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Lactobacillus sakei 5, isolated from malted barley, produces three bacteriocins. Genetic and functional
analysis of the purified bacteriocins showed that this strain produces a plasmid-encoded bacteriocin that is
identical to sakacin P, as well as two novel, chromosomally encoded bacteriocins, which were designated
sakacin T and sakacin X. The structural genes specifying sakacin T and sakacin X are part of the sakacin TX
locus, which consists of two adjacent but divergently oriented gene clusters. The first gene cluster includes stxP,
stxR, stxK, and stxT, which, based on functional and comparative sequence analysis, are believed to encode an
inducing peptide and proteins involved in regulation and secretion of these bacteriocins. The second gene
cluster includes the structural and immunity genes for sakacin T, a class IIb two-peptide bacteriocin composed
of SakT, and SakTg, and sakacin X, a class Ila bacteriocin. Interestingly, a so-called transport accessory
protein was absent from the locus, and based on our results it appears that a dedicated accessory protein is
not required for processing and transport of sakacin T and sakacin X.

Malted cereals contain high numbers of various microorgan-
isms representing a wide range of bacteria, yeast, and fungal
species (48). Microbial spoilage may result in a variety of
technological impediments in the brewing and malting pro-
cesses. These include damage to raw materials, filtration prob-
lems, and deleterious effects on both the fermentation process
and the final product, such as turbidity of the beer and unde-
sirable flavors and aromas (23). Any means by which the level
of this undesirable microbial contamination can be controlled
would be of interest to the brewing industry.

The last decade has seen a growing interest in the applica-
tion of biopreservation through the use of microorganisms
and/or their metabolites to prevent food spoilage and to extend
the shelf life of foods (51). Lactic acid bacteria (LAB) are of
particular interest as biopreservative organisms. The preserv-
ing effects of these organisms are partially due to the produc-
tion of fermentation end products but may also be due to the
formation of small, heat-stable inhibitory peptides, often re-
ferred to as bacteriocins (16, 18).

Bacteriocins are ribosomally synthesized, extracellularly re-
leased, bioactive peptides or peptide complexes that have a
bactericidal or bacteriostatic effect on other (usually closely
related) species. Bacteriocins of LAB have previously been
arranged into three classes based on their composition, size,
mode of action, mechanism of export, and inhibitory spectrum
(16, 33, 45). The class I bacteriocins, the so-called lantibiotics,
are posttranslationally modified. The class II bacteriocins,
which are nonlantibiotic bacteriocins, are further divided into
three subgroups. Class IIa bacteriocins are pediocin-like bac-
teriocins with strong antilisterial effects and a conserved N-
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terminal YGNGVXC consensus motif in the mature peptide,
while class IIb bacteriocins consist of two peptides, both of
which are required for full antimicrobial activity. Most class ITa
and IIb bacteriocins are synthesized with a double-glycine type
of leader sequence (26, 28). While all bacteriocins are formed
with an N-terminal leader sequence, some small, heat-stable,
and nonmodified bacteriocins are translated with sec-depen-
dent leaders (36, 60). Due to their similarity to the class II
bacteriocins these molecules have in the past been placed in a
separate subgroup, class Ilc (45). There are apparently hybrid
bacteriocins which display characteristics of both class Ila and
IIb subgroups (12, 13), which has resulted in an alternative
class II classification scheme (16), in which subclass Ilc is
defined as other peptide bacteriocins which do not fulfill the
criteria for class Ila or IIb. Class III was defined as large
protein bacteriocins. A fourth class of bacteriocins was defined
by Klaenhammer (33), and this class contains bacteriocins
composed of undefined mixtures of proteins, lipids, and car-
bohydrates. However, experimental data suggest that the com-
plex bacteriocinogenic activities of these molecules may be
artifacts caused by interactions between constituents from the
cells or growth medium and that the undefined bacteriocin
activities are likely to be activities of regular peptide bacterio-
cins, and thus recognition of this separate class may not be
valid. Kemperman et al. (32) have proposed a new class, class
V, of bacteriocins that consist of ribosomally synthesized, non-
modified, head-to-tail-ligated, cyclic, antibacterial peptides,
such as circularin A (32) and AS-48 (39).

Recent studies have revealed that there is considerable vari-
ation in the number of bacteriocins (11) produced by a partic-
ular strain (range, one to three bacteriocins), as well as con-
siderable flexibility in the way in which bacteriocin loci can be
organized (16). However, most genetically characterized class
II bacteriocin gene clusters are composed of three gene mod-
ules, a module that includes the structural and immunity genes,
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TABLE 1. Bacterial strains and plasmids used in this study

Source and/or reference

Strain or plasmid Description
Strains
L. sakei 5 Producer of sakacin T, sakacin X, and sakacin P

L. sakei LMG2313

Indicator strain sensitive to sakacin T, sakacin X, and sakacin P

Malt (47, 57)
LMG*

P. pentosaceus LMG2001 Indicator strain sensitive to sakacin X only LMG

L. sakei 1.b790X Plasmid-free derivative of L. sakei 1.b790; Bac™ 6

L. sakei Lb790(pSAK20) L. sakei 1b790 containing pSAK20, host strain; Bac™ Cm" 5

L. sakei 23K Plasmid-free L. sakei 8

E. coli DH5«a $80dlacZAMI15 recAl endAl gyrA96 thi-1 hsdR17(r~ my ") supE44 relAl Promega
deoR A(lacZYA-argF)U169

E. coli EC101 supE thi A(lacproAB) (F' traD36 proAB lacl® ZAM15) repA 35

Plasmids

pBluescript SK(+) 3-kb E. coli cloning vector; alacZ Ap* Stratagene

pTOPO 3.9-kb pCR 2.1 TOPO cloning vector; Ap" Invitrogen

pNZ44 E. coli-L. lactis vector containing P44 promoter; Cm" 42

pLPV111 4.2 kb; E. coli-L. plantarum/L. sakei shuttle vector; Em" 6

pSAK20 11.8 kb; contains the operon RIRorf4sapKRTE, necessary for transcriptional 6
activation and processing and transport of sakacin A; Cm"

pLPT5 pLPV111 sakl, This study

pLPT6 pLPV111 sakTg sakly This study

pLPT7 pLPV111 sakT, sakTy sakl; This study

pLPTS8 pLPV111 sakT, sakl; This study

pLPX14 pLPV111 sakX sakl This study

pLPXi23 pLPV111 sakl, This study

pZ235T pNZ44 sakl This study

pZ233X PNZA44 sakl This study

pSKATE PSAK20 derivative with a 3.5-kb BamHI deletion; sapK*"R* AsapTE This study

pSKST pSKATE stxT This study

“ LMG, Laboratory of Microbial Gene Technology, As, Norway.

a transport gene module, and a regulatory gene module. The
bacteriocin structural gene specifies a prepeptide that is pro-
cessed during secretion either by dedicated transport machin-
ery or via the sec-dependent pathway. In the case of two-
component bacteriocins, the two structural genes are located
adjacent to each other. The structural gene for the bacteriocin
is cotranscribed with the corresponding immunity gene located
downstream, although there are exceptions to this genetic or-
ganization (21, 22). Most bacteriocins are produced as a pre-
cursor with an N-terminal double-glycine leader peptide se-
quence, which is removed upon externalization of the
bacteriocin by dedicated secretion machinery, which consists of
an ATP-binding cassette (ABC) transporter and a so-called
accessory protein (16, 25, 26). The transport machinery nor-
mally tolerates some variation in the leader peptide sequence,
which allows it to transport different precursor peptides (3, 15,
16). Accessory transport proteins are postulated to facilitate
membrane translocation and/or help in processing of the
leader peptide, although their specific role in the translocation
process is not fully understood (18).

Another set of genes that is responsible for the control of the
production of many, but not all, bacteriocins is the so-called
three-component regulatory system (44), which consists of a
secreted bacteriocin-like peptide pheromone, a histidine pro-
tein kinase, and a response regulator. This three-component
regulatory system acts as a quorum-sensing device, coupling
coordinated bacteriocin production by a strain to its cell den-
sity (16, 34).

In this paper, we describe functional characterization of a
locus involved in the production of a novel class IIb bacterio-
cin, sakacin T, and a novel class Ila bacteriocin, sakacin X,

produced by Lactobacillus sakei 5. Isolation of this strain from
malt and purification of the bacteriocins that it produces have
been described previously (47, 57).

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Lactobacillus and Pediococcus strains
were cultivated in MRS broth (Oxoid, Basingstoke, England) at 30°C for ap-
proximately 16 h prior to experimental use. To obtain nonproducing (Bac™)
derivatives, the bacteriocin-producing (Bac™) strain L. sakei 5 was cultivated in
wort, which was made by using a standard mashing procedure (Analytica-EBC
4.5.1; relative density, 1.061). Escherichia coli strains were grown at 37°C in
Luria-Bertani broth (49) with vigorous agitation. Agar media were prepared by
adding 1.5% (wt/vol) granulated agar (Difco) to liquid broth media; overlay
agars were prepared by adding 0.7% (wt/vol) granulated agar to the liquid broth
media. The antibiotics used in the selective media were added at the following
concentrations: ampicillin, 100 pg ml™'; chloramphenicol, 10 wg ml~'; and
erythromycin, 200 pg ml~" (E. coli) or 10 wg ml™" (Lactobacillus). All chemical
reagents were obtained from Sigma, St. Louis, Mo.

Bacteriocin activity and immunity assays. Bacteriocin assays were performed
by using either bacterial colonies, cell-free supernatant (CFS), or samples ob-
tained at various stages of the bacteriocin purification procedure as described
previously (57). Bacteriocin activity was quantified by critical dilution by using
the direct, spot-on-lawn assay (40). The number of activity units per milliliter was
determined by determining the inverse of the last dilution at which growth
inhibition was still detectable. L. sakei LMG2313 was used as the indicator strain
unless otherwise specified.

Bacteriocin purification and characterization of the purified peptides. Bacte-
riocins were purified chromatographically and subjected to N-terminal amino
acid sequencing and mass spectrometry as described previously (57).

General molecular cloning techniques. Plasmid DNA was isolated from E. coli
strains with a JetQuick plasmid miniprep spin kit (Genomed, Lohne, Germany)
and from Lactobacillus strains by the method of Birnboim and Doly (9). E. coli
and Lactobacillus strains were transformed by electroporation by using the meth-
ods of Sambrook et al. (49) and Aukrust and Blom (4), respectively. All elec-
troporations were carried out with a Gene-Pulser apparatus (Bio-Rad). Restric-
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tion enzymes, T4 DNA ligase, and shrimp alkaline phosphatase were used as
directed by the manufacturer (Roche Diagnostics, Mannheim, Germany). PCR
amplification was performed by standard procedures by using the Expand High
Fidelity or Long Template PCR system (Roche Diagnostics) and an Omnigene
thermocycler (Hybaid, Ashford, United Kingdom). Primer synthesis and se-
quencing were performed by MWG Biotech (Ebersberg, Germany). DNA frag-
ments were isolated and purified from agarose gels by using a QIAEX II agarose
gel extraction kit (Qiagen, Crawley, United Kingdom). PCR products were
purified by using the Concert PCR rapid purification system (Gibco/BRL).
Southern blot hybridization onto Hybond-N+ nylon membranes (Amersham,
Uppsala, Sweden) was performed by standard methods (49). An enhanced
chemiluminesence kit (ECL; Amersham) was used to label the PCR-generated
probes.

DNA sequencing. Total DNA of L. sakei 5 was obtained by the alkaline lysis
method of Anderson and McKay (2) and was used as a DNA template for PCRs
and DNA sequencing. Total DNA of L. sakei 5 was digested with Clal, EcoRI,
EcoRV, Hincll, and HindIII, and the DNA fragments obtained from each of the
digests were ligated to dephosphorylated pBluescript II SK+ (Stratagene, La
Jolla, Calif.) digested with Clal, EcoRI, EcoRV, Hincll, and HindIIl, respec-
tively. Each of the ligation reaction mixtures, representing a restriction fragment
library of total DNA of L. sakei 5, was then used as a template to amplify DNA
segments near the bacteriocin structural gene by using degenerate primers that
were designed on the basis of the amino acid sequences of SakTg and SakX (57).
Two primers, T1D (5'-AARACNAAYTGGGGNTCNGTNGT-3") and T2 (5'-
ATNGCRTCYTGNCCNGCNCC-3'), were designed based on the SakTg amino
acid sequence, and two other primers, Bac-X1 (5'-GGNGGNAARTAYTAYG
GNAAYGG-3') and Bac-X2 (5'-TTCCANCCNGCNGCNCCNCC-3'), were
designed based on the sakacin X N-terminal sequence. Specific PCR products
were obtained from the ligation reaction templates when a primer designed from
the vector sequence was used in combination with one of the degenerate primers.
Purified PCR products were cloned into the vector pTOPO (Invitrogen). DNA
sequencing was performed by MWG Biotech with the universal forward and
reverse primers. Based on the sequence information obtained from these DNA
fragments, new sequence-specific primers were synthesized, and the procedure
described above was repeated until the complete sequence of a 17-kb chromo-
somal fragment of L. sakei 5 encompassing the bacteriocin locus was determined.
The integrity of this sequence was verified by resequencing the same region with
overlapping PCR products, which had been generated by using chromosomal
DNA as the template. Assembly and analysis of the DNA sequences were
performed by using the DNASTAR software package. Database searches were
performed by using the BLAST program (1) with the latest release of the
nonredundant databases of the National Center for Biotechnology Information
(http://www.ncbi.nlm.nih.gov).

Plasmid construction and analysis. The DNA inserts in the pLPV111 deriv-
atives pLPTS5, pLPT6, and pLPT7 (Table 1) were generated by using the high-
fidelity PCR system (Roche Diagnostics) and primers with introduced PstI and
Xbal restriction sites which were ligated into the PstI and Xbal sites of pNZ44.
The insert and the P44 promoter were excised from the plasmids by restriction
with Bgll and Xhol, which are compatible for ligation into the BamHI and Xhol
sites of pLPV111. Plasmid pLPT5 contains the proposed immunity gene, sakl,
which is assumed to confer resistance to sakacin T. Plasmid pLPT6 contains only
one of the proposed structural genes of sakacin T, sakT, upstream of the pro-
posed immunity gene, while pLPT7 harbors both proposed structural genes for
sakacin T activity upstream of the proposed immunity gene. The SOEing tech-
nique (29) was used to generate a PCR product encompassing the sakT, struc-
tural gene upstream of the sakl; gene, which was subsequently cloned into
pLPV111 to generate pLPTS. A similar strategy was used for the genes thought
to encode sakacin X (sakX) and its immunity protein (sakly). Two PCR frag-
ments with incorporated restriction sites were obtained; one of these fragments
contained sakX and sakly, and the other contained only sakly. These two frag-
ments were cloned into the BamHI and Xhol sites of pLPV111 to generate
pLPX14 and pLPXi23, respectively. Two other constructs were made; these
constructs, pZ235T and pZ233X, contained the putative sakacin T and sakacin X
immunity genes, sakl; and sakly, respectively. The latter genes were amplified
with incorporated restriction sites by PCR and cloned into the PstI and Xbal sites
of pNZ44.

Three derivatives of pSAK20, which contains the genes necessary for activa-
tion of transcription of the sakacin A structural gene, as well as the genes
encoding the proteins needed for export and processing of presakacin A (6),
were constructed. This plasmid has been successfully used for heterologous
expression of other class II bacteriocins (5). All manipulations with pSAK20
were performed by using plasmids isolated from E. coli EC101. Restriction of
pSAK20 with BamHI and subsequent self-ligation allowed construction of
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pSKATE, containing a 3.5-kb deletion of the sapT and sapE transport and
accessory protein genes. A PCR fragment containing the stx7 gene with flanking
BamHI restriction sites was cloned into pSKATE to obtain plasmid pSK5T.

Induction factor synthesis and induction assays. The proposed induction
factor for sakacin T and sakacin X production (designated IP-TX) and the
sakacin P-inducing peptide (IP-673) (10) were synthesized at the Facility for
Molecular Biology at the University of Newcastle Upon Tyne (Newcastle Upon
Tyne, United Kingdom) and were purified to >97% homogeneity by reverse-
phase high-performance liquid chromatography with an acetonitrile-H,O gradi-
ent. The molecular weights of the high-performance liquid chromatography-
purified peptides were verified by laser desorption mass spectrometry. To assay
biological activity, 1-mg ml~! stock solutions of both IP-TX and IP-673 were
prepared in sterile distilled water. To generate a Bac™ derivative of L. sakei 5, an
overnight culture of this strain was inoculated (1%) into wort and subcultured up
to five times at 37°C until the culture medium became turbid. Individual colonies,
as well as CFS, were assayed for loss of inhibitory activity against L. sakei
LMG2313 (which is sensitive to all three bacteriocins produced by L. sakei 5) and
Pediococcus pentosaceus LMG2001 (which is sensitive only to sakacin X). The L.
sakei LMG2313 derivatives pZ235T and pZ233X, which contained the putative
sakacin T and sakacin X immunity genes sakl;- and sakly, respectively, were also
used as indicator cultures. The resulting completely Bac™ culture was inoculated
(1%) into wort containing the inducing peptide IP-TX (this study) or IP-673 (10)
at a concentration of 400 ng ml~" and incubated at 37°C for 16 h. The cultures
were then tested for bacteriocin production.

Nucleotide seq; e accessi ber. The sequence determined in this
study has been deposited in the GenBank database under accession number
AY206863.

RESULTS

Sequence analysis of the sakacin TX locus. L. sakei 5 pro-
duces three bacteriocins, sakacin P, sakacin T, and sakacin X
(previously referred to as sakacin 5P, sakacin 5T, and sakacin
5X), which were purified and subjected to N-terminal amino
acid sequencing previously (57). Degenerate primers were de-
signed on the basis of the amino acid sequences obtained for
one component of sakacin T, SakT (see below), and sakacin
X. Two PCR products that were approximately 130 bp long
were generated, and these products were shown to contain
coding regions that were consistent with the derived amino
acid sequences (data not shown). Additional rounds of an-
chored PCR were performed until the complete nucleotide
sequence of a 17,243-bp region, referred to as the sakacin TX
locus, was determined by several rounds of ligation-anchored
PCR. Sequence analysis revealed the presence of 14 complete
putative open reading frames (ORFs) and eight incomplete
ORFs arranged in divergent operons (Fig. 1) (the ORFs were
designated ORFs 1 to 22, but some of them were renamed if
functions could be assigned to the encoded products). The
ORFs were identified based on the criterion that an ORF
consists of least 25 codons preceded by a potential ribosome
binding site at an appropriate distance from one of the com-
monly used initiation codons (24). A nine-gene cluster in the
middle of the locus seems to contain all the genes needed for
sakacin T and sakacin X production, regulation, and transport
(see below).

Analysis of the protein products encoded by the sakacin TX
locus. The protein products encoded by ORFs 6, 10, 11, 13,
and 17" all resemble class II bacteriocin precursors containing
an N-terminal extension or leader sequence. The leader se-
quences of these ORFs conform closely to the consensus
leader sequences proposed by Nes et al. (45). Two important
features of these leaders are the presence of two glycine resi-
dues in the C terminus at positions —2 and —1 relative to the
processing site and the remarkable degree of similarity in the
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FIG. 1. Schematic representation of the sakacin TX locus sequenced to date, obtained by using a combination of ligation-anchored PCR and
the primer walking strategy. A total of 22 potential ORFs are shown. The arrows indicate ORFs and the proposed directions of transcription. ORFs
with deduced functions in production and secretion of active sakacin T and sakacin X are indicated by stx or sak. Sections of the stx locus assumed
to be dedicated to production, immunity, regulation, and transport are indicated.

hydropathic profiles. Defined distances separate conserved hy-
drophobic and hydrophilic residues between the conserved
residues (Table 2).

Based on the amino acid sequencing results (57), the gene
encoding sakacin X activity corresponds to ORF 13 and thus
was designated sakX. The N-terminal sequence obtained for
sakacin T corresponds to ORF 11, and this gene was desig-
nated sakT}. The product of sakT, was found to constitute part
of a two-component bacteriocin (see below). The second part
of this bacteriocin was shown to be encoded by ORF 10, which
is located immediately upstream of sakT, and was therefore
designated sakT,. The products of ORF 12 and ORF 14, which
were designated sakl, and sakly, confer immunity to the an-
timicrobial activities of sakacin T and sakacin X, respectively
(see below), and these genes are located immediately down-
stream of the corresponding bacteriocin structural genes.

The proteins encoded by ORF 6 (designated stxP), ORF 7
(stxR), and ORF 8 (stxK) exhibited significant sequence simi-
larity to a small, cationic pheromone with a double-glycine
leader and to response regulator and histidine protein kinase
proteins, respectively. These three associated genes therefore
seem to represent a so-called three-component regulatory sys-
tem, similar to those involved in the control of several class II
bacteriocins (34, 44).

The deduced protein product of ORF 9, designated stxT,
exhibits highly significant similarity to ABC transporter pro-
teins. It has been well established that secretion of bacteriocin
peptides possessing a double-glycine leader is mediated by a
dedicated membrane-associated translocator belonging to the
HlyB ABC transporter superfamily (20, 25, 45). In addition, a
so-called accessory protein has been implicated to play an
essential, but still unidentified, role in this transport process.
The genes encoding the dedicated bacteriocin ABC-type trans-
porter and the accessory protein are usually located adjacent to
each other as part of a bacteriocin production gene cluster.
However, no complete homologue of an accessory-encoding
gene was identified in the sakacin TX locus.

It has been found previously that many LAB contain rem-
nants of bacteriocin gene clusters on both the chromosome and
resident plasmids (16, 30). It is therefore not surprising that the
sakacin TX locus harbors genes whose deduced proteins are
related to bacteriocin production and immunity but which do
not seem to be involved in the production of or immunity to
sakacin T and sakacin X. ORF 16 displays 63% identity to brcl,
the immunity gene for brochocin C. ORF 17, which is located
immediately upstream of ORF 16, does not strictly conform to
the ORF definition described above in that it is not preceded
by a ribosome binding site. A putative leader peptide-encoding

TABLE 2. Prepeptides of the sakacin TX locus containing double-glycine leader sequences

Prepeptide Mature
Protein Amino acid sequence of prepeptide” (amnfiio Pezﬁfnzﬂe
\L acids) acids)
ORF 6 (IP-TX) MINRKTLPKEELKKI KGG  TPGGFDI | SGCGPHVAQDVLNAI KDFFK 45 27
OREF 10 (SakT,) MKNVQSLSKEELVLWGG  YTAKQCLQAI GSWE AGT GAGAAGGPAGAFVGAHVGVI AGSAVCI GGFLGQ 69 51
ORF 11 (SakTg) MKTANI KLLTNQEM El FGG  KTNWGSVVGSCVAGGELVGALGGTPI SI GAGCL VGAGQDW SQK 63 43
OREF 13 (SakX) MEAI KKLDLQAMKG VGG KYYGNGL SCNKSGCSVDWEKAI SI | GNNAVANL TTGGAAGYKS 61 43
ORF 17’ MRKFQKLNEQEMKRLMGG®  SSKDCLKDI GKG GAGTVAGAAGGGCL TGAI GSI WDQW 56 38
Consensus® —XO-00X——X-GG

“ X, hydrophobic residue; O, hydrophilic residue. The arrow indicates the conserved cleavage site.

b Frameshift occurs at this site.
¢ Suggested consensus sequence (45).
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sequence designated ORF 17’ precedes ORF 17, but at the
DNA sequence specifying the double-glycine residues an ap-
parent frameshift has taken place. The 5’ part of ORF 17 is
homologous brcA, while the 3" part exhibits homology to brcB;
brcA and brcB are the two genes encoding the two peptides of
brochocin C (41). Furthermore, ORF 5 and ORF 15 appear to
represent truncated bacteriocin-related genes, since they en-
code proteins that are between 45 and 50% identical to the first
45 amino acids (in the case of ORF 15) and 74 amino acids (in
the case of ORF 5) to BreD, the transport accessory protein for
brochocin C. The protein products of the remaining ORFs
identified in the sakacin TX locus exhibit significant similarity
to various transposases and hypothetical proteins with un-
known functions produced by different species of LAB (Table
3).

Immunity genes. The assumption that sakl, and sakl, en-
code immunity proteins was based on the fact that in many
bacteriocin-encoding gene clusters the immunity gene is lo-
cated immediately downstream of the structural gene(s) and
the fact that such immunity-conferring proteins are hydropho-
bic (45). Expression clone pZ235T, containing only sakl,, was
constructed to confirm the role of this gene in immunity to
sakacin T. This plasmid was introduced into L. sakei
L.MG2313, which is sensitive to sakacin T, and this strain was
subsequently used as an indicator in the deferred antagonism
assay. L. sakei LMG2313 harboring pZ235T was shown to be
immune to sakacin T produced by clone pLPT7 (see below),
demonstrating that the insert on the plasmid, sakl, is capable
of conferring immunity to a previously sensitive strain.

A similar construct, pZ233X containing sakl, was made in
the same manner. L. sakei LMG2313 is sensitive to sakacin X,
and so this strain was used as an indicator. L. sakei LMG2313
containing pZ233X was shown to be immune to sakacin X
produced by a colony of the pLPX14 clone, although it was not
completely immune to purified sakacin X at concentrations
greater than 800 activity units ml~'. Thus, the insert on
pZ233X is capable of conferring sakacin X immunity to a
previously sensitive strain.

To investigate whether the immunity genes in the sakacin TX
locus conveyed cross-immunity to sakacin T and sakacin X, the
L. sakei LMG2313 derivatives harboring pZ235T and pZ233X
were used as indicators. The construct that included the saka-
cin T immunity gene did not provide immunity to sakacin X,
and likewise, sakl did not confer immunity to sakacin T to the
indicator strain harboring it. Plasmid pNZ44 without an insert
was used as a control in both the sakacin T and sakacin X
immunity experiments and did not confer immunity.

Bacteriocin structural genes. A system for heterologous ex-
pression of class II bacteriocins has been constructed previ-
ously, and this system is based on introducing two plasmids
into a bacteriocin-negative L. sakei strain (6). The first plasmid
(pSAK20) contains the genes necessary for export and process-
ing of several bacteriocin precursors, while the second plasmid
(a pLPV111 derivative) supplies the structural and immunity
genes for the bacteriocins (5). To investigate whether both
sakT, and sakT are essential for sakacin T production, sakT,,
and sakTy were cloned individually and in combination up-
stream of an intact sakl, immunity gene, under control of the
constitutive lactococcal promoter P44, in pLPV111 in order to
produce plasmids pLPT6, pLPT7, and pLPTS8 (see Materials
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and Methods) (Table 1). These three plasmids were intro-
duced into L. sakei Lb790X or a derivative of this strain har-
boring plasmid pSAK20. Only L. sakei Lb790X transformants
containing both pLPT7 and pSAK20 were capable of produc-
ing antimicrobial activity. L. sakei Lb790X clones containing
either pLPT6 or pLPT8 along with pSAK20 were assayed for
inhibitory activity by using the deferred antagonism assay with
the indicator L. sakei LMG2313. No zones of inhibition were
observed surrounding the colonies of either the pLPT6 or
pLPT8 transformants (Fig. 2). However, when colonies of each
transformant type were grown adjacent to each other, a clear
zone of inhibition was observed between the colonies (Fig. 3).
These results clearly show that sakacin T requires two peptides
for full activity and that this bacteriocin therefore is a member
of the class IIb bacteriocins.

To establish heterologous expression of sakacin X, sakX was
cloned upstream of the sakl, immunity gene under control of
the P44 promoter in the vector pLPV111. The resulting con-
struct, designated pLPX14, was introduced into L. sakei strain
Lb790 containing pSAK20 as described above. The resulting
strain was shown to exhibit bacteriocin activity (Fig. 2), which
was purified as described previously (57) (see Materials and
Methods). The constructs pLPTS and pLPXi23, which con-
tained the immunity genes for sakacin T and sakacin X, re-
spectively, without the structural genes under investigation, did
not exhibit any inhibitory activity when they were transformed
into L. sakei Lb790(pSAK20).

Sakacin P genes are plasmid encoded, while the sakacin TX
locus is chromosomally encoded. In addition to sakacin X and
sakacin T, a bacteriocin identical to sakacin P was purified
from L. sakei 5 (57). Several genes in the assumed sakacin P
locus were PCR amplified and sequenced, which showed that
the gene organization and sequence of this locus are identical
to the gene organization and sequence described previously
(10, 30, 55; results not shown). Total or plasmid DNA prepa-
rations isolated from L. sakei 5 were digested with a range of
restriction enzymes and used in Southern hybridization exper-
iments performed with the PCR products corresponding to the
structural genes of sakacin P, sakacin X, and sakacin T. Hy-
bridization signals were observed with a number of distinct
bands of various sizes obtained from total DNA, whereas no
hybridization signals were obtained when plasmid DNA was
probed with the PCR-amplified sakacin T and sakacin X frag-
ments. However, positive signals were detected when the plas-
mid DNA was probed with the PCR fragment corresponding
to the DNA region encoding sakacin P (data not shown).
These results show that the sakacin T and sakacin X structural
genes are chromosomally encoded, whereas the sakacin P
structural gene is plasmid encoded.

Bacteriocin production is inducible. Spontaneous loss of
bacteriocin production was not observed when standard cul-
tures of L. sakei 5 were diluted in MRS medium, as observed
previously for many class II bacteriocin-producing bacteria in
which bacteriocin production is regulated by a so-called three-
component regulatory system (44). However, loss of produc-
tion was observed when L. sakei 5 was grown in wort at tem-
peratures above 35°C. Different indicators were used to
determine the identities of the bacteriocins which were pro-
duced during isolation and induction of the Bac™ strains. Saka-
cin X inhibits P. pentosaceus LMG2001, and it was shown by
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TABLE 3. Similarities of the proteins encoded by the identified ORFs of the sakacin TX gene cluster to their homologues®

; Homologue
oRF(gene) T . g .
Identity Homology Reference or accession no.
ORF 1 148 Transposase 100% identity to TralSLp1 of Lactobacillus AF459445°
plantarum
Conserved domain Tra8 of IS30 family COG2826"
involved in DNA replication, recombination,
and repair
ORF 2 220 Tyrosyl-tRNA synthetase 69% identity to TyrS-1 of Enterococcus faecalis 14
Conserved domain TyrS involved in COG0162°
translation, ribosomal structure, and
biogenesis
ORF 3 332 Transposase 40% identity to BH3986 encoding transposase 52
(24) of Bacillus halodurans
Conserved domain transposase_11 necessary pfam01609”
for efficient DNA transposition
ORF 4 34 Transposase (fragment) 100% identity to IS1163 of L. sakei L45 50
ORF 5 88 Transport accessory protein  45% identity to breD of Brochothrix campestris 41
(fragment)
ORF 6 (stxP) 45 Inducing peptide 38% identity to carnobacteriocin A precursor 60
of Carnobacterium piscicola LV1TA
OREF 7 (stxR) 252 Response regulator 36% identity to entR of Enterococcus faecium 46
Conserved domain LytT, response regulator COG3279"
involved in transcription and signal
transduction
OREF 8 (stxK) 437 Histidine kinase 28% identity to entK of Enterococcus faecium 46
Conserved domain of signal transduction C0G2972°
protein
ORF 9 (stxT) 723 ABC transporter 53% identity to entT of Enterococcus faecium 46
Conserved domain SunT, ABC-type COG2274°
bacteriocin exporters containing an N-
terminal double-glycine peptidase domain
ORF 10 (sakT,) 69 Bacteriocin 57% identity to brcA of Brochothrix campestris 41
ORF 11 (sakT}) 63 Bacteriocin 52% identity to brcB of Brochothrix campestris 41
ORF 12 (sakly) 112 Bacteriocin immunity No homologue
protein
ORF 13 (sakX) 61 Bacteriocin 71% identity to pisA of Carnobacterium 31
piscicola JG126
OREF 14 (sakly) 97 Bacteriocin immunity 59% identity to pisl of Carnobacterium 31
protein piscicola JG126
ORF 15 45 Transport accessory protein ~ 50% identity to breD of Brochothrix campestris 41
(fragment)
ORF 16 52 Bacteriocin immunity 61% identity to brcl of Brochothrix campestris 41
protein
ORF 17 56 Bacteriocin 69% identity to brcA of Brochothrix campestris 41
47% identity to brcB of Brochothrix campestris
ORF 18 370 Transposase 68% identity to Efael527 of Enterococcus NZAAAK01000222°
faecium
Conserved domain transposase and inactivated COG3547°
derivatives
ORF 19 301 Transposase 45% identity to TNP-encoding 1S1070 of 58
Leuconostoc lactis
Conserved domain Tra8 of 1S30 family COG2826"
involved in DNA replication, recombination,
and repair
ORF 20 354 Transposon 25% identity to SMU207 of Streptococcus NC004350”
mutans UA159
Conserved domain Rep_trans, replication pfam02486°
initiation factor
OREF 21 165 Transcriptional regulator 34% identity to SAG1991 of Streptococcus 54
agalactiae
Conserved domain HTH_XRE, helix-turn-helix ¢d00093”
xenobiotic response element family of
transcriptional regulators
ORF 22 219 Hypothetical protein 65% identity to Efael1295 of Enterococcus NZAAAK01000203°
faecium
Conserved domain XerD, site-specific COG4974°

recombinase

“ Only the best matches are shown.

b Accession number of sequence deposited directly in the National Center for Biotechnology Information database.
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FIG. 2. (A) PCR-derived inserts in pLPV111 derivatives with bac-
teriocin structural and immunity genes. The plasmid designations are
indicated on the left, and the phenotypes when the plasmids are in-
troduced (in conjunction with pSAK20) into L. sakei Lb790 are indi-
cated on the right. (B) Inserts in pSAK20, containing the genes nec-
essary for processing and transport of the bacteriocins used, and
pSAK20 derivatives used in this study. The phenotypes when these
constructs were introduced into L. sakei Lb790 or L. sakei 23K har-
boring the pLPV111 derivatives with bacteriocin structural and immu-
nity genes are indicated.

using this indicator that isolates of L. sakei 5 could be obtained
which did not exhibit sakacin X production but which still
produced sakacin P. Total bacteriocin production was abol-
ished when L. sakei 5 was grown in wort at an elevated tem-
perature, 37°C. Once L. sakei 5 had lost the ability to produce
bacteriocin (Bac™), subcultures of it continued to be Bac™
when they were grown in wort. Addition of sterile CFS derived
from a Bac" culture of L. sakei 5 induced stable bacteriocin
production in wort at 37°C, whereas CFS derived from a Bac™
culture did not. To determine whether the product of stxP was
the induction factor for sakacin T and sakacin X production,
chemically synthesized mature peptide IP-TX was used to in-
duce bacteriocin production in a Bac™ culture of L. sakei 5
grown in wort. Addition of IP-TX at a concentration of 400 ng
ml~! restored sakacin T and sakacin X production. To dem-
onstrate that sakacin T production and sakacin X production
were switched on simultaneously upon addition of IP-TX, the
L. sakei LMG2313 derivatives harboring pZ235T and pZ233X
with immunity gene inserts (see above) were used as indica-
tors. Both indicator strains were inhibited when IP-TX was
added to the wort. To investigate whether the sakacin P-induc-
ing peptide (10) could induce sakacin X production, chemically
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FIG. 3. Bacteriocin activity and complementation of the SakT, and
SakT, peptides. L. sakei Lb790(pSAK20) containing pLPT8 (SakT,,)
and L. sakei Lb790(pSAK20) containing pLPT6 (SakTy) were grown
and overlaid with the sensitive indicator strain L. sakei LMG2313.
Cultures were grown adjacent to each other and as a mixed culture
(SakT,, + SakTyg).

synthesized mature peptide IP-673 was used to induce bacte-
riocin production in a Bac™ culture of L. sakei 5. Sakacin P was
produced, which inhibited L. sakei LMG2313 but not P. pen-
tosaceus 1LMG2001, which indicated that sakacin X was not
produced. When inoculated into wort without IP-TX, the Bac™
culture failed to produce bacteriocin and served as a negative
control. In all cases, whether bacteriocin production was
switched on or off following growth in wort, subsequent sub-
culturing in MRS broth resulted in bacteriocin-producing cul-
tures.

Transport of sakacin X and sakacin T does not appear to
require an accessory protein. To establish the role of the pu-
tative transport protein StxT and the lack of a gene encoding
an accessory protein in the native L. sakei 5 bacteriocin locus,
two derivatives of pSAK20 were constructed. Deletion of the
sapT and sapE transport and accessory protein genes from
PSAK20 resulted in construction of pSKATE. The stxT gene,
encoding the putative native transport protein, was cloned into
PSKATE to obtain plasmid pSKS5T. Each transport construct
(pSAK20, pSKATE, or pSK5T) was transformed into host
strain L. sakei Lb790X. Then one of the structural gene con-
structs, pLPT7 (sakacin T) or pLPX14 (sakacin X), was intro-
duced into the resulting transformants. L. sakei Lb790X clones
containing either pLPT7 or pLPX14 in conjunction with one of
the transport constructs (pSAK20, pSKATE, or pSK5T) were
assayed for inhibitory activity against the indicator strain L.
sakei LMG2313. The results of this series of experiments for
both sakacin T and sakacin X were the same and are discussed
collectively below. Bacteriocin production was observed for the
pSAK20 and pSKST transformants. No zones of inhibition
were detected surrounding the colonies of the pSKATE trans-
formants. However, it is known that while the host strain L.
sakei Lb790X does not produce bacteriocin, it does contain
homologues of the spp gene cluster (30, 43), and this could
have affected the results obtained with the transport gene con-



VoL. 69, 2003

structs by gene complementation. The bacteriocin tests were
therefore repeated with a different host strain, L. sakei 23K,
which does not appear to contain spp gene homologues (L.
Axelsson, personal communication). Bacteriocin production
by the pSAK20 and pSKS5T transformants was observed. How-
ever, no inhibitory activity was observed for pSKATE (Fig. 2).

DISCUSSION

In this paper we describe genetic characterization of a bac-
teriocin cluster of L. sakei 5, which was originally isolated from
malt. The genetic analysis focused on a 17-kb chromosomal
fragment, which was shown to contain the genetic information
responsible for production of sakacin X and the two-compo-
nent bacteriocin sakacin T. This strain also produces sakacin P
(57), which was found to be plasmid encoded by Southern blot
experiments. The ability to produce several different bacterio-
cins is expected to endow the producer with a wider inhibitory
capacity and therefore an enhanced ability to compete with
other bacteria in the same environment. Alternatively, these
bacteriocins may act synergistically with each other or with
other antimicrobial peptides in a particular environment, as
was shown recently (37).

In many cases, bacteriocins produced by an LAB inhibit
species that are closely related to the producing strain (38).
This is particularly relevant in the brewing industry, as LAB
account for a large percentage of spoilage bacteria in the
brewing environment (7, 27). In a previous study, sakacin X
was shown to inhibit a range of beer spoilage LAB (57), and
this was the driving force for characterizing the genetic infor-
mation of this and other bacteriocins produced by L. sakei 5.
This strain was shown to produce a single peptide bacteriocin,
sakacin X, as well as sakacin T, which requires the comple-
mentary activity of two small, unmodified hydrophobic pep-
tides. This finding identifies sakacin T as a member of the class
IIb bacteriocins. Both peptides are required for full activity as
neither component exhibited bacteriocin activity on its own
when it was produced in a heterologous host. However, one
component of sakacin T, SakTg, exhibits a low but detectable
level of activity at high concentrations, as observed during
purification of this peptide (57).

The organization of the (putative) genes required for saka-
cin T and sakacin X production and regulation is similar to that
of other class II bacteriocin gene clusters (45). The adjacent
genetic elements sakT,,, sakTg, and sakl; were identified as the
structural and immunity genes for sakacin T. The neighboring
genes sakX and sakl, were demonstrated to be the structural
and immunity genes, respectively, for sakacin X.

Sakacin T and sakacin X seem to be controlled by a three-
component regulatory system consisting of IP-TX, StxK, and
StxR (10, 44). In a situation similar to that observed for ABP-
118 production by Lactobacillus salivarius UCCI118 (19), L.
sakei 5 does not lose the Bac™ phenotype upon extreme dilu-
tion of the culture, a strategy used successfully for obtaining
Bac™ derivatives of other bacteriocin systems (10). Obtaining a
Bac™ derivative of L. sakei 5 was further complicated by the
ability of the organism to produce multiple bacteriocins and by
the presence of more than one regulatory system controlling
the production of sakacin P on the one hand and sakacin T and
sakacin X on the other hand. Production of the latter two
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bacteriocins was specifically induced by addition of chemically
synthesized IP-TX to the medium, while supplementation of
wort with synthetic peptide IP-673 exclusively induced sakacin
P production.

It is not unusual for LAB to produce more than one bacte-
riocin and to contain a diverse range of bacteriocin-related
genes that are dispersed over the chromosome and plasmids
(15, 16, 30, 43). For example, the sakacin P gene cluster ends
with an incomplete gene, orfX, that is likely to encode a bac-
teriocin (10, 17). ORF 3 of the abp-118 locus (19) encodes a
peptide that is almost identical to presalivaricin B, a bacterio-
cin produced by L. salivarius M6 (53). Four genes in the saka-
cin TX locus exhibit homology to genes required for brochocin
C production. A leader peptide sequence precedes ORF 17,
but at the sequence specifying the predicted double-glycine
motif an apparent frameshift seems to have taken place. This
suggests that these genes are the remains of a gene cluster
encoding a brochocin C-like bacteriocin. The presence of what
seems to be a putative intact immunity gene, ORF 16, might
provide L. sakei 5 protection against a brochocin C-type bac-
teriocin produced by competing strains in the same environ-
ment.

The sequenced chromosomal fragment flanking the bacteri-
ocin gene cluster in L. sakei 5 contains several genes whose
products have not been characterized and have unknown func-
tions. The protein products of these genes display significant
similarity to hypothetical proteins found in other LAB, which
resemble transposases or IS elements. The presence of these
proteins, the finding that sakacin P production is plasmid en-
coded rather than chromosomally encoded (10, 43), and the
rearrangement of the bre-type genes are interesting and indi-
cate that bacteriocin gene clusters are highly mobile and sub-
ject to strong evolutionary pressures.

There is a notable absence of an accessory transport gene in
the sakacin TX locus. In the present study, we obtained evi-
dence which suggests that an accessory protein is not required
for processing or transport of sakacin T and sakacin X, al-
though we cannot completely rule out the possibility that this
function is provided by the host strains used in this study. It
may be that there is some form of complementation by an
unknown chromosomal gene fulfilling the role of an accessory
protein. While the specific role of accessory transport proteins
in bacteriocin processing is still not fully understood (18), it has
been demonstrated for several bacteriocins that such proteins
are needed for production (6, 56, 59). Sakacin T and sakacin X,
while different from previously described bacteriocins, never-
theless exhibit homology to other bacteriocins and seem to
share many characteristics with other standard class II bacte-
riocins, and so the absence of an accessory transport gene in
the locus is unexpected. This adds to the genetic complexity of
bacteriocin production in LAB mentioned above.

The antimicrobial properties of the multiple bacteriocins
produced by malt isolate L. sakei 5 may be used to enhance the
microbiological stability of the brewing process and its product,
beer. In addition to the sakacin T and sakacin X bacteriocin
structural genes, L. sakei 5 appears to contain genetic infor-
mation encoding additional bacteriocin-related peptides, and
while some proteins may be inactive, the presence of at least
four immunity proteins, which provide immunity to sakacin P,
sakacin T, sakacin X, and the brochocin C-like bacteriocin,
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should give this bacterium a competitive advantage in its en-
vironment. Since L. sakei 5 was isolated from malt and since it
also inhibits LAB that cause problems for the brewing industry,
this bacteriocin-producing strain might be a suitable candidate
for use in the industry.
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