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Abstract Microcin J25 (MccJ25) is an antibacterial
peptide with a peculiar molecular structure consisting of
21 amino acids and a unique lasso topology that makes
it highly stable. We synthesized various MccJ25-derived
peptides that retained some of the inhibitory activity of the
native molecule against Salmonella enterica and Escheri-
chia coli. Of the tested peptides, C1, 7-21C and WK_7-21
were the most inhibitory peptides (MIC = 1-250 uM), but
all three were less potent than MccJ25. While MccJ25 was
not active against Gram-positive bacteria, the three derived
peptides were slightly inhibitory to Gram-positive bacte-
ria (MIC > 250 uM). At 5 uM, C1, 7-21C and WK_7-21
reduced E. coli RNA polymerase activity by respectively,
23.4, 37.4 and 65.0 %. The MccJ25 and its derived peptides
all appeared to affect the respiratory apparatus of S. enter-
ica. Based on circular dichroism and FTIR spectroscopy, the
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peptides also interact with bacterial membrane phospholip-
ids. These results suggest the possibility of producing potent
MccJ25-derived peptides lacking the lasso structure.

Keywords Antimicrobial peptides - Microcin J25 - Solid
phase peptide synthesis - Antibacterial activity - Mode of
action

Introduction

Microcin J25 (MccJ25) is a 21-residue ribosomally synthe-
sized bactericidal peptide with an unusual lariat protoknot
structure (Bayro et al. 2003; Wilson et al. 2003; Rosengren
et al. 2003). It is produced by Escherichia coli strains that
harbor the plasmid-borne mcjABCD biosynthetic gene clus-
ter (Solbiati et al. 1996). Mature MccJ25 is produced from
a 58-amino-acid precursor called McjA following cleavage
by ATP-dependent cysteine protease McjB and intramolec-
ular cyclization catalyzed by amidotransferase McjC (Yan
et al. 2012; Clarke and Campopiano 2007). It is then trans-
ported and exported into the extracellular milieu by ATP-
binding cassette (ABC) transporter McjD encoded by the
mcjD gene (Choudhury et al. 2014).

MccJ25 exhibits bactericidal activity toward several
Gram-negative food-borne pathogens, including Salmo-
nella, Shigella and E. coli (Sable et al. 2000; Vincent et al.
2004). The particular lasso topology of MccJ25 makes the
peptide highly resistant to denaturation by high tempera-
tures or proteolysis. These are attractive properties to both
the food and pharmaceutical industries. MccJ25 structure
consists of an 8-residue cycle (lariat ring) formed by a lac-
tam (isopeptide) bond between the N-terminal amide and
the carboxyl group of a glutamic acid side chain, which
is followed by a 13-residue tail that loops back to thread
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through the ring (Fig. 1). The C-terminal tail (residues
9-21) of the peptide is tightly (irreversibly for all practi-
cal purposes) trapped in the lariat ring due to the presence
of two aromatic side chains at positions 19 and 20. The
overall folding includes a B-hairpin involving two p-strands
(10-11 and 15-16) connected by a p-turn pattern (11-14).
MccJ25 bears only two charged groups: histidine at posi-
tion 5 (positive charge) and the C-terminal carboxyl group
of Gly21 (negative charge). These are reportedly important
for the activity of the peptide (Bellomio et al. 2003).

Uptake of MccJ25 by target bacterial cells involves
the iron transporter FhuA located in the outer membrane
(Salomén and Farias 1993), the energy transduction com-
plex TonB-ExbB-ExbD (Braun 1995), and the inner mem-
brane protein SbmA (Salomén and Farfas 1995). RNA
polymerase appears to be the principal intracellular target
of MccJ25 (Delgado et al. 2001; Yuzenkova et al. 2002),
which binds within and obstructs the secondary channel,
thus interfering with diffusion of nucleoside triphosphate
substrate to the enzyme catalytic site (Mukhopadhyay et al.
2004). MccJ25 also possesses multiple independent mech-
anisms of action that appear to affect different intracellu-
lar targets including the respiratory chain (Bellomio et al.
2007; Niklison Chirou et al. 2008).

A cleaved MccJ25 obtained by thermolysin cleavage in
the B-hairpin loop retained bioactivity against Salmonella
enterica serovar Newport but not against E. coli MC4100,
suggesting that the mechanism of action might be differ-
ent depending on the target strain (Blond et al. 2002). The

B-hairpin loop region appears important for peptide uptake
by FhuA, but not for binding to RNAP (Bellomio et al.
2004; Semenova et al. 2005; Destoumieux-Garzén et al.
2005). In contrast, the C-terminal region appears to be
essential for RNAP inhibition. Amidation of the C-terminal
glycine inhibits MccJ25 binding to RNAP but not its uptake
by cells or its effect on respiration (Vincent et al. 2005). The
histidine residue of the lariat ring (His5) has been shown
important for recognition of the peptide by the inner mem-
brane receptor SbmA (de Cristébal et al. 2006). In addition,
mutations in largest subunit of RNAP leading resistance
to MccJ25 have provided a more detailed information on
MccJ25 binding to RNAP secondary channel (Yuzenkova
et al. 2002). More recently, structure—activity relationships
were examined using multiple MccJ25 variants constructed
by site-directed mutagenesis and screened for antibacterial
activity and ability to inhibit RNAP (Pan and Link 2011;
Pavlova et al. 2008; Pan et al. 2011; Ducasse et al. 2012).
These studies revealed that the inhibitory activity of MccJ25
tolerates a number of residue substitutions.

Recent attempts to produce the lasso structure of
MccJ25 through chemical synthesis (yielding a loop-tail
rather than a lasso topology) have not yielded successful
microbial inhibitors (Ferguson et al. 2010). Nevertheless,
two of six synthetic peptides derived from MccJ25 with-
out lasso folding were found to be bactericidal (Soudy et al.
2012). We hypothesized that lasso formation is important
but not a prerequisite for the activity of MccJ25 and that it
may be possible to obtain derivatives that are active without

Mass Net

Sequence

Bonds

Peptide MH+(mono)  charge
1 5 10 15 20

MeeJ25 rGéAGHV‘PIIEYF\'/G|GT|'3|SFYCJl -8 2107040
8L GGAGHVPE-————————om— - 72334 -1
1-10C (GGAGHVPEYF-------—--- 1-8 1031.47 0
NC1 GGAGHVPCYF-GKG---CFYG 8-18 1717.74 +1
NC2 GGAGHVPCYF-KKK---CFYG 8-18 1 859.89 +3
NC3 GGAGHVPCYF-WKW---CFYG 8-18 1975.85 +1
921L  —--————- YFVGIGTPISFYG.nH2 - 1420.71 0
9-21C  ------ HN-CFVGIGTPICFYGanH2 — 9-18 1373.65 0
8-21C  -—------ CYFVGIGTPICFYG 8-18 1537.70 0
7-21C - ---- KCYFVGIGTPICFYG 8-18 1 665.79 +1
WK _7-21 GWKGKWKCYFVGIGTPICFYG 8-18 2408.19 +3
cl CGAGHVPCYFVGIGTPISFYG 1-8 2142.99 0
MeeJ25 o CGAGHVPEYFVGIGTPICFYG 118 218500 -1
C3 GGAGHVPCYFVGIGTPICFYG 8-18 2112.98 0

Fig.1 Amino acid sequence, molecular weight and net charge of MccJ25 and derived-peptides thereof. Amide and disulfide bonds are colored

in blue and yellow respectively (color figure online)
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the lasso structure. In this study, we report synthetic pep-
tides based on the MccJ25 sequence but devoid of lasso
folding yet retaining activity against bacteria (S. enterica
and E. coli) and specific intracellular targets (RNA poly-
merase and the respiration chain). The antimicrobial activ-
ity, mode of action, toxicity and conformation of the syn-
thesized peptides were evaluated.

Materials and methods
Materials

All reagents and solvents were purchased from com-
mercial suppliers and used without additional purifi-
cation. Amino acid derivatives and coupling reagents
2-(6-chloro-1H-benzotriazole-1-yl)-1,1,3,3-tetrameth-
ylammonium hexafluorophosphate (HCTU) and ben-
zotriazol-1-yl-oxy-tris(pyrrilidino)phosphonium hex-
afluorophosphate (PyBOP) were purchased from Matrix
Innovation Inc. (Quebec, QC, Canada). Rink Amide AM
resin (0.65 mmol/g) and 2’-chlorotrityl chloride resin
(2-CI-Trt) (1.6 mmol/g) were purchased from ChemImpex
(Wood Dale, IL, USA). Reactions on solid support were
performed in polypropylene-fritted syringes from Roland
Vetter Labordedarf OHG (Ammerbuch, Germany).

Bacteria, media and growth conditions

The reference strains used in this study (Table 1) were
maintained in 20 % glycerol at —80 °C. All were grown
in tryptic soy broth (TSB; Difco Laboratories, Sparks, MD,
USA) supplemented with 0.6 % (w/v) yeast extract and
were incubated aerobically at 30 °C. Before the experi-
ments, strains were sub-cultured at least three times in
their respective media at 24 h intervals. Minimal medium
M63 supplemented with glucose (0.2 %, w/v) and thiamine
(0.01 %, w/v) was used for MccJ25 production.

Microcin J25 production and purification

A clone of E. coli MC4100 harboring the plasmid
pTUC202 (courtesy of Dr. Sophie Sablé, Université La
Rochelle, France) was used for production and purification
of MccJ25 as described previously (Sable et al. 2000).
Peptide synthesis and purification

General procedure

Peptides were synthesized by standard Fmoc solid-phase

synthesis using 2-CI-Trt resin (Fields and Noble 1990).
Briefly, the Fmoc protecting group was removed from

Table 1 Minimal inhibitory concentrations of MccJ25 and its derivatives for bacteria

Bacterial strain

Minimal inhibitory concentration (uM)

MccJ258 NC2 NC3 Cl C3 8-21C 7-21C WK_7_21
Salmonella enterica subsp. enterica ATCC 14028 6.5 - - 125-250 - - - -
Salmonella enterica subsp. enterica ATCC 8387 0.1 - 313 1.0 15.6-313 1.0 7.8-156 7.8
Salmonella enterica subsp. enterica ATCC 29628 6.5 250 - - - - - -
Salmonella enterica subsp. enterica ATCC 8400 0.8 - - 62.5-125 - - 125-250  62.5
Salmonella enterica subsp. enterica ATCC 9607 1.6 - - 250 - - - -
Salmonella enterica subsp. enterica ATCC 9700 0.4 - - 250 - - - -
Escherichia coli ATCC 11229 0.2 - - 62.5 - 125-250 - 250
Escherichia coli ATCC 25922 33 - - 250.0 - - 250 -
Escherichia coli ATCC 15144 - - - - - - - -
Escherichia coli O157:H7 ATCC 35150 - - - - - - - -
Escherichia coli MC4100 ATCC 35695 6.5 - - 31.3-62.5 - - 125 -
Escherichia coli DH5a 6.5 - - - - - - -
Escherichia coli LR 05 - - - >250 - - >250 >250
Listeria ivanovii HPB28 - - - >250 - - >250 250
Staphylococcus aureus ATCC 6538 - - - >250 - - ND >250
Enterococcus faecalis ATCC 27275 - - - >250 - - ND >250

>250 = Partial inhibition at 250 uM and MIC value is higher than 250 uM. Peptides 1-8L, 1-10C, NC1, 9-21L, 9-21C and C2 were not inhibi-

tory at concentrations up to 250 uM

“~ No activity detected at concentrations up to 250 uM, ND not determined

# Produced by bacteria
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the resin by two 10 min treatments with 20 % piperidine
in DMF (v/v) and amino acid coupling was performed
with Fmoc-Xaa-OH (3 eq.), HCTU (3 eq.) and N-meth-
ylmorpholine (12 eq.) in DMF (2 x 30 min). The syn-
thesized peptide was released by treating the resin with
20 % HFIP in DCM for 30 min (Bollhagen et al. 1994).
The solvent was removed under reduced pressure and side
chain de-protection was achieved by treating with TFA/
TIPS/H,0 (95:2.5:2.5) for 3 h. The resulting peptides were
precipitated with cold ether and purified by RP-HPLC
with a Shimadzu Prominence instrument (Columbia,
MD, USA) on a Vydac 218MS column (22.0 x 250 mm,
300 A, 10 pym, C18) using 0.1 % TFA/H,O (solvent A)
and 0.1 % TFA/CH;CN (solvent B) with a linear gradi-
ent of 10-100 % solvent B for 20 min at 10 ml min~! and
UV detection at 220 and 254 nm. After freeze-drying, the
purified peptides were characterized by matrix-assisted
laser desorption ionization time-of-flight mass spectrom-
etry (MALDI-TOF) on an AB SCIEX 4800 Plus MALDI-
TOF/TOF instrument using alpha-cyano-4-hydroxycin-
namic acid as matrix.

Cyclization on resin

Tail-to-side-chain cyclization was performed on peptides
containing a Glu(OAll) residue. The resin-bound fully
protected peptide was treated with Pd(PPh;), (0.4 eq.) and
PhSiH; (12 eq.) in DCM (2 x 40 min) to remove the allyl
group, followed by washing with DCM (5x%), 0.5 % (v/v)
DIPEA/DMF (2x), 5 % (v/v) diethyl dithiocarbamate/DMF
(2x) and DMF (5x) (Patel et al. 1999). After Fmoc group
removal as described above, peptide cyclization was per-
formed on solid support in the presence of PyBOP (3 eq.)
and DIPEA (6 eq.) in DMF for 3 h. Cyclization was moni-
tored using the chloranil test and after reaction completion,
the resin was washed with DMF (5x) and DCM (5x). The
cyclic peptides were cleaved, purified and characterized as
described above.

Oxidative folding and disulfide bond formation

Fully de-protected crude peptide was dissolved in a mix-
ture of 80 % DMSO/H,0 and the solution was adjusted to
pH 6 with AcOH (Tam et al. 1991). The mixture was stirred
for 3-5 days and disulfide bond formation was monitored
by LC-MS. After complete disulfide bridge formation, the
solvent was removed by freeze-drying. The oxidized pep-
tide was purified and characterized as described above.

Minimal inhibitory concentration (MIC) evaluation

The minimal inhibitory concentrations (MIC) were deter-
mined using polystyrene micro-assay plates (96-well
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Microtest, Becton—Dickinson Labware, Sparks, MD,
USA) as described by Hammami et al. (2009). Briefly,
micro-plates loaded with twofold serial dilutions of
each peptide (starting at 250 uM) in TSB were seeded
with log-phase culture of target strain diluted in TSB to
0.5-1.0 x 10° cfu ml~! (approximately 1 x 10* cfu per
well). Micro-plates were then incubated at 37 °C for 24 h
and absorbance at 595 nm was measured hourly using
an Infinite® F200 PRO photometer (Tecan US inc., Dur-
ham, NC, USA). MIC values were expressed in uM and
correspond to the lowest concentration that inhibited the
growth of target organism after 16-20 h. The MIC values
are reported as means of two independent experiments in
duplicate.

RNAP inhibition assay

Inhibition of E. coli RNAP in vitro by MccJ25 and its
derivatives were assayed by amplifying transcripts of the
Kool NC-45 universal RNA polymerase template (Epicen-
tre, Madison, WI, USA). The assay was performed accord-
ing to the manufacturer’s protocol and amplification was
quantified using qRT-PCR. Rifampicin (200 nM) was used
to obtain total inhibition.

Oxygen consumption

An overnight culture of S. enterica (ODso5 = 0.4-0.5) in
TSYB was diluted in medium to an ODsg5 of 0.2 and incu-
bated for 30 min at 37 °C with MccJ25 or derivative. The
average rate of respiration over the subsequent 5 min was
measured using a Gilson Clark-type polarographic elec-
trode oxygraph. A control sample in the absence of peptide
was also measured.

Hemolysis assays

Peptide hemolytic activity was measured as hemoglobin
release by lysis of horse red blood cells. Fresh erythro-
cytes were washed three times with sodium phosphate
buffer saline (PBS) (100 mM, pH 7.4) and diluted to 5 %
(v/v) in the buffer. Erythrocyte suspension (100 ul) was
mixed with peptide at different concentrations (100 pl) in
PBS, held at 37 °C for 1 h and then centrifuged for 5 min.
Positive and negative controls were run using 100 pl of
1 % Triton X-100 solution or PBS. Intact erythrocytes
were pelleted by centrifugation at 1,000xg for 5 min at
4 °C and hemoglobin release was monitored by measur-
ing absorbance at 450 nm. All samples were prepared in
triplicate and run three separate times to ensure reproduc-
ibility. Percent hemolysis was defined as follows: [(sample
absorbance x phosphate buffer absorbance)/Triton X-100
absorbance] x 100.
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Preparation of liposomes

Lipids dissolved in methanol were dried under nitrogen
stream and re-suspended in 100 mM phosphate buffer,
either in water at pH 7.4 or in deuterium oxide at pD 6.0.
To obtain small unilamellar vesicles, the formed multi-
lamellar liposomes were subjected to sonication using a
probe sonicator (6 W, 60 Sonic Dismembrator, Fisher Sci-
entific, USA) at intervals of 30 s for 20 min at 5 °C fol-
lowed by centrifugation at 12,000x g.

Circular dichroism (CD) measurements

CD measurement of each peptide (2 mg ml~!) in 100 mM
phosphate buffer at pH 7.2 was performed with a Jasco
J-815 spectrometer (Aviv Instruments, Lakewood, NI,
USA). The spectra were recorded at 25 °C in the 195-
250 nm wavelength range at 0.1 nm intervals in a cuvette
with a 0.5 mm path length. For each spectrum, five scans
were averaged and smoothed by the J720/98 system pro-
gram (Version 120C). CD data were expressed as mean
residue ellipticity [®] given in deg cm? dmol~!, plotted
against wavelength (nm) and analyzed using the CONTIN
algorithm included in the CDPro analysis software.

FTIR analysis

Infrared spectra at a resolution of 2 cm™! were recorded
with a Magna Nicolet 560 spectrometer (Madison, WI,
USA) equipped with an MCT (mercury—cadmium—tel-
luride) detector and continuously purged with dried air.
Pure phospholipids in addition to the mixtures (10:1 w/w)
of each phospholipid with individual tested peptides were
prepared in D,0 and mixed for 1 h prior to the analyses.
The samples were placed between CaF, windows separated
by spacer 23 wm thick. The samples were first cooled to
5 °C and spectra were collected over the range of 5-80 °C
in 5 °C increments except for the 15-45 °C range in which
data were collected at each 2 °C increment to monitor the
chain-melting phase transition in detail. Each spectrum
represented an average of 128 scans apodized with a Happ-
Ganzel function. The wavenumber of the symmetric C-H
stretching mode [v,(CH,)] for the acyl chain methylene
groups of the lipids was determined after subtracting a lin-
ear baseline from the 3,050-2,750 cm ™! region.

Statistical analysis

Data are presented as mean =+ standard deviation of three inde-
pendent experiments. Data were subjected to ANOVA using the
GLM procedure of SAS (SAS Institute, Inc., Cary, NC, USA).
A multiple comparison test (LSD) was used to reveal signifi-
cant differences between the treatment means (P < 0.05).

Results
Peptide design

In this study, we designed in silico and then synthesized
various peptides based on the primary structure of MccJ25
(Fig. 1). The peptide code is based on MccJ25 numbering.
We evaluated the antibacterial activity of shortened N-ter-
minal and C-terminal sequences since cleaved Mccl]25
has been shown previously to be antibacterial (Blond
et al. 2002). The lariat ring was synthesized in linear 1-8L.
and cyclized 1-10C forms. The tail (C-terminal) portion
was synthesized as linear peptide 9-21L. A disulfide bond
was introduced between C9 and C18 to form the head-to-
tail circular peptide 9-21C. Peptides 8-21C, 7-21C and
WK _7-21 are designed from a tail that was scaffold-sta-
bilized using a disulfide bond between cysteine residues
substituted at positions 8 and 18. While a single lysine
residue was inserted at the N-terminus of 7-21C, peptide
WK _7-21 was obtained by substituting the N-terminal
portion of MccJ25 with multiple hydrophobic (trypto-
phan) and basic (lysine) and residues (NH,-GWKGKWK)
to increase solubility and possibly induce p-hairpin struc-
ture. In addition, peptides C1, C2 and C3 containing a
single disulfide bond (1-8, 1-18 or 8-18) were designed
to retain the core structure of the native MccJ25 peptide
regardless of the lariat protoknot structure. NC1, NC2
and NC3 were synthesized with deletions in the loop and
tail regions of the lasso.

Evaluation of antimicrobial activity and toxicity

Table 1 summarizes the minimum inhibitory activities
(MICs) of the synthesized peptides in comparison to bacte-
ria produced microcin. Synthetic peptides that had no activ-
ity on the strains tested at and below 250 uM are not listed
in Table 1. The MccJ25 peptide was active at micromolar
and nanomolar concentrations (0.1-6.5) against Gram-neg-
ative bacteria, with S. enterica ATCC 8387 being the most
sensitive strain (MIC = 0.1 pM). While peptide C2 was not
inhibitory, C1 inhibited several strains of S. enterica and E.
coli. Against S. enterica ATCC 8387, the MICs of peptides
C1, C3, 8-21C, 7-21C and WK_7-21 were respectively,
1.0, 15.6-31.3, 1.0, 7.8-15.6 and 7.8 uM. Inhibition of S.
enterica ATCC 8387 by MccJ25 and its derived peptides at
0.5 and 7.8 uM is summarized in Fig. 2. At 0.5 pM, the
derived peptides were moderately inhibitory (25-50 %).
Similarly to MccJ25, inhibition by C1, 8-21C and WK_7-
21 was total at 7.8 uM (above the MIC). Although MccJ25
was not active against Gram-positive bacteria, peptides C1,
7-21C and WK_7-21 were weakly inhibitory to Listeria
ivanovii HPB28, Staphylococcus aureus ATCC 6538 and
Enterococcus faecalis ATCC 27275 (MIC > 250 uM).
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821C  7-21C WK_7_21

Fig. 2 Inhibition of growth of Salmonella enterica subsp. enter-
ica ATCC 8387 by MccJ25 and its derived peptides (C1, C3, NC3,
8-21C, 7-21C and WK_7-21) at 0.5 uM (gray) and 7.8 uM (black).
Data are means of triplicate measurements

Of the synthetic McclJ25-derived peptides described
previously, two in particular, namely GGACHVPEYFV
GIGTPISFC (“peptide 1" bonded 1-8, 4-20) and CGAGF
HVPCYFVGRGTPISFYG (“peptide 6” bonded 1-9), were
inhibitory to Salmonella newport at MICs of 25 and 30 uM,
respectively (Soudy et al. 2012). While peptide C1 of this
study was designed with the replacement of the amide
bond between G1 and E8 by a disulfide bond, peptide 6
contained besides a phenylalanine insertion at position 5
and an arginine substitution for isoleucine at position 13.
Although these mutations increased the solubility of pep-
tide 6, they decreased its inhibitory action. While peptide
C1 was inhibitory to Gram-negative pathogens, peptide 6
was 60 times less potent than McclJ25 against S. enterica
Newport and C1 against S. enterica ATCC 8387 were 10
times less potent than MccJ25. Further, C1 showed a weak
activity against Gram-positive bacteria (MIC > 250 puM).
Soudy et al. (2012) also reported absence of activity for a
peptide 6 variant with an 8-residue lariat ring. Based on our
results, the glycine substitution by phenylalanine at posi-
tion 4 could explain the decrease of activity observed for
peptide 6 and its variant compared to C1. The arginine
substitution at position 13 has been reported previously
to increase the antimicrobial activity of MccJ25 (Pavlova
et al. 2008). In this study, different synthetic derivatives of
MccJ25 containing substitutions and/or truncations exhib-
ited antibacterial activity against Gram-negative bacteria.
Although the reduced activity of these designed synthetic
derivatives compared to the native MccJ25, the lasso fold
does not seem to be a prerequisite for the antimicrobial
activity.

The hemolytic activity of Mccl]25, C1, 7-21C and
WK _7-21 towards horse erythrocytes is shown in Fig. 3.
All four peptides were weakly hemolytic (<6 %) up to the
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Hemolysis (%)

0 10 20 30 40 50
Peptide concentration (uM)

Fig. 3 Hemolysis of horse red blood cells by Mccl25 (triangle),
C1 (circle), 7-21C (diamond) and WK-7-21 (square). A 1 % (w/v)
solution of Triton X-100 was the positive control. The values are
mean =+ SD of triplicate analyses

Mean residual ellipticity (deg cm?2 dmol-1)

-8 ‘ ‘ , -8
195 210 225 240

Wavelength (nm)

Fig. 4 Circular dichroism spectra for Mccl25 (black), C1 (blue),
7-21C (green) and WK_7-21(red) (color figure online)

highest tested concentration (50 uM), which is consist-
ent with the low toxicity reported in the literature (Lopez
et al. 2007; Soudy et al. 2012). Overall, hemolysis did not
differ significantly at 50 pM (P > 0.05). MccJ25 and its
derivatives are thus good candidates for therapeutic appli-
cation, although it is to point that concentration range for
hemolysis and antibacterial activity is about the same for
the synthetic peptides (maximum 5 times higher), while the
concentration inducing hemolysis (depending on the target
bacteria) is 10-100 times higher than that for antibacterial
activity in the case of MccJ25.
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Structural characterization of peptides using circular
dichroism (CD)

CD spectroscopy in the far-UV region (195-250 nm) is fre-
quently used to characterize molecular secondary structure.
The peaks of the CD spectrum of MccJ25 (Fig. 4) are due
to the lasso structure and the transition modes of pheny-
lalanine and tyrosine residues near the loop. The minimal
ellipticity at 195 nm is assigned to p-strands forming the
B-hairpin structure (Liu et al. 2008; Soudy et al. 2012). In
addition, a positive peak at 218 nm and two shoulders at
206 and 202 nm are attributable to side chain transitions of
Tyr and Phe, respectively (Sreerama and Woody 2004). The
broad spectrum with a minimum ellipticity at 200 nm (e.g.
peptide 7-21C) typifies the random coil structure (Kelly
and Price 2000). Furthermore, peptides C1 and WK_7-21
showed broadened spectra suggesting the existence of a
folded secondary structure differing from that of MccJ25
(Fig. 4). The MccJ25 spectrum is largely in agreement
with a previous report of a trough at 200 nm and a peak
at 215 nm with a shoulder at 210 nm (Soudy et al. 2012),
although the CD measurements were made under condi-
tions (e.g., protein concentration, polarity of the buffer) dif-
fering from those used in the present study.

Mode of action
RNAP inhibition

The inhibition of RNAP by MccJ25, 9-21L, C1, C3, 7-21C
and WK_7-21 was examined in vitro (Fig. 5). Rifampicin,
an antibiotic that targets bacterial RNAP was used as a
control. MccJ25 was the best inhibitor, reducing E. coli
RNAP activity by 86.3 and 97.9 %, respectively at 5 and
50 uM. Peptides C1, 7-21C or WK_7-21 at a concentra-
tion of 5 uM reduced activity by 23.4, 37.4 and 65.0 %,
respectively. Linear peptide 9-21L, which is inactive, was
not inhibitory. At 50 uM, reductions by MccJ25, C1 and
WK_7-21 were 97.9, 95.7 and 94.7 %, respectively, while
C3 (not inhibitory at 5 uM) reduced RNAP activity by
70.6 %. These results suggest that the MccJ25-derived pep-
tides could inhibit E. coli by interacting with RNAP and
thereby interfering with transcription.

Inhibition of cell respiration

The ability of MccJ25, C1, C3, 7-21C and WK_7-21 to
inhibit respiration of S. enterica ATTC 8387 is shown
in terms of MIC in Fig. 6. The decrease in oxygen con-
sumption by S. enterica after incubation with MccJ25 was
57.2 %. WK_7-21 was the strongest inhibitor among the
synthetic peptides, decreasing oxygen consumption by
36.9 %, followed by C1 and 7-21C at 32.1 and 24.2 % and
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finally C3 at only 6.1 %. The antibacterial action of this
peptide is therefore likely due to some other mechanism.
Inhibition of respiration by peptides WK_7-21, C1 and
7-21C suggests that they share at least one mechanism of
action with MccJ25.

Interaction of peptides with membrane lipids using circular
dichroism (CD)

To investigate the conformational behavior of MccJ25 and
its synthetic derivatives C1, 7-21C and WK_7-21 both
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outside and within membranes, studies of the average sec-
ondary structure adopted by these peptides in the absence
or presence of phospholipid vesicles were conducted using
CD spectroscopy. Eukaryotic cell membranes are com-
posed primarily of zwitterionic lipids, in particular phos-
phatidylcholine (PC), while the outer envelope of bacterial
cells contains a variable mixture of anionic (phosphatidyl-
glycerol, PG) and zwitterionic (phosphatidylethanolamine,
PE) lipids. We used palmitoyl-oleoyl (PO) PG anionic vesi-
cles and either POPC or POPE zwitterionic vesicles. Pre-
dicted secondary structures based on data deconvolution
are presented in supplementary Table S1. MccJ25 alone
adopted a secondary structure composed mainly of $-sheets
and unordered segments, similar to that described previ-
ously (Blond et al. 2002; Soudy et al. 2012). In the pres-
ence of POPC, its structure remained relatively unchanged,
although some regions appeared to shift from unordered to
B-turn in the presence of POPG or POPE. Spectra de-con-
voluted in order to fit conventional protein structure arche-
types did not vary significantly among peptides C1, 7-21C,
WK _7-21 and MccJ25. The unordered structure of peptide
C1 decreased from 44 to 33, 34 and 32 %, in the presence
of POPC, POPG or POPE, respectively. We observed that
the peptide sheet conformation increased by 6 and 8 %,
respectively in the presence of POPG and POPE vesicles.
The B-sheet content of peptide 7-21C increased from 36 to
43 % after contact with POPC. In contrast, f-sheet confor-
mation decreased to 25 and 20 % in the presence of POPG
or POPE vesicles, while turn structure increased by 7 %.
The overall secondary structure of WK_7-21 remained sta-
ble in the presence of each phospholipid except for a 5-7 %
decrease in unordered segments in the presence of POPG
or POPE vesicles.

Interaction of peptides with membrane lipids using FTIR

Phase transitions (methylene group stretching vibra-
tion) and membrane interfacial conformation (ester group
stretching vibration) of DPPG and DMPC vesicles were
monitored in the absence or presence of Mccl25, Cl1,
7-21C and WK _7-21 using FTIR spectroscopy.

Lipid phase transition Two main lipid-chain C-H stretch-
ing vibration bands appear around 2,918 and 2,850 cm™ !,
assigned respectively to the anti-symmetric v,((CH,) and
symmetric v(CH,) methylene stretching modes. Thermo-
tropism is a lipid-state transition obtained in response to
changes in temperature. FTIR spectra are characterized by a
shift in C—H stretching vibration bands due to lipid thermo-
tropism. These bands have been used extensively as a probe
for monitoring lipid-phase transition (Gaussier et al. 2003).
Figure 7 presents the FTIR spectra of CH, stretching vibra-
tion of DPPG as a function of temperature in the absence
and presence of the different peptides.
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Figure 8 shows the v(CH,) thermal transition curves.
The midpoint of the curves represents the transition tem-
peratures (7,), which were 40 and 23 °C, respectively for
pure DPPG and DMPC. These values are in agreement
with those in the literature (Gaussier et al. 2003; Severcan
and Dorohoi 2008). The mixtures of DMPC with each indi-
vidual peptide all had the same T, profile, indicating that
none of the tested peptides interacted with or altered the
conformation of the acyl chains. In contrast, the T, profile
obtained in the case of DPPG was different for each pep-
tide. C1 did not alter acyl chain conformation, since neither
the T, nor the wavelength of the v,(CH,) mode in the gel
and liquid-crystalline phases were changed, while 7-21C
caused T, shifts over the 33-50 °C range, indicating that it
interacts with the DPPG and promotes gel phase stabiliza-
tion. In the case of WK_7-21, two transition stages were
clearly distinguished. The first was in the 10-19 °C range,
well below the transition temperature of pure DPPG, fol-
lowed by a gradual transition in the 39-80 °C range. These
results indicate that peptide WK_7-21 is able to interact
with and penetrate the hydrophobic core of DPPG bilayers
regardless of temperature, while peptide 7-21C interacts
with DPPG only around the transition temperature.

Effect on membrane interfacial regions Phospholipid-
ester-group (C=0) stretching vibration appears as a band
at 1,740 ¢cm~!, which can provide information on the
degree of hydration and conformation of the membrane
interfacial region. Figure 9 shows the FTIR spectra of pure
DPPG and mixtures of DPPG with each individual pep-
tide. Like pure DPPG, the mixture of DPPG and peptide
C1 spectra showed modification at 41 °C. Around the T,
the C=O0 stretching vibration band at 1,740 cm™' under-
goes a sharp drop accompanied by a shift towards a longer
wavenumber and a dramatic narrowing as the gel phase
is converted into the liquid-crystalline phase. In the mix-
ture of DPPG and peptide 7-21C, this change occurred at
a lower temperature range (31-37 °C), while in the DPPG/
peptide WK_7-21 mixture it occurred over a much wider
range (1041 °C). No differences were observed between
pure DMPC and DMPC/peptide mixtures. FTIR analysis of
ester group stretching vibration confirmed the lipid-phase
transition results. Peptide WK_7-21 is able to interact with
and penetrate anionic membranes such as DPPG, while no
interaction occurs in the case of zwitterionic membranes
like DMPC.

Discussion

McclJ25 exhibits bactericidal activity toward several gram-
negative food-borne pathogens including disease-causing
pathogens such as Salmonella and E. coli (Sable et al.
2000; Vincent et al. 2004; Destoumieux-Garzon et al. 2005;
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Soudy et al. 2012). The particular lasso conformation of
MccJ25 makes it highly thermostable and resistant to dena-
turation and proteolysis, which are attractive properties for
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both food and pharmaceutical applications. The structure—
activity relationships of MccJ25 were previously assessed
by mutational analyses and site-directed mutagenesis which
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provided a more detailed information about its antibacterial
activity and targets (Yuzenkova et al. 2002; Pan and Link
2011; Pavlova et al. 2008; Pan et al. 2011; Ducasse et al.
2012). These studies highlighted tolerance of MccJ25 to a
number of residue substitutions.

Attempts at chemical synthesis of the lasso structure of
MccJ25 so far have been unsuccessful, yielding a loop-tail
topology rather than a lasso (Ferguson et al. 2010), and no
synthesized derivative peptide as potent as natural McclJ25
has been reported. Based on results obtained by Soudy
et al. (2012), we hypothesized that the lasso contributes to
McclJ25 activity but is not essential, and that potent-derived
peptides without this structure may be obtained. In this
study, we synthesized various MccJ25-derived peptides,
modified by substitutions and/or truncation, some of which
were inhibitory to S. enterica and E. coli. Since C1, 7-21C
and WK_7-21 were all at least ten times less potent than
MccJ25, the constrained lasso structure might be more than
somewhat important for antibacterial action.

Soudy et al. (2012) reported antibacterial activity for
similar sequences lacking lasso-folding with reduced activ-
ity compared to native microcin. Additionally, at higher
concentrations, these peptides inhibited Gram-positive
bacteria (MIC > 250 puM). Peptide WK_7-21 contains
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positive charges and a hydrophobic patch, which could
explain its greater interaction with membrane phospholip-
ids. While MccJ25 uptake into bacterial cells is dependent
on the FhuA receptor, WK_7-21 could reach the cytoplasm
via non-specific interactions with membrane phospholip-
ids. A number of reports point to the potential of MccJ25
for interacting with bacterial membranes (Rintoul et al.
2001; Dupuy and Morero 2011; Dupuy et al. 2009). Dupuy
et al. (2009) observed co-sedimentation of fluorescein-
labeled MccJ25 with bacterial membranes, suggesting
microcin-membrane interaction. In the present study, we
observed based on lipid-phase transition of phospholip-
ids that WK_7-21 was able to interact with and penetrate
anionic membranes like DPPG while no interactions
occurred in the case of zwitterionic membranes such as
DMPC. Increasing the number of basic and hydrophobic
residues could facilitate peptide electrostatic interaction
with and subsequent penetration of lipid bilayers, as has
been observed for several cationic antibacterial peptides
(Chan et al. 2006). This likely had an impact on the mode
of action of WK_7-21 by making it structurally similar to
cationic antimicrobial peptides. Although these too interact
strongly with cell membranes, they might also act on other
molecular targets or cell processes by binding to a variety
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of anionic and hydrophobic molecules such as DNA, pro-
teins and cell membranes (Hale and Hancock 2007).

MeccJ25 inhibits transcription by binding in the second-
ary channel of RNAP and thereby blocking substrate access
to the catalytic site (Semenova et al. 2005). The tyrosine
residue at position 9 of the MccJ25 peptide has been shown
essential for RNAP inhibition with no compatible substitu-
tions (Pavlova et al. 2008). Noteworthy, all the active pep-
tides synthesized in this study lack the lasso structure but
keep tyrosine 9, which has been shown to be essential to
RNAP inhibition. Other residues, namely at positions 4
(glycine), 7 (proline), 10 (phenylalanine) and 19 (phenyla-
lanine) are reportedly important but not strictly essential for
MccJ25 binding to RNAP (Pavlova et al. 2008). In the pre-
sent study, we observed that MccJ25-derived peptides lack-
ing the lasso structure were able to inhibit in vitro RNAP at
high concentrations (5 and 50 uM). Although these peptides
presumably bound to RNAP, it is not possible to deduce that
they share a common binding site with MccJ25. Pavlova
et al. (2008) reported that the RNAP/MccJ25 interaction
involves primarily hydrophobic interaction. Since the active
MccJ25-derived peptides had phenylalanine residues at
positions 10 and 19 and tyrosine at position 9, these might
be involved in the inhibition of RNAP. On the other hand, in
the case of WK_7-21, the KWK pattern at the N-terminus
could be involved. This pattern is known to bind to DNA
(Johnson et al. 1996). The respiratory apparatus of S. enter-
ica could be a target for WK_7-21, C1 and 7-21C, as it is
for MccJ25. Uptake of these peptides inside cells leads to
increased superoxide production, oxidative damage of bio-
logically important molecules, and ultimately cell death.
Although Soudy et al. (2012) did not report RNAP bind-
ing of the two inhibitory peptides (1 and 6), such activity
is possible and should be investigated. Further studies are
required to decipher the precise molecular mechanism of
these and other MccJ25-derived peptides.

These findings put forward the possibility of producing
MccJ25-derived peptides lacking the lasso structure nev-
ertheless conserving antibacterial activity. The presence of
the lasso constrains the structure of MccJ25 while confer-
ring to it potent antibacterial activity. MccJ25-derived pep-
tides lacking the lasso but otherwise constrained in a rigid
overall structure, for example by disulfide bonds, could
be strongly antibacterial. A rigid topology close to that of
MccJ25 appears to make the molecule a more potent anti-
bacterial agent. For the moment, it cannot be ruled out that
the mechanisms of action of the natural MccJ25 and its
synthetic derived-peptides are different.
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