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A total of 636 vancomycin-resistant Enterococcus faecium (VRE) isolates obtained between 1994 and 1999
from the Medical School Hospital of the University of Michigan were tested for bacteriocin production. Of the
277 (44%) bacteriocinogenic strains, 21 were active against E. faecalis, E. faecium, E. hirae, E. durans, and
Listeria monocytogenes. Of those 21 strains, a representative bacteriocin of strain VRE82, designated bacterio-
cin 43, was found to be encoded on mobilizable plasmid pDT1 (6.2 kbp). Nine open reading frames (ORFs),
ORF1 to ORFY, were presented on pDT1 and were oriented in the same direction. The bacteriocin 43 locus
(bac43) consists of the bacteriocin gene bacA (ORF1) and the immunity gene bacB (ORF2). The deduced bacA
product is 74 amino acids in length with a putative signal peptide of 30 amino acids at the N terminus. The bacB
gene encodes a deduced 95-amino-acid protein without a signal sequence. The predicted mature BacA protein
(44 amino acids) showed sequence homology with the membrane-active class Ila bacteriocins of lactic acid
bacteria and showed 86% homology with bacteriocin 31 from E. faecalis YI717 and 98% homology with
bacteriocin RC714. Southern analysis with a bac43 probe of each plasmid DNA from the 21 strains showed
hybridization to a specific fragment corresponding to the 6.2-kbp EcoRI fragment, suggesting that the strains
harbored the pDT1-like plasmid (6.2 kb) which encoded the bacteriocin 43-type bacteriocin. The bac43

determinant was not identified among non-VRE clinical isolates.

Bacteriocins are produced by a wide variety of gram-positive
and gram-negative bacteria. They are bacterial proteins which
inhibit the growth of other bacteria that are closely related to
the producer strains, and they usually exhibit a relatively nar-
row spectrum of activity. Bacteriocins are thought to provide
the producer strain with an ecological or selective advantage
over other strains. Bacteriocin production has been described
for several genera of lactic acid bacteria (LAB) (12, 33). LAB
bacteriocins can be classified into two main classes (34), i.e.,
class I, modified bacteriocins (the lantibiotics) and class II, the
small, heat-stable nonlantibiotics, which are divided into sub-
groups IIa, pediocin-like bacteriocins with a strong antilisterial
effect, and IIb, non-pediocin-like bacteriocins and those with
two peptides that require the complementary action of both
peptides for full antimicrobial activity. In the genus Enterococ-
cus, Enterococcus faecalis and E. faecium bacteriocins have
been genetically and biochemically well characterized. E. fae-
calis bacteriocins include the B-hemolysin/bacteriocin (cytoly-
sin) (9, 17, 18, 21, 23, 24), the peptide antibiotic AS-48 (28),
bacteriocin 21 (Bac 21) (43), and Bac 31 (42). These bacterio-
cins have been identified from E. faecalis clinical isolates (29,
42, 43, 47). The well-characterized E. faecium bacteriocins
have been isolated from food grade organisms (6, 19) and
include enterocins A (1), B (3), P (4), I (15), L50A, and L50B
(5). These bacteriocins belong to the LAB class II bacteriocins
and are active against Listeria monocytogenes (34). Enterocins
A and P are pediocin-like bacteriocins (12).
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In contrast to the bacteriocins obtained from E. faecalis
clinical isolates, there have been few reports describing ei-
ther the bacteriocins present in E. faecium clinical isolates,
including vancomycin-resistant E. faecium (VRE), or the
relationship between the bacteriocin determinant and a
plasmid (10, 11, 25).

In our previous study (25), a total of 636 VRE strains were
tested for bacteriocin production against various indicator
strains. Two hundred seventy-seven (44%) of the 636 strains
tested were bacteriocinogenic. The bacteriocinogenic strains
were classified into four groups on the basis of their bacteriocin
activity. Of the 277 bacteriocin producers tested for activity
against enterococci, 21 strains (3.3%) showed bacteriocin
activity against E. faecalis, E. faecium, E. hirae, E. durans,
L. monocytogenes, and L. denitrificans; 193 strains (69.7%)
showed activity against E. faecium, E. hirae, and E. durans; and
4 strains (0.6%) showed activity against E. faecalis. The re-
maining 59 bacteriocinogenic strains produced a small zone of
bacteriolysis against E. hirae. In this study, we present an anal-
ysis of Bac 43, which was active against E. faecalis, E. faecium,
E. hirae, E. durans, L. monocytogenes, and L. denitrificans.

MATERIALS AND METHODS

Bacteria, media, and reagents. The strains and plasmids used in this study are
listed in Table 1. A total of 640 VRE clinical isolates were obtained from
different patients who had been admitted to the University of Michigan Medical
School Hospital, Ann Arbor, between 1994 and 1999. The bacteriocinogenic
strains among these isolates were previously classified into three groups on the
basis of their bacteriocin activity (25). Of the 636 VRE clinical isolates tested, 21
strains showing bacteriocin activity against E. faecalis, E. faecium, E. hirae, E.
durans, L. monocytogenes, and L. denitrificans were used in this study. The
indicator strains used for the bacteriocin assay were Staphylococcus aureus
FDA209P (32), E. faecalis FA2-2 (8) and OGIS (7), E. faecium BM4105RF (44),
E. hirae ATCC 9790 (38), E. durans ATCC 49135, E. raffinosus JCM8733, E.
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TABLE 1. Bacterial strains and plasmids used in this study

Strains and plasmid Genotype or phenotype Description lszseéZ?CC:
Strains
Enterococcus faecalis
FA2-2 Rif" Fus" Derivative of JH2 8
JH2SS Str' Spc” Derivative of JH2 41
0G1-10 (OG1S) Str* Derivative of OG1 7
Enterococcus faecium
BM4105RF Rif" Fus" Derivative of plasmid-free 44
E. faecium BM4105
BM4105SS Str" Spc* Derivative of plasmid-free 44
E. faecium BM4105
VRES2 Bacteriocinogenic clinical 44, this study

pDT1(Bac 43) Kam" Gen" Tei" Van®
Amp"

isolate
Enterococcus hirae ATCC 9790 Penicillin susceptible Wild type 38
Enterococcus durans ATCC 49135 Penicillin susceptible Wild type
Enterococcus raffinosus JCM8733 Penicillin susceptible Wild type
Enterococcus gallinarum BM4174 Penicillin susceptible Wild type 27
Staphylococcus aureus FDA209P Penicillin susceptible Wild type 32
Escherichia coli
DHS5a recAl endAl gyrA96 thi-1 relAl hsdR17 Bethesda Research
supE44 $80 lacZA M15 Laboratories
TH688 CSH57b thr::Tn5 40
Plasmids
pDT1 Bac 43 Mobilizable plasmid (6.2 kb) This study
pAM401 Cm" Tc" E. coli-E. faecalis shuttle vector 46
pHTB Van' pMG1-like highly conjugative 45
plasmid (53.7 kb)
pUC18 Amp' lacZ E. coli vector Nippon Gene Co.

gallinarum BM4174 (27), S. agalactiae, S. pyogenes, and L. monocytogenes. En-
terococcus strains were grown in Todd-Hewitt broth (THB; Difco, Detroit,
Mich.) or antibiotic medium 3 (Difco). Escherichia coli strains were grown in
Luria-Bertani medium. Solid and soft media were prepared by the addition of
1.5% or 0.75% (wt/vol) agar, respectively. All cultures were grown at 37°C.
Antibiotics were used at the following concentrations: ampicillin, 100 pg/ml;
chloramphenicol, 20 pg/ml for Enterococcus and 50 pg/ml for E. coli; vancomy-
cin, 12.5 pg/ml; rifampin, 25 pg/ml; fusidic acid, 25 pg/ml; streptomycin, 250
png/ml; gentamicin, 250 wl/ml; spectinomycin, 250 wg/ml; kanamycin, 500 pwg/ml
for Enterococcus and 40 wg/ml for E. coli; tetracycline, 12.5 pg/ml.

Soft-agar assay for bacteriocin production and immunity. The bacteriocin
production assay was performed as described previously (24). Fifty microliters of
an overnight culture of the indicator strains grown in antibiotic medium 3 was
added to 5 ml of molten soft agar (0.75%), which was then poured onto a THB
plate. After solidification, each strain to be tested was inoculated into the soft
agar with a toothpick. The halos of inhibition around the inoculated test strains
were monitored after overnight culture.

To test immunity to the bacteriocin, a modification of the bacteriocin produc-
tion test was performed. The indicator strain was used to test immunity. Inhibi-
tion of halo formation means that the indicator strain has immunity against the
bacteriocin produced by the inoculated strain.

Mating procedures. Solid-surface matings were performed as previously de-
scribed (44). Overnight cultures of the donor and the recipient were mixed at a
donor/recipient ratio of 1:10, and 10 wl of the mixed culture was dripped onto
THB agar without drug. The plates were then incubated overnight (18 h) at 37°C.
After incubation, the bacteria grown on the agar plates were scraped off and
transferred into 1 ml of fresh broth and then 0.1-ml samples of the suspension
were inoculated onto the appropriate selective agar plates. Colonies were
counted after 48 h of incubation at 37°C.

Isolation and manipulation of plasmid DNA. Plasmid DNA was isolated by
the alkaline lysis method (36). Plasmid DNA was treated with restriction en-
zymes and subjected to agarose gel electrophoresis for analysis of DNA frag-
ments. Restriction enzymes were obtained from Nippon Gene (Toyama, Japan);
New England Biolabs, Inc. (Massachusetts); and Takara (Tokyo, Japan) and
used in accordance with the suppliers’ specifications. Agarose was obtained from
Wako Chemicals (Osaka, Japan) and used at a 0.8% agarose concentration in
agarose gel electrophoresis. DNA fragments were eluted from agarose gels with

the Wizard SV Gel and the PCR Clean-Up System (Promega Corporation,
Madison, WI). The eluted fragments were ligated to dephosphorylated, restric-
tion enzyme-digested vector DNA with the DNA Ligation Kit Ver.2 (Takara,
Tokyo, Japan) and then introduced into E. coli by electrotransformation (16).
Transformants were selected on Luria-Bertani medium agar containing suitable
antibiotics.

PCR methodology. The PCR program, with an Ex Tag DNA polymerase
(Takara), comprised 2 min at 95°C followed by 30 cycles of 2 min at 95°C, 2 min
at 56°C, and 2 min at 72°C and then a final incubation at 4°C with a GeneAmp
PCR system 9600 thermal cycler (Perkin-Elmer).

Determination of pDT1 restriction map. The restriction map of pDT1 was
constructed by double digestion and analysis by agarose gel electrophoresis. The
restriction enzymes EcoRI, HindIII, EcoRV, Xbal, and BamHI were used for
digestion.

Generation of transposon insertional mutants. Tn5 (Km") insertion into pDT1
was performed as described elsewhere (39, 42). pDT1 was introduced into E. coli
K-12 TH688 (with Tn5 in the thr locus) (40) by electrotransformation. Ten of the
transformants were selected and spread onto selective medium containing 40 pg
of kanamycin and 12.5 pg of tetracycline per ml, and the plates were left at room
temperature for 10 days. The bacteria which grew on the selective plates were
scraped off, and the plasmid DNA was then isolated and used to transform E. coli
DHS5a. The transformants were selected on plates containing kanamycin (40
pg/ml) and tetracycline (12.5 pg/ml) for selection of Tn5 kanamycin resistance
and pTDI1-borne tetracycline resistance, respectively. The transformants were
purified and examined to determine the specific location of TnS5 within the
plasmid. The precise location of the Tn5 insertion was determined by direct
nucleotide sequencing with a synthetic primer shown in Table 2, which hybrid-
ized to the end of Tn5 (43).

DNA sequence analysis. Nucleotide sequence analysis was carried out as
previously described (37). To determine the entire sequence of pDT1, shotgun
sequencing was performed. Fragmented DNA libraries were constructed by
sonication of EcoRI-digested pDT1, followed by ligation into the Smal-digested
pUCIS8 vector plasmid. pUC18 plasmids containing 0.5- to 1.0-kb inserts were
used to transform E. coli DH5a. The resulting constructs were sequenced in both
orientations with an ABI Prism 377 sequencer (Applied Biosystems). The Big-
Dye Terminator Ver.1.1 cycle sequencing kit (Applied Biosystems) and primers
21M13 and M13Rev (Perkin-Elmer) were used for the sequencing reaction.
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TABLE 2. Oligonucleotides used in this study

Primer Sequence and restriction sites® Description
Bac43-1 GAATTCAAAACTACTTTTTATGACG Analysis of bac determinant
Bac43-2 GAATTCTAGGAACTTGTCTAGCTGG
Bac43-5' GAATTCTATGATAATTTTTCGGCTC
Bac43-4' GAATTCGATAGTCATCTATAGTTGC
Bac43-6 GAATTCAAGCCCATCCTCTATATAC
Tn5 CAGATTTAGCCCAGTCGG Analysis of Tn5 insetion mutant
J1 GAGTATTGCAACTTGCTCGC Analysis of EcoRI junction of pTD1
J2 GCTACAAGAAGTGGTTCGGC
C TTGGTACAGGCGTTACTTGG Analysis of bacA gene
E2 ATCCGAATTCATAACCTCCCTACCACTACC
H1 CGAAAAGGAAAAACAATCATG Analysis of bac43 determinants
H2 TCCCATTTTCATTTTATTCC
M1 AAGGGTGGGACTTATGAGCG Analysis of mob genes
M2 TTGTTGGTAGTCTGCTCCTC

“ Underlined letters indicate restriction sites (GAATTC; EcoRI).

Open reading frame (ORF) analysis was performed with Genetyx, version 6.1
(Genetyx Corp., Tokyo, Japan). The DNA Data Bank of Japan (DDBJ; National
Institute of Genetics, Mishima, Japan) was used for homology analysis of nucle-
otide and amino acid sequences.

Direct sequencing was performed to confirm the sequence near the EcoRI
junction of pDT1 and the structures of the insertion and deletion mutants. The
PCR products were eluted from agarose gels as described above and sequenced
in both orientations with an ABI Prism 310 sequencer (Applied Biosystems). The
BigDye Terminator Ver.1.1 cycle sequencing kit (Applied Biosystems) was used
for the sequencing reaction with PCR primers (Table 2).

Deletion mutant analysis. The deletion mutants shown in Fig. 3 were con-
structed by PCR with pDT1 as the template. The primers used to construct each
subclone are listed in Table 2. Subclones of pMG502, pMG503, pMG504, and
pMGS505 were constructed with primer pairs Bac43-1 and -5’, Bac43-1 and -4/,
Bac43-2 and -5’, and Bac43-2 and -6’, respectively. PCR products were digested
with EcoRI and cloned into shuttle vector pAM401. Each subclone was intro-
duced into E. faecalis FA2-2 and tested in the soft-agar assay. The sequences of
all subclones were confirmed by direct DNA sequencing.

Southern hybridization. Southern hybridization was performed with the
digoxigenin (DIG)-based nonradioisotope system of Boehringer GmbH
(Mannheim, Germany), and all procedures were based on the manufacturer’s
manual and standard protocols (36). Hybridization was performed overnight
at 42°C in the presence of 50% formamide. The PCR product generated
between primers C and E2 with the PCR DIG synthesis kit (Roche Diagnos-
tics, Mannheim, Germany) was used as the probe for bac4. The nucleotide
sequences of the primer pair are shown in Table 2. Signals were detected with
the DIG chemiluminescence detection kit (Boehringer GmbH). CSPD
(Boehringer GmbH) was used as a substrate for alkali phosphatase conju-
gated to the anti-DIG antibody.

Pulsed-field gel electrophoresis. Genomic DNA was prepared as previously
described (31). A gel block containing genomic DNA was incubated overnight
with 10 U of Smal. Electrophoresis was then carried out with a 1% agarose
gel with 0.5% Tris-borate-EDTA, and the settings applied were 1 to 21 s, 6
V/em?, and 20 h. The gel was stained with ethidium bromide for UV obser-
vation. The results were classified as closely related, possibly related, or
different types (31).

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this article are available from the DDBJ, EMBL, and GenBank nu-
cleotide sequence databases under accession number AB178871.

RESULTS

Identification of a plasmid-coded bacteriocin active against
E. faecalis, E. faecium, E. hirae, E. durans, and L. monocyto-
genes. Of the 277 (44%) bacteriocinogenic strains identified
among a total of 636 VRE strains, 21 bacteriocinogenic strains
that are active against E. faecalis, E. faecium, E. hirae, E.
durans, and L. monocytogenes (3.3%) were used in this study.
The drug resistance patterns of the 21 strains are shown in

Table 3. The enterococcal bacteriocins are usually carried on
plasmids, some of which are self-transferable and some of
which can be mobilized by coresident conjugative plasmids. To
examine whether bacteriocin production was cotransferred
with drug resistance, mating experiments were performed be-
tween each of the 21 bacteriocinogenic strains and recipient
strain E. faecium BM4105RF on a solid surface (filter mating).
Vancomycin or gentamicin was used as a selective marker for
transconjugants (Table 3), and rifampin and fusidic acid were
used for counterselection against the donor strain. Vancomy-
cin- or gentamicin-resistant transconjugants were obtained at
frequencies of 107> to 10~ per donor cell with 12 of the 21
strains (Table 3). Bacteriocin activities were examined in the
transconjugants from each of these strains. The drug resistance
transconjugants exhibited bacteriocin activities at a relatively
high frequency (Table 3). The bacteriocin activities were iden-
tical to that of the donor strain. Of these bacteriocinogenic
strains, VRES2 was chosen as a representative for further
analysis. With the VRE and bacteriocinogenic E. faecium
BM4105RF transconjugant of VRES2 as the initial donor,
repeated experiments to transfer bacteriocin production were
performed between E. faecium BM4105RF and E. faecium
BM4105SS. Vancomycin resistance was used as a selective
marker for the transconjugants. Vancomycin-resistant trans-
conjugants were tested for bacteriocin activity against E. fae-
calis, E. faecium, E. hirae, E. durans, and L. monocytogenes.
About 80 to 95% of the transconjugants were bacteriocino-
genic and showed bacteriocin activity identical to that of donor
strain VRES2, and the remaining transconjugants showed no
bacteriocin activity. Plasmid DNA was isolated from each of
the transconjugants, treated with the EcoRI restriction en-
zyme, and analyzed by agarose gel electrophoresis. All of the
nonbacteriocinogenic vancomycin-resistant transconjugants
exhibited two major bands, and all of the bacteriocinogenic
and vancomycin-resistant transconjugants exhibited an addi-
tional DNA band with a molecular size of 6.2 kbp in their
agarose gel electrophoresis profiles (Fig. 1).

The 6.2-kb EcoRI fragment obtained by agarose gel electro-
phoresis was eluted from the agarose gel and ligated with
shuttle vector pAM401. The cloned 6.2-kbp EcoRI fragment
was introduced into E. coli DH5«, and the clone pAM401::6.2-
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TABLE 3. Drug resistance patterns of bacteriocinogenic strains and transferabilities of bacteriocin activity with drug resistance

Transfer frequency® (% of bacteriocinogenic transconjugants)

Strain“ Drug resistance pattern®

Vam" Gen"
VRE74 Apc Gen Kan Tei Van 2 X 10%(50) <1x10°8
VRET78 Apc Gen Kan Tei Van 2 % 107° (100) <1x10°%
VRES2 Apc Gen Kan Tei Van 2 X 10%(90) <1x10°8
VRES3 Apc Gen Kan Tei Van 2% 1077 (80) <1x10°%
VREY%4 Apc Gen Kan Tei Van <1x10°8 <1x10°%
VRE252 Apc Gen Kan Tei Van <1x10°® 4% 1078 (75)
VRE272 Apc Gen Kan Str Tei Van <1x10°8 4 X 1078 (100)
VRE278 Apc Gen Kan Str Tei Van 2% 1077(75) 4% 1078 (5)
VRE319 Apc Gen Kan Str Tei Van 6 % 1075 (100) 4 X 1078 (35)
VRE330 Apc Gen Kan Str Tei Van <1x10°® <1x10°%
VRE351 Apc Gen Kan Str Tei Van 2 X 1077 (75) 9 X 1077 (8)
VRE367 Apc Kan Str Tei Van 1 X 1077 (100) NT¢
VRE418 Apc Kan Str Tei Van <1x10°8 NT
VRE419 Apc Gen Kan Str Tei Van <1x10°® <1x10°%
VRE424 Apc Gen Kan Str Tei Van <1x10°8 3 X 1078 (50)
VRE437 Apc Gen Kan Str Tei Van <1x10°® <1x10°%
VRE455 Apc Gen Kan Str Tei Van <1x10°8 <1x10°8
VRE477 Apc Gen Kan Str Tei Van <1x10°® 2% 1078 (75)
VRES506 Apc Kan Mino Tet Tei Van <1x10°8 NT
VRE576 Apc Gen Kan Tet Tei Van <1x10°® <1x10°®
VRE595 Apc Gen Kan Tet Tei Van <1x10°8 <1x10°8

“ The strains exhibited bacteriocin activity against E. faecalis, E. faecium, E. durans, L. monocytogenes, and L. denitrificans.
b Abbreviations: Apc, ampicillin; Gen, gentamicin; Kan, kanamycin; Mino, minocycline; Str, streptomycin; Tet, tetracycline; Tei, teicoplanin; Van, vancomycin.
¢ The frequency was calculated as the number of selected transconjugants per donor cell.

4 NT, not tested.

FIG. 1. Agarose gel electrophoresis of EcoRI-digested plasmid
DNAs of bacteriocinogenic strain VRES2 and transconjugants. Lanes:
1, HindIII-digested lambda DNA; 2, E. faecium VRES2 (wild-type
VRE strain); 3, nonbacteriocinogenic VRE BM4105RF transconju-
gant; 4, bacteriocinogenic VRE BM4105RF transconjugant. Arrow,
6.2-kb band.

kbp EcoRI fragment was designated pMGS501. E. faecalis
FA2-2 and E. hirae ATCC 9790 were transformed with
pMG501. The transformants expressed bacteriocin activity
identical to that of wild-type strain VRES2. These results im-
plied that bacteriocinogenic VRES2 harbored a 6.2-kbp plas-
mid that conferred bacteriocin activity and had one EcoRI site.
The 6.2-kbp plasmid was designated pDT1, and the bacteriocin
encoded by pDT1 was designated Bac 43.

DNA sequence of pDT1. The DNA sequence of pDT1 was
determined with plasmid pMGS501. There was a possibility that
another small EcoRI fragment lay in the gap formed by the
single EcoRI site of pDT1, but this was too small to detect by
agarose gel electrophoresis. PCR was also performed with the
plasmid DNAs of VRES2 and the J1 and J2 primers (Table 2),
which lie on either side of the single EcoRI site of pDT1 (Fig.
2). Sequence analysis of the PCR products confirmed that
there was no other fragment lying in the gap formed by the
EcoRI site of the 6.2-kbp plasmid. pDT1 was found to be 6,173
bp in length. Computer analysis revealed the presence of
eight ORFs (ORF1 to ORFS) in pDT1, and all were ori-
ented in the same direction. Figure 2a shows the ORFs that
had a good ribosome binding site within a 20-base region
upstream of the predicted start codon. Homology analysis of
each ORF was performed with the DDBJ data bank. Each of
the predicted proteins encoded by ORFS5, ORF6, ORFS,
and ORF9 showed no significant homology to the reported
proteins. The ORF7 protein showed significant homology to
the replication proteins of the plasmid found in gram-posi-
tive bacteria and designated the repA gene of pTD1. The
analyses of the remaining four ORFs (ORF1 to ORF4) are
described later.

Generation of Tn5 insertion mutants. Tn5 insertion mutant
forms of the pMGS501 clone containing pDT1 were generated.
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0 1000 2000 000 4000 5000 6000 6173 bp
(a) | L | L — L | I . L pDT1
EcoRI Hindall coRY Hindll Xbal HindIl EccRI
BamHI
—- m— i g -
ORF1 ORF2 ORF3 ORF4 ==l ORF6 ORF7 ORF8 ORF9
bacA bacB mobC mobA ORFS5 (22%za) repa (177aa)(6Baa)
(74aa){95aa) (12%za) (304za) (l48aa) (31ldza)
1 2 3 4 567 B 910 11 12 13 14
2 9 9 9 90999 9 9 99 MGS0L: 175

(b)

FIG. 2. Physical map of pDT1 showing deduced ORFs and transposon insertions into pDT1 of pMG501 (pAM401::pDT1). (a) Physical map
of pDT1 (6.2 kbp) and deduced ORFs. Thick horizontal arrows indicate ORFs on pDT1 and the direction of transcription. (b) Map of Tn5
insertions into pDT1 of pAM401::pDT1. Open circles indicate Tn5 insertion mutants. Numbers beside symbols are mutant identification numbers.

aa, amino acids.

Fourteen insertions in pDT1 were obtained (Fig. 2b). Inserts
were obtained in each of the ORFs, except ORF1 and ORF2.
All of the insertion mutants expressed bacteriocin activity and
immunity at the same level as wild-type pMGS501 in an E.
faecium BM4105RF background with respect to the bacterio-
cin activity obtained by soft-agar assay. The result implied that
seven ORFs (ORF3 to ORF9) were not related to the expres-
sion of Bac 43. Although we could not exclude any potential
polar effects on the adjacent gene(s) by transposon insertion, it
was probable that ORF1 and ORF2 were the bacteriocin de-
terminant.

Cloning of PCR products that confer bacteriocin produc-
tion. The PCR products that corresponded to the 0- to 700-bp
region of the map position and contained ORF1 and ORF2
were cloned into pAM401. Transformation of E. faecalis
FA2-2 was performed with pAM401 carrying the PCR prod-
ucts. The transformants were selected on a selective agar plate

containing chloramphenicol for selection of pAM401 and ex-
amined for bacteriocin activity. The results are shown in Fig. 3.
pMGS502 carried a 737-bp fragment and contained both ORF1
and ORF2. E. faecalis FA2-2 containing pMGS502 expressed
bacteriocin activity and immunity. pMG503 contains ORF1
and the N-terminal region of ORF2. pMG503 could not trans-
form E. faecalis FA2-2. pMG504 had a deletion in the N-
terminal region of ORF1 and contained the C-terminal region
of ORF1 and all of ORF2. E. faecalis FA2-2 containing
pMGS504 did not express bacteriocin activity but expressed
immunity. pMG505 had a deletion in the N-terminal region of
ORF1 and the C-terminal region of ORF2 and contained the
C-terminal region of ORF1 and the N-terminal region of
ORF2. E. faecalis FA2-2 containing pMGS505 expressed nei-
ther bacteriocin activity nor immunity. These results indicated
that the fragment containing both ORF1 and ORF2 conferred
bacteriocin activity and immunity on the E. faecalis strain.

0 100 200 300 400 500 600 700 800 bp
pOT1 | 1 | | | | | | L.
EcoR|
ORF1 ORF2
Plasmid (bacA:74 a.a.) (bacB95 a.a.) Bacteriocin Immunity
0 737
pMG502 | | 4 +
0 440
pMG503 | : n.d. n.d.
164 737
pMG504 } ! = -
164 632
pMG505 | ' = ~

FIG. 3. Cloning of PCR products from the region of the bacteriocin determinant of pDT1. Thick lines represent the cloned PCR product. The
numbers at the ends of the thick lines represent the 5" and 3’ ends of the segment on the map (base pairs). The vertical bar with an arrowhead
is the potential promoter. a.a., amino acids; n.d., the pasmid did not transform E. faecalis FA2-2.



6960 TODOKORO ET AL. APPL. ENVIRON. MICROBIOL.
-35 -10
1 GAATTCAAAA CTACTTTTTA TGACGTTAAT CATTGTTATA TAATAARATG TTATATAATA AAATTACTAA GATTATTTAAR TATAACAAGC AATTTTAARA 100
s.D.
101 AARCGRABRAG GRAAARACARAT CATGARARRAG ABAGTATTAA AACATTGTGT TATTCTAGGA ACAGGAATAR 200
Primer H1 M K K K vV L K H C WV I L G T 1 26
ORF1 (bacA) ==
201 AAGTTGATGC AGCTACTTAC TATGGARATG GTCTTTATTG TAARCAAAGAR AARTGTTGGG TAGATTGGAA TCARGCTAAR GGAGAAATTG GAAAAATTAT 300
K v DA AT Y ¥ @ N 6 L ¥ C N KE KCW V DWWHN ¢ AEK 6 ETI 6 K II 60
301 TGTTAATGGT TGGGTTAATC ATGGTCCATG GGCACCTAGA AGGTAGTGGT TTATAATGGA TTTTACTAAR GAAGAAAAAC TTTTAAATGC 400
v N ¢ WV N H G P W A P R R * M D F T K EE K L L N A 74/12
ORF2 (bacB) =3
401 AATTAGTARA GTATACAATG AAGCAACTAT AGATGACTAT CCTGACTTAA ARGARAAGCT CTTTCTTTAT TCTARAGARA TCAGTGAGGG ARARRGTGTT 500
S K vV Y N E AT I DDVY P DL KEZ KTIL F L Y 8 KE I 58 E G K 8§ V¥ 45
501 GGTGARGTTA GTATGAAATT AAGTAGTTTT CTTGGAAGAT ATATTTTARRE ACATAARTTT GGATTACCTA AATCTTTAAT AGAATTACAA GAAATTGTTA 600
G EV S M KL 88 F L GGR Y ILEK HEKTF €L P KL I EL Q E I V 78
601 GTAAGGAATC TCAAGTATAT AGA GG CTTCTATTGG TATTTGGAGT TAATTCTTTG GAATARAATG ARARTGGGAC TGRAGRATCA ATTCTGATTC 700
3 K E 8 VoY 4 3 I G I W 3 = ; > . g
- N Primer H2 Inverted repeat
701  ATCAGTCCCA TAARATTATAG AGCCGAAAAA TTATCATATT TATAGATTTA TTAATAGTAA ATGGCATAAG AATCTTTGAR CAACGARAAR AATGTAGCTC 800

FIG. 4. Nucleotide sequence of bacA and bacB of bacteriocin 43 and deduced amino acid sequence. Potential promoters (—10 and —35) and
S.D. ribosome binding sequences are underlined. The inverted repeat sequence is indicated by horizontal arrows. Primers H1 and H2, which were
used for PCR analysis of the bac43 determinant in clinical isolates, are indicated by dashed lines. The accession number is AB178871.

ORF1 encoded the bacteriocin, and ORF2 encoded immunity
against this bacteriocin. ORF1 and ORF2 were designated
bacA and bacB, respectively.

DNA sequence analysis of ORF1 (bac4) and ORF2 (bacB).
A homology search of bacA and bacB was performed against the
DDBJ protein database. bacA encoded a 74-amino-acid protein.
The ATG start codon was preceded by a potential Shine-Dal-
garno (S.D.) ribosome binding site (AAGGAA) at a location 9 bp
upstream (Fig. 4). The deduced BacA protein had a span of
hydrophobic residues typical of a signal sequence in its N-terminal
region, and a potential signal peptidase processing site corre-
sponding to the V-D-A sequence was located at positions 28 to 30
(Fig. 5). Comparison of the primary structure of the deduced
amino acid sequence of the mature BacA protein, which was
composed of 44 amino acid residues, showed 50 to 86% homol-
ogy with the mature Bac 31 (42), enterocin SE-K4 (13), enterocin
P (4), divercin V41 (30), and listerocin 743A (26) proteins, which

belong to the class IIa bacteriocins produced by LAB (14,
22), and 98% homology with Bac RC714 (43 amino acids),
which corresponds to a protein lacking the last amino acid
residue (44th Arg) of Bac 43 (10). As with the class Ila
bacteriocins, the BacA protein had a hydrophobic N-termi-
nal region, contained the consensus sequence Tyr-Gly-Asn-
Gly-Lys(Val) (YGNGL[V]), and had a relatively hydrophilic
C-terminal region (Fig. 5). The putative signal sequences
(30-amino-acid sequences) did not show any significant ho-
mology with any other reported proteins or leader peptides.

bacB encoded a 95-amino-acid deduced protein without a
putative signal sequence. The ATG start codon was preceded
by a potential S.D. ribosome binding site (AGGGAG) at a
location 9 bp upstream (Fig. 4). Comparison of the primary
structure of the deduced amino acid sequence of the BacB
protein showed 50% and 25% homology with the immunity
proteins of bacteriocin 31 and enterocin SE-K4, respectively.

BacA (Bac 43) MKKKVLKHCVILGILGTCLAGIGTGIKVDAATYYGNGLYCNKEKCWVDWNQAKGEIGKITIVNGWVNHGPWAPRR| 44(74)a. a.
RC714 ATYYGNGLYCNKEKCWVDWNQAKGEIGKI IVNGWVNHGPWAP 43 a.a.
BacA (Bac 31) MEEKKLVICGIIGI GE‘TALGTNVEQATYYGNGLYCNBﬂKCWVDWN%E%E IGKI IVNGW\)HHGPWAPR 43(67)a. a.

A

FIG. 5. Comparison of the amino acid sequence of the predicted BacA protein of bacteriocin 43 with the amino acid sequences of homologous
bacteriocins. The sequences of the predicted BacA protein and other class Ila bacteriocins are shown. The consensus sequence Tyr-Gly-Asn-
Gly-Lys (Val) (YGNGL[V]) of class IIa bacteriocins is indicated in boldfaced letters. The vertical arrow and dashed line indicate the cleavage site

in the prebacteriocins. Identical amino acids (a.a.) are boxed.
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FIG. 6. EcoRlI-digested plasmid DNAs isolated from 21 VRE strains that showed bacteriocin activity against E. faecalis, E. faecium, E. hirae,
E. durans, and L. monocytogenes. (A) Agarose gel electrophoresis of EcoRI-digested plasmid DNAs. (B) The gel was Southern blotted and
hybridized with the bacA probe. Lanes: 1 and 23, HindIII-digested lambda DNA; 2 to 22, strains 74, 78, 82, 83, 94, 252, 272, 278, 319, 330, 351,
367, 418, 419, 424, 437, 455, 477, 506, 576, and 595, respectively. Arrows, 6.2-kb bands.

Identification of a Bac 43 determinant in VRE strains
producing the same bacteriocin spectrum as Bac 43. Plas-
mid DNAs isolated from each of the 21 VRE strains that
showed the same bacteriocin activity as that of Bac 43 were
examined for the presence of the bac43 determinant by PCR
analysis with specific primers H1 and H2 for the bacA and
bacB genes of bac43, respectively. The PCR primers are
shown in Table 2 and Fig. 4. The 21 strains gave rise to the
expected 576-bp product of bacA and bacB by PCR analyses
(data not shown). Each of the PCR products specific for the
bacA and bacB genes was sequenced. The nucleotide se-
quences of the genes from the strains were identical to those
of the genes carried by pDT1 (data not shown). These in-
dicated that the Bac 43-type bacteriocinogenic 21 strains
carried bacA and bacB of bacteriocin 43 on the plasmid.

Plasmid DNAs isolated from each of the 21 VRE strains
were also examined for the presence of the bac43 determi-
nant by Southern analysis with a specific probe (Table 2).
EcoRI fragments of plasmid DNAs from each of the 21
strains were separated by agarose gel electrophoresis (Fig.
6A). The gel was Southern blotted and hybridized with the
bac43 determinant (Fig. 6B). The probe hybridized to a
specific EcoRI fragment with a molecular size of 6.2 kbp in
each of the 21 strains that had been confirmed to carry the
bac43 determinant by PCR analysis and DNA sequencing.

The banding patterns obtained by pulsed-field gel electro-
phoresis of Smal-digested genomic DNA(s) were used to com-
pare the 21 strains, which showed 12 different patterns. These
data suggested that the Bac 43-type bacteriocin of each of the
21 strains was encoded on a pDT1-type plasmid and that the
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TABLE 4. Mobilization of Tn5 insertion mutant forms of pDT1 (pMG501::Tn5) by pHTB*

Position of insertion Transfer frequency®

o, . . N

# or Strain no. Plasmid Location of Tn$ insertion (bp) on pDT1 map o -
Vector PAMA401 <1.0x10°° 6x 1072
Wild type pMG501 (pAM401::pDT1) 9.5x107* 5% 1072
1 pMG501-01 mobC (ORF3) 1106 <1.0x 10°° 3x1072
2 pMG501-02 mobC (ORF3) 1420 <1.0Xx10°° 2% 1072
3 pMG501-03 mobA (ORF4) 1884 <1.0x 10°° 4x1072
4 pMG501-04 mobA (ORF4) and ORF5 2228 <1.0Xx10°° 6%x1072
5 pMG501-05 ORF6 3197 1.2x107* 5x1072
6 pMG501-06 ORF6 3296 41 %1073 6%x1072
7 pMG501-07 Downstream of ORF6 3338 22x107* 8§x 1072
8 pMG501-08 Between ORF6 and ORF7 3535 1.1x1073 5% 1072
9 pMG501-09 Between ORF6 and ORF7 3641 34 %1074 3x1072
10 pMG501-10 Between ORF6 and ORF7 3725 21x107* 4x1072
11 pMG501-11 ORF7 4329 1.0 x 10~* 4x1072
12 pMG501-12 ORF7 4730 12X 10* 6%x1072
13 pMG501-13 ORF8 5546 20x 1074 5x1072
14 pMG501-14 ORF9 5703 40x107¢ 5%x1072

“ Mating experiments were performed with E. faecalis FA2-2 carrying plasmids pMG501::Tn5 and pHTB as the donor strain and E. faecalis JH2SS as the recipient
strain. The donor strain harbored both pHTB (Van®) as a mobilizer plasmid and each of the pAM401 derivatives (Cm") containing a Tn5 insertion mutant form of

pMG501 as the tester plasmid.

> The pMG501 derivative numbers correspond to the insertion mutant numbers in Fig. 2b.
¢ The frequency was calculated as the number of selected transconjugants per donor cell.

pDT1-type plasmid had been disseminated among different E.
faecium VRE strains in the clinical environment.

Identification of the mobilization determinant. To examine
the determinant for the mobilization of pDT1, each of the Tn5
insertion mutant forms of pMG501 in E. faecalis FA2-2 shown
in Fig. 2b was tested for the ability to be mobilized by the
coresident vancomycin resistance-encoding conjugative plas-
mid pHTP (63.7 kb) (45) (Table 4). E. faecalis JH2SS was used
as the recipient strain. Each insertion mutant ORF, with the
exceptions of ORF3 and ORF4, was mobilized by the pHTR
plasmid (Table 4). These results implied that ORF3 and ORF4
conferred the ability to mobilize the pDT1 plasmid.

DNA sequence analysis of ORF3 and ORF4 was performed
by DDBJ against the protein database. ORF3 encoded a 129-
amino-acid protein. The GTG start codon was preceded by a
potential S.D. ribosome binding site (AGGA) at a location 13
bp upstream. ORF4 encoded a 304-amino-acid protein. The
ATG start codon was preceded by an S.D. ribosome binding
site (AAGGAGQG) at a location 12 bp upstream. Comparison of
the primary structures of the deduced amino acid sequences of
the ORF3 and ORF4 proteins showed 55% homology with the
MobC protein encoded by S. aureus plasmid pRJ9 (35) and
45% homology with the MobA protein encoded by E. faecalis
plasmid pEF1071 (2), respectively. The reported MobC and
MobA proteins were the relaxosome and nickase for plasmid
DNA, respectively (2, 35). ORF3 and ORF4 were designated
mobC and mobA, respectively.

Identification of the mobilization determinant in 21 VRE
strains producing the same bacteriocin spectrum as Bac 43.
Plasmid DNAs isolated from each of the 21 VRE strains that
showed the same bacteriocin activity as Bac 43 were examined
for the presence of the mobilization determinant by PCR anal-
ysis with primers M1 and M2, which are specific for mobC and
mobA, respectively. The PCR primers are shown in Table 2.
The 21 strains gave rise to the expected 1,274-bp product by
PCR analysis (not shown). This suggested that all of the 21

strains producing the same bacteriocin spectrum as Bac 43
possessed the mobC and mobA genes on a pDT1-type plasmid.

Analysis of the Bac 43 determinant in vancomycin-sensitive
E. faecium and E. faecalis isolates. The plasmid DNAs of 149
vancomycin-sensitive E. faecium and E. faecalis isolates were
examined for the presence of the bac43 determinant by PCR
analysis with primers specific for the bacA and bacB genes of
bac43. Of the 149 isolates tested, 46 E. faecium isolates were
isolated from healthy Japanese medical students between 2002
and 2003 and 56 E. faecium isolates and 47 E. faecalis isolates
were isolated at Gunma University Hospital, Japan, between
1990 and 1993. One E. faecium strain from a student gave rise
to the expected 576-bp product and produced a bacteriocin
with the same spectrum as Bac 43. The bac43 determinant was
not identified in other strains.

DISCUSSION

Bac 43 was identified in the VanA-type VRE strain desig-
nated VRES2. Bac 43 was active against E. faecalis, E. faecium,
E. hirae, E. durans, and L. monocytogenes strains and was
carried by plasmid pDT1 (6.2 kbp), which was efficiently mo-
bilized to the recipient E. faecalis or E. faecium strain at a
frequency of 10~° to 10~7 per donor cell with the coresident
conjugative vancomycin resistance plasmid. The Bac 43 deter-
minant consisted of the bacteriocin structural gene bacA and
the immunity gene bacB.

The deduced mature BacA protein showed 86% homology
with the mature Bac 31 protein isolated from an E. faecalis
strain (42) and 98% homology with the mature Bac RC714
protein isolated from VRE RC714 (10). RC714 is a 43-amino-
acid protein and is identical to the mature BacA protein but
lacks the last residue (44th Arg) at the C-terminal region.
There was no homology between the deduced amino acid se-
quence of the leader peptides of BacA of Bac 43 and Bac 31
(Fig. 5). The deduced BacB protein of Bac 43 showed 50%
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homology with the BacB protein of Bac 31. Bac 31 is active
against E. faecium, E. hirae, E. durans, and L. monocytogenes
but is not active against E. faecalis (42). This implied that the
six-amino-acid difference in the bacteriocin proteins of Bac 31
and Bac 43 resulted in the different bacteriocin activity spectra,
as well as differences in the immunity proteins, as an adapta-
tion in their bacteriocin activities.

Bacteriocinogenic E. faecium strain RC714 has been isolated
from a VanA-type resistant E. faecium VRE clinical isolate
(10). Mature Bac RC714 has been purified and characterized
(10). As described above, the deduced BacA protein of Bac 43
showed 98% homology with Bac RC714 and was almost iden-
tical to RC714. Bac RC714 has been isolated only from one E.
faecium VRE clinical isolate, and Bac 43 was also isolated only
from VRE isolates, with the exception of one isolate from a
healthy student. These data suggested that there would be a
tendency for Bac RC714 or the Bac 43-type bacteriocin to be
isolated in VRE clinical isolates than in vancomycin-sensitive
isolates.

Two main types of bacteriocins were identified in the 277
(44%) bacteriocinogenic strains of the 636 VRE strains that
were tested, and they were classified according to their bacte-
riocin activities (25). Bac 32 and Bac 32-type bacteriocins,
which are active against E. faecium, E. hirae, and E. durans and
are determined by bac32, were identified in 193 (70%) of the
277 bacteriocinogenic VRE strains (25). The other type of
bacteriocin that was identified is active against E. faecalis, E.
faecium, E. hirae, E. durans, and L. monocytogenes and was
detected in 21 (3.3%) of the 277 bacteriocinogenic VRE
strains (25). In this study, we showed that Bac 43 was repre-
sentative of the Bac 43-type bacteriocins produced by the 21
bacteriocinogenic VRE isolates. The Bac 43 or Bac 43-type
bacteriocinogenic VRE strains were the second most prevalent
isolates after the Bac 32 or Bac32-type bacteriocinogenic VRE
strains. However, the isolation frequency of Bac 43 or Bac
43-type bacteriocinogenic strains was far lower than that of the
Bac 32 and Bac 32-type bacteriocinogenic strains. Both bacte-
riocins are carried by mobilizable plasmids and could be effi-
ciently transferred to another strain by conjugative plasmids
harbored by the VRE strains. The bacteriocinogenic VRE
strains showed multiple-drug resistance. These characteristics
indicated that Bac 32- and Bac 43-type bacteriocinogenic
strains might have the same selective advantage in a clinical
environment. The only difference in bacteriocin activity be-
tween Bac 43 and Bac 32 was that Bac 43 was active against E.
faecalis and L. monocytogenes, whereas Bac 32 was not (25).

The well-characterized E. faecium bacteriocins (i.e., entero-
cins) are produced by food grade organisms that have been
isolated from fermented foods (1, 3-6, 15, 19). Bacteriocino-
genic food grade organisms are characteristically active against
L. monocytogenes (34), which is a frequent cause of food-borne
listeriosis (20). These food grade bacteriocinogenic E. faecium
strains might have a selective advantage in their particular
ecological niche. Bac 32 is not active against L. monocytogenes
and is prevalent among the bacteriocins in E. faecium clinical
isolates (25). The present study supports the previous hypoth-
esis that the dominant type of bacteriocin in E. faecium clinical
isolates might differ from the dominant type of bacteriocin
found in food grade E. faecium isolates, which are active
against L. monocytogenes (25).
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