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The pheromone-responsive conjugative plasmid pPD1 (59 kb) of Enterococcus faecalis encodes the bacteriocin
21 (bac21) determinant. Cloning, transposon insertion mutagenesis and sequence analysis of the bac21 deter-
minant showed that an 8.5-kb fragment lying between kb 27.1 and 35.6 of the pPD1 map is required for com-
plete expression of the bacteriocin. The 8.5-kb fragment contained nine open reading frames (ORFs), bacA to
bacI, which were oriented in the same (upstream-to-downstream) direction. Transposon insertions into the bacA to
bacE ORFs, which are located in the proximal half of bac21, resulted in defective bacteriocin expression. Inser-
tions into the bacF to bacI ORFs, which are located in the distal half of bac21, resulted in reduced bacteriocin
expression. Deletion mutant analysis of the cloned 8.5-kb fragment revealed that the deletion of segments be-
tween kb 31.6 and 35.6 of the pPD1 map, which contained the distal region of the determinant encoding bacF
to bacI, resulted in reduced bacteriocin expression. The smallest fragment (4.5 kb) retaining some degree of
bacteriocin expression contained the bacA to bacE sequences located in the proximal half of the determinant.
The cloned fragment encoding the 4.5-kb proximal region and a Tn916 insertion mutant into pPD1 bacB
trans-complemented intracellularly to give complete expression of the bacteriocin. bacA encoded a 105-residue
sequence with a molecular mass of 11.1 kDa. The deduced BacA protein showed 100% homology to the broad-
spectrum antibiotic peptide AS-48, which is encoded on the E. faecalis conjugative plasmid pMB2 (58 kb). bacH
encoded a 195-residue sequence with a molecular mass of 21.9 kDa. The deduced amino acid sequence showed
significant homology to the C-terminal region of HlyB (31.1% identical residues), a protein located in the
Escherichia coli alpha-hemolysin operon that is a representative bacterial ATP-binding cassette export protein.

It is known that many Enterococcus faecalis strains produce
bacteriocins (3, 6). Bacteriocins are bacterial proteins or pep-
tides which inhibit the growth of other bacteria that are closely
related to the producer strain. They usually exhibit a relatively
narrow spectrum of activity. However, it has become evident
that many of the E. faecalis bacteriocins studied to date have a
somewhat broader spectrum of activity, affecting more dis-
tantly related species (3, 19, 36). Bacteriocins are thought to
provide the producer strain with a selective advantage over
other strains and are a factor in bacterial virulence. The
E. faecalis bacteriocin phenotype is frequently associated with
the pheromone-responding conjugative plasmid of E. faecalis.
These conjugative plasmids transfer at a high frequency in
broth mating, a phenomenon related to their response to spe-
cific peptide sex pheromones secreted by potential recipients
(6, 7, 12, 13, 26, 45, 46). The sex pheromone induces the
formation of a mating aggregate (6, 7, 12).

To date, three types of E. faecalis bacteriocins have been
genetically and biochemically characterized. These include he-
molysin/bacteriocin (type 1) (3), the peptide antibiotic AS-48
(type 2) (37), and bacteriocin 31 (type 3) (51), which are
encoded by the E. faecalis conjugative plasmid pAD1 (58 kb)
(7, 9, 26, 50), pMB2 (58 kb) (36), and pYI17 (57.5 kb) (51),
respectively. Of these plasmids, pAD1 and pYI17 are phero-
mone-responsive plasmids. pAD1, pMB2, and pYI17 were
originally isolated from E. faecalis subsp. zymogenes DS16 (50),

E. faecalis subsp. liquefaciens S-48 (36), and E. faecalis YI717
(51), respectively.

The hemolysin/bacteriocin of pAD1 has been associated
with virulence in animal models (4, 31, 33). A significant num-
ber of E. faecalis clinical isolates produce hemolysin/bacterio-
cin (10, 32). More than 50% of the hemolytic clinical isolates
carry transferable hemolysin determinants (32). pAD1 is a
typical E. faecalis hemolysin/bacteriocin plasmid (27, 35). The
mechanism of hemolysin/bacteriocin production in E. faecalis
has been studied in detail with the hemolysin/bacteriocin de-
terminant of pAD1 (23, 24, 28, 42). The hemolysin/bacteriocin
determinant is encoded on the 7-kb region of pAD1 and con-
sists of an L region and A region (28). The L region is com-
posed of four open reading frames (ORFs), cylLL, cylLS,
cylLM, and cylLB (24), and the A region contains cylA (42). The
CylA protein has physical and biochemical features in common
with serine protease (42). Component A also plays a role in
immunity to the bacteriocin produced (24, 28, 30, 42). The
CylLL and CylLS proteins are posttranslationally modified by
CylLM (2, 31), and the modified CylLL and CylLS are secreted
via CylLB, which is the ATP-binding exporter (23). The extra-
cellular cytolysin precursors, CylLL and CylLS, are activated to
the active cytolysin by CylA (2, 31). AS-48 (type 2) is a peptide
antibiotic which is active against a wide variety of gram-positive
and gram-negative bacteria (21, 36, 37). This determinant has
not yet been cloned, but biochemical analysis of AS-48 and
sequence analysis of the determinant for peptide AS-48 have
been reported. The mature AS-48 protein consists of 70 amino
acid residues and is believed to be a cyclic molecule produced
by posttranscriptional modification (21, 37). Bacteriocin 31
(type 3) is active against Enterococcus hirae 9790, Enterococcus
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faecium, and Listeria monocytogenes and exhibits a relatively
narrow spectrum of activity (51). The bacteriocin 31 determi-
nant consists of the bacteriocin gene (bacA) and an immunity
gene (bacB). The predicted mature bacA protein (43 amino
acids) showed sequence homology to the membrane-active
class II bacteriocins of lactic acid bacteria.

pPD1 (59 kb) encodes the response to the sex pheromone
cPD1 and bacteriocin production (6, 55). It is another well-
studied plasmid in the pheromone-related conjugation system
of E. faecalis (19, 20, 39, 48, 54). Recently, the pPD1 (58-kb)
physical map (19) and the sequence and genetic analysis of the
determinant related to the pheromone response on pPD1 have
been reported (19, 39, 48). We have also shown that the bac-
teriocin activity encoded on pPD1 is lethal to a wide variety of
gram-positive bacteria including Staphylococcus aureus and
that the determinant is located between kb 27.1 and 35.6 of the
pPD1 map (19). In this report, we describe the cloning and
genetic and sequence analyses of the bacteriocin 21 (Bac21)
determinant encoded on the E. faecalis pheromone-responsive
conjugative plasmid pPD1.

MATERIALS AND METHODS
Bacteria, media, and regents. The strains and plasmid used in this study are

listed in Table 1. The Tn917 and Tn916 insertion mutants of the pPD1 bacteri-
ocin determinant, which were isolated in previous studies (19), are listed in Table
2. E. faecalis strains were grown in Todd-Hewitt broth (Difco, Detroit, Mich.),
antibiotic medium 3 (Difco), or N2GT (nutrient broth no. 2 [Oxoid Ltd., Lon-
don, England]) supplemented with 0.2% glucose and 0.1 M Tris-HCl [pH 7.5]).
Escherichia coli strains were grown in Luria-Bertani medium. Solid and soft
media were prepared by the addition of 1.5 or 0.5% (wt/vol) agar, respectively.
All cultures were grown at 37°C. Antibiotics were used at the following concen-
trations: 100 mg of ampicillin per ml, 20 mg of chloramphenicol per ml for E.
faecalis and 50 mg/ml for E. coli, 12.5 mg of erythromycin per ml, 25 mg of
rifampin per ml, 25 mg of fusidic acid per ml, 500 mg of streptomycin per ml, 500
mg of spectinomycin per ml, 40 mg of kanamycin per ml, and 6 mg of tetracycline
per ml.

Isolation and manipulation of plasmid DNA. Plasmid DNA was isolated by
the alkali lysis method (1, 40, 43). It was treated with restriction enzymes and

subjected to agarose gel electrophoresis for analysis of DNA fragments. Restric-
tion enzymes were obtained from Nippon Gene (Toyama, Japan), New England
Biolabs, Inc., and Takara (Tokyo, Japan) and were used as specified by the
suppliers. Agarose was obtained from Wako Chemicals (Osaka, Japan). Gels
with a 0.8% agarose concentration were used for the size determination of DNA
fragments. A “glass milk” kit (Gene Clean II kit [Bio 101, Inc., La Jolla, Calif.])
or low-melting-point agarose and b-agarose I (Nippon Gene) was used for the
elution of the DNA fragments from agarase gels. The eluted fragments were
ligated to dephosphorylated, restriction enzyme-digested vector DNA with T4
DNA ligase and were then introduced into E. coli by electrotransformation (18).
Transformants were selected on Luria-Bertani medium agar containing suitable
antibiotics.

Soft-agar assay for bacteriocin production. The bacteriocin production assay
was performed as described previously (28). A 5-ml sample of an overnight
culture of the indicator strain, S. aureus FDA209P, grown in antibiotic medium
3 was added to 5 ml of molten soft agar (0.5%), which was then poured onto an
antibiotic medium 3 plate. After solidification, each strain to be tested was
inoculated into the soft agar with a toothpick.

Mating procedures. Broth matings were performed as described previously (6,
12, 26). OG1X, JH2SS, FA2-2, and UV202 were used as host strains in the
mating experiments (Table 2).

Generation of the transposon (Tn5) insertional mutants. Tn5 (Kmr) insertion
into the cloned bacteriocin 21 plasmid was performed as described elsewhere
(46, 47). The target plasmid was introduced into E. coli K-12 TH688 (with Tn5
in the thr locus) (47) by chemical transformation (40). Transformants were
streaked onto selective media containing 40 mg of kanamycin per ml and 50 mg
of chloramphenicol per ml, and the plates were left at room temperature for 10
days. Bacteria which grew on the selective plates were pooled; the plasmid DNA
was then isolated and used to transform E. coli DH5a (Bethesda Research
Laboratories). Transformants were selected on plates containing kanamycin (40
mg/ml) and chloramphenicol (50 mg/ml) for the selection of Tn5 kanamycin
resistance and plasmid-borne chloramphenicol resistance, respectively. The
transformants were purified, and bacteriocin activity was examined.

DNA sequence analysis. Nucleotide sequence analysis was carried out as
previously described (41). A deletion kit (Nippon Gene) was used for the gen-
eration of a nested deletional clone set. Plasmid pMBS221 (19), which carried
the bacteriocin 21 determinant, had been constructed previously from pPIT7022
(pPD1::Tn917) and was used to determine the sequence of the bacteriocin 21
determinant. pMBS221 was constructed by inserting a fragment of approximately
18 kb isolated from between kb 20.05 and 38.05 of pPD1 into the vector
pMW119. pMBS221 was digested with SalI and SphI and treated with exonu-
clease III for various periods. The plasmid was then treated with mung bean
nuclease and Klenow fragment. The deleted DNAs were ligated and used to

TABLE 1. Bacterial strains and plasmids used in this study

Strain or
plasmid

Relevant genotype or
phenotype Comment(s) Reference

or source

Strains
E. faecalis

FA2-2 Rifr Fusr Derivative of JH2 9
JH2SS Strr Spcr Derivative of JH2 49
OG1X Strr Protease-negative derivative of OG1-10 29
UV202 Rifr Fusr UV-sensitive mutant of JH2-2 54

E. coli
DH1 F recA1 endA1 gyrA94 thi-1 relA1

hsdR17 supE44
40

DH5a recA1 endA1 gyrA96 thi-1 relA1 hsdR17
supE44 DlacU169 f80 lacZDM15

Bethesda Research Laboratories

TH688 CSH57b thr::Tn5 47

S. aureus
FDA209P

Plasmids
pPD1 Bac 59-kb conjugative plasmid from strain 39-5 54
pAM401 Catr Tetr E. coli-E. faecalis shuttle vector 53
pMW119 Ampr, lacZ E. coli vector, low copy number Nippon Gene Co., Ltd.
pE/BDFJ Bac Catr EcoRI-relational clone of pPD1; pAM401 containing the

EcoRI B, D, F, and J fragments
19

pHT1 Bac Catr Deleted subclone derived from pE/BDFJ This study
pMBS221 Ampr Subclone for DNA sequencing analysis; pMW119 con-

taining the 19.7-kb BamHI-SalI fragment of pPIT7022
19
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transform E. coli DH5a. The resulting constructs were sequenced with a 373A
DNA sequencer (Applied Biosystems). The Taq Dye Primer and Taq Dye
Terminator cycle-sequencing kits (Applied Biosystems) were used in the se-
quence reaction. Two independent fragments of pE/BDFJ were inserted into
vector pMW119 to determine the sequence of the complementary strand of
bacteriocin 21. The bacteriocin 21 determinant was located between a HindIII
site at kb 26.4 of pPD1 and an EcoRI site at kb 35.8. One subclone contained a
1.6-kb HindIII fragment originating from the region located between kb 26.4 and
28.0 of the pPD1 map. The other subclone contained a 7.9-kb fragment origi-
nating from the kb 27.7-to-35.6 region of the pPD1 map, which contained the
EcoRI D and F fragments. Sets of nested deletion clones were constructed from
these subclones, and the resulting clones were sequenced as described above. For
homology analyses of the nucleotide and amino acid sequences, the DNA Data
Bank of Japan (DDBJ) (National Institute of Genetics, Mishima, Japan) was
used.

Mapping of insertions. The precise locations of the insertions were deter-
mined by nucleotide sequencing with appropriate synthetic primers which hy-
bridized to the ends of the transposons (8, 42). Primers for Tn917 and Tn5
corresponded to the sequences 59-GGG AGC ATA TCA CTT TTC TTG
GAG-39 and 59-CAG ATT TAG CCC AGT CGG-39, respectively (43, 51).

Primers for Tn916 corresponded to the sequences 59-AGG ATA AAT CGT
CGT ATC AAA GCTC-39 and 59-ATG AGG AAA TAT GCA AAG AAA
CGTG-39, respectively, which are located on either side of Tn916 (8).

Deletion mutant analysis. The cloned pHT1 DNA was digested with NcoI, and
a KpnI linker was ligated into the NcoI site. A nested deletion kit (Nippon Gene)
was used to produce deletion mutants. The pHT1 DNA with the new KpnI site
was digested with KpnI and AatII and treated with exonuclease III for various
periods, followed by incubation with mung bean nuclease and then with Klenow
fragment. The deleted DNAs were ligated and used to transform E. coli DH5a.
The resulting constructs were sequenced with a primer corresponding to the
sequence 59-AAA ATT ACG CCC CGC CCT GC-39, which is located in the
vector DNA, and the sequences of the deleted ends were determined. The
deleted DNA was isolated from each E. coli DH5a transformant and used to
transform E. faecalis UV202. The E. faecalis UV202 derivatives were tested for
bacteriocin activity.

Nucleotide sequence accession number. The nucleotide sequence data re-
ported in this article will be available from the DDBJ, EMBL, and GenBank
nucleotide sequence databases under accession no. D85752.

RESULTS

Cloning of the pPD1 bacteriocin 21 determinant. The phys-
ical map and the location of the bacteriocin 21 determinant on
the pheromone-responsive conjugative bacteriocin plasmid
pPD1 have been described previously (19). pPD1 consists of 10
EcoRI fragments designated A to J with molecular sizes of
22.5, 13.0, 9.0, 6.9, 5.0, 1.0, 0.6, 0.36, 0.28, and 0.23 kb, respec-
tively. The order of the EcoRI fragments is AGCEBFDJHI in
a clockwise orientation (19). Tn917 or Tn916 transposon mu-
tagenesis of pPD1 shows that a minimum of 6.9 kb is required
for bacteriocin 21 expression (19). The region involved lies
between kb 27.1 and 35.6 of the pPD1 map (19) and includes
EcoRI fragments D and F and part of fragment B (19). Plasmid
pE/BDFJ, which contains EcoRI fragments B, D, F, and J in
pAM401, confers bacteriocin 21 expression on E. faecalis (19).

In this study, the first step was cloning of the bacteriocin 21
determinant. To locate the precise region involved in bacteri-
ocin 21 expression carried on pE/BDFJ, subcloning was used to
construct pE/BDFJ deletion derivatives (Fig. 1). Since pE/
BDFJ contains eight HindIII sites, it was partially digested with
this enzyme, and the digested DNAs were self-ligated and
transformed into E. coli DH1. The plasmid DNAs were iso-
lated from the E. coli transformants and were used for trans-
formation of E. faecalis OG1X. The E. faecalis OG1X trans-
formants were examined for bacteriocin activity. The subclone
pHT2 contained the smallest fragment conferring bacteriocin
activity (Fig. 1). pHT2 possessed a deletion of a fragment
containing four HindIII fragments located between kb 17.6 and
26.4 of the pPD1 map (Fig. 1a). pHT2 was then digested with
SalI to delete a 1.5-kb SalI fragment located between kb 14.9
and 16.4 of the pPD1 map (19) and was self-ligated with T4
DNA ligase. The resulting subclone, designated pHT1 (Fig.
1a), encoded bacteriocin 21 expression. pHT1 contained a
region originating from the sequence between kb 26.4 and 35.8
of the pPD1 map. These results were consistent with results
showing that Tn917 or Tn916 insertions between kb 27.6 and
34.5 of the pPD1 map affected the bacteriocin phenotype (19).

DNA sequence analysis of the cloned bacteriocin 21 deter-
minant. DNA sequence analysis of the pHT1 9.4-kb region was
performed as described in Materials and Methods. Computer
analysis revealed the presence of nine ORFs in the region, and
all were oriented in the same direction (Fig. 1d).

Figure 2 shows the nucleotide sequences of the ORFs pre-
ceded by a consensus ribosome-binding site (44) within 20
bases of the predicted start codon and the deduced amino acid
sequence. The ORFs were named bacA to bacI in order start-
ing with the ORF located furthest upstream. The sizes of all
the putative gene products are shown in Fig. 1d.

The deduced amino acid sequences of the nine ORFs were

TABLE 2. Transposon insertion mutants of pPD1 and
bacteriocin expression

Location
in Fig. 1c Plasmid(s)a Trans-

poson

Map
position

(kb)b

Location of
insert Bacc

pPD1 11
pHT1 11

1 pPIT7011 Tn917 26.8 Upstream of bacA 11
2 pPIT7148 Tn917 27.1 Upstream of bacA 11
3 pMG301–pMG304 Tn5 27.3 bacA 2
4 pMG305 Tn5 27.4 bacA 2
5 pMG306 Tn5 27.5 bacA 2
6 pMG307 Tn5 27.5 bacA 2
7 pMG101 Tn916 27.6 Between bacA and

bacB
1

8 pMG102, pMG111 Tn916 27.6 Between bacA and
bacB

2

9 pMG128, pMG129 Tn916 28.3 bacB 2
10 pMG126, pMG127 Tn916 28.3 bacB 2
11 pMG308 Tn5 28.5 bacB 2
12 pPIT7421 Tn917 29.0 bacB 2
13 pMG309 Tn5 29.0 bacB 2
14 pMG116–pMG118 Tn916 29.3 bacB 2
15 pMG119–pMG122 Tn916 29.3 bacB 2
16 pMG310 Tn5 29.8 bacC 2
17 pPIT7431 Tn917 30.2 Between bacC and

bacD
1

18 pMG123–pMG125 Tn916 30.3 Promoter of bacD 2
19 pMG112–pMG115 Tn916 30.5 bacD 2
20 pMG311 Tn5 30.9 bacE 2
21 pMG312 Tn5 31.0 bacE 2
22 pPIT7433 Tn917 31.9 bacF 1
23 pMG313 Tn5 32.5 bacG 1
24 pMG314 Tn5 32.6 bacG 1
25 pMG315, pMG316 Tn5 33.0 bacG 1
26 pMG317–pMG319 Tn5 34.0 bacH 1
27 pMG320 Tn5 34.1 bacH 1
28 pMG321, pMG322 Tn5 34.3 bacI 1
29 pPIT7214, pPIT7414,

pPIT7434
Tn917 34.5 bacI 1

30 pMG323, pMG324 Tn5 34.9 bacI 1
31 pMG325 Tn5 35.2 bacI 1
32 pPIT7006 Tn917 36.3 Downstream of

bacI
11

a The host strain of the derivative was E. faecalis OG1X. Tn917 and Tn916
insertion mutants were isolated in a previous study (19). Tn5 insertion mutants
were isolated in this study.

b The map position is the distance from the 0 point of pPD1 (19).
c Bac, bacteriocin expression. Symbols: 11, bacteriolysis halo produced by

wild-type strain (Fig. 1); 1, diameter of wild-type bacteriolysis halo about half
that of the wild type (Fig. 1); 2, no bacteriolysis.
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compared with those of other known proteins by using the
DDBJ service. bacA encoded a 105-residue peptide with a
molecular mass of 11.1 kDa. A putative transcription termina-
tion site for bacA, consisting of a 17-base inverted repeat sep-
arated by 9 bases, was identified downstream of bacA. The
deduced protein, BacA, showed 100% homology to the anti-
biotic peptide AS-48 (37) (Fig. 3). The nucleotide sequence of
the promoter region preceding the 59 end of bacA and the
downstream region of the TAA stop codon of bacA also
showed complete homology to the AS-48 sequence. Two nu-
cleotides in the bacA sequence differed from the AS-48 se-
quence (Fig. 3).

bacH encoded a 195-residue peptide with a molecular mass
of 21.9 kDa. The deduced amino acid sequence of the BacH
protein showed significant homology to the C-terminal region
of the ATP-binding export proteins (11, 15, 16, 23, 25, 52).
Figure 4 shows a comparison between the deduced amino acid
sequence and the amino acid sequence of the C-terminal re-
gion of representative ATP-binding export proteins. There was
about 26 to 33% homology between the deduced amino acid
sequence of the BacH protein and the C-terminal region of the
ATP-binding export proteins (Fig. 4). The BacH protein
showed the greatest homology in the amino acid sequence to
the C-terminal 191 amino acids of the deduced amino acid
sequence of the HlyB protein encoded on the E. coli alpha-
hemolysin determinant. The largest clusters of homologous
residues in BacH and the HlyB protein lie between BacH
amino acids 6 to 15 and amino acids 111 to 142, which includes
a stretch of 9 of 10 and 23 of 32 identical residues, respectively
(Fig. 4). The consensus amino acid sequence for the putative
ATP-binding site, the sequence GXGKST, was found to lie
between amino acids 9 and 14 of the BacH protein.

Comparison of the amino acid sequences encoded by other
ORFs did not show significant homology to those of other
reported proteins.

Bacteriocin expression and the precise locations of Tn917
and Tn916 insertion mutants. Throughout this paper, the term
“bacteriocin expression” is used to indicate a phenotype asso-
ciated with external bacteriocin activity and is unrelated to
actual gene expression. When bacteriocin activity was exam-
ined by the soft agar method as described in Materials and
Methods, the Tn917 or Tn916 insertion mutants were observed
to exhibit altered bacteriocin expression (Fig. 5). One type of
mutant produced no bacterial lysis zone, indicating that the
mutants were completely defective for bacteriocin activity. The
other mutants produced bacterial lysis zones with diameters
approximately half that of the wild-type strain, indicating that
the mutants expressed the reduced bacteriocin activity. A typ-
ical bacteriolytic zone produced by each type of mutant is
shown in Fig. 5.

The precise locations of the insertions in 5 Tn917 and 29
Tn916 insertion mutants were determined by sequence analysis
as described in Materials and Methods. The location of the
insertion of each transposon and the level of bacteriocin ex-

pression shown by the mutant strains are shown in Fig. 1c,
Table 2, and Fig. 2. Tn917 insertion into bacB resulted in
defective bacteriocin activity. Insertion into the noncoding re-
gion between bacC and bacD or into bacF and bacI resulted in
reduced bacteriocin expression. For the Tn916 insertion mu-
tant, the pMG101 insert was mapped to the noncoding region
18 bp upstream of bacB, and this resulted in reduced bacteri-
ocin expression. The other Tn916 insertion mutants resulted in
the complete disruption of bacteriocin expression. The series
of pMG102 to pMG111 inserts were mapped to the noncoding
region 18 bp upstream of bacB; these also resulted in the
complete disruption of bacteriocin expression. In this case,
Tn916 was inserted in the orientation opposite that of the
pMG101 insert.

Tn5 insertion mutant analysis of pHT1 plasmid. For de-
tailed analysis of the bacteriocin determinant, mutants with
altered bacteriocin expression were isolated by Tn5 insertion
into the pHT1 plasmid, as described in Materials and Methods.
A total of 24 Tn5 insertional mutants were obtained. Of these
mutants, 12 exhibited defective bacteriocin activity while the
other 12 exhibited reduced bacteriocin expression. The precise
locations of the Tn5 insertions into the ORFs were determined
by DNA sequence analysis, and the results are shown in Fig. 2.
Insertions into bacA, bacB, bacC, and bacE resulted in disrup-
tion of bacteriocin expression. Insertion into bacF, bacG,
bacH, and bacI resulted in reduced bacteriocin expression.

Deletion mutant analysis of pHT1. A combination of the
direct subcloning of restriction fragments and nested deletions
was used to produce deletion mutants of plasmid pHT1 (Fig.
1e). Deletion mutants which possessed deletions of segments
that lie between kb 31.6 and 35.8 of the pPD1 map produced
a reduced level of bacteriocin activity. The region between kb
31.6 and 35.8 contained bacF, bacG, bacH, and bacI, which are
involved in the distal half of the determinant. Deletion mutants
which possessed deletions in the proximal half of the determi-
nant did not express the bacteriocin activity (Fig. 1e). The
deletion mutant pMG326, which possessed a deletion in the
bacA gene, also did not express the bacteriocin activity.

Complementation studies. Deletion mutant analysis showed
that the deletion of a region between kb 31.6 and 35.8 of the
pPD1 map resulted in reduced bacteriocin expression. The
smallest fragment having any degree of bacteriocin expression
contained the bacA-to-bacE region of the proximal half of the
determinant and was cloned as a 5.2-kb fragment in pMG333.
This region was located between kb 26.4 and 31.6 of the pPD1
map. These results indicate that a region spanning map posi-
tions kb 31.6 to 35.8, which contains the distal half of the
determinant, was required for complete bacteriocin expres-
sion. To examine whether the distal half of the determinant
from an insertion mutant with a disrupted proximal region of
the pPD1 determinant could restore full bacteriocin expres-
sion, complementation studies were performed. The insertion
mutant pMG116, which has a Tn916 insertion into bacB, and
pPIT7214, which has a Tn916 insertion into bacI, were trans-

FIG. 1. Physical map of the 21.11-kb fragment of pPD1 (which is carried on pE/BDFJ), subclones, and transposon insertions into the subclone. Heavy lines represent
the cloned pPD1 DNA fragment. Dotted lines represent deletions in pPD1. Bac 11, complete bacteriocin expression; 1, reduced bacteriocin expression; 2, no
bacteriocin expression. (a) Physical map of the 21.11-kb fragment of pPD1 (19). (b) Deletion mutants of pE/BDFJ. (c) Map of transposon insertions. The arrows
indicate the points of transposon insertion. The number of each transposon insertion is shown in Table 2. Symbols below the arrows: square; Tn917 insertions; horizontal
arrowheads, Tn916 insertions (the direction of each arrowhead shows the orientation of the Tn916 insertion; i.e., the direction of the arrowhead corresponds to the
right end of Tn916); circle, Tn5 insertions; solid symbols, no bacteriocin expression; hatched symbols, reduced bacteriocin expression; open symbols, normal bacteriocin
expression. Numbers below the symbols indicate the location numbers of the insertions. (d) Horizontal arrows show deduced ORFs in the bacteriocin 21 determinant
and the direction of ORF transcription. The number under each ORF shows the number of deduced amino acid (a.a.) residues encoded on the ORF. P and IR indicate
the potential promoter sequence (44) upstream of the ORF and the inverted-repeat sequences identified downstream of the ORF, respectively (Fig. 2). (e) Deletion
mutants of pHT1. pMG326 was obtained by direct subcloning of the EcoRI fragment of pHT1. Deletion mutants pMG327 through pMG335 were obtained by a nested
deletion as described in Materials and Methods. The deleted ends were determined by DNA sequencing.
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FIG. 2—Continued.
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ferred to UV202(pMG333) by broth mating, and the trans-
conjugants were examined for bacteriocin expression. [The
proximal insertion mutants pMG116(pPD1 bacB::Tn916)
and pMG112(pPD1 bacD::Tn916) were available for the com-
plementation studies with pMG333; therefore, pMG116 was
used in this study.] To determine whether the two plasmids
were compatible in each transconjugant, the plasmid DNAs of
the transconjugant were examined by agarose gel electro-
phoresis. It was confirmed that the plasmids exist compatibly in
the transconjugant (data not shown). Representative results
showing bacteriocin expression are shown in Fig. 5. UV202
(pMG333, pMG116) produced a bacteriolytic zone that was
larger than that of the wild-type strain but similar in size to that
produced by UV202 carrying the cloned bacteriocin determi-
nant of plasmid pHT1. On the other hand, the transconjugant
UV202(pMG333, pPIT7214), which contained plasmids con-
taining the intact proximal half of the bacteriocin determinant,
produced bacteriolytic zones similar to that produced by
UV202 carrying pMG333, which contains the cloned proximal
half of the determinant of pPD1. This indicated that the bac-
teriocin expression of pMG333 was not affected by an in-
creased gene dosage of the proximal-half determinants of
pPIT7214. The results of the complementation studies indicate
that BacB of pMG333 could act in trans and that the distal
determinants of pMG116 also could act in trans to complement
the deleted distal half of the determinant in pMG333; they also
indicate that complementation causes a level of bacteriocin
expression similar to that of the strain containing pHT1.

To examine whether the products of the proximal half of the
determinant and the distal half of the determinant comple-
ment extracellularly for complete bacteriocin expression, ex-
tracellular complementation analysis was performed with
strains containing pMG333 and pMG116. If the products of
the proximal half of the determinant and the distal half of the

determinant complement extracellularly on the soft agar plate
containing the indicator strain, a bacteriolytic zone larger than
that of the strain containing pMG333 would be observed at
the streak junction (28). Cross-streaks of UV202 containing
pMG333 or pMG116 were made on bacteriocin assay plates as
previously described (28). Complementation of bacteriocin ac-
tivity was not observed at the streak junction on the bacteriocin
assay plate (data not shown).

DISCUSSION

The E. faecalis bacteriocin 21 (Bac21) is active against a wide
variety of bacteria including E. faecalis itself and Staphylococ-
cus aureus (19). Transposon analysis with Tn917 (Emr) and
Tn916 (Tcr) has shown that the bacteriocin-related genes are
located in a segment of about 6.9 kb, which lies between kb
27.6 and 34.5 of the pPD1 map (19), and that these genes
determine a single bacteriocin (19). Based on this data, we
have now cloned a 9.4-kb fragment originating from the kb
26.4-to-35.8 region of the pPD1 map. The cloned fragment
conferred complete bacteriocin expression and contained nine
ORFs designated bacA to bacI, which are carried on an 8.5-kb
segment from kb 27.1 to 35.6 of the pPD1 map.

In previous studies, only six independent Tn917 insertion
mutants with insertions into the bacteriocin 21 determinant
had been isolated from about 104 pPD1::Tn917 derivatives in
3,000 independent experiments (19). For the Tn916 insertion
mutants, 29 independent insertion mutations were mapped to
the upper region of the determinant (19). In this study, we have
determined the precise locations of the Tn916 and Tn917 in-
sertion mutations and have isolated Tn5 insertion mutants with
insertions into the cloned bacteriocin determinant. Five of six
Tn917 insertion mutations were mapped to bacB, bacF and
bacI. In the 29 Tn916 insertion mutants, the Tn916 insertions

FIG. 2. Nucleotide sequence of the bacteriocin 21 determinant of plasmid pPD1 and the deduced amino acid sequence. The potential promoter (210 and 235)
and Shine-Dalgarno (S.D.) (44) ribosome-binding sequence are underlined. Inverted-repeat sequences are indicated by two horizontal arrows. The vertical arrows on
the nucleotide sequence indicate the location of transposon insertions. The open arrowheads indicate complete or normal bacteriocin expression. The stippled
arrowheads indicate leaky bacteriocin expression. The solid arrowheads indicate no bacteriocin expression. The six nucleotides included in the dashed boxes indicate
the target sequences of the Tn916 insertions (8). The horizontal arrows beside the identification number for the Tn916 insertions indicate the orientation of Tn916
insertion (the arrowhead corresponds to the right end of Tn916).
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into the ORFs were found to be located in bacB and bacD. On
the other hand, Tn5 inserted into seven different ORFs. To-
gether with the results of transposon mutagenesis, it was shown
that two regions of the bacteriocin 21 determinant were in-
volved in bacteriocin expression. One region included the bacA
to bacE genes in the proximal half of the determinant. Muta-
tion of each of these genes completely disrupted bacteriocin
expression. The other region involved the bacF to bacI genes,
which are located in the distal half of the determinant. Inser-
tions into each of these genes resulted in a reduction in bac-
teriocin expression. Presently, we cannot exclude any potential
polar effects on the adjacent gene(s) by transposon insertions.

Deletion mutant analysis showed that deletions of the
gene(s) in the distal half of the determinant resulted in re-
duced bacteriocin expression. The smallest fragment necessary
for a degree of bacteriocin expression contained the proximal
half of the determinant. These results indicate that the distal
half of the determinant was necessary for complete bacteriocin
expression. The complementation studies with the pPD1 bacB
insertion mutant and the cloned proximal half of the determi-
nant indicate that the distal half of the determinant could
complement intracellularly, resulting in complete bacteriocin
expression in the presence of the proximal region, and that an

insertion in bacB did not result in any polar effects on the
expression of the distal half of the determinant.

The complete homology of the deduced amino acid se-
quence encoded on bacA with that of the AS-48 protein (37)
indicated that bacA was the structural gene for the bacteriocin
21 determinant (bac21) and encoded the precursor of Bac21.
AS-48 is a peptide antibiotic and is active against a wide variety
of gram-positive and gram-negative bacteria (37). This deter-
minant has not yet been cloned, but biochemical analysis of the
AS-48 mature protein and sequence analysis of the structural
gene for the AS-48 peptide have been reported (21, 37). The
as-48 gene encodes a 105-amino-acid protein. The deduced
precursor protein has a 35-residue signal sequence at its amino
terminus and is processed to the mature 70-amino-acid AS-48
protein during secretion (21, 22, 37). The mature protein is
modified to produce an active cyclic molecule by the linkage of
the methionine residue (M11) to the C-terminal tryptophan
residue (W170) (a peptide head-to-tail linkage) (21, 37). It is
believed that several specific proteins are necessary for the
posttranslational modification of the AS-48 precursor protein
during secretion (37). These proteins involve a signal peptidase
and a protein to produce the head-to-tail linkage of the mature
70-residue AS-48 protein (37). Nine ORFs involved in an

FIG. 3. Comparison of the amino acid sequence of the predicted BacA protein of bacteriocin 21 with the amino acid sequence of the predicted precursor of the
peptide antibiotic AS-48. Symbol X indicates nonidentical nucleotides. The vertical arrow shows the processing site of the precursor peptide. Each horizontal line or
arrow indicates the deduced promoter sequence, ribosome-binding site, and inverted repeat sequence in order from upstream to downstream.
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8.5-kb fragment of pPD1 were required for the bacteriocin 21
expression. The genes bacB to bacI could be involved in pro-
cessing to form the mature bacteriocin protein, modification to
the active bacteriocin, secretion of the bacteriocin, and host
immunity to the bacteriocin activity.

The BacH protein is highly conserved in the C-terminal
region, which is characteristic of the ATP-binding export pro-
teins (11, 15, 16, 23, 25, 52). The deduced amino acid sequence
of the BacH protein consists of 195 residues, whereas the
majority of the bacterial ATP-binding export proteins are rel-
atively large and consist of approximately 600 to 750 residues.
Most of the bacterial proteins are composed of a membrane-
spanning domain (MSD) located in the N-terminal region and
an ATP-binding cassette (ABC) domain located in the C-ter-
minal region. The ABC domain consists of two conserved A

and B sites that form an ATP-binding pocket. There are con-
served sequences located around the A and B sites, which in
turn are located between residues 10 and 34 and residues
115 and 150, respectively, of the ABC domain. The A site is
the ATP-binding site and contains the consensus sequence
GXGKST. The B site is a hydrophobic strand of parallel b-
pleated sheet terminated by an aspartate residue. The BacH
protein has a highly conserved sequence located between res-
idues 4 and 18, which includes the consensus GXGKST se-
quence for the putative ATP-binding domain. The aspartate-
containing conserved sequence is located between residues 110
and 141 of the sequence. This suggests that the BacH protein
acts as an ABC. The BacH protein lacks an amino acid se-
quence corresponding to the MSD of the ABC export protein.
Comparison of the amino acid sequences of the neighboring
bacF, bacG, and bacI genes did not show any significant ho-
mology to any other MSD reported for the ABC transport
proteins. As described above, the proximal half of the deter-
minants encoded production of the bacteriocin, but complete
expression of the bacteriocin was not obtained without the
distal half of the determinant. Although the precise function of
the distal half of the determinant has not yet been determined,
these genes may be involved in export of the bacteriocin; how-
ever, there is also the possibility that these sequences encode a
positive regulator for bacteriocin expression.
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