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Replacement  of  the  leader  sequence  (LS)  of the  bacteriocin  enterocin  A  (LSentA) by the  signal  peptides  (SP)
of the  protein  Usp45  (SPusp45),  and  the  bacteriocins  enterocin  P (SPentP),  and  hiracin  JM79  (SPhirJM79) per-
mits  the  production,  secretion,  and  functional  expression  of  EntA  by  different  lactic  acid  bacteria  (LAB).
Chimeric  genes  encoding  the  SPusp45, the  SPentP, and  the  SPhirJM79 fused  to mature  EntA  plus  the EntA
immunity  genes  (entA  +  entiA)  were  cloned  into  the  expression  vectors  pNZ8048  and  pMSP3545,  under
control  of the  inducible  PnisA promoter,  and  in  pMG36c,  under  control  of  the  constitutive  P32 promoter.
The  amount,  antimicrobial  activity,  and  specific  antimicrobial  activity  of the  EntA  produced  by the recom-
nterocin A
eterologous production
ec-dependent secretion
actic acid bacteria (LAB)

binant  Lactococcus  lactis,  Enterococcus  faecium,  E. faecalis,  Lactobacillus  sakei  and  Pediococcus  acidilactici
hosts  varied  depending  on  the  signal  peptide,  the  expression  vector,  and the  host  strain.  However,  the
antimicrobial  activity  and  the  specific  antimicrobial  activity  of  the  EntA  produced  by most  of  the LAB
transformants  was  lower  than  expected  from  their  production.  The  supernatants  of  the  recombinant  L.
lactis  NZ9000  (pNZUAI)  and  L.  lactis  NZ9000  (pNZHAI),  overproducers  of  EntA,  showed  a  1.2-  to  5.1-fold
higher  antimicrobial  activity  than  that of  the  natural  producer  E.  faecium  T136  against  different  Listeria

spp.

. Introduction

Ribosomally synthesized antimicrobial peptides are produced
y many organisms, including mammals, birds, insects, plants, and
icroorganisms. In bacteria, such peptides are termed bacteriocins

Cotter et al., 2005), and those produced by lactic acid bacteria
LAB) attract considerable interest as natural and nontoxic food
reservatives, for human and veterinary applications, and in the
nimal production field (Gálvez et al., 2008; Klostermann et al.,
008; Khan et al., 2010; Borrero et al., 2011a).  The enterococci
re among the dominant LAB in the intestinal flora of mammals
nd part of the food microbiota and produce a diverse and het-
rogeneous group of bacteriocins, called enterocins with different

ntimicrobial spectra, biochemical characteristics, and processing
nd secretion mechanisms (Franz et al., 2007; Nes et al., 2007).
owever, because enterocins may  be produced by enterococcal

pecies carrying antibiotic resistance genes and/or genes coding

∗ Corresponding author at: Departamento de Nutrición, Bromatología y Tec-
ología de los Alimentos, Facultad de Veterinaria, Universidad Complutense de
adrid (UCM), Avenida Puerta de Hierro, s/n, 28040 Madrid, Spain.
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oi:10.1016/j.jbiotec.2011.07.038
© 2011 Elsevier B.V. All rights reserved.

for potential virulence factors due to hygienic, safety, and biotech-
nological reasons, the production of enterocins in heterologous
microbial hosts is being evaluated (Gutiérrez et al., 2006; Fernández
et al., 2007; Sánchez et al., 2008; Borrero et al., 2011b).

Most bacteriocins produced by LAB are synthesized as biologi-
cally inactive precursors or prepeptides containing an N-terminal
extension of the so-called double-glycine type (leader sequence)
and are cleaved concomitantly with export across the cytoplas-
mic  membrane by dedicated ATP-binding cassette transporters
(ABC-transporters) and their accessory proteins (Håvarstein et al.,
1995). However, many secreted prokaryotic proteins and a few
bacteriocins, such as enterocin P (Cintas et al., 1997) and hiracin
JM79 (Sánchez et al., 2007b), contain N-terminal extensions of
the so-called Sec-type (signal peptide) which are proteolytically
cleaved concomitantly with peptide externalization by the gen-
eral secretory pathway (GSP) or Sec-dependent pathway. The Sec
system is a universally conserved protein export system that
translocates unfolded proteins across the cell membrane via a
protein-conducting pore formed by the SecYEG complex and a

molecular motor, the ATPase SecA. Secretory proteins are equipped
with an N-terminal signal peptide (SP) that functions as a target and
recognition signal for signal peptidases that remove the SP from
the translocated protein, resulting in the extracellular release of
the mature protein or peptide (Driessen and Nouwen, 2007; Natale
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t al., 2008). Accordingly, the N-terminal SP of secretory proteins
ould drive the access of the fused mature proteins or peptides to
he GSP for their secretion by the heterologous producer cells.

Enterocin A (EntA) is a heat-stable, antilisterial bacteriocin with
wo disulfide bridges, and whose synthesis is directed by a gene
assette that encodes the entAIFKRTD operon. The genes entA, entI,
nd entF encode the enterocin A prepeptide synthesized as an
8-amino-acid leader sequence (LSentA) and the 47-amino-acid
ature bacteriocin, the immunity protein, and the induction fac-

or prepeptide, respectively. The EntK and EntR proteins resemble
he histidine kinase and response regulator proteins of the two-
omponent signal transducing systems, and the EntT and EntD
roteins are homologous to ABC-transporters and accessory fac-
ors involved in the processing and secretion of peptides across
he bacterial membrane (Aymerich et al., 1996; Nilsen et al., 1998;
’Keefee et al., 1999). Furthermore, the potent antilisterial activ-

ty of EntA has driven interest for its biotechnological production
y heterologous hosts (O’Keefee et al., 1999; Martínez et al., 2000;
locke et al., 2005; Liu et al., 2008), and replacement of the leader
equence of EntA (LSentA) by the signal peptide of enterocin P
SPentP) permits the production and functional expression of EntA
y Lactococcus lactis (Martín et al., 2007a).

In this work, of interest was to evaluate the replacement of the
SentA by different signal peptides and to determine their effect
n the production, secretion, and functional expression of EntA
sing different protein expression vectors and LAB hosts. The usp45
ene encodes the major extracellular protein Usp45 from L. lactis
G1363 and chimeras of the 27-amino-acid Usp45 signal peptide

SPusp45), fused to mature proteins, have been used to drive their
roduction by L. lactis (Mierau and Kleerebezem, 2005; Morello

t al., 2008). The entP gene encodes the bacteriocin enterocin P
EntP), consisting of a 27-amino-acid SP (SPentP) and the 44-amino-
cid mature bacteriocin (Cintas et al., 1997), and chimeras of the
PentP fused to mature EntA or pediocin PA-1 (PedA-1), have driven
heir production by L. lactis (Martín et al., 2007a,b). The hirJM79

able 1
acterial strains and plasmid used in this study.

Strains or plasmids Descriptiona

Strains
E. faecium

T136 Enterocin A and B producer; control strain
P13  Enterocin P producer; MPA  and ADT indicator; En
AR24 Plasmid-free strain, non bacteriocin producer; En
DCH37 Plasmid free strain„ EntL50A, EntL50B, EntQ and 

E.  faecalis JH2-2 Plasmid-free strain, non bacteriocin producer; En
E.  hirae DCH5 Hiracin JM79 producer 

L.  lactis subsp. cremoris MG1363 Plasmid-free strain, derivative of NCDO712; sour
L.  lactis subsp. cremoris NZ9000 Plasmid-free strain, derivative of MG1363; pepN:
L.  lactis subsp. lactis IL1403 Plasmid-free strain, derivative of IL594, non bacte
Lb.  sakei Lb790 Plasmid-free strain, non-bacteriocin producer; En
P.  acidilactici Ped− Plasmid-free strain, P. acidilactici 347 isogenic str

Plasmids
pNZ8048 Cmr; inducible expression vector carrying the nis
pMSP3545 Emr; inducible expression vector carrying the nis
pMG36c Cmr, pMG36e derivative 

pNZUAI Cmr, pNZ8048 derivative carrying the PCR produ
pNZPAI Cmr, pNZ8048 derivative carrying the PCR produ
pNZHAI Cmr, pNZ8048 derivative carrying the PCR produ
pMSUAI Emr, pMSP3545 derivative carrying the PCR prod
pMSPAI Emr, pMSP3545 derivative carrying the PCR prod
pMSHAI Emr, pMSP3545 derivative carrying the PCR prod
pMGUAI Cmr, pMG36c derivative carrying the PCR produc
pMGPAI Cmr, pMG36c derivative carrying the PCR produc
pMGHAI Cmr, pMG36c derivative carrying the PCR produc

a EntAs, enterocin A sensitive; EntAr, enterocin A resistant; Cmr, choramphenicol resist
b HRC, Departamento de Microbiología, Hospital Universitario Ramón y Cajal (Madri
limentos, Facultad de Veterinaria, Universidad Complutense de Madrid (Madrid, Spain)
iophysical Chemistry, NIZO Food Research (Ede, The Netherlands); RUG-MG, Departmen
hnology 156 (2011) 76– 86 77

gene encodes the bacteriocin hiracin JM79 (HirJM79), consisting of
a 30-amino-acid SP (SPhirJM79) and the 44-amino-acid mature bac-
teriocin (Sánchez et al., 2007b).  We report in this work the use of
chimeras of the SPusp45, SPentP, and SPhirJM79 fused to the mature
EntA structural plus immunity genes (entA + entiA), their cloning
into the expression vectors pNZ8048, pMSP3545, and pMG36c and
the use of derivatives of L. lactis subsp. lactis, L. lactis subsp. cremoris,
Enterococcus faecium, E. faecalis, Lactobacillus sakei and Pediococcus
acidilactici as the production hosts.

2. Materials and methods

2.1. Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed
in Table 1. E. faecium T136 was used as the source of entA and
entiA, whereas L. lactis MG1363, E. faecium P13, and E. hirae DCH5
were used as the source of the Usp45 signal peptide (SPusp45),
the EntP signal peptide (SPentP), and the HirJM79 signal peptide
(SPhirJM79), respectively. The lactococcal strains were propagated
at 32 ◦C in M17  broth (Oxoid Ltd., Basingstoke, UK) supplemented
with 0.5% (w/v) glucose (GM17). All the enterococci, Lb. sakei Lb790,
and P. acidilactici Ped− were grown in MRS  broth (Oxoid) at 32 ◦C.
Escherichia coli JM109 (Invitrogen S.A., Barcelona, Spain) was  grown
in LB broth (Sigma Chemical Co., St. Louis, MO,  USA) at 37 ◦C with
shaking. All Listeria strains, listed in Table 5, were cultured in BHI
broth (Oxoid) at 32 ◦C. Agar plates were made by addition of 1.5%
(w/v) agar (Oxoid) to the liquid media. When needed, chloram-

phenicol (Cm) (Sigma) was  added to the cultures at 5 �g/ml, and
erythromycin (Em) (Sigma) at 350 �g/ml and 5 �g/ml for E. coli
JM109 and the LAB cultures, respectively. Cell dry weights of late
exponential phase cultures expressed as cell dry mass were deter-
mined gravimetrically.

Source and/or referenceb

DNBTA (Casaus et al., 1997)
tAs DNBTA (Cintas et al., 1997)
tAs HRC
EntP producer; EntAs DNBTA (Sánchez et al., 2007)
tAs Jacob and Hobbs (1974)

DNBTA (Sánchez et al., 2007a)
ce of usp45 IFR (Gasson, 1983)
:nisRK, non bacteriocin producer; EntAr NIZO (Kuipers et al., 1998)
riocin producer; EntAr Chopin et al. (1984)
tAs Schillinger and Lucke (1989)

ain; non bacteriocin producer; EntAr DNBTA (Martínez et al., 1998)

A promoter NIZO (Kuipers et al., 1998)
A promoter and the nisR and nisK genes Bryan et al. (2000)

RUG-MG (van de Guchte et al., 1989)
ct NZUAI, containing the SPusp45 This work
ct NZPAI, containing the SPentP This work
ct NZHAI, containing the SPhirJM79 This work
uct MSUAI, containing the SPusp45 This work
uct MSPAI, containing the SPentP This work
uct MSHAI, containing the SPhirJM79 This work
t MGUAI, containing the SPusp45 This work
t MGPAI, containing the SPentP This work
t MGHAI, containing the SPhirJM79 This work

ant; Emr, erythromycin resistant.
d, Spain); DNBTA, Departamento de Nutrición, Bromatología y Tecnología de los
; IFR, Institute of Food Research (Norwich, United Kingdom); NIZO, Department of
t of Molecular Genetics, University of Groningen (Haren, The Netherlands).
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.2. Antimicrobial activity assays

The antimicrobial activity of individual colonies was  examined
y the stab-on-agar test (SOAT), as previously described (Cintas
t al., 1997). Recombinant LAB cultures, transformed with either
NZ8048 or pMSP3545 derivatives, were induced for production of
ntA at an optical density at 600 nm (OD600) of 0.5, using nisin A
NisA) from the supernatant of L. lactis BB24 (NisA producer) at a
nal concentration of 10 ng/ml. The induced cultures were grown
t 32 ◦C during 3 h. Cell-free culture supernatants were obtained by
entrifugation of cultures at 12,000 × g at 4 ◦C for 10 min, adjusted
o pH 6.2 with 1 M NaOH, filtered through 0.2 �m pore-size fil-
ers (Whatman Int. Ltd., Maidstone, UK), and stored at −20 ◦C until
se. The antimicrobial activity of the supernatants was  examined
y an agar well diffusion test (ADT) and a microtiter plate assay
MPA), as previously described (Gutiérrez et al., 2006), using E. fae-
ium P13 (EntAs) as the indicator microorganism. With the MPA,
rowth inhibition of the sensitive culture was measured spec-
rophotometrically at 620 nm with a microtitre Labsystems iEMS
late reader (Labsystems, Helsinki, Finland). One bacteriocin unit
BU) was defined as the reciprocal of the highest dilution of the
acteriocin causing 50% growth inhibition (50% of the turbidity of
he control culture without bacteriocin). The antimicrobial activity
f some of the recombinant LAB was also tested against six Liste-
ia monocytogenes and five Listeria spp., obtained from the CECT
Colección Española de Cultivos Tipo, Valencia, Spain), using the

PA.

.3. Basic genetic techniques and enzymes

Total genomic DNA from E. faecium T136, L. lactis MG1363, E.
aecium P13 and E. hirae DCH5 was isolated using the Wizard®

NA Purification Kit (Promega, Madison, WI,  USA). Plasmid DNA
solation was carried out using the QIAprep Spin Miniprep Kit (QIA-
EN, Hilden, Germany), as suggested by the manufacturer, but with

he cells suspended with lysozyme (40 mg/ml) and mutanolysin
500 U/ml) and incubated at 37 ◦C for 10 min  before following
he kit instructions. All DNA restriction enzymes were supplied
y New England BioLabs (Beverly, MA,  USA). Ligations were per-
ormed with the T4 DNA ligase (Roche Molecular Biochemicals,

annheim, Germany). E. coli JM109 competent cells were trans-
ormed as described by the supplier. Electrocompetent LAB cells
ere transformed with a Gene PulserTM and Pulse Controller

pparatus (Bio-Rad Laboratories, Hercules, CA, USA) as described
reviously (Aukrust et al., 1995; Holo and Nes, 1989).

.4. PCR amplification and nucleotide sequencing

Oligonucleotide primers were obtained from Sigma-Genosys
td., (Cambridge, UK). PCR-amplifications were performed in 50 �l
eaction mixtures containing 1 �l of purified DNA, 70 pmol of each
rimer, and 1 U of Platinum® Pfx DNA Polymerase (Invitrogen S.A.,
arcelona, Spain). Samples were subjected to an initial cycle of
enaturation (97 ◦C for 2 min), followed by 35 cycles of denatu-
ation (94 ◦C for 45 s), annealing (50–63 ◦C for 30 s), and elongation
68 ◦C for 40 s), ending with a final extension step at 68 ◦C for 7 min
n a DNA thermal cycler Techgene (Techne, Cambridge, UK). The
CR-generated fragments were purified by a NucleoSpin® Extract
I Kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany) before
loning into the vector, and for nucleotide sequencing. Nucleotide

equencing of purified PCR products was done using the ABI
RISM® BigDyeTM Terminator cycle sequence reaction kit and the
utomatic DNA sequencer ABI PRISM, model 377 (Applied Biosys-
ems, Foster City, CA, USA) at the DNA Sequencing Service (Sistemas
enómicos, Valencia, Spain).
hnology 156 (2011) 76– 86

2.5. Recombinant plasmids derived from pNZ8048

The primers and inserts used for construction of the recom-
binant plasmids are listed in Table 2. Plasmid derivatives were
constructed as follows: primers USPNC-F/USPEA-R were used for
PCR-amplification from total genomic DNA of L. lactis MG1363 of
a 127-bp NcoI fragment (NZU) containing the signal peptide of the
Usp45 protein (SPUsp45) and the N-terminal nucleotide sequence
of the mature EntA structural gene (entA). Primers EPNC-F/PPIA-
R were used for PCR-amplification from total genomic DNA of E.
faecium P13 of a 127-bp NcoI fragment (NZP) containing the signal
peptide of the EntP protein (SPEntP) and the N-terminal nucleotide
sequence of the mature entA structural gene. Primers HNZNC-
F/EAPSH-R were used for PCR-amplification from total genomic
DNA of E. hirae DCH5 of a 135-bp NcoI fragment (NZH) contain-
ing the signal peptide of the HirJM79 protein (SPHirJM79) and the
N-terminal nucleotide sequence of the mature entA structural gene.
Primers ENTAM-F and LAMI-R were used for PCR-amplification
from total genomic DNA of E. faecium T136 of a 467-bp HindIII
fragment (AI) containing the mature entA structural gene with
the immunity gene (entiA). Mixtures of fragments NZU and AI, of
fragments NZP and AI, and that of fragments NZH and AI were
used as templates to amplify by PCR two 567-bp NcoI–HindIII frag-
ments (NZUAI and NZPAI), and a 575-bp NcoI–HindIII fragment
(NZHAI) using the primer pairs USPNC-F/LAMI-R, EPNC-F/LAMI-R
and HNZNC-F/LAMI-R, respectively. Fragments NZUAI, NZPAI and
NZHAI were digested with the indicated restriction enzymes and
inserted into pNZ8048, digested with the same enzymes. The liga-
tion mixtures were used to transform L. lactis NZ9000 competent
cells. The plasmid derivatives pNZUAI, pNZPAI and pNZHAI, respec-
tively, were checked by bacteriogenicity tests, PCR and sequencing
of the inserts.

2.6. Recombinant plasmids derived from pMSP3545

To construct the recombinant plasmids derived from pMSP3545,
the purified pNZUAI, pNZPAI and pNZHAI vectors were used as
the PCR targets with the primer pairs USPNC-F/EAXBAI-R, EPNC-
F/EAXBAI-R and HNZNC-F/EAXBAI-R, respectively, for generation of
two  567-bp fragments (MSUAI and MSPAI), and a 575-bp fragment
(MSHAI). The purified inserts were digested with the NcoI–XbaI
restriction enzymes and inserted into vector pMSP3545, previously
digested with the same enzymes, and the ligation mixtures were
used to transform L. lactis NZ9000, L. lactis IL1403, E. faecium AR24,
E. faecalis JH2-2, Lb. sakei Lb790 and P. acidilactici Ped− compe-
tent cells. The plasmid derivatives pMSUAI, pMSPAI and pMSHAI,
were checked by bacteriogenicity tests, PCR and sequencing of the
inserts.

2.7. Recombinant plasmids derived from pMG36c

To construct the recombinant plasmids derived from pMG36c,
the purified pNZUAI, pNZPAI and pNZHAI plasmids were used,
respectively, as the PCR targets with the primer pairs USP-F/LAMI-
R, LJ1-F/LAMI-R and HPJ-F/LAMI-R, for generation of two 585-bp
fragment (MGUAI and MGPAI), and a 593-bp fragment (MGHAI),
all containing the P32 ribosome binding site (RBS). The purified
inserts were digested with the SacI–HindIII restriction enzymes and
inserted into plasmid pMG36c, previously digested with the same
enzymes, and the ligation mixtures were used to transform L. lactis

NZ9000, L. lactis IL1403, E. faecium AR24, E. faecalis JH2-2, L. sakei
Lb790, P. acidilactici Ped−, E. faecium DCH37, and E. faecium T136
competent cells. The plasmid derivatives pMGUAI, pMGPAI and
pMGHAI, were checked by bacteriogenicity tests, PCR and sequenc-
ing of the inserts.
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Table 2
Primers and PCR products used in this study.

Primers or
PCR products

Nucleotide sequence (5′–3′) or descriptiona Amplification fragments

Primers
ENTAM-F ACCACTCATAGTGGAAAATATTATGGAAATGG AI
LAMI-R ATAAGTTAAGCTTGTATTAAAATTGAGATTTATCTCCATAATCTGCTCG AI, NZUAI, NZPAI, NZHAI, MGUAI,

MGPAI, MGHAI
EAXBAI-R ATAAGTTTCTAGATATTTAAAATTGAGATTTATCTCCATAATCTGC MSUAI, MSPAI, MSHAI
USPNC-F GAATTCTCACCATGGGAAAAAAAAAGATTATCTCAGCTATTTTAATGTCTAC NZU, NZUAI, MSUAI
USPEA-R CCATTTCCATAATATTTTCCAGTATGAGTGGTAGCGTAAACACCTGACAACGGG NZU
EPNC-F GAATTCTCACCATGGGAAGAAAAAAATTATTTAGTTTAGCTCTTATTGG NZP, NZPAI, MSPAI
PPIA-R TCCATAATATTTTCCAGTATGAGTGGTTGCATCAACTTTTGTACCAAAATTTGTC NZP
HNZNC-F GAATTCTCACCATGGGAAAAAAGAAAGTATTAAAACATTGTGTTATTCTAGG NZH, NZHAI, MSHAI
EAPSH-R TCCATAATATTTTCCACTATGAGTGGTTGCATCAACTTTTATTCCTGTACCG NZH
USP-F CATAGAGCTCTCTAAGGAGGATTTTTGAAATGAAAAAAAAGATTATCTCAGCTAT MGUAI
LJ1-F AATTATAGAGCTCTCGGAGGAATTTTGAAATGAGAAAAAAATTATTTAGTTTAGC MGPAI
HPJ-F CATAGAGCTCTGTAAGGAGGATTTTTGAAATGAAAAAGAAAGTATTAAAACATTG MGHAI

PCR  products
AI 467-bp HindIII fragment containing the mature enterocin A (entA) and immunity (entiA) genes
NZU 127-pb NcoI fragment containing the usp45 signal peptide (SPusp45) and the beginning of entA
NZP  127-pb NcoI fragment containing the entP signal peptide (SPentP) and the beginning of entA
NZH 135-pb NcoI fragment containing the hirJM79 signal peptide (SPhirJM79) and the beginning of entA
NZUAI 567-bp NcoI/HindIII fragment containing the SPusp45 fused to entA and entiA
NZPAI 567-bp NcoI/HindIII fragment containing the SPentP fused to entA and entiA
NZHAI 575-bp NcoI/HindIII fragment containing the SPhirJM79 fused to entA and entiA
MSUAI 567-bp NcoI/XbaI fragment containing the SPusp45 fused to entA and entiA
MSPAI 567-bp NcoI/XbaI fragment containing the SPentP fused to entA and entiA
MSHAI 575-bp NcoI/XbaI fragment containing the SPhirJM79 fused to entA and entiA

ng sit
ng sit
ng sit
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MGUAI 585-bp SacI/HindIII fragment containing the P32 ribosome bindi
MGPAI 585-bp SacI/HindIII fragment containing the P32 ribosome bindi
MGHAI 593-bp SacI/HindIII fragment containing the P32 ribosome bindi

a Cleavage site for restriction enzymes is underlined in the primers; P32 ribosome

.8. Production of specific anti-EntA polyclonal antibodies and
LISA

The peptide fragment EAJB (NH2-GGFLGGAIPGKC-COOH),
educed from the C-terminal amino acid sequence of EntA, was
elected as the antigen for the generation of antibodies of pre-
etermined specificity against EntA. The synthetic peptide EAJB
as synthesized by Invitrogen Ltd. (Paisley, Scotland, UK), with

 peptide purity of >95%. The peptide EAJB was  conjugated to
he keyhole limpet hemocyanin (KLH) carrier protein as an EAJB-
LH conjugate, 1:2 (w/w), using the components of an inject
aleimide-activated mariculture KLH kit (Perbio Science, Rock-

ord, IL) for use as the immunogen. Rabbits (New Zealand White
emales) were immunized with EAJB-KLH, as described previ-
usly (Gutiérrez et al., 2004). Serum was obtained from blood
amples incubated overnight at 4 ◦C, centrifuged at 1000 × g at
oom temperature for 15 min, and stored at −20 ◦C until use. The
nzyme-linked immunosorbent assay (ELISA) procedures for deter-
ination of antiserum specificity and sensitivity were performed

s described previously (Martínez et al., 1998; Gutiérrez et al.,
004). A noncompetitive indirect ELISA (NCI-ELISA) was developed
o detect and quantify EntA in the supernatant of the producer
ells. Briefly, wells of flat-bottom polystyrene microtitre plates
Maxisorp, Nunc, Roskilde, Denmark) were coated overnight (4 ◦C)
ith supernatants from E. faecium T136 or the recombinant LAB
osts. After addition of the anti-EntAJB-KLH serum and the goat
nti-rabbit immunoglobulin G peroxidase conjugate (Cappel Labo-
atories, West Chester, PA, USA), bound peroxidase was determined
ith ABTS (2,2′-azino-bis[3-ethylbenzthiazoline-6-sulfonic acid])

Sigma) as the substrate by measuring the absorbance of the wells at
05 nm with a Labsystems iEMS reader (Labsystems) with a built-in
oftware package for data analysis.
.9. Purification of EntA and mass spectrometry analysis

EntA was purified from E. faecium T136 and L. lactis NZ9000
ransformed with pNZUAI, pNZPAI and pNZHAI as previously
e and the SPusp45 fused to entA and entiA
e and the SPentP fused to entA and entiA
e and the SPhirJM79 fused to entA and entiA

ing site is shown in bold.

described (Gutiérrez et al., 2006; Sánchez et al., 2008). Briefly,
supernatants from early stationary phase 1-l cultures were sub-
jected to precipitation with ammonium sulfate, desalted by
gel filtration, and further subjected to cation-exchange and
hydrophobic-interaction chromatography, followed by reverse-
phase chromatography in a fast-protein liquid chromatography
system (RP-FPLC) (Amersham Biosciences Europe, Madrid, Spain).
Final concentrations of purified EntA were estimated using the
extinction coefficient of the bacteriocin (an A280 of 2.1 corresponds
to 1 mg/ml  of EntA) and the NCI-ELISA. Purified fractions from the
last reverse-phase chromatography step were subjected to matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrometry, as described (Gutiérrez et al., 2006). Briefly,
1 �l sample was spotted onto a MALDI target plate and allowed to
air-dry at room temperature. Then, 0.4 ml  of a 3 mg/ml �-cyano-
4-hydroxy-transcinnamic acid matrix (Sigma) in 50% acetonitrile
was  added to the dried sample, which was allowed again to air-
dry at room temperature. MALDI-TOF analyses were performed in
a Voyager-DE STR Instrument (PerSeptive Biosystems, Foster City,
CA, USA) fitted with a nitrogen laser and operated in reflector mode,
with an accelerating voltage of 25,000 V.

3. Results

3.1. Construction of the recombinant plasmids for production of
EntA

Cloning of chimeras containing the SPusp45, the SPentP, and the
SPhirJM79 fused to mature entA + entiA into the expression vectors
pNZ8048, pMS3545, and pMG36c resulted in the recombinant plas-
mids described in Tables 3 and 4.
3.2. Heterologous production and functional expression of EntA
by different LAB strains

When derivatives of plasmid pNZ8048 were used to trans-
form L. lactis subsp. cremoris NZ9000, and derivatives of pMSP3545
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Table 3
Bacteriocin production and antimicrobial activity of supernatants from recombinant LAB strains transformed with derivatives of pNZ8048 and pMSP3545.

Strain Bacteriocin production (�g
EntA/mg cell dry weight)a

Antimicrobial activity
(BU/mg cell dry weight)b

Specific antimicrobial
activity (BU/�g EntA)c

L. lactis subsp. cremoris
NZ9000 (pNZ8048) NP NA NE
NZ9000 (pNZUAI) 35.2 3,527 100
NZ9000 (pNZPAI) 16.7 701 42
NZ9000 (pNZHAI) 32.4 4,775 147

L.  lactis subsp. cremoris
NZ9000 (pMSP3545) NP 21 NE
NZ9000 (pMSUAI) 6.4 726 220
NZ9000 (pMSPAI) 6.1 829 136
NZ9000 (pMSHAI) 6.5 875 134

L.  lactis subsp. lactis
IL1403 (pMSP3545) NP 22 NE
IL1403 (pMSUAI) 6.5 822 126
IL1403 (pMSPAI) 6.3 793 126
IL1403 (pMSHAI) 10.1 1,297 129

E.  faecium
AR24 (pMSP3545) NP 35 NE
AR24 (pMSUAI) 1.7 117 69
AR24  (pMSPAI) 1.6 160 100
AR24  (pMSHAI) 1.8 124 69

E.  faecalis
JH2-2 (pMSP3545) NP 33 NE
JH2-2 (pMSUAI) 1.5 60 40
JH2-2  (pMSPAI) 1.6 602 376
JH2-2  (pMSHAI) 1.5 243 162

Lb.  sakei
Lb790 (pMSP3545) NP 33 NE
Lb790  (pMSUAI) 6.8 202 29
Lb790  (pMSPAI) 4.8 89 19
Lb790 (pMSHAI) 4.9 113 23

P.  acidilactici
Ped− (pMSP3545) NP 36 NE
Ped− (pMSUAI) 1.8 77 43
Ped− (pMSPAI) 1.9 241 127
Ped− (pMSHAI) 1.9 304 160

E.  faeciumd

T136 1.9 721 379

Most of the data are mean from two  independent determinations in triplicate.
NP, no production, NA, no activity, NE, not evaluable.

a Production of EntA was calculated by using a NCI-ELISA with polyclonal antibodies specific for EntA.
b Antimicrobial activity was calculated against E. faecium P13 (EntAs).
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nd pMG36c were used to transform the L. lactis subsp. cremoris
Z9000, L. lactis subsp. lactis IL1403, E. faecium AR24, E. faecalis JH2-
, Lb. sakei Lb790 and P. acidilactici Ped− hosts, the supernatants of
ll the recombinant strains showed antagonistic activity against the
ndicator strain E. faecium P13 (Fig. 1). The largest halos of inhi-
ition were observed with L. lactis NZ9000 and L. lactis IL1403,
ransformed with derivatives of pNZ8048 and pMSP3545 whose
romoters are inducible by NisA (Fig. 1A). Smaller but variable halos
f inhibition were observed by supernatants of E. faecium AR24, E.
aecalis JH2-2, Lb. sakei Lb790, and P. acidilactici Ped− hosts, trans-
ormed with derivatives of pMSP3545 (Fig. 1A). Halos of inhibition
f variable size were also observed by the recombinant LAB trans-
ormed with derivatives of pMG36c with chimeras of the different
ignal secretion sequences fused to entA + entiA under control of a
onstitutive promoter (Fig. 1B).

The production and functional expression of the EntA produced
y the recombinant LAB hosts was further quantified using spe-
ific anti-EntA antibodies in an NCI-ELISA, and by a microtitre plate

ssay (MPA). The results of Table 3 show that the heterologous
xtracellular production of EntA by L. lactis NZ9000, transformed
ith the pNZ8048 derivatives, was 8.7- to 18.5-fold higher than

hat of E. faecium T136. Furthermore, L. lactis NZ9000 (pNZUAI)
nd L. lactis NZ9000 (pNZHAI) showed a higher production of EntA
 divided by the EntA produced.
ty of EntA.

than L. lactis NZ9000 (pNZPAI). The production of EntA by L. lactis
NZ9000, L. lactis IL1403, and Lb. sakei Lb790, transformed with the
pMSP3545 derivatives, was  2.5- to 5.3-fold higher than by E. fae-
cium T136, whereas the production of EntA by the E. faecium AR24,
E. faecalis JH2-2, and P. acidilactici Ped− hosts, transformed with the
former vectors, was  similar (0.8- to 1.0-fold) to that of E. faecium
T136. Finally, the production of EntA by the recombinant L. lactis
NZ9000, L. lactis IL1403, and Lb. sakei Lb790 strains, transformed
with the pMG36c derivatives, was  1.5- to 5.7-fold higher than the
production of EntA by E. faecium T136. For the above cited L. lactis
NZ9000 transformants the production of EntA was higher by those
transformed with pMGUAI and pMGHAI than with pMGPAI. For
the rest of the LAB hosts the production of EntA was 0.4- to 1.2-fold
higher than by E. faecium T136 (Table 4).

When supernatants of the recombinant LAB strains, trans-
formed with derivatives of pNZ8048 and pMSP3545 (Table 3), were
evaluated for their antimicrobial activity against E. faecium P13,
the antagonistic activity of L. lactis NZ9000 (pNZUAI) and L. lac-

tis NZ9000 (pNZHAI) were 4.9- and 6.6-fold higher, respectively,
than that of E. faecium T136. Similarly, the antagonistic activity of
L. lactis NZ9000 and L. lactis IL1403, transformed with derivatives
of pMSP3545, was up to 1.8-fold higher than that of E. faecium T136
(Table 3). The antimicrobial activity of supernatants from the rest



J. Borrero et al. / Journal of Biotechnology 156 (2011) 76– 86 81

Table 4
Bacteriocin production and antimicrobial activity of supernatants from recombinant LAB strains transformed with derivatives of pMG36c.

Strain Bacteriocin production (�g
EntA/mg cell dry weight)a

Antimicrobial activity
(BU/mg cell dry weight)b

Specific antimicrobial
activity (BU/�g EntA)c

L. lactis subsp. cremoris
NZ9000 (pMG36c) NP NA NE
NZ9000 (pMGUAI) 5.7 142 25
NZ9000 (pMGPAI) 2.8 99 35
NZ9000 (pMGHAI) 6.0 331 55

L.  lactis subsp. lactis
IL1403 (pMG36c) NP NA NE
IL1403 (pMGUAI) 7.2 455 63
IL1403 (pMGPAI) 2.6 131 50
IL1403 (pMGHAI) 8.0 577 75

E.  faecium
AR24 (pMG36c) NP NA NE
AR24 (pMGUAI) 1.3 142 109
AR24 (pMGPAI) 1.3 424 316
AR24  (pMGHAI) 1.3 276 212

E.  faecalis
JH2-2 (pMG36c) NP 38 NE
JH2-2 (pMGUAI) 1.8 124 68
JH2-2  (pMGPAI) 1.9 1,379 726
JH2-2  (pMGHAI) 1.2 83 69

Lb.  sakei
Lb790 (pMG36c) NP NA NE
Lb790 (pMGUAI) 10.9 151 14
Lb790 (pMGPAI) 7.6 220 29
Lb790 (pMGHAI) 10.8 172 16

P.  acidilactici
Ped− (pMG36c) NP 22 NE
Ped− (pMGUAI) 2.4 53 22
Ped− (pMGPAI) 2.0 151 76
Ped− (pMGHAI) 2.1 125 60

E.  faeciumc

T136 (pMG36c) 1.3 734 407
T136  (pMGPAI) 2.4 946 NE
DCH37 (pMG36c) NP 4,243 NE
DCH37 (pMGPAI) 0.8 5,301 NE

E.  faeciumd

T136 1.9 721 379

Most of the data are mean from two independent determinations in triplicate.
NP, no production, NA, no activity, NE, not evaluable.
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f the LAB hosts, transformed with derivatives of pMSP3545, was
lways lower (8–83%) than that of E. faecium T136. The antimi-
robial activity of supernatants of the recombinant LAB strains,
ransformed with derivatives of pMG36c (Table 4), was always
ower (8–80%) than that of E. faecium T136, except for the super-
atants of E. faecalis JH2-2 (pMGPAI), E. faecium DCH37 (pMGPAI),
nd E. faecium T136 (pMGPAI) whose antimicrobial activity was
.9-, 1.2-, and 1.3-fold higher, respectively, than that of E. faecium
136.

However, in spite of the high extracellular production of EntA by
. lactis NZ9000, transformed with derivatives of pNZ8048, a lower
pecific antimicrobial activity was observed (11–38%) as compared
o that of E. faecium T136 (Table 3). A lower specific antimicrobial
ctivity (25–99%) was also observed for the LAB strains, trans-
ormed with derivatives of pMSP3545 and pMG36c, except for E.
aecalis JH2-2 (pMGPAI), that showed a 1.9-fold higher specific
ntimicrobial activity than that of E. faecium T136 (Tables 3 and 4).

.3. Antimicrobial activity of supernatants from recombinant L.
actis against different Listeria spp.
Supernatants of the recombinant LAB hosts transformed with
erivatives of pNZ8048, pMSP3545 and pMG36c, displaying a high
ntA production or a high antimicrobial activity, were evaluated
or their antagonistic activity against different L. monocytogenes,
ecific for EntA.

 divided by the EntA produced.
ty of EntA.

L.  ivanovii, L. grayii, L. welshimeri,  L. seeligeri, and L. innocua strains
(Table 5). The supernatants of L. lactis NZ9000 (pNZUAI) and L. lactis
NZ9000 (pNZHAI), overproducers of EntA, showed a 1.2- to 5.1-fold
higher antimicrobial activity than that of E. faecium T136 against all
Listeria spp. evaluated, whereas that of L. lactis NZ9000 (pNZPAI)
showed a 16–46% antagonistic activity against the same Listeria
spp., as compared to that of E. faecium T136. The supernatants of
L. lactis NZ9000 (pMSHAI) and L. lactis IL1403 (pMSHAI) showed a
lower or a slightly higher antilisterial activity than that of E. fae-
cium T136. The supernatant of E. faecalis JH2-2 (pMSPAI) showed a
26–67% antilisterial activity, and that of E. faecalis JH2-2 (pMGPAI)
showed a 0.7- up to a 1.4-fold higher antilisterial activity than the
control enterococcal strain. The supernatants of E. faecium DCH37
(pMGPAI) showed a 0.7- up to a 1.4-fold higher antilisterial activity,
whereas the antimicrobial activity of E. faecium T136 (pMGPAI) was
improved when compared with that of the control strain E. faecium
T136 for most of the Listeria spp. strains tested.
3.4. Purification of EntA and mass spectrometry analysis

MALDI-TOF-MS analysis of the EntA purified (data not shown)
from the supernatants of E. faecium T136 and L. lactis NZ9000 trans-
formed with derivatives of pNZ8048 showed a major peak of about
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Fig. 1. Antimicrobial activity of supernatants from the recombinant LAB strains. (A) Strains transformed with derivatives of pNZ8048 and pMSP3545 with the chimeric genes
under  control of an inducible promoter: (1) L. lactis NZ9000 (pNZ8048), (2) L. lactis NZ9000 (pNZUAI), (3) L. lactis NZ9000 (pNZPAI), (4) L. lactis NZ9000 (pNZHAI), (5) L.
lactis  NZ9000 (pMSP3545), (6) L. lactis NZ9000 (pMSUAI), (7) L. lactis NZ9000 (pMSPAI), (8) L. lactis NZ9000 (pMSHAI), (9) L. lactis IL1403 (pMSP3545), (10) L. lactis IL1403
(pMSUAI), (11) L. lactis IL1403 (pMSPAI), (12) L. lactis IL1403 (pMSHAI), (13) E. faecium AR24 (pMSP3545), (14) E. faecium AR24 (pMSUAI), (15) E. faecium AR24 (pMSPAI), (16)
E.  faecium AR24 (pMSHAI), (17) E. faecalis JH2-2 (pMSP3545), (18) E. faecalis JH2-2 (pMSUAI), (19) E. faecalis JH2-2 (pMSPAI), (20) E. faecalis JH2-2 (pMSHAI), (21) Lb. sakei
Lb790  (pMSP3545), (22) Lb. sakei Lb790 (pMSUAI), (23) Lb. sakei Lb790 (pMSPAI), (24) Lb. sakei Lb790 (pMSHAI), (25) P. acidilactici Ped− (pMSP3545), (26) P. acidilactici Ped−

(pMSUAI), (27) P. acidilactici Ped− (pMSPAI), (28) P. acidilactici Ped− (pMSHAI), and (29) E. faecium T136. (B) Strains transformed with derivatives of pMG36c with the chimeric
genes  under control of a constitutive promoter: (1) L. lactis NZ9000 (pMG36c), (2) L. lactis NZ9000 (pMGUAI), (3) L. lactis NZ9000 (pMGPAI), (4) L. lactis NZ9000 (pMGHAI),
(5)  L. lactis IL1403 (pMG36c), (6) L. lactis IL1403 (pMGUAI), (7) L. lactis IL1403 (pMGPAI), (8) L. lactis IL1403 (pMGHAI), (9) E. faecium AR24 (pMG36c), (10) E. faecium AR24
(pMGUAI), (11) E. faecium AR24 (pMGPAI), (12) E. faecium AR24 (pMGHAI), (13) E. faecalis JH2-2 (pMG36c), (14) E. faecalis JH2-2 (pMGUAI), (15) E. faecalis JH2-2 (pMGPAI),
(16)  E. faecalis JH2-2 (pMGHAI), (17) Lb. sakei Lb790 (pMG36c), (18) Lb. sakei Lb790 (pMGUAI), (19) Lb. sakei Lb790 (pMGPAI), (20) Lb. sakei Lb790 (pMGHAI), (21) P. acidilactici
Ped− (pMG36c), (22) P. acidilactici Ped− (pMGUAI), (23) P. acidilactici Ped− (pMGPAI), (24) P. acidilactici Ped− (pMGHAI), (25) E. faecium T136 (pMG36c), (26) E. faecium T136
(pMGPAI), (27) E. faecium DCH37 (pMG36c), and (28) E. faecium DCH37 (pMGPAI). The antimicrobial activity was determined by an agar well diffusion test with E. faecium
P13  as the indicator microorganism.
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Fig. 2. Mass spectrometry analysis of the purified enterocin A from (A) E. faecium T136, and (B) L. lactis NZ9000 (pNZHAI).
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.844 Da, as shown for the EntA purified from E. faecium T136
Fig. 2A) and L. lactis (pNZHAI) (Fig. 2B).

. Discussion

Many bacteriocins show a broad spectrum of antimicrobial
ctivity and are more active than conventional antibiotics against
athogenic and drug-resistant Gram-positive bacteria yet display
o toxicity towards eukaryotic cells (Sit and Vederas, 2008). Fur-
hermore, with the emergence of bacterial antibiotic resistance,
acteriocins produced by LAB may  find their use as natural antimi-
robial peptides in food, medical, veterinary, and animal production
pplications. However, the high cost of synthetic bacteriocin syn-
hesis, their low yields, and the production of potential virulence
actors from many natural producers drive the exploration of
ecombinant microbial systems for the biotechnological produc-
ion of bacteriocins. The production of bacteriocins in heterologous
AB hosts may  be essentially based on the expression of native
iosynthetic genes, by exchange or replacement of leader peptides
nd/or dedicated processing and secretion systems (ABC trans-
orters) or by fusion of mature bacteriocins to signal peptides that
ct as secretion signals (Gutiérrez et al., 2006; Martín et al., 2007a,b;
orrero et al., 2011b).

Previous studies have shown the heterologous production of
ntA by cloning and expression of the entAITD cassette under con-
rol of a constitute promoter in L. lactis (O’Keefee et al., 1999). A
ery low-level of co-production of EntA and PedA-1 was  quan-
ified in L. lactis IL1403 (pMJ04) with the co-linearly arranged
ntA-pedA structural genes under control of a constitutive pro-
oter (Martínez et al., 2000). The heterologous expression of EntA

used to a cellulose-binding domain in E. coli resulted in a fused
rotein with antilisterial activity (Klocke et al., 2005). When plas-
id  pEnt02, containing the entAITD genes, was introduced into a

tarter L. lactis strain a decrease in the L. monocytogenes counts was
chieved during manufacture of Cottage cheese (Liu et al., 2008).
owever, the secretion of Sec-dependent enterocins from struc-

ural genes expressed in recombinant L. lactis hosts (Herranz and
riessen, 2005; Gutiérrez et al., 2006; Sánchez et al., 2008), and the
se of chimeras of heterologous signal peptides fused to mature
acteriocins to drive their production and secretion in L. lactis in
he absence of specific immunity and secretion proteins (Martín
t al., 2007a,b; Borrero et al., 2011b), prompted us to evaluate the
onstruction of chimeras containing heterologous signal peptides
used to mature EntA and its immunity protein and their cloning
nto different expression vectors to drive the production and func-
ional expression of EntA by different LAB hosts.

The results obtained in this work suggest that the produc-
ion, secretion, and antimicrobial activity of the EntA produced
y the recombinant LAB strains depend on the signal peptide, the
xpression vector, and the host strain (Fig. 1). Although entA is
he minimum requirement for synthesis and secretion of EntA by
ecombinant L. lactis immune to its antimicrobial activity (Martín
t al., 2007a),  entiA is required for secretion of EntA by recombi-
ant enterococci and lactobacilli sensitive to its antagonistic effect
EntAs). The production of EntA by the EntAs-LAB hosts is explained
ssuming that they express the EntiA protein. It is known that bac-
eriocin producers are protected from their own  bacteriocins by the
oncomitant expression of a cognate immunity protein, and that
acteriocins of the class IIa, such as the EntA, use components of the
annose phosphotransferase system (Man-PTS) of the susceptible
ells as the target/receptor. The immunity proteins form a strong
omplex with the receptor proteins, thereby preventing producer
ells from being killed (Diep et al., 2007; Kjos et al., 2010).

In this work, the generation of antibodies of predetermined
pecificity for EntA and an NCI-ELISA have permitted the detec-
hnology 156 (2011) 76– 86 83

tion and quantification of this bacteriocin in the supernatants of the
recombinant LAB strains, and to determine its specific antimicrobial
activity. Some other characteristics of the expression vectors used
to drive the recombinant production of the cloned EntA are the fol-
lowing. Plasmids pNZ8048 and pMSP3545 are shuttle vectors that
replicate in E. coli and LAB. Plasmid pNZ8048 contains the high-copy
number heterogramic replicon of the lactococcal plasmid pSH71
with a unique NcoI cleavage site, downstream of the nisA riboso-
mal  binding sequence (RBS), used for translational fusions inducible
by nisin A (NisA) (De Ruyter et al., 1996; Kuipers et al., 1998). Plas-
mid  pMSP3545 contains the ColE1 origin of replication from pSP73,
the low-copy number pAM�1 replication origin of E. faecalis, the
PnisA with a unique NcoI cleavage site and the polylinker fragment
from pNZ8048, and the genes encoding NisR and NisK the two-
component signaling mechanism for activating transcription from
PnisA in the presence of NisA (Bryan et al., 2000). The expression
vector pMG36c is a shuttle vector, based on the low copy replica-
tion origin of pWV01, able to replicate in E. coli, B. subtilis and LAB,
whereas the strong P32 promoter drives the constitutive transcrip-
tion of inserted genes into the multicloning site (MCS) of pUC18
(van de Guchte et al., 1989).

The enhanced production of EntA by the recombinant LAB would
depend, among other factors, on the expression vector size, plas-
mid  stability, and copy number differences between pNZ8048,
pMSP3545, and pMG36c (Bryan et al., 2000; Kim and Mills, 2007)
but, more likely, might be caused by the promoters used to drive
gene expression. Of interest is the 7.8- to 18.5-fold higher pro-
duction of EntA by L. lactis NZ9000 transformed with derivatives
of pNZ8048 containing nisin-inducible gene expression (NICE)
constructs, as compared to other recombinant LAB hosts and E.
faecium T136 (Table 3). In this respect, for optimization of protein
production, inducible systems are often considered superior to con-
stitutive expression systems since the former enable achievement
of sufficient biomass prior to initiation of target protein expression
(Kim and Mills, 2007). The short induction time for bacteriocin pro-
duction from nisin-inducible systems most probably prevents EntA
from attaching to cell walls, forming aggregates, and/or undergoing
protease degradation (Gutiérrez et al., 2006). The lower produc-
tion of EntA by the pMSP3545 derivatives as compared to the
pNZ8048 derivatives, despite the use of the NICE system during
protein expression, may  in part be due to the low copy number
of the pAM�1 origin of replication of pMSP3545 (Kim and Mills,
2007). Nevertheless, the production of EntA by L. lactis IL1403 and
Lb. sakei Lb790, transformed with derivatives of pMSP3545, was
2.5- to 5.3-fold higher than by E. faecium T136, while the production
of EntA by the E. faecium AR24, E. faecalis JH2-2, and P. acidilactici
Ped− hosts was similar to that of E. faecium T136 (Table 3). The
construction of derivatives of pMG36c, with the constitutive P32
promoter, also permitted production of EntA by the recombinant
LAB strains, in some cases, at levels above those obtained with the
nisin-inducible constructs (Table 4). It may  occur that the nisA pro-
moter is not recognized by the transcription initiation machinery of
the heterologous LAB hosts as it is in L. lactis. Alternatively, it could
be that the nisA promoter-derived transcripts are recognized with
reduced efficiency by the translation machinery of the heterologous
LAB hosts compared to that of L. lactis (Kleeberezem et al., 1997).
However, besides promoter choice, other factors such as mRNA sta-
bility and secondary structure may  steer protein production from
the recombinant LAB hosts (Diep et al., 2009).

The secretion of recombinant proteins in the growth medium
reduces the efforts and costs of protein purification. Therefore,

protein secretion is a preferred means of protein expression in
the development of LAB as cell factories for production of bio-
logically active compounds (Mathiesen et al., 2008). The results
of this work indicate that when the SPusp45 and SPhirJM79 drive
the secretion of EntA in L. lactis NZ9000, L. lactis IL1403, and Lb.
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Table 5
Antimicrobial activity of supernatants from recombinant LAB strains against Listeria spp.a

Strain L. ivanovii L. grayii L. welshimeri L. seeligeri L. innocua L. monocytogenes

913 931 919 917 910 911 935 936 939 4031 4032

L. lactis subsp. cremoris
NZ9000 (pNZUAI) 13,714 12,377 15,277 35,231 5,701 7,531 5,746 19,398 17,982 11,851 22,731
NZ9000 (pNZPAI) 3,487 749 1,050 2,238 1,008 730 777 1,585 1,628 960 1,444
NZ9000 (pNZHAI) 13,431 12,416 12,030 31,630 8,524 7,375 6,122 19,402 14,389 11,816 19,192
NZ9000 (pMSHAI) 10,314 2,638 6,740 12,398 3,334 5,597 2,421 4,033 2,135 1,700 3,831

L.  lactis subsp. lactis
IL1403 (pMSHAI) 10,580 4,094 9,395 12,068 4,181 6,059 2,700 6,747 3,462 2,240 6,901

E.  faecalis
JH2-2 (pMSPAI) 5,025 1,261 3,441 3,569 2,070 1,154 1,599 2,850 2,364 1,360 3,117
JH2-2  (pMGPAI) 9,555 4,900 6,697 16,833 7,544 4,612 5,197 7,515 4,930 3,037 7,204

E.  faecium
DCH37 (pMGPAI) 9,713 4,344 4,002 12,450 5,660 3,707 4,941 7,450 4,556 3,301 6,992
T136  (pMGPAI) 9,822 5,988 5,612 22,217 6,796 5,090 6,093 9,513 5,960 5,012 7,941

E.  faeciumb

T136 9,668 4,599 5,555 13,419 4,582 4,165 3,876 5,663 3,495 4,996 5,096

Most of the data are mean from two  independent determinations in triplicate.
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akei Lb790, the production of EntA is usually higher than when
ts secretion is driven by the SPentP (Tables 3 and 4). Targeting of a
ec-dependent protein to the membrane, the translocation process
tself, and its subsequent processing by a signal peptidase represent
he major bottlenecks for efficient translocation, and thus produc-
ion of heterologous proteins (Degering et al., 2010). In our work,

ALDI-TOF MS  analysis revealed that EntA, purified from L. lactis
Z9000 transformed with the pNZ8048 derivatives, had a molecu-

ar mass identical to that of the EntA produced by E. faecium T136
Fig. 2), suggesting that the EntA produced by the recombinant L.
actis NZ9000 hosts was adequately processed and secreted. The
uccessful production and secretion of non-Sec-dependent bacte-
iocins by heterologous LAB hosts still raises the question of why
ost LAB bacteriocins have a dedicated and processing system
hen they can access the GSP if provided with an adequate SP. It is
ossible that differences in the amino acid sequence of the homol-
gous and heterologous SPs evaluated in this work may  provide

 better recognition by the lactococcal and lactobacillal secretion
achinery, including signal peptidases and chaperones, as com-

ared to that of the enterococci (Mathiesen et al., 2008). However,
ince no prediction method for the right combination of SP and tar-
et protein is currently applicable with success (Ravn et al., 2003;
rockmeier et al., 2006), screening for the correct SP-protein com-
ination for overproduction and secretion of the protein or peptide
f interest is still necessary (Degering et al., 2010; Stammen et al.,
010).

The antimicrobial activity and the specific antimicrobial activ-
ty of most of the LAB transformants was lower than expected from
heir production of EntA, including those of the L. lactis NZ9000
osts overproducers of EntA (Table 3). Is important to consider that
ot always a higher bacteriocin production reports a higher antimi-
robial activity and that chimeras of signal secretion peptides (SP)
used to mature EntA drive the production and secretion of these
acteriocins in different LAB in the absence of specific secretion
roteins. However, a higher antimicrobial activity was shown by
. faecalis JH2-2 (pMGPAI), which also displayed the highest spe-
ific antimicrobial activity, by E. faecium DCH37 (pMGPAI), and by
. faecium T136 (pMGPAI), as compared to that of E. faecium T136

Table 4). The lack of production by E. faecalis JH2-2 (pMGPAI) of
he proteinases gelatinase E (GelE) and serine proteinase E (SprE)
Mohamed and Murray, 2006) could be responsible of the higher
ntimicrobial activity of the secreted EntA. Similarly, the higher
ntagonistic activity of the EntA secreted by E. faecium DCH37
ty of EntA.

(pMGPAI) could be ascribed to a synergistic action with the bac-
teriocins enterocin L50 (EntL50A and EntL50B), enterocin P, and
enterocin Q produced by this isolate (Sánchez et al., 2007a). The
higher production of EntA by E. faecium T136 (pMGPAI) could be
responsible for its slightly higher antimicrobial activity against E.
faecium P13.

The lower specific antimicrobial activity of the EntA produced
by most of the recombinant LAB hosts may depend on many
factors, which are difficult to determine. It is possible that the
synergistic effect of the EntA and enterocin B, produced by E. fae-
cium T136 (Casaus et al., 1997), increase the specific antimicrobial
activity of the produced EntA or that regulatory responses to a
secretion stress, due to production of EntA by the recombinant
LAB producers, activate quality control networks involving folding
factors and housekeeping proteases (Darmon et al., 2002). Dif-
ferences in components of the Sec-dependent translocation and
Sec machinery in the different LAB strains or differences in pro-
tein folding and turnover or conformational modifications of the
bacteriocin to a less extracellular active form, may  also account
for differences in the antagonistic activity of the secreted EntA
(Sarvas et al., 2004). The EntA contains four cysteine residues
that are involved in the formation of two  disulfide bonds (DSB)
which are known to improve its antimicrobial activity (Eijsink
et al., 1998). DSB formation is a universally conserved mechanism
for stabilizing extracytoplasmic proteins, carried out by thiol-
disulfide-oxidoreductases (TDORs), and plays an important role in
the folding, structural integrity, and activity of numerous proteins
(Kouwen et al., 2007). However, DSB formation in heterologous
hosts may  be a handicap for production of biologically active pep-
tides and proteins by bacterial cell factories (Freitas et al., 2005).
Proteins present in E. faecium T136, but not in the recombinant LAB
hosts, may  be necessary to generate correct DSB, as suggested dur-
ing production of PedA-1 in natural and heterologous LAB hosts
(Fimland et al., 2000). Besides, EntA contains a methionine residue
that may  change to an apparently less active form due to its oxi-
dation to methionine sulfoxide (Johnsen et al., 2000). In proteins,
mainly methionine residues are oxidized, but oxidation of cysteines
is becoming of interest. The lower specific antimicrobial activity of

the extracellular EntA may  be also ascribed to differences in protein
folding efficiency and turnover, and to bacteriocin self-aggregation
(Diep et al., 2009; Borrero et al., 2011b).

Concerning the role of the host cells in the production and func-
tional expression of EntA, the L. lactis NZ9000 derivatives showed
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he highest bacteriocin production and antimicrobial activity, fol-
owed by the L. lactis IL1403 hosts. The Lb. sakei Lb790 hosts are high
roducers of EntA with a low antimicrobial activity while the E. fae-
alis JH2-2 derivatives, in spite of its low EntA production, display
he highest specific antimicrobial activity. The production of EntA in
he supernatants of L. lactis, a microorganism Generally Recognized
s Safe (GRAS) and with a Qualified Presumption of Safety (QPS)

Casalta and Montel, 2008), may  facilitate the biotechnological use
f this bacteriocin, partially purified or purified to homogeneity, as

 natural antimicrobial peptide in food, pharmaceutical, veterinary,
nd medical applications. The generation of recombinant L. lactis,
b. sakei, and P. acidilactici hosts producing biologically active EntA
onfirms the feasibility of developing safer bacteriocin-producing
AB strains potentially useful as probiotics with antilisterial or
ther antiinfective effects in humans and animals (Corr et al., 2007;
illor et al., 2008). In this context, the optimization of gene expres-
ion and protein secretion in lactobacilli and pediococci is another
spect in further development of LAB as cell factories for delivery
nd production of many other proteins and peptides of biotech-
ological interest. The supernatants of the recombinant E. faecium
CH37 (pMGPAI) and E. faecium T136 (pMGPAI) strains showed also

 higher antimicrobial activity than that of their respective control
trains, suggesting that efforts towards production of bacteriocins
n heterologous hosts would also lead to increased bacteriocin pro-
uction and construction of multibacteriocinogenic strains with
igher antimicrobial activity.

. Conclusions

If the use of bacteriocins as natural antimicrobial agents in food,
eterinary, and medical applications is ever to meet the high expec-
ations of the research community, then high level production of
ctive bacteriocin is essential. In this study, the production of EntA
y L. lactis NZ9000, transformed with derivatives of pNZ8048, was
.7- to 18.5-fold higher, respectively, than by E. faecium T136. The
roduction of EntA by L. lactis NZ9000, L. lactis IL1403 and Lb. sakei
b790, transformed with derivatives of pMSP3545, was  2.5- to 5.3-
old higher than by E. faecium T136 while the production of EntA
y the E. faecium AR24, E. faecalis JH2-2, and P. acidilactici Ped−

osts, was similar to that of E. faecium T136. The production of
ntA by the recombinant LAB strains, transformed with derivatives
f pMG36c, was a 0.4- to 5.7-fold higher than by E. faecium T136.
owever, the production of EntA and its biological activity, either
gainst E. faecium P13 or Listeria spp., varied depending on the sig-
al peptide, the expression vector, and the host strain in the sense
hat the choice of each component must confer the successful pro-
uction and functional expression of EntA. Since apparently, the
ffectiveness of the expression systems is difficult to predict, fur-
her research efforts are required for a more efficient genetically
ngineered EntA production.
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