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We describe the discovery, purification, characterization, and expression of an antimicrobial peptide, epidermicin NI01, which
is an unmodified bacteriocin produced by Staphylococcus epidermidis strain 224. It is a highly cationic, hydrophobic, plasmid-
encoded peptide that exhibits potent antimicrobial activity toward a wide range of pathogenic Gram-positive bacteria including
methicillin-resistant Staphylococcus aureus (MRSA), enterococci, and biofilm-forming S. epidermidis strains. Purification of the
peptide was achieved using a combination of hydrophobic interaction, cation exchange, and high-performance liquid chroma-
tography (HPLC). Matrix-assisted laser desorption ionization–time of flight (MALDI-TOF) analysis yielded a molecular mass of
6,074 Da, and partial sequence data of the peptide were elucidated using a combination of tandem mass spectrometry (MS/MS)
and de novo sequencing. The draft genome sequence of the producing strain was obtained using 454 pyrosequencing technology,
thus enabling the identification of the structural gene using the de novo peptide sequence data previously obtained. Epidermicin
NI01 contains 51 residues with four tryptophan and nine lysine residues, and the sequence showed approximately 50% identity
to peptides lacticin Z, lacticin Q, and aureocin A53, all of which belong to a new family of unmodified type II-like bacteriocins.
The peptide is active in the nanomolar range against S. epidermidis, MRSA isolates, and vancomycin-resistant enterococci.
Other unique features displayed by epidermicin include a high degree of protease stability and the ability to retain antimicrobial
activity over a pH range of 2 to 10, and exposure to the peptide does not result in development of resistance in susceptible iso-
lates. In this study we also show the structural gene alone can be cloned into Escherichia coli strain BL21(DE3), and expression
yields active peptide.

The continued emergence of infections caused by multiresistant
bacteria reinforces the urgent requirement for the identifica-

tion and development of novel antibiotics. Bacteriocins are a
group of agents that can show good activity against a range of
human pathogens, including viruses, and have the potential to aid
the fight against multiresistant bacteria (14, 33, 43).

Bacteriocins are ribosomally synthesized antimicrobial pep-
tides produced to facilitate niche competition (26, 28). The inhib-
itory spectrum of these agents is predominantly directed toward
bacteria that are closely related to the producer strain (22, 41).
Due to their novel modes of action and activity against a range of
multiresistant bacteria, these inhibitors could potentially be ex-
tremely useful in the treatment of multiple infections and have
already been extensively investigated for their impact on preven-
tion of food spoilage (41).

Bacteriocins exhibit a relatively narrow range of inhibition
compared to the broad spectrum of classical antimicrobial agents;
this, however, is thought to be a potential advantage regarding
resistance development as a narrow-spectrum agent is thought to
generate less pressure for resistance to develop (15).

Staphylococcus aureus and Staphylococcus epidermidis are pro-
lific producers of bacteriocins, often referred to as staphylococcins
(2). Many bacteriocins have been isolated from S. aureus, includ-
ing staphylococcin C55 (34), type II bacteriocin aureocin A53
(36), and Bsa (bacteriocin of S. aureus) lantibiotic identified in
community strains of S. aureus (7). Coagulase-negative staph-
ylococci (CNS) also produce a number of bacteriocins, includ-
ing the lantibiotics epilancin K7 (44), pep5 (24), epidermin (1),

epilancin 15x (10), epicidin 280 (18) gallidermin (25), and war-
nericin (31, 45).

Gram-positive bacteria are still a major cause of infection with
an increasing number of strains multiresistant to commonly used
antimicrobials. It is therefore of great importance to identify and
develop new agents that show activity toward these bacteria. Ide-
ally, such agents should also show an alternative mode of action to
that of the more traditional compounds. Here, we describe the
peptide epidermicin NI01, which we have recently isolated from S.
epidermidis strain 224. The peptide shows a broad spectrum of
activity against a wide range of Gram-positive pathogens includ-
ing methicillin-resistant S. aureus (MRSA) and vancomycin-
resistant enterococci (VRE), both of which are a problem within
the clinical environment. Analysis of the draft genome sequence of
strain 224 indicated that the peptide is plasmid encoded and that
the genetic locus involved in the production of the peptide does
not fit with the conventional type II bacteriocin grouping system
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but does fit into the newly proposed group of class II-like peptides
(21). We report the identification, characterization, genetic anal-
ysis, and recombinant expression of the peptide epidermicin, the
first type II antimicrobial peptide to be isolated from S. epidermi-
dis and the first of this family to be produced using a recombinant
expression system.

MATERIALS AND METHODS
Bacterial strains, media, and growth conditions. We previously deter-
mined that the skin isolate, S. epidermidis strain 224, produced an inhib-
itor, here described as epidermicin NI01, which was active against Gram-
positive bacteria. A selection of indicator strains (Table 1) was used to
determine the spectrum and level of activity of peptide NI01. Selected
indicators (from an in-house collection), Micrococcus luteus, S. epidermi-
dis strain ATCC 12228, and clinical S. epidermidis strain 156, a biofilm-
forming isolate, were used to assess the activity of peptide recovered from
strain 224 during purification.

For routine culture, bacteria were grown on Columbia blood agar
(CBA) plates (Oxoid). Overnight cultures were prepared in tryptone soy
broth (TSB) containing 4% yeast extract (Oxoid). Luria-Bertani broth
(Sigma) was used for culturing E. coli BL21(DE3), and 2� yeast extract-
tryptone (YT) broth (Melford Laboratories, United Kingdom) was used
for culturing E. coli transformants. Unless stated otherwise, all cultures
were incubated in an aerobic atmosphere at 37°C.

Assessment of antimicrobial activity using the well and spot inhibi-
tion assays. Antimicrobial activity was assessed by the well inhibition
method as previously described (38) with the following modifications:
50-�l drops of 2-fold dilutions of solutions for analysis were added into
4-mm wells that had been bored into the surface of CBA and sealed with
1.5% agarose. The surface of the agar plate was then exposed to chloro-
form vapor for 30 min. A suspension of an indicator strain equivalent to
1.5 � 108 CFU/ml was diluted 1/10 for staphylococci or used neat for M.

luteus and was swabbed evenly over the surface. The plates were incubated
for 18 to 24 h, after which the zones of inhibition were measured. The
activity was defined as the reciprocal of the last dilution that produced a
clear zone of inhibition and was expressed as arbitrary units (AU) per ml
(38).

The spot-on-lawn method (30) was also used to determine the inhib-
itory activity of chromatography fractions. This involved inoculating the
agar surface with a 15- to 20-�l drop of sample. The agar surface was then
sterilized by exposure to chloroform vapors for 30 min before inoculation
of the surface with indicator strains, as described above.

Purification of peptide epidermicin NI01. S. epidermidis 224 was
grown in overnight 20-liter fermentations in tryptic soy broth (TSB).
These were then centrifuged at 10,000 � g for 15 min, and the supernatant
was harvested. Epidermicin was purified by using Strata, a poly divinyl
benzene hydrophobic resin (Phenomenex), during the initial capture
phase, with activity eluted using 90% methanol at pH 2. The active frac-
tions from this step were combined and applied to a cation exchange
column (CIEX) containing Hi-Trap SP FF resin (GE Healthcare), sepa-
rating the peptide based on its charge. A gradient of NaCl was used in
combination with 20 mM MES to elute activity. Active fractions from
CIEX were combined and further purified using a Proteo 90A (4-�m
particle size) 250- by 10-mm (Phenomenex) reverse-phase high-
performance liquid chromatography (RP-HPLC) column. The sample
was then purified using an AKTA purifier HPLC machine (Amersham).
Buffer A contained water plus 0.1% trifluoroacetic acid (TFA), and buffer
B contained 100% MeCN and 0.1% TFA. A gradient of 10 to 60% buffer B
was run over 120 min and recorded at 215 nm and 280 nm. Inhibitory
activity was detected by using the spot-on-lawn assay against M. luteus.

MALDI-TOF. Matrix-assisted laser desorption ionization (MALDI)
was conducted to determine the purity of HPLC-separated samples.
Briefly, a 1-�l sample was spotted onto the surface of a ground steel
96-well MALDI plate (Bruker) followed by 1 �l of matrix (10 mg/ml
�-cyano-4-hydroxycinnamic acid [Sigma] dissolved in 1:1 acetonitrile-
ethanol). The samples were then left to air dry at room temperature for 15
min prior to being analyzed using a Bruker Daltonics Ultraflex II tandem
time of flight (TOF/TOF) instrument. Peptide calibration mix (Sigma)
was used as an external calibration marker.

Mass spectrometric analysis of peptides and enzymatic digestion
products. HPLC-purified biologically active fractions were analyzed us-
ing nano-electrospray on a quadrupole time of flight (Q-TOF) mass spec-
trometer (Waters, Manchester, United Kingdom). A trypsin digest of the
peptide was carried out by adding 15 �l of trypsin (Sigma) (0.01 mg/ml in
100 mM ammonium bicarbonate) to 2 �l of peptide with incubation at
37°C for 18 h. Chymotrypsin (Sigma) (25 �g/ml suspended in buffer
containing 50 mM Tris-HCl–1 mM CaCl2) was used at an enzyme-to-
substrate ratio of 1:50 with incubation at 27°C for 1 h prior to analysis by
mass spectrometry.

Acetylation of the peptide was determined by adding 50 �l of 20 �l of
acetic anhydride and 60 �l of methanol to 20 �l of the peptide solution (4
�l of peptide in 20 �l of 50 mM ammonium bicarbonate). The samples
were then left at room temperature for 1 h before lyophilization and
resuspension in 10 �l of 20% formic acid and mass spectrometry.

Determination of MIC. The MICs of epidermicin NI01 against a
range of bacteria were determined using 2-fold dilutions of antimicrobial
agents in cation-adjusted Mueller-Hinton broth (MHB) (Oxoid) accord-
ing to the broth microdilution guidelines set out by the Clinical and Lab-
oratory Standards Institute ([CLSI] http://www.clsi.org).

Determination of enzyme, heat, and pH stability of peptide NI01.
Preparations of epidermicin of a known concentration (AU/ml) were in-
cubated with various enzymes at 37°C for 4 h at the following concentra-
tions: �-chymotrypsin, trypsin, protease, lipase, and �-amylase at 1 mg/
ml; and lysozyme and proteinase K (Sigma) at 10 mg/ml. Following
treatment, the activity in AU/ml was reassessed, using the well assay de-
scribed above.

The stability of epidermicin to heat was examined by heating prepa-

TABLE 1 Antibacterial spectrum of epidermicin NI01 against a range of
multiresistant pathogens

Straina

Epidermicin MIC

�g/ml nM

S. epidermidis 1 1 160
S. epidermidis 2 4 658
S. epidermidis 37 2 329
S. epidermidis 42 2 329
S. epidermidis 44 4 658
S. epidermidis 60 2 329
S. epidermidis 93 2 329
S. epidermidis 156 0.0625 10.28
S. epidermidis RP62A 2–4 329–658
S. saprophyticus 0.5–1 82.3–160
S. hominis 1 160
S. warneri 1 160
E. faecalis 1 160
VRE 1 1 160
VRE 2 1 160
VRE 3 1 160
VRE 4 1–2 160–329
VRE 5 0.5–1 82.3–160
VRE 6 0.5 82.3
MRSA s37 (EMRSA 15) 1–2 160–329
MRSA s41 (EMRSA 15) 1–2 160–329
MRSA s71 (EMRSA 15) 2 329
S. aureus 1195 2 329
a S. hominis, Staphylococcus hominis; S. warneri, Staphylococcus warneri; E. faecalis,
Enterococcus faecalis; EMRSA, epidemic methicillin-resistant S. aureus.
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rations to 80°C for 10, 15, 20, 30, and 60 min, and residual activity was
assessed by measuring AU/ml. Similarly, the stability of epidermicin was
assessed at pH 2, 4, 6, 8, and 10 by incubation in buffered solutions,
followed by determination of residual AU/ml. Appropriate controls were
used in all of these assays.

Hemolysis and cellular toxicity assays. Estimation of the degree of
hemolysis caused by epidermicin was conducted as previously described
(11). Red blood cells (RBC) were treated with phosphate-buffered saline
(PBS) and 1% Triton X-100 as indicators of 0 and 100% hemolysis, re-
spectively. Following treatment, plates were centrifuged at 1,000 � g for
10 min, aliquots of the supernatant were diluted two times with PBS, and
absorbance was measured at 560 nm. Assays were carried out in triplicate.

The toxicity of epidermicin against human fibroblast cell lines was
determined at concentrations ranging from sub-MIC to 100� MIC using
MTT [3-(4,5-dimethylthiazol-2-yl)2 2,5-diphenyl tetrazolium bromide]
reduction and neutral red uptake assays.

Spontaneous mutation assays. Studies were carried out as previously
described (17). Briefly, single-step mutation studies were determined by
plating out 0.1 ml of a 108 CFU/ml suspension of three biofilm-forming
strains onto Mueller-Hinton (MH) agar plates containing epidermicin at
concentrations of two, four, and eight times the MIC. The frequency of
mutation was determined by colony counts at 24 and 48 h following
inoculation.

The effect of growth in the presence of subinhibitory MIC concentra-
tions was also assessed using semipure preparations of epidermicin.
Strains were grown in Muller-Hinton broth (MHB) containing a subin-
hibitory concentration equivalent to half of the MIC. The cells were pas-
saged daily into fresh MHB containing subinhibitory concentrations of
epidermicin for 10 days, following which the MIC value for the strain was
reassessed.

Examination of the kinetics of bacterial killing by epidermicin NI01.
Bacterial killing assays were based on previously described methods (36).
Briefly, overnight cultures of the indicator strains M. luteus and clinical
isolate 156, a biofilm-forming S. epidermidis strain, were diluted 100-fold
in fresh MHB and incubated at 37°C for 4 h at 180 rpm. Epidermicin was
then added at a concentration of 4� MIC. Samples were taken at regular
intervals to determine the optical density at 600 nm (OD600). Samples
were enumerated using the Miles and Misra method to obtain viable
counts, and Gram staining was conducted on the cells to follow activity of
the peptide against walls of target cells.

Draft genome sequence determination and preliminary annotation.
The genomic DNA of producer strain 224 was extracted using a QIAmp
DNA Mini Extraction kit (Qiagen) as directed by the manufacturer but
with prior incubation in lysis buffer (20 mM Tris [pH 8.0], 2 mM EDTA,
and 1.2% Triton X-100) with 50 �l of lysostaphin (1 mg/ml), 50 �l of
lysozyme (20 mg/ml), and 20 �l of mutanolysin (10,000 U/ml), followed
by addition of proteinase K and RNase A. The integrity of the DNA was
determined by visualization on an agarose gel, and the concentration was
measured using a Qbit (Invitrogen) as per the manufacturer’s instruc-
tions.

The draft genome sequence of strain 224 was determined at the Uni-
versity of Liverpool’s Centre for Genome Research. A shotgun library of
DNA fragments was prepared for analysis, and sequencing reactions were
performed using a Roche 454 GS-FLX machine. Reactions were carried
out using titanium chemistry on library fragments applied to one-quarter
of an analysis plate. Raw data were assembled using GS De Novo Assem-
bler, version 2.0.00.20 (Roche Diagnostics, Ltd., Lewes, England). Assem-
bled contiguous sequences (contigs) were ordered with reference to the
genome of S. epidermidis strain RP62A (accession number CP000029),
and open reading frames were annotated following BLAST searches (http:
//www.ncbi.nlm.nih.gov/BLAST/) against staphylococcal genomes and
data held in Swissprot, RefSeq, and Uniprot databases. Contig ordering
and annotation were performed using SUGAR (a simple unfinished ge-
nome annotation resource) (M. Szubert and S. A. Beatson, unpublished;
Perl scripts are available on request). A BLAST database of the draft ge-

nome sequence of strain 224 (produced by SUGAR) was queried using the
tblastn algorithm, and a partial amino acid sequence was obtained for
epidermicin NI01.

The DNA sequence encoding epidermicin was used to interrogate rel-
evant DNA and protein databases and Bactibase (http://bactibase.pfba
-lab-tun.org/main.php), a repository for bacteriocin sequences. Sequence
alignment of peptides of interest was performed using the CLC Main
Workbench program.

Cloning and expression of recombinant epidermicin NI01 in E. coli.
Total genomic DNA was used in PCR with primers NI01-F (5=-ATATAT
TACATATGGCAGCATTTATGAAGTTAATTCAG-3=) and NI01-R (5=-
TACGTTCTCGAGTTATTATGCCCATAATTTTTTGATTTG-3=) target-
ing the structural gene and including NdeI and XhoI restriction sites
(underlined), respectively. The PCR product was cloned into an NdeI/
XhoI-digested pET-29a vector using T4 DNA ligase and transformed into
chemically competent BL21(DE3) E. coli cells using heat shock at 42°C for
45 s. Colony PCR and sequencing were conducted on transformants to
determine validity of constructs. Colonies containing the insert were in-
oculated into 5 ml of 2� YT broth containing 15 �g/ml kanamycin and
grown overnight at 37°C. These cultures were then used to inoculate 50 ml
of 2� YT broth containing 15 �g/ml kanamycin and grown to an OD600

of 0.8 before induction with 50 �M/ml isopropyl-�-D-
thiogalactopyranoside (IPTG) at 17°C overnight to reduce aggregation.

The following day, the cultures were centrifuged at 7,000 � g for 20
min. The supernatant was then discarded, and the pellet was resuspended
in 3 ml of PBS. The cells were sonicated (Sonics Vibracell high-intensity
ultrasonic processor unit) for 2 min with a microtip connector using the
following parameters: pulse, 5 s; rest, 10 s; amplitude, 30. The lysate was
centrifuged for 7,000 � g for 10 min, and the supernatant was acidified
with 10% TFA prior to purification using a syringe-driven Sep-Pak car-
tridge with a MeCN step gradient applied from 10 to 90% MeCN, eluting
in 1-ml fractions. Inhibitory activity of fractions against M. luteus was
assessed using the spot-on-lawn method.

RP-HPLC was conducted as described above with fractions of 0.5 ml
collected and assayed for activity using the spot-on-lawn assay. Antimi-
crobial activity was compared against fractions recovered from cultures of
BL21 transformed with the pET-29a vector lacking the epidermicin struc-
tural gene, and MALDI-TOF was used to determine the presence of epi-
dermicin, as described above.

Nucleotide sequence accession numbers. The DNA and protein se-
quence data relating to the genes in the putative epidermicin NI01 locus in
strain 224 have been submitted to GenBank under accessions numbers
JQ025380 to JQ025388.

RESULTS
Determination of the draft genome sequence of S. epidermidis
strain 224. The draft genome sequence was assembled from a total
of 275,997 reads with an average length of 407 bp (N50 � 148,627
[50% of the genome was contained in contigs of greater than
148,627 bp]), representing approximately 44-fold coverage. These
were resolved into 58 contigs with an average length of 43,486 bp,
yielding a draft genome of 2,539,959 bp, which putatively encodes
2,554 proteins.

The inhibitor produced by S. epidermidis strain 224 can be
purified to homogeneity and was identified as a novel peptide,
designated epidermicin NI01. Epidermicin was purified by hy-
drophobic interaction, CIEX, and RP-HPLC, and the mass was
determined to be 6,074 Da using MS (Fig. 1). No matches were
obtained when data from trypsin digests were used to interrogate
the MASCOT database, so the mass spectra were manually
analyzed, leading to identification of the following sequence tags:
(I/L)NAGQSFEW(I/L)YK (1,640.8 Da), (I/L)EGEGSSD(I/L)R
(1,261.6 Da), and YEQ(I/L)AGAEAXXX or YEQ(I/L)AEQAXXX.
These sequences were used to query the draft genome sequence of
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strain 224, and sequence tag NAGQSFEW was found to lie within
an open reading frame (ORF) of 252 bp (Fig. 2). The ORF con-
tained the coding sequence MAAFMKLIQFLATKGQKYVSLAW
KHKGTILKWINAGQSFEWIYKQIKKLWA (sequence tag un-
derlined) with a predicted mass of 6044.3 Da, approximately 30
Da less than the observed mass, indicating that the mature peptide
carries an N-terminal formylated methionine.

Epidermicin NI01 is stable at a wide range of pHs and with
exposure to high temperatures and the activity of several en-
zymes. Treatment of epidermicin with lysozyme, lipase, and
�-amylase caused no effect on activity compared to the control
treatment with molecular-grade water. Following treatment with
proteinase K or protease, a 75% reduction in activity was observed
(640 AU/ml to 160 AU/ml). Treatment with trypsin resulted in a
50% reduction of activity (to 320 AU/ml). There are nine potential
cleavage sites for trypsin within epidermicin. These results pro-
vide evidence for the proteinaceous nature of epidermicin. As the

peptide was not affected by �-amylase or lipase, it probably does
not contain polysaccharide or lipid moieties (4, 39).

When examined in the absence of any of the above enzymes,
epidermicin was highly stable between pH 2 and 10 and retained
activity following exposure to 80°C for up to 60 min.

Epidermicin NI01 is active against a range of Gram-positive
pathogens, and exposure to epidermicin does not encourage the
development of resistance. The MICs of epidermicin against a
range of Gram-positive pathogens associated with clinical infec-
tions are listed in Table 1. In particular, epidermicin showed high
activity against multidrug-resistant S. epidermidis strains causing
biofilm-related infections, MRSA, and vancomycin-resistant en-
terococci (VRE). The MIC values recorded indicate that epider-
micin is active against susceptible cells in the nanomolar range.

Single-step mutation tests were carried out at two, four, and
eight times the MIC of epidermicin against S. epidermidis strain
RP62A (a well-characterized, biofilm-forming isolate), strain 53, a
gentamicin-resistant clinical isolate, and strain 156, a gentamicin-
sensitive clinical isolate. No evidence of mutation to resistance was
observed with these three strains (data not shown).

Twelve biofilm-forming clinical CNS isolates associated with
prosthetic joint infections were passaged in subinhibitory concen-
trations of semipure epidermicin. Two strains showed a 2-fold
increase in the MIC of epidermicin after 10 days of passage. All of
the other strains tested exhibited no change in MIC values (data
not shown).

Epidermicin NI01 is rapidly bactericidal and nonlytic
against susceptible cells. A bactericidal mode of action was ob-
served against S. epidermidis strain 156; cell counts were reduced
by almost 6 logs following a 30-min incubation. A decrease in
OD600 of 0.085 was observed over 60 min, indicating limited cell
lysis (Fig. 3).

Assessment of the activity of epidermicin was also investigated
by Gram staining susceptible cells at various time points following
addition of the peptides. Prior to addition of peptide, at least 150
small cocci were observed per field of view, but addition of peptide
led to a decrease to fewer than 20 cells per field of view, and ghost
cells were present, indicating that the cells were no longer able to
retain the stain. These observations indicate that the peptide
causes membrane damage and disruption.

Epidermicin does not cause hemolysis or cell toxicity at
100� MIC. Hemolysis assays were conducted against human
erythrocytes using concentrations ranging from sub-MIC to

FIG 1 MALDI spectra for RP-HPLC-purified active fractions of peptide NI01. A mass of 6,074.782 Da was obtained for epidermicin. Other peaks represent
multiple charged ions.

FIG 2 Nucleotide sequence of a 252-bp ORF encoding the epidermicin struc-
tural gene, edcA. The deduced amino acid sequences are shown above the DNA
sequence. Putative promoter elements are underlined at the �10 and �35
positions. Residues in italics show the PCR primers used for cloning and ex-
pression of recombinant NI01.
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100� MIC of epidermicin. None of the concentrations assessed
caused lysis of the erythrocytes (data not shown).

Toxicity studies were also conducted against human dermal
fibroblast cell lines using concentrations ranging from sub-MIC
to 100� MIC of epidermicin. None of the concentrations assessed
caused any toxic effects against the cells when assessed by both
MTT reduction and neutral red uptake.

Epidermicin shares homology with previously reported bac-
teriocins. Analysis of genomic region containing the structural
gene for epidermicin identified nine ORFs of potential signifi-
cance (accessions numbers JQ025380 to JQ025388). A detailed
description of ORFs and corresponding proteins is contained in
Table 2 and Fig. 4. ORF 1 shares considerable similarity with the
YdbS protein from Bacillus species, which is associated with resis-
tance to antimicrobial agents (5), as is ORF 2, a homologue of the
YdbT protein. These are followed by ORF 3, or edcA, the structural
gene encoding epidermicin NI01. Downstream of edcA are ORFs 4
and 5, encoding hypothetical proteins also seen in the aureocin
locus. ORF 6 is a homologue of a hypothetical protein in Staphy-

lococcus saprophyticus (27), ORF 7 encodes an efflux transporter of
the RND (resistance nodulation and cell division) family, and
ORFs 8 and 9 are highly homologous to ABC transporters widely
reported in staphylococci.

BLAST searches indicated that epidermicin displays homology
to a number of previously described bacteriocins. Figure 5 displays
the degree of amino acid sequence identity to lacticin Z (48%
identity; accession number BAF75975) produced by Lactococcus
lactis QU14 (21), lacticin Q (46% identity; BAF57910) produced
by Lactococcus lactis QU5 (16), and plasmid-encoded aureocin
A53 (41% identity; AF447813) produced by S. aureus (36). More
distant homologues were an Auc-like hypothetical peptide (40%) en-
coded by Corynebacterium jeikeium plasmid pA501 (AY266269),
a hypothetical protein (29%) encoded on Geobacillus plasmid
pGY4MC101 (YP_003991117), and mutacin BhtB (25%), a bacteri-
ocin produced by Streptococcus rattus strain BHT (DQ145753) (20).
A ClustalW alignment was conducted to demonstrate sequence sim-
ilarity between epidermicin and the above peptide sequences, and the
relationship of all peptides is depicted in Fig. 5.

FIG 3 Effect of epidermicin NI01 on the viability and optical density of indicator strain S. epidermidis 156.

TABLE 2 Genes neighboring edcA, the epidermicin structural gene

ORF Homolog description Protein identity (%) Function Reference(s)

ORF 1 YdbS-like protein 34 Self-protection (immunity) 36
ORF 2 YdbT-like protein 32 Self-protection (immunity) 36
ORF 3 Lacticin Z-like protein 51 Structural gene 16, 22
ORF 4 Hypothetical protein 47 Unknown 35
ORF 5 Hypothetical protein 56 Unknown 35
ORF 6 Hypothetical protein 36 Unknown 27
ORF 7 RND efflux transporter of S. warneria 80 Transport of peptide 29
ORF 8 ABC transporter of S. epidermidis 93 Transport of peptide, immunity 50
ORF 9 ABC transporter of S. epidermidis 86 Transport of peptide 50
a S. warneri, Staphylococcus warneri.
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The genetic organization of epidermicin was compared to that
of aureocin A53 to determine any similarities (Fig. 4). The genetic
organizations of lacticin Q and Z have not yet been published.
Analysis demonstrated that both aureocin 53 and epidermicin
contained YdbT and YdbS homologues, possibly involved in im-
munity, in similar positions immediately upstream of the struc-
tural genes (Table 2). Downstream of the structural genes, synteny
is largely maintained with the aureocin A53 locus with two short
hypothetical proteins and genes that encode ABC transporters
(36).

Recombinant epidermicin can be expressed in E. coli. Clon-
ing of edcA in E. coli strain BL21(DE3) and induction with 50
�M/ml IPTG led to expression of recombinant epidermicin,
which was recovered from cells using sonication. Purified recom-
binant epidermicin was analyzed using MALDI-TOF MS demon-
strating a peptide of 6,074 Da. This peptide also displayed activity
against M. luteus and S. aureus strains in lawn assays, confirming

recombinant expression of epidermicin NI01 (data not shown).
This represents the first successful expression in E. coli of a bacte-
riocin from the type IIc, aureocin-like family.

DISCUSSION

According to the most recent classification system proposed by
Heng and Tagg (19), bacteriocins can be separated into four
classes. Class I includes the posttranslationally modified bacte-
riocins referred to as lantibiotics due to the presence of unusual
posttranslationally modified amino acids such as lanthionine;
class II contains small (�10 kDa) heat-stable membrane-active
bacteriocins; class III inhibitors, which are often much larger
(�30 kDa), are heat-labile bacteriocins; and class IV contains
cyclic bacteriocins.

There are some striking differences between the small bacterio-
cins showing similarity to epidermicin and the conventional type
II bacteriocins. These include stability at high pH, a lack of cys-

FIG 4 Genetic organization of the putative epidermicin NI01 locus compared to the genes surrounding aureocin A53 (51 amino acids; not drawn to scale).
Putative promoters are represented by small arrows, and terminators are represented by small boxes; numbers in parentheses indicate the number of amino acids
encoded by each gene.

FIG 5 ClustalW alignment of epidermicin NI01 with related peptides (A) with an indication of the percent amino acid identity between peptides of the type
IIc/unmodified bacteriocin group (B) and a distance tree displaying the relationship of the peptides (C).
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teine residues, absence of a conserved “pediocin box” containing
the sequence YGNG(V/L), absence of a leader peptide, high tryp-
tophan content, and high cationic charge. In line with findings for
other leaderless bacteriocins (16), epidermicin carries an
N-terminal formylated methionine. These peptides have been
placed in type IIc (19), which encompasses a diverse family con-
taining aureocin A53, lacticin Q, and lacticin Z. Given the homol-
ogy to these peptides, we suggest that epidermicin is a new addi-
tion to this group.

All of the agents in this bacteriocin family are rich in trypto-
phan, with NI01 and lacticin Q and Z containing four and aureo-
cin A53 containing five tryptophan residues. Tryptophan is an
amphiphilic amino acid, which is thought to be important in the
interaction between antimicrobial peptides and bacterial mem-
branes (12). Using fluorescence spectroscopy, the C-terminal
tryptophan in pediocin PA-1 and mesentericin Y105 has been
shown to be essential for antimicrobial activity (13). The location
of the tryptophan has also been shown to affect the extent to which
penetration occurs (6, 9, 32). In the synthetic peptide cecropin
A(1-8)-magainin 2(1-12) (consisting of residues 1 to 8 of cecropin A
and residues 1 to 12 o f magainin 2), tryptophan has been pro-
posed as a potential anchor site on the membrane (37). Epidermi-
cin, aureocin A53, and lacticin Z are highly cationic with a net
charge of �8, and lacticin Q has a net charge of �6. Previous
studies have indicated that some highly cationic peptides showing
antimicrobial activity exhibit extremely low levels of hemolytic
activity (23, 42).

Lacticins Q and Z have been shown to exhibit a good range of
activity against Gram-positive bacteria, with lacticin Q showing
superior activity to nisin in the inhibition of lactococci and bacilli
(16). Lacticin Q, however, is reported to have poor activity against
staphylococci and streptococci though activity against only a lim-
ited number of isolates has been assessed (21). Aureocin A53 is
active in the nano- to micromolar range against a range of Gram-
positive bacteria, including lactic acid bacteria, listeria, and staph-
ylococci (36).

Epidermicin was selected by our group for its ability to inhibit
CNS and S. aureus and has been shown to inhibit a range of clin-
ically relevant pathogens (Table 1). S. epidermidis strain 224 was
isolated from a skin swab, and it is therefore not surprising that it
exhibits activity against other staphylococci and other organisms
that may pose a threat to survival within the human commensal
skin flora (41).

Similar to results observed for lacticin Q and aureocin A53,
which show no hemolysis on sheep and horse blood agar plates
(16, 36), epidermicin did not show any significant homology to
hemolysins and exhibited no hemolysis of human erythrocytes at
100� MIC.

High levels of conserved residues between epidermicin and
lacticin Q and Z were observed between Met1 and Gln37 with 57%
of residues being identical. However, the C-terminal sequences
were quite variable, sharing only conserved residues Trp41, Ile46,
and Lys47, therefore suggesting that the presence of these residues
at specific positions could be important for maintaining the struc-
ture and activity of this group of peptides.

Lysine is the most predominant amino acid in epidermicin,
making up 17.6% of the peptide. Lysine-enriched peptides display
strong antimicrobial activity and reduced hemotoxicity and cyto-
toxicity (40), which may explain the low toxicity of epidermicin
NI01. No cytotoxicity studies have been published for aureocin

A53 or lacticin Q and Z, but it is known that these peptides are not
hemolytic and that they all contain a high proportion of lysine
residues, with aureocin A53 containing 10 (19%) and lacticin Q
and Z containing 8 (15%).

Epidermicin shows high stability under neutral, acidic, and
alkaline conditions, a feature also observed for aureocin 53 (35),
lacticin Z (21), and lacticin Q (16). This is an advantage over other
common bacteriocins, and it has been shown that nisin is most
susceptible to heat treatment under alkaline conditions (8).

A bactericidal mode of action was observed against S. epider-
midis 156 with nearly a 6-log reduction in growth following a
30-min incubation. No specific targets are involved in the activity
of aureocin A53 (36) and lacticin Q (47), which bind to both
negatively charged and neutral liposomes (35). In a recent study,
Yoneyama et al. (49) suggested that the mechanism of action of
lacticin Q is more comparable to that of magainin 2 (isolated from
the skin of the African clawed frog Xenopus laevis) (51) than that of
other bacteriocins, including nisin and lacticin 3147, whose anti-
microbial activities rely on the presence of docking molecules such
as the peptidoglycan precursor lipid II. Lacticin Q was shown to
act in the absence of a docking molecule, exerting its antimicrobial
activity via the formation of huge toroidal pores (HTP), which are
between 4.6 and 6.6 nm in diameter, representing the largest HTP
ever described (48). Toroidal pore formation is thought to allow
lacticin Q to achieve high antimicrobial activity at nanomolar
concentrations (48). Pore formation is initiated via electrostatic
interaction with the phospholipid bilayer. The peptide then forms
and amphiphilic �-helical structure, and a pore is formed, accom-
panied by a rapid lipid trans-bilayer movement, referred to as lipid
“flip-flop” (48), and leakage of cellular macromolecules. Lacticin
Q has been shown to bind to the cell membranes of Gram-negative
bacteria, but it does not go on to form pores in the membranes of
these bacteria because of the physicochemical properties of the
outer membranes (49). Preliminary NMR 1H/1H spectra for epi-
dermicin show excellent signal dispersion and line widths consis-
tent with formation of a monomer (J. P. Derrick, personal com-
munication). Combined with in silico prediction, these analyses
provide evidence that epidermicin forms a globular �-helical
structure, suggesting that epidermicin will behave in a similar
manner to lacticin Q, but further work is required to elucidate the
mode of action. The nonspecific activity of these peptides may
explain the lack of spontaneous mutation to resistance that is ob-
served. This is obviously a favorable trait with respect to the clin-
ical application of bacteriocins.

The edcA locus is carried on a plasmid, as seen for a number of
other homologues in this family. Streptococci are known to carry
multiple bacteriocins of the lantibiotic class on plasmids (46), but
many staphylococcal bacteriocins are chromosomally encoded
(44). The evolutionary significance of carriage of these unmodi-
fied bacteriocins on plasmids is not clear.

The genes surrounding edcA share notable synteny with the
aureocin A53 locus, with both gene clusters located on plasmids.
These regions contain homologues of YdbS and YdbT, which have
previously been found to confer resistance to antimicrobial com-
pounds produced by Bacillus amyloliquefaciens FZB42 (5). The
region containing edcA also contains an RND efflux transporter,
which is known to be involved in the transport of lipophilic or
amphiphilic molecules (29). In keeping with the transport systems
associated with nonlantibiotics (50), the RND transporter may be
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important for the transport of epidermicin in association with two
ABC transporters that are possibly cotranscribed.

It was originally suggested that the genes surrounding AucA in
S. aureus were unlikely to be required for production (and export)
of a functioning inhibitor (36). However, given the degree of sim-
ilarity between the loci for aureocin A53 and epidermicin NI01,
we suggest that it is likely that the proteins encoded in the edcA
locus are all required for production and export of epidermicin
and for producer self-protection in S. epidermidis strain 224. A full
functional analysis of the other genes in the ecdA locus is war-
ranted and will clarify the role of each protein in export of and
immunity to epidermicin. Such studies are outside the scope of
the current report but could be achieved through heterologous
expression in a staphylococcal or lactococcal host.

We have demonstrated that expression of the structural gene
alone is sufficient for production of epidermicin NI01 by E. coli,
but this involves recovery of the peptide from the cytoplasm of E.
coli, which is suboptimal. When we consider larger-scale produc-
tion of epidermicin, it will be important to examine heterologous
expression in a genetically pliable S. epidermidis strain or a differ-
ent staphylococcal background, where peptide can be recovered
from culture supernatants. Additional systems for expression in E.
coli should also be considered, including the SUMO fusion sys-
tem, which has recently facilitated high-yield production of anti-
microbial peptides (3).

In summary, the characteristics of peptide epidermicin NI01
described in the current study demonstrate that this novel peptide
may be a promising candidate for use within the clinical environ-
ment. It displays potent inhibitory activity against a range of mul-
tiresistant Gram-positive bacterial pathogens, and preliminary
toxicity data indicate it has no adverse effects on human blood
cells or on human fibroblast cell lines, suggesting a wide therapeu-
tic window. The peptide has high-heat stability, which may be
beneficial in recombinant expression and purification and may
allow a diversity of formulations, and the low rate of mutation to
resistance that was observed is encouraging with respect to clinical
applications. Further studies are warranted to expand the toxico-
logical data set relating to epidermicin NI01 and to elucidate the
mode of action employed by this novel peptide.
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