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We have previously described a murein hydrolase activity for the surface layer (S-layer) of Lactobacillus
acidophilus ATCC 4356. Here we show that, in combination with nisin, this S-layer acts synergistically to inhibit
the growth of pathogenic Gram-negative Salmonella enterica and potential pathogenic Gram-positive bacteria,
Staphylococcus aureus and Bacillus cereus. In addition, bacteriolytic effects were observed for the Gram-positive
species tested. We postulate that the S-layer enhances the access of nisin into the cell membrane by enabling
it to cross the cell wall, while nisin provides the sudden ion-nonspecific dissipation of the proton motive force
required to enhance the S-layer murein hydrolase activity.

Natural preservatives active against Gram-positive and
Gram-negative pathogens are highly desirable for the food
industry and consumers. Nisin, a small peptide bacteriocin
produced by Lactococcus lactis subsp. lactis, is the only bacte-
riocin that has approved GRAS (generally recognized as safe)
status for certain applications (Generally Regarded as Safe;
US 21CFR170.30-Food Additives) by the Food and Drug Ad-
ministration (FDA) for use in food products (3, 19). The an-
timicrobial mechanism of nisin has been extensively studied
and is well documented (1, 5, 8, 9, 20). Nisin is not active
against Gram-negative bacteria compared to Gram-positive
bacteria, due to its inability to penetrate the external mem-
brane, which prevents its access to the inner membrane. How-
ever, the combination of nisin with the chelating agent lacto-
ferrin acts synergistically to inhibit the growth of Escherichia
coli O157:H7 (13). Nisin has been used as a food preservative
for over 30 years, is active in the nanomolar range, and has no
known toxicity to humans (5, 19), which has placed it in the
unique position of worldwide acceptance as a powerful and
safe food additive in control of food spoilage and certain food
pathogens.

We have previously described a new enzymatic functionality
for the surface layer (S-layer) of Lactobacillus acidophilus
ATCC 4356, namely, an endopeptidase activity against cell
wall preparations of Salmonella enterica serovar Newport (17);
however, we failed to observe any effect on whole cells from
Gram-positive bacteria such as Bacillus cereus.

We now wonder if the purified S-layer protein having this
endopeptidase activity may act synergistically with nisin, allow-
ing reduction of the levels of the bacteriocin and control of
bacterial growth. For this purpose, the antibacterial activity of
S-layer from Lactobacillus acidophilus ATCC 4356, either
alone or in combination with nisin, was analyzed using three
models of food-borne pathogenic bacteria: Salmonella enterica

serovar Newport (10), Staphylococcus aureus ATCC 6538
(used as a representative of Gram-positive bacteria in standard
medium tests; laboratory collection), and Bacillus cereus 6A1
(Bacillus Genetic Stock Center [BGSC]). The S-layer proteins
were extracted as previously described (17) and conserved as a
1-mg/ml suspension in sterile distilled water at �20°C until use.
Purity was determined by SDS-PAGE as a unique band and
detected by Western blotting.

Nisin was used as its commercial product, 2.5% (wt/wt)
(Sigma), and was dissolved in 0.02 N HCl to a concentration of
16,000 IU/ml, equivalent to 0.4 mg/ml pure nisin. The MIC
that inhibited growth was determined twice by microtiter broth
dilution, and we measured the optical density at 600 nm
(OD600) reached after 16 h of growth. Bacillus cereus and
Salmonella enterica were grown in LB (yeast extract, 5 g/liter;
peptone, 10 g/liter; NaCl, 10 g/liter; pH 7.0), while Staphylo-
coccus aureus was grown in BHI (brain heart infusion; Biokar,
France) and incubated at 37°C. The MIC was 595 IU/ml for
Bacillus cereus, 298 IU/ml for Staphylococcus aureus, and over
5,000 IU/ml for Salmonella enterica serovar Newport. For Sal-
monella enterica, nisin solution was prepared to a concentra-
tion of 160,000 IU/ml, equivalent to 4 mg/ml pure nisin, in
order to avoid a pH modification once it was added to the
growth medium.

In a first approach, growth curves of the Gram-negative
Salmonella enterica serovar Newport in the presence of nisin,
S-layer, or both were performed. Nisin at half of its MIC
showed no inhibition. The S-layer alone was inhibitory, but the
addition of both nisin and S-layer decreased growth (for
growth rate and maximal OD reached, see Fig. 1). In view of
these findings, we decided to evaluate the effects of the com-
bination (nisin and S-layer) in Gram-positive bacteria. Bacillus
cereus and Staphylococcus aureus, two food-borne pathogen
models, were chosen. No effect was observed when the S-layer
(10 �g/ml) was added alone, and nisin added alone, at a sub-
inhibitory concentration of 250 IU/ml for B.cereus and 150
IU/ml for S. aureus, partially delayed growth. In contrast, the
combination of both the S-layer (10 �g/ml) and nisin at a
subinhibitory concentration inhibited growth of both B. cereus
and S. aureus cultures (Fig. 1).
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To determine the mode of action of the combination of
S-layer and nisin, lysis was monitored by OD600 decrease of
exponential cultures of B. cereus and S. aureus when exposed to
nisin or nisin plus S-layer and viable counts were determined
by serial decimal dilutions on LB agar plates. A bacteriolytic
effect was observed. As shown in Fig. 2A, B. cereus cultures
lysed instantly in the presence of both compounds as observed

from the decrease in OD and confirmed by the viable count
determinations. However, S. aureus showed a 2-h lag period
before lysis was observed (Fig. 2B). This delay may be attrib-
uted to the typical cell aggregation profile characteristic of
Staphylococcus cultures, which might hide the target for the
S-layer and/or nisin. In fact, after this period cells disaggre-
gated as visualized by microscopic observation (data not
shown) and both compounds led to cell lysis. In addition, when
viable counts were performed, a rapid decline in viability was
observed even before the OD decrease. The reduction in via-
bility after a 6-h treatment with both nisin and S-layer was 5
and 4 logs for B. cereus and S. aureus, respectively.

Concerning the Gram-negative Salmonella enterica, a pecu-
liar behavior was observed: while whole cells suspended in
buffer were lysed by the sole presence of S-layer (17), no lytic
effect was observed when exponentially growing cultures were
treated even with both S-layer and nisin (data not shown).
However, the S-layer protein remains intact after incubation
with whole cells as observed by Western blotting after 8 h of
incubation (Fig. 3). We suspect that actively dividing cells of
this Gram-negative pathogen may release an inhibitor either
of the S-layer activity or of nisin. Further experiments should
be performed in order to evaluate these hypotheses.

FIG. 1. Effect of S-layer, nisin, or both on the growth of S. enterica,
S. aureus, and B. cereus. To determine the effect of nisin and S-layer
protein separately or in combination, bacterial cells were first cultured
at 37°C for 16 h with agitation. These cultures were diluted in fresh
medium (0.5 ml into 10 ml) and distributed in aliquots, each containing
either the S-layer, nisin, or both, and OD600 was monitored every hour.
Three or more independent experiments were performed for each
bacterium. Nisin was added at the following concentrations: 2,500
IU/ml for Salmonella enterica, 250 IU/ml for Bacillus cereus, and 150
IU/ml for Staphylococcus aureus; the concentration of S-layer was 10
�g/ml.

FIG. 2. Type of effect of the combination of nisin and S-layer.
Exponentially growing bacteria were incubated in the presence of
either nisin or nisin and S-layer. (A) Effect on Bacillus cereus with nisin
(250 IU/ml) or nisin and S-layer (250 IU/ml and 10 �g/ml, respec-
tively). (B) Effect on Staphylococcus aureus with nisin (150 IU/ml) or
nisin and S-layer (150 IU/ml and 10 �g/ml, respectively). Dotted line,
cfu/ml; unbroken line, OD at 600 nm.
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To check if the synergic effect of S-layer on nisin is indeed
due to its murein hydrolase activity, a mild condition of heat
inactivation (60°C for 2 h) was assayed with the S-layer. This
treatment inactivates the endopeptidase activity as seen by
zymogram analysis (Fig. 4, zymogram, lane 3) but conserves
the protein without dramatic changes, since no differences in
migration or antibody detection were observed (compare lanes
3 and 1 in Fig. 4). The addition of mild-heat-inactivated S-layer
protein and nisin to S. aureus cultures was unable to inhibit
growth (Table 1). In contrast, while nisin and S-layer sepa-
rately inhibited growth to 22% or 0%, respectively, the addi-
tion of both inhibited dramatically the growth (89%) and
growth rate (90%), representing an 8-log reduction in viable
cell counts, pointing to the benefit of this synergetic effect
(Table 1).

To verify that nisin does not act by activating the S-layer
murein hydrolase activity, experiments were performed where
this activity was evaluated from preparations incubated with
nisin before S-layer extraction from L. acidophilus cultures or
after its purification. In any case the SDS-PAGE and zymo-
gram analysis revealed no difference in electrophoretic mobil-
ity or murein hydrolase activity (Fig. 4, compare lane 1 with
lanes 2 and 4). In addition, the S-layer protein preparation is
very stable since the incubation in the presence of target bac-
teria failed to reveal any proteolysis (Fig. 3).

A similar synergistic antibacterial activity between the pep-
tide nisin and a cell wall hydrolase such as lysozyme (N-acetyl-
muramide glycanhydrolase) has been reported by various re-
searchers (2, 7, 15). Nisin was involved in the dissipation of the
membrane potential (18). To make sure that the synergic effect
of nisin on S-layer is due to its proton motive force (PMF)
dissipation, nisin was replaced by the PMF uncoupler carbonyl
cyanide m-chlorophenylhydrazone (CCCP) and the effects
compared with and without the addition of S-layer. Table 1
shows that nisin has an effect similar to that of CCCP.

The emergence of bacterial resistance to antibiotics follow-
ing the widespread use of clinical, veterinary, and animal agricul-
tural antibiotics has reduced their efficacy and made necessary
new antibacterial alternatives. In this view bacteriophages, bacte-
rial cell wall hydrolases, and antimicrobial peptides are among the
most promising candidates (6, 11, 16). Most of them provide
enzymes that degrade peptidoglycan, the main component of
the bacterial cell wall, and cause bacteriolysis. The absence of
lysis when the S-layer is alone may indicate the need of PMF
dissipation for its full action. This effect has also been reported
in the case of the holin-lysin system from bacteriophages for
their delivery (14). The holin creates holes from inside into the
cell-lipid bilayer, allowing the phage endolysin (peptidoglycan
hydrolase) to break out and degrade the cell wall, allowing the
release of phages. For it to be active, the endolysin requires the
sudden ion-nonspecific dissipation of the proton motive force,
an event undertaken by holin but also triggered by nisin from
the outside (14). Therefore, cytoplasmic membrane electro-
chemical gradient dissipation is necessary but not sufficient for
the full sensitization.

One important fact in our findings is that the combined
effect of nisin and the S-layer resulted not only in the inhibition
of growth of cultures when they are present in the initial
inoculum but also in the ability to produce lysis in pregrown
cultures, thus killing Gram-positive pathogen cells.

The S-layer–nisin synergetic duo seems to be a promising
new antibacterial agent, which needs further investigation for

FIG. 3. S-layer integrity during incubation with Salmonella. Viable
cells from Salmonella enterica were washed once with phosphate-buff-
ered saline buffer, resuspended at an optical density at 600 nm of 1
mixed with S-layer protein (10 �g/ml), and incubated at 37°C with
constant rotation to keep the contents in suspension at the indicated
times. At different times S-layer was analyzed by Western blotting.
Electrotransfer to parablot polyvinylidene difluoride was according to
the manufacturer’s instructions (Macherey-Nagel, Germany). Poly-
clonal antibody anti-S-layer was used at 1:1,000.

FIG. 4. S-layer treatments. S-layer preparations were submitted to
different treatments and analyzed by PAGE, zymography, and Western
immunoblotting as previously described (16). Lane 1, S-layer; lane 2,
pretreatment with nisin of L. acidophilus cultures before S-layer prep-
aration; lane 3, heat-inactivated S-layer (2 h at 60°C); lane 4, S-layer
preparation incubated with nisin.

TABLE 1. Nature of the synergic combinationa

Growth condition Final
OD600

Growth rate
(�; h�1) % Inhibitionc

Control 2.6 0.48 � 0.02 0
Nisin (150 IU/ml) 2.2 0.37 � 0.01 22
S-layer (10 �g/ml) 2.6 0.49 � 0.02 0
Nisin (150 IU/ml) � S-layer

(10 �g/ml)
0.7 0.05 � 0.01 89

S-layer (heat inactivated)b 2.8 0.53 � 0.02 ��0
S-layer (heat inactivated) �

nisin (150 IU/ml)
2.5 0.42 � 0.02 12

CCCP (50 �M) 0.9 0.11 � 0.01 77
CCCP (50 �M) � S-layer

(10 �g/ml)
0.4 0.04 � 0.01 92

CCCP (25 �M) 1.2 0.21 � 0.01 56
CCCP (25 �M) � S-layer

(10 �g/ml)
0.6 0.11 � 0.01 77

a Staphylococcus aureus cultures were assayed as described for Fig. 1, and the
different compounds were added at the indicated concentrations. Growth curves
were performed, and the growth rate, �, was determined from the resulting plots.
Final OD600s after 8 h of growth were also indicated.

b Heat-inactivated S-layer (10 �g/ml) was obtained by heating at 60°C for 2 h.
c Percentage of inhibition was calculated from the growth rates and related to

the control.
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its application in the food industry or food preservation as
described previously (4, 12).
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improve this work.
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