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Abstract

parent strain.

in cell division during this phase of growth.

Background: Penicillin binding protein 3 (PBP3) of L. monocytogenes has long been thought of as the primary
lethal target for B-lactam antibiotics due to the excellent correlation between the MICs of different B-lactams and
their affinity for this protein. The gene encoding PBP3 has not yet been directly identified in this gram-positive
bacterium, but based on in silico analysis, this protein is likely to be encoded by Imo1438. However, studies
examining the effects of mutations in genes encoding known and putative L. monocytogenes PBPs have
demonstrated that inactivation of /mo7438 does not affect sensitivity to B-lactams.

Results: In this study, overexpression of Imoi7438 was achieved using an inducible (nisin-controlled) expression
system. This permitted the direct demonstration that Imo1438 encodes PBP3. PBP3 overexpression was
accompanied by slightly elevated PBP4 expression. The recombinant strain overexpressing PBP3 displayed
significant growth retardation and greatly reduced cell length in the stationary phase of growth in culture. In
antibiotic susceptibility assays, the strain overexpressing PBP3 displayed increased sensitivity to subinhibitory
concentrations of several B-lactams and decreased survival in the presence of a lethal dose of penicillin G.
However, the MIC values of the tested B-lactams for this recombinant strain were unchanged compared to the

Conclusions: The present study allows a reevaluation of the importance of PBP3 in the susceptibility of

L. monocytogenes to B-lactams. It is clear that PBP3 is not the primary lethal target for B-lactams, since neither the
absence nor an excess of this protein affect the susceptibility of L. monocytogenes to these antibiotics. The elevated
level of PBP4 expression observed in the recombinant strain overexpressing PBP3 demonstrates that the
composition of the L. monocytogenes cell wall is subject to tight regulation. The observed changes in the
morphology of stationary phase cells in response to PBP3 overexpression suggests the involvement of this protein
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Background

Listeria monocytogenes is a ubiquitous gram-positive
opportunistic pathogen that can cause very serious food-
borne infections in humans, with symptoms including
meningitis, frequently accompanied by septicemia and
meningoencephalitis, which are particularly severe for
newborns and immunocompromised individuals [1]. The
antibiotics of choice in the treatment of listeriosis are the
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B-lactams penicillin G or ampicillin, alone or in combina-
tion with an aminoglycoside [2]. The classical target
enzymes for B-lactam antibiotics are the penicillin bind-
ing proteins (PBPs). In L. monocytogenes, five PBPs were
initially identified using radiolabeled B-lactams [3], and
among these, PBP3 was thought to be the primary lethal
target due to the observed low affinity of f-lactams for
this protein and excellent correlation between the MICs
of different B-lactams and their affinity for this protein
[4-6]. Further evidence that PBP3 is the primary target
for active B-lactams is that only this PBP appears to be
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identical in all Listeria spp., and blockage of this protein
has lethal consequences for the bacterial cell [7].

Recent in silico analysis of the L. monocytogenes EGD
genome revealed the presence of 10 genes encoding puta-
tive penicillin binding proteins and subsequently nine of
these were positively verified as PBPs by the binding of a
fluorescent f-lactam derivative [8,9]. Based on simple ana-
lysis of the predicted masses of these proteins, the gene
likely to encode PBP3 was identified as /mo1438 [9].
Elegant studies by C. Hill’s group on the effect of muta-
tions in 6 of the genes encoding PBPs (including /1101438)
on the susceptibility of L. monocytogenes to f-lactams,
revealed that [m00441 and [m02229 (PBP4) contribute to
the B-lactam resistance of L. monocytogenes, but inactiva-
tion of [mo1438 did not result in obvious changes to either
the sensitivity to B-lactams or the cell morphology [8].

Taking into account the seemingly contradictory
nature of the aforementioned reports and the fact that
the gene encoding PBP3 has yet to be directly identified,
plus the absence of reports regarding the physiological
function of this protein, our study focused on gene
Imo1438 (potentially encoding PBP3). Here we describe
the use of the lactococcal nisin-controlled expression
(NICE) system [10] for the overexpression of this gene.
This strategy was chosen because in a recently described
analysis, mutational inactivation of /mo01438 had no
obvious physiological effect [8]. In the present study, it
has been directly demonstrated that /mo01438 encodes
L. monocytogenes PBP3. Overexpression of this protein,
which was accompanied by a slight increase in PBP4
expression, resulted in growth retardation, shortening of
cells in the stationary phase of growth and minor changes
in the susceptibility of L. monocytogenes to B-lactams.
The observed changes in cell morphology indicate the
involvement of PBP3 in cell division. These novel data on
the overexpression of gene lmo01438 provide a more com-
prehensive view of the physiological function of PBP3
and its significance in the susceptibility of L. monocyto-
genes to P-lactams. These findings also further our
understanding of the mechanisms of L. monocytogenes
susceptibility to B-lactams, which is of direct relevance to
its antibiotic resistance, the use of antibiotic therapy to
treat listeriosis, as well as the ability of this bacterium to
form biofilms [2,11].

Results and discussion

Construction of plasmid pAKB carrying the nisin-
controlled expression (NICE) system and its application in
L. monocytogenes

Given the contradictory reports on the significance of
PBP3 in the susceptibility of L. monocytogenes to f3-lactam
antibiotics, it was decided to study the effects of overex-
pression of L. monocytogenes gene I[mo1438. The lactococ-
cal NICE system [10] was chosen for overexpression
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studies since it has previously been successfully used in a
number of gram-positive genera, including L. monocyto-
genes [12-15]. This system consists of a two-component
signal transduction system NisRK, which senses the pre-
sence of nisin and induces transcription from the promo-
ter Pp;s. Recently developed strategies for using the NICE
system either place the nisRK genes on the host chromo-
some, which allows the use of a single-plasmid system
with a nisA promoter [13], or place both nisRK and the
nisA promoter on one plasmid [16]. The first strategy was
successfully used in L. monocytogenes by Cotter et al. [15],
but here, the second approach was chosen since it is easier
to use this system in various L. monocytogenes strains
without the need for additional genetic manipulations to
introduce the nisRK genes into the chromosome of each
strain. Plasmid pAKB, a derivative of plasmid pNZ8048
carrying the nisA promoter, was constructed for the
planned overexpression experiments. To construct this
plasmid, a cassette comprised of the nisRK genes cloned
downstream of the L. monocytogenes hly promoter was
introduced into pNZ8048 to ensure efficient expression of
these genes in L. monocytogenes [15]. The [mo1438 gene
was then cloned downstream of the P,;; promoter in
pAKB to produce plasmid pAKB-/mo1438.

Before starting the experiments on overexpression of
the lmo1438 gene, the susceptibility of L. monocytogenes
to nisin was examined, since nisin is an inducer of the
NICE system but it can affect or inhibit the growth of
L. monocytogenes when used at high concentrations. The
level of nisin required to completely inhibit the growth
of L. monocytogenes EGD and of L. monocytogenes carry-
ing the pAKB plasmid lacking an insert (used as a nega-
tive control in subsequent experiments) was over ten
times higher than the concentration used previously to
induce the NICE system in L. monocytogenes [15].
Furthermore, growth curves were plotted for L. monocy-
togenes pAKB grown in the presence of different con-
centrations of nisin as well as in the absence of this
inducer to determine the concentration of nisin that has
no effect on growth. These preliminary experiments
showed that 15 pg/ml was the maximum concentration
of nisin that did not cause any changes in the growth
rate of the control strain. At higher nisin concentrations,
including that used previously (45 pg/ml) to induce
NICE in L. monocytogenes [15], a slight reduction in the
growth rate of L. monocytogenes pAKB was observed
during the exponential phase, compared to growth in
the absence of nisin. The differences between the opti-
mal nisin concentrations for growth and induction
determined here and those established by Cotter et al.
[15] may be due to the differential susceptibility of the
strains EGD and LO28 to this peptide.

To confirm that nisin induced overexpression of the
Imo1438 gene in L. monocytogenes pAKB-Ilmo1438, the
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cell membrane proteins of this strain and the control
strain were analyzed. SDS-PAGE of isolated membrane
proteins revealed the presence of an additional protein
in L. monocytogenes pAKB-Imo1438 grown in the pre-
sence of 15 pg/ml nisin (Figure 1). The estimated mass
of this additional protein was approximately 80 kDa,
which corresponds to the predicted mass of Lmo1438
(79.9 kDa). The additional protein was detected at both
2 and 24 h following induction, but it was not observed
when L. monocytogenes pAKB-Imo1438 was grown in
the absence of nisin (data not shown).

To examine whether higher levels of Lmo1438 produc-
tion could be achieved by changing the conditions of nisin
induction and/or culture growth, L. monocytogenes pAKB-
Imo1438 was grown with increasing concentrations of
nisin (i.e. 30 pg/ml and 45 pg/ml), and in medium supple-
mented with activated charcoal, which positively regulates
the hly promoter driving the transcription of nisRK [17].
In spite of these changes in the induction conditions
(tested alone and in combination), no increase in the level
of Lmo1438 production was observed. Since an increase in
nisin concentration above 15 pg/ml had no further effect
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Figure 1 Overexpression of the Imo1438 gene in L.
monocytogenes. Membrane proteins were isolated from L.
monocytogenes pAKB (lane 1) and L. monocytogenes pAKB-Imo1438
(lane 2) that had been grown at 37°C to exponential phase in BHI
broth supplemented with nisin to a final concentration of 15 pg/ml.
Proteins were separated by SDS-PAGE and stained with Coomassie
brilliant blue. LMW - Protein Molecular Weight Marker. The position
of the band corresponding to Lmo1438 is indicated by an arrow.
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on Lmo1438 production in L. monocytogenes pAKB-
Imo1438, and this concentration did not affect the growth
of control strain L. monocytogenes pAKB, it was decided to
use 15 pg/ml nisin in all subsequent physiological studies.

Analysis of PBPs of the L. monocytogenes strain
overexpressing gene Imo1438

To determine whether /mo01438 encodes PBP3, mem-
brane proteins of L. monocytogenes pAKB and L. mono-
cytogenes pAKB-Imo1438 were incubated with [*H]
benzylpenicillin, then separated by SDS-PAGE followed
by fluorography to detect the labeled PBPs. This assay
clearly demonstrated an increased level of PBP3 in
L. monocytogenes pAKB-Imo1438 (Figure 2). Densito-
metric analysis of PBPs produced by both strains
revealed that the amount of PBP3 in L. monocytogenes
pAKB-lmo1438 was 3.5-fold greater than in L. monocy-
togenes pAKB (Table 1). This result proved that
L. monocytogenes gene lmol438 does indeed encode
PBP3. Interestingly, L. monocytogenes pAKB-lmo1438
also showed a small but significant increase in the
expression of PBP4 compared with L. monocytogenes
pAKB. This protein, encoded by gene [m02229, was pre-
viously shown to have glycosyltransferase, transpeptidase
and carboxypeptidase activities [18]. The expression of
PBP4 is directly regulated by the hpk1021-rrp1022 two-
component system [19], which in turn is subject to reg-
ulation by the LisRK two-component system [15]. Both
of these two-component systems play essential roles in
regulating the structure of the L. monocytogenes cell
envelope, but they are also involved in resistance to
nisin, so it was unclear whether the elevated level of
PBP4 observed in L. monocytogenes pAKB-lmo1438 was
the consequence of nisin use or an effect of PBP3 over-
expression. Therefore, an analysis of PBP proteins iso-
lated from L. monocytogenes pAKB cultured with and
without nisin was performed. This showed that the
addition of nisin at a concentration of 15 pg/ml had no
effect on the production of PBPs by the control strain
(data not shown). Furthermore, the elevated level of
PBP4 observed in the strain L. monocytogenes pAKB-
Imo1438 compared with L. monocytogenes pAKB, when
both were cultured in the presence of nisin, indicated
that this phenomenon is a consequence of PBP3
overexpression.

Effect of PBP3 overproduction on growth and cell
morphology of L. monocytogenes

Since mutation of the /m01438 gene did not cause any
changes in the growth and cell morphology of L. monocy-
togenes, the physiological role of PBP3 is unclear. To bet-
ter understand the cellular function of PBP3, the effect of
increased production of this protein on the growth and
morphology of L. monocytogenes was examined. The
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Figure 2 Pattern of PBPs in L. monocytogenes strain
overexpressing Imo1438. Membrane proteins (200 ug of total
protein) of L. monocytogenes pAKB (lane 1) and L. monocytogenes
pAKB-Imo1438 (lane 2) were incubated with [3H]benzy\pemcillm ata
saturating concentration of 5 ug/ml and the radiolabeled PBPs were
separated by SDS-PAGE and detected by fluorography. The PBP
corresponding to each band is indicated on the right.

growth rate of the strain overproducing PBP3 was visibly
retarded during the exponential phase of growth, when
the doubling time of L. monocytogenes pAKB-Imo1438
was 116 min compared to 62 min for L. monocytogenes
pAKB. However, in the stationary phase of growth the
culture of L. monocytogenes pAKB-Imo1438 reached a
higher ODgoo value compared to the control strain,
which correlated with a significantly higher number of
viable bacteria in this phase of growth (Figure 3A).
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Table 1 Relative amounts of PBPs in recombinant
L. monocytogenes strains

Protein Amount of PBP protein®

L. monocytogenes pAKB L. monocytogenes pAKB-Imo1438

PBP1 448 (+ 045) 421 (£ 081)
pBP2  1° 0.96 (+ 0.08)
PBP3 166 (+ 0.15) 578 (+ 047)°
PBP4 167 (+ 0.05) 32 (+ 034)°
PBP5  12.05 (+ 042) 1201 (+ 1.03)

? Average results of densitometric analysis of three independent fluorograms.
® Values were normalized to the band intensity of PBP2 from
L. monocytogenes pAKB, which was assigned the value of 1.

¢ Indicates band with intensity significantly different (P < 0.05; acc. to
Student’s t-test) from the corresponding band of the control strain.

Analysis of cell morphology by scanning electron
microscopy revealed that L. monocytogenes pAKB and
L. monocytogenes pAKB-Imo1438 cells appeared similar
in the exponential phase of growth and the length and
diameter of cells of both strains did not differ statisti-
cally. However, an analysis of cell morphology of
L. monocytogenes pAKB-Ilmo1438 and the control strain
in the stationary phase of growth showed that the cells
of both strains had the same diameter, but those of the
former strain were significantly shorter (Figure 3B). The
reduced growth rate of L. monocytogenes pAKB-Ilmo1438
cannot solely be attributed to the overexpression of
PBP3, since an elevated level of PBP4 expression was
also found in the recombinant strain, and disruption of
the /m02229 gene indicates that PBP4 is essential for
the growth of L. monocytogenes [18]. Therefore, the
observed growth retardation may be the result of the
overexpression of PBP3, PBP4 or of both these proteins.
The clear reduction in the cell length of L. monocyto-
genes pAKB-Imo01438, with no change in cell diameter,
suggests a role for PBP3 in cell division. Current models
of bacterial cell wall synthesis suggest that distinct wall-
synthetic complexes act in an alternating fashion during
the life cycle, to first drive cell elongation by the inser-
tion of peptidoglycan into the cylindrical wall, followed
by the switching of most wall-synthetic activity to sep-
tum production [20]. In E. coli, the genes required for
septation have been identified and most are designated
fts (filamentation, temperature sensitive), of which Ftsl
(a PBP with monofunctional transpeptidase activity) is a
major protein of the cell division complex or divisome
[21]. Bioinformatic analysis of the L. monocytogenes
PBP3 showed that this protein could potentially act as
an FtsI cell division transpeptidase [8]. We hypothesize
that an excess of PBP3 disturbs the balance between the
activities of the cell elongation and cell division com-
plexes, and the majority of peptidoglycan synthesis
might be carried out by the septum synthetic machinery.
This would explain the production of shorter cells by
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Figure 3 Effect of overproduction of PBP3 on growth and morphology of L. monocytogenes. (A) Growth of L. monocytogenes pAKB (©)
and L. monocytogenes pAKB-Imo1438 (-) incubated in BHI broth at 37°C following nisin induction, determined by serial dilution of the cultures
and enumeration of viable cells on BHI agar. Error bars represent standard deviation from the means of three independent experiments, each
performed in triplicate. (B) SEM images of L. monocytogenes pAKB (Lm pAKB) and L. monocytogenes pAKB-Imo1438 (Lm pAKB-Imo1438) cells
grown overnight in BHI broth at 37°C following nisin induction. The mean cell lengths (+ SD), determined by measuring 100 cells of each strain,

are shown in parentheses. Bar = 2 um.

L. monocytogenes pAKB-lmo1438. We assume that the
formation of short cells is triggered by PBP3 overexpres-
sion, rather than increased PBP4 abundance, since trans-
glycosylases are part of the general peptidoglycan
synthetic machinery and are not specific for cell divi-
sion. However, a number of less specialized enzymes are
also required for lateral expansion [22].

The postulated participation of PBP3 in cell division is
evidently limited to the stationary phase of growth which
may result from the presence of a second protein with
Ftsl activity in L. monocytogenes. Indeed, Lmo2039 is also
a potential FtsI cell division transpeptidase and it is sug-
gested that the /702039 mutation is lethal for L. monocy-
togenes [8]. It seems therefore, that Lmo2039 is the main
protein involved in division of L. monocytogenes. The
influence of PBP3 on cell morphology is manifested in
the stationary phase cells, which suggests that this protein
may play a unique role during this phase of growth. This
hypothesis is supported by the unchanged cell morphol-
ogy of L. monocytogenes in the exponential phase of
growth, both in the absence of PBP3 [8] and when this
protein is overexpressed.

Effect of overexpression of PBP3 on the susceptibility of
L. monocytogenes to B-lactams

To determine whether PBP3 plays a role in -lactam
resistance, L. monocytogenes pAKB and L. monocytogenes
pAKB-Imo1438 were tested for their susceptibility to
penicillins, cephalosporins, monobactams and carbape-
nems using an antibiotic disk sensitivity assay. This pre-
liminary assay did not reveal any significant changes in
the sensitivity to B-lactams caused by the overproduc-
tion of PBP3 - the diameters of the zones of bacterial
growth inhibition surrounding the filter disks were iden-
tical after 24 h incubation. However, after 48 h incuba-
tion, partial autolysis of the bacterial growth in the
presence of subinhibitory concentrations of penicillin G,
ampicillin, amoxicillin, mezlocillin and imipenem was
observed (data not shown). Penicillin G, ampicillin and
amoxicillin were then chosen for MIC determination
using the E-test. This assay confirmed the results of the
antibiotic disk tests, namely that both strains were
equally susceptible to the B-lactams tested and that in
the case of the strain overexpressing PBP3, a zone of
partial autolysis of the bacterial lawn was observed at an
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antibiotic concentration three to four times lower than
the MIC. The results for ampicillin are presented in
Figure 4A. A survival assay was also performed for
L. monocytogenes pAKB and L. monocytogenes pAKB-
Imo1438 by culturing these strains in broth supplemented

A Lm pAKB Lm pAKB-Imo1438

s ] [ze

PNes oo RERERBS

—
o

96
64
48
32
24
16
12
8
6
4
3
2

15
1.0
75

ReRES

S

R ETETINY YN

log CFU/ml

Lol

L1 aanl

5 T T T T
0 1 2 3 4 5 6 7

time (h)

Figure 4 Effect of overproduction of PBP3 on the susceptibility
of L. monocytogenes to B-lactams. (A) Susceptibility of L.
monocytogenes pAKB (Lm pAKB) and L. monocytogenes pAKB-
Imo1438 (Lm pAKB-Imo1438) to ampicillin measured using the E-test.
The extent of the zone of partial autolysis of L. monocytogenes
pAKB-Imo1438 is indicated by an arrow. (B) Survival of L.
monocytogenes pAKB () and L. monocytogenes pAKB-Imo1438 («) in
the presence of a lethal dose of penicillin G (0.6 pg/ml). Following
nisin induction, penicillin G was added (at the time indicated by an
arrow) to the cultures in BHI broth and incubation at 37°C was
continued. Survival was measured by performing viable cell counts.
Error bars represent standard deviations from the means of three
independent experiments, each performed in triplicate.
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with a lethal dose of penicillin G. The optical density of
the L. monocytogenes pAKB-Imo1438 culture decreased at
a faster rate than that of the control strain, which corre-
lated with the more rapid elimination of viable bacteria
from the culture (Figure 4B). Keeping in mind that in the
constructed strain an increased level of PBP4 expression
was also observed, which was found to contribute to the
susceptibility of L. monocytogenes to -lactams [8,23], the
changes in the susceptibility of L. monocytogenes pAKB-
Imo1438 to B-lactam antibiotics may be not only an effect
of PBP3 overexpression. Thus, it seems probable that the
altered susceptibility of this strain to -lactams is the effect
of overexpression of PBP3, PBP4 or both of these proteins.
Regardless of the reason for the altered susceptibility, it
may definitely be concluded that overexpression of PBP3
(accompanied by increased levels of PBP4) leads to minor
changes in the susceptibility of L. monocytogenes to -lac-
tams without any change in the MIC values. Together
with the lack of changes in B-lactam MIC values in the
case of the [mo1438 mutant strain reported by Guinane et
al. [8], this result demonstrates that the role of PBP3 is
non-essential in the B-lactam resistance of L. monocyto-
genes. These findings concerning the 3-lactam antibiotic
resistance of L. monocytogenes are important with regard
to the treatment of listeriosis and the ability of this bacter-
ium to form biofilms [2,11]. The latter complex issue has
recently been reviewed by Renier et al. [11].

Conclusions

The findings of the present study have helped to eluci-
date the somewhat conflicting results regarding the con-
tribution of PBP3 to the PB-lactam susceptibility of
L. monocytogenes. Using the NICE expression system, it
has been directly shown that PBP3 is encoded by the
Imo1438 gene. Despite the excellent correlation between
the MICs of different -lactams and their affinity for
PBP3 [4,5], neither the absence [8] nor an excess of this
protein affects the susceptibility of L. monocytogenes to
B-lactams, and so it is not the primary lethal target of
these antibiotics.

An interesting additional observation was that PBP3
overexpression is accompanied by increased expression
of PBP4. This finding indicates that the composition of
the L. monocytogenes cell wall is subject to tight regula-
tion, but it also makes it difficult to analyze the physiolo-
gical role of PBP3 on the basis of overexpression studies,
since the observed changes in growth rate and antibiotic
sensitivity cannot be attributed to PBP3 overexpression
alone. The overexpression of PBP3 induced the forma-
tion of short cells in the stationary phase of growth,
which strongly suggests the involvement of PBP3 in cell
division at this growth stage. It is possible that the
changes in cell morphology produced by overexpression
of PBP3 may be due to a putative FtsI activity, whereas
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the parallel increase in the expression of PBP4 (a cell wall
synthetic enzyme not specific for cell division) could play
an auxiliary role in this process.

Finally, in the course of clarifying the contribution of
PBP3 to the B-lactam susceptibility of L. monocytogenes, a
new vector was constructed that is suitable for the overex-
pression of genes of interest in L. monocytogenes. The pla-
cement of components of the NICE system on a single
plasmid provides an easy to use tool for expressing any
protein of choice in L. monocytogenes. The construction of
the plasmid pAKB and its successful application in
L. monocytogenes are important in view of the limited
number of existing inducible gene expression systems for
Listeria spp.

Methods

Bacterial strains, plasmids and growth conditions

E. coli DH50, used in cloning procedures, was grown aero-
bically at 37°C in Luria-Bertani (LB) medium. L. monocyto-
genes EGD was kindly provided by S.J. Foster, University of
Sheffield, United Kingdom. L. monocytogenes EGD and its
derivatives were grown in Brain Heart Infusion medium
(BHI, Oxoid) at 37°C. Plasmids pNZ8048 [10] and
pNZ9530 [12] were a kind gift from Michiel Kleerebezem,
NIZO, Ede, The Netherlands. Plasmid pUC18 [24] was
obtained from the collection of the Institute of Microbiol-
ogy, University of Warsaw. Ampicillin (100 pg/ml) and
chloramphenicol (10 pg/ml) were added to broth or agar
media as required. When necessary, solid LB medium was
supplemented with 0.1 mM IPTG (isopropyl b-D-1-thio-
galactopyranoside) and 20 pg/ml X-Gal (5-bromo-4-
chloro-3-indolyl-b-D-galactopyranoside).

DNA manipulations and reagents

Standard protocols were used for recombinant DNA
techniques [25]. DNA fragments were isolated from agar-
ose gels with the QIAquick Gel Extraction Kit (QIA-
GEN). DNA fragments from PCR and after enzymatic
reactions were purified with the QIAquick PCR Purifica-
tion Kit (QIAGEN). Plasmid DNA was isolated from
E. coli with the Plasmid Miniprep Plus Kit (A&A Biotech-
nology). The isolation of chromosomal DNA from
L. monocytogenes was performed as previously described
[26]. Restriction enzymes, nuclease S1, T4 DNA ligase
and Pfu DNA polymerase were purchased from Fermen-
tas and used according to the manufacturer’s instruc-
tions. The oligonucleotide primers used in this study are
shown in Table 2.

Construction of plasmid pAKB carrying the nisin-
controlled expression (NICE) system and its derivative
pAKB-Imo1438

A strategy based on the amplification and cloning of PCR
products was devised to construct a plasmid carrying the
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Table 2 PCR primers used in this study

Primer Sequence (5'— 3)

HlyA® GCGGGTACCAGGTAGAGCGGACATCCATTG

HiyB® © ¢ GTTTTAGGATCCCCCGGGGGGTTTCACTCTCCTTCTAC
HlyC® © CCCGGGGGATCCTAAAACCGCTTAACACACACG
HlyD® GCGTCTAGATTCTTCCCCGACAGAATCTGC

NisR F CCCACTAAACAATCGGAGG

NisK R GCGGGATCCCAGAAATTAAACCAAACAAAATTTTC
Oepbp3 F CGTGAAACTAAATTTTAGAAAAAAGAAAAAAG
Oepbp3 R GCGGCATGCGATTAATTTTCGGTTTGTTCTGATTG

2 Nucleotide substitutions to create Kpnl site are underlined

® Nucleotide substitutions to create Smal site are underlined

¢ Nucleotide substitutions to create BamHI site are in boldface
9 Overhang complementary to SOE primer is in italics

€ Nucleotide substitutions to create Xbal site are underlined

f Nucleotide substitutions to create Sphl site are underlined

NICE system suitable for the overexpression of L. mono-
cytogenes genes. With L. monocytogenes EGD genomic
DNA as the template, primers HlyA and HlyB were used
to amplify a fragment of approximately 0.4 kb comprising
the promoter region of the /ly gene, and primers HlyC
and HlyD were used to amplify a 0.4-kb fragment com-
prising the terminator of this gene. These two fragments
were used as the templates for splicing by overlap exten-
sion PCR. A 0.8-kb fragment, representing the region
surrounding L. monocytogenes hly, but with the gene pre-
cisely removed, was then amplified using the flanking pri-
mers HlyA and HlyD. This DNA fragment was digested
with Kpnl and Xbal and cloned in vector pUC18 to pro-
duce plasmid pUC18-Py;, A fragment of approximately
2.3 kb comprising the nisRK operon was amplified from
plasmid pNZ9530 using primers nisR F and nisK R (con-
taining incorporated BamHI site). This fragment was
digested with BamHI and cloned in plasmid pUC18-Py,,
that had been digested with Smal and BamHI, which
cleave the sites within primers HlyB and HIyC, respec-
tively. Thus, the nisRK operon was cloned into the loca-
tion formerly occupied by the ily gene to produce
plasmid pUC18-Py,;,-nisRnisK. A DNA fragment of
approximately 3.1 kb comprising the promoter region of
the hly gene, the nisRK operon and the terminator of hly
was excised from pUC18-Py,;,-nisRnisK by digestion with
Kpnl and Xbal, gel purified and cloned in plasmid
pNZ8048 digested with the same restriction enzymes.
The resulting plasmid was designated pAKB. A fragment
of approx. 2.2 kb comprising the /mo01438 gene was
amplified from L. monocytogenes EGD genomic DNA
using primers Oepbp3 F (containing the [mo1438 start
codon) and Oepbp3 R (containing the [mo1438 stop
codon and a Sphl site). This fragment was digested with
Sphl and cloned into Ncol-digested (ends blunted with
nuclease S1 after digestion) and subsequently Sphl-
digested pAKB, to generate a transcriptional fusion
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between the nisin-inducible #isA promoter on pAKB and
the /mo1438 gene, maintaining the original GTG start
codon of [mo01438. The predicted sequence of this con-
struct was confirmed by DNA sequencing. Plasmids
PAKB and pAKB-lmo01438 were introduced into L. mono-
cytogenes EGD by electroporation [27] and transformants
were selected on BHI agar plates containing 10 pg/ml
chloramphenicol. The obtained strains were designated
L. monocytogenes pAKB and L. monocytogenes pAKB-
Imo1438, respectively.

Growth in the presence of nisin

L. monocytogenes strains were grown overnight with
shaking at 37°C. The cultures were diluted 1:50 into fresh
BHI medium and grown at 37°C with aeration to an opti-
cal density at 600 nm (ODgg) of 0.2. At this point, nisin
powder (containing 2.5% nisin; Sigma) was added to the
cultures to produce a final nisin concentration of 15 pg/
ml. The growth rates of L. monocytogenes pAKB and
L. monocytogenes pAKB-Imo1438 were compared spec-
trophotometrically by recording the ODg( of the cul-
tures and by determining the number of viable bacteria,
following serial dilution and plating on BHI agar.

Preparation of membrane fractions

Membrane fractions from L. monocytogenes strains were
prepared essentially as described previously [6]. Briefly,
strains were grown at 37°C to exponential phase (ODggq
of 0.5) in 200 ml of BHI broth supplemented with nisin
powder to a final concentration of 15 pug/ml. Cells were
harvested by centrifugation for 10 min at 8000 x g at 4°C
and washed twice in 10 ml of 20 mM phosphate buffer
(pH 7.0). The pellet was resuspended in 8 ml of the same
buffer supplemented with protease inhibitor PMSF
(Sigma) to a final concentration of 1 mM. Glass sand
(0.5 mm diameter; Sigma) was added to the suspension
and the cells were disintegrated by sonication in a VCX-
600 ultrasonicator (Sonics and Materials, U.S.A.) at an
amplitude of 20%. Unbroken cells and glass sand were
removed by low speed centrifugation and the membrane
fractions in the supernatant were collected by centrifuga-
tion at 100,000 x g for 30 min at 4°C and suspended in
200 ul of 20 mM phosphate buffer (pH 7.0). The protein
concentration in samples was quantified using a Bicinch-
oninic Acid protein assay kit (Sigma) and, where neces-
sary, the concentration was adjusted to 10 mg/ml.

Labeling of PBPs with radioactive benzylpenicillin

The labeling of PBPs with radioactive benzylpenicillin
was carried out essentially as described previously [3].
Briefly, aliquots (20 pl) of the L. monocytogenes mem-
brane suspension (10 mg of protein per ml) were incu-
bated for 15 min at 37°C with [3H]benzylpenicillin
(Amersham) added to a final concentration of 5 ug/ml
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(previously found to represent the saturating concentra-
tion). Binding was terminated by the addition of excess
benzylpenicillin (final concentration 0.5 mg/ml) and the
detergent sarkosyl (final concentration 2% v/v), followed
by 20 min incubation at room temperature.

Analysis of cell membrane proteins and PBPs

Sample buffer (62.5 mM Tris-HCI, 2% SDS, 10% glycerol,
0.01% bromophenol blue, 5% 2-mercaptoethanol, pH 6.8)
was added to the L. monocytogenes cell membrane suspen-
sions, the samples were boiled for 2 min and then sub-
jected to sodium dodecyl sulfate - 10% polyacrylamide gel
electrophoresis. In the case of unlabeled proteins, the gels
were stained with Coomassie brilliant blue to visualize the
protein bands. In the case of [*H]benzylpenicillin-labeled
PBPs, the gels were processed by impregnation with an
organic scintillant and fluorography was used to detect the
radiolabeled PBP bands. For the visualization of fluoro-
grams and densitometric analysis, ImageQuant™ 300 and
ImageQuant™ TL software (GE Healthcare, United King-
dom) were used, respectively. The presented results are
the average of data from three independent experiments.

Scanning electron microscopy

Scanning electron microscopy was used to examine expo-
nential and stationary phase cells of L. monocytogenes
strains grown at 37°C in BHI medium supplemented with
nisin powder to a final concentration of 15 pug/ml. Culture
samples of 10 ml were harvested by centrifugation at
(7000 x g, 10 min, at room temperature). The cells were
fixed for 30 min in 4% paraformaldehyde, washed three
times in phosphate-buffered saline (pH 7.4), then dehy-
drated using a graded ethanol series (25, 50, 75, 96% etha-
nol; 15 min for each step). One drop of cell suspension
was spread on a microcover, coated with gold, and exam-
ined using a LEO 1430VP scanning electron microscope
(SEM).

Antibiotic susceptibility tests

The susceptibility of L. monocytogenes strains to penicil-
lin, ampicillin and amoxicillin was determined using an
E-test (AB Biodisk, Sweden). Overnight cultures of the
strains were diluted into fresh BHI medium and grown at
37°C with aeration to an ODg, of 0.2. The cultures were
diluted and a suspension containing 10° CFU/ml was
swabbed onto plates of BHI agar supplemented with
nisin to a final concentration of 15 ug/ml. E-test strips
were placed on the inoculated plates, which were then
incubated at 37°C for 24 h and 48 h before the results
were recorded. Survival of the L. monocytogenes strains
was tested in the presence of a lethal dose of penicillin G.
Overnight cultures of the strains were diluted (1:50) into
BHI broth and grown at 37°C to early exponential phase
(ODggo of 0.2) before nisin powder was added to a final
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concentration of 15 pg/ml. The cultures were then grown
for a further 30 min before penicillin G was added to a
final concentration of 0.6 pg/ml. The effect of the anti-
biotic on the L. monocytogenes strains was compared
spectrophotometrically by recording the ODgq0 of the
cultures and by determining the number of viable bac-
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