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Abstract

A bacteriocin produced by a vaginal isolate of Enterococcus faecium strain 62-6, designated enterocin
62-6, was characterized following purification and DNA sequence analysis and compared to
previously described bacteriocins. Enterocin 62-6 was isolated from brain heart infusion (BHI)
culture supernatants using ammonium sulfate precipitation followed by elution from a Sepharose
cation exchange column using a continuous salt gradient (0.1-0.7 M NaCl). SDS-PAGE of an active
column fraction resulted in an electrophoretically pure protein, which corresponded to the growth
inhibition of the sensitive Lactobacillus indicator strain in the gel overlay assay. Purified enterocin
62-6 was shown to be heat- and pH-stable, and sensitive to the proteolytic enzymes a-chymotrypsin
and pepsin. Results from mass spectrometry suggested that it comprised two peptides of 5206 and
5219+1 Da, which was confirmed by DNA sequence analysis. The characteristics of enterocin 62-6
as a small, heat- and pH-stable, cationic, hydrophobic, two-peptide, plasmid-borne bacteriocin, with
an inhibitory spectrum against a broad range of Gram-positive but not Gram-negative bacteria, were
consistent with its classification as a class Ilc bacteriocin. Furthermore, its wide spectrum of growth
inhibitory activity against Gram-positive bacteria of vaginal origin including lactobacilli, and
stability under the acidic conditions of the vagina, are consistent with our hypothesis that it could
have potential significance in disrupting the ecology of the vaginal tract and pave the way for the
establishment of the abnormal microbiota associated with the vaginal syndrome bacterial vaginosis.
This is the first class llc bacteriocin produced by a strain of E. faecium of vaginal origin to be
characterized.
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Introduction

There is currently a resurgence of interest in the small, ribosomally synthesized antimicrobial
peptide bacteriocins produced by lactic acid bacteria (1,2). Many of these bacteriocins have an
inhibitory spectrum against a broad range of Gram-positive bacteria. Given that these bacteria
commonly reside in environments with other Gram-positive bacteria, the production of
bacteriocins is considered to give producer strains a competitive advantage (2). Bacteriocins
also have potential applications in the food industry as natural alternatives to the use of chemical
preservatives in the control of food spoilage and food-borne pathogenic organisms (2—4). By
contrast, our interest focuses on the possible significance of bacteriocins in the ecology of the
human vaginal tract. Specifically, we are investigating the hypothesis that the introduction of
Gram-positive bacteriocin-producing organisms into the vaginal tract may inhibit the growth
of bacteria associated with the healthy vagina, particularly the lactobacilli, and thus be one
mechanism that could potentially pave the way for the establishment of the abnormal micro-
biota associated with the vaginal tract syndrome, bacterial vaginosis (BV) (5).

BV is a polymicrobial syndrome characterized by a shift in the ecology of the vaginal tract as
reflected in the altered composition of the microbiota. Studies employing cultivation methods
have shown that lactobacilli are dominant in many healthy women, but during BV they are
replaced by the massive overgrowth of a mixture of organisms including Gardnerella
vaginalis, Gram-positive and Gram-negative anaerobes, genital mycoplasmas, and
Mobiluncus spp. (6). Concentrations of aerobes and anaerobes reach levels 100- and 1000-fold
greater, respectively, than those seen in healthy subjects (7). Not only is BV the most common
vaginal tract infection seen in primary health care in the United States (8), but the presence of
BV is associated with preterm delivery and chorioamnionitis in pregnant women, pelvic
inflammatory disease, and serious infections following obstetric or gynecologic surgery (8,
9). Furthermore, individuals with BV are at increased risk for acquisition of HIV following
heterosexual intercourse (10-12). Despite intense research efforts, the pathogenesis of BV -
including factors that mediate the shift in composition of the vaginal microbiota - remains
poorly understood (8,13,14) and the possibility exists that it may be polyetiologic.

Results from a clinical study (15) suggested that lactobacilli are the first population to decline
in prevalence in a sequence of population changes culminating in BV. Since sexual activity
has been a well-documented risk factor for BV acquisition (8,16) and sexual contact provides
the opportunity for introduction of microorganisms into the vagina, we are investigating
whether the introduction of bacteriocin-producing bacteria into the healthy vaginal tract could
affect the ecology by causing the decline in concentration of lactobacilli. We have been
evaluating bacteriocin production against vaginal strains of lactobacilli by genera of bacteria
associated with the healthy vaginal tract, in particular streptococci and enterococci, since they
would have the potential to establish a new host in the vagina (5).

We previously reported production of a bacteriocin-like inhibitor by E. faecium strain 62-6,
which was antagonistic to the growth of 16 of 32 lactobacilli tested (including known hydrogen
peroxide producers) as well as other Gram-positive bacteria of vaginal origin (5). The growth
inhibitory effects of E. faecium 62-6 against the lactobacilli were shown to be independent of
conditions of low pH alone and hydrogen peroxide production (5). Physicochemical
characterization of the inhibitor using MRS broth culture supernatants from strain 62-6
indicated that the inhibitor was heat- (100°C, 30 min), and pH-(range 4-7) stable, and that it
contained an essential proteinaceous component; properties which suggested that it was
bacteriocin-like (5).

The aim of the current study was to further characterize the E. faecium strain 62-6 inhibitor
following purification and DNA sequence analysis, to determine whether it was indeed a
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bacteriocin and to compare it to previously described bacteriocins. Consistent with the previous
naming of bacteriocins produced by enterococci as enterocins, we propose the designation of
this inhibitor as enterocin 62-6. While enterocins have been reported in the literature, this
finding is, to the best of our knowledge, novel in that it is the first characterization of a class
Ilc bacteriocin produced by an isolate of Enterococcus of vaginal origin.

Materials and methods

Bacterial strains and culture conditions

Unless stated otherwise, all bacteria used in this study were of vaginal origin and had been
identified as described previously (5). Cultivation was in a humid atmosphere at 35°C in the
presence of 5% (v/v) CO,. The bacteriocin-producing strain E. faecium 62-6 was cultivated in
BHI (Difco, Detroit, MI, USA). To scale up to 1 liter of culture, a 5 ml volume of an overnight
(18-20 h) culture of strain 62-6 was inoculated into 100 ml BHI. Following incubation for 24
h, a 25 ml volume was inoculated into each of two 500 ml volumes of BHI, incubated for 24
h, and then the cultures were pooled. Throughout, the indicator bacteria routinely used for
detection of bacteriocin activity by E. faecium 62-6 were the sensitive organism Lactobacillus
acid-ophilus 4-1 and the resistant isolate L. rhamnosis 62-5 (5). Cultivation of all indicator
bacteria was over-night (18-20 h) in 7 ml Lactobacilli MRS broth (Difco). MRS agar was made
from MRS broth with the addition of 1.5% (w/v) agar (Difco). Stock cultures of each strain
were stored at —80°C following the addition of glycerol (final concentration 10% (v/v) to
overnight cultures) (5).

Detection of antibacterial activity

The well diffusion technique (5,17) was used to detect the growth inhibitory activity of liquid
preparations against indicator bacteria. Briefly, 100 pl of each preparation was added to a well
of 5 mm diameter cut into MRS agar, which had had its base sealed using a drop of molten
agar. Following diffusion of the liquid into the agar medium, plates were surface-sterilized by
exposure to chloroform vapors for 20 min, then air-dried for at least 30 min. Indicator bacteria
were applied as lawn cultures then incubated for up to 44 h before being examined for the
presence of zones of inhibited growth in the vicinity of each well. The diameter of any zone
of inhibition, inclusive of the diameter of the well, was measured in millimeters.

Isolation and purification of enterocin 62-6

Methods for the isolation and purification of enterocin 62-6 are summarized in Figure 1.
Enterocin 62-6 was isolated following the scale-up of growth of E. faecium 62-6 to 1 liter in
BHI, and centrifuged using a Beckman biofuge (Palo Alto, CA, USA,; 15 300 g, 4°C, 15 min)
to remove bacterial cells. The supernatant was collected and the remaining proteins were
precipitated at 4°C using 60% (w/v) ammonium sulfate and harvested by centrifugation (31
000 g, 4°C, 15 min). The pellet was resuspended in approximately 25 ml citrate-phosphate
buffer (pH 5), placed in seamless cellulose dialysis tubing (12 400 Da cut-off; Sigma-Aldridge,
St Louis, MO, USA) then dialyzed against 1 liter volumes of the same buffer at 4°C, with four
buffer changes over 3 consecutive days. Each step of the isolation procedure was tested for the
presence of antibacterial activity using the well diffusion technique.

Following dialysis, cation exchange chromatography was used to isolate enterocin 62-6 by
loading a 20 ml volume of the dialysate onto 10 ml of a CM Sepharose® Fast Flow (Sigma-
Aldridge) chromatography column (110 mm x 20 mm) that had previously been equilibrated
with citrate-phosphate buffer (pH 5), at room temperature. Proteins were eluted from the
column by employing a linear salt gradient of 0.1-0.7 M NacCl, similar to that used by Farias
et al. (18) in citrate-phosphate buffer pH 5 (total volume 40 ml) with a flow rate of 8 ml/h.
Fractions (2 ml) were collected and assayed for antibacterial activity by well diffusion. As a
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negative control, the antibacterial activity of the medium alone was tested in parallel. Column
fractions showing antibacterial activity against the growth of L. acidophilus 4-1, but not L.
rhamnosis 62-5, were fractionated using SDS-PAGE containing 15% (w/v) acrylamide (19)
and stained either with Coomassie Blue R-250 (Bio-Rad Laboratories, Hercules, CA, USA)
or by silver staining. The BenchMark™ prestained protein ladder (Invitrogen, Carlshad, CA,
USA\) served as the molecular mass standards.

Gel overlay assay for detection of antibacterial activity in SDS-PAGE gels

SDS-PAGE gels were run in duplicate. The first gel was stained using either Coomassie blue
or silver staining to visualize protein bands. The second gel was subject to the gel overlay
technique (20) to correlate any zone of inhibition of L. acidophilus 4-1 to its corresponding
protein seen on the stained gel, as follows. Gels were placed in 30 ml detoxifying solution of
20% (v/v) isopropyl alcohol, 10% (v/v) acetic acid in deionized water for 30 min, then washed
with four changes of deionized water for 30 min each. Each gel was transferred to a sterile
petri dish and overlaid with 10 ml soft 1% (w/v) MRS agar. Once solidified, 2 ml of an overnight
culture of L. acidophilus 4-1 was flooded on top of the agar and the excess liquid was removed.
The plates were incubated for up to 44 h before being examined for zones of inhibition. This
technique was also carried out using strain 62-5 as a negative control.

Molecular mass determination

Mass spectrometry (MS) analysis was performed to determine the molecular mass of enterocin
62-6 in positive ion electrospray mode on a Q-Tof Micro (Waters Corporation, Milford, MA,
USA) at the M.W. Keck Foundation Biotechnology Resource Laboratory (Yale University,
New Haven, CT, USA). The spectrum containing multiply charged ions was processed using
the Maxent1 transformation algorithm of the Masslynx software.

LC MS/MS analysis

LC MS/MS analysis of enterocin 62-6 was carried out at the M.W. Keck Foundation
Biotechnology Resource Laboratory using a Waters (Milford, MA, USA) CapLC and a Waters
Q-Tof mass spectrometer. An in-gel sample of the protein band corresponding to enterocin
62-6 was digested with trypsin. The tryptic peptides were extracted and analyzed by LC-MS/
MS. The MS/MS spectra were analyzed using automated MASCOT searches or were manually
interpreted.

PCR amplification

E. faecium strain 62-6 was grown overnight on blood agar (bioMérieux, Lombard, IL, USA)
and a 1 pl suspension in water served as template for PCR. Primers used were designed based
on the published sequence of enterocins L50A and L50B from E. faecium L50 (Genbank
accession no. AJ223633) (21). The forward primer was Ent62-6ABF (5'-GT-
GGAAAGCTAGTATTTGCAAC-3') and Ent62-6ABR (5'-
AGCGTTAAGCCGAATGTTTACAC-3') was the reverse primer, they were homologous to
the 1239-1260 and 1728-1750 regions, respectively, of AJ223633. PCR amplifications were
performed in 50 pl reaction mixtures containing 50 mM KCI, 1.5 mM MgCl,, 10 mM Tris-
HCI (pH 8.3), 0.01% gelatin, 0.2 mM deoxyribonucleotides, 100 pmol of each primer, and 1
U of Red-Tag DNA polymerase (Sigma-Aldrich). Samples were initially denatured (94°C for
10 min), followed by 30 cycles of denaturation (94°C for 1 min), annealing (49°C for 1 min),
and elongation (72°C for 1 min), ending with a final elongation (72°C for 5 min), in an
Eppendorf Mastercycler Gradient thermocycler (Eppendorf North America, New York, NY,
USA). PCR products were separated by electrophoresis in 1.2% (w/v) agarose and visualized
by ethidium bromide staining under UV light.
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DNA sequence determination

The PCR product was gel-purified using the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA) and the DNA sequence was determined by the Biotechnology
Resource Center at Cornell University (Ithaca, NY, USA) using Ent62-6 ABF and Ent62-6ABR
as sequencing primers.

Isolation of plasmid DNA and Southern blot analysis

The method of Woodford et al. (22) was used to isolate plasmid DNA from E. faecium 62-6
and a negative control strain, a strain of Enterococcus shown not to produce the bacteriocin,
following overnight growth in 7 ml volumes of MRS broth. Digestion with restriction
endonucleases, agarose gel electrophoresis, and Southern blotting were carried out according
to standard procedures (23). The PCR product containing structural genes for enterocin 62-6
was used as a probe and labeled with the DIG high prime DNA labeling and detection starter
kit (Roche Applied Science, Indianapolis, IN, USA).

Physicochemical characterization

Purified enterocin 62-6 from Sepharose column fractions was tested for its stability following
exposure to heat and the proteolytic enzymes trypsin, pepsin, a-chymotrypsin, proteinase K,
lysozyme, and lipase, using the well diffusion assay, as described previously (5). The pH
stability of enterocin 62-6 was tested following a 1:1 dilution of the bacteriocin-containing
column fractions in citrate (pH 4.0) or phosphate (pH 6.0 or 8.0) buffers.

Spectrum of inhibitory activity

The growth inhibitory activity of purified enterocin 62-6-containing column fractions was
tested against Gram-positive bacteria isolated from the vaginal tract and Gram-negative
bacteria from either the American Type Culture Collection (ATCC; Rockville, MD, USA) or
Presque Isle Cultures (PI; Presque Isle, PA, USA), by well diffusion.

Nucleotide sequence accession no

The nucleotide sequence reported in this publication containing enterocins 62-6A and 62-6B
has the GenBank accession no. EF112398.

Results

Purification of enterocin 62-6

The inhibitor was isolated from 1 liter volumes of BHI culture supernatant using ammonium
sulfate to precipitate proteins, then dialysed extensively (Figure 1). In initial experiments to
isolate the bacteriocin, the dialysate was loaded onto a Sepharose cation exchange column and
isolated using step-wise sodium chloride elution (0.05, 0.1, 0.2, 0.5, and 1.0 M). Samples from
column fractions with inhibitory activity (detected by well diffusion) against the sensitive
Lactobacillus indicator strain, L. acidophilus 4-1, but not the resistant indicator strain, were
fractionated using SDS-PAGE gels and stained with Coomassie blue to confirm purity, a single
distinct band was observed (Figure 2, lane 2) with an estimated molecular mass of around 6
kDa. However, when replicates of these gels were silver-stained a band of approximately 6
kDa was still visible, but five additional bands were observed with molecular masses in the
approximate size range 25.9-64.2 kDa (Figure 2, lane 3), indicating that the fraction was
impure.

To purify enterocin 62-6 from the active column fractions above, we used HPLC with a reverse
phase C18 column, since this method had frequently been used to obtain purified enterocins
(18,24,25). However, the bacteriocin was never recovered from the column. A possible
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explanation was that due to its high hydrophobicity it remained bound, as has been reported
previously for other hydrophobic bacteriocins (26).

Since the active column fraction from the step-wise procedure (Figure 2, lanes 2 and 3) had
been eluted from the Sepharose column when the concentration of sodium chloride was in the
0.2-0.5 M range, we then employed a continuous sodium chloride gradient (0.1-0.7 M; Figure
1) in an attempt to produce a column fraction containing only purified enterocin 62-6. The
inhibitory activity of the column fractions collected during a typical continuous gradient elution
is shown in Figure 3. The relatively small (10-11 mm diameter) zones of inhibition of column
fractions 3 and 4 represent the bacteriocin that did not bind to the column and had eluted in the
void volume. As fraction 16 from this column (Figure 3) contained the greatest inhibitory
activity against the sensitive Lactobacillus indicator it was further checked for purity. As seen
in Figure 2 (lanes 4 and 5), 15% SDS-PAGE fractionation followed by both Coomassie blue
and silver staining suggested that this fraction contained only one protein band and estimated
its molecular mass to be around 6 kDa. Using the gel overlay assay of an SDS-PAGE gel this
approximately 6 kDa protein was shown to correspond to the growth inhibition of L.
acidophilus 4-1 (Figure 4, lane 6) but not L. rhamnosis (results not shown), suggesting it was
enterocin 62-6.

Molecular mass determination

When electrospray MS was used to determine the molecular mass of the inhibitor present in

the active column fraction (above) three peptides were observed corresponding to 5206, 5219,
and 5235 Da (data not shown), with the experimental error in the range 0.01-0.02% (plus or
minus 1 Da).

Amino acid sequence tag of enterocin 62-6

The column fraction containing purified enterocin 62-6 was initially subjected to automated
Edman degradation to obtain amino acid sequence data, but the N terminus was shown to be
blocked so data were not obtained. However, the following sequence tag, lle-Gly-GIn-Gly-
Trp-Thr-lle-Asp, was generated by manual interpretation of an MS/MS spectrum, then
searched using MS-pattern. The automated MASCOT search of this sequence tag indicated
that it was a direct match to an 8 amino acid portion of the 43 amino acid bacteriocin, enterocin
L50B, 1 of 2 peptides (enterocins L50A and L50B) produced by E. faecium L50 isolated from
Spanish dry fermented sausage (21,24). The predicted sequence ions for this peptide were in
agreement with the observed MS/MS fragment ions.

Genetic characterization of the enterocin 62-6 structural genes

Given that our eight amino acid sequence tag had directly matched enterocin L50B, to elucidate
the structural gene sequence corresponding to enterocin 62-6, PCR amplification was carried
out using primers based on the published sequence for enterocin L50 (GenBank accession no.
AJ223633). The PCR product was purified and a 419 nucleotide stretch was sequenced and
compared to enterocins L50A and L50B. It was also compared to another two-peptide
bacteriocin, enterocin I, produced by E. faecium strain 6T 1a isolated from a Spanish-style olive
fermentation and known to have identical structural gene sequences to enterocins L50A and
L50B (27). Figure 4 shows the comparative DNA sequence alignment between enterocins 62-6,
L50, and I and the corresponding peptide sequences. While the DNA sequences corresponding
to each of the two peptides were almost identical, one silent mutation was found in 62-6A and
three further point mutations were shown to be present in the intergenic regions for all three
enterococcal bacteriocins. Plasmid DNA was isolated from strain 62-6, digested with
restriction enzymes, separated by agarose gel electrophoresis, and transferred to a nylon
membrane by Southern blotting. The PCR product containing enterocin 62-6 was used as a
probe. This probe was shown to hybridize to undigested plasmid DNA larger than 10 kb, and
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specifically toa 1.7 kb EcoRV fragment. Thus, it seems that the enterocin 62-6 structural genes
are plasmid-borne.

Physicochemical characterization of enterocin 62-6

The antibacterial activity of column fractions containing purified enterocin 62-6 was tested
following exposure to various physicochemical conditions (Table ). Enterocin 62-6 was stable
following boiling for 30 min, and over the pH range tested (pH 4-8). Its demonstrated
sensitivity to certain proteolytic enzymes (pepsin and a-chymotrypsin) suggested that it
contained an essential proteinaceous component, while stability in the presence of both
lysozyme and lipase indicated that it lacked carbohydrate and lipid moieties.

Inhibitory spectrum of purified enterocin 62-6

The spectrum of inhibitory activity of enterocin 62-6 against a range of bacterial strains was
assayed by well diffusion (Table I1). Enterocin 62-6 was shown to inhibit the growth of a range
of Gram-positive genera of bacteria from the vaginal tract, including lactobacilli,
corynebacteria, streptococci, and enterococci, but not staphylococci. It also inhibited the
growth of two of three Lactobacillus strains isolated from beer spoilage. It did not inhibit the
growth of any of the Gram-negative bacteria tested.

Discussion

The current study describes the purification and characterization of the first class Ilc
enterococcal bacteriocin from an isolate of E. faecium of vaginal origin, enterocin 62-6. The
inhibitory activity of Sepharose column fractions containing purified enterocin 62-6 was shown
to be heat-stable, and stable over the range pH 4-8, sensitive to the proteolytic agents pepsin
and a-chymotrypsin, but resistant to proteinase K and trypsin (Table I). These physico-
chemical properties were consistent with those reported for inhibitor-containing culture
supernatants from the growth of E. faecium 62-6-in MRS broth (5). Furthermore, the combined
characteristics of enterocin 62-6, found in this study, as small (<10kDa), heat- and pH-stable,
cationic, hydrophobic, two-peptide bacteriocin, with an inhibitory spectrum against a broad
spectrum of Gram-positive but not Gram-negative bacteria (Table I1), were consistent with its
classification as a class Ilc bacteriocin (21,28).

We had previously reported that MRS culture supernatants lost inhibitory activity following
exposure to lipase (5), which could have indicated a lipid moiety of enterocin 62-6 and its
classification as a class IV bacteriocin (1). Follow-up experiments using supernatants from the
growth of strain 62-6 in BHI (data not presented) and, in the present study, with column
fractions containing purified enterocin 62-6, did not demonstrate lipase sensitivity of the
inhibitor (Table I). These findings appear to rule out the classification of enterocin 62-6 as a
possible class IV bacteriocin. This was further supported by the identical peptide sequence
derived from the enterocin 62-6 structural genes (as described below) to enterocins L50A and
L50B (Figure 4), which are well-characterized, class Ilc bacteriocins (21,24,28). The lipase
sensitivity of the inhibitor demonstrated using the MRS culture supernatants was probably due
to the high hydrophabicity of class Il bacteriocins, which causes them to bind to medium
components such as the Tween 80 present in MRS broth, as has been reported previously (1,
26,29).

When subject to Edman degradation to determine the amino acid sequence, purified enterocin
62-6 was shown to be N-terminally blocked, which has been found for certain enterocins,
including enterocins L50A and L50B and 4 (21,30). Following the direct match of the amino
acid sequence tag lle-Gly-GIn-Gly-Trp-Thr-lle-Asp (generated by the in-gel cleavage of
enterocin 62-6 with trypsin) to an eight amino acid sequence within enterocin L50B, a 43 amino
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acid peptide produced by E. faecium L50 (21,24) PCR was employed to amplify and sequence
the putative structural genes for enterocin 62-6. Not only did this provide evidence that
enterocin 62-6, like enterocin L50, comprised two peptides corresponding to two open reading
frames, but also that their peptide sequences were identical and their DNA sequences were
almost identical to enterocins L50A and L50B and the two enterocin | peptides (Figure 4)
(27). Accordingly, they were named enterocins 62-6A and 62-6B. Similar to enterocins L50
and I, we also showed that the structural genes for enterocin 62-6 were plasmid-borne
determinants (21,27).

To date, several enterocins from various sources and countries have been reported that are
either identical or very closely related to enterocins L50A and L50B, as determined by
comparative DNA or amino acid sequence analysis or by the binding of primers specific to the
L50 structural genes to DNA preparations. This includes enterococcal strains isolated from
Spanish dry fermented sausages (31), enterocin | from E. faecium 6T1a (Figure 4) isolated
from a Spanish-style green olive fermentation (27), E. faecium F58 isolated from a Moroccan
soft goat’s cheese, E. faecium strains B1 and B2 isolated from Malaysian tempeh (32), and
more recently a strain of E. faecalis, MRR 10-3, isolated from the uropygial gland of the
Hoopoe (Upupa epops) in Spain (33). While many of these isolates are from food sources
some, including the avian isolate (E. faecalis MRR 10-3) and our vaginal strain, are clearly
not. The apparent presence of these L50-related bacteriocins across the four continents reported
here is noteworthy and raises the question of the ubiquity of this bacteriocin.

Electrospray MS of purified column fractions of enterocin 62-6 yielded molecular masses of
5206, 5219, and 5235 Da. Since the difference in molecular mass between the 5219 Da protein
and the 5235 Da protein of 16 Da most likely corresponded to an oxidized form of the 5219
Da protein (W.M. Keck Foundation, personal communication) the data suggested that two
distinct peptides had co-eluted in this column fraction. The molecular masses of enterocins
62-6A and 62-6B of 5219 and 5206 Da, respectively, differ from the masses calculated from
their deduced amino acid sequences of 5190 and 5178 Da, corresponding to the 44 and 43
amino acid residue peptides (21). This discrepancy between calculated molecular masses and
those assigned through MS has been routinely found for all of the L50A- and L50B-related
enterocins (33). Various chemical modifications have been put forward to account for these
observations, including alterations during the chemical purification process (33). But the most
likely explanation is the retention of formylmethionine (29 Da), which is known to block
Edman degradation (21) and which we experienced during attempts to sequence enterocin
62-6A and 62-6B. Taking this into account, when the molecular masses of the 5219 and 5206
Da purified peptides are reduced to 5190 and 5177 Da, respectively, these data are in agreement
with their calculated masses of 5190 and 5178 Da when the experimental error inherent in MS
of +1 Da is factored in.

Given that the molecular mass of enterocins 62-6A and 62-6B were determined to be less than
5300 Da, it was interesting to note that as part of the purification process, they were retained
inside a dialysis bag of 12 400 Da molecular mass cut-off (Figure 1). Similarly, we previously
reported that the inhibitory activity of E. faecium strain 62-6 culture supernatants was retained
inside the same size dialysis tubing (5). A possible explanation for this is the tendency for some
of these bacteriocins to form aggregates, which has been previously reported for enterocins as
well other bacteriocins produced by lactic acid bacteria (34).

Understanding the interactions, including both positive and negative symbioses, among
bacteria inhabiting the lower genital tract has been proposed to answer some of the complexities
surrounding the pathogenesis of BV (13,35-38). To date, while the production of antibacterial
substances by lactobacilli that could contribute to their dominance in the healthy vaginal tract
has been well researched (8,38,39), only a few studies have examined the converse (40,41),
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namely the production of antagonistic substances that could lead to the decline in concentration
of vaginal lactobacilli. Such antagonistic interactions may be one mechanism leading to an
alteration in the ecology of the vaginal tract by initiating a sequence of events culminating in
the massive change in the vaginal microbiota characteristic of BV. Since the context of the
current study was the production of substances by vaginal tract bacteria that could potentially
disrupt the ecology of the healthy vagina, it was notable that enterocin 62-6 was stable over
the pH values associated with both the healthy vaginal environment (ca. pH 4) and BV, greater
than pH 4.5 (Table 1) (42). In addition, its inhibitory activity against Lactobacillus strains
associated with beer spoilage suggests a possible application in the food industry as a natural
alternative for the control of contaminating bacteria.

Several enterocins have been characterized to date, many of which are produced by enterococci
isolated from the food industry which are antagonistic to the growth of common food spoilage
pathogens such as Listeria monocytogenes (21,31). While there has been a paucity of reports
of other bacteriocin or bacteriocin-like inhibitors produced by enterococci from the vaginal
environment (43-45), this is the first characterization of a class llc bacteriocin produced by a
vaginal strain of E. faecium. It is one of few microbial interactions reported that may be of
significance to the pathogenesis of BV, specifically by disrupting the vaginal tract ecology by
antagonizing the growth of vaginal lactobacilli, corynebacteria, streptococci, and enterococci
(Table I1). Since enterocins related to L50, including enterocin 62-6, appear to be present in
representative enterococcal isolates worldwide from a variety of sources, clinical studies
assessing the prevalence of this bacteriocin in vaginal isolates and its possible role in vivo in
the pathogenesis of BV are warranted.
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Scale-up of enterocin 62-6 production by growing E. faecium 62-6 in 1 liter BHI
Centrifuge and collect culture supernatant
Precipitate proteins, including enterocin 62-6, using 60% (w/v) (NH4)>SO4

Centrifuge, collect, and resuspend pellet in citrate phosphate buffer, pH 5
\’
Dialyze against citrate phosphate buffer (pH 5) using a 12 400 Da dialysis bag,
collect the (NH4).SO4-precipitated bacteriocin (dialysate), ca. 35 ml

Load 20 ml of dialysate onto a Sepharose cationic exchange column
l
Elute the bacteriocin using a continuous NaCl (0.1-0.7 M) gradient,
collect 2 ml fractions
\J
SDS-PAGE analysis of column fractions followed by Coomassie blue or silver
staining to visualize protein bands

Demonstrate antibacterial activity of protein bands in SDS-PAGE gels using the
gel overlay assay

Determine the molecular mass of enterocin 62-6 using
mass spectrometry analysis

Figure 1.
Flow diagram showing methods for the purification of enterocin 62-6.
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Figure 2.

SDS-PAGE analysis of Sepharose column fractions with inhibitory activity against L.
acidophilus 4-1 (as assayed by well diffusion) following step-wise NaCl elution (lanes 2 and
3) and continuous gradient NaCl elution (lanes 4 and 5) as shown for fraction 16 of Figure 3.
Lanes 2 and 4 were stained using Coomassie blue and lanes 3 and 5 were silver stained. Using
the gel overlay assay, the growth inhibitory activity of the ca. 6 kDa protein is shown against
L. acidophilus 4-1 (lane 6). The black oval zone corresponds to growth inhibition of strain 4-1.
Standard protein markers are shown in lane 1 with their molecular masses indicated to the left
of the gel.
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Figure 3.

Antibacterial activity of column fractions following continuous gradient sodium chloride
elution from a Sepharose column against the sensitive indicator strain L. acidophilus 4-1, as
detected using the well diffusion assay. Growth inhibitory activity against the negative control
strain L. rhamnosis 62-5 was not detected.
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TATATTTTGTCAAATATTTTTTTTGTTTTTGTGTGATATACAATTATTATGAACAAAAAA
TATATTTTGTCAAATGTTTTTTTTGTTTTTGTGTGATATACAATTATTATGAACAAAAAA
TATATTTTGTCAAATATTTTTTTTGTTTTTGTGTGATATACAATTATTATGAACAAAAAA

A _TGATTGGAGGAGTTATATTATGGGAGCAATCGCAAAATTAGTAGCARAGTTTGGGTGG

AATGATTGGAGGAGTTATATTATGGGAGCAATCGCAAAATTAGTAGCAARAGTTTGGGTGG

AATGATTGGAGGAGTTATATTATGGGAGCAATCGCAAAATTAGTAGCARAGTTTGGGTGG
M G A I A K L V A K F G W

CCTATTGTTAAAAAGTATTACAAACAAATTATGCAGTTTATTGGAGAAGGATGGGCAATT
CCTATTGTTAAAAAATATTACAAACAAATTATGCAGTTTATTGGAGAAGGATGGGCAATT
CCTATTGTTAAAAAATATTACAAACAAATTATGCAGTTTATTGGAGAAGGATGGGCAATT
P I VvV K K ¥ Y K @ I M @ F I G E G W A I

AACAAAATCATTGAGTGGATTAAAAAACATATTTAAAATAAGGATGTGTTAGTATATGGG
AACAAAATCATTGAGTGGATTAAAAAACATATTTAAAATAAGGATGTGTTAGTACATGGG
AACAAAATCATTGAGTGGATTAAAAAACATATTTAARAATAAGGATGTGTTAGTACATGGG
N K I I E W I K K H I ~* M G

AGCAATCGCAAAACTAGTGACAAAGTTTGGGTGGCCACTAATCAAAAAATTCTACAAACA
AGCAATCGCAAAACTAGTGACAAAGTTTGGGTGGCCACTAATCAAAAAATTCTACAAACA
AGCAATCGCAAAACTAGTGACAAAGTTTGGGTGGCCACTAATCAAAAAATTCTACAAACA
A I A K L vV T K F G W P L I K K F Y K Q

AATCATGCAATTTATTGGACAAGGATGGACAATAGATCAAATTGAAAAATGGCTAAAAAG
AATCATGCAATTTATTGGACAAGGATGGACAATAGATCAAATTGAAARAATGGCTAAARAG
AATCATGCAATTTATTGGACAAGGATGGACAATAGATCAAATTGAAAAATGGCTAAARAAG

I M Q F I 6 Q G W T I D @ I E K W L K R

ACATTAATGTTTAAACTAAACTAAATTTTGAAAAAAGACTATAAAGTTATAAGGATATCC

ACATTAATGTTTAAACTAAACTAAATTTTGAAAAAAGACTATAAAGTTATAAGGATATCC

ACATTAATGTTTAAACTAAACTAAATTTTTAAAAAAGACTATAAAGTTATAAGGATATCC
H *

Figure 4.

Nucleotide sequence comparison between the genetic regions ent62-6AB, entL50AB, and

entl corresponding to GenBank accession nos EF112398, AJ223633, and Y16413,

respectively. The deduced amino acid sequence for each peptide is shown below the open
reading frames. Start codons are underlined and stop codons are indicated with an asterisk.

Nucleotide differences between the three sequences are indicated in bold.
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Table |
Physicochemical characterization of purified enterocin 62-6 against the sensitive Lactobacillus indicator strain 4-1 and
the resistant isolate 62-5.

Growth inhibition of Lactobacillus indicator strain

Inhibitory activity of enterocin 62-6 following exposure to

4-1 62-5
No treatment, positive control + _
Heat, 100°C for 30 min + —
Trypsin (pH 7) + _
Pepsin (pH 3 and 7) - _
a-Chymotrypsin (pH 8) - _
Proteinase K (pH 7) + _
Lysozyme + _
Lipase + _
pH 4 + _
pH 6 + _
pH 8 + _

Assays for inhibitory activity were carried out on MRS agar using the well diffusion technique.

*
As assessed by the measurement of the diameter (mm) of the zone of inhibited growth of the indicator strain, inclusive of the 5 mm diameter of the well,
where ‘+’ indicates a diameter of the zone of growth inhibition of >7 mm and ‘" indicates a diameter of inhibited growth of <7 mm.
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Spectrum of antibacterial activity of purified enterocin 62-6 as assayed by well diffusion on MRS agar.

Bacterial strains

No. strains inhibited”/no. tested

Gram-positive vaginal isolates
lactobacilli
corynebacteria
streptococci
enterococci
staphylococci
Gram-negative bacteria
Escherichia coli ATCC 4157
Citrobacter freundii Pl 239
Proteus mirabilis ATCC 7002
Pseudomonas aeruginosa ATCC 10145
Lactobacilli isolated from beer spoilage
L. paracollinoides ATCC 8291
L. buchneri ATCC 11307
L. paraplantarum ATCC 700211

6/10
213
4/5
313
0/5

0/1
0/1
0/1
0/1

11
17
0/1

*
As assessed by the measurement of the diameter (mm) of the zone of inhibited growth of the indicator strain, inclusive of the 5 mm diameter of the well,
where a positive result was indicated by a diameter of the zone of growth inhibition of >7 mm and a negative result was indicated by a diameter of inhibited

growth of <7 mm.

Microb Ecol Health Dis. Author manuscript; available in PMC 2009 July 2.



