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Abstract
Background: Increase in the number of infections caused by Gram-negative bacteria in neutropenic cancer
patients has prompted the search for novel therapeutic agents having dual anticancer and antimicrobial properties.
Bacteriocins are cationic proteins of prokaryotic origin that have emerged as one of the most promising alternative
antimicrobial agents with applications as food preservatives and therapeutic agents. Apart from their antimicrobial
activities, bacteriocins are also being explored for their anticancer potential.
Results: In this study, a broad-spectrum, cell membrane-permeabilizing enterocin with a molecular weight of 65
kDa was purified and characterized from the culture supernatant of vaginal Enterococcus faecium 12a. Enterocin 12a
inhibited multidrug-resistant strains of various Gram-negative pathogens such as Salmonella enterica, Shigella
flexneri, Vibrio cholerae, Escherichia coli and Gram-positive, Listeria monocytogenes, but had no activities against
different strains of gut lactobacilli. The mass spectrometric analysis showed that the enterocin 12a shared partial
homology with 4Fe-4S domain-containing redox protein of E. faecalis R712. Further, enterocin 12a selectively
inhibited the proliferation of various human cancer cell lines in a dose-dependent manner but not that of normal
human peripheral blood mononuclear cells. Enterocin 12a-treated cancer cells showed apoptosis-like morphological
changes.
Conclusion: Enterocin 12a is a novel bacteriocin that has anticancer properties against human cell lines and
negligible activity towards non-malignant cells. Therefore, it should be further evaluated for its anticancer potential
in animal models.
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Background
Cancer is the second most prevalent cause of death
worldwide that accounted for 9.6 million deaths, and
18.1 million new cases in 2018 [1]. Conventional cancer
chemotherapeutic agents are mostly non-selective to
cancer cells that result in serious side-effects such as
organ toxicity, immunosuppression, and also contribute
to the development of drug resistance in cancer cells.
Immunosuppression due to anticancer drug regimen
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and breakdown in the mucosal barrier due to the use of
invasive devices in cancer patients make them susceptible to bacterial infections that require long-term
prophylactic antibiotic regimens [2]. Further, the effectiveness of antibiotic regimen to treat infections in cancer
patients is compromised due to the emergence of drugresistant Gram-negative bacterial pathogens that predominates in neutropenic patients [3]. Therefore, novel
anticancer agents that specifically inhibit cancer cells
and have dual anticancer and antimicrobial activities are
expected to act as prophylaxis against bacterial infections along with inhibiting the growth of tumors in cancer patients [4].
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Exploration for novel antimicrobials to treat bacterial
infections has led to renewed interest in the search for
bacteriocins [5]. Bacteriocins are cationic proteins secreted by bacteria that kill the target bacteria mainly by
forming pores in their cell membrane or in some cases
by inhibiting protein synthesis and DNA replication [6].
Bacteriocins derived from lactic acid bacteria (LAB) have
GRAS (Generally regarded as safe) status and therefore
they are considered safe. Two such bacteriocins, nisin
and pediocin have been approved by the Food and Drug
Administration (FDA) for use as food preservatives [7].
Bacteriocins are also being considered as potential new
generation therapeutic agents that can be employed as
stand-alone drugs [6] or as adjuncts to conventional antibiotics [8, 9]. In healthcare studies, nisin was shown to
successfully treat mastitis in humans [10] and cows [11].
Along with the antimicrobial activities, a few bacteriocins of LAB origin such as nisin [12], pediocin, and plantaricin have demonstrated anti-proliferative effects
against human cancer cell lines, in in vitro and mice experiments [13]. This indicates their potential for use as
both antimicrobial and anticancer agents. However, bacteriocins purified from LAB generally have narrowspectrum antimicrobial activities as they are known to
inhibit Gram-positive bacteria only [5, 14]. Therefore,
bacteriocins that inhibit Gram-negative pathogens along
with Gram-positive are expected to have wider applications. Thus, this study was focused on studying the anticancer potential of a broad-spectrum enterocin purified
from the culture supernatant (CS) of E. faecium 12a.
Further, the mode of anticancer activity and toxicity of
the enterocin was also studied.
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Results
Cumulative production kinetics of the antimicrobial
substance in the CS

Before the purification of enterocin 12a, its production
kinetics was studied in De Man Rogosa and Sharpe
medium (MRS) broth. As shown in Fig. 1, enterocin 12a
appeared in the CS 4 h after the inoculation of E. faecium 12a in MRS broth. The concentration of 12a
peaked (640 arbitrary units per ml, AU/ml) at 8 h after
which it plateaued till 20 h. After 20 h, there was a 50%
decrease in the antimicrobial activity of the CS. The production of the antimicrobial substance was growthassociated as it peaked in the early log phase and plateaued in the stationary phase.
Purification and identification of enterocin 12a

For the purification of antimicrobial compound from the
CS, ammonium sulfate precipitation, cation-exchange
chromatography and reverse-phase high-performance liquid chromatography (RP-HPLC) was carried out. Purified enterocin fraction yielded a single peak on the
chromatogram at the retention time of 1.72 min (Fig. 2a).
After RP-HPLC, a 10.11 fold increase in the specific activity of enterocin was observed and the final yield percentage was 1.6 (Table 1). SDS-PAGE analysis of the
purified fraction showed a single band with a molecular
weight of 65 kDa (Fig. 2b; Supplementary Fig. 1, Supplementary Fig. 2). Further, to test the antimicrobial activity
of the 65 kDa band, gel overlay assay was performed
against Salmonella enterica as the indicator pathogen,
and a clear zone corresponding to the band was obtained (Fig. 2b; Supplementary Fig. 3). The band was cut

Fig. 1 Kinetics of enterocin production and growth kinetics of E. faecium 12a. The antimicrobial activity of CS was measured by using agar gel
diffusion method against S. enterica, whereas, the growth of E. faecium in MRS media was measured by measuring absorbance at 595 nm after
every 2 h. Error bars are representative of the three independent experiments performed in triplicates
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Fig. 2 (a) U-HPLC chromatogram of the purified enterocin 12a (b) SDS-PAGE of purified enterocin 12a and gel overlay with S. enterica. Lane 1:
molecular weight marker. Lane 2: partially-purified enterocin 12a after cation exchange chromatography. Lane 3: purified enterocin 12a after RPHPLC. Lane 4: Zone of inhibition against S. enterica observed in the agar gel overlay assay corresponding to the position of the band on the SDSPAGE of enterocin 12a (c) Peptide mass fingerprinting (PMF) analysis of enterocin 12a. The PMF followed by MASCOT search in NCBIprot shows
the matched amino acid residues (in red bold) of the seven peptide fragments with the 4Fe-4S domain-containing protein of E. faecalis R712

and subjected to MALDI TOF/TOF MS/MS analysis.
Protein identification by MASCOT search in NCBIprot
showed that the peptide fragments of enterocin 12a
shared similarity with 48% of 4Fe-4S domain-containing

protein of E. faecalis R712 with significant (p< 0.05) coverage score of 121(Fig. 2c). The seven peptides that matched
the 4Fe-4S domain-containing protein of E. faecalis R712
are listed in Fig. 2c.
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Table 1 Steps of purification and percent yield of enterocin 12a purified from E. faecium 12a
Purification step

Total volume
(ml)

Activity Total
(AU/
activitya
ml)

Total
Protein
(mg)

Specific Fold-Increase in the specific
activityb activity

Percent
Yield

CS

1000

68,266

6.8× 107

625

108,800

100

7

1

Ammonium sulphate ppt.

200

136,528 2.7×10

215

125,581

1.15

39.7

Cation-exchange fraction

30

273,056 8.1× 106

33

245,455

2.26

11.9

Reverse-phase
chromatography

2

546,112 1.1×106

1

1,100,
000

10.11

1.6

a

Total activity= Activity × Total volume of sample
Specific activity = Total activity/ Total protein

b

The antimicrobial activities of both CS and purified
enterocin 12a were determined against various pathogens and commensal lactobacilli strains. Results showed
that both crude and purified enterocin 12a inhibited
Gram-negative pathogenic strains such as S. enterica,
Shigella flexneri, Escherichia coli, and Vibrio cholerae
but did not inhibit Gram-positive bacteria such as
Staphylococcus aureus, Streptococcus pyogenes, and
lactobacilli spp., except Listeria monocytogenes. Further,
CS also inhibited Mycobacterium smegmatis but purified
enterocin 12a had no activity against M. smegmatis
(Table 2).
The zone of inhibition (mm) of CS and enterocin 12a
against indicator bacterial strains was determined by
using agar gel diffusion assay. The results are the mean±

Table 2 Antimicrobial activity of the CS and enterocin 12a
against various indicator bacterial strains
Indicator bacteria

Zone of inhibition (mm)
CS

Enterocin 12a

S. enterica MTCC 733

16±0.1

15±0.1

Esc. coli MTCC 119

13±0.2

13±0.2

Sh. flexneri MTCC 1457

15±0.2

15±0.2

List. monocytogenes MTCC 657

14±0.3

13±0.3

V. cholerae MTCC3906

13±0.3

12±0.3

M. smegmatis MTCC6

14±0.2

-*

St. pyogenes MTCC 1927

–

–

Staph. aureus MTCC 96

–

–

Pseudomonas aeruginosa MTCC 741

–

–

Lactobacillus plantarum L12

–

–

L. paracasei L32

–

–

L. pentosus S45

–

–

L. fermentum L13

–

–

L. plantarum L14

L. fermentum L18

–

–

L. casei S49

–

–

*-No zone of inhibition observed

standard deviation (SD) of three independent experiments performed in triplicates.
Physico-chemical characteristics of purified enterocin 12a

The thermostability of purified enterocin 12a was determined at different temperatures. As shown in Table 3,
the antimicrobial activity of enterocin 12a remained
stable at temperatures 60 and 80 °C; however, the enterocin was completely inactivated beyond 30 min exposure
to a temperature of 100 °C. Further, the pH sensitivity of
enterocin 12a was determined. Results showed that
enterocin 12a remained active in the pH range 2–10 and
exhibited maximum activity at pH 4 (Table 3). Further,
the antimicrobial activity of enterocin 12a was stable to
the action of various solvents such as methanol, chloroform, and acetonitrile (Table 3).
The effect of various enzymes on the stability of enterocin 12a was tested. It was observed that all three proteases resulted in complete abrogation of the antimicrobial
activity of enterocin 12a, thereby showing its proteinaceous nature (Table 3). On the other hand, lipase treatment did not affect the antimicrobial activity of
enterocin 12a (Table 3).
Zones of inhibitions (mm) of enterocin 12a were measured by using agar gel diffusion assay against S. enterica. The results are the mean±SD of three independent
experiments performed in triplicates.
Effect of enterocin 12a on membrane permeability

The effect of enterocin 12a on cell membrane permeability of S. enterica cells was determined by staining the
cells with the fluorescent dye, propidium iodide (PI).
Histograms (Fig. 3a) show that in the absence of enterocin 12a, S. enterica cells exhibited 13.5% fluorescence.
Whereas, in the presence of enterocin 12a, the fluorescence of S. enterica cells increased to 71.7 and 91.7%
after 15 and 30 min, respectively (Fig. 3b and c). Simultaneously, the confocal microscopy images (Fig. 4) of
enterocin 12a-treated S. enterica cells stained with PI
showed an exponential increase in the number of
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Table 3 Physico-chemical characterization of enterocin 12a
Physico-chemical parameters
Temperature

pH

Solvents (50%v/v)

Enzymes (1 mg/ml)

Treatments

Residual activity of enterocin 12a in terms of zone of inhibition (mm)

Untreated control

15±0.11

60 °C (30 min)

15±0.12

60 °C (60 min)

15±0.20

80 °C (30 min)

14±0.20

80 °C (60 min)

13±0.11

100 °C (15 min)

8±0.15

100 °C (30 min)

*-

121 °C (15 min)

–

2

13±0.14

4

14±0.12

6

13±0.15

8

12±0.13

10

11±0.12

Chloroform

14±0.11

Methanol

15±0.11

Acetonitrile

15±0.11

Proteinase K

–

Pepsin

–

Trypsin

–

Lipase

15±0.12

*-No zone of inhibition observed

Fig. 3 Histograms depicting PI fluorescence of S. enterica cells a) untreated control b) enterocin 12a-treatment for 15 min c) enterocin 12atreatment for 30 min. The cells of S. enterica were treated with 5 μg/ml of enterocin for 15 and 30 min. The cells were washed by centrifugation
and stained with PI. The fluorescence of the PI-stained cells was determined by flow cytometer. Data are represented as histograms with counted
bacterial events displayed on y-axis, and increase in fluorescence on the x-axis
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Fig. 4 Confocal microscopy (magnification 1000 X) images of PI-stained S. enterica cells (a) without enterocin 12a treatment (b) with enterocin
12a (5 μg/ml) treatment for 15 min (c) with enterocin 12a (5 μg/ml) treatment for 30 min

fluorescent cells with an increase in the treatment time
as compared to the untreated cells (Fig. 4).

Hemolytic activity of enterocin 12a

The toxicity of enterocin 12a was determined by testing
its hemolytic activity against human red blood cells
(RBCs). Results (Fig. 5) showed that the treatment of
RBCs with 2-fold dilutions of enterocin did not result in
hemolysis. The percent RBC lysis observed after treatment with 10 and 5 μg/ml of enterocin was 4.5 and
2.5%, respectively which was not significant (p < 0.0001)
as compared to the untreated RBCs. On the other hand,
treatment with 1% Triton X-100 resulted in complete
RBC lysis (Fig. 5).

Anti-proliferative activity of enterocin 12a

Evaluation of the antiproliferative activities of purified
enterocin 12a on the cancer cell lines such as cervical
cancer cell line, HeLa; colonic epithelial cell line, HCT15; lung cancer cell line, A549 and osteosarcoma cell
line, MG-63 was done using MTT (3–4, 5dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium) assay.
Enterocin 12a inhibited the growth of all the cell lines in
a dose-dependent manner (Fig. 6). At the highest dose
of 5 μg/ml, enterocin 12a reduced the viabilities of A549,
HeLa, HCT-15, and MG-63 to 8.4, 24.1, 23.2 and 34.3%
respectively (Fig. 6). The 50% inhibitory concentration
(IC50) values of the enterocin 12a for A549, HeLa, HCT15, and MG-63 cell lines was calculated as 0.08, 1.54,
1.07 and 2.1 μg/ml, respectively. The antiproliferative

Fig. 5 Hemolytic activity of enterocin 12a. Red blood cell samples suspended in PBS were treated with different concentrations of enterocin 12a
for 1 h. Triton X-100 (1%) was used as a positive control. Error bars are representative of SD of the three independent experiments performed in
triplicates. *Significance (P < 0.0001) was calculated by comparing all the groups to the untreated control by using independent Student’s t-test
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Fig. 6 The anti-proliferative effects of different concentrations of enterocin 12a on the viabilities of cell lines A549, HeLa, HCT-15, MG-63 and
PBMC as demonstrated by MTT assay. Error bars are representative of SD of the three independent experiments. *Significance (P < 0.0001) was
calculated by comparing all the groups to the untreated control by using independent Student’s t-test

effect of enterocin 12a against normal human peripheral
blood mononuclear cells (PBMCs) was also determined.
The residual viability of PBMCs after treatment with
enterocin 12a was 82.2% that was not significant (p<
0.05) as compared to the untreated control (Fig. 6).
Microscopic detection of morphological changes in the
CS-treated cell lines

Further, to study the mode of antiproliferative activity of
enterocin 12a, morphological changes of enterocin 12atreated HCT-15 cells were studied by bright field and
fluorescent microscopy. Most of the cells in the control
untreated sample remained viable with normal cell
morphology having a clear outline of the cell membrane
and nucleus (Fig. 7a and c). On the other hand, cells
treated with enterocin 12a showed morphological
changes typical of apoptosis (Fig. 7b and d). Enterocin
12a-treated and Giemsa-stained cells (Fig. 7b) showed
chromatin condensation and nuclear fragmentation.
Similarly, cells stained with fluorescent dyes, PI and
Hoechst 33342 (7D) showed cell shrinkage and nuclear
fragmentation.

Discussion
Eighty percent of the patients with hematologic malignancies and 10–15% of the patients with solid tumors
develop infections associated with neutropenia following
more than one chemotherapy cycle [15]. Many studies
have shown the benefits of using antimicrobials in conjunction with anticancer agents in reducing the mortality

rate in cancer patients [3]. Thus, in this study, a novel
enterocin 12a having selective anticancer activities
against malignant cells was purified and characterized. E.
faecium 12a was selected for the purification of enterocin as it possessed broad-spectrum antimicrobial activity,
good probiotic properties, and did not harbor genes for
known virulence factors as shown in our previous study
[16]. Enterocin 12a was characterized as a novel high
molecular weight protein that inhibited several Gramnegative pathogens but had no activities against Grampositive bacteria such as St. pyogenes, Staph. aureus and
commensal lactobacilli, except L. monocytogenes. Among
the already known enterocins of E. faecium, enterocin
E-760 [17], T1 [18], enterocin A and B [19] were known
to exhibit antimicrobial activities against Gram-negative
bacteria; however, all of them had molecular weights of
less than 10 kDa. Secondly, their antimicrobial spectrum
differed from enterocin 12a, as they all inhibited Staph.
aureus. Enterocins A and B also inhibited several strains
of lactobacilli. Other enterocins of E. faecium such as
AS48 and enterocin P [20] inhibited Gram-positive bacteria only. AS48 was shown to inhibit Gram-negative
bacteria only in combination with treatments that disrupted the outer membrane of Gram-negative bacteria
such as the use of EDTA, tripolyphosphate, polymyxin
B, or pulsed electric fields [21].
Further, both the CS and the purified enterocin inhibited S. enterica, Sh. flexneri, Esc. coli, and V. cholerae, all
of which cause serious food or waterborne gut infections
such as enteric fever and diarrhea [22]. However, in the
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Fig. 7 Morphological changes induced in HCT-15 after 24 h treatment with enterocin 12a (1 μg/ml). (A) Giemsa-stained untreated control cells (B)
Giemsa-stained enterocin-treated cells (C) PI and Hoechst 33342 co-stained untreated control cells (D) PI and Hoechst 33342 co-stained
enterocin-treated cells. Yellow arrows show cell shrinkage, and red arrows show nuclear fragmentation

case of M. smegmatis, the CS but not the purified enterocin exhibited the antimicrobial activity. This indicated
that non-proteinaceous substances present in the CS
might be responsible for the antimicrobial activity
against M. smegmatis. The antibiotic sensitivity profiles
of the pathogenic indicator strains such as S. enterica
(Supplementary Table 1), Esc. Coli (Supplementary
Table 2), Sh. flexneri (Supplementary Table 3) and V.
cholerae (Supplementary Table 4) used in the study revealed that all the four isolates were multi-drug resistant
(MDR) pathogens as they exhibited resistance to at least
one antibiotic in more than one antibiotic class [23].
Thus, considering the paucity of new antimicrobials
against the MDR strains of Gram-negative pathogens
[24], both E. faecium 12a and its enterocin should be
further tested for their clinical efficacies in vivo infection
models.
The kinetics of cumulative production of enterocin
produced by E. faecium 12a in the MRS media was studied. Like other bacteriocins, enterocin 12a followed primary metabolite production kinetics [25], as it appeared
in the CS in the early logarithmic phase and peaked in
the late-log phase. Its concentration in the CS remained

stable till 20 h, after which it decreased by 2-fold. The
decrease in the antimicrobial activity of CS may be due
to the expression of transmembrane immunity proteins
that inactivate enterocin and protects the producer cells
from autolysis as observed in the case of enterocin P
[20] and cytolysin [26].
The physicochemical characterization of enterocin 12a
showed that it completely lost its antimicrobial activity
on treatment with all the 3 proteolytic enzymes, thereby
showing its proteinaceous nature. Further, the exposure
of enterocin 12a to the temperature of 100 °C for more
than 15 min resulted in complete abrogation of its antimicrobial activity. As most of the heat-stable enterocins
are resistant to temperatures as high as 121 °C, enterocin
12a can be considered heat-labile. Owing to its heatlabile nature and high molecular weight, enterocin 12a
may be classified as class IV enterocin [27]. Enterocin
12a was also found to be resistant to pH ranging between 2 and 10, and all the tested organic solvents.
High molecular weight enterocins were earlier reported from various strains of E. faecalis viz., enterolysin
A 34 kDa [28];, bacteriocin 41 64.5 kDa [29];, EF478 45
kDa [30]; and anti-Candida protein 43 kDa [31];.
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However, in the case of E. faecium, a single report
showed the production of two high molecular weight
bacteriocins (55 and 65 kDa) from the strain E. faecium
ICIS7. The enterocins of E. faecium ICIS7 were shown to
bear no similarities with the previously reported proteins
in the protein databases [32]. In this study, the
characterization of enterocin 12a by using mass spectrometry revealed that it shared homology with 48% of
4Fe-4S domain-containing protein of E. faecalis R712.
Bacterial ferredoxin i.e., 4Fe-4S cluster-containing proteins are mostly acidic proteins that possess a high negative redox potential. They use iron-sulfur clusters as
electron distributors in various metabolic pathways [33].
Another study reported the purification of ferredoxindomain-containing bacteriocins, pectocins M1 and M2
from Pectobacterium spp. [34]. Pectocins were shown to
be natural modular proteins containing a cytotoxic domain fused to a ferredoxin-like protein that binds to the
ferrichrome transporter and causes pore formation in
the target cell membrane [35]. Similar natural modular
bacteriocins that bind to ferrichrome transporter and
cause cytolysis of target strains were also reported from
Pseudomonas spp. [36]. Thus, enterocin 12a might resemble such natural modular antimicrobial proteins reported only in Gram-negative bacteria till date. E.
faecium in particular are known to possess a high rate of
gene recombination [37] that might explain the presence
of such natural modular enterocin in E. faecium 12a.
Furthermore, enterocin 12a appeared to be a
membrane-bound protein as it was released in the CS
only in the presence of Tween 80-containing MRS media
or after low-frequency ultrasonication (120 kHz) of E.
faecium cells cultured in MRS media without Tween 80
(data not shown). A previous study has also shown that
the use of Tween 80 in the broth media resulted in an
8-fold increase in the concentration of lacticin RM in
the CS [38].
Further, the mode of the antimicrobial activity of enterocin 12a was studied by flow cytometry. Results showed
that the treatment of S. enterica cells with the purified
enterocin rapidly killed the cells by altering their cell
membrane permeability as evidenced by 71.7 and 91.7%
increase in PI fluorescence within 15 and 30 min, respectively. These results are similar to those reported for other
bacteriocins such as nisin [39] and lacticin F [40].
Enterocin 12a inhibited the proliferation of all the
tested cancer cell lines in a dose-dependent manner. Another enterocin i.e., enterocin A was earlier shown to reduce the viabilities of human cancer cell lines viz., HeLa,
HT-29, AGS, and Caco-2 selectively by 60% at the maximum dose of 120 μg/ml [41]. However, as compared to
enterocin-A, 12a appeared to be more potent as it reduced the viabilities of all the tested cell lines in the
range 64–90% at a maximum dose of 5 μg/ml. Other
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purified bacteriocins such as pediocin PA-1 [42], plantaricin A [43], nisin ZP [44], and nisin [45] purified from
LAB genera were also shown to inhibit the in vitro proliferation of human cancer cells. Nisin was shown to selectively inhibit cancer cell lines and not the normal
cells [42]. Another redox bacteriocin, azurin, secreted by P.
aeruginosa was shown to have antiproliferative effects against
murine [46] and human cancer cell lines [47]. A non-toxic
fragment of azurin, p28 was approved by the FDA for the
treatment of malignant brain tumor, glioma [48].
Enterocin 12a was found to have negligible antiproliferative effects against human PBMCs and membranolytic effects on RBCs at the same tested doses as that of cancer
cells. The selective anti-proliferative activity could be explained based on the differences between the cell membrane of cancer cells from that of normal cells. As
compared to the normal cells, cancer cells are known to
have increased cell membrane negative charge [49, 50],
higher membrane fluidity [51], and the number of microvilli [52] which may result in enhanced binding of bacteriocins to the cell surface of the cancer cells. An attempt to
study the mechanism of anticancer activity of enterocin 12a
by using confocal microscopy revealed that the treatment
of all the tested cancer cell lines with enterocin 12a resulted
in apoptosis-like morphological changes as evident by cell
shrinkage, chromatin condensation, and nuclear fragmentation [53]. Similar morphological effects on cancer cells were
reported in the case of other bacteriocins such as nisin ZP
[44] and azurin [54]. Cancer cells are known to possess increased amounts of negatively charged phospholipids [49,
50] on their outer cell membrane leaflet. Therefore, the anticancer effects of the enterocin 12a might be due to its cell
membrane-permeabilizing effect similar to other bacteriocins [43]. However, the exact molecular mechanism of anticancer activity is under investigation.
In conclusion, these results suggest that human vaginal
commensal E. faecium 12a secreted a novel enterocin
12a that inhibited the MDR strains of Gram-negative
pathogens and also selectively inhibited the proliferation
of cancer cell lines. Bacteriocin-secreting enterococci
were shown to have a survival advantage in the gut, for
example, bacteriocin 21-producing E. faecalis strain was
able to persist for a longer time in the gut of mice by
successfully replacing the indigenous enterococci including vancomycin-resistant strains, as compared to the
strain that lacked the bacteriocin gene [55]. Thus, the
therapeutic potential of both E. faecium 12a and its
enterocin for the treatment of MDR strains of Gramnegative pathogens needs further investigation. Further,
the study highlighted the functional property of a human
vaginal commensal E. faecium that might play a role in
protection against cervical cancer. Thus, the role of E.
faecium 12a and its enterocin in protection against cancer in various in vivo models should also be explored.
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Methods

Purification of enterocin 12a

Bacterial strains

Enterocin 12a was purified from the ammonium sulfate
precipitates of the CS of E. faecium 12a by cationexchange and RP-HPLC methods. For ammonium
sulphate precipitation, 1 l of MRS broth was inoculated
with overnight grown culture (2%) of E. faecium 12a and
incubated at 37 °C for 16 h in anaerobic jars. The culture
was centrifuged (9000×g) at 4 °C to obtain CS, and the
enterocin was precipitated using 80% (w/v) saturated
ammonium sulfate with continuous stirring at 4 °C for
18 h. Precipitated protein pellets were collected by centrifugation (9000×g) and dissolved in sodium acetate
buffer (20 mM; pH 4.5). The dissolved precipitates were
desalted by passing through Biogel PD-10 column (GE
HealthCare, USA), equilibrated and eluted with sodium
acetate buffer (20 mM; pH 4.5). The pooled desalted
fractions were loaded onto SP-Sepharose Fast Flow
cation-exchange column (50× 10 mm; GE Healthcare)
and eluted with a linear salt gradient of 0.1 to 1 M NaCl
in sodium acetate buffer (20 mM; pH 4.5). The active
fractions obtained from SP-Sepharose were pooled, lyophilized, resuspended in HPLC grade water, filtered
(0.2 μ pore size) and loaded on the C18 HPLC column
(Shimadzu Microsorb MV, 100× 10 mm ID, 10 μm).
Fractions were eluted with 0.01% trifluoroacetic acidcontaining solution of water and acetonitrile in the ratio
30:70 (v/v). The flow rate was maintained at 3 ml/min,
and the eluted fractions were monitored by a photodiode
array detector at 214 nm. Fractions were collected, concentrated using rotavapour (Buchi, USA) and dissolved
in MilliQ water. The antimicrobial activities and protein
concentration [57] of the purified fractions were determined after each step of enterocin purification. For all
the experiments HPLC fractions were concentrated,
pooled and dissolved in appropriate solvent before using.

E. faecium 12a used for the purification of enterocin 12a
was isolated from the vaginal swab sample of the healthy
pre-menopausal woman and characterized in the previous study [15]. Lactobacillus spp. of fecal origin used in
the study was gifted by one of the authors (Sukhraj
Kaur). The LAB strains were cultured in MRS media
and incubated at 37 °C in anaerobic jars for growth. The
bacterial growth media and the chemicals used in the
study were mostly (except where mentioned), purchased
from HiMedia Laboratories Pvt. Ltd., Mumbai, India.
The pathogenic bacterial strains used in this study
were procured from Microbial Type Culture Collection
(MTCC), Institute of Microbial Technology, Chandigarh,
India. The indicator pathogenic bacteria such as Esc. coli
MTCC 119, P. aeruginosa MTCC 741, Sh. flexneri
MTCC 1457, V. cholerae MTCC 3906, S. enterica Typhimurium MTCC 733, Lis. monocytogenes MTCC 657, St.
pyogenes MTCC 1927 and Staph. aureus subsp. aureus
MTCC 96 were cultured in Brain Heart Infusion (BHI)
broth at 37 °C under aerobic stationary conditions.
Whereas, M. smegmatis MTCC 6 was cultured in Middlebrook 7H9 broth supplemented with bovine serum
albumin fraction V and Tween 80 under aerobic conditions at 37 °C.

Agar gel diffusion assay

The antimicrobial activities of CS and purified enterocin
12a were determined against various pathogenic and
commensal lactobacilli strains by agar gel diffusion assay
[56]. To prepare the CS, the overnight grown culture of
E. faecium 12a was centrifuged (Benchtop Refrigerated
centrifuge; Sigma 3 K30), at 9000×g for 10 min at 4 °C.
The supernatant obtained was filter-sterilized by passing
through a 0.22 μm filter, and the antimicrobial activity of
the CS was determined after adjusting its pH to 6.5.

Growth curve and kinetics of production of antimicrobial
substance

To study the growth curve and kinetics of bacteriocin
production by E. faecium 12a, MRS media was inoculated with 2% overnight grown culture of E. faecium
and incubated at 37 °C in anaerobic jars. The growth
of the culture was measured by reading its absorbance at 595 nm after every 2 h. Simultaneously, the
antimicrobial activity of the CS was determined by
agar gel diffusion assay against the indicator bacteria
S. enterica MTCC 733. The antimicrobial activity of
CS was expressed in AU/ml, which is defined as the
reciprocal of the highest dilution showing inhibition
of the indicator lawn.

Determination of molecular weight and gel overlay assay

To determine the molecular weight of the purified enterocin, denaturing polyacrylamide gel electrophoresis was
carried out by using 6% stacking and 15% (w/v) separating gel [58]. The samples and the molecular weight
marker (BioRad, USA) were loaded into the wells of the
gel. Electrophoresis was carried out at 120 V and lanes
of the gel were cut. One lane of the gel was stained with
silver nitrate (SRL, India) and the other lane of the gel
was used for the overlay assay against S. enterica [59].
For the gel overlay assay, BHI soft agar inoculated with
S. enterica was overlaid onto the lane of the gel, incubated at 37 °C for 24 h, and the zone of inhibition was
observed.
MALDI TOF/TOF mass spectrometry (MS)

For characterization of enterocin, silver-stained gel
bands were destained, trypsinised and extracted before
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subjecting to MALDI-TOF/TOF-Proteomics Analyzer
(UltrafleXtreme mass spectrometer; Bruker Daltonics
Inc. Germany). Positive ion reflector mode with a mass
range from 700 to 3500 Da was used for recording the
TOF spectra. For each spectrum 500 shots were accumulated. Two most abundant peptide ions were then
subjected to fragmentation analysis. A combined search
(MS + LIFT-MS/MS) was performed in database of protein using BioTools 3.0 software (Bruker Daltonics Inc.
Germany) and MASCOT (Version 2.1, Matrix Science,
London, UK), and searched against all entries in the
NCBInr protein databases. The parameters used for the
search were as follows: taxonomy, Firmicutes; enzyme,
trypsin; the fixed modification, carbamidomethyl (C); the
variable modification, Glu->pyro-Glu (N-term Q) and
oxidation (M); parent ion mass tolerance at 50 ppm and
MS/MS mass tolerance of 0.7 Da; one missed cleavage
allowed. The identified proteins among the top hit on
the search report with individual ions scores > 44 indicated identity or extensive homology (p< 0.05).

Physico-chemical characterization of purified enterocin
12a

The physico-chemical characterization of purified enterocin 12a (1 μg/ml) dissolved in MilliQ water was carried
out. The thermostability of enterocin 12a was determined by incubating it at different temperatures for various time intervals and then determining the residual
antimicrobial activity by agar gel diffusion assay. The pH
sensitivity of enterocin was determined by setting its pH
to values ranging from 2 to 10 and incubating at 37 °C
for 1 h. The pH was again set to 6.5 before determining
the residual antimicrobial activity. The stability of enterocin 12a to different solvents was determined by incubating it with various organic solvents at 50% v/v for 1 h
at ambient temperature. The solvents were removed by
vacuum concentration on a rotavapour before determining the residual antimicrobial activity. To study the effect of enzymes on enterocin activity, purified enterocin
12a (1 μg/ml) was treated with different enzymes (proteinase K, pepsin, trypsin, and lipase; Sigma Aldrich,
India) at the final concentration of 1 mg/ml for 1 h at
37 °C. The enzymes proteinase K and lipase were dissolved in 100 mM tris-HCL buffer (pH 8.0); whereas for
pepsin and trypsin treatment of enterocin, the enzymes
were dissolved in 1 mM HCl and enterocin was dissolved
in 100 mM tris-HCL buffer (pH 8.0) and the enzyme to
protein solution were mixed in the ratio 1:100. After 1 h,
enzymes trypsin, pepsin were deactivated by heating at
60 °C for 10 min and the enzymes proteinase k and lipase were inactivated at the temperature of 80 °C for 10
min. The residual antimicrobial activity of enterocin 12a
was then determined.
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Effect of enterocin 12a on the cell membrane
permeability

Cell permeabilising effects of enterocin 12a on S. enterica cells was determined by using flow cytometry with
slight modifications [60]. Briefly, S. enterica cells suspended in phosphate-buffered saline (PBS; pH 7.2) at a
concentration of 1× 106 cells/ml were treated with.
Enterocin 12a (5 μg/ml) dissolved in MilliQ water for
different time intervals. Following incubation, the cell
suspensions were centrifuged, washed and suspended in
PBS and thereafter stained with PI (1.0 μg/ml) by incubating for 15 min at 4 °C in the dark. The changes in the
fluorescence of the cells was detected by using Flow cytometer (Accuri C6 Flow Cytometer) in the FL2 channel
and the data were analyzed using C Flow Plus software
(Becton Dickinson, San Jose, CA, USA).
Simultaneously, ten microlitres of PI-stained cell suspension were placed on glass slides in duplicates and
fixed with 5 μl Flourmount solution (Sigma). The fixed
cells on the glass slides were viewed under a confocal
microscope (Nikon, A1R).
Safety evaluation by hemolytic activity

Hemolytic activity of enterocin 12a dissolved in phosphate- buffered saline (PBS; pH 7.2) was measured spectrophotometrically by hemoglobin release assay [61].
RBCs were isolated from the blood of healthy individuals
above the age of 18 yrs. after taking their written informed consent. The protocol was approved by the Institutional Human Ethics Committee of Guru Nanak Dev
University, Amritsar, and performed by following the
guidelines of the Ethics Committee. Briefly, RBC cell
suspension was incubated with different concentrations
of enterocin 12a at 37 °C for 1 h. RBC treated with 1%
Triton X-100 (Sigma Aldrich), and PBS were used as
positive and negative controls, respectively. Hemoglobin
release was monitored in the cell supernatant by taking
absorbance at 415 nm. The percentage RBC lysis was
calculated by using the equation: (AT-AC)/ (AX-AC) ×
10; Where AT is the absorbance of wells containing
enterocin 12a-treated RBC, AC is the absorbance of
negative control well having PBS treated-RBC, and AX is
the absorbance of positive control well containing 1%
Triton X100- treated RBC.
Assessment of antiproliferative activity of enterocin 12a

MTT assay was used to determine the anti-proliferative
activity of enterocin 12a against human cancer cell lines
such as HeLa, HCT-15, A549, MG-63, and normal human PBMCs. All the cell lines were procured from National Centre for Cell Science, Pune, India. PBMCs were
isolated from the blood of healthy individuals above the
age of 18 yrs. after taking their written informed consent.
The protocol was approved by the Institutional Human
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Ethics Committee of Guru Nanak Dev University, Amritsar, India, and performed by following the guidelines
of the Ethics Committee. To isolate the PBMCs, densitygradient centrifugation of the blood was done by using
Ficoll hypaque [62].
MTT assay was performed according to the protocol
described previously [16, 63]. Briefly, cells diluted in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum were seeded at the concentration 4× 105 cells/ml in 96-well microtitre plate and
incubated for 48 h at 37 °C; 5% CO2. Two-fold serial dilutions of purified enterocin 12a dissolved in filter sterlised (0.2 μ pore size) DMEM at concentrations ranging
between 5.0 to 0.312 μg/ml were added to the wells and
the plate was again incubated for 24 h. The cells were
then treated with 100 μl of 0.5 mg/ml MTT (Sigma Aldrich) for 4 h at 37 °C. MTT-containing medium was
discarded and 100 μl of dimethyl sulfoxide was added to
the wells to dissolve the formazan crystals. The absorbance of the wells was measured at 570 nm on 96-well
microplate reader (Synergy™ HT, Bio-Tek Instruments,
Inc.). The cells without enterocin were used as controls.
The percentage viability of cells was assessed according
to the following formula:
Percentage cell viability ¼

Absorbance of enterocin − treated wells
 100
Absorbance of untreated control wells

Apoptosis detection by colorimetric and fluorescent
staining

Apoptosis of eukaryotic cells is characterized by morphological changes such as cell shrinkage, chromatin
condensation, and nuclear fragmentation [64]. Thus, to
study the effect of enterocin 12a on cell morphology,
1.2× 106 HCT-15 cells were cultured on coverslips
placed in 6-well tissue culture plate (Costar, USA) at
37 °C; 5% CO2. After 24 h, the cells were treated with
1 μg/ml of enterocin 12a and again incubated at 37 °C;
5% CO2 for 24 h. After that, the cells were fixed with 4%
paraformaldehyde, washed with PBS (pH 7.2) and costained with Hoechst 33342 (1 μg/ml; Sigma Aldrich)
and PI (5 μg/ml) for 15 min. Separate sets of wells were
stained with Giemsa (1:9; Merck, Darmstadt, Germany)
for 20 min. The stained cells on the coverslips were
viewed under the confocal microscope (Nikon, A1R).
Statistical analysis

Data in all the experiments are representative of three
experiments performed in triplicates. Data were analyzed
by independent Student’s t-test by using SPSS17.0. Significant differences of means were compared through independent Student’s t-test by using SPSS17.0. Individual
p values for each data set are indicated in each figure.
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