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ABSTRACT We have previously shown that the lactic acid bacterium Lactobacillus
brevis 174A, isolated from Citrus iyo fruit, produces a bacteriocin designated brevicin
174A, which is comprised of two antibacterial polypeptides (designated brevicins
174A-B and 174A-y). We have also found a gene cluster, composed of eight open
reading frames (ORFs), that contains genes for the biosynthesis of brevicin 174A,
self-resistance to its own bacteriocin, and two transcriptional regulatory proteins.
Some lactic acid bacterial strains have a system to start the production of bacterio-
cin at an adequate stage of growth. Generally, the system consists of a membrane-
bound histidine protein kinase (HPK) that senses a specific environmental stimulus
and a corresponding response regulator (RR) that mediates the cellular response. We
have previously shown that although the HPK- and RR-encoding genes are not
found on the brevicin 174A biosynthetic gene cluster in the 174A strain, two puta-
tive regulatory genes, designated breD and breG, are in the gene cluster. In the pres-
ent study, we demonstrate that the expression of brevicin 174A production and self-
resistance is positively controlled by two transcriptional regulatory proteins, designated
BreD and BreG. BreD is expressed together with BreE as the self-resistance determinant
of L. brevis 174A. DNase | footprinting analysis and a promoter assay demonstrated that
BreD binds to the breED promoter as a positive autoregulator. The present study also
demonstrates that BreG, carrying a transmembrane domain, binds to the common pro-
moter of breB and breC, encoding brevicins 174A-B and 174A-v, respectively, for positive
regulation.

IMPORTANCE The problem of the appearance of bacteria that are resistant to prac-
tical antibiotics and the increasing demand for safe foods have increased interest in
replacing conventional antibiotics with bacteriocin produced by the lactic acid bac-
teria. This antibacterial substance can inhibit the growth of pathogenic bacteria
without side effects on the human body. The bacteriocin that is produced by a Cit-
rus iyo-derived Lactobacillus brevis strain inhibits the growth of pathogenic bacteria
such as Listeria monocytogenes, Staphylococcus aureus, and Streptococcus mutans. In
general, lactic acid bacterial strains have a system to start the production of bacteri-
ocin at an adequate stage of growth, which is called a quorum-sensing system. The
system consists of a membrane-bound histidine protein kinase that senses a specific
environmental stimulus and a corresponding response regulator that mediates the
cellular response. The present study demonstrates that the expression of the genes
encoding bacteriocin biosynthesis and the self-resistance determinant is positively
controlled by two transcriptional regulatory proteins.
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he term “lactic acid bacteria” (LAB) (bacteria that are known as probiotics) is a

generic name given to bacteria that produce large amounts of lactic acid from
various sugars and other carbohydrates. Bacteriocins, which are antibacterial polypep-
tides produced by some LAB strains, inhibit the growth of their related LAB strain and
several pathogenic microorganisms (1, 2). Therefore, the bacteriocin-producing LAB
strains can be recognized as biopreservatives that produce an antibacterial substance
without side effects (3, 4). In fact, a bacteriocin, nisin A, is used worldwide (5, 6).

In a previous study, we isolated the bacteriocin-producing Lactobacillus brevis strain
174A from Citrus iyo fruit (7). The bacteriocin designated brevicin 174A consists of two
polypeptides, named brevicins 174A-B and 174A-vy. Brevicin 174A inhibits the growth
of several LAB strains and pathogenic bacteria such as Listeria monocytogenes, Staph-
ylococcus aureus, and Streptococcus mutans. We have also showed in previous work that
the bacteriocin biosynthetic gene cluster of L. brevis 174A is identical to that of L. brevis
925A isolated from kimuchi (7, 8). The study demonstrated that the gene clusters of
both strains contain two genes encoding the deduced transcriptional regulators,
designated breD and breG. Protein motif analysis using the SOSUI program (http://
harrier.nagahama-i-bio.ac.jp/sosui/sosui_submit.html) (9) showed that the BreD protein
(molecular mass, 7.4 kDa) has a helix-turn-helix (HTH) motif at the N-terminal region. On
the other hand, the BreG protein (24 kDa) has the HTH motif at the N-terminal region
together with four-transmembrane-spanning domains at the C-terminal region.

Bacteriocins are classified into two classes designated classes | and Il (4, 10, 11). The
class | bacteriocins, which are also called lantibiotics, contain a typical intrapeptide
cyclic structure composed of thioether-bound amino acids, lanthionine, and methyl-
lanthionine. The class Il bacteriocins are further classified into four subclasses, class lla
(active to Listeria and pediocin-like), lIb (two peptide), lic (cyclic), and Ild (nonpediocin
single linear). In general, the production of bacteriocins classified into classes | and Il
(12-17) is controlled by a two-component regulatory system consisting of a histidine
protein kinase (HPK) and a response regulator (RR) in the presence of the specific
autoinducer peptide (AIP). We have proposed in the previous study that the regulatory
mechanism to express the two-polypeptide bacteriocin brevicin 174A produced by the
174A strain is different from that for the two-component system (7). To clarify the
hypothesis, in the present study, we determined the binding site of the deduced
positive regulator BreD, which is present near the promoter region of breE, encoding an
immunity protein as the self-resistance determinant in L. brevis 174A. We also demon-
strate that another positive regulator, BreG, binds upstream of the common promoter
of breB and breC to express brevicins 174A-p and 174A-v, respectively.

In the present study, we show a new regulatory mechanism for the expression of
two-polypeptide bacteriocin.

RESULTS

Determination of DNA-binding sites of BreD and BreG. To determine the DNA-
binding sites of BreD and BreG, each protein was expressed using an Escherichia coli
host-vector system and purified. DNA fragments named regions | to IV, which include
the predicted promoter region found in the brevicin 174A biosynthetic gene cluster
(Fig. 1A), were amplified to assay the binding affinities of BreD and BreG using the
electrophoretic mobility shift assay (EMSA) method. Figure 1B shows that BreD and
BreG bind to region Il and region II, respectively. The former and latter regions contain
the breED promoter (P,,.rp) and breBC promoter (P,,.zc), respectively, and the binding
intensity increased in a protein concentration-dependent manner.

To obtain more information on the binding sites of both proteins, a DNase |
footprinting assay was performed (Fig. 2A). Figure 2B shows that the binding site of
BreD contains the 16-bp inverted-repeat (IR) sequence 5'-GCAATATATATATTGC-3’
located between the ribosome-binding site (RBS) and the —10 region of P,,..p. The
twice-repeated 12-bp direct-repeat (DR) sequences are also found in the same region.
With regard to the nucleotide sequence of the BreG-binding site, two possible IR
sequences, 5'-TAAGACA-N, ,-TGTCTTA-3’ (28 bp) and 5'-GACA-Ng-TGTC-3’ (16 bp), are
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FIG 1 Determination of the promoter region for the binding of BreD and BreG proteins. (A) Gene organization and
predicted functions of ORFs in the brevicin 174A biosynthetic gene cluster composed of breA to breH. The promoter
regions used for the electrophoretic mobility shift assay (EMSA) are indicated as four thick bars and named regions
I, II, 11, and IV. The solid line with an arrowhead (—) indicates the binding between the breD- or breG-encoded
protein (®) and the promoter region as the target. (B) Profiles of the EMSA due to the concentration-dependent
addition of BreD or N-BreG together with the labeled probes (right). When the unlabeled probe was added in
excess, the specific band shift was inhibited (left). In this experiment, DNA fragments identical to regions Ill and Il

were used to detect BreD and N-BreG proteins, respectively.

found upstream of the P,,.;c —35 sequence (Fig. 2B). The transcriptional start sites of
breB and breE were also determined by the primer extension analysis (data not shown)
and are shown in Fig. 2B as +1.

Promoter assay. To elucidate whether BreD and BreG function as a positive or
negative regulators, a promoter assay using the quantitative reverse transcription-PCR
(gRT-PCR) method was performed using the B-galactosidase (B-gal) structural gene as
a reporter gene. The $-gal gene was located under the control of P, gc Or P,,.cp instead
of P,,, which is the synthetic promoter for constitutive gene expression in Lactobacillus
cells (18), and the transcriptional activities in the presence and absence of the corre-
sponding regulator were compared (Fig. 3A). Interestingly, Fig. 3B shows that the
transcriptional activities of P,z and P,,..», Were enhanced in the presence of the breG
(pLES-PA-D versus pLES-PA-E) and breD (pLES-PA-B versus pLES-PA-C) genes, respec-
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FIG 2 Binding sites of BreD and BreG to the promoter region of breED and breBC, respectively. (A) DNase | footprinting for the determination
of BreD and BreG binding sites upstream of breED and breBC, respectively. The amounts of BreD (10 to 40 pmol) and N-BreG (300 to 1,200 pmol)
used for the assay are indicated at the top of each lane. A probe amplified with a 5’-end-biotinylated primer was used. The nucleotide
corresponding to the first nucleotide of the transcribed RNA is numbered +1. (B) Nucleotide sequences of the predicted binding site of BreD
or BreG. The numbers indicate positions from the transcription starting point, beginning with +1. The putative RBS, —10, and —35 regions are
underlined. The regions protected by both regulators are in bold. The arrows indicate direct repeats (DR) and inverted repeats (IR). The dotted
line indicates spacer sequences. The transcriptional start point is marked with a bent arrow.
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FIG 3 B-Gal gene expression of L. plantarum IFO3070 cells transformed with the indicated plasmids. (A) Plasmids
constructed for the promoter assay. Four kinds of promoters were used for the expression of the p-gal gene, breD,
or breG. The terminator is marked with a lollipop. (B) Ratio of expression of B-gal mRNA to gyrB mRNA. The host
L. plantarum 1FO3070 was transformed with each expression plasmid. Each of the resulting transformants was
grown until it reached the indicated cell concentration (optical density at 600 nm).

tively. The result indicates that BreD and BreG function as transcriptional activators to
produce brevicin 174A and the immunity protein for expression of self-resistance,
respectively. The enhancement was even higher at the early stage of cell growth and
gradually decreased toward the stationary stage. When both the B-gal and breD genes
were under the control of P, as a polycistronic transcriptional unit, like for the breED
transcription (pLES-PA-F), the expression levels of the B-gal gene were almost the same
as those in pLES-PA-E. The regulations of B-gal gene expression in pLES-PA-E and
pLES-PA-F are regarded as the same as those of breBC and breED expression in the
brevicin 174A biosynthetic gene cluster, respectively. The result shows that the pro-
ductivities of bacteriocin and immunity protein in L. brevis 174A have balanced with
each other.
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FIG 4 Brevicin 174A productivity of L. plantarum IFO3070 transformed with the plasmid pLES-breA-H
carrying the breD- or breG-disrupted gene. The bacteriocin activity detected in the culture supernatant
from the host cells transformed with each mutant plasmid was confirmed by the agar well diffusion
method.

Genotypic and phenotypic changes in breD or breG mutants. A plasmid-curing
experiment and the Southern blot analysis showed that the brevicin 174A biosynthetic
gene cluster is present in the largest plasmid harbored in L. brevis 174A (data not
shown). To clarify the roles of breD and breG, which were deduced to be the trans-
criptional regulators, a brevicin 174A biosynthetic gene vector carrying a nonsense
mutation of breD or breG was constructed. In the experiment, the vector designated
pLES-breA-H carries the wild-type brevicin 174A biosynthetic gene cluster. Figure 4
shows that Lactobacillus plantarum IFO3070 transformed with pLES-breA-H definitely
produces brevicin 174A. In contrast, the same host harboring the plasmid pLES-breA-
H/AbreG (named the AbreG mutant) displayed slight antibacterial activity. This phe-
nomenon corresponds with the result obtained via qRT-PCR that the expression of breB
and breC was scarcely detected in host cells carrying the AbreG mutation (Fig. 5). This
observation corresponds with the result that BreG promoted the transcription of breB
and breC (Fig. 3). However, the antibacterial activity was scarcely present in the culture
supernatant of the host transformed with the mutant plasmid pLES-breA-H/AbreD
(named the AbreD mutant) (Fig. 4). In addition, the expression of both breB and breC
was decreased in the AbreD mutant (Fig. 5).

DISCUSSION

In the present study, we show that the expression of bacteriocin produced by L.
brevis 174A is regulated by a system different from the two-component regulatory
system with HPK and RR. As evidence, a BLAST search suggests that the BreD and BreG
proteins encoded by ORFs found in the brevicin 174A biosynthetic gene cluster are
homologous to several Lactobacillus DNA-binding proteins, with about 60% and 40%
identities on average, respectively, and these proteins have an HTH motif (19). The
motif in the BreD and BreG proteins was similar to the cro/C1-type HTH motif, and the
DNA-binding domain found in the motif consists of five a-helices. The second and third
helices in the DNA-binding domain are especially necessary to recognize the DNA-
binding sequence of the promoter (20, 21). The transcriptional regulators, which are
grouped as DNA-binding protein, roughly divided into two types, transcriptional
repressor and activator. In general, the repressor protein binds to the operator se-
quence and inhibits the binding of RNA polymerase. On the other hand, the activator
protein binds to the specific binding sequence and facilitates the binding of RNA
polymerase to the promoter. Several DNA-binding proteins, such as the bacteriophage
434-derived cro/C1-type HTH domain (20), the Xre family transcriptional regulator from
the Bacillus subtilis prophage PBSX (22), and CopR, which is a two-component system-
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FIG 5 Expression ratio of the deletion mutant to the wild-type (deletion/WT) breB, breC, and breE genes in
L. plantarum IFO3070 transformed with pLES-breA-H/AbreD (AbreD mutant) and pLES-breA-H/AbreG (AbreG
mutant) to the same host harboring pLES-breA-H. The relative quantification of each target gene in the
AbreD and AbreG mutants in comparison to that observed in the host harboring pLES-breA-H was
measured. The relative expression ratio of the target gene is shown. The expression of each gene was
measured at the indicated growth phase of each transformant.

response regulator for copper resistance of the broad-host-range plasmid pIP501 (23),
have been reported to be repressor proteins.

On the other hand, it has been reported that the bacitracin resistance in Enterococ-
cus faecalis is mediated by an ATP-binding cassette (ABC) transporter and is positively
regulated by a novel protein (24). The regulatory protein designated BcrR, which
carries the cro/C1-type HTH motif for DNA binding at the N terminus, functions as an
activator to express the bacitracin resistance (24, 25). The BcrR protein has a four-
transmembrane-spanning domain at the C terminus, as does BreG. In the presence of
bacitracin, the BcrR protein positively regulates the transcription of the bcrABD operon,
encoding an ABC transporter that confers resistance to the bacitracin. It has been
confirmed that the bcrABD operon is not transcribed in the bcrR deletion mutant (22).
The function of BreG in the expression of breBC is similar to that of BcrR. Highly virulent
strains of E. faecalis express a pore-forming exotoxin called cytolysin, which lyses both
bacterial and eukaryotic cells in response to quorum-sensing signals (26). The expres-
sion of cytolysin in the bacterium has been reported to be regulated by the CylR1/CyIR2
system (27, 28). This membrane-associated regulatory system does not depend on
HPK/RR phosphorylation signaling (25, 26). In the regulatory model, a membrane-
bound protein, CyIR1, recognizes a signal peptide. When the peptide has accumulated
to a threshold to allow the transcription of cytolysin, repression against the cytolysin
promoter is cancelled by the binding of CylR2 to CyIR1. Thus, CyIR and BcrR recognize
cytolysin and bacitracin, respectively (24, 25, 27, 28).
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Based on those reports, it is likely that some signal molecules are produced in the
culture supernatant from the brevicin 174A biosynthetic gene cluster. Therefore, in the
present study, we measured the transcriptional activities for the promoters P,z and
Poreep N the presence or absence of the supernatant from the culture broth of L.
plantarum IFO3070 harboring the brevicin 174A biosynthetic gene cluster. However,
the transcriptional activities of P,z and P,z did not change even in the presence
of the bacteriocin (data not shown). The breF gene product found in the brevicin 174A
biosynthetic gene cluster, which is annotated as a hypothetical protein, has a double-
glycine motif followed by polylysine residues, like BreB and BreC. Therefore, we also
investigated in this study whether the BreF peptide molecule exhibits an antibacterial
activity, as do brevicins 174A-B and 174A-v, or functions as a signal peptide (data not
shown). The productivity of brevicin 174A and resistance to the bacteriocin in L.
plantarum IFO3070 carrying pLES-breA-H/AbreF were almost the same as those in the
same host carrying pLES-breA-H.

Furthermore, the mature form of BreF predicted from the amino acid sequence did
not exhibit antibacterial activity. In addition, the peptide molecule did not enhance the
antibacterial activity of brevicins 174A-B and 174A-vy. At this time, we cannot identify
the signal molecule that regulates the brevicin 174A biosynthesis.

In the regulatory system to produce brevicin 174A, the transcription of breD and
breE is positively autoregulated by BreD. It has been shown that two-thirds of tran-
scriptional regulators seem to be autoregulated in the bacterium (29). In many auto-
regulation circuits, the negative regulatory system has been reported to reduce the
time to reach the required steady-state concentration and provide stability for homeo-
stasis (30, 31). On the other hand, although it needs more time to reach steady-state
expression, the bistability network is provided by the positive autoregulation (32-34).
Furthermore, the bistability is sometimes associated with hysteresis. Once upregulated,
the activated transcription is maintained even when the stimulating factors are no
longer present in the hysteresis state (35, 36). Since BreD is too small a protein to
function as a receptor carrying the HTH motif, it is not reasonable to speculate that
the function of BreD bound with some signal molecules is altered. Even without the
selective pressure of bacteriocin, a sufficient amount of the immunity protein might be
produced by the regulatory system, suggesting that the system is meaningful to
maintain the self-resistance of brevicin 174A.

In this study, we showed that when breD was inactivated, the positive autoregula-
tion was lost, followed by decreased expression of breE (Fig. 5). The AbreD mutant may
manage to survive the lethal effect of its own produced brevicin 174A by maintaining
the breE expression level. For example, the mutant might increase the number of
replicated plasmids. In fact, the expression of the rep gene, which is necessary for
plasmid replication, was approximately three times higher than that in the same host
harboring pLES-breA-H at the early stage of growth (data not shown). In the AbreD
mutant, even if BreG is intact, the strain cannot produce enough brevicin 174A, because
when an excess amount of brevicin 174A is present, the AbreD mutant might be killed
due to poor expression of the immunity protein. Therefore, the production of brevicin
174A in the AbreD mutant is likely to be controlled at a lower level during cultivation
(Fig. 4). On the other hand, expression of both breB and breC was decreased in the
AbreG mutant, and the breE level was also repressed during cultivation (Fig. 5). Unlike
the case for the AbreD mutant, the production of brevicin 174A in the AbreG mutant is
not lethal. As shown in Fig. 4, the bacteriocin is detected in the supernatant of the
AbreG mutant culture. The results obtained with these two mutants show that brevicin
174A is significantly productive only when the bacteriocin and immunity protein are
adequately supplied.

It has been shown that transcriptional regulatory proteins binding to the promoter
region are predicted to be repressors but not activators. However, a research group
has reported that a transcriptional activator protein belonging to the Streptomyces
antibiotic-regulatory protein (SARP) family, named AfsR, binds a 9-bp direct repeat
located only 8 bp from the —10 region of the target gene promoter (37). Although the
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TABLE 1 Bacterial strains and plasmids used in this study

Applied and Environmental Microbiology

Reference
Strain or plasmid Description or source
L. plantarum strains
IFO3070
IFO3070(pLES-PA-A) IFO3070 transformed with pLES-PA-A This study
IFO3070(pLES-PA-B) IFO3070 transformed with pLES-PA-B This study
IFO3070(pLES-PA-C) IFO3070 transformed with pLES-PA-C This study
IFO3070(pLES-PA-D) IFO3070 transformed with pLES-PA-D This study
IFO3070(pLES-PA-E) IFO3070 transformed with pLES-PA-E This study
IFO3070(pLES-PA-F) IFO3070 transformed with pLES-PA-F This study
IFO3070(pLES-breA-H) IFO3070 transformed with pLES-breA-H This study
IFO3070(pLES-breA-HAbreD) IFO3070 transformed with pLES-breA-HAbreD This study
IFO3070(pLES-breA-HAbreG) IFO3070 transformed with pLES-breA-HAbreG This study
Plasmids
pET-28a(+) E. coli expression vector; Km* Novagen
pET-28a(+)/breD pET-28a(+) harboring 0.2-kb Ndel-Xhol fragment containing entire breD with N-terminal Hiss-tag This study
pET-28a(+)/N-breG pET-28a(+) harboring 0.3-kb Ndel-Xhol fragment containing N-terminal region of breD with N-terminal Hiss-tag This study
PLES003 E. coli-LAB shuttle vector; Amp" Erm" 8
pLES003-b The replication origin region for LAB (Aatll fragment) of this plasmid is reversed from that of pLES003 This study
pLES-PA pLES003-b lacking lacZ«, CAP-binding site, and lac operator This study
pLES-PA-A pLES-PA containing B-gal gene (P,,) This study
pLES-PA-B pLES-PA containing B-gal gene (Py,eep) This study
pLES-PA-C pLES-PA containing B-gal gene (Py,.zp) and breD (P,,) This study
pLES-PA-D pLES-PA containing B-gal gene (Py,ezc) This study
pLES-PA-E pLES-PA containing B-gal gene (Py,5c) and breG (Py,.c) This study
PLES-PA-F pLES-PA containing B-gal gene and breD (Py,.5c polycistronic) This study
pLES-breA-H pLES003-b harboring 10-kb fragment containing entire brevicin 174A synthetic gene cluster This study
pLES-breA-HAbreD pLES-breA-H containing 3-bp substitution mutation (positions +13 to +15 relative to breD start codon) This study
pLES-breA-HAbreG pLES-breA-H containing 3-bp substitution mutation (positions +16 to +18 relative to breG start codon) This study

promoter sequences of target genes of BreD and BreG do not have a similarity to those
of SARP, the present study demonstrates that both BreD and BreG act as activators to
regulate brevicin 174A biosynthesis and self-resistance. The production of two-
polypeptide bacteriocins, in general, is regulated by the two-component regulatory
system with HPK and RR (11). For example, the production of ABP-118 by Lactobacillus
salivarius subsp. salivarius UCC118 (38), of plantaricin E/F and J/K by L. plantarum C11
(39-41), and of plantaricin NC8 by L. plantarum NC8 (42) is controlled by the system.
Although determination of the precise activation mechanisms of both the BreD and
BreG regulators is still in progress, in the present study, we have found a novel
regulatory system to produce the two-polypeptide bacteriocin.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this
study are listed in Table 1. L. brevis 174A and L. plantarum IFO3070 were grown at 28°C in de Man,
Rogosa, and Sharpe (MRS) broth (Merck). E. coli was grown at 37°C in LB medium (43). When required,
ampicillin (100 wg/ml), kanamycin (50 wg/ml), erythromycin (300 pg/ml for E. coli and 100 wg/ml for LAB
strains), and 1.5% (wt/vol) agar were supplemented. E. coli BL21(DE3) and the pET-28a(+) plasmid
(Novagen) were used for the overexpression of BreD and BreG gene products. An E. coli-LAB shuttle
vector, pLES003-b, which carries the Aatll fragment reversed from pLES003 (DDBJ accession no.
AB370338) (8) as the replication origin, was used for the promoter assay and the reconstruction of the
brevicin 174A biosynthetic gene cluster. E. coli DH5a and the pUC19, pGEM-T (Promega), and pTA2
(Toyobo) plasmids were used for DNA cloning and sequencing. E. coli HST04 was used for the preparation
of a Dam and/or Dcm methylation-free plasmid. L. plantarum IFO3070 was used as a host for the
promoter assay and reconstruction of the bacteriocin biosynthetic gene cluster.

DNA preparation, manipulation, and sequencing. A plasmid from E. coli was isolated using the
Wizard Plus Minipreps DNA purification system (Promega). Chromosomal DNA and plasmids from
Lactobacillus strains were isolated according to a method described previously (8). Genes and nucleotide
fragments located on the brevicin 174A-biosynthesizing gene cluster (DDBJ accession no. LC062087)
were PCR amplified using the plasmid isolated from the L. brevis 174A cells. Nucleotide sequencing was
performed on an ABI Prism 310 genetic analyzer using the BigDye Terminator v1.1 cycle sequencing kit
as described in the manufacturer’s protocol (Applied Biosystems). Genetic analysis was performed using
ATGC and GENETYX software (Genetyx Corporation). All of the PCRs were carried out using PrimeSTAR
GXL DNA polymerase (TaKaRa) for plasmid construction.

Expression in E. coli and purification of His-tagged BreD and N-BreG. The BreG protein was not
expressed in a soluble fraction when overexpressed as a recombinant protein using an E. coli host vector
system, because the C-terminal region of BreG was predicted to have a four-transmembrane-spanning
domain. Therefore, we expressed only the N-terminal region of BreG (N-BreG, amino acids [aa]1 to 81).
The breD and N-terminal parts of breG genes were amplified by PCR using the Ex-breD and Ex-breG primer
sets, respectively (Table 2). The amplified DNA fragments were digested with Ndel and Xhol and inserted
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into the same site of pET-28a(+) to yield pET-28a(+)/breD and pET-28a(+)/N-breG, respectively. E. coli
BL21(DE3) harboring the expression vector was grown in LB medium at 28°C. At the exponential phase
of growth (optical density at 600 nm [ODg,,] = 0.6), isopropyl-B-p-thiogalactopyranoside (IPTG) was
added to the culture at a concentration of T mM to induce the expression of objective proteins. After an
additional incubation for 6 h, the cells were harvested by centrifugation, washed, and resuspended in
binding buffer (20 mM Tris-HCI [pH 7.9], 500 mM NaCl, and 5 mM imidazole). After the cell mass was
disrupted by sonication, the cell debris was removed by centrifugation. The resulting cell extract was
subjected to Ni(ll)-chelate affinity chromatography using HisBind resin (Novagen) to purify the N-terminal
histidine-tagged proteins as described in the supplier’s instruction manual: the column was washed with
a wash buffer (20 mM Tris-HCI [pH 7.9], 500 mM NacCl, and 60 mM imidazole), and the protein was eluted
with a linear gradient of 60 to 1,000 mM imidazole. The fractions having objective proteins were pooled
and concentrated by using an ultracentrifuge unit (Amicon Ultra; Millipore). The protein concentrations
of the purified BreD and N-BreG were determined using a Bio-Rad protein assay kit. The purified protein
was dialyzed against EMSA buffer (20 mM triethanolamine-HCI [pH 7.0], 20% [vol/vol] glycerol, 2 mM
2-mercaptoethanol, T mM dithiothreitol [DTT], and 100 mM KCIl) and stored at 4°C until use.

EMSA. Biotin-labeled 200-bp DNA fragments which were designed to obtain the breA, breB, breE, and
breG promoter regions located about 190 bases upstream from each start codon were amplified by PCR
using the appropriate electrophoretic mobility shift assay (EMSA) gene primer sets (Table 2). Nonbioti-
nylated primers were used for the preparation of nonlabeled DNA fragments. An appropriate amount of
purified proteins (0.25 to 256 pmol) and 5 fmol of biotinylated DNA fragments were incubated in EMSA
buffer containing 50 wg/ml poly(dl-dC) in a volume of 20 ul at 25°C for 15 min. When necessary, 5 pmol
of nonlabeled DNA was added to the reaction mixture. After the addition of 5 ul of loading dye (20%
[vol/vol] glycerol, 0.1% [wt/vol] xylene cyanol, and 1% [wt/vol] bromophenol blue), the mixture was
subjected to 6% native polyacrylamide gel electrophoresis in TBE buffer (90 mM Tris-borate [pH 8.3] and
2 mM EDTA) at 100 V for 3 h. The DNA fragments were transferred on a Hybond-N+ membrane (GE
Healthcare) with a 0.5X TBE buffer using a Trans-Blot SD semidry transfer cell (Bio-Rad) at 380 mA for 30
min. After the electroblotting procedure, the DNA fragments were fixed on the membrane via heat
treatment at 80°C for 2 h. DNA detection was performed using a chemiluminescent nucleic acid
detection module (Pierce) and an ImageQuant LAS 4000 biomolecular imager (GE Healthcare) according
to the manufacturer’s instruction manual.

DNase | footprinting assay. Each of 291-bp DNA fragments which were designed with the breE and
breB promoter regions, including 193 and 279 bases upstream of each start codon, respectively, was
amplified by PCR using the FP-breED and FP-breBC primer sets (Table 2). If necessary, 5’-end-biotinylated
primer was used to prepare a biotin-labeled DNA fragment. A reaction mixture containing 0.6 pmol of
the target DNA fragment and appropriate amounts of purified BreD or N-BreG (10 to 40 pmol or 300 to
1,200 pmol, respectively) was prepared in 200 ul of EMSA buffer. After incubation at 25°C for 30 min, a
30-ul portion of DNase | solution (0.04 U/ul DNase | [TaKaRa], 400 mM Tris-HCl [pH 7.5], 80 mM MgCl,,
and 50 mM DTT) was added to the mixture, followed by further incubation for 4 min on ice. The reaction
was stopped by the addition of 270 ul of a solution composed of 100 mM Tris-HCI (pH 8.0), 100 mM NaCl,
1% (wt/vol) sodium N-lauroyl sarcosinate, 10 mM EDTA-NaOH (pH 8.0), and 25 ul/ml of salmon sperm
DNA. After phenol-chloroform extraction and ethanol precipitation, 4 ul of nuclease-free water and 1 ul
of a formamide-dye mixture (44) were added to the pellet, and the resulting DNA sample was subjected
to 6% polyacrylamide-7 M urea gel electrophoresis at 25 W for 2 h. DNA (A+G and C+T) ladders were
prepared by the Maxam-Gilbert chemical cleavage method (45). The separated fragments were visualized
using the chemiluminescent nucleic acid detection module and ImageQuant LAS 4000 biomolecular
imager according to the manufacturer’s instruction manual.

RNA extraction and primer extension analysis. Total RNA was extracted from each LAB cell using
NucleoSpin RNA Il (Macherey-Nagel) according to the manufacturer’s instruction manual. After extracting
the RNA, residual DNA fragments were digested with DNase | (TaKaRa) in reaction buffer (40 mM Tris-HCI
[pH 7.5], 0.8 U/ul RNase inhibitor [TaKaRal, 8 mM MgCl,, 1 mM CaCl,, 1 mM MnCl,, and 5 mM DTT). A
portion (15 ug) of the total RNA was used to synthesize cDNA using the PrimeScript RT-PCR kit (TaKaRa)
according to the manufacturer’s instruction manual. The 5’-biotinylated biotin-FP-breBC-R and biotin-
FP-breED-F primers (Table 2), designed with an antisense sequence that pairs with nucleotides —13 to
+12 and +86 to +110 of breB and breE, respectively, were used for the primer extension analysis. The
reaction sample was subjected to 6% polyacrylamide-7 M urea gel electrophoresis, and detected was as
described in the previous section.

Transformation of LAB. The preparation of competent cells derived from the LAB strain was
conducted according to methods described previously (46, 47). Competent cells (50 ul) mixed with the
given plasmid vector were placed into a 0.1-cm electroporation cuvette (Bio-Rad) and held on ice for 5
min. After pulsing under specific conditions (field strength, 7.5 kV/cm; capacitance, 25 uF; resistance, 400
Q) using a Gene Pulser XCell (Bio-Rad), the cell suspension was immediately diluted with 1 ml of MRS
broth containing 0.5 M sucrose and 0.1 M MgCl, and then incubated at 28°C for 6 h. A portion of the cell
suspension (100 wl) was placed on selective medium and incubated anaerobically at 28°C for 1 to 2 days.
Before the transformation, all plasmid constructs were prepared as the methylation-free plasmid from E.
coli HSTOA4.

Promoter assay. All primers used for constructing the vectors are listed in Table 2. A 6.0-kb DNA
fragment was amplified from pLES003-b by PCR using the primers PAO1 and PA02. The amplified DNA
was digested with Pstl and self-ligated to yield pre-pLES-PA. A 5.8-kb DNA fragment was amplified to
form pre-pLES-PA by PCR using the primers PA03 and PA04. The amplified DNA was digested with EcoRI
and self-ligated to yield pLES-PA, which was designed to have a terminator sequence and to lose a lacZa
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gene, CAP binding site, and lac operator sequence. To construct plasmid pLES-PA-A, a Kpnl/BamHI-
digested 3.2-kb fragment, which corresponds to the B-gal gene originating from an E. coli K-12 W3110
genome sequence (DDBJ accession no. AP009048) (48, 49) with P,, and terminator sequence, was
amplified by using the PA-B-gal-F1 and PA-B-gal-R1 primers and inserted into the same site of pLES-PA.
Additionally, plasmids pLES-PA-B to -F were constructed by insertion of the appropriate fragments (Fig.
3) by PCR amplification using the primer sets (Table 2). The L. plantarum IFO 3070 strain was transformed
with the constructed plasmid. To measure 3-gal gene transcription, qRT-PCR analyses were performed.
The gyrB gene was used as a housekeeping gene. Both the gyrB and B-gal genes were amplified using
the gene-specific primer sets listed in Table 2.

Construction of plasmids carrying the brevicin 174A biosynthetic gene cluster. The brevicin

174A biosynthetic gene cluster was PCR amplified using the IF_breA-H_insert primer sets and the whole
region of pLES003-b except for the multicloning site by PCR using the IF_breA-H_vector primer sets. The
two amplified DNA fragments were ligated using an In-Fusion HD cloning kit (Clontech) to construct the
pLES-breA-H plasmids.

We constructed two mutants of the biosynthetic gene cluster. The mutation was performed using

PrimeSTAR Max DNA polymerase according to the manufacturer’s instruction manual. To construct each
mutant plasmid having the nonsense breD or breG mutations, respectively, the breD or breG_mutation
primer sets were used. The strain L. plantarum IFO 3070, which has been confirmed to have neither the
brevicin 174A-biosynthesizing gene cluster nor the brevicin 174A resistance gene, was transformed with
each resulting mutant plasmid. The transcriptional assay of each gene was done by qRT-PCR. For the
gRT-PCR analysis, gyrB and breB, breC, and breE were amplified using each ¢cDNA preparation as a
template and the gene-specific primer sets listed in Table 2.

well diffusion method described previously (2, 8, 50).

Assay of antibacterial activity. The antibacterial activity of brevicin 174A was confirmed by the agar

qRT-PCR analysis. Total RNA, which was extracted and purified from each construct at several

growth points (ODg,, = 0.1, 0.5, 1.0, and 1.5), was converted to cDNA using the ReverTra Ace qPCR RT
master mix with gDNA remover (Toyobo) according to the manufacturer’s instruction manual. qRT-PCR
was performed on the PikoReal real-time PCR system (Thermo Fisher Scientific) using the Kapa SYBR Fast
qPCR master mix (Kapa Biosystems). The PCR was performed as follows: an initial 30 s at 95°C followed
by 40 cycles of 5 s at 95°C and 30 s at 60°C. The relative transcriptions of the target genes were
normalized to a housekeeping gene (gyrB) by the AAC; method. In this experiment, a proportional
relationship was observed between the dilution factors of the template and the signal intensity.
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