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Class I bacteriocins (lantibiotics) and class II bacteriocins are antimicrobial peptides secreted by gram-
positive bacteria. Using two lantibiotics, lacticin 481 and nisin, and the class II bacteriocin coagulin, we showed
that bacteriocins can be detected without any purification from whole producer bacteria grown on plates by
matrix-assisted laser desorption ionization–time of flight mass spectrometry (MALDI-TOF-MS). When we
compared the results of MALDI-TOF-MS performed with samples of whole cells and with samples of crude
supernatants of liquid cultures, the former samples led to more efficient bacteriocin detection and required less
handling. Nisin and lacticin 481 were both detected from a mixture of their producer strains, but such a
mixture can yield additional signals. We used this method to determine the masses of two lacticin 481 variants,
which confirmed at the peptide level the effect of mutations in the corresponding structural gene.

Bacteriocins are proteinaceous antimicrobial molecules that
are ribosomally synthesized and secreted by gram-positive bac-
teria. In the past 15 years, numerous studies have focused on
bacteriocins produced by lactic acid bacteria. This interest was
fuelled by the possibility of using bacteriocins as food preser-
vatives (3). Four classes of bacteriocins have been proposed
(12); whereas class III bacteriocins are large heat-labile pro-
teins and the uncertain class IV regroups complex bacteriocins
that include lipid or carbohydrate components, bacteriocins
belonging to classes I and II are peptides that are also desig-
nated antimicrobial peptides (AMPs). Class I and II bacterio-
cins were the subjects of most of the previous studies since they
are more frequently found and their stability offers greater
application potential than the bacteriocins belonging to the
other classes. Class I AMPs are called lantibiotics because they
harbor rare amino acids, such as 2,3-didehydroalanine, 2,3-
didehydrobutyrine, lanthionine, and 3-methyllanthionine (12,
16, 23). These unusual amino acids are created by enzymatic
modifications of a precursor peptide; 2,3-didehydroalanine and
2,3-didehydrobutyrine are obtained by dehydration of serine
and threonine, respectively, and lanthionine and 3-methyllan-
thionine result from the formation of a thioether bond be-
tween a dehydrated residue and a cysteine. Linear and globular
lantibiotics (types A and B, respectively) are distinguished on
the basis of the structure imposed by the position of the
thioether bridges. Type A includes both elongated lantibiotics
(subgroup AI) and AMPs with a cross-bridged C terminus and
an unbridged N-terminal part (subgroup AII). Nisin (Fig. 1A),
which so far is the only bacteriocin widely used in the food
industry (4), and lacticin 481 (Fig. 1B) are representatives of
subgroups AI and AII, respectively (16). Class II bacteriocins
are nonlantibiotic heat-stable peptides (12, 17). This class has
been divided into three subclasses, and subclass IIa AMPs are

of particular interest because of their antilisterial activity. This
subclass includes the much-studied compound pediocin PA1/
AcH (17) and the closely related compound coagulin (14).

Mass spectrometry (MS) methods allow accurate determi-
nation of peptide masses and have often been used to charac-
terize class I and II bacteriocins. In most of the cases, the
AMPs were ionized by an electrospray procedure, which re-
quired that they were purified before the analysis (9, 18).
Matrix-assisted laser desorption ionization (MALDI) is a sec-
ond ionization method that is becoming increasingly popular
due to its use in proteomic studies (15). MALDI-time of flight
MS (MALDI-TOF-MS) is effective for peptides and proteins
with molecular masses ranging from 0.5 to 30 kDa and has
been used to determine the masses of purified class I and II
bacteriocins (7, 14, 26). AMP purification is, however, not
absolutely required since the lantibiotics ericin S and ericin A
were both detected from the same culture supernatant after
only butanolic extraction (26). Furthermore, the lantibiotic
subtilin and its precursors were detected from crude culture
supernatants (27). In studies unrelated to bacteriocins,
MALDI-TOF-MS was performed directly with whole bacterial
cells in order to obtain mass spectral fingerprints that allowed
taxonomic identification of bacteria (2, 10, 13). Depending on
whether bacterial lysis occurs during sample preparation, the
peaks appearing on the spectra result either from desorbed cell
surface biomarkers or from cytoplasmic proteins (13, 22). The
preparation of samples requires only very limited handling,
and the greatest advantage of this technique lies in its speed.
Here, we used lacticin 481, nisin, and coagulin producer strains
to show that class I and II bacteriocins constitute biomarkers
that are easily detected from intact bacteria by MALDI-TOF-
MS.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. The bacterial strains and
plasmids used in this study are listed in Table 1. Lactococcus lactis and Bacillus
coagulans were grown in GM17 medium (Difco Laboratories, Detroit, Mich.) at
30°C and in MRS medium (Difco) at 37°C, respectively, without shaking. Solid
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media included 1.5% agar. L. lactis strains containing pIL252- or pIL253-based
plasmids were grown in the presence of 10 �g of erythromycin ml�1. Prior to
MALDI-TOF-MS analyses of bacterial colonies, L. lactis and B. coagulans were
inoculated from frozen stocks into liquid media, grown to high densities, and
isolated on plates. The resulting preparations were incubated until colonies that
were about 1 mm in diameter were obtained (24 to 48 h for L. lactis and 72 to
120 h for B. coagulans). The culture supernatants that were used for MALDI-
TOF-MS analyses and/or bacteriocin assays were recovered after centrifugation
(12,000 � g for 1 min) of overnight L. lactis liquid cultures or 3-day B. coagulans
liquid cultures. When required, the supernatants were diluted in the correspond-
ing fresh medium. Escherichia coli was grown in Luria-Bertani medium (24) at
37°C with vigorous agitation in the presence of 100 �g of ampicillin ml�1 or 10
�g of tetracycline ml�1 when necessary.

Sample preparation and MALDI-TOF-MS analyses. Bacteria were collected
by sweeping sterile plastic loops across colonies and were transferred to a target
plate. Each sample was overlaid with 1 �l of a matrix solution containing 3 mg
of 5-chloro-2-mercaptobenzothiazole per ml in acetonitrile-methanol-water (1:
1:1). When the supernatant of a liquid culture was analyzed, the matrix solution
and the supernatant were mixed (1:1), and 1 �l was spotted on the target plate
and allowed to dry. MALDI-TOF-MS spectra were recorded with a MALDI-L
instrument (Micromass, Manchester, United Kingdom) by using a 337-nm nitro-
gen laser for desorption and ionization. The mass spectrometer was operated in
the linear mode at an accelerating voltage of 18 kV with an ion flight path that
was 0.7 m long. The delay time was 470 ns. Matrix suppression was also used, and
the mass spectra were averaged over 50 to 100 individual laser shots. The laser
intensity was set just above the threshold for ion production. External calibration

FIG. 1. Lantibiotics nisin A and lacticin 481 and the mutations leading to the lacticin 481 variants S4T and �S27. (A and B) Amino acid
sequences and bridging patterns of nisin A and of lacticin 481 (16) and its variants. The unusual residues are 2,3-didehydroalanine (Dha),
2,3-didehydrobutyrine (Dhb), lanthionine (alanine-S-alanine), 3-methyllanthionine (aminobutyric acid-S-alanine), and aminobutyric acid (Abu).
(C) Mutations created within the lacticin 481 structural gene lctA. This gene codes for a precursor peptide, the C-terminal part of which
(propeptide) yields mature lacticin 481 after creation of the unusual residues and cleavage of the N-terminal part (leader peptide) (18). Only the
propeptide-encoding part of lctA is shown, and the nucleotide sequence is numbered as it is in the GenBank database (accession no. U91581). The
propeptide sequence is indicated above the nucleotide sequence. Lysine �1 is the N-terminal amino acid of mature lacticin 481. The asterisks
indicate stop codons. The mutated bases and amino acids are indicated by boldface type and underlining, and the changes in the DNA and peptide
sequences are indicated below and above the vertical arrows, respectively.
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was performed by using the [M�H]� signals of renin, adenocorticotropic hor-
mone, insulin oxidized B, and bovine insulin (Sigma-Aldrich Co., St. Louis, Mo.).
Calibration standard mixtures contained 10 pmol of each standard �l�1 in 0.1%
trifluoroacetic acid.

Lacticin 481 bioassay. Lacticin 481 activities in culture supernatants were
assayed by the diffusion method as follows. Twenty milliliters of GM17 agar at
50°C was homogeneously mixed with 1 ml of an overnight culture of L. lactis
IL1835 (lacticin 481 sensitive, erythromycin resistant) (Table 1) diluted to an
optical density at 600 nm of 0.03 and poured into a plate. After agar solidifica-
tion, wells were created in the medium. Twofold dilutions of the lacticin 481-
containing culture supernatants were prepared in fresh GM17 medium. Portions
(100 �l) of the undiluted supernatant and of each dilution were loaded into the
wells, and the plate was incubated overnight at 30°C. The lacticin 481 diffusing
from the wells into the agar medium prevented the growth of L. lactis IL1835
around the wells, which yielded clear zones of inhibition. The number of arbi-
trary units (AU) per milliliter corresponded to 10 times the dilution factor that
resulted in the smallest visible inhibitory halo.

Construction of lacticin 481 operons encoding lacticin 481 variants. The
lacticin 481 structural gene lctA was subjected to site-directed mutagenesis by
using the Altered Site II in vitro mutagenesis system (Promega, Madison, Wis.)
as recommended by the supplier. The mutagenesis reactions were performed on
the insert of pTH999 which included lctA and the promoter region of the lacticin
481 operon (Table 1). The following two mutations were independently created
(Fig. 1B and C): replacement of the serine codon at the 3� end of lctA by a stop
codon, leading to loss of the C-terminal serine (mutant �S27), and replacement
of a serine codon by a threonine codon (mutant S4T). The following oligonu-
cleotides were used in this procedure (the nonhybridizing bases are underlined):
�S27 (5�-GTATTTACTTGCTGCTAGTAATTTTATTGAAAAG-3�) and S4T

(5�-GGTGCAAAAGGCGGCACAGGAGTTATTCATAC-3�). The mutated
versions of lctA were subcloned into pEF�MTFEG (Table 1) between the SacI
and NotI restriction sites (Hindré, Haras, Le Pennec, and Dufour, submitted for
publication) in order to obtain complete lacticin 481 operons (20, 21). The
resulting plasmids were fused to the lactococcal vector pIL253 (25), yielding
pEB�S27 and pEBS4T, which were introduced into L. lactis IL1403 to obtain
production of the lacticin 481 variants (Table 1).

RESULTS AND DISCUSSION

Detection of lacticin 481 from bacterial colonies. Lacticin
481 is a 2,901-Da lantibiotic (Fig. 1B) produced by some L.
lactis strains (Table 1) (18, 19, 20, 28). When whole bacteria
grown on a plate were analyzed by MALDI-TOF-MS, a peak
cluster covering the expected m/z value (m/z is the mass/charge
ratio, where z is usually 1) was observed in the spectra from
three different wild-type strains that produce lacticin 481,
strains ADRIA85LO30 (Fig. 2A), CNRZ481, and SL2 (data
not shown) (Table 2). In contrast, no peak appeared in the m/z
range from 2,000 to 6,000 in spectra recorded for three L. lactis
strains that are not bacteriocin producers, strains IL1403 (Fig.
2B), LM0230, and MG1614 (data not shown) (Table 2). The
peak cluster specific for lacticin 481 producers was composed
of three main peaks at m/z 2,902, 2,924, and 2,940, and the m/z

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Description Reference(s) or source

Lactococcus lactis strains
IL1403 Plasmid-free strain, bacteriocin nonproducer 1
IL1835 IL1403 containing pIL252 (Emr), lacticin 481 sensitive 25
LM0230 Plasmid-free strain, bacteriocin nonproducer 6
MG1614 Plasmid-free strain, bacteriocin nonproducer 8
CNRZ481 Wild-type lacticin 481-producer 18
ADRIA85LO30 Wild-type lacticin 481-producer 20, 28
SL2 Wild-type lacticin 481-producer 19
C2102 ADRIA85LO30 derivative, lacticin 481 producer 5
C2109 C2102 lacking the lacticin 481 operon, lacticin 481 nonproducer 5
IL1403(pEB94) Recombinant strain, high-level lacticin 481 producer 21
IL1403(pBS-pIL253) IL1403 carrying the vector part of pEB94, bacteriocin nonproducer 21
IL1403(pEB170) Recombinant strain, low-level lacticin 481 producer 21
IL1403(pEB�S27) Recombinant strain producing the lacticin 481 variant �S27 This study
IL1403(pEBS4T) Recombinant strain producing the lacticin 481 variant S4T This study
NCDO1402 Cheese starter, nisin producer NCIMB, Aberdeen,

United Kingdom
Bacillus coagulans strains

I4 Wild-type coagulin producer 11, 14
CIP52.64 Bacteriocin nonproducer Institut Pasteur, Paris,

France
Escherichia coli strains

JM109 Host for cloning and plasmid propagation 24
ES1301 mutS Mismatch repair-negative strain for site-directed mutagenesis Promega

Plasmids
pALTER-1 E. coli vector for site-directed mutagenesis, Tetr Promega
pBluescript (pBS) E. coli cloning vector, Apr Stratagene
pIL252 L. lactis cloning vector, low copy number, Emr 25
pIL253 L. lactis cloning vector, high copy number, Emr 25
pBS-pIL253 E. coli-L. lactis shuttle vector resulting from a fusion between the two vectors 21
pEB94 Lacticin 481 operon carried by pBS-pIL253, high copy number in L. lactis 21
pEB170 Lacticin 481 operon carried by a fusion between pBS and pIL252, low copy

number in L. lactis
21

pTH999 SacI-HindIII DNA fragment containing the lacticin 481 operon 5� end (promoter
region, lctA, and beginning of lctM) cloned in pALTER-1

Hindré et al., submitted

pEF�MTFEG Lacticin 481 operon deleted of its promoter region and of lctA (lctMTFEG) in pBS Hindré et al., submitted
pEB�S27 Lacticin 481 operon with the mutation �S27 in lctA, carried by pBS-pIL253 This study
pEBS4T Lacticin 481 operon with the mutation S4T in lctA, carried by pBS-pIL253 This study
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FIG. 2. MALDI-TOF spectra of the lacticin 481-producing strain L. lactis ADRIA85LO30 (A), of L. lactis IL1403, which does not produce any
bacteriocin (B), of the nisin-producing strain L. lactis NCDO1402 (C), and of a mixture of the lacticin 481- and nisin-producing strains L. lactis
ADRIA85LO30 and NCDO1402 (D).
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2,940 peak was the most intense (Fig. 3). These values were
repeatedly obtained with a standard deviation of 1 and are
consistent with the masses of the molecular ion [M�H]� and
the adduct ions [M�Na]� and [M�K]� of lacticin 481. To
verify that these peaks were indeed due to lacticin 481, we
compared the following two pairs of strains: L. lactis C2102
and C2109 (Table 1), both of which were obtained from the
wild-type lacticin 481 producer L. lactis ADRIA85LO30 (20,
28) and which differ by the presence (C2102) or the absence
(C2109) of the lacticin 481 operon (5); and L. lactis
IL-1403(pEB94) and IL1403(pBS-pIL253), which carry the
lacticin 481 operon on a recombinant plasmid and only its
vector portion, respectively (21) (Table 1). The expected peak
cluster appeared in the spectra for the two lacticin 481-pro-
ducing strains but not in the spectra for their nonproducing
counterparts (data not shown) (Table 2). This unambiguously
demonstrated that the lacticin 481 peaks are the most intense
peaks in the m/z range from 2,000 to 6,000 for colonies of

producing strains. After its secretion, lacticin 481 is probably
not strongly bound to the cell surface, and it should thus be
more efficiently desorbed by MALDI than cellular compo-
nents, explaining why lacticin 481 constitutes one of the stron-
gest MALDI-TOF-MS biomarkers of the producing strains.

Lacticin 481 is more efficiently detected in solid cultures
than in liquid cultures. As shown in Table 2, lacticin 481 was
detected by MALDI-TOF-MS in untreated supernatants of
overnight liquid cultures of two wild-type strains, L. lactis
CNRZ481 and ADRIA85LO30, and of the recombinant strain
IL1403(pEB94). The supernatants of L. lactis CNRZ481 and
ADRIA85LO30 cultures had lacticin 481 activities of 160
AU � ml�1, whereas IL1403(pEB94) exhibited an eightfold-
higher activity (Table 2), since it carries the lacticin 481 operon
on a high-copy-number plasmid (21) (Table 1). After the
CNRZ481 and ADRIA85LO30 supernatants were diluted 1/2
and the IL1403(pEB94) supernatant was diluted 1/16, lacticin
481 was not detected by MALDI-TOF-MS or detection was
very difficult, showing that the lacticin 481 activity had to be
more than 80 AU � ml�1 to yield obvious peaks in mass spectra.
Consistently, we were unable to detect lacticin 481 from the
undiluted culture supernatants of the weaker producing
strains, L. lactis SL2 (wild type) and L. lactis IL1403(pEB170),
which carries the lacticin 481 operon on a low-copy-number
plasmid (21) (Tables 1 and 2). In contrast, we were able to
clearly detect lacticin 481 from colonies of these two strains
(Table 2). MALDI-TOF-MS detection of lacticin 481 from
bacterial colonies thus not only requires less sample prepara-
tion but is more efficient than MALDI-TOF-MS detection of
lacticin 481 from liquid culture supernatants. A simple expla-
nation for this observation is that AMP diffusion is limited on
solid media. AMPs thus likely accumulate at the cell surface in
a colony, whereas they are diluted in the whole medium of
liquid cultures.

Nisin detection. We examined if nisin A (molecular mass,
3,353 Da [23]), a subgroup AI lantibiotic (Fig. 1A), could also
be detected from whole cells by MALDI-TOF-MS. Like lacti-
cin 481, nisin is produced by L. lactis strains. Compared to

FIG. 3. Detail of the peak cluster shown in Fig. 2A. The peaks at m/z 2,902, 2,924, and 2,940 correspond to the ions [M�H]�, [M�Na]�, and
[M�K]� of lacticin 481, respectively.

TABLE 2. Detection of lacticin 481 by MALDI-TOF-MS

L. lactis strain
Lacticin

481
production

Lacticin 481
detection from:

Lacticin 481
activity in SN
(AU � ml�1)b

Colonies SNa

IL1403 No � NTc

LM0230 No � NT
MG1614 No � NT
CNRZ481 Yes � � 160
ADRIA85LO30 Yes � � 160
SL2 Yes � � 40
C2102 Yes � NT
C2109 No � NT
IL1403(pEB94) Yes � � 1,280
IL1403(pBS-pIL253) No � NT
IL1403(pEB170) Yes � � 20

a SN, crude supernatants of overnight liquid cultures. The same supernatants
were used for lacticin 481 detection by MALDI-TOF-MS and for antimicrobial
activity assays.

b The values are representative of the values obtained in several experiments.
c NT, not tested.
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other L. lactis strains (Fig. 2A and B), the nisin-producing
strain L. lactis NCDO1402 (Table 1) produced a specific peak
cluster, with the main peak corresponding to the nisin A
[M�K]� ion (m/z 3,392) (Fig. 2C). We were not able to detect
the nisin peaks from crude supernatant of an overnight liquid
culture of L. lactis NCDO1402. This confirms that bacteriocin
detection from bacterial colonies is more efficient than bacte-
riocin detection from culture supernatants.

Detection of lacticin 481 and nisin from a mixture of strains.
We examined if lacticin 481 and nisin could both be detected
when colonies of the producing strains were mixed before the
bacteria were transferred to the target plate and the matrix
solution was added. Figure 2D shows that the two peak clusters
specific for lacticin 481 and nisin A were produced by a mixture
of L. lactis ADRIA85LO30 and NCDO1402 cells. An addi-
tional peak cluster with the main peak at m/z 2,762 was ob-
served in spectra obtained for the strain mixture (Fig. 2D) but
not in spectra obtained for the two strains examined separately
(Fig. 2A and C). This novel peak cluster did not appear when
the control strain L. lactis IL1403 was mixed with either L.
lactis ADRIA85LO30 or L. lactis NCDO1402 (data not
shown), but it was observed after the nisin-producing strain L.
lactis NCDO1402 was mixed with L. lactis C2109, which was
derived from L. lactis ADRIA85LO30 but is unable to produce
lacticin 481 (Table 1) (data not shown). The peak cluster at m/z
2,762 is therefore strain dependent but lacticin 481 indepen-
dent. It is thus possible to detect several bacteriocins in a
mixture of producer strains, but one should be cautious when
interpreting the resulting spectra as this procedure can gener-
ate additional signals.

Detection of coagulin, a class II bacteriocin. Coagulin (mo-
lecular mass, 4,612 Da [14]) was chosen as a representative of
the subclass IIa bacteriocins to examine if the method could be
applied to nonlantibiotic bacteriocins. When analyzing the co-
agulin-producing strain B. coagulans I4 (11) by MALDI-TOF-
MS, we observed that the MRS medium was responsible for

numerous intense peaks between m/z 800 and 2,500. In order
to observe the coagulin peaks, we narrowed the m/z window to
the m/z 3,500 to 6,000 range. This allowed detection of a peak
cluster in which the major peak was at m/z 4,650 (Fig. 4) and
corresponded to the coagulin [M�K]� ion. This peak cluster
did not appear in spectra of B. coagulans strain CIP52.64 (Ta-
ble 1), which does not produce coagulin (data not shown). As
in the nisin analysis, we did not detect the coagulin peaks from
crude liquid culture supernatants.

Application of the method to determine the masses of lac-
ticin 481 mutant molecules. The three AMPs that we tested
were thus easily detected by MALDI-TOF-MS directly from
producing bacteria. This suggests that in general this method
can be used for lantibiotics and class II bacteriocins, as long as
their peaks are not masked by signals due to other biomarkers
of the strains or to medium components. The main advantage
of the procedure lies in its speed: once the bacteria have been
grown on a plate, only few minutes is required to prepare the
sample and complete the MALDI-TOF-MS analysis. In addi-
tion, up to 96 samples can be prepared simultaneously and
spotted on a single target plate, and the subsequent analyses
can be performed automatically, which allows screening of
numerous bacteria in a single day. Two types of information
are provided: whether a given bacteriocin is produced can be
determined, and the AMP molecular mass can be determined.
Many applications can be anticipated; the method could be
used to screen colonies for the loss or gain of production of a
particular AMP, or it could be used as a first step in the
characterization of unknown bacteriocins. We used this
method to determine the masses of two lacticin 481 variants
obtained by site-directed mutagenesis of the structural gene
lctA (18, 20), as described in Materials and Methods. One
mutation consisted of replacement of the serine codon at the 3�
end of lctA by a stop codon, leading to loss of the C-terminal
serine (�S27), whereas the other mutation consisted of re-
placement of a serine codon by a threonine codon (S4T) (Fig.

FIG. 4. MALDI-TOF spectrum of the coagulin-producing strain B. coagulans I4. The peak at m/z 4,650 corresponds to the ion [M�K]� of
coagulin.
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1B and C). Both constructions induced the production of ac-
tive AMPs, as tested with L. lactis IL1835 (data not shown).
The �S27 and S4T lacticin 481 variants were detected by
MALDI-TOF-MS from bacterial colonies, and the m/z values
of their [M�K]� adduct ions were 2,854 and 2,954, respec-
tively (Fig. 5). The differences between these values and the
value for the lacticin 481 [M�K]� ion (m/z 2,940) correspond
to the predicted differences for deletion of the C-terminal
serine (�87 Da) and replacement of a serine by a threonine
(�14 Da). This confirmed the mutations at the peptide level
and showed that four residues were dehydrated in the two
lacticin 481 variant precursors (the same number as in wild-
type lacticin 481) and that cleavage of the N-terminal part of
the precursors occurred at the normal site (18). We intend to
characterize a larger set of lacticin 481 mutant molecules. In
the case of the loss of antimicrobial activity after mutagenesis,
MALDI-TOF-MS should allow us to examine if the mutation
prevents bacteriocin production or if an inactive AMP is pro-
duced.
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