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A new environmental bacterial strain exhibited strong antimicrobial characteristics against methicillin-resistant Staphylococcus
aureus, vancomycin-resistant strains of Enterococcus faecalis and Lactobacillus plantarum, and other Gram-positive bacteria.
The producer strain, designated OSY-I1, was determined to be Brevibacillus laterosporus via morphological, biochemical, and
genetic analyses. The antimicrobial agent was extracted from cells of OSY-I1 with isopropanol, purified by high-performance
liquid chromatography, and structurally analyzed using mass spectrometry (MS) and nuclear magnetic resonance (NMR). The
MS and NMR results, taken together, uncovered a linear lipopeptide consisting of 13 amino acids and an N-terminal C6 fatty acid
(FA) chain, 2-hydroxy-3-methylpentanoic acid. The lipopeptide (FA-Dhb-Leu-Orn-Ile-Ile-Val-Lys-Val-Val-Lys-Tyr-Leu-valinol,
where Dhb is �,�-didehydrobutyric acid and valinol is 2-amino-3-methyl-1-butanol) has a molecular mass of 1,583.0794 Da and
contains three modified amino acid residues: �,�-didehydrobutyric acid, ornithine, and valinol. The compound, designated
brevibacillin, was determined to be a member of a cationic lipopeptide antibiotic family. In addition to its potency against drug-
resistant bacteria, brevibacillin also exhibited low MICs (1 to 8 �g/ml) against selected foodborne pathogenic and spoilage bac-
teria, such as Listeria monocytogenes, Bacillus cereus, and Alicyclobacillus acidoterrestris. Purified brevibacillin showed no sign
of degradation when it was held at 80°C for 60 min, and it retained at least 50% of its antimicrobial activity when it was held for
22 h under acidic or alkaline conditions. On the basis of these findings, brevibacillin is a potent antimicrobial lipopeptide which
is potentially useful to combat drug-resistant bacterial pathogens and foodborne pathogenic and spoilage bacteria.

Unregulated access to antibiotics is one of the main reasons for
the spread of antibiotic-resistant pathogens and their resis-

tance genes through migration, travel, and trade (1). It was re-
ported that in Europe alone, 25,000 patients die annually because
of bacterial infections which cannot be treated with common
antibiotics (2). Examples of antibiotic-resistant bacteria are me-
thicillin-resistant Staphylococcus aureus (MRSA), vancomycin-re-
sistant Enterococcus spp., carbapenem-resistant Mycobacterium
tuberculosis, and highly virulent multidrug-resistant Clostridium
difficile strains (2–5). Therefore, the discovery and development
of new antimicrobial agents are of paramount importance. De-
spite their natural scarcity, new antimicrobial agents can be dis-
covered by subjecting microorganisms that potentially produce
such agents to screening and isolation processes (6, 7).

The current study led to the discovery of a new strain of
Brevibacillus sp. with promising antimicrobial activity. The genus
Brevibacillus was established in 1996 on the basis of a genetic re-
classification of strains previously recognized to be Bacillus brevis
(8). Many bioactive compounds have been isolated from Breviba-
cillus spp. since then, including new antibacterial, antifungal, and
anti-invertebrate agents (8, 9). For instance, extracellular neutral
protease that controls nematode growth was obtained from a
Brevibacillus sp. (10); a Brevibacillus laterosporus strain was re-
ported to inhibit the growth of a number of fungi, including Fus-
arium, Aspergillus, and Alternaria (11); and a B. laterosporus strain,
A60, was found to be active against Gram-negative bacteria of the
genus Pseudomonas and the Gram-positive bacterium Bacillus
subtilis (12). Recently, a lipopeptide antibiotic, designated taura-
mamide, was discovered in a culture of a B. laterosporus strain
(13). A lipopeptide is generally composed of a specific lipophilic

moiety attached to a peptide chain. This category includes antimi-
crobials that are potentially useful as antibacterial, antifungal, and
antiviral agents (14–17). A series of lipopeptides synthesized by
Makovitzki et al. (18) was found to interact with target pathogens,
leading to cell membrane permeation and disintegration. The cur-
rent study was initiated to unveil new natural antimicrobial agents
effective against human pathogens, preferably drug-resistant
strains, along with some foodborne pathogenic and spoilage mi-
croorganisms.

MATERIALS AND METHODS
Strain screening. Soil and food samples were collected and screened for
antimicrobial-producing bacteria. Most soil samples were collected from
the vicinity of The Ohio State University campus, Columbus, OH. Fer-
mented foods were purchased from local grocery stores; these included
vegetables (kimchi, pickles, and sauerkraut), meat (salami and sausage),
dairy products (yogurt, kefir, and imported cheeses), and soybean prod-
ucts. Soil or food subsamples (10 g each) were homogenized in 0.1%
peptone water using a stomacher. Tenfold dilutions were made from the
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homogenate, and a 100-�l aliquot from each dilution was spread plated
onto Trypticase soy agar (TSA; BD Diagnostic Systems, Sparks, MD). The
plates were incubated at 37°C for 48 h. Hundreds of colonies were
screened for their abilities to produce antimicrobial agents following the
method described by Guo et al. (6) with slight modification. Briefly, por-
tions of the colonies on the TSA plates were transferred by the use of sterile
toothpicks onto new TSA plates and incubated at 37°C for 48 h. The
incubated plates were then overlaid with soft agar medium (TSA with
0.75% agar) that had been preinoculated with Listeria innocua ATCC
33090 or Escherichia coli K-12. After further incubation at 37°C overnight,
the overlaid plates were inspected for any zones of inhibition of the indi-
cator strain. Among a few isolates showing antimicrobial activity, one
isolate (designated OSY-I1) produced a clear zone of inhibition against L.
innocua with a diameter of greater than 3.0 cm. Considering its strong
activity against the indicator organism, this isolate was subjected to fur-
ther analysis.

Cultures and media. The new isolate, OSY-I1, was propagated on
TSA, and a subculture was stocked in the Yousef laboratory’s culture
collection. For stock preparation, an overnight culture of OSY-I1 in Tryp-
ticase soy broth (TSB) was mixed with 80% sterile glycerol in a 1:1 ratio
and stored at �80°C. Selected bacterial strains were tested for sensitivity
to the newly discovered antimicrobial agent (Table 1). These bacterial
strains were obtained from Yousef laboratory stock cultures at The Ohio
State University, unless stated otherwise.

Strain identification. The morphology of OSY-I1 was examined by
Gram staining of cells and malachite green staining of spores. The bio-
chemical characteristics of the isolate were examined using a commercial
biochemical testing kit (API 50 CH test strips; bioMérieux, Inc., Durham,
NC) following the kit manufacturer’s instructions. Briefly, overnight col-
onies of OSY-I1 were transferred into the medium provided with the kit
(API 50 CHB/E) to prepare a cell suspension with a turbidity equivalent to
an optical density at 600 nm of 0.242 (McFarland standard no. 2). The
prepared suspension was inoculated into the wells of the biochemical
strips; this was followed by incubation at 30 or 37°C, and readings were
taken after 24 and 48 h. Biochemical reactions were recorded, and the
isolate’s identity was determined by comparing the results to the data in
the database provided by the kit manufacturer.

For genetic identification, the isolate (OSY-I1) was analyzed using
the 16S rRNA gene sequencing technique (19). The genomic DNA of
OSY-I1 was extracted using a commercial kit (DNeasy blood and tissue
kit; Qiagen, Valencia, CA). Universal primers (16S forward primer 5=-
CCGAATTCGTCGACAACAGAGTTTGATCCTGGCTCAG-3= and 16S
reverse primer 5=-CCCGGGATCCAAGCTTAAGGAGGTGATCCAGC
C-3=) were used to amplify the 16S rRNA gene by the use of Taq DNA
polymerase (Taq PCR core kit; Qiagen, Valencia, CA). The PCR was con-
ducted in a thermocycler under the following conditions: an initial incu-
bation at 94°C for 3 min and 30 cycles of denaturation at 94°C for 1 min,
annealing at 52°C for 1 min, and extension at 72°C for 2 min. The final
extension step was conducted at 72°C for 10 min. The amplicon of the 16S
rRNA genes was purified using a commercial DNA extraction kit
(QIAquick gel extraction kit; Qiagen, Valencia, CA). The purified PCR
product was then sequenced from both the 5= and 3= ends with an auto-
mated DNA analyzer (Applied Biosystems, Foster City, CA). The resultant
16S rRNA sequence (1,450 bp) was compared to known sequences in a
national database (Ribosomal Database Project, release 11; http://rdp
.cme.msu.edu) using the Seqmatch algorithm.

Isolation and purification of the antimicrobial agent from OSY-I1.
An overnight liquid culture of OSY-I1 in TSB was aliquoted (aliquots of
100 �l each) and spread plated onto TSA plates. After incubation at 37°C
for 72 h, bacterial cells were scraped into centrifuge tubes by use of a
microscopic slide and mixed with isopropanol in a 1:4 (wt/vol) ratio. The
contents of the centrifuge tubes were then agitated at 200 rpm for 4 h,
followed by centrifugation at 7,710 � g for 15 min. The supernatant was
held in a chemical hood at 25°C for 48 h to allow solvent evaporation. The
dry residues were then suspended in water to prepare the crude extract,

and its antimicrobial activity against L. innocua ATCC 33090 was exam-
ined. The crude extract was purified with a high-performance liquid chro-
matography (HPLC) system (Hewlett Packard 1050; Agilent Technolo-
gies, Palo Alto, CA) equipped with an analytical reverse-phase column
(particle size, 5 �m; 250 by 4.6 mm; Biobasic C18; Thermo Electron Corp.,
Bellefonte, PA). The purification process was achieved by elution with a
linear gradient consisting of two mobile phases: HPLC-grade water with
0.1% trifluoroacetic acid (TFA) and HPLC-grade acetonitrile with 0.1%
TFA. In each run, 40 �l crude extract was injected and separated by use of
a linear gradient of from 0 to 66.6% acetonitrile for 20 min at a flow rate of

TABLE 1 MICs of brevibacillin from Brevibacillus laterosporus OSY-I1,
vancomycin, and nisin against selected bacteria, including antibiotic-
resistant strains

Bacterial straina

MIC (�g/ml)

Brevibacillin Vancomycin Nisin

Gram-positive bacteria
Alicyclobacillus acidoterrestrisb 1.0 �0.5 �0.5
A. acidoterrestris ATCC

49025b

0.5–1.0 �0.5 �0.5

Bacillus cereus ATCC 11778 2.0–4.0 2.0–4.0 8.0
B. cereus ATCC 14579 1.0 1.0 2.0
Clostridium difficile A515c 4.0–8.0 2.0 4.0–8.0
C. difficile CL148d 4.0–8.0 2.0 4.0–8.0
Enterococcus faecalis ATCC

29212e

2.0 2.0 �16.0

E. faecalis ATCC 51299,
vancomycin resistante

4.0–8.0 �16.0 �16.0

Lactobacillus plantarum
ATCC 8014f

1.0 �16.0 �0.5

Lactococcus lactis ATCC
11454g

2.0 �0.5 �16.0

Listeria innocua ATCC
33090h

1.0–2.0 1.0 2.0–4.0

Listeria monocytogenes
OSY-8578h

1.0–2.0 1.0 �0.5

L. monocytogenes Scott Ah 1.0 1.0 4.0
Staphylococcus aureus ATCC

6538
1.0–2.0 1.0 1.0

S. aureus, methicillin resistant
(MRSA)i

1.0 1.0–2.0 2.0–4.0

Gram-negative bacteria
Escherichia coli K-12 �32 �16 �16
E. coli O157:H7 EDL 933 32 �16 �16
Pseudomonas aeruginosa

ATCC 27853e

�32 �16 �16

Salmonella enterica serovar
Typhimurium DT 109

�32 �16 �16

a Unless stated otherwise, the strains were incubated in cation-adjusted Mueller-Hinton
II broth (MHB; Becton, Dickinson & Co., Sparks, MD) at 37°C for 20 h.
b A highly spoilage-inducing isolate provided by a food processor; the strain was
cultured in yeast starch-glucose broth at 37°C for 48 h.
c Provided by W. A. Gebreyes, Department of Veterinary Preventive Medicine, The
Ohio State University; the strain was cultured in brain heart infusion supplemented
with 5% yeast extract and incubated anaerobically at 37°C for 24 h.
d Provided by J. T. Lejeune, College of Veterinary Medicine, The Ohio State University;
the strain was cultured under the same conditions used with the A515 strain (see
footnote c).
e Incubated in TSB at 37°C for 20 h.
f Incubated in de Man, Rogosa, and Sharpe broth at 30°C for 20 h. ATCC 8014 is an
antibiotic-resistant strain.
g Incubated in de Man, Rogosa, and Sharpe broth at 30°C for 20 h.
h Incubated in TSB at 37°C for 20 h.
i The MIC of oxacillin for the isolate is more than 32 �g/ml.
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1 ml/min, and the effluent was monitored by a UV-visible detector set at
220 nm. Fractions were collected at a rate of one fraction per minute, and
fractions from multiple runs were combined and placed into glass bea-
kers, followed by air drying in a chemical hood. Each dry fraction was
dissolved in 50% acetonitrile, and the antimicrobial activity was assayed
by the spot-on-lawn method (7). Purified antimicrobial agent (obtained
from fractions with antimicrobial activity) from multiple runs was pooled
and reinjected into the HPLC, using the same conditions described above,
to check the purity. The fraction with the strongest antimicrobial activity
and the highest purity was then subjected to analysis by mass spectrometry
(MS) and nuclear magnetic resonance (NMR) spectroscopy.

MALDI-TOF MS analysis. Matrix-assisted laser desorption ioniza-
tion–time of flight (MALDI-TOF) MS analysis was conducted on a Bruker
UltrafleXtreme MALDI-TOF/TOF MS (Bruker Daltonics Inc., Billerica,
MA) operated in reflection positive-ion mode and accelerated at a voltage
of 28 kV. The HPLC-purified sample was mixed with a matrix in a ratio of
1:5 (vol/vol). The matrix used was �-cyano-4-hydroxycinnamic acid
(Bruker Daltonics Inc.), which was dissolved in 50% acetonitrile with
0.1% TFA in water. A nitrogen laser was set at a threshold level that
minimized fragmentation but that was adequate to generate signals.

LC-MS/MS. The sequence of the target antimicrobial agent was deter-
mined using capillary liquid chromatography-tandem mass spectrometry
(LC-MS/MS). A Thermo Fisher LTQ Orbitrap XL mass spectrometer
equipped with a microspray source (Michrom BioResources Inc., Au-
burn, CA) was operated in positive-ion mode. A capillary column (Magic
C18AQ [Bruker Daltonics]; 0.2 by 150 mm; particle size, 3 �m; 200 Å) was
used for sample separation on an HPLC (UltiMate 3000; Thermo Scien-
tific). The sample was dissolved in acetonitrile-H2O (50:50, vol/vol) and
was loaded onto the column, bypassing the desalting trap. Mobile phase A
was 50 mM acetic acid in water, and mobile phase B was acetonitrile. The
flow rate was set at 2 �l/min. Typically, mobile phase B was increased from
2% to 50% in 30 min and from 50% to 90% in 5 min and then kept at 90%
for another 2 min before being quickly brought back to 2% in 1 min. The
column was equilibrated at 2% mobile phase B (and 98% mobile phase A)
for 20 min before the injection of a subsequent sample. A spray voltage of
2.2 kV and a capillary temperature of 175°C were used to acquire the
MS/MS data. The scan sequence of the mass spectrometer was based on
the preview mode data-dependent TopTen method, as follows. For the
analysis, the mass spectrometer was programmed for a full scan, recorded
between m/z 350 and 2,000, and an MS/MS scan to generate product ion
spectra to determine the amino acid sequence from consecutive scans of
the 10 most abundant peaks in the spectrum. To achieve high mass accu-
racy during mass determination by MS, the full scan was performed in the
Fourier transform (FT) mode, and the resolution was set at 60,000. The
automatic gain control (AGC) target ion number for the full scan in
the FT mode was set at 1 � 106 ions, the maximum ion injection time was
set at 1,000 ms, and the microscan number was set at 1. MS2 was per-
formed using the ion trap mode to ensure the highest signal intensity of
the MSn spectra. The AGC target ion number for the ion trap MSn scan
was set at 10,000, the maximum ion injection time was set at 50 ms, and
the microscan number was set at 1. The collision-induced dissociation
fragmentation energy was set to 35%.

NMR analysis. For NMR analysis, a standard protocol was followed to
determine the constituents and then their sequential arrangement (20), as
has been performed previously (6, 7). The HPLC-purified dry sample
(approximately 1 mg) was dissolved in 99.9% perdeuterated dimethyl
sulfoxide (DMSO-d6) (Cambridge Isotope Lab, Tewksbury, MA). Exper-
iments were conducted at 298 K on Bruker Avance-III HD-600 and -700
spectrometers (Bruker, Karlsruhe, Germany). Both spectrometers were
equipped with a 5-mm (1H, 13C, 15N) triple-resonance cryoprobe (TXI
and TXO, respectively) and a z-axis gradient. The following data sets were
recorded: one-dimensional (1D) 1H NMR, 1D 13C NMR, 1D 13C distor-
tionless enhancement by polarization transfer (DEPT)-90 and DEPT-135,
two-dimensional (2D) 1H-homonuclear double-quantum filtered
correlation spectroscopy (DQF-COSY), total correlation spectroscopy

(TOCSY; 60-ms DIPSI2 [decoupling in the presence of scalar interac-
tions-2] mixing time), nuclear Overhauser effect spectroscopy (NOESY;
200- and 400-ms mixing times), 2D heteronuclear 1H-13C heteronuclear
single quantum coherence (spectroscopy) (HSQC), multiplicity-edited
HSQC, heteronuclear multiple-bond correlations (HMBC), HSQC-
NOESY (350-ms mixing time), HSQC-TOCSY (60-ms DIPSI2), hetero-
nuclear multiple-quantum correlation (HMQC)-COSY (21), and 2D het-
eronuclear 1H-15N HSQC. All data sets were recorded using standard
Bruker pulse sequences and the natural abundance. Data were processed
using NMRPipe software (22) and were typically zero filled prior to the
application of Window functions, followed by Fourier transform. Chem-
ical shifts were referenced directly (1H and 13C) or indirectly (15N) to the
internal residual solvent peak. The spectra for the assignments were visu-
alized by the use of the NMRView program (23). All of the NMR spectral
figures were prepared using TopSpin (version 3.2) software (Bruker,
Karlsruhe, Germany).

Sensitivity to heat and pH. Pure brevibacillin, prepared as described
previously, was subjected to heat and acid treatment. For the thermal
stability test, brevibacillin was diluted with DMSO and heated in a water
bath at 80°C, simulating a pasteurization temperature. Samples of the
antimicrobial agent solution were taken at designated intervals during
heating, and changes in antimicrobial activity against MRSA as an indica-
tor bacterium were monitored using a 2-fold dilution scheme in a 96-well
microtiter plate. For the pH stability test, pure brevibacillin was dissolved
in citrate buffer (0.1 M, pH 3.0), phosphate buffer (0.1 M, pH 7.0), and
Tris buffer (0.1 M, pH 9.0) to achieve a concentration of 16 �g/ml. The pH
range (pH 3 to 9) was chosen to encompass the pH values of most food
products. The pH-adjusted buffer containing brevibacillin was then incu-
bated at 25°C for 22 h. Treated brevibacillin buffers were then neutralized
to pH 7.0 and tested for changes in antimicrobial activity using the same
method used to test for the effects of heat treatment. Both the thermal and
pH treatment experiments were done in triplicate.

In vitro antimicrobial activity determination. The MICs of the
HPLC-purified antimicrobial agent prepared from the OSY-I1 isolate for
selected Gram-positive and Gram-negative bacteria (Table 1) were deter-
mined by the broth microdilution method following the protocol of the
Clinical and Laboratory Standards Institute (24). Specifically, purified
antimicrobial agent was collected from the HPLC, weighed, and dissolved
in DMSO at a concentration of 3,200 �g/ml (stock solution). Working
solutions were prepared from the stock solution through 2-fold serial
dilution using DMSO as a diluent. The MIC study was conducted in
96-well microtiter plates. Each well contained 178 �l of medium, 20 �l of
indicator bacteria (�2.0 � 104 CFU/well), and 2 �l of diluted antimicro-
bial agent. Therefore, the total volume was 200 �l/well, and the DMSO
concentration was 1%. In addition, vancomycin (Sigma, St. Louis, MO)
and nisin (Aplin and Barrett Ltd., Trowbridge, United Kingdom), each of
which was dissolved individually in DMSO, were used as positive controls,
and 1% DMSO was used as a negative control. In order to test the MICs of
all three antimicrobial agents under the same conditions, DMSO was used
as the solvent to avoid variations in the solubilities of these agents in water.
The MIC represented the lowest concentration (in micrograms per milli-
liter) of a certain antimicrobial agent that led to no visible growth of the
indicator bacteria after incubation at 35°C for 20 h (24). The MIC exper-
iments were done in triplicate.

Nucleotide sequence accession number. The DNA sequence of the
16S rRNA gene of OSY-I1 (1,450 bp) has been deposited in the GenBank
database under accession no. KR919625.

RESULTS
Isolation and identification of an antimicrobial-producing
strain. A total of approximately 2,500 isolates from tested samples
were screened for their antimicrobial activity against L. innocua
ATCC 33090 and E. coli K-12. A soil isolate showed strong activity
against L. innocua, with the area of the diameter of inhibition
being greater than 3.0 cm. The isolate was given the strain desig-
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nation OSY-I1. The new isolate is a Gram-positive, spore-forming
bacterium. Biochemical test results showed that OSY-I1 is positive
for catalase and oxidase; fermentation of glucose, fructose, man-
nose, and mannitol; and esculin hydrolysis but that it is negative
for sorbitol and lactose fermentation. The results of biochemical
tests (API strips) indicated 99.9% similarity between OSY-I1 and
Brevibacillus laterosporus. Genetic analysis by sequencing of the
16S rRNA gene (1,450 bp) also showed that isolate OSY-I1 shares
a high degree of identity (97.7%) with B. laterosporus. Therefore,
the new isolate was identified as B. laterosporus on the basis of both
biochemical and genetic tests.

Extraction, isolation, and purification of the antimicrobial
agent produced by OSY-I1. Analysis of the crude extract by HPLC
(Fig. 1A) revealed that fraction A (at a retention time of 16.4 min)
had activity against L. innocua ATCC 33090. The purity of the
active fraction was tested by reinjection onto the HPLC, and a
single peak was observed (Fig. 1B), suggesting that the compound
representing the fraction was purified to homogeneity. The pure
compound was designated brevibacillin.

MIC determination and stability test. Purified brevibacillin
was used for MIC determination. Targeted microorganisms in-
cluded pathogenic and nonpathogenic bacteria. The antimicro-
bial agent was active only against the Gram-positive bacteria

tested, including methicillin-resistant Staphylococcus aureus, van-
comycin-resistant Lactobacillus plantarum, and vancomycin-re-
sistant Enterococcus faecalis (Table 1). This antimicrobial agent
had antimicrobial activity more potent than that of nisin for most
of the tested microorganisms, and its potency was often compa-
rable to that of vancomycin (Table 1). In the heat stability test,
brevibacillin showed no sign of degradation when it was heated at
80°C for up to 60 min (data not shown). In the pH stability test,
50% and 62.5% of the antimicrobial activity remained in pH 3.0
and 9.0 buffer, respectively, compared to the amount of antimi-
crobial activity of brevibacillin that remained when it was incu-
bated at pH 7.0 for 22 h.

MALDI-TOF MS and LC-MS/MS analyses. The purified ac-
tive fraction was analyzed using MALDI-TOF MS to determine
the molecular mass of the antimicrobial compound. As shown in
Fig. 2, three peaks were measured for the fraction at m/z values of
1,584.1, 1,606.1, and 1,622.1, corresponding to the singly proto-
nated antimicrobial agent [M 	 H]	, its sodium-cationized ion
[M 	 Na]	, and its potassium-cationized ion [M 	 K]	. The
active fraction was also subjected to LC-MS/MS analysis to deduce
an accurate molecular mass and provide a preliminary peptide
sequence for the antimicrobial agent. As shown in Fig. 3, the b and
y ions were generated by MS/MS analysis, and the preliminary

FIG 1 HPLC chromatograms at different stages of purification of the antimicrobial agent from Brevibacillus laterosporus OSY-I1. The antimicrobial activity of
the different fractions was tested against Listeria innocua ATCC 33090. (A) Chromatogram of the crude extract; (B) chromatogram of purified antimicrobial
agent after reinjection of fraction A of the crude extract.
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sequence was proposed to be X-Dhb-Leu-Orn-Ile-Ile-Val-Lys-
Val-Val-Lys-Tyr-Leu-W (where Dhb is �,
-didehydrobutyric
acid, X is C6H11O, and W is C5H13NO) from the N terminus to the
C terminus. The observed m/z (z � 2) was equal to 792.54772	;
the theoretical m/z was equal to 792.54682	, which indicated a
mass error of 1.13 ppm; and the observed molecular mass was
1,583.0794 Da.

Peptide sequence determination and terminal structure elu-
cidation by NMR. In this study, DMSO-d6 was used to dissolve
the compound, as it offers higher solubility than water or CDCl3,

two other commonly used NMR solvents. This choice also facili-
tates the observation of labile protons and their associated cross
peaks in 2D NMR. The spectral assignments were performed by
simultaneous analysis of multiple data sets through cross-check-
ing in an effort to rule out alternative explanations. The represen-
tative and critical observations, particularly those regarding the
elucidation of N- and C-terminal structures, are summarized in
Fig. 4 to 6.

A quick 1D 1H NMR revealed resonances between 6.5 and 9.5
ppm (Fig. 4A), the typical amide and aromatic amino acid spectral

FIG 2 MALDI-TOF MS analysis of the antimicrobial agent isolated from Brevibacillus laterosporus OSY-I1. The ions at m/z (z � 1) 1,584.1, 1,606.1, and 1,622.1
represent the singly protonated [M 	 H]	, sodium-cationized [M 	 Na]	, and potassium cationized [M 	 K]	 adducts, respectively.

FIG 3 Fragmentation of brevibacillin by tandem MS to generate b and y ions.
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region. Subsequently, 2D 1H-15N HSQC confirmed a total of 13
amide cross peaks (Fig. 5A), signifying the existence of a peptidyl
fragment. Since an equal number of carbonyl resonances was ob-
served in 1D 13C NMR (Fig. 4C), it was plausible to assume that
the polypeptide likely consists of 13 amino acids. The majority of
the amides, i.e., peaks 2 through 12 in Fig. 5A, have chemical shifts
of between 7.77 and 8.22 ppm in the 1H dimension. The lack of
dispersion, together with chemical shifts close to random coil val-
ues, is indicative of a flexible conformation that is likely linear and
unstructured in nature. Signal overlapping also occurs in the side
chains and is presumably attributed to the same cause, rendering
the complete and accurate assignment somewhat challenging for
this molecular size. Nevertheless, the problem was alleviated by
collecting high-resolution data sets as well as by exploiting hetero-
nuclear NMR techniques, as further elaborated below.

The amide protons described above were subsequently corre-
lated with the scalar-coupled aliphatic side chains via 2D COSY
and TOCSY experiments. For example, the HN of residue 3 dis-
plays through-bond correlations in 2D 1H-13C HSQC-TOCSY
(Fig. 5B) to four protonated carbons, including one CH moiety
and three CH2 moieties, as determined by 2D multiplicity-edited

1H-13C HSQC. Their chemical shifts and the scalar connectivity
revealed by COSY further suggest an aliphatic side chain resem-
bling the one of an arginine residue. However, two lines of NMR
evidence led to the assignment of an ornithine, in agreement with
the MS observation. First, no Hε-�ε cross-peak was detected in
the 2D 1H-15N HSQC described above. Second, the broad proton
resonance at 7.67 ppm (Fig. 4A, a4), initially assigned to lysine Nε

and H3
	 groups (Fig. 4B, b4), appears from peak integration to

contain close to 9 protons, indicating three lysine-like residues in
this compound.

Ten other residues in the center of 2D 1H-15N HSQC were
readily determined in a similar fashion, including 1 Tyr, 2 Ile, 2
Lys, 2 Leu, and 3 Val residues. The two well-dispersed peaks 1 and
13 (Fig. 5A), however, appeared to be unusual and warranted

FIG 4 NMR spectra signifying the existence of a polypeptide and the acylated
N-terminal cap. (A) 1D 1H NMR showing the spectral region from 5 to 10
ppm. The peaks of a1 to a7 are attributed to Dhb-1 HN, Tyr-11 H
, Leu-2 HN,
NH3

	 (Orn-3 Hε/Lys-7 H�/Lys-10 H�), valinol-13 HN, Dhb-1 H
, and FA
OH
1, respectively. (B) Partial 2D 1H DQF-COSY spectrum showing the 3JHH

correlations, with the following peaks being labeled: Orn H�-Hε or Lys Hε-H�

(b4), valinol-13 HN-H� (b5), Dhb-1 H
-H�1 (b6), and FA H�-H
1 (b7). Also,
Dhb-1 HN is unique and does not show a COSY peak. (C) 2D 1H-13C HMBC
showing the 1H-13C multiple-bond correlations, including Dhb-1 C= to Dhb-1
HN (c1), Leu-2 HN (c3), and Dhb-1 H
 (c6) and FA C= to Dhb-1 HN (c1=). The
projection on the left of panel C is the carbonyl region of the 1D 13C NMR
spectrum, recorded on a Bruker Avance-III HD-700 spectrometer equipped
with a TXO cryoprobe.

FIG 5 NMR spectra exemplifying the residue and sequential assignment of
the lipopeptide. (A) 2D 1H-15N HSQC spectrum. (Inset) The 13 amide cross-
peaks. The numbers 1 to 13 represent the order of the components in the actual
final sequence. (B) 2D 1H-13C HSQC-TOCSY spectrum illustrating the iden-
tification of the side chain spin network associated with amide protons. Peaks
marked by pound signs and asterisks are scalar correlated to Orn-3 HN and
valinol-13 HN, respectively. Their multiplicities were determined by 2D mul-
tiplicity-edited 1H-13C HSQC as CH2, CH2, CH2, and CH for Orn-3 and CH3,
CH3, CH, CH, and CH2 for valinol-13 from top to bottom, respectively, for
both. (C) Partial 2D 1H-homonuclear NOESY. (Inset) Example NOE assign-
ments of Dhb-1 HN to FA H� (c1), Lys-7 HN to Val-6 H� (c7), and valinol-13
HN to Leu12 H� (c13). Ambiguities arising from a signal overlapping, for
example, the region close to c7, were resolved by 2D 1H-13C HSQC-NOESY.
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in-depth investigation. Nevertheless, the peptide sequence was
subsequently deduced by analyzing the 2D 1H NOESY and 2D
1H-13C HSQC-NOESY spectra. This is exemplified by the assign-
ment of an H�(i)-HN(i 	 1) sequential nuclear Overhauser effect
(NOE) c7 between residues 6 and 7 and c13 between residues 12
and 13 (Fig. 5C). It was concluded that the sequence determined at
this stage is in full agreement with the MS results presented above,
and residues 1 and 13, which were not determined, are positioned
at the N and C termini, respectively.

The HN of residue 13 shows scalar correlations to five proto-
nated carbons (Fig. 5B), four of which (two CH and two CH3

moieties) form a spin network reminiscent of a valine side chain
on the basis of 3JHH (3-bond proton-proton J coupling constant)
correlations and the chemical shifts. The remaining methylene
moiety, on the other hand, demonstrates 13C/1H chemical shifts of
61.04/3.340 ppm (Fig. 6B, b7), characteristic of a hydroxymethyl
group. Its degenerate proton resonance (Fig. 6A, a7), however, is
masked by the intense and broad residual water signal, hampering
observation of the 3JHH correlation peaks to the vicinal protons
that would otherwise provide direct evidence that would allow the
covalent bonding to be unraveled. This problem was overcome by
2D 1H-13C HMQC-COSY, or the so-called H2BC approach (21),
which employs the heteronuclear technique to correlate 1H and
13C spins separated by two covalent bonds via 3JHH and 1JCH while
significantly suppressing unwanted signals. Figure 6D shows the
reciprocal H2BC correlations, d6 and d7, between this CH2 moi-
ety and one of the aforementioned methanetriyl groups. The lat-
ter, with 13C/1H chemical shifts of 55.24/3.530 ppm (Fig. 6B, b6),
is analogous to C�H in a valine residue that is 3JHH correlated to
the HN proton (Fig. 4B, b5). Moreover, a hydroxyl proton at 4.503
ppm (Fig. 6A, a3), barely resolved from Tyr-11 H� (Fig. 6A, a4,
and Fig. 6B, b4), was uncovered in the same H2BC spectrum to
engage in a 1JCH/3JHH correlation with the methylene carbon de-
scribed above (Fig. 6D, d3). All of these observations taken to-
gether unequivocally identified a valinol (2-amino-3-methyl-1-
butanol) residue at the C terminus, which can be viewed as a
modified valine residue with its carboxylic group replaced by a
hydroxymethyl group.

Unlike natural amino acids, the amide proton of unknown
peak 1 does not show a typical COSY peak with an H� proton (Fig.
4B). An extremely weak peak, however, was visible in the 2D 1H
homonuclear TOCSY spectrum (data not shown) between this
amide proton and the protons of a methyl group at 13C/1H of
12.65/1.742 ppm. The latter, in turn, exhibited a 3JHH correlation
(Fig. 4B, b6) to a CH moiety with 13C/1H chemical shifts of 117.35/
5.812 ppm. It was found that the spin network consists only of
these CH and CH3 moieties (Fig. 6C, box c1), and their distinctive
1H and 13C chemical shifts further imply the existence of an alkene
group with one methyl substituent. Since the methanetriyl pro-
ton, described above, and the amide protons of unknown peak 1
and Leu-2 all have heteronuclear multiple-bond correlation with a
carbonyl resonance at 164.43 ppm (Fig. 4C, c6, c1, and c3, respec-
tively), the N-terminal residue was unequivocally determined to
be Dhb (7).

Evidently, the peptide is acylated at the N terminus, as Dhb-1
HN has another HMBC peak that correlated with a carbonyl res-
onance at 172.55 ppm (Fig. 4C, c1=). It also shows several NOEs
that could be rationalized only by the through-space interactions
with the N-terminal cap, most notably, a CH group (Fig. 5C, c1),
whose distinctive 13C/1H chemical shifts of 74.61/3.815 ppm (Fig.
6B, b5) suggest hydroxylation at this site. This group can be scalar
correlated with four other protonated carbons (Fig. 6C, box c5),
including 1 CH moiety, 1 CH2 moiety, and 2 CH3 moieties. On the
basis of the 3JHH and 1JCH/3JHH correlations extracted from the 2D
DQF-COSY and H2BC spectra, respectively, the aliphatic chain
comprising these five protonated carbons was delineated to be
identical to that of an isoleucine residue. Since a hydroxyl proton
at 5.613 ppm (Fig. 6A, a2) shows a 3JHH correlation (Fig. 4B, b7) to
the H� and because of the 1JCH correlation with the C� (Fig. 6D,
d2), this N-terminal fatty acyl chain was unambiguously identified
to be a 2-hydroxy-3-methyl-pentanoyl group.

FIG 6 NMR data showing the critical evidence for the assignment of FA,
Dhb-1, and valinol-13. (A) 1D 1H NMR showing the spectral region from 3.00
to 6.00 ppm with the following peaks marked from a1 to a7: Dhb-1 H
, FA
OH
1, valinol-13 OH�1, Tyr-11 H�, FA H�, valinol-13 H�, and valinol-13 H
1,
respectively. (B) 2D multiplicity-edited 1H-13C HSQC showing the 1H-13C
one-bond correlations, with the following peaks being labeled: Tyr-11 CH�

(b4), FA CH� (b5), valinol-13 CH� (b6), and valinol-13 CH2

1 (b7). In this

experiment, the cross-peaks of CH2 (red) and those of CH and CH3 (black) are
of opposite signs. The CH and CH3 moieties can be further distinguished by
1D 13C DEPT experiments. The noise marked inside the rectangular box arose
from the strong residual H2O resonance. (C) Partial 2D 1H-13C HSQC-
TOCSY highlighting the spin networks associated with Dhb-1 H
 (box c1) and
FA H� (box c5). The former consists of only 1 CH moiety (aliased in this
spectrum) and 1 CH3 moiety, while the latter has five protonated carbons,
including FA CH�, which is beyond the range of the spectrum shown in the
figure. (D) 2D HMQC-COSY or H2BC showing the exclusive 1JCH/3JHH cor-
relations: FA H
1 to 13C� (d2), valinol-13 H�1 to C
1 (d3), valinol-13 H� to C
1

(d6), and valinol-13 H
1 to C� (d7).
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In conclusion, the structure of brevibacillin was elucidated by
MS and NMR to be a linear lipopeptide (Fig. 7) comprising 13
amino acids (identified in order by the numbers after the amino
acids in parentheses below) that is acylated to a C6 fatty acid
(FA) tail, 2-hydroxy-3-methylpentanoic acid: FA-(Dhb-1)–(Leu-
2)–(Orn-3)–(Ile-4)–(Ile-5)–(Val-6)–(Lys-7)–(Val-8)–(Val-9)–
(Lys-10)–(Tyr-11)–(Leu-12)–(valinol-13). The sequence in-
cludes three modified amino acid residues, two of which are at the
termini. The chemical shift assignments are summarized in Table
2. It should be noted that the stereospecific assignments are ten-
tative with regard to the methyl groups of Val, Leu, and valinol.

DISCUSSION

A new bacterial strain, B. laterosporus OSY-I1, was found to pro-
duce a potent lipopeptide with activity against Gram-positive bac-

teria. This species has no history of posing health hazards to ani-
mals or humans. In fact, B. laterosporus (BOD strain) has been
used as a probiotic (25), and this strain has been patented (26).
The product which contains the BOD probiotic strain has been
commercially available since 1989 (Flora Balance). According to
Chawawisit and Lertcanawanichakul (27), bioactive agents from
probiotic bacteria may serve as promising candidates for the treat-
ment of infections caused by antibiotic-resistant pathogens.

The newly discovered antimicrobial agent, brevibacillin, has a
relatively novel structure, which is shown in Fig. 7. Brevibacillin is
a cationic lipopeptide with three positively charged residues,
which result in a net positive charge at neutral pH (28). After
careful consideration, we concluded that this new compound is a
member of a linear cationic antimicrobial lipopeptide family for
which scattered information is available in the published litera-

FIG 7 Chemical structures of brevibacillin and the related cationic peptide antibiotics bogorol A, BT peptide, and BL-A60 (BL-A60 is presented in reversed
sequence order). The structural differences are highlighted in boxes.
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ture. In 2001, Barsby et al. (29) reported the isolation of the first
known compound in this family from a marine Bacillus sp. The
producer organism was later reclassified as B. laterosporus by the
same researchers (30). The lipopeptide was named bogorol A and
is different from our brevibacillin in two amino acid resides at
positions 5 and 9; isoleucine and valine in brevibacillin are re-
placed by valine and leucine in bogorol A, respectively. In 2005,
Wu et al. (31) reported the isolation of an antimicrobial peptide,
named BT peptide, from Brevibacillus texasporus. The peptide is
structurally similar to bogorol A but differs in the residue at the N
terminus (Fig. 7). The authors did not report this similarity, and
their ambiguity about the N terminus warranted description of
the compound as a lipopeptide. Seven years after the publication
of the BT peptide structure, Zhao et al. (12) reported the discovery
of a new antimicrobial peptide, BL-A60. Although neither the C
terminus nor the N terminus was fully elucidated by the authors,
the sequence of eight of the peptide’s amino acid residues is sim-
ilar to that of their counterparts in bogorol, except that the se-
quence order is reversed (Fig. 7). The BL-A60 pseudopeptide
shares the highest similarity with bogorol C (30), another member
of this family of antibiotics with a methionine residue at position
2, replacing the leucine residue in bogorol A (data not shown).

Brevibacillin carries three cationic amino acids: an ornithine
and two lysines. These positively charged residues contribute to
the hydrophilicity of the antimicrobial agent, whereas the ali-
phatic amino acids (Leu-3, Ile-4, Ile-5, Val-7, Val-8, Leu-9, Leu-
12, Val-13) and an aromatic amino acid (Tyr-11) contribute to its
hydrophobicity. In addition to its net positive charge and amphi-
pathic nature, the lipophilic chain enhances the antimicrobial ac-
tivity by increasing the hydrophobicity of the compound’s N ter-
minus. On the basis of the mechanism of action of other
lipopeptides (32), it is presumed that brevibacillin may accumu-
late at the anionic surface of the bacterial cell membrane. The
integrity of the indicator cell membrane could then be disrupted
by this antimicrobial agent on the basis of its amphipathic nature.
This amphipathic trait is often considered a prerequisite for the
antimicrobial activity of cationic antimicrobial peptides against
targeted microorganisms (33, 34). On the basis of these observa-

tions, it is presumed that brevibacillin damages the cell mem-
brane, probably by creating holes, which depolarize the cell mem-
brane potential and lead to the leakage of the intracellular
contents. Further research is under way to confirm these hypoth-
eses.

Brevibacillin showed strong inhibitory activity against MRSA
and vancomycin-resistant strains of Enterococcus faecalis and Lac-
tobacillus spp. This is the first time that L. plantarum ATCC 8014
has been reported to be a vancomycin-resistant species. Breviba-
cillin also showed potent antimicrobial activity against two Clos-
tridium difficile strains, indicating its potency to serve as a good
antibiotic with activity against anaerobic microorganisms.
Brevibacillin also showed a strong inhibitory effect against food-
borne spoilage and pathogenic microorganisms and MICs as low
as those of nisin for many strains chosen for analysis. The antimi-
crobial agent was very effective against Alicyclobacillus spp., indi-
cating the possibility of its use as a food additive in the future (35).
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