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Enterocin A is a small, heat-stable, antilisterial bacteriocin produced by Enterococcus faecium DPC1146. The
sequence of a 10,879-bp chromosomal region containing at least 12 open reading frames (ORFs), 7 of which
are predicted to play a role in enterocin biosynthesis, is presented. The genes entA, entl, and entF encode the
enterocin A prepeptide, the putative immunity protein, and the induction factor prepeptide, respectively. The
deduced proteins EntK and EntR resemble the histidine kinase and response regulator proteins of two-
component signal transducing systems of the AgrC-AgrA type. The predicted proteins EntT and EntD are
homologous to ABC (ATP-binding cassette) transporters and accessory factors, respectively, of several other
bacteriocin systems and to proteins implicated in the signal-sequence-independent export of Escherichia coli
hemolysin A. Immediately downstream of the entT and entD genes are two ORFs, the product of one of which,
ORF4, is very similar to the product of the ytel gene of Bacillus subtilis and to E. coli protease IV, a signal
peptide peptidase known to be involved in outer membrane lipoprotein export. Another potential bacteriocin
is encoded in the opposite direction to the other genes in the enterocin cluster. This putative bacteriocin-like
peptide is similar to LafX, one of the components of the lactacin F complex. A deletion which included one of
two direct repeats upstream of the ent4 gene abolished enterocin A activity, immunity, and ability to induce
bacteriocin production. Transposon insertion upstream of the entF gene also had the same effect, but this
mutant could be complemented by exogenously supplied induction factor. The putative Entl peptide was shown
to be involved in the immunity to enterocin A. Cloning of a 10.5-kb amplicon comprising all predicted ORFs
and regulatory regions resulted in heterologous production of enterocin A and induction factor in Enterococcus
faecalis, while a four-gene construct (entAITD) under the control of a constitutive promoter resulted in

heterologous enterocin A production in both E. faecalis and Lactococcus lactis.

In recent years there has been considerable interest in bac-
teriocins produced by lactic acid bacteria (LAB), many of
which are active against organisms involved in foodborne dis-
ease and food spoilage. The potential for use of these naturally
produced inhibitory substances lies in their ability to control
undesirable microorganisms in food. This has largely been
prompted by the successful exploitation of nisin, one of the
most widely studied of the LAB bacteriocins and the subject of
many reviews (13, 14, 15, 21, 27, 36, 62). On the basis of genetic
and biochemical studies, three defined classes of bacteriocins
in LAB have been established (50). Class II are small heat-
stable peptides usually preceded by a leader peptide with a
double-glycine processing site. The gene clusters of many class
II bacteriocin systems have been described to date and, while
the individual gene products of each system are not fully
characterized as yet, much information can be obtained by
comparative analyses (for reviews, see references 40, 42, and
50).

Enterocin 1146 was originally described as a small heat-
stable antilisterial bacteriocin produced by Enterococcus fae-
cium DPC1146 (55, 56). In this study, we report that this
bacteriocin is identical to enterocin A, produced by E. faecium
CTC492 (8). Enterocin A is a member of the class I1a subgroup
of class II bacteriocins, otherwise known as pediocin-like bac-
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teriocins. This group comprises several Listeria-active peptides
with a -Y-G-N-G-V-X-C- consensus in the N terminus of the
mature peptide which is cleaved from an inactive prepeptide
during export from the cell, generally by a transporter of the
ATP-binding-cassette (ABC) type (22, 28, 50). No other mod-
ifications are thought to take place, apart from the formation
of one to two disulfide bridges thought to play a role in activity
(2, 19). Production of enterocin A is an inducible phenome-
non, and the induction factor has been described (51). It is a
small peptide molecule with a similar type of leader sequence
to the bacteriocin it induces. Several other bacteriocins are
known to be induced by such induction factors (9, 11, 16, 66).
Induction is proposed to occur through a two-component sig-
nal transduction pathway (43).

This study presents evidence that enterocin A production is
also inducible in E. faecium DPC1146. In addition, we dem-
onstrate that a 10.5-kb region of the chromosome is sufficient
for bacteriocin production, immunity, and induction in a het-
erologous strain. The putative immunity gene identified by
Aymerich et al. (8) is confirmed to confer immunity on previ-
ously sensitive strains. Four additional bacteriocin-related
genes are identified, two of which are observed to be necessary,
along with the structural and immunity genes, to allow produc-
tion of active bacteriocin in Lactococcus lactis. Another five
open reading frames (ORFs) are also described, some of which
may have a role in the EntA™" phenotype. Furthermore, two
regulatory mutants of DPC1146 are characterized, thus en-
abling the identification of possible sites at which regulation of
the bacteriocin system occurs.
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TABLE 1. Bacterial strains and plasmids

Strain or plasmid

Relevant characteristics®

Reference or source

Enterococcus faecium
DPC1146 Wild-type strain, EntA™ Entl" EntF™" 55
DPC3342 Acridine orange mutant of DPC1146, EntA™ Entl™ EntF~ 55
DPC3675 Tn916 mutant derivative of DPC1146, Tc* EntA™ Entl™ This study
Enterococcus faecalis OG1X Plasmid-free host strain, enterocin sensitive 39
Listeria innocua DPC1770 Indicator organism 55
Listeria monocytogenes
LO28 Sensitive to enterocin A (much less sensitive than DPC1770) P. Cossart
EGD(Sv 1/2a) Sensitive to enterocin A W. Goebel
Lactococcus lactis subsp. lactis
1L1403 Plasmid-free host strain, contains lcnC and IcnD analogues 77
MG1363 Plasmid-free host strain, slightly sensitive to enterocin A 25
Pediococcus acidilactici LMG2351  Ped™ I. F. Nes
Lactobacillus sake LMG2334 Sak* I. F. Nes
Plasmids
pGEM-T PCR product cloning vector, Ap" lacZ, linearized Promega
pMG36e Expression vector, can replicate in E. coli and L. lactis 76
pCI372 Shuttle vector, replicates in E. coli and L. lactis, Cm" 30
pENTO1 pMG36e containing entA and ent] downstream of promoter This study
pENTO02 pENTO01 containing entT and entD downstream from entA and ent! This study
pENTO03 pCI372 containing >10 kb of DPC1146 DNA (all genes needed for EntA production) This study

“ EntA, enterocin A production; Entl, immunity to enterocin A; EntF, enterocin induction factor production; Ped, pediocin PA-1 production; Sak, sakacin A
production; lenC and lenD, the lactococcin transport and accessory factor genes, respectively; Tc, tetracycline. Ap, ampicillin; lacZ, B-galactosidase gene; Em,

erythromycin; Cm, chloramphenicol.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. E. faecium DPC3675 was generated
after Tn97/6 mutagenesis of DPC1146 (data not shown). The plasmid pGEM-T
was supplied by Promega (Madison, Wis.) as part of their pPGEM-T Vector
System I.

Unless otherwise stated, enterococci, listeriae, and lactococci were grown in
M17 medium (70), which was supplied by Difco Laboratories (Detroit, Mich.),
supplemented with 0.5% glucose (GM17) at 37, 37, and 30°C, respectively.
Escherichia coli strains XL1-Blue and DHS5« (Stratagene, Inc., La Jolla, Calif.)
were grown in Luria-Bertani (LB) medium (64) with vigorous agitation at 37°C.
Lactobacillus sake LMG2334 and Pediococcus acidilactici LMG2351 were cul-
tured in MRS broth (Difco Laboratories) at 30°C. Antibiotics used in the selec-
tive media were added at the following concentrations: tetracycline, 10 pg/ml;
ampicillin, 100 pg/ml; erythromycin, 100 pg/ml (E. coli) and 5 wg/ml (L. lactis
and Enterococcus spp.); and chloramphenicol, 20 wg/ml (E. coli) and 5 pg/ml (L.
lactis and Enterococcus spp.). Color screening for transformants containing
pGEM-T with inserts was carried out on LB plates containing IPTG (isopropyl-
B-p-thiogalactopyranoside) and X-Gal (5-bromo-4-chloro-3-indolyl-B-p-galacto-
pyranoside). IPTG was dissolved in water, filter sterilized, and added to selective
plates at a final concentration of 0.5 mM. An X-Gal stock solution in N,N-
dimethylformamide stored at —20°C was added to plates at a final concentration
of 80 wg/ml. Chemical reagents were obtained from Sigma Chemical Co., Dorset,
England. Chemically synthesized enterocin A induction factor was a kind gift of
Ingolf Nes, Laboratory of Microbial Gene Technology, Agricultural University of
Norway, As, Norway.

Bacteriocin activity and immunity. The ability to produce bacteriocin was
detected by deferred antagonism (48, 63). The strain under examination was
spotted onto the appropriate agar and allowed to form colonies overnight at the
appropriate temperature. These plates were then overlaid with 3 ml of soft agar
seeded with 100 pl of the indicator strain (ca. 107 stationary-phase cells) and
incubated overnight at 37°C. Bacteriocin production was detected by the forma-
tion of clear zones of inhibition around the test colonies in the indicator lawn.
Bacteriocin production in broth was quantified by using a critical dilution assay
(55). Heat-treated (80°C for 5 min) cell-free supernatant was serially diluted
(twofold), and 10-pl aliquots were spotted onto GM17 plates and allowed to dry.
The plates were overlaid as described above and incubated at 37°C overnight.
One arbitrary unit (AU) was defined as the reciprocal of the highest dilution
giving a zone of growth inhibition on the indicator lawn. When a clear inhibition
zone was followed by a turbid one, the critical dilution was taken to be the
average of the final two dilutions. Listeria innocua DPC1770 was the standard
indicator organism used to assay for bacteriocin activity.

The immunity of transformants was tested against concentrated enterocin A,
which was obtained by ammonium sulfate precipitation (55% saturation) from 1
liter of cell-free supernatant from an 8-h MRS culture. The precipitate, which
was resuspended in sterile distilled water, was then dialyzed (Cellu-Sep-T1;

Membrane Filtration Products, Inc., San Antonio, Tex.) overnight at 4°C against
sterile distilled water. Transformants which displayed insensitivity to enterocin,
relative to the strains from which they were derived, were deemed immune.

DNA manipulations and transformations. Chromosomal DNA was isolated
either by using a rapid DNA extraction method (32) or by a protocol with CsCl
gradients to obtain high-quality concentrated DNA (46). Plasmid DNA from E.
coli (3 ml of fresh overnight culture) was isolated by using a QIAprep Spin
Miniprep Kit (Qiagen Gmbh, Hilden, Germany) and resuspended in sterile
distilled water. Plasmid DNA was extracted from lactococci and enterococci (3
ml of fresh overnight culture) by the rapid lysis method of Anderson and McKay
(4) and dialyzed on filters with a 0.025-wm pore size (Millipore Corp., Bedford,
Mass.) before subsequent manipulations. Recovery of DNA fragments from
low-melting-point agarose gels was achieved by using a GeneClean kit (Bio 101,
La Jolla, Calif.) according to the manufacturer’s instructions. Restriction en-
zymes were supplied by Boehringer Mannheim (Boehringer Corp., Ltd., East
Sussex, United Kingdom) and New England Biolabs, Ltd. (Hertfordshire, United
Kingdom), and reactions were carried out according to the manufacturers’ in-
structions. RNase-free DNase and DNase-free RNase were also supplied by
Boehringer Mannheim. Ligations were performed with T4 DNA ligase (Boehr-
inger Mannheim) at 15 to 18°C overnight. Electrocompetent cells of lactococci
and enterococci were prepared and transformed by the method of Holo and Nes
(33) with 2.5% glycine for growth (or 2.0% in the case of E. faecium DPC3342).
Cells were transformed with a Gene Pulser apparatus (Bio-Rad Laboratories,
Richmond, Calif.) set at 2.5 kV and 25 pF, with the pulse controller at 200 €. E.
coli transformations were performed under the conditions outlined in the Bio-
Rad manual. DNA was dialyzed as described previously for 20 min prior to
electrotransformation to reduce the ionic strength of the solution.

PCR amplification. DNA was amplified by PCR (49) by using Biotaq DNA
Polymerase (Bioline UK, Ltd., London, England) in a GeneAmp PCR Systems
2400 DNA thermal cycler (Perkin-Elmer Corp., Norwalk, Conn.). DNA frag-
ments for cloning were amplified by using the Expand High-Fidelity PCR System
(Boehringer Mannheim). Large fragments (5 kb or greater) were amplified by
using the Expand Long Template PCR System. Reactions were carried out as
detailed in the Boehringer Mannheim PCR applications manual. To perform
PCR amplification directly from colonies, Nonidet P-40 (Sigma) at a final con-
centration of 0.5% was included in the reaction to lyse the cells and expose the
DNA.

Inverse PCR (10, 72) was performed as described above with the following
modifications to the template DNA. Gradient-quality DNA was digested with an
appropriate restriction enzyme for at least 3 h. The restricted DNA was then
cleaned by phenol-chloroform extraction, precipitated in ethanol at —20°C for a
minimum of 2 h, dissolved in sterile distilled water, and religated at a concen-
tration of 2 to 5 ng/ul. These ligations were similarly cleaned by phenol-chloro-
form extraction and precipitation and then resuspended in 10 ul of sterile
distilled water. PCR was carried out as described above with the entire 10-pl
volume. The primers used in cloning and inverse PCR experiments, together with
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FIG. 1. (A) Graphic illustration of ORFs. The site of insertion of Tn916 in DPC3675 and the start of the deletion in DPC3342 are indicated, as are the restriction
sites used in the inverse PCR strategy. (B) Relative locations of primers used in this study. (C) Regions cloned in pENT01, pENT02, and pENTO3. The presence of

a constitutive promoter (P32) in pENT01 and pENTO2 is indicated.

their relative locations (presented in Fig. 1B), include P1, ATCGAGCAGATT
ATGGAG; P2, ACCTAAAAAACCACCTAT; P3, GGTGCTGGAACAAAAC
CTCAAG; P4, CAATTCCTTCTTGAAACGTAGC; P5, GTATAGCATGAAG
GCCCCAAC; P6, AGCCCGTTTGCATTTTCACTTG; P7, GCACGTTTCAA
GAAGGAATTGC; P8, GAGGATCCGTAGCTCATCTTCG; P9, AACTCAA
AGTCGACTGTAGCCC; P10, CTTCTAAGCTTTCTTCTGTGATTTC; and
P11, ATAGCATGCATTCAGGAATGAAAAAGTTAGTG.

The primer GATCTATAGAATAAGGCTTTACGAGC was used to amplify
from the left end of Tn976.

DNA sequencing and analysis. DNA for sequencing was purified by using a
High Pure PCR Product Purification Kit (Boehringer Mannheim) according to
the manufacturer’s instructions. Sequencing was performed with a 373 DNA
Sequencer STRETCH automated sequencer (Applied Biosystems, Foster City,
Calif.) and was initiated with DNA primers based downstream of the amplifica-
tion primers. It was then continued with specific synthetic 15- or 16-mer primers
prepared on a DNA synthesizer (391 PCR-MATE; Applied Biosystems). Anti-
sense primers were used to confirm the sequence on the complementary strand
of DNA. Both strands were sequenced completely. Sequencing data were com-
piled and analyzed by using Genejockey (Biosoft, Cambridge, United Kingdom),
DNAstar (Apple Computers, Inc., Cupertino, Calif.) and the BLAST program
3).

Nucleotide sequence accession number. The sequence presented here has
been submitted to GenBank, where it has been assigned the accession number
AF099088.

RESULTS

Sequence analysis of the enterocin A gene cluster. A number
of PCR products were amplified from the chromosome of
DPC1146 with primers based on the known sequence of ente-

rocin A (8). These products were sequenced, and E. faecium
DPC1146 was confirmed to possess a gene with the same
sequence as that of enterocin A (8). That this is also the
structural gene for the bacteriocin previously termed enterocin
1146 was confirmed by N-terminal sequencing of the isolated
enterocin 1146 bacteriocin (data not shown). Therefore, ente-
rocin 1146 will be henceforth designated enterocin A. The
resulting sequence spanned from 88 nucleotides (nt) upstream
of the start of the gene, entA4, to 42 nt beyond the end of the
gene designated ORF2 by Aymerich et al. (8) and was identical
to the sequence elucidated by that group with the exception of
2 nt in the gene corresponding to ORF2. One of these did not
alter the encoded amino acid (Asn79), the other changed
Ser48 to a glycine. This second gene was designated entl since
biological evidence confirms that it plays a role in immunity to
enterocin A (see below).

An inverse PCR strategy for chromosome walking, based on
the entAI region, was employed to amplify and sequence the
flanking DNA as described in Materials and Methods. The
restriction enzymes and primers used are shown in Fig. 1. With
primers facing outwards on the known entAl sequence and
DPC1146 DNA (HindIII digested and religated) as a template,
ca. 1.1 kb of additional DNA was amplified. Sequence analysis
of this DNA revealed that the sequence of DPC1146 diverged
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TABLE 2. Homologues of the enterocin gene cluster ORFs
Enterocin Homologue
(amino acids) Name % Identity % Similarity Comment (reference)
EntA (65) EntA 100 NA Enterocin A prepeptide (8)
EntI (103) ORF2 96 NA Putative immunity gene (8)
EntF (48) EntF 100 NA Enterocin induction factor (51)
EntK (427) SapK 45 60 Histidine kinase, sakacin A system (7)
CbnK 38 63 Histidine kinase, carnobacteriocin B2 (59)
EntR (250) SapR 62 78 Response regulator, sakacin A (6)
CbnR 63 70 Response regulator, carnobacteriocin B2 (59)
EntT (717) CbnT 74 86 ABC transporter, carnobacteriocin B2 system (59)
Mesl 48 68 ABC transporter, mesenterocin Y105 system (24)
SapT 47 67 ABC transporter, sakacin A system (6)
ComA 47 66 ATP-binding transport protein, competence factor secretion in S. pneumoniae (34)
HlyB 31 50 ATP-binding transport protein, hemolysin A secretion in E. coli (67)
EntD (455) CbnD 48 67 Accessory factor for CbnT (59)
ComB 27 48 Accessory factor for ComA (35)
SapE 24 49 Accessory factor for SapT (6)
ORF1 (59)
ORF2 (71) LafX 43 61 One component of lactacin F (1, 23)
LenM 34 40 One component of lactococcin M (73)
LenN 28 38 Second component of lactococcin M (73)
ORF3 (71)
ORF4 (166) Ytel 43 65 Putative protease from B. subtilis (45)
SppA 29 47 Protease IV, signal peptide peptidase from E. coli (38, 54)
ORF5 (115) Ytel 39 63 Unknown function, encoded directly after the gene for Ytel (45)

from that of CTC492 (8) at a point 41 nucleotides downstream
from the stop codon of the immunity gene. Since the upstream
DNA showed no homology to the bacteriocin-related se-
quences in the database, sequencing efforts concentrated on
the downstream DNA. Pvul-digested and religated DNA was
used to generate a large fragment of downstream DNA by
using the inverse PCR method incorporating the Expand Long
Template PCR System. The resulting 5.4-kb PCR product was
sequenced on both strands by primer walking. To amplify the
remainder of the enterocin-coding region also using inverse
PCR, Pvull was used to generate a further 4.9 kb of DNA,
which was sequenced as described above.

The completed DNA sequence is graphically represented in
Fig. 1A. Ten ORFs, each preceded by putative ribosome bind-
ing sites, were identified downstream of ent4l. The homo-
logues for each ORF are listed in Table 2. The first of these
ORFs (designated entF) starts 93 nt downstream from the end
of entl and is identical to the gene encoding the precursor of
the induction peptide for enterocin A synthesis (51). Origi-
nally, a single nucleotide difference was observed (GG instead
of GGG at nt 628 to 630 in the sequence previously published
by Nilsen et al. [51]) which altered the predicted leader region
of the prepeptide from that previously reported. However, the
sequence reported here is considered the correct version (49a).

Located 326 nt upstream of the entA4 start codon is an in-
verted repeat possibly representing a rho-independent tran-
scription termination signal with a calculated AG of —33.4
kcal/mol (71). The 3’ end of a potential ORF is observed 20 nt
upstream of this inverted repeat. Since the product of this
ORF has homology (55% identity) with the last 51 amino acids
of ProX, a putative glycine betaine-binding protein precursor
from Streptococcus mutans (26), this putative terminator seems
to denote the upstream limit of the genes involved in bacteri-
ocin production. No obvious transcription termination signal
was detected in the region downstream of entR (or upstream of
ORF3). Interestingly, a pair of short direct repeats with a
single mismatch are located 72 nt upstream of ent4 (TTCAG
GAA[14 nt[TTCAAGAA) and an identical arrangement

(same repeat, same mismatch, and same spacing) is also lo-
cated 107 nt upstream of entT.

Characterization of the entKRTD, ORF4, and ORF5 gene
products. The putative proteins encoded by entK and entR
exhibited sequence similarity to a large number of histidine
protein kinases (HPKs) and response regulator proteins, re-
spectively, of two-component signal transduction systems (43,
57, 69), in particular, those of sakacin A and carnobacteriocin
B2 (Table 2). In general, HPKs autophosphorylate at a con-
served histidine residue. The phosphate group is then trans-
ferred to a conserved aspartate residue in the response regu-
lator, thus activating it. In addition to the conserved histidine,
HPKSs of the AgrC-ComD type are characterized by five to
eight transmembrane sequences in their membrane domains as
well as several regions of conserved sequence near the C ter-
minus (29, 69). Response regulators, on the other hand, are
more highly conserved at the N terminus, containing within
this region a conserved lysine residue and a second aspartate as
well as the one already mentioned (69). EntK and EntR dis-
play all of these general features of HPKs and response regu-
lator proteins.

The deduced EntT protein is homologous to several putative
ATP-dependent translocators or ABC transporters, proteins
which are involved in the signal-sequence-independent trans-
port of peptides across the bacterial membrane (Table 2; ref-
erences 22 and 31). The highest similarity was observed to the
ABC transporters of other bacteriocins and to ComA, the
proposed translocator of a competence factor which coordi-
nates the induction of genetic competence in Streptococcus
pneumoniae (34). EntT also exhibited sequence similarity to
HlyB, a protein which is essential for hemolysin A secretion in
E. coli (67) and which is referred to as the prototype bacterial
ABC exporter (22). This HlyB family of transporters usually
contains a C-terminal ATP-binding domain of about 200 con-
served amino acids located on the cytoplasmic face of the
membrane as well as several (normally six) membrane-span-
ning domains towards the N-terminal region, which are
thought to recognize and translocate the substrate across the
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cytoplasmic membrane (22, 31). The similarity between these
proteins is highly significant around two conserved regions in
the C-terminal A and B sites, which together constitute the
ATP-binding motif (22). In addition, a proteolytic domain is
observed in many of the bacteriocin ABC exporters that is
responsible for cleavage of the bacteriocin leader peptide dur-
ing export (28). Conserved cysteine and histidine residues,
which are observed in EntT, are thought to be important in this
active site.

The entD gene product is homologous to several accessory
proteins for ABC transporters (Table 2). These are required
for successful externalization of the bacteriocin, although their
exact role has not yet been elucidated (22, 50). A common
feature of EntD and other HlyD homologues is that they are
largely hydrophilic except for a small region of hydrophobic
amino acids close to the N terminus.

ORF4 and ORFS5 are homologous to ytel and yteJ, respec-
tively (Table 2), two genes which appear to be transcribed as a
unit in Bacillus subtilis (45). ORF4 is also similar to the gene
encoding protease IV (Table 2), a signal peptide peptidase
from E. coli (38, 54). This is a cytoplasmic membrane protease
which digests the signal peptide of the outer membrane li-
poprotein after its release from the precursor protein (37). No
function has been assigned to yfeJ, the only homologue of the
largely hydrophobic ORFS5.

ORF1, -2, and -3. Only the ORF?2 putative product displays
homology with bacteriocin-related proteins and possesses most
of the molecular features of class II bacteriocins, including a
hydrophobic profile and a possible leader sequence with a
consensus GG processing site (Fig. 2). In addition, the C ter-
minus is similar to LafX and to LenM and LenN (Table 2),
peptides implicated in lacticin F and lactococcin MN biosyn-
thesis, respectively. The role, if any, of these three ORFs in
enterocin biosynthesis has not been elucidated.

Bacteriocin production is inducible in DPC1146. That ente-
rocin A production in E. faecium DPC1146 is an inducible
phenomenon was confirmed by serially diluting a producing
culture into fresh broth. When cultures were diluted 10~ °-fold
or more, bacteriocin synthesis ceased to occur. Addition of
chemically synthesized induction factor (51) at levels above
10~ "> M restored bacteriocin production. In all cases, whether
bacteriocin production was switched on or off in liquid culture,
the plating of individual cells onto solid agar surfaces resulted
in bacteriocin-producing colonies.

Isolation and phenotypic characterization of two mutants of
DPC1146 unable to produce enterocin A. In an attempt to
learn more about the genes involved in the biosynthesis of
enterocin A, two Bac™ mutants were created. In one instance,
bacteriocin production was disrupted in E. faecium DPC3675
by Tn916 insertion. The other mutant, Bac® DPC3342, was
isolated after acridine orange mutagenesis (55). The relevant
phenotypic properties of both mutants are listed in Table 1.
Both mutants failed to inhibit L. innocua DPC1770, which is
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very sensitive to enterocin A. Loss of production also coincided
with loss of immunity in both mutants. This loss of immunity to
enterocin did not affect the degree of sensitivity of the mutants
to other pediocin-like bacteriocins, including pediocin PA-1
and sakacin A.

It proved possible to complement the Bac™ phenotype of
DPC3675 in a number of ways. Single colonies of DPC3675
could produce enterocin A when spotted within 15 mm of a
colony of the enterocin-producing parent (Fig. 3A). The extent
of the complementation depended inversely on the distance
between parent and mutant. Ammonium sulfate-concentrated
culture supernatant of DPC1146 was also capable of inducing
bacteriocin synthesis in DPC3675 in a similar manner. That
this induction was due to the product of the entF gene was
confirmed when synthetic enterocin induction peptide (51) was
also observed to switch on bacteriocin production in DPC3675
when incorporated in GM17 plates at 10~'2 M or above. The
minimal amount required to switch on bacteriocin production
in liquid GM17 was also 10~ ' M. However, only 50 AU/ml
was produced by DPC3675 at concentrations up to 107 M
inducer (levels of 300 AU/ml are normally observed from the
wild type, DPC1146). The induction is medium dependent,
since no bacteriocin synthesis by DPC3675 could be detected
in MRS broth even in the presence of 10~7 M inducer. Other
bacteriocin producers were also examined for their ability to
induce enterocin A production in DPC3675. Colonies of the
pediocin PA-1 producer LMG2351 and the sakacin A pro-
ducer LMG2334 failed to complement DPC3675.

The acridine orange Bac™ Imm™~ mutant, DPC3342, could
neither complement DPC3675 nor be complemented by the
induction peptide, thus implying a mutation of a different na-
ture.

Genotypic characterization of the Bac™ mutants, DPC3675
and DPC3342. The insertion point of Tn916 was mapped pre-
cisely by PCR analysis and sequencing by using primers based
on the enterocin operon and the termini of Tn9/6. The trans-
poson was shown to have inserted 66 nt upstream of the start
codon of entF (Fig. 1A). Apart from the introduction of a 5-bp
coupling sequence at the Tn9/6 insertion site, the DNA at
either side of the transposon was undisturbed. It is perhaps
noteworthy that the point of insertion of Tn916 coincides with
the point at which the CTC492 sequence diverges from that of
DPC1146. In fact, the sequence information already presented
for the entA and entF genes and flanking regions in CTC492 (8,
51) strongly suggests that an insertion sequence (IS6770-like)
has inserted at this same point in that strain, suggesting that
this sequence may represent a transposon hot spot.

Locating the site of the DPC3342 lesion was achieved fol-
lowing multiple inverse PCRs based on the known sequence of
the enterocin operon. A significant deletion was detected
which did not affect any of the ent genes but rather occurred
some 84 nt upstream of the ent4 start codon. The deletion
event extended at least beyond the HindlIII site some 450 bp
upstream of the deletion start point, but the full extent remains
unknown. It is important to note that the deletion includes one
of the two direct repeats found upstream of ent4 (Fig. 1).

entl is the enterocin immunity gene. The entAl genes were
amplified on a 710-bp PCR fragment (which did not include
any upstream signals other than the ribosomal binding sites of
both genes) and cloned into pGEM-T. The fragment was sub-
sequently recovered as a Sacl/Sphl fragment and directionally
cloned into the expression vector pMG36e under the control of
the constitutive P32 promoter to generate pENTO1 (Fig. 1C).
The expected nucleotide sequence of the insert and promoter
region of this construct was confirmed.

pENTO1 was electroporated into L. lactis MG1363 and Lis-
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DPC3675

FIG. 3. (A) Complementation of colonies of E. faecium DPC3675 (EntA~) by DPC1146 is dependent on the distance between colonies. (B) The Bac™/~ phenotype
of various enterococcal strains against Listeria monocytogenes EGD, including the parent E. faecium DPC1146 (colony 1), plasmid-free E. faecalis OG1X (colony 2),
E. faecalis OG1X(pENTO02) (colony 3), and E. faecalis OG1X(pENTO03) (colony 4). (C) The same colonies as in panel B, overlaid with Entl™ L. monocytogenes

EGD(pENTOL1).

teria monocytogenes 1.O28, both of which are slightly sensitive
to enterocin. Transformants of both strains became totally
insensitive to the bacteriocin even at the highest concentration
available (51,200 AU/ml). L. monocytogenes EGD, whose sen-
sitivity is comparable to that of the standard indicator, L.
innocua DPC1770, was also examined. The sensitivity of the
EGD transformant was reduced at least 12-fold (Fig. 3C),
though it was still slightly sensitive to highly concentrated en-
terocin. Thus, the insert on pENTO1 is capable of conferring
enterocin immunity on previously sensitive strains. As ex-
pected, no bacteriocin production was detected in any of these
transformants given that genes for production-export are not
present on pENTO1. The presence of pENTO1 did not alter the
sensitivity of an MG1363 transformant to a number of other
bacteriocins, including lacticin 3147, nisin, lactococcin, lacticin
481, pediocin PA-1, and sakacin A.

Several attempts were made to express enterocin A in L.
lactis 111403 with the plasmid pENTOL. L. lactis 1L1403 en-
codes a transporter and accessory factor capable of undertak-
ing the secretion and maturation of the lactococcins (77). How-
ever, IL1403(pENTO1) transformants failed to produce
enterocin A either in broth or on solid media even though
reverse transcriptase PCR examination confirmed that the en-
terocin genes were being transcribed (data not shown).

Heterologous expression of EntA from a four-gene cassette,
entAITD. A 4-kb fragment containing entTD was amplified by

high-fidelity PCR and cloned into pENTOL1 to create an entAITD
gene cassette under the control of P32 (Sphl and HindIII sites
were incorporated into the primers to permit directional clon-
ing). This plasmid was designated pENT02 (Fig. 1C). When
pENTO02 was introduced into L. lactis 1L1403, the resulting
transformants were inhibitory to L. monocytogenes on a solid
medium, with zones of inhibition ranging from 5 to 12 mm in
diameter. However, little (50 AU/ml) or no bacteriocin activity
was produced in broth from the I1.1403 host. Plasmid isolation
and digestion subsequently revealed several fragments smaller
than those expected for pENTO02, suggesting that deletions had
occurred. Production of bacteriocin by transformants was also
observed to be quite unstable after a number of generations, as
manifested by a decrease in zone size or the complete absence
of zones of inhibition on plate assays. The introduction of
pENTO2 into L. lactis MG1363 did not result in any detectable
bacteriocin production.

Enterococcus faecalis OG1X was also transformed with
pENTO02, and the resulting transformants were examined for
enterocin production. Transformants produced zones of inhi-
bition varying in diameter from 4 to 12 mm on solid agar. An
Imm™ derivative of a sensitive strain of L. monocytogenes,
EGD, (containing pENTO1 [see above]) was not inhibited,
confirming that E. faecalis OG1X (pENT(2) was producing
enterocin A (Fig. 3), but no production was observed in broth.
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Plasmid and phenotypic instability similar to that demon-
strated in L. lactis was also observed.

Cloning and expression of the entire enterocin operon. A
fragment of ca. 10.5 kb was amplified from the chromosome of
DPC1146 by using long-template PCR. This fragment con-
tained all of the enterocin-related genes. BamHI and Sall
(which had been incorporated into the primers) were used to
clone the fragment into cognate sites of the E. coli-Lactococcus
shuttle vector, pCI372, to generate pENTO3 (Fig. 1C). E. fae-
calis OG1X was electroporated with the plasmid pENTO03. The
resulting transformants produced inhibition zones against L.
monocytogenes EGD which varied from 4 to 13 mm in diame-
ter. These zones were absent when tested against Imm™ L.
monocytogenes EGD(pENTO01), thus confirming that the zones
were due to enterocin A (Fig. 3). pENTO03 was isolated from a
representative transformant and digested to confirm the pres-
ence of the correct 10.5-kb insert. No bacteriocin production
was initially observed in GM17 broth. However, when induc-
tion factor was added at a concentration of 10~!'' M, 300
AU/ml were detected in overnight cultures, which is compara-
ble to the wild-type producer. That E. faecalis OGI1X
(pENTO03) is capable of producing induction factor on solid
medium was demonstrated by its ability to induce enterocin
production in colonies of E. faecium DPC3675.

pENTO03 did not result in any detectable bacteriocin activity
when introduced into either L. lactis IL1403 or MG1363, even
when screened on plates containing 10~'" M induction factor.
No deletions appeared to have occurred, since examination of
plasmids from several MG1363 transformants revealed an in-
tact insert in all cases.

Complementation of DPC3342 by supplying enterocin genes
in trans. The Bac™ Imm ™ mutant DPC3342 could be comple-
mented by the enterocin structural and immunity genes en-
coded by pENTO1. Exogenously supplied induction factor was
not necessary for production. The amount of bacteriocin pro-
duced in broth was comparable to that produced by the wild
type, DPC1146. The transformants, however, remained EntF ™~
as demonstrated by an inability to complement DPC3675.

In addition, DPC3342 could be complemented by introduc-
ing the entire enterocin-coding region on the plasmid,
pENTO3. These transformants produced enterocin A, were
immune, and could also induce production in DPC3675 colo-
nies. To determine whether complementation was due to the
plasmid-borne genes or due to a homologous recombination
event, the plasmid was cured at 48°C. Loss of chloramphenicol
resistance coincided with loss of bacteriocin production, thus
confirming that the mutation in DPC3342 had been comple-
mented in frans.

DISCUSSION

An inverse PCR strategy based on a core sequence consist-
ing of the enterocin A structural and immunity genes was
successfully used to obtain and sequence approximately 11 kb
of the genome of E. faecium DPC1146. This locus contains the
genetic information required for production of enterocin A in
a heterologous strain. In addition to three previously se-
quenced genes, several new ORFs were identified, some of
which had homologies to genes known to function in either
regulation or processing and export of bacteriocins.

The first three genes in the enterocin cluster, entA, entl, and
entF, were previously identified as the structural gene for en-
terocin A, the putative immunity gene, and the gene encoding
the enterocin induction factor, respectively (8, 51). To confirm
the role of entI in immunity, the entAI region was introduced
into previously sensitive strains on the plasmid pENTO1. As
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this fragment resulted in either complete or partial immunity
in transformants and as entA4 had been confirmed as the struc-
tural gene, immunity can be attributed to entl. That only partial
immunity was observed in L. monocytogenes EGD may be due
to poor levels of transcription of entI under the control of the
pMG36e promoter or perhaps due to the fact that another
gene product, in addition to Entl, is needed for full immunity
in strains that would otherwise be highly sensitive. A similar
“immunity breakdown” at higher bacteriocin levels was ob-
served upon introduction of the carnobacteriocin B2 and lac-
tococcin A immunity proteins into sensitive strains (61, 75).
Several mechanisms have been proposed for immunity to class
I bacteriocins, including inhibition of pore formation, proteo-
lytic degradation of the active compound, or active extrusion
from the cell (20, 65, 68). Information concerning the immu-
nity mechanism(s) of class I bacteriocins is quite scarce, but it
is thought that the immunity protein binds the same membrane
receptor as the bacteriocin (52, 61, 78). It is conceivable that
higher receptor numbers in more-sensitive strains, such as
EGD, may require a higher level of the immunity protein than
is provided by pENTO1. Elsewhere it has been reported that
cross-resistance to class ITa bacteriocins can be correlated with
the expression of immunity genes (19). This does not appear to
be the case for enterocin immunity, since transformants har-
boring the immunity gene were still equally sensitive to other
bacteriocins, including members of the pediocin-like group.
Equally, the Bac™ Imm™ derivatives of DPC1146 did not be-
come more sensitive to other bacteriocins.

Many LAB are known to produce more than one antimicro-
bial peptide (5, 19, 48, 60, 74). Combined biological and PCR
results, with primers based on the known sequence of entero-
cin B, suggest that DPC1146 is also capable of producing at
least both enterocins A and B (data not shown), which are
known to have synergistic activity and are both induced by the
entF gene product (12, 51). Another candidate for a bacterio-
cin structural gene is ORF2, which is located in the intergenic
region between entR and entT. The putative peptide product
bears comparison with class II bacteriocins and is especially
similar to inhibitory peptides of the two-component lactacin F
and lactococcin M bacteriocin systems (2, 23, 73). The possible
roles of ORF1 and -3 are not evident, since neither product
contains any of the unusual motifs of a bacteriocin prepeptide
and/or immunity peptides. The fact that ORF1, -2, and -3 are
encoded on the opposite strand to all the other genes in the
enterocin gene cluster suggests that this intergenic region may
be as a result of a recombination event and, as such, may play
no role in enterocin A synthesis.

Two genes, entT and entD, with homology to several bacte-
riocin ABC transporters and accessory factors resulted in pro-
duction of active enterocin A in L. lactis 111403 and E. faecalis
OG1X when introduced on a cassette with the bacteriocin
structural and immunity genes under the control of the con-
stitutive lactococcal P32 promoter. The structural and immu-
nity genes alone on pENTO1 resulted in no bacteriocin pro-
duction. This indicates that entT and entD are necessary for
enterocin A secretion. It is also likely that the products of
ORF4 and ORFS5 play some role in enterocin synthesis, since
it seems likely from sequence context that they are cotran-
scribed with entT and entD. ORF4 possibly encodes a serine
protease similar to the E. coli sppA gene product which de-
grades signal peptides in the cell membrane to maintain proper
secretion of mature peptides from the cell (37, 38). A role for
ORF4 in removing membrane-bound leader peptides from
secreted enterocin and induction factor might be envisaged in
DPC1146. The fact that production of enterocin occurred from
the entAITD cassette on pENTO2 in the IL1403 and OG1X
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backgrounds suggests that these ORFs are nonessential or,
alternatively, that these strains may encode functional homo-
logues. However, the instability of the pENTO02 plasmid rela-
tive to pENTO03 might indicate that enterocin production can-
not be properly maintained in an ORF4~ ORF5™ background.

Bacteriocin production has been observed to be a regulated
phenomenon in many strains of LAB (11, 16, 18, 44, 50, 59).
An induction factor for enterocin A was previously identified
in E. faecium CTC492. The same gene, entF, is also present in
DPC1146. The DPC1146 gene encodes a prepeptide with a
23-amino-acid leader sequence of the double-glycine type (51).
This represents a changed interpretation of the originally pub-
lished entF gene product (51), which had a shorter leader due
to a sequencing error. The combination of induction peptide
and the two-component signal transduction system encoded by
entK and entR is likely to provide the cell with a means to
monitor and respond to cell density. Similar quorum-sensing
mechanisms have been observed in other gram-positive bacte-
ria where, in addition to control of bacteriocin synthesis, they
are responsible for the onset of a state of competence in B.
subtilis and S. pneumoniae, as well as regulation of the viru-
lence response in Staphylococcus aureus (29, 41, 47, 53, 58).
The point at which the EntIKR three-component system exerts
control over the production of enterocin A is almost certainly
at the level of transcription. Identical direct repeats are present
upstream of entAIF and entD ORF4 and ORFS5. Similar re-
peats have been observed in other bacteriocin systems and
were suggested to function as binding sites for activated tran-
scriptional regulators (11, 17, 43, 50). Evidence to support the
involvement of the direct repeats upstream of entAIF was pro-
vided in the acridine orange mutant, DPC3342, which is miss-
ing one of these repeats and no longer produces enterocin A;
nor can it be complemented by exogenously supplied induction
factor. Constitutively expressing entAl in DPC3342 comple-
ments both of these negative phenotypes in trans, as does
providing the whole enterocin cluster with its intact repeats
upstream of entA.

A model for enterocin A regulation in DPC1146 can be
proposed based on our results. This assumes that entFKR and
entTD ORF4 and ORFS are expressed at a basal level. In this
regard, weak consensus promoters can be predicted upstream
of entA and entT. This leads to a slow accumulation of induc-
tion factor in the environment. Once a certain threshold level
is reached, sufficient EntK becomes phosphorylated to activate
EntR. These may then bind to the direct repeats upstream of
entAIFKR and entTD ORF4 and ORFS. This switches on high-
level production of enterocin, the immunity factor, and the
induction factor, as well as the transporter and accessory fac-
tor. If a culture with a fully activated system is inoculated at a
level above 0.01% into fresh liquid medium, then sufficient
induction factor is introduced to keep the system “primed” and
essentially a constitutive “on” state is achieved. However, if
cells are extensively diluted, insufficient induction factor is
provided and enterocin production switches off. This is in
agreement with our biological data. Cell-density-dependent
regulation of bacteriocin production could be important from
an ecological point of view, as it may give a producing cell an
advantage over related bacteria when the competition for re-
sources increases. It is also possible that the induction system
may function as a quorum-sensing mechanism to regulate the
expression of other genes once a certain cell density has been
reached.

It is possible that there are other, as-yet-unidentified factors
involved in enterocin A regulation. For example, although
expression of enterocin A was observed in L. lactis, this was
only possible by constitutively expressing entAITD under the

ANALYSIS OF THE ENTEROCIN A OPERON 1513

control of a lactococcal promoter. When the entire region was
introduced under its own control signals, as in pENTO03, no
production was observed, even though the same region en-
coded sufficient information to allow bacteriocin production in
another enterococcal strain. However, even in this instance
enterocin production in broth was only observed upon the
addition of exogenous induction factor. It is possible that this
is due to the lack of expression of the entKR system, but this
remains to be proven. The plasmid pENTO03 was constructed
after amplification of a large fragment, and the possibility
exists that the sequence was corrupted during this process.
However, several independent clones were examined, and all
produced the same phenotype. Therefore, even though it has
been established that heterologous expression of enterocin A
can take place, certain problems must be overcome. Enterocin
A may have potential applications in fermented food due to its
previously observed high specificity for Listeria spp. relative to
many lactic acid bacteria (55). In this regard, heterologous
production in a lactococcal strain likely to be used as a starter
is desirable. Other applications of the enterocin system may lie
in the development of gene expression systems. Further study
is now needed, particularly regarding the regulation of the
whole system, to facilitate the development of these heterolo-
gous secretion systems with a view to potential applications.
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