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Enterococcus faecalis F4-9 isolated from Egyptian salted-fermented fish produces a novel bacteriocin, termed enterocin F4-9.
Enterocin F4-9 was purified from the culture supernatant by three steps, and its molecular mass was determined to be 5,516.6 Da
by mass spectrometry. Amino acid and DNA sequencing showed that the propeptide consists of 67 amino acid residues, with a
leader peptide containing a double glycine cleavage site to produce a 47-amino-acid mature peptide. Enterocin F4-9 is modified
by two molecules of N-acetylglucosamine �-O-linked to Ser37 and Thr46. The O-linked N-acetylglucosamine moieties are essen-
tial for the antimicrobial activity of enterocin F4-9. Further analysis of the enterocin F4-9 gene cluster identified enfC, which has
high sequence similarity to a glycosyltransferase. The antimicrobial activity of enterocin F4-9 covered a limited range of bacteria,
including, interestingly, a Gram-negative strain, Escherichia coli JM109. Enterocin F4-9 is sensitive to protease, active at a wide
pH range, and moderately resistant to heat.

Food spoilage bacteria and food-borne pathogens are public
health concerns worldwide; therefore, food preservation tech-

niques have received considerable attention (1). However, con-
sumers have become aware of the hazardous effects of using
chemical preservatives, increasing the demand for natural foods
with fewer preservatives and unimpaired sensory quality (2). To
achieve these aims, food science researchers have developed a
novel approach to food preservation, biopreservation using bac-
teriocins from lactic acid bacteria (LAB).

Bacteriocins are antimicrobial peptides ribosomally synthe-
sized by prokaryotes, which exhibit bactericidal activity against
species closely related to the producer strain (3, 4, 5). In general,
the effect of bacteriocins on bacterial cells is exerted by increasing
the permeability of the cytoplasmic membrane, ultimately desta-
bilizing membrane function (6). LAB bacteriocins have numerous
desirable features, including safety, easy digestion by human pro-
teases, stability at wide pH and temperature ranges, antimicrobial
activity against a wide spectrum of food-borne pathogens and
food spoilage bacteria, and no cross-resistance with antibiotics.
These features have prompted food scientists to assess the poten-
tial for bacteriocins as biopreservatives.

Bacteriocins produced by Gram-positive bacteria are classi-
fied into three classes as proposed by Cotter et al. (7): class I
(lantibiotics), comprising lanthionine-containing peptides;
class II, including non-lanthionine-containing bacteriocins;
and bacteriolysins (previously class III bacteriocins). Bacterio-
lysins are large, heat-labile antimicrobial peptides that possess
a domain-type structure that functions in translocation, recep-
tor binding, and lethal activity. Moreover, Klaenhammer (8)
has suggested that bacteriocins that are modified with carbo-
hydrate or lipid should be classified as a separate class IV, as in
the cases of glycocin F (formerly plantaricin KW30) (9) and
sublancin 168 (10).

Bacteriocins produced by Enterococcus spp. are termed entero-
cins. Most enterocins belong to class II bacteriocins, which is sub-
divided into four subcategories. Each class is represented by the
following enterocins: class IIa, enterocin A (11); class IIb, entero-

cin 1071 (12); class IIc, enterocin AS-48 (13); and class IId, ente-
rocin B (14).

Some bacteriocins undergo unusual posttranslational mod-
ifications (PTMs) such as glycosylation (9). In glycosylation, a
carbohydrate group is covalently linked to a peptide or protein.
The most common patterns of glycosylation are linkage
through the hydroxyl group of serine/threonine residues (O-
linked) or the side chain nitrogen of asparagine (N-linked); a
less common linkage forms via the sulfur atom of a cysteine
residue (S-linked) (15). Glycosylation confers more diverse bi-
ological functions and greater proteomic dissimilarities than
other PTMs (16). To date, only two bacteriocins were reported
as glycosylated bacteriocins: glycocin F produced by Lactobacil-
lus plantarum KW30 (9) and sublancin 168 produced by Bacillus
subtilis 168 (10).

Here we present the purification and characterization of a
novel class IV bacteriocin, enterocin F4-9, which is posttrans-
lationally modified by glycosylation. To our knowledge, this is
the first report of a glycosylated bacteriocin produced by En-
terococcus spp.

MATERIALS AND METHODS
Bacterial strains and media. Strain F4-9 was isolated from Egyptian salt-
ed-fermented fish and identified as Enterococcus faecalis by the 16S rRNA
gene sequence as described previously (17). E. faecalis F4-9 was stored at
�80°C in MRS medium (Oxoid, Basingstoke, United Kingdom) with
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15% glycerol; it was propagated in MRS medium at 30°C for 16 h before
use. For determination of antimicrobial spectra, indicator strains were
propagated at the appropriate temperature (30°C or 37°C), as recom-
mended by culture collections. Indicator strains of LAB were cultured in
MRS medium, and non-LAB indicator strains, except those mentioned
below, were cultured in tryptic soy broth (BD, Sparks, MD) supplemented
with 0.6% yeast extract (Nacalai Tesque, Kyoto, Japan) (TSBYE). Cupria-
vidus necator and Pseudomonas putida were cultured in nutrient broth at
25°C for 48 h and Luria-Bertani (LB) medium (BD) at 37°C for 24 h,
respectively. Escherichia coli JM109 was grown in LB medium at 37°C. E.
coli JM109 transformants were cultivated in LB agar medium contain-
ing 1.5% agar (Nacalai Tesque), 20 �g ml�1 ampicillin, and 50 �g
ml�1 5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside (Nacalai
Tesque).

Bacteriocin activity assay. The spot-on-lawn method was used to as-
sess bacteriocin activity (17). Briefly, 10-�l portions of twofold dilutions
of a bacteriocin preparation were spotted onto a double layer comprised
of 5 ml of Lactobacilli Agar AOAC (BD) or TSBYE with 1% agar and
inoculated with an overnight culture of an indicator strain as the upper
layer and 10 ml of MRS medium with 1.2% agar as the bottom layer. After
incubating overnight at the appropriate temperature for the indicator
strains, the bacterial lawns were checked for inhibition zones. In the pu-
rification steps, the activity titer was defined as the reciprocal of the high-
est dilution that yields a clear zone of inhibition in the indicator lawn; this
value was expressed in arbitrary activity units per milliliter of bacteriocin
preparation. The MICs of the bacteriocins against various indicator
strains were determined using the above-mentioned spot-on-lawn
method with the purified bacteriocin solution. The MIC was defined as
the minimum bacteriocin concentration to yield a clear zone of growth
inhibition in the indicator lawn.

Purification of enterocin F4-9. Enterocin F4-9 was purified from 1
liter of the culture supernatant of E. faecalis F4-9 in MRS medium at 30°C
for 16 h based on the method of Sawa et al. (18, 19) with minor modifi-
cations. The cells were removed by centrifugation at 6,000 � g for 15 min;
25 g of activated Amberlite XAD-16 resin (Sigma-Aldrich, St. Louis, MO)
was then mixed with the culture supernatant and slowly shaken overnight
at 4°C. The resin matrix was washed with 50 ml of Milli-Q water and 500
ml of 20% (vol/vol) ethanol. Enterocin F4-9 was eluted with 150 ml of
70% (vol/vol) 2-propanol (Nacalai Tesque) containing 0.1% trifluoro-
acetic acid (TFA) (Nacalai Tesque). To remove the 2-propanol, the eluted

active fraction was evaporated. Then, enterocin F4-9 was diluted with 55
ml of 50 mM sodium phosphate buffer (pH 5.6) (PB). Enterocin F4-9 was
loaded on an SP Sepharose Fast Flow cation exchange chromatography
column (length, 70 mm; internal diameter, 10 mm) (GE Healthcare, Upp-
sala, Sweden) equilibrated with 50 ml of PB; the column was then washed
with PB. Enterocin F4-9 was eluted with 50 ml of 0.1 M NaCl in PB. This
active fraction was applied to a 3-ml Resource RPC column (GE Health-
care) in an LC-2000 Plus high-performance liquid chromatography
(HPLC) system (JASCO, Tokyo, Japan). The active fraction was eluted
using the following program with a gradient of Milli-Q–acetonitrile con-
taining 0.1% TFA at a flow rate of 1.0 ml min�1: 0 to 45 min, 0 to 60%
(vol/vol) acetonitrile. Purified enterocin F4-9 was stored at �30°C. The
antibacterial activity of the fractions obtained in each purification step
was determined as described above using E. faecalis JCM 5803T as the
indicator strain. The peptide concentration of each fraction was measured
by the Pierce bicinchoninic acid (BCA) protein assay kit (TaKaRa Bio,
Shiga, Japan). Purified bacteriocin was concentrated using a Speed Vac
concentrator (Savant, Farmingdale, NY) and dissolved at suitable concen-
trations with Milli-Q water.

Mass spectrometry and amino acid sequencing. The molecular
masses of bacteriocin peptides were determined by electrospray ioniza-
tion time of flight mass spectrometry (ESI-TOF MS) with the JMS-
T100LC mass spectrometer (JEOL, Tokyo, Japan). The amino acid se-
quence analysis of enterocin F4-9 was conducted by Edman degradation
with the PPSQ-31 protein sequencer (Shimadzu, Kyoto, Japan).

Identification of enterocin F4-9 structural gene and the biosynthetic
gene cluster. Genomic DNA of E. faecalis F4-9 was extracted with Mag-
Extractor Genome (Toyobo, Osaka, Japan). To identify the structural
gene (enfA49) encoding enterocin F4-9, we used the primers, In-
enfA49-F (F stands for forward), In-enfA49-R (R stands for reverse),
Out-enfA49-F, and Out-enfA49-R (Table 1) based on a nucleotide se-
quence coding a hypothetical protein from Enterococcus faecalis

TABLE 1 Oligonucleotide primers used to amplify and analyze the
structural gene and the biosynthetic genes of enterocin F4-9

Primer Sequence

In-enfA49-F 5=-AAATGGAAACGGTTAAAGGTGG-3=
In-enfA49-R 5=-CAAGTTCTGTTAGTTTGTCCTTTC-3=
Out-enfA49-F 5=-GAGTTTCTGAAGGAGGAAATAATC-3=
Out-enfA49-R 5=-AAGCAATCGCTACAATCATCTC-3=
F49-F 5=-CAGTAACATTGTAGGTGTGATA-3=
F49-R 5=-TTTCATCGATTCCTCCTAGTATC-3=
Mup13-F 5=-AAGGCGATTAAGTTGGGTA-3=
1st Mup13-R 5=-TAATGTGAGTTAGCTCACTC-3=
s-M13-F 5=-GTAAAACGACGGCCAGT-3=

TABLE 2 Purification of enterocin F4-9 produced by E. faecalis F4-9

Step Vol (ml) Total activity (AU)a Total amt of protein (mg)b Sp act (AU mg�1) Yield (%)

Supernatant 1,000 2.00 � 105 8.34 � 103 23.9 100
Amberlite XAD-16 100 1.60 � 105 3.20 � 102 5.00 � 102 80
SP Sepharose 50 8.00 � 104 1.67 � 10 4.80 � 103 40
RP-HPLC 15 2.40 � 104 0.779 3.08 � 104 12
a Antimicrobial activity (in arbitrary units [AU]) was assayed by the spot-on-lawn method using E. faecalis JCM 5803T as the indicator strain.
b The protein concentration (in milligrams per milliliter) was measured with the Pierce BCA protein assay kit.

FIG 1 ESI-TOF mass spectrometry of purified enterocin F4-9. Multiple
charged molecular ions of enterocin F4-9 were detected and are indicated. The
molecular mass (M) of enterocin F4-9 was calculated based on the most abun-
dant peak (quadrivalent charged peaks).
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TX1346 (GenBank accession no. WP_002396198). These primers and
genomic DNA were employed to amplify enfA49 with Ex Taq DNA
polymerase (Promega, Madison, WI) according to standard method-
ology (20). The amplified fragments were cloned into the pGEM-T
vector (Promega) and sequenced by FASMAC (Kanagawa, Japan). The
fragment containing enfA49 was amplified by PCR using newly de-
signed specific primers (F49-F and F49-R) (Table 1) based on the
nucleotide sequence obtained above; this fragment was sequenced di-
rectly for confirmation.

To obtain the DNA sequences flanking enfA49, various primers were

designed based on the available genome sequence of E. faecalis TX1346
(GenBank accession no. AEBI01000099). The sequence of the further up-
stream region was also identified by anchored PCR by the method of
Ishibashi et al. (21) with minor modifications. Briefly, total DNA from E.
faecalis F4-9 was digested with KpnI, EcoRI, and BamHI (Nippon Gene,
Tokyo, Japan); the digested DNA was ligated into a pUC18 cloning vector
(Toyobo) that had been treated with the corresponding restriction en-
zymes and then dephosphorylated. Each of the various ligation products
was used as the template for ligation-anchored and nested PCR using
enfA49-specific primers and vector-specific primers (Mup13-F, s-M13-F,
and 1st Mup13-R). The resulting products were purified and cloned into
the pGEM-T vector, and these plasmids were sequenced.

Deglycosylation reaction. The deglycosylation reaction was per-
formed with �-N-acetylglucosaminidase (4,000 U ml�1; Biolabs, Ipswich,
MA) according to the manufacturer’s instructions. Briefly, 12 �g of ente-
rocin F4-9 was dissolved in 12 �l of 10� G1 reaction buffer (5 mM CaCl2
and 50 mM sodium acetate), 12 �l of 10� bovine serum albumin (BSA),
and 95 �l of Milli-Q water. Then, it was O-deglycosylated with 2 �l of
�-N-acetylglucosaminidase (extracted from Xanthomonas manihotis).
The reactant was incubated at 37°C for 40 h. The O-deglycosylated pep-
tide was purified by reverse-phase HPLC (RP-HPLC) and analyzed using
ESI-TOF MS.

Determination of the role of disulfide bonds on the antimicrobial
activity of enterocin F4-9. Enterocin F4-9 was reduced and alkylated by
the method of Bhugaloo-Vial et al. (22) with slight modifications. Briefly,
12 �g of peptide was dissolved in 10 �l of 100 mM Tris-HCl (pH 8.5), and
0.2 �l of 1 M dithiothreitol (DTT) (Sigma-Aldrich) was added. The reac-
tion was allowed to proceed overnight at room temperature in a nitrogen
atmosphere. Then, 0.3 �l of 1 M iodoacetic acid (Nacalai Tesque) was
added, and the mixture was placed in the dark for 1 h. The reaction was
quenched by 0.2 �l of 1 M DTT. The reactant was desalted and fraction-
ated by RP-HPLC and analyzed using ESI-TOF MS. The antimicrobial
activity for the reduced and alkylated peptide was determined by the spot-
on-lawn method using E. faecalis JCM 5803T as an indicator strain.

Effects of pH and heat treatment on enterocin F4-9 activity. The
purified enterocin F4-9 solution, at a concentration of 6 �M, was adjusted
to pH values between 2.0 and 10.0 using the following buffers (50 mM):

FIG 2 Amino acid sequence of enterocin F4-9 and comparison with the sequences of the hypothetical protein (SecA) of E. faecalis TX1346, glycocin F, and
sublancin 168. Identical residues (gray background), glycosylation sites (underlined), and hypothetical disulfide bonds (indicated by bars above the sequence) are
indicated. Gaps introduced to maximize alignment of the sequences are indicated by dashes.

TABLE 3 Antimicrobial spectrum of the purified enterocin F4-9

Indicator straina MIC (�M)b

Enterococcus faecalis JCM 5803T 1.87
E. faecalis F4-9 NA
Enterococcus hirae ATCC 10541T NA
Enterococcus durans NBRC 100479T 15
Enterococcus mundtii JCM 8731T 0.94
Enterococcus faecium JCM 5804T NA
Pediococcus pentosaceus JCM 5885T NA
Pediococcus dextrinicus JCM 5887T NA
Corynebacterium ammoniagenes JCM 1306T NA
Micrococcus luteus NBRC 12708T NA
Lactococcus lactis subsp. lactis ATCC 19435T NA
Lactobacillus sakei subsp. sakei JCM 1157T NA
Leuconostoc mesenteroides subsp. mesenteroides JCM 6124T NA
Bacillus cereus JCM 2152T NA
Bacillus coagulans JCM 2257T 1.87
Bacillus subtilis JCM 1465T NA
Bacillus circulans JCM 2504T NA
Streptococcus mutans JCM 5705T NA
Streptococcus bovis JCM 5802T NA
Staphylococcus aureus subsp. aureus ATCC 12600T NA
Staphylococcus epidermidis JCM 2414T NA
Listeria monocytogenes ATCC BAA-679T NA
Listeria innocua ATCC 33090T NA
Escherichia coli EPI-300c NA
E. coli DH5�d NA
E. coli NBRC 3301T NA
E. coli JM109d 1.87
E. coli BL21e NA
Salmonella enterica serovar Typhimurium NBRC 13243d NA
Pseudomonas putida ATCC 12633T NA
Cupriavidus necator ATCC 17697T NA
a JCM, Japan Collection of Microorganisms (Wako, Japan); ATCC, American Type
Culture Collection (Manassas, VA); NBRC, National Institute of Technology and
Evaluation Biological Resource Center (Chiba, Japan).
b NA, no activity (�30 �M).
c Epicentre (Madison, WI).
d Promega (Madison, WI).
e GE Healthcare (Uppsala, Sweden).

TABLE 4 Effects of pH and temperature on the activity of enterocin
F4-9

Temperature
treatment

Residual activity (%) after treatmenta

pH 2 pH 4 pH 6 pH 8 pH 10

25°C, overnight 100b 100 100 0 0
80°C, 15 min 100 100 100 100 0
100°C, 15 min 0 100 0 0 0
121°C, 15 min 0 0 0 0 0
a Data represent activity after the indicated treatments (temperature and pH). Data
represent the observations for three independent experiments.
b The untreated bacteriocin preparation adjusted to pH 6.0 by the 0.5 M sodium
phosphate buffer was used as a control with 100% activity.
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glycine-HCl (pH 2.0), sodium acetate (pH 4.0), sodium phosphate (pH
6.0), Tris-HCl (pH 8.0), and glycine NaOH (pH 10.0). The bacteriocin
preparations at different pH values were heated at 80°C, 100°C, and 121°C
for 15 min. The bacteriocin preparations were also left at room tempera-
ture (25°C) overnight. After that, they were readjusted to pH 6.0 by mix-
ing with 0.5 M sodium phosphate buffer (pH 6.0) before the activity test.
The residual activities were determined by the spot-on-lawn method us-
ing E. faecalis JCM 5803T as an indicator strain. The untreated bacteriocin
preparation adjusted to pH 6.0 by the 0.5 M sodium phosphate buffer was
used as a control with 100% activity.

Effects of proteolytic enzymes on enterocin F4-9 activity. The puri-
fied enterocin F4-9 at a concentration of 10 �M was treated with the
following enzymes: trypsin (Sigma-Aldrich), �-chymotrypsin (Sigma-Al-
drich), and proteinase K (TaKaRa). All enzymes were dissolved in suitable
buffers and filter sterilized. Each enzyme solution was mixed with purified
enterocin F4-9 solution at an enzyme-to-peptide molar ratio of 1:100, 1:1,
and 5:1. After incubation at 37°C for 6 h, the enzymes were inactivated by
heating at 80°C for 10 min. The residual activities were determined as
described above. Enterocin F4-9 without enzyme was incubated at 37°C
for 6 h and then heated at 80°C for 10 min and considered a control with
100% activity.

Mode of action of enterocin F4-9. The mode of action of enterocin
F4-9 was analyzed by the method described previously according to the
killing manner toward the indicator strain (14, 23). Briefly, a culture of E.
faecalis JCM 5803T was incubated at 37°C until it reached an optical den-
sity at 620 nm (OD620) of 0.14, and enterocin F4-9 at final concentrations
of 3 �M (1.5� MIC) and 40 �M (22� MIC) was added to the culture. The
culture without enterocin F4-9 served as a control. Then, to monitor the
effect of enterocin F4-9 against the indicator strain, bacterial growth was
measured at OD620 for 8 h at 37°C by the Infinite F200 Pro spectropho-
tometer (Tecan, Männedorf, Switzerland).

Computer analysis of DNA and amino acid sequences. The obtained
DNA and amino acid sequences were analyzed using the GENETYX-WIN
software version 8.0.1 (Genetyx, Tokyo, Japan). Database searches were
carried out using the BLAST program of the National Center for Biotech-
nology Information (NCBI) (http://www.ncbi.nlm.nih.gov/).

Nucleotide sequence accession number. The DNA sequence ob-
tained has been deposited into the DNA Data Bank of Japan (DDBJ) with
accession number LC029806.

RESULTS
Purification, mass spectrometry, and amino acid sequence of
enterocin F4-9. The bacteriocin produced by E. faecalis F4-9 was
purified from the culture supernatant in 3 steps as shown in Table
2. The antimicrobial peptide was obtained as a single peak by
reverse-phase HPLC. The molecular mass of the purified bacteri-
ocin was determined to be 5,516.6 Da by ESI-TOF MS (Fig. 1).
Because this molecular mass has not been reported for bacterio-
cins, this result demonstrates that enterocin F4-9 is a novel bacte-
riocin.

The amino acid sequence of enterocin F4-9 was identified by
Edman degradation, and the sequence was NLVXPPMPDYIKRL
STGKGVSSVYMAWQIANXKSSGXXMMGQTNRXX, where X
represents an unidentified residue and the underlining indi-
cates that the residue was identified with low reliability. The
sequence obtained shows high homology with the predicted
product of secA, a hypothetical protein of unknown function
encoded in the E. faecalis TX1346 genome (GenBank accession
no. WP_002396198), as shown in Fig. 2.

Antimicrobial spectrum of enterocin F4-9. The antimicrobial
spectrum of enterocin F4-9 is shown in Table 3. Enterocin F4-9
exhibited a narrow antimicrobial spectrum against some Gram-
positive food spoilage bacteria, including Enterococcus strains and

Bacillus coagulans. Interestingly, enterocin F4-9 exhibited a strong
inhibitory activity against E. coli JM109. In keeping with other
bacteriocin-producing bacteria, E. faecalis F4-9 exhibits self-im-
munity against enterocin F4-9.

Effects of pH, heat treatment, and enzymes on enterocin F4-9
activity. Enterocin F4-9 stability was assayed under a wide range
of pH and temperature conditions. The activity of enterocin F4-9
decreased with exposure to high temperature and pH (Table 4).
After autoclaving at 121°C for 15 min, activity was completely lost,
whereas enterocin F4-9 retained full activity at 100°C in the mid-
dle acidic condition only. Enterocin F4-9 also retained 100% ac-
tivity at 80°C in a wide pH range. However, it retained full activity
at room temperature overnight only in the pH range from 2 to 6
and completely lost activity at pH 8 at room temperature both
overnight and even after just 15 min (data not shown). Enterocin
F4-9 was completely inactivated by all proteolytic enzymes em-
ployed at different molar ratios.

Mode of action of enterocin F4-9. The optical density of E.
faecalis JCM 5803T without enterocin F4-9 rose from 0.14 to 0.23.
Addition of enterocin F4-9 at a high concentration (40 �M) main-
tained cell density at the same level. Further, cells treated with a
lower concentration (3 �M) of enterocin F4-9 also exhibited a
similar inhibition pattern (Fig. 3). These results demonstrate that
enterocin F4-9 inhibits multiplication of E. faecalis JCM 5803T,
which is proposed to be the bacteriostatic effect.

Determination of the structural gene for elucidation of the
structure of enterocin F4-9. Subsequently, PCR was conducted
using primer sets designed based on the DNA sequence of E. faeca-
lis TX1346. The amplified fragment containing the structural gene
of enterocin F4-9 was obtained and named enfA49. enfA49, which
encodes the propeptide of enterocin F4-9, corresponds to 67
amino acid residues (Fig. 4). This propeptide possesses a double
glycine site for cleavage of the leader sequence; the mature peptide
is composed of 47 amino acid residues. The residues unidentified
by Edman degradation were identified by DNA sequencing and
were Cys4, Cys32, Ser37, Cys38, Thr46, and Cys47; the residue
identified with low reliability was confirmed to be Lys40. Based on
this sequence, the calculated molecular mass of enterocin F4-9
(5,113.0 Da) does not agree with the observed molecular mass
(5,516.6 Da). This discrepancy indicates that this bacteriocin
likely undergoes some modifications.

Determination of enterocin F4-9 biosynthetic gene cluster.

FIG 3 Effect of enterocin F4-9 on E. faecalis JCM 5803T growth. Enterocin
F4-9 at final concentrations of 0 �M (circles), 3 �M (triangles), and 40 �M
(squares) were added to the cultures of the indicator strain, E. faecalis JCM
5803T. Values are means � standard deviations (error bars) derived from
triplicate experiments.
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The enfA49 gene cluster (approximately 4.7 kb) was predicted to
contain five protein-coding genes (Fig. 5). Database analysis of the
identified open reading frames (ORFs) was used to propose their
functions. The structural gene (enfA49) is located in the same
locus with the other putative genes. enfT (ORF1) exhibited 82%
identity to an ABC transporter and ATP-binding protein of E.
faecalis (GenBank accession no. WP_002396197). enfB (ORF3)
exhibited 38% identity to two different putative proteins, a thiol-
disulfide isomerase of Paenibacillus peoriae (GenBank accession
no. WP_010348043), which facilitates disulfide bond formation,
and a putative bacteriocin transport accessory protein of E. faecalis
13-SD-W-01 (GenBank accession no. EPI01858). enfC (ORF4)
exhibited 80% and 33% identities to glycosyltransferase, the
group 2 family protein of E. faecalis TX1346 (GenBank accession
no. EFU16565), and to SunS, the S-glycosyltransferase that trans-
fers a sugar onto the precursor of the glycopeptide sublancin
(GenBank accession no. WP_004399050), respectively. enfI
(ORF5) exhibited 66% identity to the bacteriocin immunity pro-
tein for mundticin KS of Enterococcus mundtii (GenBank acces-
sion no. BAB88213).

Structural characterization of enterocin F4-9. The presence

of enfC suggests that enterocin F4-9 is subject to glycosylation, as
in cases of sublancin 168 and glycocin F. Because of the difference
between the observed and calculated molecular masses, we hy-
pothesized that two molecules of N-acetylglucosamine (GlcNAc)
were linked to enterocin F4-9. Many reports have shown that
�-N-acetylglucosaminidase has strong selectivity for the cleavage
of O-GlcNAc (GlcNAc attached to serine or threonine) (9, 24).
Treatment of enterocin F4-9 with �-N-acetylglucosaminidase de-
creased the molecular mass to 5,312.9 Da, corresponding to par-
tially deglycosylated peptides, and 5,110.7 Da, corresponding to
completely deglycosylated peptides, and almost identical to the
calculated mass with two disulfide bonds (Fig. 6) as illustrated in
Table 5. The deOGlcNAcenterocin F4-9 (O-deglycosylated enterocin
F4-9) was inactive, pinpointing that O-linked GlcNAc is essential
for antimicrobial activity, as shown in Fig. 7. Stepper et al. (9)
reported selectivity of �-N-acetylglucosaminidase for the O-Gl-
cNAc substrate. On the basis of the enzyme-substrate specificity
and Edman sequencing results, we confirmed that two molecules
of GlcNAc are linked to Ser37 and Thr46 of enterocin F4-9, and it
is therefore classified as an O-linked glycopeptide (Fig. 8).

Further, treatment of enterocin F4-9 with DTT generated four
free thiols that reacted with iodoacetic acid (Fig. 9 and Table 5).
Edman degradation and chemical modification results all sup-
ported the conclusion that enterocin F4-9 contains no free thiols
and has two disulfide bonds that are important for bioactivity (Fig.
7). The same role was reported for sublancin 168 and glycocin F
(9). We propose that enterocin F4-9 has two nested disulfide
bonds (Cys4-Cys47 and Cys32-Cys38); this was deduced from
sublancin 168 and glycocin F structures, which contain inner and
outer disulfide bonds.

FIG 4 Nucleotide sequence of the region containing the enterocin F4-9 struc-
tural gene (enfA49). The starting point of the propeptide is indicated by the
dashed arrow. The position of the enterocin-specific primer is indicated with a
solid black arrow. The single peptide cleavage site is indicated by a vertical
arrow. The putative ribosome binding site (RBS) and stop codon are under-
lined and indicated by an asterisk, respectively. The amino acids correspond-
ing to the leader and mature peptides are shown in italic type and boldface
type, respectively.

FIG 5 Putative biosynthetic gene cluster of enterocin F4-9. A total of 5 ORFs were identified and illustrated. The structural gene and the putative glycosyltrans-
ferase gene of enterocin F4-9 are indicated by black and gray arrows, respectively.

FIG 6 ESI-TOF mass spectrometry of the deglycosylated peptide. The masses
of 1deOGlcNAcenterocin F4-9 and 2deOGlcNAcenterocin F4-9 were 5,312.9 and
5,110.7 Da, respectively.
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DISCUSSION

In this paper, we have described the identification and character-
ization of a bacteriocin produced by E. faecalis F4-9. This novel
bacteriocin-producing strain was isolated from Egyptian salted-
fermented fish, a popular fish product in Egypt containing high-
quality protein, vitamins, and minerals. Klein (25) previously re-
ported that E. faecalis is frequently isolated from fish,
crustaceans, and meat. Although various bacteriocin-produc-
ing LAB strains, including enterococci, have been isolated from
fish, this is the first reported case, according to our knowledge,
of a bacteriocin-producing LAB strain isolated from Egyptian
salted-fermented fish.

Amino acid and DNA sequencing analyses revealed that ente-
rocin F4-9 is comprised of 47 amino acid residues, with a precur-
sor bacteriocin containing a double-glycine-type leader peptide
(Fig. 4). The N-terminal leader sequence of class II bacteriocins
has a role in the recognition of the precursor bacteriocin by trans-
port and maturation components of bacteriocin-dependent se-
cretion systems (26). The calculated mass of enterocin F4-9 was
smaller than the observed mass by 403.5 Da. There have been
numerous reports in which the calculated and observed masses of
bacteriocins are different. In many cases, the bacteriocins were
identified as lantibiotics (class I), where the observed mass was
smaller than the calculated mass. Conversely, the observed mass of
glycosylated bacteriocins is higher than the calculated mass, as in
the case of enterocin F4-9. Wong-Madden and Landry (27) iso-
lated and characterized �-N-acetylglucosaminidase from Xan-
thomonas manihotis and further reported its specificity for
GlcNAc. Moreover, treatment of glycocin F by �-N-acetylgluco-
saminidase released O-GlcNAc from Ser18 (9). Ser37 and Thr46
residues of enterocin F4-9 could not be detected by Edman deg-
radation, but the other candidate residues for glycosylation were
detected, indicating that these residues are glycosylated. On the

basis of our experimental findings and previous reports, we con-
firmed that enterocin F4-9 is modified by 2 molecules of GlcNAc,
linked to Ser37 and Thr46 (Table 5 and Fig. 6). Enterocin F4-9
gene cluster analysis (Fig. 5), Edman degradation, and the �-N-
acetylglucosaminidase assay all support the conclusion that ente-
rocin F4-9 is a glycopeptide. This interpretation sufficiently ac-
counts for the difference between the observed and calculated
molecular masses.

Enterocin F4-9 remained active within a wide pH range, but it
showed moderate resistance to heat treatment (Table 4), indicat-
ing that its stability is comparable to those of other reported gly-
copeptides. Glycocin F is sensitive to alkali treatment and is resis-
tant to heat at 100°C, but its activity was destroyed completely by
autoclaving (28). Sublancin 168 is stable at a broad pH range of 1.5
to 9.5 and can withstand autoclaving for 3 min at 121°C (29).
Additionally, the antimicrobial activity of enterocin F4-9 was
completely abolished by proteolytic enzymes. Similarly, glycocin F
activity is destroyed by protease treatment (28), and sublancin 168
is sensitive to chymotrypsin (29).

Interestingly, enterocin F4-9 exhibits antimicrobial activity
against E. faecalis and E. coli JM109, but not Enterococcus faecium
and other E. coli (Table 3). This suggests that enterocin F4-9 uti-
lizes a unique target molecule(s) to initiate its antimicrobial activ-
ity. The antimicrobial activity of glycocin F is also narrow and
restricted to the Lactobacillus genus (28). Sublancin 168 exhibits
antimicrobial activity against some Gram-positive bacteria, spe-
cifically Bacillus species, but it does not inhibit E. coli JM101 (29).
It is clear that the antimicrobial spectrum of enterocin F4-9 differs
from those of glycocin F and sublancin 168. This is not surprising,
based on low sequence similarity between the three peptides, as
shown in Fig. 2. Enterocin F4-9 inhibited proliferation of E. faeca-
lis JCM 5803T without inducing cell lysis, implying a bacteriostatic
effect (Fig. 3). A similar mode of action was also reported for
glycocin F (28). Enterocin F4-9 is cationic (net charge, 	4.63),
and this is vital for interaction between the bacteriocin and nega-
tively charged phospholipids in target bacterial cells (30).

O-Glycosylation is the most prevalent and diverse PTM in eu-
karyotes, but it is less widespread in bacteria. Serine and threonine
are the preferred residues for O-glycosylation. Voisin et al. re-
ported threonine-linked �-arabinofuranoside oligomers in type
IV pilins of Pseudomonas aeruginosa (31). Glycosylated threonine,
however, appears to be extremely rare in bacterial glycopeptides.
To the best of our knowledge, enterocin F4-9 is the first reported
bacteriocin with a glycosylated threonine residue. The loss of bio-
activity of deOGlcNAcenterocin F4-9 and deOGlcNAcglycocin F
strongly supports the hypothesis proposed by Stepper et al. (9)
that O-GlcNAc reacts with a target molecule(s) in susceptible bac-
teria.

FIG 7 Antimicrobial activity assay of the native (a), reduced and alkylated (b),
and deglycosylated (c) enterocin F4-9. The antimicrobial properties of each
sample were assessed by its ability to inhibit the growth of E. faecalis JCM
5803T. As indicated, the reduced and alkylated peptide and the deglycosylated
peptide did not exhibit antimicrobial activities.

TABLE 5 Experimental and theoretical masses of the native and chemically modified enterocin F4-9

Peptide
Molecular mass (Da)
from ESI-TOF MS

Theoretical
mass (Da) Modification

Antimicrobial activity against
E. faecalis JCM 5803Ta

Native 5,516.6 5,113.0b 	
Reduced and alkylated 5,752.9 5,752.6 Reduction of SS bonds and formation of S-CMCc �
1deOGlcNAc 5,312.9 5,313.6 One molecule of GlcNAc was released �
2deOGlcNAc 5,110.7 5,110.6 Two molecules of GlcNAc were released �
a Symbols: 	, ability to inhibit the growth of E. faecalis JCM 5803T; �, loss of the ability to inhibit the growth of E. faecalis JCM 5803T.
b This shows the mass of the amino acid sequence deduced from the DNA sequence.
c S-Carboxymethylated cysteine group.
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A lack of experimental evidence for class IV bacteriocins has
led to withdrawal of this class from some classification schemes,
such that proposed by Cotter et al. (7). However, the discovery of
glycocin F, sublancin 168, and our novel glycopeptide enterocin
F-49 demonstrate the existence of this class of bacteriocins.

In summary, enterocin F4-9 is the first glycosylated entero-
cin and the third glycosylated bacteriocin after glycocin F and
sublancin 168. Because enterocin F4-9 has some unique prop-
erties, further studies on its mode of action could prove valu-
able for the application of enterocin F4-9 in the control of
undesirable bacteria.
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