
cell energy maintenance (~49% of differential identified cytosolic
proteins), suggesting an intense energy metabolism in the magainin-
resistant strains.”® In summary, data reported here introduce a new
understanding of magainin-specific bacterial resistance.

The AMPs tested in this study, PMAP-23, cecropin P1 and PR-39
are all members of the cathelicidin family of magainin peptides. Both
the cathelicidins and the defensins, belong to a large group of
primarily cationic, amphipathic AMPs active at the microbial
membrane.>*? Cathelicidins are found in myeloid (also named
myeloid AMPs) and epithelial tissues, isolated from diverse
organism521’43 that is, the cecropins from insect tissues,** the
magainins from frog skin?> and cecropin P1 from a porcine
nematode.*’

The cathelicidin family members vary in amino-acid sequence
(Table 3), structure and size.*>*® They have complex mechanisms of
action, usually associated with their charge and hydrophobicity
pattern, which enable bacterial membrane binding and control
subsequent antimicrobial activity.*” In order to verify the specificity
of resistance to magainin I, all magainin-resistant and -susceptible
strains were tested by microdilution with the cathelicidin family
members, PR-39, PMAP-23, cecropin P1 and also magainin I. PMAP-
23, identified from ¢cDNA cloning encoding a putative AMP precursor
of porcine bone marrow*®*° and cecropin P1, first isolated from the
porcine small intestine nematode Ascaris suum,*>0 are amphipathic
a-helical peptides, composed of 23 and 31 amino-acid residues,
respectively. The PR-39, originally isolated from the porcine small
intestine,’! is a linear AMP with 39 amino-acid residues and an
unusual high proline content (~49%) and arginine (~26%) residues
(Table 3).43 PR-39 AMP mediates bacterial killing via a mechanism
that is not involved in pore formation and cell lysis, mainly through
stereospecific interaction with bacterial cells, resulting in the
interruption of DNA and protein synthesis,?**>2 whereas
the antimicrobial activity of PMAP-23 and cecropin P1 is related to
the amphipathic helix interaction and penetration into the lipid
bilayer bacterial membrane, forming pores and causing its disruption
in a manner similar to that proposed for magainins.*>3>*

Every peptide’s mechanism of action described above, similarly to
magainin mechanism of action,*>°>°0 has been associated with the
peptide structural conformation, allowing interaction with a bacterial
cell either with or without translocation across biological
membranes.2#*3°2 However, the microdilution results demonstrated
that the magainin-resistant strains have not developed cross-resistance
to the other AMPs tested (Table 4). These data suggest that the
resistance seems to be specific to magainin I in all the resistant strains
(R1, R2 and R3), as it was only reported for this AMP (Table 4).

Magainin I-specific resistance reported here, indicates that the
previously reported magainin mechanism of action, formation of
toroidal pores in the bacterial membrane,’ is probably not as simple
as previously thought. In contrast, these data suggest that the AMPs
have a much more complex mode of action, and in accordance with
previous reports, is not the result of a single molecular mechanism.?®
This suggests that there may well be other cathelicidins effective
against magainin-resistant bacteria.

The precise AMP mechanism of action still remains to be
elucidated, and the understanding of AMPs properties can be of
extreme importance for clinical development of peptide-based thera-
pies. The study reported here describes the specificity of but one of a
large family of AMPs. Future research using different bacterial
resistance models are warranted to broaden our knowledge of AMPs
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in an effort to identify potential candidate peptides with a high
potential for clinical application as novel antimicrobial agents to treat
emergent multidrug-resistant bacteria.
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