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Sakacin A is an antilisterial bacteriocin produced by Lactobacillus sake Lb706. In order to identify genes
involved in sakacin A production and immunity, the plasmid fraction of L. sake Lb706 was shotgun cloned
directly into a sakacin A-nonproducing and -sensitive variant, L. sake Lb706-B, by using the broad-host-range
vector pVS2. Two clones that produced sakacin A and were immune to the bacteriocin were obtained. A DNA
fragment of approximately 1.8 kb, derived from a 60-kb plasmid of strain Lb706 and present in the inserts of
both clones, was necessary for restoration of sakacin A production and immunity in strain Lb706-B. The
sequence of the 1.8-kb fragment from one of the clones was determined. It contained one large open reading
frame, designated sakB, potentially encoding a protein of 430 amino acid residues. Hybridization and
nucleotide sequence analyses revealed that the cloned sakB complemented a mutated copy of sakB present in
strain Lb706-B. The sakB gene mapped 1.6 kb from the previously cloned structural gene for sakacin A (sak4)
on the 60-kb plasmid. The putative SakB protein shared 22% amino acid sequence identity (51% similarity if
conservative changes are considered) to AgrB, the deduced amino acid sequence of the Staphylococcus aureus
gene agrB. The polycistronic agr (accessory gene regulator) locus is involved in the regulation of exoprotein
synthesis in S. aureus. Similar to the AgrB protein, SakB had some features in common with a family of
transmembrane histidine protein Kinases, involved in various adaptive response systems of bacteria. This
similarity included transmembrane regions in the N-terminal half of the protein and certain conserved amino

acid residues.

Members of a physiologically related group of gram-
positive bacteria, known as the lactic acid bacteria (LAB),
are of great industrial importance, mainly in food fermenta-
tion processes (6, 9, 23). Bacteriocins of LAB have become
a major area of study in the search for new and safe food
preservatives. Bacteriocins are proteinaceous compounds
produced by bacteria, typically inhibiting the growth of
strains closely related to the producer strain (34). Certain
bacteriocins produced by LAB also affect more distantly
related species (17). Interestingly, many of these are potent
antimicrobial agents against Listeria monocytogenes, a food-
borne pathogen which has received a lot of attention re-
cently. Bacteriocins and bacteriocin-producing strains are
therefore considered useful for the control of Listeria mono-
cytogenes in food processing. Basic knowledge about bac-
teriocins, such as structure, mode of action, genetic deter-
minants, and regulation of expression, etc., is needed to
exploit the potential of these antimicrobial agents in future
applications. LAB bacteriocins are often heat-stable, small
polypeptides with an M, of 3,000 to 6,000, and their genes are
frequently plasmid encoded. The best known is the lantibi-
otic nisin, which is produced by strains of Lactococcus lactis
subsp. lactis. The structure of nisin was determined in 1971
(11), but some of the genetic determinants necessary for its
production have been elucidated only recently (5, 8, 16). The
amino acid sequences of a number of nonlantibiotic bacte-
riocins from LAB have now been determined, but only two,
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lactococcin A (produced by Lactococcus lactis subsp. lactis
and Lactococcus lactis subsp. cremoris) and pediocin PA-1
(produced by Pediococcus acidilactici), have been studied
thoroughly with regard to the genes necessary for production
and immunity (21, 33). Although the amino acid sequences of
lactococcin A and pediocin PA-1 are quite different, the
molecular analyses of the genes involved in production and
immunity have revealed some striking similarities. First, the
structural gene encodes a precursor peptide (a prebacterio-
cin) which is cleaved adjacent to a glycine doublet to yield
the mature bacteriocin. This is true also for other LAB
bacteriocins, e.g., lactacin F (24) and leucocin A-UAL 187
(12). Second, the genes necessary for bacteriocin production
(and immunity in the case of lactococcin A) are clustered in
an operon-like structure, and third, one of the genes in the
operon encodes a protein which belongs to the HlyB family
of ATP-dependent membrane translocators (3). Since the
leader peptides of the prebacteriocins do not resemble
normal signal sequences, these results imply that signal
sequence-independent secretion systems, similar to the
Escherichia coli hemolysin secretion system, are involved in
processing and transport of lactococcin A and pediocin
PA-1.

Sakacin A is an antilisterial bacteriocin produced by
Lactobacillus sake 1.b706 (31). It is a nonlantibiotic bacte-
riocin consisting of 41 amino acid residues with an M, of
4,309. The amino acid sequence shows strong similarities in
the N-terminal part to pediocin PA-1 and other antilisterial
LAB bacteriocins (13). It has been suggested that a consen-
sus sequence (Tyr-Gly-Asn-Gly-Val-Xaa-Cys) near the N
terminus may be important for the activity of this group of
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TABLE 1. Bacterial strains

Strain

Remarks®

Reference

Lactobacillus sake

Lb706 Sak* Imm™*, 60- and 28-kb plasmids Schillinger and Liicke (31)
Lb706-B Sak™ Imm~, 60-kb plasmid Schillinger and Liicke (31)
Lb706-B2 Sak™ Imm*, Lb706-B with plasmid pLSA2 This work
Lb706-B24 Sak* Imm*, Lb706-B with plasmid pLSA24 This work
Lb706-B2401 Sak™ Imm~, Lb706-B with plasmid pLSA2401 This work
Lb706-B2402 Sak™ Imm~, Lb706-B with plasmid pLSA2402 This work
Lb706-B2403 Sak* Imm*, Lb706-B with plasmid pLSA2403 This work
Lb706-B2404 Sak* Imm™*, Lb706-B with plasmid pLSA2404 This work
Lb706-B2405 Sak* Imm*, Lb706-B with plasmid pLSA2405 This work
Lb706-S Sak* Imm*, 60-kb plasmid This work
Lb706-X Sak™ Imm™, plasmid free This work

Lactobacillus plantarum NC8
Lactobacillus brevis 2.14
Lactococcus lactis LM0230(pVS2)

Sak™ Sak’, efficiently transformable, plasmid free
Sak™ Imm™, indicator strain for sakacin A
Source of the vector pVS2, conferring resistance to EM and CM

Aukrust and Blom (2)
Holck et al. (13)
von Wright et al. (38)

@ Sak™ and Sak~, sakacin A producer and nonproducer, respectively; Inm* and Imm™, immune and sensitive to sakacin A, respectively; Sak’, resistance to
(tolerance for) sakacin A by a mechanism that may be different from the immunity system of the producer strain.

bacteriocins (25). It has been further suggested that sakacin
A production and immunity are associated with a 28-kb
plasmid (31), but the structural gene (sak4) was shown to be
located on a 60-kb plasmid (13). Similar to lactococcin A,
pediocin PA-1, and other LAB bacteriocins, the structural
gene encodes a precursor peptide which is cleaved adjacent
to a glycine doublet to yield the active sakacin A molecule
(13).

Here we report the identification and nucleotide sequence
of a gene from L. sake Lb706 necessary for both production
of and immunity to sakacin A. The putative protein encoded
by this gene has some features in common with a family of
transmembrane histidine protein kinases involved in adap-
tive response systems of bacteria. Furthermore, this study
provides an example of the feasibility of using exclusively
Lactobacillus strains as hosts in routine genetic and molec-
ular analyses.

MATERIALS AND METHODS

Bacterial strains, plasmid vector, and growth conditions.
The bacterial strains are listed in Table 1. The broad-host-
range plasmid pVS2 (38), conferring erythromycin (EM) and
chloramphenicol (CM) resistance, was used as cloning vec-
tor. Cloning in the single Bcll site inactivates the EM
resistance gene. Unless otherwise stated, Lactobacillus
strains were grown in MRS (Difco Laboratories, Detroit,
Mich.) or on MRS agar at 30°C. Lactococcus lactis subsp.
lactis 1.M0230(pVS2) was grown at 30°C in M17 (35) supple-
mented with 0.5% glucose. CM (10 pg/ml) was included in
the growth medium for the selection of pVS2 or construc-
tions thereof.

Sakacin A production and immunity screening. Colonies
from curing experiments were tested for sakacin A produc-
tion (Sak* phenotype) by the spot test on BSM agar (36)
with the sakacin A-sensitive Lactobacillus brevis 2.14 as an
indicator. CM-resistant transformants from cloning and de-
letion analysis experiments were screened for sakacin A
production by the same method, but CM (10 pg/ml) was
included in the BSM agar and L. sake 1Lb706-B or L. brevis
2.14 transformed with pVS2 was used as the indicator.
Sakacin A production was also confirmed by assessing the
heat tolerance, trypsin sensitivity, and inhibitory spectrum
of the inhibitory compounds produced by derivative strains
and comparing these characteristics with those of sakacin A

produced by L. sake Lb706 (31). Immunity to sakacin A
(Imm* phenotype) was assayed by a microtiter plate method
with either a pH-adjusted (pH 6.5), sterile-filtered culture
broth from L. sake Lb706 or a concentrate after ammonium
sulfate precipitation as the source of bacteriocin (13).

Plasmid curing. The MIC of novobiocin for L. sake 1Lb706
was determined to be 25 to 30 pg/ml. To induce curing of
plasmids, L. sake L.b706 was grown for approximately 40
generations by repeated subculturing in MRS containing 20
ng of novobiocin per ml. A sample from the last culture was
diluted and spread onto MRS agar. Fifty colonies were
picked at random and checked for plasmid content and
bacteriocin production.

Plasmid DNA isolation, transformation, and shotgun clon-
ing. An alkaline lysis method (29) was used to enrich for
plasmid DNA. The lysis step was modified by the addition of
lysozyme and mutanolysin at 20 mg/ml and 50 U/ml, respec-
tively, to the lysis buffer (solution I) followed by an incuba-
tion period (20 to 60 min, depending on the strain) at 37°C.
Plasmids were purified further by CsCl-ethidium bromide
buoyant density gradient centrifugation or by use of the
Magic Miniprep resin and columns (Promega Corp., Madi-
son, Wis.). Lactobacillus strains were transformed by elec-
troporation according to the optimized procedure described
by Aukrust and Blom (2). Briefly, the strains were grown
overnight in MRS without glucose, inoculated to an optical
density at 600 nm of 0.25 in MRS plus 1% glycine, and
incubated at 30°C. At an optical density at 600 nm of 0.6, the
cells were harvested, washed once with 1 mM MgCl, (100
mM MgCl, for L. sake 1.b706-B) and once with 30% poly-
ethylene glycol 1500, and resuspended in 1/100 culture
volume of 30% polyethylene glycol 1500. Forty microliters
of the cell suspension and 0.1 to 2.5 pg of DNA in 2 to 5 pl
of TE (10 mM Tris-HCI, 1 mM EDTA, pH 8.0) were added
to a 0.2-cm cuvette for each transformation. Pulses were
applied at settings of 1.5 kV, 400 ), and 25 pF (Gene Pulser
and Pulse Controller; Bio-Rad Laboratories, Richmond,
Calif.). Shotgun cloning was performed as follows. The
plasmid DNA fraction of L. sake Lb706 was partially di-
gested with Sau3Al to an average fragment size of 2 to 5 kb.
This DNA (1.5 pg) was ligated to 0.8 pg of Bcll-digested,
dephosphorylated pVS2 in a volume of 20 ul. The ligated
DNA was precipitated with ethanol, washed three times with
70% ethanol to remove salts, and resuspended in 5 pl of TE
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buffer. The DNA was used to transform L. sake Lb706-B.
CM-resistant transformants were screened for bacteriocin
production by replica plating and the spot colony test with L.
sake Lb706-B(pVS2) as the indicator strain.

General molecular cloning techniques. Standard proce-
dures for molecular cloning were used according to the
directions of Sambrook et al. (29). Enzymes (restriction
enzymes, T4 DNA ligase, Klenow fragment, and calf intes-
tine phosphatase) were used according to the manufacturer’s
directions (Promega). Deletions of the recombinant plasmids
pLSA2 and pLSA24 were obtained by the use of available
restriction enzyme sites in the inserts and in the vector. In
some cases the ends were made blunt with a fill-in reaction
using deoxynucleotide triphosphates and the Klenow frag-
ment before ligation. All DNA manipulations were done in
Lactobacillus plantarum NC8, and the desired plasmid
constructions were then used to transform L. sake Lb706-B.
In Southern blotting experiments, DNA was transferred to
nylon membranes (Hybond N*; Amersham International,
Amersham, United Kingdom) by vacuum blotting according
to the manufacturer’s instructions (Pharmacia, Uppsala,
Sweden). DNA fragments used as probes were purified from
agarose gels with DEAE-nitrocellulose membranes (29) and
labelled with [a->*?P]dCTP by the random-priming reaction
(Amersham). Oligonucleotide probes were labelled with
[a->?P]ddATP with a 3'-end-labelling kit (Amersham).

DNA sequencing and sequence analysis. The nucleotide
sequences of the HindIII-Bgl/II fragment of pLSA2404 and
parts of the corresponding region of pLSA2 containing sakB
were obtained by the use of the dideoxy chain termination
method (30) directly on denatured plasmid DNA (20). Se-
quencing reactions were initiated with primers derived from
the known sequence of the EM resistance gene of pVS2
(pE194 [14]). Subsequent sequencing was done by a primer-
walking strategy. Oligonucleotides were synthesized on an
Applied Biosystems synthesizer, model 381A. Both strands
of the HindIII-BglII fragment were sequenced.

Fragments encompassing the mutated sakB gene present
in L. sake 1.b706-B were amplified by the polymerase chain
reaction. The polymerase chain reaction-amplified fragments
were subsequently sequenced by the fmol DNA sequencing
system (Promega) employing [y->>P]ATP-labelled synthetic
oligonucleotide primers.

The computer analyses of sequence data were performed
on an IBM personal computer employing the DNASIS
sequence analysis program (Pharmacia) and the PC/Gene
program package (IntelliGenetics, Inc., Mountain View,
Calif.) and on a microVAX 3400 computer employing the
Genetics Computer Group program package (7).

Nucleotide sequence accession number. The nucleotide
sequence of the 1,810-bp fragment containing sakB was
submitted to the EMBL Data Library and was given the
accession number Z21855.

RESULTS

Shotgun cloning. The transformation of L. sake L.b706-B
with the ligation mixture (Sau3AlI fragments from plasmids
of L. sake Lb706 and Bcll-digested and dephosphorylated
pVS2) resulted in approximately 10> CM-resistant transfor-
mants per pg of DNA. This was 2 orders of magnitude lower
than with supercoiled vector (pVS2). Of approximately 1,000
screened transformants, 2 produced inhibitory zones with
the spot colony test. Further characterization showed that
the inhibitory compounds produced were heat tolerant and
inactivated by trypsin and had the same inhibitory spectrum
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as the bacteriocin from L. sake Lb706, indicating that these
transformants, designated L. sake Lb706-B2 and Lb706-B24,
produced sakacin A. In addition, Lb706-B2 and Lb706-B24
were immune (Imm™) to sakacin A produced by Lb706.

Characterization of plasmids. Purification of the recombi-
nant plasmids from the two transformants was simplified by
electrotransformation of the plasmid-free L. plantarum NC8
with plasmid minipreparations from Lb706-B2 and Lb706-
B24 with selection for CM resistance. The L. plantarum
transformants contained only single plasmids, designated
pLSA2 (from Lb706-B2) and pLSA24 (from Lb706-B24). To
confirm that the plasmids contained information which re-
stored sakacin A production and immunity and to rule out
possible rearrangements during passage through another
host, pLSA2 and pLSA24 prepared from L. plantarum NC8
were retransformed into L. sake Lb706-B. All transformants
tested were Sak* and Imm™.

pLSA2 and pLSA24, containing inserts of 4.3 and 4.7 kb,
respectively, were characterized by restriction enzyme map-
ping. The restriction maps of the inserts were somewhat
different but indicated a common internal segment of about 2
kb. Figure 1 shows the restriction map of the insert of
pLSA24, the deletions that were obtained, and their effect on
sakacin A production and immunity when the resulting
plasmids were introduced into Lb706-B. It was concluded
that the 1.8-kb HindIII-BgIII fragment of pLSA24 (construc-
tion pLSA2405) was the minimal fragment required for the
Sak* Imm* phenotype in Lb706-B. Similar results were
obtained with pLSA2 (not shown), and sequence analysis
(see below) later revealed that pLSA2 indeed contained an
identical fragment.

Nucleotide sequence of the DNA fragment restoring sakacin
A production and immunity. The nucleotide sequence of the
1,810-bp HindIII-Bg!II fragment from pL.SA2404 is shown in
Fig. 2. One large open reading frame (ORF) was evident,
potentially encoding a protein of 430 amino acid residues
with a molecular mass of 50.5 kDa. The derivatives,
pLSA2401 and pLSA2402 (Fig. 1), containing deletions in
the ORF, failed to restore the Sak* Imm* phenotype to
strain Lb706-B. This ORF, designated sakB, was therefore
responsible for the restoration of sakacin A production and
immunity in this strain. A potential promoter region with
similarity to the extended consensus gram-positive strain
promoter, including the —15 (TG) and —45 (A-rich) regions
(10), was located upstream of sakB. A putative ribosome
binding site was located 2 bp upstream the start codon ATG.
The third triplet of sakB, GTG, also a potential start codon
(19), may be the actual start codon for sakB, considering the
normal spacing of 8 to 10 bp between ribosome binding sites
and start codons.

Location of sakB and plasmid curing. L. sake Lb706
contains two plasmids of approximately 60 and 28 kb (31).
Results of earlier curing experiments suggested that the
28-kb plasmid was associated with sakacin A production and
immunity (31). L. sake Lb706-B (Sak~ Imm™), which con-
tains only the 60-kb plasmid, was a result of these curing
experiments. Preliminary hybridization experiments (not
shown) revealed that (i) there was no homology between the
HindIII-Bglll fragment of pLSA2404 and the previously
cloned 1.4-kb EcoRI fragment containing the structural gene
for sakacin A (sak4) (13) and (ii) similar to the sakA4
fragment, the HindIII-BgllIl fragment was derived from the
60-kb plasmid and was therefore also present in strain
Lb706-B. Since sakacin A production and immunity in L.
sake Lb706-B were obtained by introducing a DNA fragment
seemingly already present, a mutation in sakB was a more
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FIG. 1. Restriction maps of the insert of the recombinant plasmid pLSA24, restoring sakacin A production and immunity in L. sake
Lb706-B, and deletion derivatives. The resulting phenotype when the plasmids were introduced in strain Lb706-B is indicated. Dashed lines
indicate deleted parts. The bar represents 1.0 kb. The vector (pVS2) fragments are not shown. Abbreviations: A, Accl; B, BamHI; Bg, Bgl/ll;

H, HindIll; Hp, Hpal; Ns, Nsil.

probable explanation for the Sak™ Imm™ phenotype of this
strain than was the curing of the 28-kb plasmid. Thus, it
seemed possible to isolate a Sak* Imm™* variant of L. sake
Lb706 that would harbor only the 60-kb plasmid. Strain
Lb706 was therefore subjected to a novobiocin curing exper-
iment.

The curing experiment resulted in a dominance (88%) of
variants with no plasmids. These were all Sak ™. Six colonies
(12%) were Sak™, and they all contained only the 60-kb
plasmid (results not shown). Representatives of the two
groups were chosen and designated L. sake Lb706-X (plas-
mid free, Sak~) and Lb706-S (60-kb plasmid, Sak™). Further
characterization showed that Lb706-X and Lb706-S were
Imm~ and Imm™, respectively.

The 60-kb plasmids from L. sake Lb706-S and Lb706-B
were compared by cleavage with restriction enzymes and
subsequent hybridization with the 0.8-kb Nsil-Bg/Il frag-
ment of pL.SA2404 (sakB probe) and an oligonucleotide
probe for sakA (13) (Fig. 3). The 60-kb plasmids of Lb706-S
and Lb706-B were indistinguishable, suggesting that the
mutation of sakB in Lb706-B was caused by either a point
mutation or a small deletion. Furthermore, sakB was located
in close vicinity to sakA4, since both probes hybridized to a
fragment of approximately 6 kb when the plasmid was

digested with either Ncol or Xbal. HindIII and BglII sites
were located between sak4 and sakB. Further restriction
enzyme analysis and hybridizations, together with the nu-
cleotide sequence data, were used to create a linear restric-
tion map of the sakA4-sakB region of the 60-kb plasmid (Fig.
4). This analysis revealed that sak4 and sakB are transcribed
in opposite directions and that the distance between the
genes is 1.6 kb. Note that the Bg/II site present in pLSA24
and derivatives was not present in the sakA4-sakB region.
Instead, a Sau3Al site was present at the corresponding
position (not shown). The BglII site in pLSA24 was created
by a chance ligation of an appropriate Sau3Al fragment (with
a T flanking the recognition sequence GATC) to the fragment
containing sakB.

Nucleotide sequence of the mutated sakB. The suspected
mutation in sakB present in L. sake Lb706-B was confirmed
by nucleotide sequencing. The sequence of sakB on the
60-kb plasmid of strain Lb706-B was identical to that of sakB
on pLSA2404, except for a single A-T base pair deletion at
position 884 (Fig. 2). A translational stop codon (TAA) six
codons downstream would be the result of this frameshift
mutation, presumably leading to a truncated SakB protein.

Hydropathic character and homology to transmembrane
histidine protein kinases (HPKs) of the predicted SakB pro-



ApPL. ENVIRON. MICROBIOL.

2872 AXELSSON ET AL.
1 AAGCTTTTCACTCATTGTTGAAGAGAGAGTTTGCCTTTCAAACAACTTTTTCCAATTTTG 60
61 AGGACTTGGTAATCCGAACCTCAAATTACATCAGTTGGTTTAATTCCGACAGAATTAGAA 120
121 CGAGTGTTTAGAAAAAGATGTGCCATTTATTGACATAGGAGCAGGGAGAATTATCAATTT 180
181 AACCATTCAGGAATGATTTCTGTAAGGTTCAGGAATTTATTTCTCTTAAAAACGAAAAGT 240
241 ATGACATAGTAATTTTATTTGAGAGGAGATTAATTGATAATGAAACTTAACTACATTGAA 300
301 AAAAAACAATTAACCAATAAACAATTAAAACTAATTATAGGTGGTACTAACAGAAATTAT 360
-45
361 GGGAAACCCAATAAAGATATAGGAACGTGTATTTGGTCTGGTTTCAGACACTGTTAGAAT 420
-35 =15 -10 RBS
421 TAAATTATGCTAGCTCCTAAATTTGGTATACTGAATTACTAAAAGGGGTAGATGCTAGTG gao
——= —— = M L V
481 TTAATTGATACAAAAGCCTATATTTTAAGGGAATTAATAGATGATTTGTTACTTTATATA 540
4 L I DTJU KA ATZYTITELR RTETLTIDTIDTIULTELTULYI 23
541 CTTTTTTTCTCAATGAACAGACAAGGAACAGTACGGAGACGCGTTTTATTTATAGCTGTT 600
24 L F F S M NRUOQGTVTRTR RR R L F I AV 43
601 TTTTTTCCTATTACATTTCTAGTAGCATTGTATAGTGATATTTCAAATGTCATTCCCATT 660
4 F F P I T F L V A L Y S D I S NV I P I 63
661 TTATCAGGATATTTTATTTTAAAGGAAAAAAAAGAAAATGACTATTTGTTATTGAATGAC 720
64 L S G Y F I L K E K K E N D Y L L L N D 83
721 TTACTATTTTGTACATTTATTATATTTGGATGTAATGTTTTGAGTTCAAATATAATGTTA 780
84 L L F C T F I I F G CNJVUILS S NTIML 103
781 CAAATACTTCCAAGTAATAGGATAGTTGGGTTTTTCGGTATTTTTCTACAATTATTTATA 840
04 Q I L P S NR I V GF F G I FLQULTFTI 123
841 GAAGCACTTGTTATTAGTATTATAATATTTTTCTATAGAAAAAATAATCTACATAACGTA 900
724 E AL V I S I I I FF YRIEKNINTILUHNUV 143
901 AAGGAAAAATATGCTTCTAAAACGGTATCATATTTACTGATTTATTTATTGCTTGTGATT 960
144 XK E K Y A S K T V S Y L L I Y L L L V I 163
961 CTATTAATATCATATGCTGCTCATTATTATGATGCATACGATCACTTTGTTTTAGGCATT 1020
964 L L I S Y A A H Y Y DA Y DHTF VL G I 183
1021 ATGATATTTTTAATTATCCAAACCGTATTTGTTGTTTTTATATTTTTAAGAATGCTAACT 1080
184 M I F L I I Q T VFITFTULTZ RMTLT 203
1081 AAGCAAAGAACTAAGTATAAAAATCAAATAGAAAAACAAGAACTAAACAACCTAAAAAAA 1140
204 K Q R T K Y K NQTIEJ KT QETLNNTLK K 223
1141 TATACAGAATCTTTAGAACAGCAACAGCAACAAATTTCTAAATTTAGACATGATTATAAA 1200
22 Y T E S L EQ QQOQOQTISIKTFRIHD Y K 243
1201 AATTTATTGCTTAGTTTTAAAGAAAATATTAATACTAATAATAAAACGGCACTAACTAAA 1260
244 N L L L S F K E NI NTINJUNI KTA ATLT K 263
1261 CAAATAGAAGAGCTTGAACAATATTCTAATAGGTATCTCGATAAAGGTGAATTTGATTAT 1320
264 Q I E E L E Q Y S NR Y LDJIKTGTETFD Y 283
1321 AAAGCACTTTATAATATTCATAACGAATTTGTAAAGAGCCTAATTATAGCAAAAATCCAT 1380
284 K A L Y NI HNETFUVIXK ST LTITIA ATZKTIH 303
1381 CAAGCAAAAGAGCTGAATATAGAATGCTATTGTGAATGCCAAAAGCCACTTGATATTGTG 1440
304 0 A KELVNTITETCYTC CETGCO QI KT PTLTDTIUV 323
1441 CCTATTCCAATATTTGATTGTATACGCATCCTAGGTATTCTAATTGACAACGCTATTGAA 1500
324 P I P I FDCTIR RTITLTGTITLTITUDINATIE 343
1501 GCTGCCAGTGAATGTAATGAAAAAATATTGTACTTAGTAATTTATCAGGATGATTTACAA 1560
344 A A S ECNZEJIKTITULTYTULUVTIVYOQDTUDTL 363
1561 ATTGAATTTTCTATAAAAAATACTTATAAAAAATCTAATATGTCAATTGGAACCTTACAA 1620
364 I EF S I K N T ¥ K K S NMSTIGTTULQ 383
1621 AGAAAAAATATATCAACAAAAAAGGGCCATTCGGGTCTGGGATTAAATACAATTCAAGAA 1680
38 R K N I S T K K G H S|G_L G|lL N T I Q E 403
1681 TTTAATCAAAAGTTTCCTAATGTATTTACACAATATAAACAAGAAGAATCATTTTTTTCA 1740
404 F N Q K F P NV FTOQVYTZ KTUOQTETETSTFTF S 423
1741 GTGCAATTAATCATAATAAAATAATAGAGGTATATCATATTGACCTATCCAATTATTCTT 1800
424 V Q L I I I K * 430
1801 TGTGAAGATC 1810

FIG. 2. Nucleotide sequence of the 1,810-bp HindIII-Bg/II fragment from pLSA2404. The predicted amino acid sequence of the large ORF
(sakB) is shown below the nucleotide sequence. The putative —45, —35, —15, and —10 promoter regions as well as the putative ribosome
binding site (RBS) are underlined. Conserved amino acid residues of the HPK family are boxed (32).

tein. A hydropathic plot revealed that the putative SakB
protein was essentially divided into two regions, a highly
hydrophobic N-terminal half and a more hydrophilic C-ter-
minal half (results not shown). This interpretation was
further supported by a buried-helix parameter plot according
to the method of Rao and Argos (27) (Fig. 5). The hydro-
phobic, N-terminal part of the protein appeared to contain
five transmembrane regions.

The SakB amino acid sequence was compared with other
amino acid sequences in the SwissProt (release 24.0) and
NBREF (release 35.0) data bases. The highest similarity score
was obtained with the deduced amino acid sequence of a

gene from Staphylococcus aureus, agrB (18, 37) or agr-
ORF2 (32). The putative AgrB protein, consisting of 423
amino acid residues, had 22% amino acid identity with SakB.
When conservative amino acid changes were included, the
similarity was increased to 51%. A buried-helix parameter
plot of the AgrB protein by using the same computer
modelling as for SakB revealed a strikingly similar pattern
(not shown). AgrB has been suggested to be a member of a
family of transmembrane HPKs, which serve as sensor
proteins in responses of bacteria to various external stimuli
(32). The SakB protein also shares some distinctive features
of this family, with its transmembrane regions in the N-ter-
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FIG. 3. Restriction enzyme analysis of the 60-kb plasmid from L. sake Lb706-S (Sak* Imm™) and L. sake L.b706-B (Sak~ Imm™) and
subsequent hybridization with a sakA4 probe and a sakB probe. (A) Agarose gel; (B) corresponding blot and hybridization with sak4 probe;
(C) corresponding blot hybridized with sakB probe. Lanes 2, 4, 6, and 8, Lb706-S 60-kb plasmid; lanes 3, 5, 7, and 9, Lb706-B 60-kb plasmid.
Enzymes: Ncol (lanes 2 and 3), Xbal (lanes 4 and 5), Bg/II (lanes 6 and 7), and HindIII (lanes 8 and 9). Lane 1 is molecular weight marker

IV (Boehringer, Mannheim, Germany).

minal half and certain conserved amino acid residues re-
garded as important for function (Fig. 2). Although the
homology between SakB and AgrB was fairly evenly distrib-
uted along the entire sequences, the similarity was higher
around these conserved amino acid residues.

DISCUSSION

This report describes the identification and characteriza-
tion of a gene (sakB) necessary for sakacin A production and
immunity in L. sake Lb706. The Sak* Imm™ phenotype is
associated with the 60-kb plasmid present in this strain, since
both sakB and the structural gene sakA4 are located on this
plasmid. Contrary to previous assumptions, the 28-kb plas-
mid seems to be irrelevant in this regard, since Sak™ Imm™
variants and transformants without this plasmid or any part
of it could be obtained. This plasmid appears to be easily
cured, as shown by our curing experiment in which all
colonies tested had lost it. In retrospect, it is perhaps not
surprising that strain L.b706-B is a mutant in addition to
being cured of the 28-kb plasmid, since the previous curing
experiment involved a rather mutagenic compound (acrifla-
vine) and the selection was made for loss of the Sak™*
phenotype (31). Novobiocin, used in this study, inhibits
DNA gyrase (22) and is therefore not as mutagenic as
acriflavine and other DNA-intercalating compounds. It has

been used successfully as a curing agent for several bacteria
(22), including lactobacilli (28).

No recombination was observed between the pL.SA plas-
mids containing sakB and the 60-kb plasmid present in L.
sake 1b706-B. The reasons for this apparent lack of recom-
bination, despite the obvious sequence homology, are un-
known.

Two genes necessary for sakacin A production have now
been identified, the structural gene sak4 (13) and sakB. A
recombinant plasmid containing the entire region depicted in
Fig. 4 has been used to transform the plasmid-free variant L.
sake 1.b706-X, but the transformants remained Sak™ Imm™
(results not shown). Genes other than sak4 and sakB are
apparently needed for expression. In view of the similarities
between sakacin A and pediocin PA-1, both in the mature
bacteriocin and in the leader peptide (13, 21), this is not
surprising. It is likely that the processing and transport
system of sakacin A is similar to that of pediocin PA-1 and
therefore involves an ATP-dependent membrane transloca-
tor. The SakB protein does not belong to this family of
proteins but has some other role (see below). Two com-
pletely different approaches have been used to identify sak4
(oligonucleotide probes derived from the amino acid se-
quence) and sakB (shotgun cloning and assay for activity). It
is significant that the two genes were located close to each
other on the 60-kb plasmid (Fig. 4). This may indicate that all
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FIG. 4. Linear restriction map of the 5-kb sak4-sakB region of the 60-kb plasmid from L. sake Lb706. The transcription directions of the

sakA and sakB genes are indicated by arrows.
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FIG. 5. Buried-helix parameter plot of the putative SakB protein
according to the method of Rao and Argos (27). Potential transmem-
brane regions are indicated by horizontal bars.

the genes necessary for sakacin A production and immunity
are clustered in a way which resembles the pediocin PA-1
(ped) and lactococcin A (lcn) gene clusters (21, 33). The
organization for the sak genes appears to be more complex,
however, since sak4 and sakB are transcribed in opposite
directions. In addition to sakB, the nucleotide sequence of
the 1,810-bp fragment revealed a small ORF, potentially
encoding a peptide of 45 amino acid residues (not shown in
Fig. 2) and located upstream of the putative promoter and
sakB. The role, if any, of this ORF in the expression of
sakacin A is unknown.

No significant sequence homology was found between the
putative SakB protein and proteins encoded by the ped and
Icn gene clusters, which are involved in the expression of
bacteriocins (21, 33). A structural resemblance was evident
in that SakB, PedD, LcnC, and LenD all had hydrophobic
N-terminal regions, suggesting that they were membrane
associated. A significant sequence homology was observed,
however, between SakB and AgrB, an S. aureus protein.
The agr (accessory gene regulator) locus consists of four
ORFs, in which agrA and agrB are believed to be the genes
of greatest importance (18). This is based on the finding that
the corresponding proteins AgrA and AgrB share some
distinctive features with the so-called two-component signal
transducing systems. These systems are present in many
bacteria and mediate responses to environmental stimuli
through kinase reactions (32). The first component is an
HPK, which often is membrane located and serves as a
sensor protein. An internal histidine residue is phosphory-
lated in response to some external signal. The phosphoryl
group is then transferred to a cytoplasmatic protein, the
response regulator. The level of phosphorylation of the
response regulator protein determines the activity, which
often is an activation of transcription of the appropriate
target genes. In this context, AgrB is the sensor protein and
AgrA is the response regulator component (18, 32). Similar
to AgrB, SakB appears to be a member of the HPK family,
showing the same distinctive features. Among these are
certain conserved amino acid residues (32). The histidine
residue at position 240 (Fig. 2) corresponds to the amino acid
likely to be phosphorylated during signal transduction in the
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HPK family (32). The most pronounced homologies (nearly
100% similarity) between SakB and AgrB are found within a
12-amino-acid region surrounding this histidine residue and a
similarly sized region surrounding the conserved asparagine
residue at position 340 (Fig. 2).

The agr system in S. aureus regulates the expression of
several exoproteins, e.g., hemolysins, enterotoxins, and
proteases. Mutations in the agr locus are consequently
pleiotropic in that many target genes are affected (15, 26).
The mutation in sakB present in L. sake Lb706-B is pleio-
tropic in the sense that both the Sak and the Imm phenotypes
are affected. This mutation is clearly different in nature from
mutations in the genes encoding the ATP-dependent mem-
brane translocators in the pediocin PA-1 (pedD) and lacto-
coccin A (IcnC) systems, which affect only the production of
the mature bacteriocin and not the immunity (21, 33). SakB
may have some overall regulatory role in the expression of
both sakacin A production and immunity. Preliminary DNA
sequencing data from the region downstream of sakB on the
60-kb plasmid indicate the presence of a gene with similarity
to agrA. A classical two-component signal transducing reg-
ulatory system may thus be operational in connection with
sakacin A production and immunity in L. sake Lb706.

With the recent advances in the techniques for introducing
DNA into Lactobacillus strains, mainly through electro-
transformation (electroporation) (1, 2, 4, 39), these bacteria
may be used as hosts in cloning work and subsequent
molecular analysis. One of the aims of this study was to
evaluate this possibility. The reasons for this were (i) to
avoid problems with expression of certain traits in other
commonly used cloning hosts and (ii) that future genetic
manipulations of strains that are aimed for use in food may
require that the DNA has been passed only through gener-
ally recognized as safe organisms, e.g., lactobacilli. The
sakacin A system was suitable for this evaluation, since the
production of this bacteriocin was associated with plasmids
(13, 31). In addition, we had access to a sakacin A-nonpro-
ducing and -sensitive variant (L. sake Lb706-B), and the
conditions for electrotransformation had been optimized to
reach appreciable levels of transformation efficiency (2). The
results reported here illustrate the feasibility of using Lacto-
bacillus strains as hosts in cloning work and genetic analy-
ses.
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