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A synthetic analog of plantaricin 149 inhibiting food-borne
pathogenic bacteria : evidence for α-helical conformation
involved in bacteria–membrane interaction
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Abstract: Plantaricin-149 is a bacteriocin produced by Lactobacillus plantarum NRIC 149 (a LAB isolated from pineapple), which
consists of a peptidic chain made up of 22 amino acid residues [Kato et al. J. Ferment. Bioeng. 1994; 77: 277–282]. In this work,
a synthetic C-terminal amidated peptide analog denoted Pln149a was prepared by SPPS-Fmoc chemistry and the antagonistic
activity against gram-positive and gram-negative bacteria was tested. The secondary structure was studied by circular dichroism
(CD) and the vicinity of the tyrosine residue by fluorescence spectroscopy under different conditions. We report the results of the
interaction of Pln149a with reverse micelles prepared from the amphiphilic AOT in cyclohexane.

Synthetic plantaricin was active against one strain of Staphylococcus aureus and four strains of Listeria genus at pH 5.5 and
7.4 and, like its natural variant, inhibited L. plantarum ATCC 8014.

The data derived from spectroscopic measurements in presence of AOT reverse micelles suggest that the secondary structure
of the peptide upon interaction is an α-helix. In this membrane model, the hydrophobic side of the α-helix is inserted into the
micelles, leaving the lysines exposed to the solvent and interacting with the polar moieties of AOT. The fluorescence data point
out that the N-terminal tyrosine residue is close to the micellar interface. Copyright  2007 European Peptide Society and John
Wiley & Sons, Ltd.
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INTRODUCTION

LAB are known to secrete antimicrobial polypeptides,
termed bacteriocins. The family of bacteriocins includes
a diversity of peptides in terms of size, primary
and secondary structure, and microbial targets [1–4].
The use of bacteriocins from LAB to control the
growth of Listeria monocytogenes and Staphylococcus
aureus is attractive to the dairy and food industries
because of the increasing consumer demand for natural
products and the growing concern about food-borne
illness. Consequently, with the potential applications of
bacteriocins as food biopreservatives, detailed insights
at a structural level may contribute to a better
understanding of their mode of action.

Among LAB, there has been much interest in
Lactobacillus plantarum strains, owing to their potential

Abbreviations: AOT, sodium-bis-(2-ethylhexyl)-sulfosuccinate; CD, cir-
cular dichroism; LAB, lactic acid bacteria; SELCON, self-consistent
method.
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application as starter bacteria for the fermentation
of vegetables, meat, and fish products [5]. Some
bacteriocins from L. plantarum have been isolated
and partially characterized. However, only a few have
been purified and sequenced. With the exception of
plantaricin A [6], plantaricin E/F, plantaricin J/K [7],
and plantaricin C [8], information on the secondary
structure of L. plantarum bacteriocins is still scarce.

L. plantarum C11 produce three variants of plan-
taricin A (PlnA) of 26, 23, and 22 amino acid residues,
all of which show antimicrobial and pheromonal activ-
ity. The inhibition spectrum of PlnA-22 is particu-
larly directed against L. plantarum C11 closely related
strains like L. plantarum, L. casei, L. sake, Pediococcus
pentosaceus, and Carnobacterium piscicola [6,9].

Plantaricin 149 is a bacteriocin produced by L.
plantarum NRIC 149 isolated from pineapple, and
its molecular weight was estimated to be 2.2 kDa by
SDS-PAGE. By N-terminal amino acid sequence analy-
sis, 22 amino acid residues were identified: YSLQM-
GATAIKQVKKLFKKKGG. The spectrum of inhibitory
activity of plantaricin 149 includes genera, species and
subspecies of LAB, such as L. plantarum, Lactobacil-
lus delbrueckii subsp. delbrueckii, L. delbrueckii subsp.
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bulgaricus, Lactobacillus helveticus, Lactobacillus casei,
Leuconostoc mesenteroides, Pediococcus acidilactici, P.
cerevisiae, Enterococcus hirae and Lactococcus. The
bacteriocin did not inhibit other gram-positive and
gram-negative bacteria [10].

Peptide–membrane interactions of many bacteriocins
involve adsorption and structuring of the soluble
random-coil peptide in an α-helical form at the
membrane surface, followed by insertion of the helix
into the membrane and association with other peptides
to generate its active form [11,12]. For PlnA peptides it
was found that the antimicrobial activity is mediated
through the formation of an amphiphilic α-helical
structure [6,9]. However, the plantaricin 149 structure
has been poorly characterized previously, and its mode
of action is unknown.

In the present study, a synthetic C-terminal carbox-
amide analog of plantaricin 149, denoted Pln149a was
prepared by SPPS. Its antagonistic activity against sev-
eral food-borne pathogenic bacteria was investigated,
and the secondary structure characterized by CD and
fluorescence spectroscopy, under various experimen-
tal conditions. The relevance of Pln149a bactericidal
activity against S. aureus and Listeria strains and the
structural data revealing that an α-helical conforma-
tion is involved in bacteria–membrane interaction will
be discussed in detail.

MATERIALS AND METHODS

Synthesis and Purification of Pln149a

Pln149a was chemically synthesized according to the amino
acid sequence reported earlier (YSLQMGATAIKQVKKLFKK-
KGG) [10]. It was prepared by the solid-phase method following
Fmoc chemistry. Rink amide 4-methylbenzydrylamine (MBHA)
resin was used to prepare the C-terminal peptide amide.
Couplings were performed by PyBOP, and NMM was used as
the catalyst; Fmoc-deblockings were done with 20% piperidine
in DMF (v/v).

Final cleavage from the resin was achieved by a mixture
of TFA/H2O/EDT/TIS (94.5 : 2.5 : 2.5 : 0.5) (v/v). After 3 h, the
resin was filtered off, and the crude peptide was precipitated in
dry cold diethyl ether, centrifuged, and washed several times
with cold diethyl ether until scavengers were removed. The
product was then dissolved in water and lyophilized twice.

The crude peptide was dissolved in H2O (0.1% TFA)
(5 mg/ml) and purified by semipreparative reverse-phase
HPLC on a Gilson equipment (USA) in a Vydac 218TP1010
(C18, 5 µm, 300 Å, 10 mm i.d. × 250 mm) column, using
gradients of (B) MeCN in (A) H2O both containing 0.1% TFA.
Peptides were separated by the following gradient: 10–25% B
over 5 min, then 25–40% B over 20 min and 40–60% B over
5 min. The eluates were monitored by their UV absorbance at
220 nm. The purified peptide was analyzed by RP-HPLC on a
Delta Pak C18 analytical (5 µm, 300 Å, 3.9 × 150 mm, Waters)
column, using similar running conditions as described above.

MALDI-TOF Analysis

MALDI-TOF mass analysis was done on a Voyager-DE STR
Biospectrometry workstation (Perseptive Biosystems). The
instrument is equipped with a nitrogen laser operating at
337 nm. All the experiments were performed using α-cyano-4-
hydroxycinnamic acid as the matrix. MALDI-TOF spectra were
calibrated externally using a mixture of peptide standards Cal
Mix 1 and 2 (Applied Biosystems).

Amino Acid Sequencing

The peptide amino acid sequence was confirmed by automatic
Edman degradation, performed on a Shimadzu PPSQ-23 A
sequencer.

Antimicrobial Activity Assays

Bacterial strains and culture conditions. The following
bacterial strains, belonging to the collection of the Food
Engineering Department (Microbiology and Biotechnology
Sections), FIQ, Universidad Nacional del Litoral, Argentina,
were used as indicators of Pln149a antimicrobial activity:
four strains of L. plantarum identified as DBFIQ LP 22,
DBFIQ LP 28, DBFIQ LP 38, and DBFIQ LP 41; L. delbrueckii
subsp. bulgaricus DBFIQ LB 42; Pseudomonas sp. DBFIQ P
55; S. aureus DBFIQ S 21; L. monocytogenes DBFIQ LM 3;
Bacillus cereus DBFIQ B 28; four strains of the Enterococcus
genus identified as DBFIQ E 13, DBFIQ E 23, DBFIQ E 24
and DBFIQ E 25. Other strains used as indicators were:
Lactococcus lactis subsp. lactis CRL G3, from the collection
of the Center for Lactobacillus Reference Strains (CERELA,
Tucumán, Argentina); L. plantarum ATCC 8014, from the
American Type Culture Collection; and finally, three strains
of L. mesenteroides subsp. dextranicum identified as NCDO
529, DTUNLu 223, and DTUNLu 245, L. mesenteroides subsp.
cremoris NCDO 543, L. monocytogenes type I DTUNLu 328,
L. monocytogenes DTUNLu 335 BsAs, and Listeria seeligeri
DTUNLu 340, all of them belonging to the collection of
the Technology Department, Universidad Nacional de Luján,
Argentina.

The different strains were lyophilized and also frozen at
−20 °C in Nutrient Broth (Merck) for nonlactic bacteria,
and in MRS Broth (Merck) or M17 Broth (Merck) for LAB,
supplemented with 15% (v/v) glycerol for cryoprotection.
Before their use, the nonlactic bacteria were propagated
overnight at 37 °C in Nutrient Broth (Merck), while LAB
were propagated in MRS Broth (Merck) or in M17 Broth
(Merck).

Detection of Antagonistic Activity

The agar-well diffusion assay was used to investigate the
antimicrobial activity of Pln149a [13]. For this purpose, 1 ml
of an overnight culture of each indicator strain was added to
19 ml of molten Nutrient Agar (Difco) and poured into a sterile
Petri dish. After cooling, wells of 7-mm diameter were cut
into the agar plates and filled with 80 µl of Pln149a aqueous
solution, 420 µM, pH 5.5. The plates were incubated at 37 °C
for 24 h and the diameters of the clear inhibition zones were
subsequently measured. The antimicrobial activity against L.
monocytogenes DBFIQ LM 3 and S. aureus DBFIQ S 21 was
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also tested in 50 mM phosphate buffer, pH 7.4. Each assay
was done in triplicate and the results were expressed as the
average of the measured values.

The titer of bacteriocin activity against L. monocytogenes
DBFIQ LM 3 and S. aureus DBFIQ S 21 strains was expressed
as a arbitrary units (AU). One AU was defined as the reciprocal
of the highest dilution of the bacteriocin that showed a distinct
zone of inhibition of the indicator strains [13,14].

Mode of Action

In order to study the antimicrobial effect of Pln149a on L.
monocytogenes DBFIQ LM 3 and S. aureus DBFIQ S 21
strains, 1 ml of 840 µM peptide solution in 50 mM phosphate
buffer, pH 7.4 was added to 10 ml of log-phase cultures in
Nutrient Broth (Merck), with initial cellular concentration of
107 CFU ml−1. The number of viable cells was determined at
intervals of 2 h 30 min and during 24 h, by a direct counting
method in Petri dishes. Control cultures were prepared by
adding 1 ml of 50 mM phosphate buffer pH 7.4 to 10 ml of a
log-phase culture of each indicator microorganism in Nutrient
Broth (Merck). Each assay was performed in triplicate and
the results expressed as the average of the measured values
[14,15].

Minimal Inhibitory Concentration (MIC)
Determination

Minimal inhibitory concentration (MIC) determinations were
performed using the modified microtiter dilution assay,
according to the procedures proposed by the R.E.W. Hancock
Laboratory for testing antimicrobial peptides; polypropylene
96-well plates were used and incubated for 18 h at 37 °C. L.
monocytogenes DBFIQ LM 3 and S. aureus DBFIQ S 21 strains
were cultured on Mueller–Hinton Broth (Biokar Diagnostics).
The considered MIC was the lowest drug concentration that
reduced growth by >50% compared with the growth in the
control well [16–18].

Hemolysis Assay

The hemolytic activity of the peptides was evaluated essentially
as described earlier [19]. Human erythrocytes were isolated
by centrifugation from freshly collected blood, and washed
three times with isotonic-saline solution. An aliquot of 0.5 ml
of a suspension containing approximately 105 cells ml−1 was
incubated under stirring at 37 °C for 1 h with 1 ml of peptide
solutions, at concentrations ranging from 25 to 500 µg ml−1.
The solutions were centrifuged, and the absorbance of the
supernatant was measured at 540 nm. A value of 100% cell
lysis was determined by incubation of erythrocytes in the
presence of 1% Triton X-100.

Far-UV Circular Dichroism

Far-UV CD spectra (190–250 nm) were recorded at 25 °C in
a Jasco J715 instrument (Jasco Corporation, Japan), using
cylindrical quartz cells of 1 mm path length, with 30 µM

Pln149a in water, 20, 40, and 80% of TFE, phosphate
buffer pH 5.5 and pH 7.4, either in the absence or in the
presence of AOT reverse micelles solution. All the spectra were
recorded after accumulation of 16 scans. The CD spectra of

micelle solutions were subtracted to eliminate background
effects. Quantitative prediction of the secondary structure was
performed by deconvolution of the CD spectra using the Selcon
program developed by Sreerama and Woody [20,21].

Fluorescence Studies

Steady-state fluorescence spectra (280–400 nm) of 20 µM

Pln149a in buffer and AOT reverse micelles were obtained
at 25 °C in an ISS spectrofluorometer (Hitachi, Japan) using
rectangular quartz cuvettes of 1 cm path length with optical
density values <0.07–0.08 to avoid inner filter effects. The
interaction with reverse micelles was studied by the changes in
tyrosine fluorescence of the peptide with excitation at 275 nm.
The fluorescence spectra of micelles and buffer solutions were
subtracted to eliminate scattering effects.

Reverse Micelle Preparation

Reverse micelles were prepared by the injection method [22].
For this, small aliquots of a stock peptide solution (1 mM in
50 mM phosphate buffer, pH 7.4) were added to a surfac-
tant/organic solvent solution (50 mM AOT/cyclohexane). All
the volume injected was considered as water and was used
to calculate W0 = [H2O]/[AOT]. Reverse micelles with W0 = 16
were prepared by adding 15 µl of concentrated peptide solu-
tion to 1 ml of 50 mM AOT/cyclohexane solution, followed by
shaking until clear (final peptide concentration 15 µM) [23].
In the experiments, we have used micelles with W0 > 10 to
eliminate AOT packing constraints [24]. The concentration of
the amphiphiles was always in large excess compared to that
of Pln149a; the molar ratio of peptide/surfactant was 1/3333
(mol/mol) when W0 was set to 16.

Blank samples of micelles in buffer were prepared using the
same protocol as described, to eliminate background effects of
micelles in the spectroscopic measurements.

Hydrophobicity Calculations

Peptide hydrophobicity (H) and hydrophobic moments (µH)
were calculated using the normalized consensus hydrophobic-
ity scale of Eisenberg [25] and The European Molecular Biology
Open Software Suite (EMBOSS) [26], with a window size of ten
residues.

RESULTS AND DISCUSSION

Analysis by MS

The theoretical mass to charge ratio for M+ of Pln149a
is 2423.96 (average mass). The experimental values of
MH+, MNa+, and MK+ were observed at m/z 2424.9,
2446.8, and 2462.6, respectively (Figure 1).

Antimicrobial and Hemolytic Activities

The inhibitory spectrum of Pln149a is shown in Table 1.
The peptide showed inhibitory effect against 6 of the 22
tested strains. Interestingly, it effectively inhibited all
the tested Listeria strains and the strain of S. aureus
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Figure 1 MALDI-TOF Mass spectrometry of Pln149a. The experimental values of MH+, MNa+, and MK+ were observed at m/z
2424.9, 2446.8, and 2462.6 respectively.

Table 1 Inhibitory spectrum of Pln149a (420 µM) determined
by the well diffusion assay

Indicator
strains

Diameter of
inhibition
zone (mm),
pH = 5.5

Diameter of
inhibition
zone (mm),
pH = 7.4

L. plantarum cATCC
8014

1 NA

Staphylococcus
aureus aDBFIQ S 21

5 5

Listeria
monocytogenes
aDBFIQ LM 3

2 3.5

L. monocytogenes
bDTUNLu 335 BsAs

3.5 4

L. monocytogenes
tipo I bDTUNLu 328

1 1

Listeria seeligeri
bDTUNLu 340

1 1

Diameter of inhibition zone (mm): the diameter of the wells
(7 mm) was subtracted from the inhibited zone.
NA: Not assayed.
a DBFIQ: Collection of Cátedras de Microbiologı́a y Biotec-
nologı́a-FIQ, Univ. Nac. del Litoral, Argentina.
b DTUNLu: Collection of Departamento de Tecnologı́a, Univ.
Nac. de Luján, Argentina.
c ATCC: American Type Culture Collection.

(coagulase-positive) at both pH 5.5 and 7.4. The titer
of antimicrobial activity against these gram-positive
pathogenic bacteria was 100 AU ml−1

(125 µg ml−1
), as

determined by the agar-well diffusion assay. However,

among the Lactobacillus strains, only L. plantarum
ATCC 8014 was inhibited by Pln149a at pH 5.5 (pH
7.4 was not assayed).

In order to determine whether the mode of action of
Pln149a was bactericidal or bacteriostatic, the viability
of S. aureus DBFIQ S 21 and L. monocytogenes DBFIQ
LM 3 was monitored in the presence of the peptide
(final concentration: 74.5 µM, pH 7.4). It was found
that the addition of Pln149a to log-phase cultures of L.
monocytogenes and S. aureus decreased the number of
viable cells per milliliter from 1 × 107 to below 102 CFU
after incubation for 6 h, whereas in the control broth,
the number of viable cells increased progressively from
1 × 107 up to approximately 3.6 × 108 CFU ml−1 after
24 h incubation (Figure 2). Therefore, these results
clearly prove the bactericidal activity of Pln149a against
these strains of gram-positive food-borne pathogens L.
monocytogenes and S. aureus.

The MIC of Pln149a against L. monocytogenes DBFIQ
LM 3 and S. aureus DBFIQ S 21 was also determined
using the modified microtiter dilution assay, according
to the procedures proposed by the R.E.W. Hancock Lab-
oratory for testing antimicrobial peptides. Unexpectedly
large MIC values were found for Pln149a against L.
monocytogenes (264 µM) and S. aureus (528 µM) when
using full-strength Mueller–Hinton broth medium.
A possible explanation for this finding is that the
peptide interacts strongly with components of the
Mueller–Hinton broth medium and so its activity is
reduced in these assays. A medium-dependent antimi-
crobial activity (MIC) for antimicrobial peptides has
been reported when assayed in Mueller–Hinton broth
of different strengths [27,28].
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Figure 2 Bactericidal effect of Pln149a against cultures of L.
monocytogenes and S. aureus strains. Peptide concentration:
74.5 µM, pH 7.4; (�) control culture of L. monocytogenes; (ž) L.
monocytogenes after addition of Pln149a; (�) control culture
of S. aureus; (�) S. aureus after addition of Pln149a.

Pln149a showed low hemolytic activity (16%) in the
whole range of concentrations (25–400 µg ml−1) used,
suggesting its selectivity against bacterial membranes.

Secondary Structure

The CD results showed that Pln149a adopts a random
structure in water and in phosphate buffer at pH 7.4
and 5.5, as expected for a small peptide in aqueous
solutions. The deconvolution of the Pln149a spectrum
confirmed the high content of unordered structure
(83%) compared to other structures (17%), consistent
with the pronounced CD minimum about 198 nm
(Figure 3). This large content of unordered structure
required the use of a special reference set of 48 proteins
that included spectra from denaturated proteins for
deconvolution [29].

The presence of different TFE concentrations induced
an increase of helical elements, as shown by the appear-
ance of two minima at about 206 and 223 nm, and
a maximum at 190 nm (Figure 3). The deconvolution
of these spectra using the CDpro package (SELCON3,
CONTINLL, CDSSTR) indicated 37% helix and 60%
unordered structure in 20% TFE while >90% helical
element was estimated in 80% TFE [30].

Pln149a in the presence of AOT reverse micelles
(W0 = 16) also adopted a folded secondary structure,
with the same two negative minima at 206 and 222 nm,
and a maximum at 194 nm, mainly associated to the
transitions found in helical structures [31]. The decon-
volution results pointed to an increase in helical content
to about 70%, followed by a decrease in the unordered
content (about 30%). When binding to AOT reverse
micelles, Pln149a adopted a helical structure similar
to that reported for PlnA-22 upon exposure to TFE,
anionic DOPG liposomes, DPC, and SDS micelles [9].

Figure 3 CD spectra of Pln149a. In water; phosphate buffer,
pH 7.4; 20, 40, and 80% TFE (peptide concentration: 30 µM);
and in the presence of AOT reverse micelles, pH 7.4 (W0 = 16).
The spectra were recorded after accumulation of 16 scans.

Pln149a showed maximum fluorescence emission
at 310 nm in phosphate buffer pH 7.4 and in
the presence of AOT/cyclohexane reverse micelles
(W0 = 16), indicating a high degree of exposure of
the tyrosine residue to the aqueous phase [32].
Nevertheless, the decrease in fluorescence intensity
observed in the presence of micelles suggests that the
peptide is interacting with the micelles and that this
interaction affects the tyrosine (Figure 4). In reverse
micelles with W0 = 20, the modifications detected by
fluorescence were small, suggesting that the location of
the fluorophore was not affected by the increase in the
water content of the micelles (data not shown).

AOT reverse micelles are commonly prepared using
linear or cyclic saturated hydrocarbons as organic
solvents. However, the characteristics of the apolar

Figure 4 Fluorescence spectra of Pln149a. In phosphate
buffer, pH 7.4 (peptide concentration: 20 µM); and in the pres-
ence of AOT reverse micelles (W0 = 16, peptide concentration:
15 µM). The excitation wavelength was 275 nm, and the emis-
sion was scanned from 280 to 400 nm.
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solvent influence the properties of the micellar interface
by a solvation effect [33–35]. Recent studies have
demonstrated that the interaction between a protein
and the micellar interface is a dominant factor
influencing the protein structure in reverse micelles
[36]. New spectroscopic studies of PLn149a in the
presence of AOT/linear hydrocarbons micelles may be
carried out to explore the effect of organic solvents on
the secondary structure of the peptide.

The Structure/Activity Relationship of Pln149a

Plantaricin 149 is a highly cationic 22-mer peptide
that shares a significant sequential homology with
PlnA-22. Both plantaricins differ at residues 20 and
22, corresponding to Trp20 and Trp22 in PlnA-22,
versus Lys20 and Gly22 in plantaricin 149. It was
found that the µH of PlnA-22 and Pln149 calculated
by the Eisenberg equation [25,26] were very similar,
0.60 and 0.55 respectively. There is a small difference
in H between the two plantaricins, 0.05 and −0.07 for
PlnA-22 and Pln149, respectively.

A molecular model of the whole Pln149a sequence
was obtained by the SP3 software [37] and the structure
visualization was done with PyMOL version 0.97 [38].
The predicted helical region extends from Ala7 to
Lys20 (Figure 5(A)). The proposed helix stretching from
residues 10–19 (IKQVKKLFKK), correspond to the most
amphipathic region (µH 0.837) with the polar residues
Lys11, Lys14, Lys15, Lys18, and Lys19 along one side
of the helix and the nonpolar residues, Ile10, Val13,
Leu16, and Phe17 along the other. A front view of
region 10–19 is shown in Figure 5(B).

Most of host-defense peptides share the features of
being positively charged under physiological conditions
and are able to adopt an amphipathic α-helical
or β-sheet structure upon association with lipid
bilayers. Different studies suggest that cell specificity
of antimicrobial peptides can be controlled by an
optimal balance between H and the net positive charge
[39–41]. Particularly, Pln149a sequence has a ratio
of hydrophilic residues/total number of residues of

41% and contains six positively charged Lys residues
(27%), which are spread along the whole sequence.
We have used a C-terminal carboxamide analog of
plantaricin 149 instead of the carboxylate-free peptide
to increase the net charge of the peptide to +7.
Amidation is a common post-translational modification
that appears in a wide variety of antimicrobial peptides,
such as melittin, cecropins, dermaseptins, PR-39, and
other peptides isolated from animals. In several cases,
synthetic C-terminally amidated analogs of peptides
whose native forms are not amidated show increased
antimicrobial activity [42].

Different model systems have been developed for
studying the interaction of host-defense peptides
with membranes, including multilamellar and unil-
amellar vesicles, planar lipid bilayers, lipid monolay-
ers, micelles, and colorimetric biomimetic membranes
[43,44].

In this work, we have used AOT reverse micelles as
a membrane model system and CD and fluorescence
spectroscopic methodologies to study the structural
modifications of Pln149a following its interaction with
the micelles. The results suggest that the hydrophobic
side of the α-helix is inserted into the micelles, leaving
the lysines exposed to the solvent and interacting with
the polar moieties of AOT. Additionally, the analysis
of the emission spectra of Pln149a in buffer and in
the presence of AOT reverse micelles suggests that the
N-terminal tyrosine residue is in the proximity of the
micellar interface, where it interacts with the polar and
hydrophobic moieties of the surfactant/cyclohexane
system.

Two general mechanisms were originally proposed
to describe the process of phospholipid membrane
permeation by membrane-active peptides. These were
the ‘barrel–stave’ mechanism [45] in which peptides
insert into the hydrophobic core of the membrane
and assemble to form a transmembrane pore, and
the ‘carpet’ mechanism in which peptides bind the
phospholipid membrane surface until a threshold
concentration is reached, and then permeate it in

Figure 5 Molecular model of Pln149a obtained by the SP3 1.0 software; PyMOL version 0.97 was used for structure visualization.
The charged and polar residues of the helix are in blue and the hydrophobic ones in gray. (A) Side view of the Pln149a complete
sequence. (B) Front view of region 10–19 (IKQVKKLFKK), corresponding to the most amphipathic helical region. Mean µH = 0.837.
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a detergent-like manner. According to the latter
mechanism, the positively charged amino acids are
spread along the peptidic chain and are continuously
in contact with the lipid head group during the process
of membrane permeation [40,46].

Our findings about the low hemolytic activity
of Pln149a, its predominant amphipathic α-helical
structure induced when binding AOT reverse micelles,
and its cationic character are compatible with the
‘carpet’ mechanism proposed by Shai [40] to explain
the mode of action of linear, cell-selective, amphipathic
α-helical antimicrobial peptides. Nevertheless, recent
studies about the interaction of PlnA with model
membranes have evidenced that different mechanisms,
‘carpet’, ‘toroidal pore’, and a new mechanism proposed
by the authors, ‘leaky slit’, could be involved in
membrane perturbation by antimicrobial peptides [47].

As a consequence of recurring and serious listeriosis
outbreaks, L. monocytogenes has come under the focus
of bacteriocin investigators during the past decade. The
most extensively studied bacteriocin, Nisin, is produced
by L. lactis strains. The use of Nisin as a food additive
was approved in 1969 by the joint Food and Agriculture
Organization/World Health Organization (FAO/WHO).
Its effectiveness against important gram-positive food-
borne pathogens and spoilage agents has been widely
documented. Nisin shows high solubility, antimicrobial
activity, and thermostability at pH 2.0, but it is inactive
and shows low solubility at pH 7.0 [48,49].

On the other hand, pediocin PA-1 that is produced
by P. acidilactici PAC 1.0 has strong antilisterial activity
and has been identified as a promising new candidate
for food preservation. Pediocin PA-1 activity is affected
by pH, and it is active at pH 6 but becomes inactive at
pH 8 [50].

In most cases, plantaricins produced by different
strains of L. plantarum are active against closely
related strains of LAB; antimicrobial activity against L.
monocytogenes has been reported for a few plantaricins
like plantaricin C19 [51] and plantaricin D [52]. We
have found that Pln149a was active against different
Listeria strains. At this point, it is interesting to remark
that for some Listeria strains the inhibitory activity of
Pln149a was found to be similar at pH 5.5 and 7.4
but for some others it increased at pH 7.4 (Table 1).
This finding adds to the technological interest in the
molecule.

CONCLUSIONS

In conclusion, the bactericidal activity of Pln149a
against strains of gram-positive, food-borne pathogens
L. monocytogenes and S. aureus found in this work is a
promising result that may be deeply explored in order
to evaluate the potential biotechnological application of
this bacteriocin for food preservation.
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