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Attempts to isolate novel antimicrobial peptides from microbial sources have been on the rise recently, despite their low efficacy
in therapeutic applications. Here, we report identification and characterization of a new efficient antimicrobial peptide from a
bacterial strain designated A3 that exhibited highest identity with Paenibacillus ehimensis. Upon purification and subsequent
molecular characterization of the antimicrobial peptide, referred to as penisin, we found the peptide to be a bacteriocin-like pep-
tide. Consistent with these results, RAST analysis of the entire genome sequence revealed the presence of a lantibiotic gene clus-
ter containing genes necessary for synthesis and maturation of a lantibiotic. While circular dichroism and one-dimension nu-
clear magnetic resonance experiments confirmed a random coil structure of the peptide, similar to other known lantibiotics,
additional biochemical evidence suggests posttranslational modifications of the core peptide yield six thioether cross-links. The
deduced amino acid sequence of the putative biosynthetic gene penA showed approximately 74% similarity with elgicin A and
50% similarity with the lantibiotic paenicidin A. Penisin effectively killed methicillin-resistant Staphylococcus aureus (MRSA)
and did not exhibit hemolysis activity. Unlike other lantibiotics, it effectively inhibited the growth of Gram-negative bacteria.
Furthermore, 80 mg/kg of body weight of penisin significantly reduced bacterial burden in a mouse thigh infection model and
protected BALB/c mice in a bacteremia model entailing infection with Staphylococcus aureus MTCC 96, suggesting that it could

be a promising new antimicrobial peptide.

Rapid development of multiple-drug resistance in pathogenic
and opportunistic pathogenic bacteria is posing a great threat
to public health (1-3). As a consequence, research pertaining to
antimicrobial peptides (AMPs) has increased recently as an alter-
native to antibiotics. AMPs produced by bacteria were recently
classified as postribosomal peptide synthesis (PRPS) peptides and
ribosomally synthesized and posttranslationally modified pep-
tides (RiPPs), depending on their biosynthesis pathway (4, 5).
RiPPs, also called bacteriocins, are encoded by a structural gene
and are usually produced as a precursor peptide containing an
N-terminal leader sequence involved in recognition of enzymes
required for posttranslational modifications. Among the RiPPs,
lanthipeptides undergo a two-step posttranslational modification
process during their biosynthesis to yield meso-lanthionine (Lan)
and 3-methyllanthionine (MeLan) residues. The first step in-
volves dehydration of Ser and Thr residues in the precursor pep-
tide to yield dehydroalanine (Dha) and dehydrobutyrine (Dhb),
respectively. In a subsequent reaction, thioether bonds are formed
by Cys residues with the dehydro amino acids. Based on enzymes
involved in biosynthesis of lanthipeptides, they are grouped into
four different classes (classes I to IV). Lanthipeptides exhibiting
antimicrobial activity are called lantibiotics. Some of these lantibi-
otics are presently being tested as therapeutic agents in the treat-
ment of drug-resistant bacterial infections (6). Similarly, PRPS
peptides (previously known as nonribosomal peptide synthetases
[NRPS]) represent a group of diverse lipopeptides containing un-
natural amino acids in their composition. Additionally, they are
an important class among the lipopeptide antibiotics used to in-
hibit the growth of Gram-negative bacteria and are being used for
therapeutic applications (7). However, members of the Paeniba-
cillus genus, like P. polymyxa, are known to produce both bacte-
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riocins and lipopeptide antibiotics. In fact, P. polymyxa has been
reported to produce polymyxins consisting of five chemically dif-
ferent compounds, polymyxins A to E (8—10). Apart from P. poly-
myxa, strains of a few other Paenibacillus species, like P. elgi, P.
ehimensis, P. peoriae, and P. kobensis, have been reported to pro-
duce different antimicrobial agents, including lantibiotics and
other non-lanthionine-containing bacteriocins (3, 11-18). How-
ever, a large number of other species of this genus have never been
explored for their antimicrobial production and remain a poten-
tial source of novel antimicrobials. Therefore, in the present study
we isolated, purified, and characterized an antimicrobial sub-
stance produced by Paenibacillus sp. strain A3.

MATERIALS AND METHODS

Strain isolation and characterization. The bacterial strain A3 was iso-
lated from a subsurface soil sample during a screening for bacteriocin-
producing strains. All test strains used were procured from the Microbial
Type Culture Collection (MTCC), Chandigarh, India. The morphological
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characteristics, such as Gram staining and endospore staining, and phys-
iological tests, like growth at different temperatures, pH, and salt concen-
trations, were determined as per standard methods. Biochemical tests,
including acid production from different carbohydrates, were performed
as described by Smibert and Kreig (19). The genomic DNA was extracted
using a DNA extraction kit (Zymo Research, USA) as per the manufac-
turer’s instructions and used for 16S rRNA gene amplification, and sub-
sequent sequence analysis was performed as described earlier (20).

Antimicrobial peptide production and activity assay. A growth
curve was established after up to 30 h of growth to test the antimicro-
bial peptide production in different growth phases. To test the effect of
different carbon and nitrogen sources on antimicrobial production by
strain A3, a 0.5% concentration of different substrates, like glucose,
lactose, yeast extract, peptone, and beef extract, was added to minimal
medium (composition: Na,HPO, - 2H,0, 7.9 g/liter; KH,PO,, 3.0
g/liter; NaCl, 0.5 g/liter; NH,Cl, 1.0 g/liter; pH 7.2). The antimicrobial
production ability of the strain was measured as the diameter of the
inhibition zone in an antimicrobial bioassay using cell-free fermented
broth (CFB). Strain A3 was grown in minimal medium containing
different carbon and nitrogen sources for 48 h, and the CFB obtained
was tested in a well diffusion assay. The CFB obtained by growing
strain A3 in nutrient broth (NB; Himedia, India) was also used to test
the activity. Test strains used in the present study included Listeria
monocytogenes (MTCC 839), Staphylococcus aureus (MTCC 1430), Bacil-
lus subtilis (MTCC 121), Pseudomonas aeruginosa (MTCC 1934), Vibrio
cholerae (MTCC 3904), Escherichia coli (MTCC 1610), Candida albicans
(MTCC 1637), Saccharomyces cerevisiae (MTCC 170), Fusarium oxyspo-
rum (MTCC 2773), and Asperigillus niger (MTCC 281). A methicillin-
resistant S. aureus (MRSA) isolate was obtained from Guru Nanak Dev
University.

Isolation and purification of bacteriocin-like peptide. The antimi-
crobial substance was purified from CFB from 1,000 ml of nutrient broth
in which strain A3 was grown for 48 h on a rotary shaker at 30°C (180
rpm). The crude extract was obtained by incubating CFB and 2% preac-
tivated Diaion HP20 resin (Sigma, USA) as mentioned earlier (21). This
crude extract was purified by gel filtration chromatography using a man-
ually packed Sephadex G-50 column (50 mM NaCl with a flow rate of 1.0
ml/min), and fractions showing antimicrobial activity were collected and
concentrated. Subsequently, salt was removed by dialysis using a Float-A-
Lyzer G2 system (molecular mass cutoff, 0.5 to 1 kDa; Spectrum Labora-
tories, USA). Final purification of active compound was accomplished by
reverse-phase high-pressure liquid chromatography (HPLC) on a 1260
Infinity instrument (Agilent Technologies, USA) using a semipreparative
C, column (Venusil, USA). The mobile phase consisted of HPLC-grade
water containing 0.12% trifluoroacetic acid (TFA; mobile phase A) and
HPLC-grade acetonitrile (ACN) with 0.1% TFA (mobile phase B), with
monitoring via a UV detector set at 220 nm. A single peak was collected by
using a fraction collector (DEABG01554; Agilent Technologies) coupled
with the system and tested for antimicrobial activity. Purity of the peptide
was tested by reinjecting into the HPLC column, and the pure peptide was
used for circular dichroism (CD), NMR, PEGylation, MIC determina-
tions, and an in-gel activity assay.

SDS-PAGE and in-gel activity bioassay. The purified bacteriocin-like
peptide was electrophoresed (Tricine-SDS-PAGE) with 16% polyacryl-
amide and used for an in-gel activity assay. The HPLC-purified peptide
was loaded in duplicate lanes, and after electrophoresis it was divided into
two vertical parts. The gel slice containing peptide along with marker was
stained with Coomassie blue, and the other half containing only peptide
was fixed in 20% isopropanol and 10% acetic acid solution for 2 h at room
temperature (22). Subsequently, the gel slice was washed with sterile dis-
tilled water for 6 h. The gel was placed in a sterile petri dish, overlaid with
10 ml of soft agar (0.8%) containing an E. coli test strain (about 10°
cells/ml), and checked for the zone of growth inhibition upon overnight
incubation at 30°C.
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Mass spectrometry analysis of antimicrobial peptide. Matrix-as-
sisted laser desorption ionization (MALDI) was used to determine the
intact molecular mass of the HPLC-purified bacteriocin-like peptide. The
lyophilized peptide was resuspended in methanol, 4 pl of peptide solution
was mixed with 4 pl of matrix (a-cyano-4-hydroxycinnamic acid
[CHCAJ; 10 mg/ml), and 1.0 pl of this mixture was spotted onto the
MALDI 100-well stainless steel sample plate and allowed to air dry prior to
the MALDI analysis (23). MALDI mass spectra were obtained on an AB
Sciex 5800 MALDI-time of flight (TOF-TOF) mass spectrometer. Tan-
dem mass spectrometry (MS/MS) data were acquired at 1,000 Hz in 1-kV
MS/MS mode with 2,000 laser shots/spectrum in CID (collision-induced
dissociation) mode to obtain maximum resolution. The spectrum was
recorded in positive ion linear mode. The reproducibility of the spectrum
was checked several times from separately spotted samples.

N-terminal sequencing and analysis. The HPLC-purified peptide
was separated on a Tricine—-SDS-PAGE (16%) gel, transferred onto a poly-
vinylidene difluoride membrane (Bio-Rad), rinsed with Milli-Q water,
stained with amido black (Sigma, USA) for 2 to 3 min, and destained by
placing in an aqueous solution containing 25% isopropanol and 10%
acetic acid for 30 min. The membrane was finally rinsed multiple times in
Milli-Q water. The excised peptide band was subjected to N-terminal
sequencing as mentioned earlier (21). The partial sequence obtained was
used to find the resembling sequences available in the database (http://aps
.unmc.edu/AP/main.php).

Circular dichroism. CD experiments were performed using a Jasco
815 spectropolarimeter (JASCO International Co. Ltd.), coupled to a Pel-
tier Jasco PTC-423L system for temperature control. In experiments car-
ried out in the presence of SDS and dodecyl phosphocholine (DPC) mi-
celles, 50 WM peptide was added in solutions of 100 mM SDS or DPC in
water. For experiments in the presence of 2,2,2-trifluoroethanol (TFE), 50
wM HPLC-purified peptide was added to solutions of 20, 60, and 100%
TFE. For water experiments, a 50 wM solution of peptide was used. The
pH variation was also studied, and samples were prepared to a final pep-
tide concentration of 50 wM, 100 mM SDS, and all three TFE solutions, in
phosphate buffer at pH 4.0, Tris-HCl buffer at pH 7.0, and ammonium
chloride buffer at pH 11.0. Spectra were collected and averaged over six
scans in the spectral range of 190 to 260 nm, with 0.1-mm-path length
quartz cells at 37°C. A 0.2-nm step resolution, 50-nm/min speed, 1-s
response time, and 1-nm bandwidth were used. Following baseline cor-
rection, the observed ellipticity, 6 (measured in millidegrees) was con-
verted to the molar mean residue ellipticity [0] (units of degrees per
square centimeter per decimole) (24).

Nuclear magnetic resonance analysis. Nuclear magnetic resonance
(NMR) data were acquired at 37°C with a Bruker Avance III 500 NMR
spectrometer operated at 11.75 T ("H resonance frequency, 500.13 MHz),
equipped with a 5-mm TBI probe ('H, '°C, and XBB). Water suppression
was achieved using the presaturation technique. Sixty-four free induction
decays (FIDs) were collected into 64,000 data points by using a 9.0-ps
pulse width (90° pulse angle), a spectral width of 10,000.00 Hz, relaxation
delay of 1.0 s, and an acquisition time of 3.30 s. All NMR spectra were
processed using the program TopSpin version 3.2. The samples were pre-
pared by dissolving the peptide in a solution of 90% TFE-deuterium
(TFE-d;) and 10% heavy water—trimethylsilyl propionic acid-d4 (D,0O/
TMSP-d,; 95:5 [vol/vol]). Similarly, a solution of 90% water and 10%
D,0O/TMSP-d, (95:5 [vol/vol]) was prepared. Both final solutions (TFE
and H,0) resulted in a concentration of 1.0 mM peptide. The pH was
adjusted to 7.0 with 10 mM aqueous Tris-HCl buffer.

PEGylation. To determine the number of free cysteines in the AMP,
maleimide polyethylene glycol (MalPEG; 5 kDa; Sigma-Aldrich) was re-
acted in different states (native, reduced, unfolded, and reduced un-
folded) of the HPLC-purified peptide. TCEP (1 mM; Thermo Scientific,
USA) at 25°C for 1 h was used as reducing agent and 6 M urea (Sigma-
Aldrich) at 40°C for 1 h was used for unfolding of the native peptide (25).

Whole-genome sequencing, assembly, and annotation. The genomic
DNA for the whole genome sequence was isolated by using a ZR fungal/
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bacterial DNA isolation kit (Zymo Research). The quality of the isolated
DNA was assessed using agarose gel electrophoresis, a Qubit fluorometer,
and a Nanodrop spectrophotometer. An input of 1 g of genomic DNA
from each sample was used. The standard protocol for the Nextera XT
DNA sample preparation kit was used for library construction. Purified
fragmented DNA was used as a template for a limited cycle PCR with
Nextera primers and index adaptors. Cluster generation and sequencing
of libraries were performed on the Illumina MiSeq platform (Illumina,
San Diego, CA) with a 2- by 250 paired-end run. The paired-end raw reads
containing FASTQ files were assembled using CLC Genomics Workbench
software version 7.0.3. The assembly was uploaded for annotation to the
Rapid Annotation using Subsystems Technology (RAST) server (26).

Sensitivities of the antimicrobial peptide to temperature, pH, and
proteolytic enzymes. The sensitivities of the purified antimicrobial pep-
tide toward pH, temperature, and hydrolytic enzymes were confirmed by
performing bioassays. To determine the pH stability, aliquots of purified
peptide were adjusted to pH 2.0 to 12.0 with an increment of 2 pH units
(using 10 mM HCI or NaOH) followed by incubation at room tempera-
ture for 4 h, and the leftover activity was measured upon neutralizing the
sample to pH 7.0. For the thermal stability assay, aliquots of purified
peptide were exposed to 60, 80, and 100°C for 30 min and 121°C for 15
min and then antimicrobial activity was determined. Similarly, proteo-
lytic enzymes such as trypsin and proteinase K were used at three different
concentrations (0.1, 1.0, and 5.0 mg/ml) to ensure their effect on the
peptide. The enzyme solutions were prepared in 50 mM phosphate buffer
(pH 7.0). All reactions were performed at 37°C for 6 h followed by deac-
tivation of enzyme by heating the solution in boiling water for 5 min
before performing the activity assay.

Determination of MICs. MIC:s of the purified AMP were determined
by the microtiter plate dilution assay method. Initially, the peptide con-
centration was estimated using bovine serum albumin protein standards
(Thermo Scientific, USA) according to the Bradford method (Bio-Rad)
and a bicinchoninic acid assay (Thermo Scientific, USA) as described
by the manufacturers. However, the concentration was confirmed based
on the extinction coefficient, once we obtained the amino acid sequence of
the peptide. Test strains were grown to logarithmic phase (between 0.3 to
0.4 optical density units) under optimal conditions and used for assays
performed in triplicate, as described earlier (27).

Killing kinetics against MRSA. To determine killing kinetics of the
AMP, MRSA cells (~2 X 10*) were treated with the AMP at different
concentrations (1X, 2X, and 5X the MIC) in a time-dependent manner.
After incubation for different time intervals (30, 60, 90, and 120 min), the
cells were removed from the reaction mixture by centrifugation (8,000 X
g) and subsequently washed twice with phosphate-buffered saline (PBS;
Gibco, USA). The CFU were counted after plating different dilutions of
these cells, following vigorous vortexing to prevent clumping of cells.
Untreated cells were used as a positive control and were processed along
with treated cells. The experiment was performed in triplicate and re-
peated as three individual sets.

Mammalian cell toxicity. Cultures of HeLa cells (human cervical can-
cer cells), RWPEL cells (human prostate epithelial cells), and RAW cells
(mouse macrophages) were subjected to an MTT [3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide] assay (Invitrogen, Life
Technologies, USA) to determine the number of surviving cells after treat-
ment with penisin. The cells were plated in 96-well BD Falcon vessels (5 X
10° to 10 X 107 cells/well) using Dulbecco’s modified Eagle’s medium
(Gibco, USA) supplemented with 10% fetal bovine serum (Gibco, USA)
and 1% penicillin-streptomycin cocktail (Sigma, USA). RWPE1 cells were
grown in keratinocyte serum-free medium supplemented with recombi-
nant human epidermal growth factor and bovine pituitary extract (Invit-
rogen, Life Technologies, USA). All cells were incubated under standard
conditions (37°C, 5% CO,). After 24 h, the growth medium was replaced
with fresh medium containing various concentrations of penisin (1 to 4.0
pwM). Medium without peptide was used as a negative control, and 1%
Triton X-100 was used as a positive control. The plates were incubated for
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an additional 24 h, 20 pl of MTT solution (5 mg/ml in PBS) was added to
each well, and plates were incubated for 3 h at 37°C. Subsequently, after
removal of MTT-containing medium, 50 pl of dimethyl sulfoxide was
added to each well. To assess the percentage of live cells in samples, ab-
sorbance (590 nm) was assessed using an enzyme-linked immunosorbent
assay plate reader (Thermo-Fisher Scientific, USA).

Hemolysis assay. For the hemolysis assay, blood samples were col-
lected from rabbits (New Zealand White) by using test tubes containing
EDTA. The samples were centrifuged at 1,500 rpm for 5 min to remove
morphotic elements and subsequently rinsed twice with PBS (28). The
erythrocyte suspension (10%) in PBS was incubated along with different
concentrations of the AMP in a 5% CO, incubator (Thermo Fisher Sci-
entific, USA) at 37°C. A 1% Triton X-100 (G-Biosciences, USA) solution
in water was used as a positive control, and PBS was the negative control.
The samples were centrifuged after 24 h of incubation, and supernatants
were transferred into a 96-well plate to assay erythrocyte lysis at a wave-
length of 405 nm (29).

TEM sample preparation protocol. Since a high cell density of about
10° to 10® CFU/ml is required for observations under an electron micro-
scope and the MIC for AMP was also determined with high inoculation
doses, E. coli and MRSA cultures at mid-exponential growth phase were
centrifuged at 8,000 rpm for 10 min and then cells were washed with PBS
two times. Finally, the cell pellet was diluted with PBS to a cell density of
10® CFU/ml, subsequently treated with different concentrations of the
AMP in a time-dependent manner, and incubated at 37°C (30). Untreated
controls were prepared by diluting the cell pellet in PBS to a cell density of
10® CFU/ml. Treated cells were then subjected to negative stain with 0.1%
(wt/vol) sodium phosphotungstate (PTA; Sigma, USA) in water for 1 min,
ona carbon-coated copper grid (300 mesh; Polybioscience), and observed
under a JEOL JEM 2100, 200-kV transmission electron microscope
(TEM) at a resolution of 0.1 to 0.2 pwm (31).

Fluorescence microscopy. Fresh cells of E. coli prepared in PBS, as
mentioned earlier, and 100-l aliquots were treated with the AMP at 2X
MIC for 30 min at 37°C. Cells were stained with fluorescent dyes accord-
ing to the procedure described previously (32) with a few modifications.
After treatment, cells were collected by centrifugation (6,000 X g, 10 min),
resuspended in 100 pl of PBS containing 5 pl of propidium iodide (PI; 1
mg/ml; Invitrogen), and incubated for 30 min at room temperature or
37°C. Cells were washed three or four times with PBS to remove unbound
dye. Slides were prepared by fixing cells on microscopic glass slides by air
drying and then washing with PBS to remove any traces of the dye.
Mowiol-DABCO antifade mounting medium (Sigma, USA) was used to
mount the coverslip over the slide before visualization. An Evos fluores-
cence microscope (Life Technologies, USA) was used for imaging. Con-
trol slides of untreated cells were prepared and observed under the same
conditions.

BALB/c thigh infection model. Male BALB/c mice, 6 to 8 weeks old,
weighing 18 to 24 g, were used in this study. All mice were rendered
neutropenic by an intraperitoneal (i.p.) injection of 150 and 100 mg/kg of
body weight cyclophosphamide (Sigma, USA) on day 0 and day 3, respec-
tively, and infection was induced on the fourth day. The right thigh of
mice was injected with S. aureus MTCC 96 (10°, 10°). Groups of mice (n =
6) were treated after 1 h of infection with a dose of 20, 40, 60, 80, or 100
mg/kg via single subcutaneous (s.c.) injection. While mice without infec-
tion and no AMP were considered negative controls, mice with infection
but no AMP treatment served as positive controls to test the effect of the
AMP. At 18 h postinoculation, mice were humanely sacrificed by cervical
dislocation and thighs were harvested. The thighs were weighed and ho-
mogenized with a microelectric homogenizer (Thermo Fisher, USA) at
2,000 rpm for 5 min in 5 ml of PBS. To determine the bacterial load in the
thighs, the homogenate was serially diluted in PBS and aliquots (50 1) of
each dilution were plated on Trypticase soy broth (TSB; Himedia, India)
plates. The plates were incubated for 18 h at 37°C, and bacterial colonies
were counted (33).
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FIG 1 Purification, molecular mass determination, and in-gel activity assay of penisin. (A) Reverse-phase HPLC profile of penisin and silver stain gel of purified
penisin after reverse-phase HPLC (inset shows the antimicrobial activity against S. aureus MTCC 1430). (B) Molecular mass determination on Shodex 802 HPLC
column. The pensin elution profile suggested it is a monomer. (C) MALDI-TOF analysis of the purified peptide from Paenibacillus sp. strain A3 showed a mass
of4.5kDa. (D) Tricine-SDS-PAGE and in-gel activity assay of purified penisin. Lanes: 1, molecular mass marker along with penisin; 2, portion of the SDS-PAGE
gel overlaid with 0.8% soft agar containing E. coli MTCC 1610, showing zone of clearance; 3, portion of SDS-PAGE gel for nisin overlaid with 0.8% soft agar
containing S. aureus MTCC 1430 showing zone of clearance. All electrophoresis and activity assays were performed with purified peptide dissolved in PBS.

Survival studies. Adult male BALB/c mice weighing 18 to 24 g were
used for the survival studies. All mice were rendered neutropenic by i.p.
injections of 150 and 100 mg/kg cyclophosphamide (Sigma, USA) on days
0 and 3, respectively, and infection was induced on the fourth day. Mice
were grouped (n = 6) into negative controls (uninfected and no AMP but
injected with PBS), positive controls (infected with S. aureus MTCC 96
but no AMP), and the test group. Bacteremia was produced in mice via an
i.p. injection of 100 pl of bacterial suspension containing 10° to 10° CFU
of S. aureus MTCC 96. After inoculation, the mice received peptide treat-
ment (up to 100 mg/kg) i.p., once a day for the first day and twice daily for
the next 3 days. Mice that survived 12, 24, or 72 h or 7 days after treatment
were recorded, and the survival rate was calculated as described earlier
(33). All experiments were carried out in a biosafety level 2 facility animal
house at our institute. All animal protocols followed the National Regu-
latory Guidelines issued by the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA), Ministry of Environ-
ment and Forests, Government of India.

Statistical analyses. All comparisons were based on the mean * stan-
dard deviation of the mean (SD). Parametric data were analyzed using
two-way analysis of variance (ANOVA) with the Bonferroni posttest
method for comparison between groups. Column statistics for nonpara-
metric data were analyzed by using the D’Agostino and Pearson omnibus
normality test along with a one-sample t test. Results were considered
significant when P was <0.05 in experiments. All experiments were per-
formed independently three times in triplicate.

Nucleotide sequence accession numbers. The 16S rRNA gene se-
quence for the new AMP was submitted to the EMBL database and as-
signed accession number HG003584. The penisin biosynthetic cluster was
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assigned number KT934325, and the genome sequence was assigned
number JTHN00000000.

RESULTS

Isolation, identification, and characterization of strain A3.
Strain A3 was isolated from a soil sample from the rhizosphere,
and the antimicrobial substance produced inhibited growth of
both Gram-positive and Gram-negative indicator strains. Pheno-
typic characterization of the strain revealed it to be a Gram-posi-
tive, aerobic, rod-shaped bacterium with the ability to form an
endospore. It produced shiny and sticky colonies on nutrient agar
and grew between pH 5 and 9, up to 2% NacCl, and 50°C. However,
optimum growth was observed at pH 7.2 and a 30°C temperature.
It showed a positive reaction for nitrate reduction, methyl red test,
and esculin hydrolysis, but it could not hydrolyze starch, casein, or
gelatin. A negative reaction was observed for Voges-Proskauer,
indole, catalase, and oxidase tests, and no growth was observed on
Simmon’s citrate agar. The sugar utilization pattern revealed the
ability of strain A3 to utilize sucrose or mannose as the sole carbon
source but not arabinose or mannitol. Nevertheless, strain A3 was
identified as a member of the genus Paenibacillus based on its 16S
rRNA gene sequence and subsequent phylogenetic analysis. It dis-
played 99.7% identity with P. ehimensis KCTC 3748, followed by
P. elgii SD17 (99.2%) and P. koreensis YC300 (98.8%); however, it
formed a clade with P. elgii and a coherent cluster with the closest
species in a neighbor-joining phylogenetic tree (see Fig. S1 in the
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NisA : MST-KDEFNLDLVSVSKKDSGASPR-----
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VLSIVA---CSSG-CGSGKTAAS-CVETCGNRCFTNVGSLC
WKSESL---CTPG-CVTGALQT--CFLQT-LTCNC--KISK
ITSISL---CTPG-CKTGALMG--CNMKT-ATCHCSIHVSK

FIG 2 Penisin gene cluster, nucleotide sequence of the putative ORF with amino acid sequence, and sequence alignment with class Ia prelantibiotics. (A) The
biosynthetic gene cluster of Paenibacillus sp. A3 consists ORFs penR, penD, penC, penT, penB, penA2, and penAl. The arrows indicate the relative directions of
transcription. (B) Nucleotide sequence of the putative ORF encoding the penisin structural gene along with putative start and stop codons and the ribosome
binding site (RBS). (C) Sequence alignment of the deduced prepenisin ORF (PenA2) with class Ia prelantibiotics of elgicin (EIgA), paenicidin (PaeA), subtilin
(SpaS) and nisin (NisA). The conserved residues are shaded yellow, and the cleavage sites of the processing protease are indicated by the vertical solid arrow. The
resulting propeptide of the cleaved PenA2 is shown. Penisin is a class Ia lantibiotic with the conserved FDLD motif in its leader peptide segment and the presence

of the genes penB and penC.

supplemental material). The 16S rRNA gene sequence identity
was much lower for other species of the genus Paenibacillus. Mem-
brane fatty acid composition revealed the presence of C,5,, and
aiC, 5., as major fatty acids (34). The polar lipid profile was pre-
dominated by phosphatidylglycerol (PG) and diphosphatidyle-
thanolamine (DPG), and among the other lipids phosphatidyle-
thanolamine (PE), unknown phospholipids, and unknown lipids
were observed (see Fig. S2 in the supplemental material). The
G+C content was estimated to be 53.6 mol%.

Production, purification, and characterization of the antimi-
crobial substance. The antimicrobial production was observed at
the late logarithmic phase of strain A3 growth and increased sig-
nificantly thereafter. The CFB obtained after 24 h of growth inhib-
ited all test strains of both Gram-positive and Gram-negative bac-
teria. No activity was observed against yeasts or fungus indicator
strains. Though the antimicrobial substance was produced by
strain A3 in minimal medium, nutrient broth was used as growth
medium for optimal production. However, addition of different
carbon and nitrogen sources to the growth media used for pro-
duction of bacteriocin revealed that yeast extract and peptone in-
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creased the antimicrobial production. In contrast, a carbon source
like glucose or lactose reduced the antimicrobial production. No
change in pH was observed during or after the production of an-
timicrobial substances in the fermented broth. To obtain a larger
quantity of antimicrobial substance, the CFB was collected after 48
h of incubation. The antimicrobial substance purified by Diaion
HP20 affinity and size exclusion chromatography was found to be
a bacteriocin-like peptide that was finally purified by reverse-
phase HPLC. The purified peptide showed a single peak in the
reverse-phase HPLC (Fig. 1A) and a sharp peak on a gel filtration
column elution profile with an approximate molecular mass of 5
kDa (Fig. 1B). The bacteriocin-like peptide referred to as penisin
displayed a molecular mass of 4,594.5 Da (Fig. 1C) based on
MALDI-TOF analysis. The peptide yielded a single band with less
than a 10-kDa molecular mass in gel electrophoresis, and a por-
tion of the same gel showed antimicrobial activity in an in-gel
activity assay (Fig. 1D) against E. coli MTCC 1610. The N-terminal
sequencing of the peptide by Edman degradation yielded 4 amino
acids in a continuous stretch. Antimicrobial activity of the puri-
fied peptide was not affected upon exposure to 60, 80, or 100°C,
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FIG 3 CD spectra of penisin under different conditions. (A) CD spectra of A3 peptide in water (solid line), 20% TFE (dashed line), 60% TEFE (dotted line), and
100% TFE (dashed-dotted line). (B) CD spectra of 100 mM DPC (solid line) and 100 mM SDS (dashed line). All CD spectra were obtained at pH 7.0 in 10 mM

Tris-HCI buffer.

but a significant reduction was observed when incubated at 121°C
for 15 min (see Fig. S3 in the supplemental material). Similarly, it
was found to be stable between pH 2.0 and 12.0. Studies on toler-
ance of the peptide to proteolytic enzymes did not show any de-
crease in inhibition activity of penisin upon incubation for 6 h
with trypsin and proteinase K.

Genetic characterization suggested penisin is a lantibiotic.
Aimed at identifying the antimicrobial peptide biosynthetic gene,
we performed whole-genome sequencing of strain A3. The ge-
nome of A3 was checked for sequences of extrachromosomal
(plasmid) origin by using Plasmid Finder and BLAST analysis, and
the results showed no plasmid sequence in the genome. The reads
assembled using a de novo approach produced 441 contigs. Anal-
ysis of the sequence using the RAST server predicted a total of
7,053 coding sequences (CDS) and 95 total RNAs (see Table S1 in
the supplemental material). Since N-terminal sequencing of peni-
sin yielded fewer amino acids, which also suggested ambiguities,
we searched the genome sequence for the presence of bacteriocin-
encoding genes. A putative lantibiotic biosynthetic gene cluster
containing all genes involved in synthesis and maturation of a
lantibiotic was identified. The annotated genome also resulted in
the identification of a lantibiotic-like gene cluster containing six
open reading frames (ORFs), designated penR, penD, penC, penT,
penB, penAl, and penA2 (Fig. 2A). The total lantibiotic cluster in
A3 is 9.8 kb (accession no. KT934325). Except for two genes, all
other genes in the cassette are transcribed in the same orientation
in the form of a cassette and are part of a single major contig. In
silico analysis revealed the presence of two precursor lanthipeptide
ORFs (structural genes penAl and penA2). The deduced amino
acid sequence of penAl and penA2 displayed a similarity of 75%
(Fig. 2B). However, the N-terminal sequence of the core peptide
and molecular mass were identical with the deduced sequence of
the penA2 gene. The translated sequence of structural gene penAl
(64 amino acids) showed high homology (94%) to elgicin (elgA),
a predicted lantibiotic from Paenibacillus elgii B69. penA2 (63
amino acids) showed only 74% identity with elgicin, and it
showed 49% identity to paenicidin, a highly cyclized lantibiotic
produced by P. polymyxa (35). In addition to the structural gene
(penA), the gene cluster encodes class Ia dehydratase (penB) and
cyclase (penC) genes. While penB is responsible for dehydration of
serine and threonine residues, the cyclase (penC) catalyzes the
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nucleophilic attack of a cysteine on the dehydrated residues. A
dedicated lantibiotic ABC transporter gene (penT), which is re-
quired for the export of penisin, was also encoded with highly
conserved domains such as Walker A (401-GRNGSGKTT-409),
Q-loop (445-VVFQDFV-452), signature sequence (510-SGGQW
QR-517), Walker B (529-LYVLDE-535), and H-loop (564-SHR-
567), as described in the literature (36). Further, the genome also
harbors an additional lantibiotic dehydratase gene similar to
penD, which is unusual for the penisin gene cluster. Another gene,
penR, was also annotated in the cluster, and this gene product
might be involved in gene regulation by acting as a transcriptional
regulator. The amino acid sequences of the four-gene product
present in lantibiotic gene cluster penR-penD-penC-penT-penB
revealed high levels of identity (92% to 99%) with homologous
proteins from other reported lantibiotic gene clusters (see Table
S1 in the supplemental material). The amino acid sequence of the
penisin A2 precursor peptide was compared with that of other
lantibiotics, including elgicin and nisin (Fig. 2C). This alignment
revealed relatively higher homology in the leader peptides, with a
conserved motif, FDLD, in all class Ia lantibiotics. The presence of
genes encoding enzymes involved in posttranslational modifica-
tions also assigned penisin to the group class Ia lantibiotics.
Solution studies confirmed penisin as a random coil. The CD
spectrum of penisin showed a random structure in SDS, DPC, and
TFE solutions at pH 4, 7 (Fig. 3A and B), and 11 that was charac-
terized by negative values for the molar ellipticity () for wave-
lengths shorter than 192 nm and a minimum close to 200 nm.
Similar results was also observed for the water solution (Fig. 3A).
The NMR analyses corroborated this random structure (Fig. 4A
and B), based on the broadening of the signals and the loss of
resolution mainly in the amide hydrogens region (3 8.5 to 8.0).
One cysteine is free in penisin. The mass difference (108 Da)
can be accounted for by a possible 6 dehydrations along with sub-
sequent thioether bond formation in a characteristic posttransla-
tional modification of lantibiotics. Moreover, we observed an ad-
ditional strong signal at m/z 3,762 repeatedly during the MALDI
analysis of penisin (Fig. 1C). The calculated mass of penisin with
the additional 7-amino-acid residue deletion from the N teminus,
past the leader peptide cleavage site, is 3,762, in agreement with
the observed second peak in our MALDI data. Further, the in-
volvement of six cysteine molecules in thioether bond formation
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FIG 4 Penisin structure determination via NMR. (A) 'H NMR spectrum of the A3 peptide in water. (B) "H NMR spectrum of the A3 peptide in TFE. The amide
hydrogens region is highlighted (3 8.5 to 8.0). All spectra were obtained at pH 7.0, in 10 mM Tris-HCl buffer at 37°C.

was also confirmed in a PEGylation experiment; results for the
electrophoretic mobility of native and PEGylated penisin mole-
cules showed addition of a single PEG molecule (see Fig. S3 in the
supplemental material). This suggests the presence of a free cys-
teine amino acid in the peptide and confirms the posttranslational
modifications associated with the biosynthesis of penisin. How-
ever, dimerization of the penisin was not observed, based on the
elution profile of the gel filtration column.

Penisin is a nonhemolytic antibacterial peptide. Penisin in-
hibited a range of Gram-positive and Gram-negative bacteria. The
lowest MIC was observed against P. aeruginosa (Fig. 5A), followed
by L. monocytogenes, a foodborne opportunistic pathogen. Among
the Gram-negative strains tested, P. aeruginosa and E. coli were
found to be highly sensitive and inhibited at 0.75 and 1.58 uM,
respectively. No growth inhibition of yeast strains such as S. cerevi-
siae and C. albicans was observed. Results of hemolysis did not
show any lysis of red blood cells (RBCs) (Fig. 5B), even at signifi-
cantly high concentrations of the peptide.
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Penisin causes alteration in cell membrane permeability. In
order to gain an insight into the inhibition activity of penisin,
we have performed a series of microscopy experiments, includ-
ing scanning electron microscopy, TEM, and fluorescence mi-
croscopy. The untreated E. coli cells for TEM images that were
prepared in standard NB showed a smooth and intact shape (Fig.
6A); in contrast, indicator strains treated with a sublethal concen-
tration of the lantibiotic penisin for 30 min showed alterations in
morphological features. The changes included significant shrink-
age of the cells, which seemed to be dehydration of the cell wall and
cell membrane alterations, along with a disrupted periplasmic
space. Cell surface roughening, along with multiple dents and blis-
ters, was also observed after incubation for 60 min. Fluorescence
microscopy was performed to get insights into the mechanism of
action of penisin. Propidium iodide is a small (668.39-Da) red
fluorescent nuclear and chromosome counterstain. Since pro-
pidium iodide is reported to be impermeant to live cells, it is also
commonly used to detect dead cells in a population. Upon treat-
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FIG 5 Determination of MICs and hemolysis activities of penisin in a microtiter plate assay performed in triplicate (n = 3). (A) MICs against Gram-positive and
Gram-negative bacteria. (B) Hemolysis assay of penisin using rabbit RBCs. Purified peptide, bacterial cells, and RBC samples were prepared in PBS. Bars show

SD. P values are indicated above each bar (significance was at a P level of <0.05).
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FIG 6 Determination of bactericidal effect of penisin on E. coli MTCC 1610.
(A) Transmission electron microscopy without penisin treatment (i) or with
penisin treatment (ii) in sections of an E. coli cell after penisin treatment. (B)
Propidium iodide fluorescence microscopy phase-contrast micrograph of E.
coli MTCC 1610 representing total number of bacteria (i), micrographs of E.
coli MTCC 1610 cells without penisin treatment (ii) or after penisin treatment
(4 M) for 30 min. Bacterial samples for microscopy and purified peptide were
prepared in PBS.
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ment with MIC multiples of penisin for 30 min, a uniform red
fluorescence was observed in E. coli cells (Fig. 6B). However, no
red fluorescence was observed in untreated cells, suggesting that
the cell membrane was altered by penisin.

Penisin is effective against MRSA. Penisin is effective against
MRSA at 4 pM. Further, to determine the concentration and
incubation time of penisin treatment, a killing kinetics exper-
iment was performed. Less than 50% viability was observed
after treatment with 1 X MIC of penisin after incubation for 60
min, and only a 30-min incubation period was required for
100% killing of MRSA cells when penisin was used at 5X MIC
(Fig. 7A). Results suggested that penisin is effective against
MRSA in both a time-dependent as well as a concentration-
dependent manner when used in the indicated range of multi-
ples of the MIC. In fact, penisin is found to be much more
effective than known antimicrobials like nisin, ampicillin,
chloramphenicol, and streptomycin, as a low concentration (8
pg/ml) was found to be effective to reduce the number of viable
cells of MRSA (Fig. 7B). TEM images confirmed the consis-
tency of the killing kinetics assay results for a treatment time of
30 min (Fig. 7C). TEM result showed the shrinkage of cells
upon treatment, most probably as a result of dehydration due
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FIG 7 Effect of penisin on MRSA and comparison with known antimicrobial agents. (A) Penisin-mediated killing kinetics of MRSA (n = 3). Symbols represent
the viable cell counts of MRSA at different time intervals along with 1X (4 uM), 2X (8 uM), and 5X (20 uM) MIC of penisin. Error bars represent SD. All groups
were compared with the untreated control for statistical significance. *, P < 0.05 in comparison to control. (B) TEM images of MRSA after treatment with penisin.
(C) The viable cell percentage for penisin and other known antimicrobial agents. Error bars show SD (n = 3). ¥, P < 0.05 in comparison to the untreated control.
NS, nisin; AMP, ampicillin; Chm, chloramphenicol; Stp, streptomycin. All bacterial samples and purified peptide were prepared in PBS.
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FIG 8 Cytotoxic effect of penisin on HeLa, RWPE-1, and RAW cell lines in the
MTT assay. Cells were maintained in a humidified CO, incubator at 37°C, and
different concentrations of penisin were added after 24 h. A purified peptide
sample was used for treatment in the growth medium used to grow cell lines.
The percentage of cell viability was calculated as described in Materials and
Methods. Results shown are means = SD of three independent experiments
performed in triplicate.

to a compromised cell membrane. Interestingly, the absence of
a division plate upon treatment with penisin suggested it is an
inhibitor of cell division.

In vivo properties of penisin. The in vivo efficacy of penisin
was examined in a mouse model. A neutropenic thigh infection
model was used to investigate the antimicrobial activity of penisin
in vivo. Cyclophosphamide was used to render mice neutropenic,
as this process decreases the influence of the host immune system
on the initial inoculation of bacteria. The right thigh was inocu-
lated with S. aureus (10° to 10° CFU). Treatments were initiated 1
h after inoculation via a single s.c. injection, and the bacterial load
in the infected thighs was determined at 18 h postinoculation. The
viable bacterial counts from infected thighs after treatment with
penisin are shown in Fig. 8A; penisin was found significantly ef-
fective in reducing the bacterial load in a dose-dependent manner
in treated mice compared to untreated mice (P < 0.05). Bacterial
load was reduced more than 41% (P = 0.026) at a 40-mg/kg dose
of penisin. Furthermore, at a 60-mg/kg dose, a more than 80%
(P = 0.002) decrease was observed in bacterial load. Penisin was

(A)
= 6.0x10°+
£ 5.0x10° *
g . s ** *
s 400ty ——
3 304054 .. .
o o
S 2.0:0°%+ . -
2 s L
g 1.0:10° 4 .:: .
> 04 T A eeme
L) L) L) L) L) L]
d © © © ©
& & & &M
S & & & &
< & & &
o 2
QO QQQ

found to be significantly effective at the 80-mg/kg and 100-mg/kg
doses, as bacterial load decreased up to 91% and 96%, respec-
tively, compared to the negative control (P = 0.002 for both).
Further, to confirm the protective efficacy of penisin against S.
aureus MTCC 96, it was tested in vivo using a BALB/c bacteremia
model. Bacteremia was produced in mice via an i.p. injection of
bacterial suspension containing 10> to 10° CFU. This infection
dose resulted in a gradual mortality increase over the first 3 days
and 100% mortality rate by the fourth day after inoculation. The
first penisin treatment was given 1 h after inoculation with bacte-
ria, and further treatment was given two times a day until the
fourth day of inoculation with bacteria. The mortality rate in pe-
nisin-treated animals was significantly reduced and no death was
observed by the fourth day (Fig. 8B). Subsequently, the survival
rate decreased to 88% and remained constant thereafter.

Mammalian cell toxicity. In an attempt to test the toxicity of
penisin against nucleated cells, we used mammalian cells of three
different origins. Interestingly, penisin was found noncytotoxic
up to 40 wM (Fig. 9), which is a significantly higher concentration
than the MICs obtained for the different bacterial strains tested,
including MRSA. More than 80% cell viability was observed in
HeLa, RWPE1, and RAW cell lines in three independent experi-
ments.

DISCUSSION

Since bacterial resistance to antibiotics is increasing rapidly in
pathogenic and opportunistic pathogenic bacteria, AMPs or bac-
teriocins are being studied as potential antimicrobials to replace
antibiotics. As they involve a complicated mechanism of inhibi-
tory action, bacteria have usually not shown resistance. Bacterio-
cins like nisin are approved by the World Health Organization for
use as a food preservative (37). However, it is inactive against
Gram-negative bacteria and does not inhibit the foodborne
pathogens of the genera Salmonella and Yersinia (38). Antimicro-
bial peptides, including lipopeptides, lantibiotics, and other bac-
teriocins, are largely produced by species of the genera Bacillus and
Paenibacillus. However, they have been explored in strains of only
a few species. For example, P. polymyxa strain P13 produces poly-
myxin and a bacteriocin-like peptide (13) with activity against a
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FIG 9 Penisin reduces the bacterial load in a thigh infection model and confers protection against infection of mice with S. aureus MTCC 96 in a bacteremia
model. (A) Viable bacterial counts in thigh infection model. (B) Survival of mice in a bacteremia model inoculated with S. aureus MTCC 96. Purified peptide
samples for treatments were prepared in PBS. Results shown are means =SD of three independent experiments performed in triplicate. *, P < 0.05 in comparison

to the control.

588 aac.asm.org

Antimicrobial Agents and Chemotherapy

January 2016 Volume 60 Number 1


http://aac.asm.org

wide range of bacteria. Another strain of P. polymyxa, NRRL-B-
30509, produces a class IIa bacteriocin used to control Campylo-
bacter spp. contamination in the poultry industry (39). Therefore,
in the present study, an antimicrobial-producing strain desig-
nated A3 was isolated while screening for bacteriocin-producing
strains from subsurface soil samples. Strain A3 was identified as a
member of the genus Paenibacillus based on both 16S rRNA and
rpoB gene sequences, and the major fatty acid composition was
also in agreement with the genus Paenibacillus description (34,
40).The fermented broth of strain A3 inhibited the indicator
strains of both Gram-positive and Gram-negative bacteria used in
this study.

Different properties of the purified antimicrobial substance,
including stability at higher temperatures, resistance to proteo-
lytic enzymes, and low molecular mass, are in agreement with
properties of bacteriocin-like peptides. Further, repeated N-
terminal sequencing of this peptide yielded only a few amino
acids, indicating the involvement of posttranslational modifi-
cations during its biosynthesis. Therefore, to identify the bac-
teriocin-like peptide, we used a whole-genome sequence anal-
ysis approach, because a similar method was used earlier by us
as well as by others to characterize bacteriocins (12). Interest-
ingly, RAST analysis revealed the presence of a lantibiotic bio-
synthetic gene that showed moderate similarity with a highly
cyclized lantibiotic, paenicidin A (16). The theoretical molec-
ular mass of the translated sequence of penisin (4,702.33 kDa)
differed from the mass obtained by MALDI analysis (4,594.5
Da). Perhaps the posttranslational events involved in biosyn-
thesis of penisin were supported by MALDI-MS of the peptide,
as the difference in mass coincided with dehydration of six Ser
or Thr molecules, which led to the formation of meso-lanthio-
nine and methyllanthionine rings, respectively. Additionally,
the presence of penB and penC genes that are involved in dehy-
dration and cyclization, as well as the presence of cysteine,
threonine, and serine residues at conserved positions that sug-
gest they are substrates for the above-described gene products,
confirmed the modifications involved in the synthesis of a ma-
ture active peptide, as observed for paenicidin A (38). In our
annotation and analysis, we found a penC gene with 92% sim-
ilarity to the LanC-like protein of P. elgii B69 with all conserved
domains. Unlike paenicidin A, the ABC transporter present in the
biosynthetic cluster of penisin is presumed to be involved in both
transportation and immunity, as observed for other lantibiotics
(36). To confirm the formation of the thioether bond between
cysteine amino acids present in penisin, we performed PEGylation
experiments with native and reduced forms of the peptide. Results
showed that the addition of only single PEG molecules to both
native and reduced forms of the peptide revealed the involvement
of six cysteine residues in a thioether bond formation, and this was
also supported by mass analysis.

The stability of the peptide at high temperatures and over a
wide pH range starting from 2.0 to 12.0 in this study is also in
agreement with other lantibiotics and posttranslational modi-
fications (41). The results of CD and NMR analyses revealed it
to be a random coil, which is in agreement with the other
lantibiotics with multiple thioether bonds reported earlier (42—
44). Thus, they do not exhibit any conformation-related obli-
gations while present inside the host. The structures of several
lantibiotics, like nisin, mutacin, epilancin, and leucocin A,
have been elucidated using CD and NMR (45-51). Although
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antimicrobial peptides have attracted increasing attention over
the last 2 decades, issues such as nonspecific cytotoxicity, he-
molysis (7), and poor efficiency under in vivo conditions have
limited their clinical utility (52). In contrast, penisin in this
study showed neither hemolysis nor inhibition of growth of
yeast or fungi, even at significantly higher concentrations, in-
dicating its ability to discriminate cell membranes of pro-
karyotes and eukaryotes. Recently, it was shown that random
coil peptides exhibit extremely low hemolytic activity com-
pared to other peptides (53, 54). Primarily, most of the bacte-
riocins target the membrane and act by disrupting the mem-
brane integrity (55), and also act as lytic agents (56). Similarly,
electron and fluorescence microscopy experiments revealed
penisin to be a membrane-active bacteriocin. Further, since
AMPs with higher activity in vitro have been shown to be inef-
fective under in vivo conditions (57), we tested the efficacy of
penisin against S. aureus, using thigh infection and bacteremia in
a mouse model with BALB/c mice and an appropriate incubation
period to allow the distribution of bacteria (58). Strikingly, results
showed that penisin could efficiently protect 80% of the mice,
which survived even after 8 days. It is pertinent to mention that
treatment of mice with an 80-mg/kg dose of penisin demonstrated
asignificant reduction in the number of bacteria in thigh infection
studies.

The MICs obtained for penisin were comparable with the
MICs of other lantibiotics described in the literature (59). In ac-
cordance with several lantibiotics that have been shown to perme-
abilize the bacterial cytoplasmic membrane (60, 61), penisin in
this study also showed disruption of membrane integrity in sensi-
tive cells, and this was confirmed in electron and fluorescence
microscopy experiments. Taken together, the results of our pep-
tide characterization and animal studies lead us to conclude that
penisin is a novel lantibiotic of class Ia with potential therapeutic
applications.

In summary, synthetic peptide drugs produced by chemical
synthesis are very expensive, so production of small AMPs natu-
rally from bacteria is highly desirable and beneficial. Here we re-
port the production of a lantibiotic by a rhizosphere soil isolate,
identified as a new member of the genus Paenibacillus. The bacte-
riocin produced was found to be a novel lantibiotic with a broad
antimicrobial spectrum and nonhemolytic properties. The anti-
microbial activity of penisin was correlated with its ability to per-
meabilize bacterial membranes. Based on the striking physio-
chemical and biological findings, penisin has been found to be a
potentially useful bacteriocin, and the antimicrobial-producing
strain A3 exhibited applications in food preservation as a natural
antimicrobial-producing strain that can preserve food by mini-
mizing the metabolic capabilities of other bacteria.
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