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Abstract Bacteriocins are small peptides with antimicrobial
activity, that are produced by bacteria. Four classes of bacte-
riocins produced by lactic acid bacteria have been defined.
Class IIa bacteriocins are promising candidates for industrial
applications due to their high biological activity and their
physicochemical properties. Divercin AS7 is a class IIa bac-
teriocin produced by Carnobacterium divergens AS7. It
shows antibacterial activity against pathogens and food spoil-
age flora including Listeria spp. Little is known about the
impact of class IIa bacteriocins upon eukaryotic cells. The safe
use of bacteriocins as food biopreservatives requires the ab-
sence of cytotoxicity to human cells. To analyze the impact of
divercin AS7 on human enterocytes, we expressed the recom-
binant divercin AS7 in the Escherichia coli BL21DE3pLys
strain and conducted in vitro studies to evaluate the safety of
recombinant divercin AS7. No cytotoxic effect on differenti-
ated monolayer Caco-2 cells and no apoptotic appearance
were observed when recombinant divercin AS7 was used at
a concentration of 2 μg ml−1. In our study, divercin AS7 also
did not interfere with differentiated Caco-2 cells monolayer
integrity. The obtained results suggest that divercin AS7 is a
promising peptide for the food industry.
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Introduction

Bacteriocins are a heterogenous group of anti-bacterial
ribosomally synthesized peptides. Lactic acid bacteria (LAB)
produce bacteriocins that vary in their spectrum of activity and
biochemical properties (Abee et al. 1995). Four classes of
LAB bacteriocins have been defined on the basis of their
structural characteristics. Class IIa bacteriocins are cationic
heat-stable and membrane-active peptides containing disul-
fide bonds (Klaenhammer 1993; Nes et al. 1996). Bacteriocins
could be useful as natural and non-toxic food preservatives.
They can be produced in situ by bacteriocinogenic cultures or
introduced to foods as additives (Abee et al. 1995). Moreover,
some of them could be considered for other applications in
human health (Todorov et al. 2010), and may also provide
new approaches to combat antibiotic-resistant bacteria
(Parisien et al. 2008). Divercin AS7 is a class IIa bacteriocin
produced by Carnobacterium divergens AS7, a lactic acid
bacterium isolated from fish. The amino acid sequence of
divercin AS7 showed high homologies with divercin V41
and pediocin PA1. These bacteriocins contain two disulfide
bonds responsible for their wider activity spectrum (Metivier
et al. 1998). As its homologs, divercin AS7 shows antagonis-
tic activity against closely related species, e.g.,
Carnobacterium piscicola (Sip et al. 1998) as well as food-
borne pathogens, especially Listeria spp. (Lebois et al. 2004;
Richard et al. 2003). Therefore, many studies are currently
conducted to test the usefulness of divercin AS7 as a food or a
feed additive (Jozefiak et al. 2011). Information is limited on
the impact of class IIa bacteriocins upon eukaryotic cells,
especially human enterocytes. To evaluate the safety of this
kind of biopreservative, the cytotoxicity of purified bacterio-
cins should be determined. Studies on nisin used as food
additive no. E234 (Directive 96/77/EC) shows contradictory
data (Maher and McClean 2006; Murinda et al. 2003). It
seems that the impact of nisin on humans cells is dependent
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on the type of cell and the amount of bacteriocin used in the
test. Production of divercin AS7 by Carnobacterium diverges
AS7 is very effective and optimized (Sip et al. 1998). The
purification of this bacteriocin, as for other class IIa bacterio-
cins, is time-consuming and involves critical steps (Berjeaud
and Cenatiempo 2004).

We used a heterologous expression system (Escherichia
coli ) to obtain bacteriocin divercin AS7 containing histidine-
tag (His-Tag), purified recombinant protein and analyzed its
impact on human intestinal cells Caco-2. This cell line is one
of the in vitro systems most often used to mimic human
intestine, and has the capacity to differentiate and express
brush border enzymes (Di Cagno et al. 2010). These cells
under culture conditions develop the morphological and func-
tional characteristics of mature enterocytes. As far as we
know, the presented work is the first to focus on the expression
of a native gene encoding divercin AS7 to obtain a tagged
protein in the E. coli heterologous system, and to test its
functionality on human cells.

Materials and methods

Bacterial strains and media

Escherichia coli strain JM109 (Stratagene) was used for stan-
d a r d c l on i n g p r o c edu r e s , a n d E . c o l i s t r a i n
BL21(DE3)(pLysS) (Novagen) was used for gene expression
experiments. Escherichia coli strains were grown aerobically
in Luria-Bertani (LB) or SOC medium at 37 °C. Chemically
competent cells and transformation of E. coli were prepared
using standard procedures (Sambrook et al. 1989). The plas-
mid pET-28b+ (Novagen) was used for gene construction and
expression. Transformants harboring pET28b+ were selected
on LB agar medium containing 25 μg ml−1 kanamycin (for
E. coli JM109) and LB agar medium containing 25 μg ml−1

kanamycin and 30 μg ml−1 chloramphenicol (for E. coli
BL21DE3pLysS). Carnobacterium divergens AS7, a na-
tive divercin AS7 producer, was grown in MRS medium
without Tween 80 at 30 °C and without shaking (De Man
et al. 1960). Listeria innocua (ATCC33090), used as a
divercin AS7-sensitive indicator microorganism, was
grown in LZ medium at 37 °C without shaking.

Recombinant plasmid construction

PCR primers used for this study were designed on the basis of
DNA sequence for divercin V41 (AJ224003, GeneBank) and
restriction enzymes sites for EcoRI and Not I were introduced
into forward (5′-ATCAAGAATTCAACAAAATATTATGG
GAAT-3′) and reverse (5′-ATTTTTGCGGCCGCTTAGCA
TTTACCTGGTA-3′) oligonucleotides, respectively. The oli-
gonucleotides were purchased from the Institute of

Biochemistry and Biophysics, Polish Academy of Sciences.
The chromosomal DNA of C. divergens AS7 was used as a
template in PCR amplification. The PCR reaction was con-
ducted using 35 cycles of denaturing at 95 °C for 30 s,
annealing at 54 °C for 30 s, and elongation at 72 °C for
1 min with BiometraTGradient Thermal cycler. The amplicon
was digested with EcoRI and Not I enzymes (Fermentas). The
digested PCR fragment and linearyzed pET28b+ vector were
purified from agarose gel using Gel-OUT Kit (A&A Biotech-
nology) according to the manufacturer’s recommendations.
ORF AS7 was ligated into pET28b+ using T4 DNA ligase
(Promega). Recombinant plasmid pET-AS7 was purified
using Plasmid Mini Kit (A&A Biotechnology). The nucleo-
tide sequence of the cloned DNA was analyzed using auto-
mated sequencing at the Institute of Biochemistry and Bio-
physics, Polish Academy of Sciences. The recombinant plas-
mid were verified by double digestion with EcoRI and Not I.

Expression of divercin AS7 in E. coli

Overnight culture of E. coli strain BL21DE3pLysS harboring
the recombinant plasmid pET-AS7 was diluted to 3 % (v/v) in
SOC medium containing kanamycin (25 μg ml−1) and chlor-
amphenicol (30μgml−1), and grown aerobically at 37 °C until
the culture reached a density of 0.6 at 600 nm (measured in a
spectrophotometer). Induction of gene expression was done
by the addition of isopropyl-ß-D-thiogalactopyranoside
(IPTG) to a final concentration of 0.1 mM. Expression was
carried out for 24 h. At the specified time points (1, 2, 3, 4, and
24 h), 2 ml of culture was harvested by centrifugation (1,
700g , 15 min, 4 °C). Bacterial biomass was stored at −80 °C.

Protein expression analysis

Proteins were separated under denaturing and reducing con-
ditions in 16.5 % Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (Tricine-SDS-PAGE)
(Schagger and von Jagow 1987), and transferred onto
Immobilon-P membrane (0.2-μm pore size; Millipore) at
250 mA for 10 h in a buffer containing 25 mM Tris, 0.1 %
(w/v) SDS, 192 mM glycine, and 20 % (v/v) methanol pH 8.3
using a Hoeffer apparatus (Amersham Pharmacia). After
soaking in 100 % methanol for 30 s, the membrane was dried
for 30min and then saturated with 1% (w/v) BSA in 1× TBST
buffer (150 mM NaCl, 10 mM Tris–HCl pH 7.5, 0.1 %
Tween-20). Then, it was incubated at room temperature for
30 min with an anti-HisTag mouse monoclonal antibody
(Merck) diluted 1:1,000 (v/v) in 1× TBST buffer. After three
washes with 1× TBST, the membrane was incubated at room
temperature for 30 min with goat anti-mouse immunoglobulin
G (biotinylated) diluted 1:5,000 (v/v) in 1× TBST. The mem-
brane was washed three times with 1× TBST, then incubated
at room temperature for 30 min with streptavidin peroxidase
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in TBST buffer. The substrate DABwas used to develop color
reaction onto the membrane.

Protein minipreps of recombinant divercin AS7 from E. coli
under native conditions

Five milliliters of cell pellets resuspended (0.2 g ml−1) in
buffer containing 50 mM NaH2PO4 300 mM NaCl, and
10 mM imidazole, pH 8.0. The cells were disrupted by soni-
cation in ice-cold water until the required visual viscosity was
obtained. The separation of the cytoplasmic soluble fraction
from cell debris was performed by centrifugation (14,000 g ,
15 min, 4 °C). Recombinant divercin AS7 was purified using
Ni-NTA agarose beads (Qiagen) according to the manufac-
turer’s recommendations.

Bacteriocin activity assay

The bacteriocin activity was determined by the agar diffusion
test (Richard et al. 2004). Antimicrobial activity of the recom-
binant divercin AS7 was investigated against L. innocua
(ATCC 33090). An overnight culture of L. innocua in LZ
broth (37 °C) was diluted in sterile LZ broth to 106 CFU ml−1

before use. Drops (20 μl) of protein suspensions prepared
under native conditions were placed on the top of the indicator
strain-containing medium. The growth inhibition of indicator
strain was determined after 24 h of incubation at 30 °C by
observing the formation of inhibition zones.

Cell culture

Human colon adenocarcinoma Caco-2 cells (ECACC, Cat.
No. 86010202; Sigma-Aldrich) were grown in a controlled
atmosphere of 5 % CO2 at 37 °C in Dulbecco’s modified
essential medium (DMEM) containing 4.5 g l−1 glucose,
2 mM glutamine, 50 μg ml−1 gentamycin, 1 % non-essential
amino acids, and 10 % heat-inactivated fetal calf serum.
Experiments were performed using cells between passages
number 49 and 52.

Cytotoxicity assay

Caco-2 cells were seeded at a density of 105 cells per well in
24-well culture plates (Greiner). Confluent cells were then
exposed to divercin AS7 for 24 h. At the end of incubation,
the effect of the bacteriocin on the plasma membrane integrity
of Caco-2 cells was estimated by quantification of adenylate
kinase release using the ToxiLight Non-destructive Cytotox-
icity Bioassay Kit (Lonza). The percentage of cytotoxicity
was calculated following the manufacturer’s instructions.

Apoptosis assay

Caco-2 cells were cultivated in 24-well culture plates and
incubated for 8 and 24 h with divercin AS7. The occurrence
of apoptosis was evaluated by the method of DNA laddering
(Barry et al. 1990). The supernatant and monolayers were
collected and combined into a single sample. Caco-2 cells
were washed with PBS and resuspended in lysis buffer.
DNAwas isolated using the Genomic Mini DNA purification
kit (A&A Biotechnology) according to the manufacturer’s
instructions. The DNA samples were separated by electropho-
resis at 100 V for 45 min in 1 % (w/v) agarose containing
ethidium bromide in 1× TBE buffer and visualized with UV
light.

Epithelial integrity

The effect of divercin AS7 on intestinal epithelial integrity
was assessed by the measurement of transepithelial electrical
resistance (TEER) (Klingberg et al. 2005). Caco-2 cells were
seeded onto Millicell cell culture inserts (PTFE membrane,
0.4 μm pore size; Merck-Millipore, Poland) at 4×105 cells
cm−2 and cultured for 20 days to obtain a differentiated
monolayer with media changes every 2 or 3 days. TEER
was measured using a Millicell-ERS volt-ohm meter
(Millipore), after 24 h of incubation of the Caco-2 cells with
divercin AS7. The resistance of the monolayer was calculated
by subtracting the intrinsic resistance of the system (filter
insert alone) from the total resistance (monolayer plus filter
insert). The data were displayed as percent TEER relative to
the control at time zero.

Results

Production of recombinant divercin AS7 in E. coli

The expression of divercin fused to His-tag in E. coli
BL21DE3pLysS/pET-AS7 was induced by the addition of
IPTG. Tricine-SDS-PAGE and western blotting analysis con-
firmed the expression of fusion protein (Fig. 1). The molecular
mass of recombinant divercin AS7 containing His-Tag is
approximately 8.4 kDa (N terminal extension added due to
construction requirements led to an enhancement of molecular
mass). Maximum of expression occurs after 2 h post-
induction. Analysis of the soluble and insoluble fractions,
separated from induced E. coli /pET-AS7 cells, revealed that
a fraction of the protein forms aggregates in the E. coli cell.
Bacteriocin activity assay revealed that the soluble fraction of
his-tagged divercin AS7 purified on Ni-NTA agarose beads
retains its anti-Listeria activity (Fig. 2).
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Cytotoxicity assay

The cytotoxicity of divercin AS7 was analyzed on differenti-
ated Caco-2 cells. For this purpose, the soluble fraction of
divercin AS7 was tested at a concentration of 2 μg ml−1. The
adenylate kinase released by the cells was quantified after 24 h
of incubation. After 24 h of treatment of Caco-2 cells with
divercin AS7, the percent of cytotoxicity remained at a back-
ground level. The observed adenylate kinase release was 2 %
for 2 μg ml−1 of divercin AS7.

Apoptosis assay

DNA fragmentation is a common hallmark of apoptotic cells
(Barry et al. 1990). DNA fragmentation assay was used to
determine whether Caco-2 cells undergo apoptosis after incu-
bation with divercin AS7. The quality of DNA isolated from
Caco-2 cells after 24 h of treatment with 2 μg ml−1 of divercin
AS7 was similar to DNA isolated from untreated cells (Fig. 3).
No fragmentation (apoptotic ladder) was seen on the agarose
gel, indicating that the divercin AS7 does not induce apoptosis
of human intestinal enterocytes.

Epithelial integrity

The effect of divercin AS7 on the epithelial monolayer integ-
rity was studied on differentiated Caco-2 cells by measuring
the transepithelial electrical resistance (TEER). After 24 h of
treatment with divercin AS7 at 2 μg ml−1, no significant
reduction in the TEER was observed. The average value of
the TEER was 98.6 % of the initial level.

Discussion

Bacteriocins have the potential for use as novel antibiotics
and, in combination with traditional methods, as food preserv-
ing agents. To develop bacteriocins for these applications such

Fig. 1 Western blot analysis for
recombinant bacteriocin AS7
expressed in E. coli /pET-AS7
strain. The cells expressing
bacteriocin AS7 were cultivated
in SOC medium at 37 °C.
Bacterial biomass before IPTG-
induction (1) and after IPTG-
induction 1 h (2) and 2 h (3) were
subjected to western blot analysis.
Bands (∼8 kDa) were detected
using the anti-HisTag antibody

Fig. 2 The agar diffusion test for recombinant bacteriocin AS7. E. coli /
pET-AS7 lysates (20 μl) prepared from IPTG-induced culture after 2 h
(1–8) were plated on LZ agar inoculated with Listeria innocua indicator
strain and incubated overnight at 30 °C. Growth inhibition zones indicate
action of recombinant bacteriocin AS7. The inset shows positive control
(1 diluted native bacteriocin AS7) and E. coli/pET-28b+ lysate (2 neg-
ative control)

Fig. 3 Agarose gel electrophoresis for DNA fragmentation assay (apo-
ptotic ladder) showing Caco-2 genomic DNA isolated from untreated
cells (lane 1 negative control) and cells treated with bacteriocin AS7 for
1 h (lane 2), 4 h (lane 3) and 24 h (lane 4). Lane 5 DNA ladder
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as are needed for structural and functional studies, it is neces-
sary to produce active highly purified peptide. Generally, class
IIa bacteriocins have been obtained through the growth of the
natural producer and peptide purification using cation ex-
change and reverse phase chromatography (Berjeaud and
Cenatiempo 2004) or by phase partioning (Metivier et al.
2000). Heterologous expression of peptides is an alternative
with many advantages, e.g., controlled expression, ease of
purification, production of recombinant bacteriocin with a
fusion tag, or expression of truncated forms for further anal-
ysis. Heterologous expression of class IIa bacteriocins in E.
coli has shown that recombinant bacteriocins can be produced
in an active form (Ingham et al. 2005; Richard et al. 2004;
Yildirim et al. 2007). Although some problems have been
reported with sub-cloned native genes of bacteriocins
(Richard et al. 2004), we decided to express divercin AS7
from a native gene cloned in commercially available plasmid
vector pET28b+. In our study, we obtained active recombinant
divercin AS7 as a fusion protein with His-Tag. Recombinant
divercin AS7 maintains its antibacterial activity as demon-
strated by the agar diffusion test using L. innocua as the
indicator strain. The activity of homologs of this bacteriocin
have been linked to the C-terminus and its membrane-
penetrating function, therefore the tag in our recombinant
protein is fused to the N-terminus of peptide. Plasmid stability
was monitored at every step of the experiment (data not
shown), confirming that our recombinant construct is stable
consisting of an insert. Due the small size of bacteriocins, they
are not easily visualized on polyacrylamide gels, therefore we
used Tricine gel electrophoresis and commercially available
antibodies to the fusion partner (His-Tag) to identify produc-
tion of the fusion bacteriocin. We observed formation of
insoluble aggregates of divercin AS7 in the E. coli cell, but
the use of a lower concentration of induction factor (0.1 mM
IPTG) enabled us to obtain a soluble fraction of the correctly
folded peptide. Further study will be required to determine the
relationship between IPTG concentration and the efficiency of
active protein synthesis. Production of divercin AS7 using a
heterologous host could be limited by the higher cost com-
pared to the natural way, but the protein obtained could be
highly purified and used for in vitro studies on human cells.
Our studies on the bacteriocin divercin AS7’s influence on
intestinal epithelial integrity and cytotoxicity have shown that,
at the concentration used (2 μg ml−1), the recombinant protein
is not cytotoxic to undifferentiated Caco-2 cells.Moreover, we
have shown on differentiated Caco-2 cells that divercin AS7
did not change the permeability of reconstructed epithelium.
No variation in TERRwas observed between the control value
and the TERR of divercin AS7-treated Caco-2 cells. In studies
on bacteriocin plantaricin A, it was shown that this has the
potential to protect the function of the human intestinal barrier
(TERR increase). Plantaricin A also enlarged the Caco-2 cell
viability and contributed to the prevention of cell damage (Di

Cagno et al. 2010). In our study, the absence of an apoptotic
effect in the DNA fragmentation assay, along with lack of
cytotoxicity and no damage to cell permeability, allow us to
conclude that recombinant divercin AS7 at the concentration
tested is not toxic to enterocytes and is a promising peptide for
the food and pharmaceutical industry.
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