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ABSTRACT

A putative biosynthetic gene cluster of the enterocin NKR-5-3B (Ent53B), a novel circular bacteriocin, was analyzed by sequenc-
ing the flanking regions around enkB, the Ent53B structural gene, using a fosmid library. A region approximately 9 kb in length
was obtained, and the enkB1, enkB2, enkB3, and enkB4 genes, encoding putative biosynthetic proteins involved in the produc-
tion, maturation, and secretion of Ent53B, were identified. We also determined the identity of proteins mediating self-immunity
against the effects of Ent53B. Heterologous expression systems in various heterologous hosts, such as Enterococcus faecalis and
Lactococcus lactis strains, were successfully established. The production and secretion of the mature Ent53B required the coop-
erative functions of five genes. Ent53B was produced only by those heterologous hosts that expressed protein products of the
enkB, enkB1, enkB2, enkB3, and enkB4 genes. Moreover, self-immunity against the antimicrobial action of Ent53B was conferred
by at least two independent mechanisms. Heterologous hosts harboring the intact enkB4 gene and/or a combination of intact
enkB1 and enkB3 genes were immune to the inhibitory action of Ent53B.

IMPORTANCE

In addition to their potential application as food preservatives, circular bacteriocins are now considered possible alternatives to
therapeutic antibiotics due to the exceptional stability conferred by their circular structure. The successful practical application
of circular bacteriocins will become possible only if the molecular details of their biosynthesis are fully understood. The results
of the present study offer a new perspective on the possible mechanism of circular bacteriocin biosynthesis. In addition, since
some enterococcal strains are associated with pathogenicity, virulence, and drug resistance, the establishment of the first multi-
genus host heterologous production of Ent53B has very high practical significance, as it widens the scope of possible Ent53B ap-
plications.

Bacteriocins are ribosomally synthesized antimicrobial pep-
tides that generally exert their antagonistic activity toward

strains that are closely related to the producer strain (1, 2), al-
though an increasing number of bacteriocins have been reported
to have a broad activity range (3, 4). In the last decade, the interest
in bacteriocins, especially those from lactic acid bacteria (LAB),
has increased considerably, as they potentially can be used as nat-
ural food preservatives and therapeutic antibiotics (5–8).

Over the years, various classification schemes of bacteriocins
from Gram-positive bacteria have been suggested, which com-
monly divide bacteriocins into two groups: class I (lantibiotics)
and class II (nonlantibiotics) (9–12). Lantibiotics are small heat-
stable peptides which contain unusual amino acids, such as lan-
thionine and/or methyllanthionine, as a result of posttranslational
modifications of some common amino acid residues (13, 14). In
contrast, class II bacteriocins, which are also heat-stable peptides,
do not undergo extensive posttranslational modifications and
therefore do not contain unusual amino acid residues. Class II
bacteriocins can be further classified into as many as four sub-
classes (11, 15, 16). These are class IIa (anti-Listeria pediocin-like
bacteriocins), class IIb (two-peptide bacteriocins), class IIc (cir-
cular bacteriocins), and class IId (linear one-peptide non-pedi-
ocin-like bacteriocins) (11). In recent years, circular bacteriocins
(class IIc) have attracted considerable attention (10, 17–19). In
comparison to their linear counterparts, circular peptides, includ-

ing circular bacteriocins, have been perceived to be more promis-
ing substances for a variety of pharmaceutical applications due to
their more favorable structural properties, higher thermal stress
resistance, and superior proteolytic stability (18, 20). The remark-
able stability of class IIc bacteriocins is conferred by the circular
nature of these peptides (21).

Circular bacteriocins are synthesized as linear precursor pep-
tides containing a leader peptide (2 to 35 amino acid residues)
attached to a propeptide (58 to 70 amino acid residues). The
leader peptide is cleaved off from the propeptide, while the linear
propeptide undergoes a dehydration reaction between the N- and
C-terminal residues during maturation, thereby resulting in the
covalent binding of the terminal ends (10, 17). However, the exact
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sequence and detailed mechanism of these processes remain a
mystery. Moreover, the enzymes responsible for the cleavage of
the leader peptide and ligation of the N and C termini have not yet
been identified (10, 17). Elucidation of the mechanisms of circular
bacteriocin synthesis and processing, which lead to the produc-
tion of mature circular peptides, will undoubtedly help realize the
potential of these substances as biological delivery agents (17).
Furthermore, such information will also help develop circular
bacteriocins into promising scaffolds for drug design by means of
genetic engineering (18, 21).

Enterocin AS-48, the first representative of circular bacterio-
cins, was first discovered in 1986 (22), although its circular nature
was reported in 1994 (23), and it remains the most extensively
studied circular bacteriocin to date. Since then, a number of cir-
cular bacteriocins from various bacterial species have been
isolated: gassericin A (24), subtilosin A (25), circularin A (3),
butyrivibriocin AR10 (26), uberolysin (27), carnocyclin A (28),
lactocyclicin Q (29), garvicin ML (30), leucocyclicin Q (31),
acidocin B (32), and, most recently, enterocin NKR-5-3B (33).
Enterocin NKR-5-3B (Ent53B), one of several bacteriocins
produced by Enterococcus faecium NKR-5-3 previously isolated
from the Thai fermented fish pla-ra (34–36), is a 64-amino-acid
novel circular bacteriocin with a molecular mass of 6,316.4 Da. A

nuclear magnetic resonance (NMR)-derived three-dimensional
solution structure of Ent53B revealed the presence of four helical
segments that enclose a tightly packed hydrophobic core (33). It is
a strongly amphiphilic peptide with a net positive charge of 5 at
neutral pH. Ent53B amphiphilic properties are conferred by a
cluster of basic amino acid residues on one surface around the end
of helix 4, the initial portion of helix 1, and the central region of
helix 2 (33). The spectrum of Ent53B antimicrobial activity was
wider than that of other NKR-5-3 enterocins, possibly because
Ent53B amphiphilic properties facilitated its binding to negatively
charged cell membranes of target cells (33, 34).

In the present study, we attempted to obtain at least a partial
solution to the enigma of the circular bacteriocin biosynthesis
mechanism. We have identified five genes required for the pro-
duction and maturation of Ent53B in various heterologous hosts.
We also determined the proteins involved in two independent
mechanisms of self-immunity developed by the producer strain to
protect against the inhibitory action of Ent53B.

MATERIALS AND METHODS
Bacterial strains, media, and reagents. The strains and plasmids used in
this study are summarized in Table 1. E. faecium NKR-5-3 was cultivated
in M17 medium (Merck, Darmstadt, Germany), while the indicator strain

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Descriptiona Reference or source

Strains
E. faecium NKR-5-3 Enterocin NKR-5-3B producer strain 34
Clostridium beijerinckii ATCC 25752 Circularin A producer strain 3
E. faecalis JH2-2 Plasmid-free derivative of E. faecalis JH-2 40
L. lactis ATCC 19435T Bacteriocin indicator strain, heterologous host strain ATCCb

L. lactis IL1403 Heterologous host strain, plasmid free 61
L. lactis NZ9000 Heterologous host strain, nisRK 62
E. coli DH5� Plasmid storage strain Novagen

Plasmids
pMG36c Cmr, pWV01-based cloning vector carrying a strong Lactococcus-based promoter, P32 4
pIL253 Emr, theta-replicating vector 38
pIL-Pnis Emr, pIL253 derivative with a nisin-inducible promoter, Pnis This study
pNK-B1234 Cmr, pMG36c derivative containing enkB, enkB1, enkB2, enkB3, and enkB4 This study
pNK-B Cmr, pMG36c derivative containing enkB This study
pNK-B234 Cmr, pNK-B1234 �enkB1 This study
pNK-B134 Cmr, pNK-B1234 �enkB2 This study
pNK-B124 Cmr, pNK-B1234 �enkB3 This study
pNK-B123 Cmr, pNK-B1234 �enkB4 This study
pNK-B34 Cmr, pNK-B1234 �enkB1 �enkB2 This study
pNK-B24 Cmr, pNK-B1234 �enkB1 �enkB3 This study
pNK-B23 Cmr, pNK-B1234 �enkB1 �enkB4 This study
pNK-B14 Cmr, pNK-B1234 �enkB2 �enkB3 This study
pNK-B13 Cmr, pNK-B1234 �enkB2 �enkB4 This study
pNK-B12 Cmr, pNK-B1234 �enkB3 �enkB4 This study
pNK-B4 Cmr, pNK-B1234 �enkB1 �enkB2 �enkB3 This study
pNK-B3 Cmr, pNK-B1234 �enkB1 �enkB2 �enkB4 This study
pNK-B2 Cmr, pNK-B1234 �enkB1 �enkB3 �enkB4 This study
pNK-B1 Cmr, pNK-B1234 �enkB2 �enkB3 �enkB4 This study
pIL-1 Emr, pIL-Pnis derivative containing enkB1 This study
pIL-2 Emr, pIL-Pnis derivative containing enkB2 This study
pIL-3 Emr, pIL-Pnis derivative containing enkB2 This study
pIL-4 Emr, pIL-Pnis derivative containing enkB4 This study

a Cmr, chloramphenicol resistant; Emr, erythromycin resistant.
b ATCC, American Type Culture Collection, Rockville, MD.
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Lactococcus lactis ATCC 19435T was cultivated in MRS medium (Oxoid,
Hampshire, England) and in Lactobacilli Agar AOAC medium (Becton
Dickinson, Sparks, MD), both at 30°C, in liquid and solid culture, respec-
tively. The circularin A (CirA) producer strain Clostridium beijerinckii
ATCC 25752 was cultivated anaerobically in reinforced clostridial me-
dium (RCM) (Becton Dickinson) at 37°C. The cloning strain Escherichia
coli DH5� was cultivated in the Luria-Bertani (LB) medium (Becton
Dickinson) under constant agitation of 180 strokes/min at 37°C. The ex-
pression host strains Enterococcus faecalis JH2-2, L. lactis IL1403, L. lactis
NZ9000, and L. lactis ATCC 19435T were cultivated in the M17 medium
supplemented with 0.5% glucose (GM17) at 30°C. Chloramphenicol and
erythromycin were used as antibiotic markers in selective medium at a
final concentration of 10 �g/ml. All microorganisms were stored at
�80°C in their respective media supplemented with 30% glycerol and
cultivated twice before use.

Determination of the Ent53B gene locus. To find the enkB gene locus,
we utilized the fosmid library of the E. faecium NKR-5-3 genome, which
was used previously to obtain the loci of genes encoding NKR-5-3 ente-
rocins (36). Briefly, the total genome DNA of E. faecium NKR-5-3 was
extracted, physically digested by sonication into fragments of approxi-
mately 40 kb in length, and cloned into the CopyControl pCC1FOS vector
(Epicentre, WI, USA) using T4 DNA ligase (TaKaRa, Osaka, Japan). Sub-
sequent plasmids were packed into phage particles using an in vitro pack-
aging system (MaxPlax Lambda packaging extract; Epicentre) to prepare
the NKR-5-3 phage library solution. A 1-�l aliquot of the phage solution
was then added to 100 �l of an E. coli EPI-300 cell suspension previously
cultivated in the LB broth (optical density at 600 nm [OD600], 0.7), sup-
plemented with 10 mM MgSO4 and 0.2% (wt/vol) maltose, and incubated
at 37°C for 1 h. Following the incubation, the cell suspension was plated
on the LB agar medium containing 12.5 �g/ml chloramphenicol. Positive
colonies carrying the NKR-5-3 genome library were screened and identi-
fied using colony PCR with appropriate primers (36). To obtain the enkB
gene locus, consecutive DNA sequencing by primer walking was per-
formed using the NKR-5-3 fosmid library as the template.

Cloning of Ent53B genetic determinants. Basic molecular cloning
was performed using standard methods described by Sambrook and Rus-
sell (37). Ent53B genetic determinants were consecutively cloned from
two fragments into the wide-host-range pMG36c vector, which carries the
strong lactococcal promoter P32. The PCR primers used are summarized
in Table 2. The first fragment containing the enkB and enkB1 genes was
amplified by PCR using the SacI-ent53B-f and XbaI-enkB1-r primers.
Next, the PCR product was digested with the SacI and XbaI restriction
enzymes and subsequently ligated to the SacI- and XbaI-digested pMG36c
plasmid to generate the pNK-B1 construct. The second fragment, which
contained the enkB2, enkB3, and enkB4 genes, was then amplified using
the PstI-enkB2-f and SphI-enkB4-r primers. The resulting PCR product

was then digested with the PstI and SphI restriction enzymes and subse-
quently ligated to the PstI- and SphI-digested pNK-B1 plasmid to gener-
ate the pNK-B1234 plasmid construct, which contained the whole region
encompassing all five genes, from enkB to enkB4.

In-frame gene deletion plasmids were constructed by either an inverse
PCR strategy, using pNK-B1234 as a DNA template, or by direct cloning
of the target region into the pNK-B1 or pNK-B plasmid constructs di-
gested with the PstI and SphI restriction enzymes. The pNK-B134, pNK-
B123, pNK-B14, pNK-B13, and pNK-B12 plasmids were constructed us-
ing pNK-B1 as the DNA template. The primers used were PstI-enkB3-f
and SphI-enkB4-r for pNK-B134, PstI-enkB2-f and SphI-enkB3-r for
pNK123, PstI-enkB4-f and SphI-enkB4-r for pNK-B14, PstI-enkB3-f and
SphI-enkB3-r for pNK-B13, and PstI-enkB2-f and SphI-enkB2-r for
pNK-B12. The resulting PCR products were individually digested with the
PstI and SphI restriction enzymes and ligated to the PstI- and SphI-di-
gested pNK-B1 plasmid. The pNK-B234, pNK-B34, pNK-B23, pNK-B4,
pNK-B3, and pNK-B2 plasmids were constructed by cloning the target
regions amplified by PCR into the pNK-B plasmid construct. The primers
used to amplify the target regions were PstI-enkB2-f and SphI-enkB4-r for
pNK-B234, PstI-enkB3-f and SphI-enkB4-r for pNK-B34, PstI-enkB2-f
and SphI-enkB3-r for pNK-B23, PstI-enkB4-f and SphI-enkB4-r for
pNK-B4, PstI-enkB3-f and SphI-enkB3-r for pNK-B3, and PstI-enkB2-f
and SphI-enkB2-r for pNK-B2. The resulting PCR products were individ-
ually digested with the PstI and SphI restriction enzymes and subse-
quently ligated to the PstI- and SphI-digested pNK-B plasmid.

An inverse PCR strategy was employed to obtain the pNK-B124 plas-
mid. The outward-facing primers Inv-enkB3-f and Inv-enkB3-r were de-
signed to generate a PCR product of the entire plasmid without enkB3
using pNK-B1234 as the DNA template. On the other hand, in order to
obtain the pNK-B24 plasmid, another inverse PCR was performed with
the pNK-B124 plasmid construct as the DNA template using the same set
of primers. The PCR products were then treated with a kinase (T4 poly-
nucleotide kinase; Toyobo, Osaka, Japan) in the kinase buffer (Toyobo)
and subsequently self-ligated using Ligation high reagent (Toyobo). All
plasmid constructs were transformed in E. coli DH5� for plasmid storage
and in E. faecalis JH2-2, L. lactis IL1403, L. lactis NZ9000, and L. lactis
ATCC 19435T for expression analysis.

Complementation assay. Complementation of the lacking gene in the
enkB gene cluster was done with a plasmid containing the nisin-inducible
promoter (Pnis), pIL-Pnis, originally modified from pIL253 (38). Each
lacking gene was cloned behind the Pnis promoter into the pIL-Pnis plas-
mid and introduced into L. lactis NZ9000 that harbored the single-gene-
deletion plasmid pNK-B�X. NZ9000 was used as the host in the comple-
mentation assay because it has a native nisRK gene in its genome, which is
essential for the nisin induction system. Overnight cultures of comple-
mented strains were inoculated into fresh GM17 medium at a dilution of

TABLE 2 Primers used in the study

Primer name Sequence (5=¡ 3=)a Tm (°C)b

SacI-enkB-f AAAGAGCTCATTCAGTGGTGGTAGTAACAGT 51
XbaI-enkB-r AAATCTAGAGACCATGGCCAATTTATTCG 58
XbaI-enkB1-r AAATCTAGATATAAGAATTCCTCCCATCC 52
Pst-enkB1-f TGCTGCAGCGAAATCATTGATTA 63
Sph-enkB1-r TCTATAAGCATGCCTCCCATCC 61
PstI-enkB2-f TCCCTGCAGTATTTGTTCTTTTTGG 63
SphI-enkB2-r TGCATGCTTTAAAGTATAATTCAGC 57
PstI-enkB3-f TTGCTGCAGTAGTAGAAGGGGTATTC 61
Sph-I-enkB3-r AGCATGCAATTCCACAAATTATTAG 59
PstI-enkB4-f ACTGCAGACAAAAAAATTGAGCTAAC 60
SphI-enkB4-r AGCATGCAGAATATTCACAGCC 60
Inv-enkB3-f ACAGGAGGGGTTGAGACTAACT 57
Inv-enkB3-r TCGATGAGTATTGTTGGAGTG 55
a Restriction sites are underlined.
b Tm, melting temperature.
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1:100, grown to an OD600 of 0.4, and induced with nisin at a final concen-
tration of 5 ng/ml. After an overnight incubation, cell-free supernatants
were subsequently tested for Ent53B production using the spot-on-lawn
assay described previously (39).

Bacteriocin production and immunity assay. The ability of recombi-
nant E. faecalis JH2-2 strains expressing different enkB gene cluster com-
binations to produce mature Ent53B was evaluated using the colony over-
lay assay, as described previously (3), but with a slight modification. The
bacteriocin activity of the cell-free supernatant of recombinant strains was
quantified by a spot-on-lawn assay described previously (39), using L.
lactis ATCC 19435T as an indicator strain. Briefly, 10 �l of the cell-free
supernatant was spotted onto a double-layered agar plate, which con-
tained 5 ml of Lactobacilli Agar AOAC medium inoculated with an over-
night culture of an indicator strain as the upper layer and 10 ml of the MRS
broth supplemented with 1.5% agar as the bottom layer. After an over-
night incubation at 30°C, the bacterial lawns were checked and inhibition
zones measured.

The self-immunity assay was performed by determining the MIC of
Ent53B against recombinant E. faecalis JH2-2 strains expressing different
enkB gene cluster combinations. The MICs were determined by the spot-
on-lawn assay, as described previously (39), using serial dilutions of pu-
rified Ent53B at known concentrations and utilizing recombinant strains
as the indicator bacteria. Immunity was recorded as a strain-specific
change in the MIC relative to the MIC observed in the strain expressing
the control vector.

Computer analysis of DNA sequence. Putative open reading frames,
isoelectric points, molecular weights, and sequence alignments were iden-
tified and analyzed using the GENETYX-WIN software, version 8.0.1
(Genetyx, Tokyo, Japan). Homology comparisons were done using the
Basic Local Alignment Search Tool (BLAST) from the National Center
for Biotechnology Information (NCBI) (http://www.ncbi.nlm.nih
.gov/BLAST/). Putative transmembrane helices were identified using
the SOSUI prediction system (http://bp.nuap.nagoya-u.ac.jp/sosui
/sosui_submit.html).

Nucleotide sequence accession number. The nucleotide sequence of
the enkB gene cluster has been deposited in the DDBJ database under the
accession number LC068607.

RESULTS
Sequence analysis of the region encoding the Ent53B locus.
Ent53B is one of the five bacteriocin peptides produced by the
NKR-5-3 strain. However, its structural gene, enkB, is located at a
locus which is different from the rest of the NKR-5-3 enterocin
genes (36). We sequenced the 9-kb region surrounding enkB and
found that it contains at least 10 open reading frames, including
enkB (Fig. 1A). A putative promoter was identified upstream of
the enkB gene, with its putative terminator downstream of the
enkB4 gene. This finding suggested that the five genes, enkB,
enkB1, enkB2, enkB3, and enkB4, comprise one polycistronic mes-
sage. This was confirmed when we carried out reverse transcrip-
tion-PCR (RT-PCR) with different sets of primers to detect PCR
products that cover intergenic regions within the enkB through
enkB4 genes (data not shown). The enkB gene cluster is tightly
organized. The enkB and enkB1 genes have a 26-bp overlap, which
indicates that their expression is regulated by translational cou-
pling. The significance of this phenomenon is discussed below.

Possible functions and identities of the deduced protein se-
quences from these putative genes were obtained by BLAST data-
base search and directly compared to previously described pro-
teins involved in circular bacteriocin biosynthesis (Table 3). The
orientation of the enkB gene locus resembled that of similar loci
of the circular bacteriocins circularin A (4) and uberolysin (27).
Moreover, a direct comparison shows that protein products of the
enkB genes, EnkB1 to EnkB4, appear to be equivalent to CirBCDE
of circularin A and UblBCDE of uberolysin, as they showed some
degree of similarity (Table 3). Furthermore, EnkB3, like its circu-
larin A (CirD) and uberolysin (UblD) counterparts, contains an
ATP-binding domain (Fig. 2). Open reading frame 5 (Orf5) and
Orf6 are homologues to the two-component regulatory system
constituents histidine kinases (HKs) and response regulators
(RRs), respectively. Orf5 contains a conserved domain that be-

FIG 1 Organization of the enkB biosynthetic locus and surrounding flanking regions in E. faecium NKR-5-3. The open arrows indicate the genes and their
orientations. The bent arrows show the putative promoter. The circles represent putative terminators. (A) Positions of the SacI-XbaI and PstI-SphI cloning
fragment units. (B) The deduced enkB translation product is shown with the cleavage site of the leader peptide, indicated by the arrow.
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longs to the HATPase_c superfamily, with up to 86% sequence
identity with putative HKs of various E. faecalis and E. faecium
strains, while Orf6 shares up to 31% sequence identity with RR
proteins from many E. faecalis strains.

Based on the result of the homology analysis, Orf7, Orf8, and
Orf9 most likely do not participate in the biosynthesis of EnkB.
Both Orf7 and Orf8 demonstrated up to 83% sequence identity

with the arsenic resistance protein complex in various bacteria,
such as E. faecalis, Listeria innocua, L. lactis, and Bacillus subtilis.
These proteins belong to the arsenical resistance-3 (ACR3) family
of arsenite efflux pumps that play a role in inorganic ion transport
and metabolism, whereas Orf9 showed 98% identity to arsenate
reductase proteins of some E. faecalis strains.

The Ent53B precursor peptide is an 87-amino-acid polypep-

TABLE 3 Characteristics of the putative genes in the enterocin NKR-5-3B gene cluster

ORFa Size (bp)

Deduced protein characteristic

Size (kDa) pI TMb Homologue(s) (% identity)c Putative function

orf7 711 26.0 8.97 6 Arsenic resistance protein (83)
orf8 1,083 39.6 9.53 10 Arsenic resistance protein complex (84)
orf9 408 15.0 4.59 0 Arsenate reductase (98)
enkB 261 8.7 10.49 0 CirA (20), UblA (30) Ent53B prepeptide
enkB1 1,185 45.9 10.31 10 CirB (17), UblB (17) Secretion/immunity
enkB2 519 21.6 9.40 6 CirC (12), UblC (21) Maturation
enkB3 591 22.1 5.08 0 CirD (26), UblD (29) Secretion/immunity
enkB4 498 18.6 9.79 5 CirE (41), UblE (18) Immunity
orf5 1,311 50.8 8.55 6 Histidine kinases (up to 86)
orf6 573 21.6 9.55 5 Response regulators (up to 31)
a ORF, open reading frame.
b TM, number of putative transmembrane helices, as predicted using the SOSUI prediction program.
c Homologues were identified using a BLAST search against the NCBI protein database or by direct comparison to proteins involved in known circular bacteriocin production.

FIG 2 Comparative alignment of EnkB3 and other ATP-binding proteins involved in the synthesis of other circular bacteriocins: enterocin AS-48 (AS-48D),
circularin A (CirD), and uberolysin (UblD). Identical residues and conserved regions are indicated by asterisks and periods, respectively. Gaps in residues are
indicated by dashes to improve alignment visualization. Walker A, Walker B, and ABC-transporter (ABC-trans.) signature conserved motifs are indicated
accordingly.
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tide encoded by enkB (Fig. 1B). It contains a long leader peptide
consisting of 23 amino acid residues, which is longer than a similar
leader peptide sequence in its circular bacteriocin homologues
circularin A (3 amino acids) and uberolysin (6 amino acids).

Genes responsible for the production and maturation of
Ent53B. In an effort to determine which genes in the enkB gene
cluster are involved in the production and maturation of Ent53B,
plasmids containing deletions of the individual genes enkB1,
enkB2, enkB3, and enkB4 were constructed using the wide-host-
range cloning vector pMG36c, which carries a powerful constitu-
tive lactococcal promoter, P32 (40). The production of the mature
circular bacteriocin Ent53B was observed only in E. faecalis and L.
lactis mutants harboring the pNK-B1234 plasmid, which ex-
pressed all five genes, enkB, enkB1, enkB2, enkB3, and enkB4, as
determined by the spot-on-lawn assay (Fig. 3A). This result sug-
gests that the production and secretion of the NKR-5-3B entero-
cin require the cooperative function of the products of all these
genes. It is noteworthy that the antimicrobial activity of E. faecium

NKR-5-3 (wild type [WT]) is higher than that of the heterologous
expression strain, since the WT strain produces other bacteriocins
in addition to the enterocin NKR-5-3B (34).

Complementation of the lacking gene using the nisin-induc-
ible plasmid pIL-Pnis enabled all the nonproducing recombinants
to produce the mature Ent53B bacteriocin in the presence but not
in the absence of the inducing factor nisin A (Fig. 3B). This result
also confirms that the production of the mature Ent53B bacterio-
cin requires the cooperative function of the proteins encoded by
these genes.

Self-immunity to Ent53B. In order to examine the self-immu-
nity mechanisms against the inhibitory action of Ent53B, various
combinations of the enkB gene cluster were cloned using pMG36c
as a cloning vector. The resulting recombinants were assayed for
their immunity to Ent53B. Only the clones expressing enkB4
(pNK-B1234, pNK-B4, pNK-B34, pNK-B24, pNK-B14, pNK-
B234, pNK-B134, and pNK-B124) and/or a combination of enkB1
and enkB3 plasmids (pNK-B13 and pNK-B123) showed immu-

FIG 3 Identification of genes responsible for the production and maturation of Ent53B. (A) Schematic representation of constructed plasmids and their
productivity of Ent53B. Each plasmid was cloned and expressed in E. faecalis (JH2-2) and L. lactis (ATCC 19435T, IL1403, and NZ9000) host strains. Bacteriocin
(Bac) production by E. faecium NKR-5-3 (WT) and E. faecalis JH2-2 mutants was also quantified in arbitrary units (AU) per milliliter. Ent53B production by each
mutant was visualized by the colony overlay assay using L. lactis ATCC 19435T as an indicator strain, and plus and minus signs indicate positive and negative
production, respectively (see also Fig. 4). (B) Schematic representation of complementation of deleted genes using the inducible pIL-Pnis plasmid. Ent53B
production (complementation) was visualized and denoted as described above.
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nity to the inhibitory action of Ent53B. E. faecalis JH2-2 is gener-
ally sensitive to Ent53B, with an MIC of 0.826 �M. The vector
control pMG36c strain showed no change in MIC relative to the
WT JH2-2 strain. However, the presence of enkB4 and/or a com-
bination of enkB1- and enkB3-expressing plasmids conferred
strong immunity to Ent53B, as was deduced from the 512-fold
and 256-fold increases in the corresponding MICs (Table 4). Re-
combinant strains, which expressed neither enkB4 nor a combi-
nation of enkB1 and enkB3, exhibited MICs comparable to those
seen in the control strains. The strains, which expressed only
enkB1 or enkB3, did not possess any immunity to Ent53B. This
suggests that the respective gene products, EnkB1 and EnkB3,
form a protein complex that can confer immunity to the host.

DISCUSSION

Ent53B is a novel circular bacteriocin recently isolated from E.
faecium NKR-5-3, a strain also known to produce several other
bacteriocins (33–35). Structural characterization and NMR three-
dimensional (3D) solution structure analysis of Ent53B revealed
the presence of a stable circular backbone with four helical seg-
ments, which enclose a tightly packed hydrophobic core (33). In
this study, we performed a genetic characterization of the E. fae-
cium NKR-5-3 bacteriocin cluster, which is responsible for the
production, secretion, maturation, and self-immunity of Ent53B.
Production of the mature circular Ent53B appears to require the
cooperative function of five genes, namely, enkB, enkB1, enkB2,
enkB3, and enkB4. When any of these five genes were absent, het-
erologous hosts did not produce the mature circular Ent53B,
whereas complementation of the missing gene restored their abil-
ity to synthesize this bacteriocin. Similar observations were made
in the case of the CirA bacteriocin, which coincidentally has a
genetic organization similar to that of Ent53B. Heterologous pro-

duction of the mature CirA was possible only when the host ex-
pressed all five genes, cirA to cirE (4). However, in the absence of
CirE, the immunity protein, CirA mutants failed to exhibit a phe-
notype (4), whereas it was relatively easy to observe a phenotype in
the recombinant pNK-B123 strain, which lacked Ent53B4 (Fig.
3A). Furthermore, the growth of pNK-B123 was comparable to
that of other recombinant strains (data not shown), which indi-
cated that the growth was not affected by stress and, therefore,
mature Ent53B was obviously not produced by this strain. Taken
together, these results suggest that protein products of genes enkB,
enkB1, enkB2, enkB3, and enkB4 form a protein complex that co-
operatively mediates Ent53B processing and its transport into the
extracellular space. It is still unclear, however, whether the cleav-
age of the leader peptide, the N- and C-terminal head-to-tail cir-
cularization, and secretion to the extracellular space are inter-
linked phenomena. In this regard, it was suggested recently that
the head-to-tail circularization and the secretion of leucocyclicin
Q are separate processes (41). In addition, it was reported recently
that the cleavage of the garvicin ML leader peptide and bacteriocin
circularization are separate processes, in which the bacteriocin
circularization precedes cleavage of the garvicin ML leader pep-
tide (42). It should be noted, however, that both leucocyclicin Q
and garvicin ML have short leader peptide sequences (only 2 and 3
amino acids long, respectively), whereas Ent53B has a longer (23-
amino-acid) leader peptide sequence. The role of the leader pep-
tide in the maturation (i.e., cleavage and posttranslational modi-
fication) and transport of bacteriocins has been well established
(43–46).

The structure of the enkB gene cluster is tightly organized: the
enkB and enkB1 genes have a 26-bp overlap. The control of trans-
lation of the majority of overlapped genes is usually coupled to the
translation of neighboring genes. During this process, known as
translation coupling, the terminating ribosomes may be able to
reinitiate at the start codon in the overlapping stop codon of an
upstream cistron (47, 48). It has been suggested that translation
coupling also mediates biosynthesis of CirA (4) and garvicin ML
(42).

A distinct feature of bacteriocin-producing strains is their abil-
ity to protect themselves from the antimicrobial action of their
own bacteriocins (5). In this study, we showed that at least two
independent mechanisms confer self-immunity against the anti-
microbial action of Ent53B. The first mechanism is the expression
of the EnkB4 protein. It contains at least 5 putative transmem-
brane helices and shares relatively high identity with CirE (41%)
and UblE (18%), which confer immunity to the circular bacterio-
cins circularin A and uberolysin, respectively. Similar to other
immunity-conferring proteins, EnkB4 is relatively small and has a
high isoelectric point. The second mechanism of self-immunity is
mediated by the coexpression of the protein products of the enkB1
and enkB3 genes. EnkB1 and EnkB3 most likely form an energy-
requiring ABC transporter protein complex. It is plausible that
within this complex, EnkB1 functions as a membrane-bound
transporter, while soluble EnkB3 provides the ATP-binding do-
main. We believe that the self-protection provided by these two
proteins is achieved by active pumping of bacteriocin molecules
out from the producing cells, although final confirmation of this
hypothesis needs further experimental verification. This kind of
mechanism has been described for the majority of bacteriocin
immunity ABC transporters (49), such as NisFEG of nisin (50)
and NukFEG of nukacin ISK-1 (51).

TABLE 4 Self-immunity of the recombinant strains expressing different
gene combinations to enterocin NKR-5-3B

Strain or relevant
plasmida MIC (�M)b Immunityc

E. faecalis JH2-2 0.826 �
pMG36c (vector control) 0.826 �
pNK-B 0.826 �
pNK-B4 �423 ��
pNK-B3 0.826 �
pNK-B2 1.652 �
pNK-B1 0.826 �
pNK-B34 �423 ��
pNK-B24 �423 ��
pNK-B23 0.826 �
pNK-B14 �423 ��
pNK-B13 211.5 �
pNK-B12 0.826 �
pNK-B234 �423 ��
pNK-B134 �423 ��
pNK-B124 �423 ��
pNK-B123 211.5 �
pNK-B1234 �423 ��
a E. faecalis JH2-2 was used as a host strain. Strains carrying the indicated plasmids were
assayed as described in Materials and Methods.
b MIC for the indicated strain or the strain expressing the indicated plasmid. The
highest concentration of Ent53B used was 423 �M.
c ��, �, and � represent strong immunity, moderate immunity, and no immunity,
respectively.
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The cooperative nature of EnkB1 and EnkB3 in providing im-
munity supports the above-mentioned suggestion that these bio-
synthetic enzymes form a protein complex. Furthermore, proteins
conferring immunity to most bacteriocins usually do not play a
role in their biosynthesis (1, 9, 11). However, as we discuss
above, EnkB4 affects Ent53B maturation, which is a relatively
quick process because the precursor peptide is highly susceptible
to protease digestion. Notably, we did not observe any intracellu-
lar accumulation of the Ent53B precursor in recombinant strains,
which failed to produce Ent53B. In our opinion, this observation
supports the notion that biosynthetic enzymes form a protein
complex. Otherwise, the precursor peptide would be digested be-
fore it could be processed to yield the mature bacteriocin mole-
cule.

These two mechanisms of self-protection were also observed in
the case of the CirA bacteriocin, in which immunity was conferred
by both a dedicated immunity protein (CirE) and an ABC trans-
porter protein complex (CirBD) (4). It should be noted that the
Ent53B and CirA proteins share 20% sequence identity, so it is not
surprising that the organization of genetic determinants also
shows high similarity. This led us to think that CirA genetic deter-
minants might also mediate the processing of Ent53B and vice
versa. After all, immunity determinants of class IIa bacteriocins
confer cross-immunity to their cognate bacteriocins (52, 53). Un-
fortunately, our experimental results did not support this hypoth-
esis. The immunity-conferring components of Ent53B did not
protect respective Ent53B-producing recombinant strains against
the antimicrobial action of CirA after treatment with the cell-free
supernatant from a CirA producer strain (data not shown). Fur-
thermore, the genetic determinants of Ent53B did not produce
mature CirA when enkB was replaced with the CirA structural
gene (data not shown). These results highlight the fact that our
understanding of the regulation and functions of antibiotic pro-
teins from the circular bacteriocin family is still very limited.

Successful heterologous expression of the circular bacteriocins
AS-48 (54), CirA (4), gassericin A (55), and carnocyclin A (56) has
already been reported. However, heterologous expression of these
circular bacteriocins was successful only in the same host or when
limited to host species of same genus. The full expression of AS-48
was achieved only in hosts belonging to the genus Enterococcus
(54), whereas the heterologous expression of CirA was possible
only in E. faecalis, not in L. lactis, despite many attempts (4). Here,
we report the successful establishment of a heterologous expres-
sion system of Ent53B in host strains belonging to different genera
(Enterococcus and Lactococcus) (Fig. 4). This result rules out the
possibility of some machinery specific only to the Enterococcus
genus for the maturation and secretion of Ent53B. Furthermore,
this result underlines the cooperative function of protein products
of the enkB, enkB1, enkB2, enkB3, and enkB4 genes to produce the
mature circular Ent53B. This result has a very important practical
implication, since some enterococcal strains are opportunistic
pathogens, whereas other strains carry multiple antibiotic resis-
tance genes and exhibit some virulent traits (57–59). Our data will
help widen the future applicability of Ent53B in the food fermen-
tation process. This can be achieved by cloning the enkB biosyn-
thetic gene cluster into host strains devoid of possible potential
virulence factors or pathogenic traits. Such strains could subse-
quently be used as defined starter, adjunct, or protective culture in
food fermentation processes.

In conclusion, in the present study, we identified genes re-

quired for the production of the Ent53B bacteriocin and genes
involved in two mechanisms of bacterial self-protection against
Ent53B. We also successfully expressed Ent53B in different heter-
ologous host strains. Our results open new possibilities for the use
of Ent53B in the food industry.
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