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ABSTRACT Lantibiotics are a class of lanthionine-containing, ribosomally synthe-
sized, and posttranslationally modified peptides (RiPPs) produced by Gram-positive
bacteria. Salivaricin A2 belongs to the type AII lantibiotics, which are generally con-
sidered to kill Gram-positive bacteria by binding to the cell wall precursor lipid II via
a conserved ring A structure. Salivaricin A2 was first reported to be isolated from a
probiotic strain, Streptococcus salivarius K12, but the structural and bioactivity char-
acterizations of the antibiotic have remained limited. In this study, salivaricin A2 was
purified and its covalent structure was characterized. N-terminal analogues of saliva-
ricin A2 were generated to study the importance for bioactivity of the length and
charge of the N-terminal amino acids. Analogue salivaricin A2(3-22) has no antibac-
terial activity and does not have an antagonistic effect on the native compound. The
truncated analogue also lost its ability to bind to lipid II in a thin-layer chromatogra-
phy (TLC) assay, suggesting that the N-terminal amino acids are important for bind-
ing to lipid II. The creation of N-terminal analogues of salivaricin A2 promoted a bet-
ter understanding of the bioactivity of this antibiotic and further elucidated the
structural importance of the N-terminal leader peptide. The antibacterial activity of
salivaricin A2 is due not only to the presence of the positively charged N-terminal
amino acid residues, but to the length of the N-terminal linear peptide.

IMPORTANCE The amino acid composition of the N-terminal linear peptide of sali-
varicin A2 is crucial for function. Our study shows that the length of the amino acid
residues in the linear peptide is crucial for salivaricin A2 antimicrobial activity. Very
few type AII lantibiotic covalent structures have been confirmed. The characteriza-
tion of the covalent structure of salivaricin A2 provides additional support for the
predicted lanthionine and methyl-lanthionine ring formations present in this struc-
tural class of lantibiotics. Removal of the N-terminal Lys1 and Arg2 residues from the
peptide causes a dramatic shift in the chemical shift values of amino acid residues 7
through 9, suggesting that the N-terminal amino acids contribute to a distinct struc-
tural conformer for the linear peptide region. The demonstration that the bioactivity
could be partially restored with the substitution of N-terminal alanine residues sup-
ports further studies aimed at determining whether new analogues of salivaricin A2
for novel applications can be synthesized.
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Lantibiotics are a class of lanthionine-containing, ribosomally synthesized, and post-
translationally modified peptides (RiPPs) with antimicrobial activities and are among

the most promising candidates of alternative antibiotics for combatting the emergence
of multidrug-resistant bacteria (1). Lanthionine (Lan) and/or methyl-lanthionine
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(MeLan) rings are formed by the thioether linkage between a cysteine residue and a
dehydroalanine (Dha) or dehydrobutyrine (Dhb) residue, which is derived from a serine
or threonine residue, respectively, by dehydration (2). Generally, lantibiotics can be
divided into two groups based on their structures, i.e., the type A lantibiotics, which are
elongated and cationic, and the type B lantibiotics, which have relatively rigid and
globular structures (3). Type A lantibiotics are further divided into two subclasses based
on their biosynthetic machinery. Type AI lantibiotics form the Lan and MeLan residues
by the action of two distinct enzymes, dehydratase LanB (4) and cyclase LanC (5),
whereas type AII lantibiotics form the two residues by a bifunctional enzyme, LanM (6,
7). Type AI lantibiotics, including nisin and mutacin 1140 (Fig. 1A), possess a broad
spectrum of activity against Gram-positive bacteria. The structure of their conserved
rings A and B is the lipid II-binding motif, which targets the pyrophosphate, pepti-
doglycan MurNAc, and the first isoprene of cell wall precursor lipid II (8, 9). The complex
formed between nisin or mutacin 1140 and lipid II is extremely tight. It was previously
shown that mutacin and nisin could not competitively compete against each other
once the lantibiotic/lipid II complex had been formed (10). Type AII lantibiotics are the
largest group of lantibiotics and include the lantibiotics lacticin 481 (11), nukacin ISK-1
(12), mutacin II (13), bovicin HJ50 (14), salivaricin A (15), and salivaricin B (16). This class
of lantibiotics generally consists of a linear N-terminal region and a globular C-terminal
region composed of three intertwined rings.

The type AII lantibiotic salivaricin A2 (Fig. 1B) was discovered in 2006 and was shown
to be active against Micrococcus luteus (17). Later, salivaricin A2 was demonstrated to
be encoded at a locus adjacent to that of salivaricin B on a 190-kb megaplasmid in the
probiotic strain Streptococcus salivarius K12 (16). However, information about the
structure and bioactivity of the lantibiotic is limited. Nukacin ISK-1 (Fig. 1C) is one of
the most studied type AII lantibiotics, and its mechanism of action is proposed to be
lipid II binding (18). Ring A is believed to be important for lipid II binding, based on a
conserved TxS/TxD/EC motif with ring C of the type B lantibiotic mersacidin (Fig. 1D)

FIG 1 Covalent structures of (A) mutacin 1140, (B) salivaricin A2, (C) nukacin ISK-1, and (D) mersacidin.
The lanthionine rings are labeled as rings A, B, C, and D for mutacin 1140 and mersacidin and as rings
A, B, and C for salivaricin A2 and nukacin ISK-1. Dehydrated residues from serine and threonine are
labeled as Dha and Dhb, respectively. (Methyl-)lanthionine is formed between a cysteine and a dehy-
drated residue.
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(19). A previous study showed that mersacidin associates tightly with lipid II micelles
and that the addition of isolated lipid II to bacterial culture antagonized the bactericidal
activity of the antibiotic (19). The importance of ring A formation, as well as that of a
conserved negatively charged aspartic amino acid residue within ring A of nukacin
ISK-1, has been shown in a mutagenesis study to be crucial for the antibacterial activity
of nukacin ISK-1 (18). Although type AII lantibiotics might share a conserved lipid
II-binding motif with type B lantibiotic mersacidin, they do not have any other simi-
larities in their structures. Within the family of type AII lantibiotics, the overall lengths
and charges, amino acid composition of rings B and C, and the composition of the
N-terminal linear peptide sequence vary significantly (20).

Streptococcus salivarius is a predominant colonizer of oral mucosal surfaces in
humans and does not cause disease in healthy individuals (21). Salivaricin A, a type AII
lantibiotic consisting of 22 amino acids, is the first characterized lantibiotic produced by
Streptococcus salivarius 20P3, and the producing strain is active against most Strepto-
coccus pyogenes strains (15). Salivaricin A2 is a variant of salivaricin A, and it differs from
salivaricin A by 2 amino acid substitutions (Ser4Thr and Ile7Phe) (17). Salivaricin A2 was
previously isolated from the probiotic strain S. salivarius K12 (BLIS Technologies Ltd.,
New Zealand) and the m/z value was determined for the peptide by matrix-assisted
laser desorption ionization mass spectrometry (MALDI-MS) (16). The production and
availability of salivaricin A2 from S. salivarius K12 are limited, and the lantibiotic’s
stability and spectrum of action are still largely unknown. In the same study, the
production of salivaricin A2 in the saliva of patients inoculated with the probiotic K12
strain was confirmed by mass spectrometry. However, the study also showed that the
presence of salivaricin A2 varied from individual to individual, and thus its effectiveness
may vary between patients. It is likely that the production of salivaricin A2 may be the
result of a set of complex factors associated with microbial interactions within the oral
cavity. Directly using purified salivaricin A2 in the oral cavity may provide better
protection against potentially pathogenic strains than using a probiotic-producing
strain.

In the present study, salivaricin A2 was purified from Streptococcus salivarius HS0302.
We characterized the structure, bioactivity, and stability of the lantibiotic. Solution-
phase synthesis was used to generate N-terminal analogues of salivaricin A2 to eluci-
date the importance of the length and charge of the N-terminal linear peptide for its
bioactivity. The study provides a better understanding of salivaricin A2’s bioactivity and
provides insight into the structural importance of the N-terminal linear peptide.

RESULTS
Isolation and structural characterization of salivaricin A2. The isolation of sali-

varicin A2 from S. salivarius HS0302 has enabled studies aimed at understanding its
covalent structure and bioactivity. Salivaricin A2 was isolated from a chloroform ex-
traction of culture S. salivarius HS0302 and had a purity greater than 98%, as deter-
mined by reversed-phase high-performance liquid chromatography (RP-HPLC) (see Fig.
S1 in the supplemental material). The observed mass of salivaricin A2 is in accordance
with the predicted mass of 2,368 Da. The truncated analogue salivaricin A2(3-22) was
purified using the same method and had the predicted mass of 2,084 Da (Table 1). The
previous proposed structure of salivaricin A2 was based on its structural gene se-
quence, molecular weight, and alignment with other type AII lantibiotics. In this study,
we are able to assign the posttranslational modifications (PTMs) present in the peptide.
Total correlation spectroscopy (TOCSY) and nuclear Overhauser effect spectroscopy
(NOESY) nuclear magnetic resonance (NMR) data on salivaricin A2 and salivaricin
A2(3-22) were used to determine the post-translationally modified covalent structure
(see Fig. S2, S3, S4, and S5 in the supplemental material). Twenty-two or 20 distinct spin
systems for each amino acid were assigned for salivaricin A2 or salivaricin A2(3-22),
respectively (see Tables S1 and S2 in the supplemental material). TOCSY and NOESY
data sets enabled the sequential assignment of each amino acid spin system. Residues
1 through 9 were identified through an H�

i to HN
i � 1 sequential walk (Fig. 2). Residues
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Abu11 to Asp12, AlaS14 to Val18, and Val20 to AlaS21 were assigned by sequential (i)
to (i � 1) NOEs. Residues Abu9 and Abu11 have a distinct chemical shift pattern for a
2-aminobutyric acid moiety of the methyl-lanthionine residue. Residues SAla14, AlaS17,

SAla21, and SAla22 have a distinct chemical shift pattern for an alanine moiety of a
lanthionine or methyl-lanthionine residue. An HN to H� nuclear Overhauser effect (NOE)
was detected between residues Abu9 and SAla14, and thus amino acids Abu9 and

SAla14 form a methyl-lanthionine residue of ring A. An H� to H� NOE was detected
between residues AlaS17 and SAla22, and thus amino acids AlaS17 and SAla22 form a
lanthionine residue of ring C. A methyl-lanthionine residue of ring C is believed to be
formed between residues Abu11 and SAla21. The ring configuration is supported by H�

to H� long-range NOEs between residues Asp12 and AlaS17 or between Asp13 and
Phe19. In addition, several other long-range NOEs that support ring B formation were
present (Fig. 2). In addition, there were no free thiols detected in the peptide following
treatment with CDAP (1-cyano-4-dimethylaminopyridinium tetrafluoroborate) (see Fig.
S6 in the supplemental material), which can only happen if residues Abu11 and SAla21

TABLE 1 Masses of salivaricin A2 analogues determined by ESI-MS

Salivaricin A2 analogue(s)

Mass (Da)

Expected Observed

Native 2,368 2,368
A2(3-22) 2,084 2,084
Fmoc-Arg � A2(3-22) 2,462 2,462
Arg � A2(3-22) 2,240 2,240
Fmoc-Lys � A2(3-22) 2,434 2,434
Lys � A2(3-22) 2,212 2,212
Fmoc-Ala-Ala � A2(3-22) 2,448 2,449
Ala � A2(3-22) 2,155 2,156
Ala-Ala � A2(3-22) 2,226 2,226
Lys-Arg � A2(3-22) 2,368 2,368

FIG 2 Summary of the NOEs from the NMR data. Proton interactions are described at the left of each line. The (i � 1) line depicts
sequential walk connectivity between adjacent amino acids. The lines (i � 1) depict long-range NOEs between nonadjacent amino acids.
The amino acids depicted by the beginning and the end of the line represent the residues that have proton interactions in the NOESY
data set. The Abu, SAla, and AlaS abbreviations represent the methyl-lanthionine and lanthionine moieties present in salivaricin A2.
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form a methyl-lanthionine residue. The free thiol group from a cysteine residue can be
converted to a covalently attached thiocyanate by CDAP, resulting in a 25-Da increase
in molecular mass. The mass of the control peptide (SFNSYTC-OH) increased by 25 Da,
while salivaricin A2 mass remained unchanged (Table 2), suggesting that all the
cysteines within salivaricin A2 are involved in lanthionine or methyl-lanthionine ring
formation.

Bioactivity and stability of salivaricin A2. Compared with the type AI lantibiotic
mutacin 1140, which has demonstrated activity against a wide variety of Gram-positive
bacteria, salivaricin A2 has a relatively limited spectrum of activity. A small subset of
Gram-positive bacteria tested, including M. luteus, Streptococcus pneumoniae, and
Corynebacterium spp., were inhibited by the antibiotic (Table 3). Salivaricin A2 was
inactive (MIC � 128 �g/ml) against strains of Staphylococcus aureus, Staphylococcus
epidermidis, Bacillus subtilis, Bacillus megaterium, and Enterococcus faecalis. The mini-
mum lethal concentration (MLC) of salivaricin A2 was the same as or at most 2-fold
higher than its MIC against sensitive strains, indicating that it is a bactericidal antibiotic.
The strain of M. luteus was the most sensitive bacterium tested. The strain is often used
as an indicator strain for bacteriocin activity. All the Corynebacterium strains were
sensitive to salivaricin A2. Salivaricin A2 was active against all six strains of S. pneu-
moniae tested, but four of the strains were more sensitive to it. Further studies aimed
at identifying the differences in the strains may help promote a better understanding
of the antibiotic’s mechanism of action as well as the differences in sensitivity.

Compared with mutacin 1140, salivaricin A2 exhibited a nonrapid killing effect
against Corynebacterium accolens ATCC 49725 (Fig. 3). During the first 2 h, viable cell
counts remained similar for 1� and 2� MIC of salivaricin A2. After 4 h of exposure, at
least a 3-fold or 5-fold reduction in viable cells at 1� or 2� MIC, respectively, was

TABLE 2 Masses of salivaricin A2 and control peptide before and after cyanylation by
CDAP

Substrate

Mass (Da)

Before reaction After reaction

SFNSYTC 821 846
Salivaricin A2 2,368 2,368

TABLE 3 MICs and MLCs (�g/ml) for mutacin 1140 and salivaricin A2

Bacterial strain

Mutacin 1140 Salivaricin A2

MIC (�g/ml) MLC (�g/ml) MIC (�g/ml) MLC (�g/ml)

M. luteus ATCC 10240 0.0625 0.0625 2 2
C. accolens ATCC 49725 0.125 0.125 8 8
C. accolens KPL 1818 0.125 0.125 16 32
C. accolens KPL 2060 0.0625 0.0625 8 16
C. accolens KPL 2061 0.25 0.25 16 32
C. pseudodiphtheriticum KPL 1989 0.125 0.125 8 8
C. striatum KPL 1959 0.5 1 32 32
C. accolens KPL 1855 1 1 16 32
S. pneumoniae ATCC 27336 0.5 0.5 32 32
S. pneumoniae AI8a 1 1 32 32
S. pneumoniae AI11a 1 1 16 16
S. pneumoniae AI14a 0.125 0.125 32 32
S. pneumoniae AI6 1 1 128 128
S. pneumoniae AI7 0.25 0.25 128 128
S. mutans JH1140 8 8 �128 �128
S. salivarius HS0302 0.5 0.5 64 128
B. subtilis PY79 8 8 �128 �128
B. megaterium ATCC 14581 8 8 �128 �128
S. epidermidis ERIN 30713 4 8 �128 �128
S. aureus ATCC 25923 4 4 �128 �128
E. faecalis ERIN 30002 16 32 �128 �128
aMICs for the S. pneumoniae strains were tested in the presence of 5% human blood to promote growth.
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observed. At 8 h of exposure, more than a one- or two-log reduction in viable cells was
observed following treatment with a 1� or 2� MIC of salivaricin A2, respectively. In
comparison to the lantibiotic mutacin 1140, there was at least a log reduction in viable
cells following only a 30-min exposure at 1� and 2� MIC. Following a 4-h exposure to
mutacin 1140 at 1� and 2� MIC, there was a greater than three-log reduction in viable
cell counts. Interestingly, 0.5� MIC of salivaricin A2 inhibited the growth of the bacteria
until 18 h, and cells counted at 24 h were more than one log fewer than those in the
drugfree control. The 0.5� MIC of mutacin 1140 did not exhibit inhibition effect on
growth after 8 h of exposure. Furthermore, the cell density of the subinhibitory
concentration of mutacin 1140 cultures was closer to that of the the drugfree control
than that of salivaricin A2 at 24 h. Comparing the 0.5� MIC of salivaricin A2 and
mutacin 1140, salivaricin A2 appeared to have a more prolonged inhibitory effect at its
subinhibitory concentration. The differences in kill kinetics might suggest different
mechanisms of action between salivaricin A2 and mutacin 1140.

Salivaricin A2 was stable for at least 1 h at 80°C. The MICs of salivaricin A2 following
exposure to temperatures at 50, 60, 70, and 80°C stayed the same as that of the
non-heat-treated control (8 �g/ml). In addition to temperature stability testing, the
protease stability of salivaricin A2 was tested (see Table S3 in the supplemental
material). The protease reaction mixture had no effect on bacterial growth (controls 1
to 4). Pepsin-treated salivaricin A2 had an inhibition effect on bacterial growth similar
to that of untreated salivaricin A2, showing that salivaricin A2 was stable following
pepsin treatment. Interestingly, trypsin-digested salivaricin A2 did not show any inhi-
bition against bacterial growth. The trypsin digestion mixture was purified by HPLC as
described above, and the mass of native and digested salivaricin A2 was determined by
electrospray ionization mass spectrometry (ESI-MS) (Table S1 and Fig. S7 and S8 in the
supplemental material). The difference in mass between the two compounds was
calculated to be 284.20 Da, which is the expected mass of salivaricin A2 minus those of
the N-terminal Lys and Arg residues.

N-terminal analogues of salivaricin A2. The bioactivities of salivaricin A2 N-
terminal analogues were determined from an overlay assay in which identical amounts
of each analogue and native compound were spotted on the plate containing a lawn
of the indicator strain M. luteus ATCC 10240. The bioactivity is expressed in terms of
relative activity compared to that of the wild type. A value of 1.0 indicates that the area
of the zone of inhibition of the analogue was the same that of as native salivaricin A2.
The concentration of each analogue was determined by peak area, using a known
amount of native salivaricin A2 for quantification (see Fig. S9 in the supplemental
material). Further validation for the purification and quantification came from mass

FIG 3 Kill kinetics of salivaricin A2 and mutacin 1140 against C. accolens ATCC 49725. A filled square (�)
represents no drug control; a filled circle (�) represents the half-MICs of salivaricin A2 and mutacin 1140;
a filled triangle (Œ) represents the MICs of salivaricin A2 and mutacin 1140; and an open triangle (o)
represents 2� MIC of salivaricin A2 and mutacin 1140. Salivaricin A2 treatments are shown with solid
lines, while mutacin 1140 treatments are shown with dashed lines. Some error bars are not visible, since
they are smaller than the symbol used.
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spectrometry data, which showed that the expected and predicted masses for the
collected fractions were the same (Table S1 and Fig. S8). Several N-terminal analogues
of salivaricin A2 were synthesized and assayed for their bioactivity. The analogues
consisted of single Lys, Arg, or Ala substitutions, with and without the 9-fluo-
renylmethoxy carbonyl (Fmoc) protecting group attached. In addition, Fmoc-Ala1Ala2,
Ala1Ala2, Lys1Arg2, and carboxyfluorescein salivaricin A2(3-22) analogs were evaluated
(Fig. 4). The salivaricin A2(3-22) and carboxyfluorescein analogues had no activity in the
overlay assay. At least a single amino acid has to be added to the N-terminal end to
restore some bioactivity. The addition of a single Lys or Arg residue resulted in an area
of the zone of inhibition that was approximately half of the wild-type salivaricin A2
inhibition value. Leaving the Fmoc protecting group on the peptide had little effect on
the bioactivity of the antibiotic. The addition of a single alanine restored approximately
25% of the inhibition activity, while the addition of the dipeptide Ala1Ala2 residues
restored approximately 30% of the inhibition activity. Leaving the Fmoc protecting
group on the Ala1Ala2 dipeptide further enhanced the peptide’s inhibition activity to
approximately 35% of native salivaricin A2 activity. The addition of the Fmoc-Ala1Ala2
group resulted in the loss of all positive charges at the end of the N-terminal leader
peptide compared to native compound. The restoration of some of the antibiotic’s
bioactivity clearly demonstrates the importance of the length of the N-terminal linear
peptide for bioactivity. The addition of the Lys1Arg2 residues to the truncated saliva-
ricin A2(3-22) peptide restored the antibiotic back to native salivaricin A2 activity levels
(Fig. 4). The positive charge clearly plays a positive role in the activity of the antibiotic.
The addition of a single Lys or Arg resulted in approximately a 50% restoration of
salivaricin A2 activity compared to only a 25% restoration of activity following the
addition of a single Ala residue.

A competition MIC assay was performed to determine if the inactivated analogues
can bind to the same target as the native salivaricin A2. MICs of salivaricin A2 against
M. luteus remained unchanged when salivaricin A2(3-22) was added at 1�, 2�, and 5�

the native salivaricin A2 MIC (i.e., 2 �g/ml). A 5-fold excess of salivaricin A2(3-22) did not
shift the MIC value of the native compound, suggesting that the truncated peptide
does not bind to the same target in a competitive fashion. The carboxyfluorescein
analogue, even though it was shown to not have any inhibitory activity, was also
evaluated using the same MIC of the native compound to determine whether it may
still bind to the target and have an antagonistic effect. The product did not have any
antagonistic activity in the assay. Without any intrinsic inhibitory activity or any

FIG 4 Bioactivity of N-terminal salivaricin A2 analogues. The activity of each analogue is shown as the
ratio of the area of the zone of inhibition of each analogue relative to the area of the zone of inhibition
for native salivaricin A2. A value of 1.0 would indicate the same activity as the native compound. M. luteus
was used as the indicator strain for antimicrobial activity, and experiments were done in duplicate.
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antagonistic activity toward the native salivaricin A2, the analogue presumably does
not interact with the target. Therefore, fluorescence microscopy studies with the
analogue were abandoned.

Salivaricin A2 binds to lipid II with low affinity. To date, no direct evidence for
type AII lantibiotic binding to lipid II has been reported. A thin-layer chromatography
(TLC) affinity assay was performed and confirmed the binding of salivaricin A2 to lipid
II (Fig. 5 and Fig. S10 in the supplemental material). Peptides like mutacin 1140 and
salivaricin A2 do not migrate from where they are spotted on the TLC plate (the origin)
and they do not stain with iodine vapors. Lipid II and vancomycin will migrate from the
origin and are stained with iodine vapors. Salivaricin A2 could not retain lipid II at the
origin when the molar ratio of salivaricin A2 to lipid II was 12:1, but could retain lipid
II at the origin when the molar ratio was increased to 24:1 (Fig. 5 and Fig S10). Mutacin
1140, the positive control, can retain lipid II at molar ratios of 3:1 and 12:1; the latter
gives a more intense stain at the origin. This represents at least an 8-fold difference in
the ability to retain lipid II at the origin. The retention of lipid II at the origin is due to
the formation of a complex with salivaricin A2 or mutacin 1140 that prevents its
migration on the TLC plate. The difference between salivaricin A2 and mutacin 1140 in
their binding affinity to lipid II might partially explain why salivaricin A2 is not as active
as mutacin 1140. The truncated analogue salivaricin A2(3-22) lost the ability to retain
lipid II even at a molar ratio of 24:1. The loss of lipid II binding may explain why the
analogue has no bioactivity and further explain why the analogue does not have any
antagonistic activity against the native compound. Vancomycin, used as a negative
control in this experiment, is known to bind to the D-Ala-D-Ala moiety of lipid II, but is
capable of migrating from the origin (see Fig. S10). As predicted, vancomycin failed to
retain lipid II at the origin.

Further analyses of the interactions between salivaricin A2 and lipid II that prevent
the migration of lipid II on the TLC plate will be required to understand the molecular
interactions between the two compounds. The loss of lipid II binding following the
removal of Lys1Arg2, as well as the loss in bioactivity, is supported by an unexpected
change in the structure of the linear N-terminal peptide region that is observed in the
NMR data. The spectral width of the fingerprint region became narrower in the
truncated salivaricin A2(3-22) analogue, and residues Phe7 and Ala8 at the end of
the linear peptide region and residue Abu9 at the beginning of ring A had dramatic
chemical shift changes. Phe7, Ala8, and Abu9 amide proton frequency shifted by 0.16,
0.80, and 0.24 ppm, respectively (Fig. 6). The dramatic changes in chemical shift values
of these residues following the removal of Lys1Arg2 suggest that the linear peptide
region is structured and that this structure is lost when the terminal amino acids are
removed. Residues Gly3, Thr4, and Gly5 also exhibited dramatic amide proton chemical
shifts, but these residues are structurally in the vicinity of the charged amino acids, and
the absence of Lys1Arg2 may account for those observed changes. However, residues
Phe7, Ala8, and Abu9 would be sufficiently far away in an unstructured peptide such
that the removal of Lys1Arg2 should not have a dramatic effect on the amide proton
chemical shift values. These changes in the NMR spectra support the loss of a defined
structure in the native compound, and the structural change may account for the loss
of salivaricin A2’s bioactivity and lipid II binding.

FIG 5 Origins of the TLC assay. (A) Lane 1: mutacin 1140 and lipid II, 12:1 ratio; lane 2: salivaricin A2 and
lipid II, 12:1 ratio; lane 3: salivaricin A2 and lipid II, 24:1 ratio; lane 4: vancomycin and lipid II, 12:1 ratio;
lane 5: digested salivaricin A2 and lipid II, 24:1 ratio. (B) Lane 1: lipid II; lane 2: mutacin 1140; lane 3:
salivaricin A2; lane 4: vancomycin; lane 5: digested salivaricin A2. Binding of lipid II keeps lipid II at the
origin. Panel B serves as negative controls, showing no staining of the peptides or lipid II at the origin.
Lipid II and mutacin 1140 were used as a positive control for retaining lipid II at the origin, while lipid
II and vancomycin were used as a negative control.
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DISCUSSION

In this study, we identified a novel strain, named HS0302, of Streptococcus salivarius,
which enabled the isolation of salivaricin A2 for bioactivity and structural characteriza-
tion. NMR analyses confirmed the predicted lanthionine ring configurations within the
peptide. The spectrum of activity and the inhibitory activity of salivaricin A2 are
narrower and less potent, respectively, compared to the bioactivity of mutacin 1140.
Salivaricin A2 was shown to bind and prevent the migration of lipid II on a TLC plate,
albeit at a higher molar ratio than that observed for mutacin 1140. A kill kinetics study
revealed that salivaricin A2 is bactericidal against C. accolens ATCC 49725, but its
kinetics of cell death is slow compared to that of mutacin 1140. Salivaricin A2 was
inactivated by trypsin digestion, which yielded the salivaricin A2(3-22) product. Bioac-
tivity could be restored by increasing the length of the N-terminal peptide with
alanines, but full bioactivity was only restored when the positively charged amino acids
Lys1Arg2 were added to restore the native structure.

S. salivarius colonizes mucosal surfaces within the oral cavity. The S. salivarius K12
strain has been the subject of an immense amount of research demonstrating its use
as a probiotic in healthy individuals (22–26). BLIS K12 is now found in a wide array of
probiotic supplements distributed worldwide. Salivaricin A2 is one documented bac-
teriocin produced by this strain that may contribute to its success as a probiotic. The
mass and covalent structure of our isolated salivaricin A2 in this study match the mass
of salivaricin A2 that has been previously reported (16). Although a covalent structure
of salivaricin A2 can be proposed by sequence alignment with other type AII lantibiotics
that have been characterized by NMR, including lacticin 481 (27), mutacin II (13), and
bovicin HJ50 (20), direct evidence is still needed to confirm its PTMs and lanthionine

FIG 6 Overlay of TOCSY fingerprint region (NH correlations). The NH correlations of the wild-type sample
are shown in black, while the NH correlations for salivaricin A2(3-22) are shown in red. The NH correlation
for Trp6 is shown in green, since the residue did not have a significant chemical shift difference between
the two samples. Dramatic chemical shifts are observable for all other residues, in particular for Ala8.
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ring formations. Salivaricin A2 is five amino acids shorter than lacticin 481 and mutacin
II and differs significantly in amino acid composition for its C-terminal rings B and C,
while bovicin HJ50 contains a rare disulfide bond and is 11 residues longer than
salivaricin A2. In this study, NMR studies provided direct observation of the residues
involved in forming rings A and C. In addition, several long-range NOEs, in combination
with data supporting the absence of free cysteine sulfhydryl groups, support the
formation of ring B (Fig. 1). The efficient removal of terminal Lys and Arg residues
enabled a direct comparison between the structures of native and truncated com-
pounds. The amide proton spectral width of the linear N-terminal amino acids was
narrower with the salivaricin A2(3-22) product compared to the native product, and
several amino acids within this region underwent large chemical shift changes. The
data suggest that the N-terminal portion of salivaricin A2 is a structured component of
the lantibiotic, which is in contrast with a report suggesting that the N-terminal linear
peptide is unstructured (20). Our study supports a structural component for the linear
N-terminal peptide region that is crucial for the bioactivity of salivaricin A2.

The spectrum of activity of salivaricin A2 appears to be limited among Gram-positive
bacteria. Salivaricin A2 is active at micromolar concentration against tested M. luteus, C.
accolens, and S. pneumoniae strains, while it did not show any inhibitory activity against
other tested Gram-positive bacterial species. Lipid II-binding antibiotics, i.e., mutacin
1140 (28), nisin (29), and mersacidin (30), normally have good activity against Staphy-
lococcus species. However, salivaricin A2 had no activity against tested S. aureus or S.
epidermidis strains. Possibly, salivaricin A2’s lower affinity to lipid II as determined by
TLC assay, in combination with a possible lower efficiency of navigating the cell
envelope to reach the lipid II target, is the basis for its reduced activity against
Gram-positive bacteria. However, in the kill kinetics assay against a susceptible C.
accolens strain, the rate of cell death at inhibitory concentrations is low compared to
that of the lipid-II-binding antibiotic mutacin 1140. The differences in the rates of killing
as well as the narrower spectrum of activity suggest that salivaricin A2 may have
another mechanism of action, or differences in cell envelope may prevent the antibi-
otic’s access to lipid II. Additional studies will be required to further understand the
differences in activity.

The structure of mersacidin (Fig. 1D) bound to lipid II has been solved in dodecyl
phosphocholine (DPC) micelles by NMR (31). When bound to lipid II, mersacidin alters
its backbone structure through its hinge region between Ala12 and Abu13 and exposes
the amino group of Lys1 and carboxyl group of Glu17 to the lipid II compound,
enabling its interaction. Therefore, it was proposed that the side chain of the Glu
residue within ring C is part of the lipid II-binding motif of mersacidin. Recently, the
lipid II-binding motif has been solved for the two-component lantibiotic lacticin 3147
(32). The C terminus of LtnA1, which has a high homology to mersacidin, was shown
to form a “pyrophosphate cage” with lipid II in a 2:1 ratio. Ring A of type AII lantibiotics
has been suggested to be the lipid II-binding motif based on its sequence similarity
with ring C of mersacidin. The importance of ring A formation of type AII lantibiotics has
been demonstrated for nukacin ISK-1 (18, 33). However, it is not clear from these studies
whether the amino acid substitutions were the basis for the loss of activity or whether
the point mutations interfered with PTMs like the formation of the lanthionine ring A.
Either way, the study did demonstrate the structural importance of ring A for its
bioactivity. The importance of N-terminal positively charged residues of nukacin ISK-1
has also been studied. In one site-saturation mutagenesis study (33), each of the first
three Lys residues was replaced by Gly or Ser, resulting in mutants with activity similar
to that of the wild-type strain, and each of the first two Lys residues can be replaced
by Ala or Leu or Asn residues with similar activity. However, one negatively charged Glu
or Asp residue in these three positions resulted in an inactive mutant. This study
indicates that residues 1 to 3 are individually variable and the loss of one positive
charge is well tolerated, but it is not clear if more than one positively charged residue
can be replaced. Moreover, the overall bioactivity of the mutant strains is also influ-
enced by the productivity of lantibiotic, and thus the bioactivity of purified nukacin
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ISK-1 analogues is not clear. In another nukacin ISK-1 study (34), replacement of
Lys1Lys2Lys3 with Ala1Ala2Ala3 resulted in a 32-fold decrease in activity, which was the
same activity as that of the truncated peptide without the N-terminally charged amino
acids. The positive charged amino acids are crucial for nukacin ISK-1 bioactivity, while
in our study we also show that the positive charged amino acids improve bioactivity.
However, we also show that alanine substitutions can restore bioactivity and that the
positive charged amino acids are not absolutely crucial for salivaricin A2 activity. The
reason for the differences in observations is not clear. Positively charged residues within
the N-terminal linear peptide of bovicin HJ50 were suggested to not be essential for its
bioactivity (20). The function of the N-terminal region of type AII lantibiotics still
remains unclear and is only exacerbated by the variability in length and amino acid
composition of the N-terminal region within type AII lantibiotics. Taken together with
our observation that removal of N-terminal Lys-Arg resulted in dramatic amide chem-
ical shifts in several residues and the loss of lipid II-binding activity, our study shows
that ring A is not the only requirement for lipid II-binding and bioactivity. The length
of the linear peptide may promote the formation of a structured linear peptide. Given
the dramatic changes in chemical values for Phe7Ala8 and Abu9, we believe that the
length and the positive charges within Lys-Arg may further facilitate the interaction
with the negatively charged Asp residues in ring A, but more evidence is needed to
confirm this hypothesis.

In summary, the study furthered our understanding of the bioactivity of salivaricin
A2 and provided a complete characterization of its covalent structure. The study also
provides further evidence that the N-terminal portion of type AII lantibiotics is crucial
for their bioactivity. Salivaricin A2 is capable of binding to lipid II, but given the
antibiotic’s limited spectrum of activity against Gram-positive bacteria and the slow
killing of susceptible bacteria compared to that of another lipid II-binding antibiotic,
mutacin 1140, there is still much to learn about the compound’s inhibitory activity.
Future studies on salivaricin A2 will be done to further evaluate whether lipid II is the
antibiotic’s biological target and to determine the basis for the reduced spectrum of
activity against Gram-positive bacteria. Future studies will be aimed at characterizing
the mechanism of action or possible actions of salivaricin A2.

MATERIALS AND METHODS
Bacterial strains and growth conditions. Streptococcus salivarius HS0302 was isolated as a con-

taminant on a Todd-Hewitt yeast extract (THY) agar plate (containing 30 g/liter Todd-Hewitt broth, 3
g/liter yeast extract, and 15 g/liter agar). The strain was identified to be S. salivarius by 16S rRNA
alignment (see Fig. S11 in the supplemental material). Bacterial strains used in this study are listed in
Table 4. Streptococcus salivarius HS0302, M. luteus ATCC 10240, Bacillus subtilis PY79, Bacillus megaterium
ATCC 14581, Staphylococcus epidermidis ERIN 30713, Enterococcus faecalis ERIN 30062, Staphylococcus
aureus ATCC 25923, S. pneumoniae ATCC 27336, and S. pneumoniae AI6 and AI7 were cultured in THY
(containing 30 g/liter Todd-Hewitt broth and 3 g/liter yeast extract) or on THY agar plates. All Coryne-
bacterium species strains are fatty acid synthase-deficient, and the THY broth or agar was supplemented
with 1% of Tween 80 to promote bacterial growth. S. pneumoniae AI8, AI11, and AI14 were cultured in
THY broth supplemented with 5% human blood, or on blood agar plates. All bacterial strains were grown
at 37°C.

Purification of salivaricin A2 from S. salivarius HS0302. Purification of salivaricin A2 was per-
formed as previously described for mutacin 1140 (38). Briefly, S. salivarius strain HS0302 was grown in a
modified THY soft agar medium containing 30 g/liter Todd Hewitt broth, 3 g/liter yeast extract, 1 g/liter
KH2PO4, 0.1 g/liter K2HPO4, 0.3 g/liter MgSO4, 0.005 g/liter FeSO4, 0.005 g/liter MnSO4, and 0.3% agar. The
medium was stab inoculated with S. salivarius HS0302 and incubated at 37°C for 3 days. Following
incubation, the soft agar culture was frozen at �80°C overnight. The culture was thawed the next day
at 65°C in an oven. The liquified soft agar was centrifuged at 20,000 � g for 30 min at 4°C in 250-ml
centrifuge bottles to remove the agar and cellular debris (Beckman J2-21 centrifuge). The supernatant
was mixed with an equal volume of chloroform and shaken vigorously. The mixture was again centri-
fuged at 20,000 � g at 4°C for 30 min. After centrifugation, the interface between the aqueous and
chloroform layers was collected and allowed to air dry overnight. The dried sample was suspended in 20
ml per liter extraction of 35% acetonitrile (ACN)/water (vol/vol) with 0.1% trifluoroacetic acid (TFA) and
subsequently centrifuged at 20,000 � g for 10 min. The supernatant was collected and passed through
a 0.22-�m filter before loading on a Bio-Rad Duoflow chromatography system with either a semiprep C18

column (Agilent Zorbax, octyldecyl silane [ODS], 5 �m, 10 mm � 250 mm; Agilent Technologies, Santa
Clara, CA) or an analytical column (C18, 5 �m, 4.6 mm � 250 mm) (38). All solvents for HPLC contained
0.1% TFA. The sample was separated through a water/acetonitrile gradient starting from 90% to 70%

Characterization of Lantibiotic Salivaricin A2 Applied and Environmental Microbiology

March 2018 Volume 84 Issue 5 e02528-17 aem.asm.org 11

http://aem.asm.org


water over 30 min and an isocratic flow at 70% water for 7 min, followed by a linear gradient from 70%
to 10% water over 25 min. Salivaricin A2 eluted from the column at �48% water. Each HPLC fraction was
collected and dried. The molecular weight of the collected product was determined by electrospray
ionization mass spectrometry (ESI-MS) on a ThermoFisher DecaXP ion trap mass spectrometer in positive
mode. Briefly, around 1 �g of dried sample was resuspended in 100 �l of 50% ACN/water (vol/vol) and
applied by direct infusion in positive mode.

Determination of the covalent structure of salivaricin A2. CDAP (1-cyano-4-dimethylamino-
pyridinium tetrafluoroborate) and TCEP [Tris (2-carboxyethyl)phosphine] were used to determine free
thiols (39). The reaction was used to determine whether salivaricin A2 has any free thiols from cysteine
residues, as previously described (40). Briefly, CDAP was dissolved in 0.1 N hydrochloric acid. Peptide
(SFNSYTC-OH) was used as a positive control. The reaction mixtures were purified by ZipTip (Pierce C18
tips, product 87782; ThermoFisher Scientific) and confirmed by ESI-MS on a ThermoFisher DecaXP ion
trap mass spectrometer in positive mode.

NMR analysis of salivaricin A2 was performed as described previously (41). Salivaricin A2 was
dissolved in deuterated dimethyl sulfoxide (DMSO-d6) and the NMR data were collected on a Bruker
Advance III-HD spectrometer operating at a proton frequency of 850 MHz, using a triple resonance
CryoProbe (TCI). The 1H resonances were assigned according to standard methods (42) using correlation
spectroscopy (COSY), TOCSY (43), NOESY (44) and 13C-HSQC (heteronuclear single quantum coherence)
spectroscopy (45) experiments. NMR experiments were collected at 25°C. The TOCSY experiment was
acquired with a 60-ms mixing time using the Bruker DIPSI-2 spinlock sequence. The NOESY experiment
was acquired with 400- and 500-ms mixing times. Phase-sensitive indirect detection for NOESY, rotating-
frame nuclear Overhauser effect spectroscopy (ROESY), TOCSY, and COSY experiments was achieved
using the standard Bruker pulse sequences. Peaks were assigned using NMRView software (46).

Bioactivity and kill kinetics. Determination of MIC was performed following a modified version of
the broth microdilution method described in standard M07-A8 by the Clinical and Laboratory Standards
Institute (47). The purified salivaricin A2 was dried and weighed on an analytical balance (Adventurer Pro
AV114C; Ohaus Corporation, USA) and suspended in 35% acetonitrile with 0.1% TFA. The MIC is the
lowest concentration of compound that inhibits the visible growth of the bacteria after 24 h of
incubation at 37°C. The MLC was determined by plating 50 �l of culture medium on THY plates at 2�
and 1� of the determined MIC. The concentration in which no CFU formed after 24 h was determined
to be the MLC. A type AI lantibiotic, mutacin 1140, was used as a comparison. The MICs and MLCs were
determined against M. luteus ATCC 10240, S. aureus ATCC 25923, S. salivarius HS0302, Bacillus subtilis
PY79, Bacillus megaterium ATCC 14581, Staphylococcus epidermidis ERIN 30713, Enterococcus faecalis ERIN
30002, 6 strains of S. pneumoniae, and 7 strains of Corynebacterium spp. Experiments were done in
triplicate.

The bactericidal activity of salivaricin A2 was further elucidated using a time-kill study against C.
accolens ATCC 49725 and compared to that of mutacin 1140. The preparation of inoculum was based on
the CFU counted at 48 h. The bacterium was inoculated onto fresh THY broth containing 1% Tween 80
and allowed to grow to an optical density at 600 nm (OD600) of 0.6. The culture was then diluted to an
OD600 of 0.132, after which a 15-fold dilution was performed. The dilution resulted in a 106 CFU/ml

TABLE 4 Bacterial strains used in this study

Strain Description
Reference and/
or sourcea

S. salivarius HS0302 Producing strain for salivaricin A2 This study
M. luteus ATCC 10240 Indicator strain for overlay assay ATCC
S. aureus ATCC 25923 ATCC
S. mutans JH1140 (ATCC 55676) Producing strain for mutacin 1140 ATCC
S. pneumoniae ATCC 27336 ATCC
S. pneumoniae AI6 MSU
S. pneumoniae AI7 MSU
S. pneumoniae AI8 MSU
S. pneumoniae AI11 MSU
S. pneumoniae AI14 MSU
C. accolens ATCC 49725 ATCC
C. accolens KPL 1818 FI, 35
C. accolens KPL 2060 FI, 35
C. accolens KPL 2061 FI, 35
C. pseudodiphtheriticum KPL 1989 FI, 35
C. striatum KPL 1959 FI, 35
C. accolens KPL 1855 FI, 35
B. subtilis PY79 37
B. megaterium ATCC 14581 ATCC
S. epidermidis ERIN 30713 BCM
E. faecalis ERIN 30002 BCM
aMSU, Department of Pathobiology and Population Medicine at Mississippi State University; FI, Department
of Microbiology at the Forsyth Institute; BCM, Department of Molecular Virology and Microbiology at Baylor
College of Medicine.
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concentration of cells. A 5-ml aliquot of the prepared inoculum was added to 5 ml of the growth
medium, resulting in an initial 5 � 105 CFU/ml cell density. The growth medium was supplemented with
salivaricin A2 or mutacin 1140 to yield a final concentration equivalent to its 0.5�, 1�, or 2� MIC. At the
initial predicted 5 � 105 CFU/ml cell density, the MICs of salivaricin A2 and mutacin 1140 were
determined to be 16 �g/ml and 0.125 �g/ml, respectively. Cultures without antibiotic supplementation
were used as a negative control. The 50-ml tubes containing 10 ml of the culture were placed in a
shaking incubator at 37°C and 200 rpm (Stuart orbital incubator SI500). For each sample, 100 �l of the
culture was removed at time points of 0 h, 0.5 h, 1 h, 2 h, 4 h, 8 h, 18 h, and 24 h. The culture was 10�
serially diluted in fresh medium before being spread onto a THY agar plate supplemented with 1%
Tween 80. The cultures were allowed to grow for 48 h at 37°C before the CFU were calculated. Plates with
around 30 to 300 colonies were counted. CFU/ml for each time point at each drug concentration was
calculated and all experiments were done in triplicate.

Lipid II binding assay. A lipid II binding assay using a thin-layer chromatography (TLC) procedure
was performed as previously described (48). Briefly, the mobile solvent used consisted of butanol-acetic
acid-water-pyridine in a 15:3:12:10 volume ratio. The reaction mixture was made in 10 �l of mobile
solvent consisting of 0.2 mM lipid II and 0.6 mM, 2.4 mM, or 4.8 mM peptide in glass vials. Peptides
included native salivaricin A2 and salivaricin A2(3-22). Mutacin 1140 and vancomycin were used as
positive and negative controls, respectively. Vancomycin binds to lipid II, but also migrates from the
origin on the TLC plate. Additional controls included lipid II and each peptide spotted separately. The
reaction mixture was incubated for 2 h at room temperature before spotting approximately 10 �l on
the TLC plate. The spotted samples were allowed to air dry before the plate was inserted into a chamber
containing the mobile solvent. The mobile solvent was allowed to run until it reached approximately 2
cm from the top of the plate. The plate was removed and air dried before being stained in an iodine
chamber for visualization.

Stability assays. The protease stability of salivaricin A2 was tested as previously described with
minor modifications (49). Briefly, for the trypsin treatment, a 2� stock solution of sodium phosphate
buffer (0.134 M, pH 7.6) and a 10� trypsin stock solution (5.19 mg of trypsin in 1 ml of 1 mM HCl solution)
were used. For the pepsin treatment, a 2� stock solution of 20 mM HCl and a 10� pepsin stock solution
(0.8 mg of pepsin in 1 ml double-distilled water [ddH2O]) were used. Each reaction mixture consisted of
200 �l 10� protease stock solution, 1 ml 2� stock solution, 780 �l ddH2O, and 20 �l DMSO. Then, 100
�l of the reaction mixture was aliquoted into each 1.8-ml centrifuge tube (catalog no. 89000-028; VWR).
Using a prepared 10-�g/�l stock solution of salivaricin A2 in 35% acetonitrile, 64 �g of salivaricin A2 was
added to each tube and incubated for 4 h (pepsin) or 0.5 h (trypsin) at 37°C. After the specified incubation
period, a 5 � 105 CFU/ml cell density inoculum of C. accolens ATCC 49725 was made as described above,
and 900 �l of the inoculum was added to each of the tubes to give a final volume of 1 ml. The final
sample concentration of salivaricin A2 was 4� MIC. All tubes were incubated at 37°C for 4 h, and viable
cells were determined by a serial dilution as described above. The following controls were used: 100 �l
of reaction mixture containing the protease inhibitor phenylmethylsulfonyl fluoride (PMSF), 100 �l
reaction mixture, 100 �l reaction mixture without protease, 100 �l THY broth with 64 �g salivaricin A2,
and 100 �l of THY broth. All experiments were done in duplicate.

Temperature stability experiments were performed as previously described (49) with some modifi-
cations. First, 12.8 �g of salivaricin A2 was dried in 1.8-ml centrifuge tubes before being suspended in
10 �l of 0.1 M sodium phosphate buffer at pH 7.0. The samples were incubated at room temperature,
50°C, 60°C, 70°C, and 80°C for 1 h. MIC assays were done against C. accolens ATCC 49725 in duplicate, as
previously described, to determine whether the antibiotic was stable at the tested temperatures.

Synthesis and characterization of the N-terminal analogues of salivaricin A2. The first two amino
acids at the N terminus of salivaricin A2 were cleaved after 30 min of treatment with trypsin, and
salivaricin A2(3-22) was purified using the purification method described above by HPLC on an analytical
column (Agilent Zorbax, OFD, C18, 5 �m, 2.1 mm x 250 mm). The sample was separated through a
linear water/ACN gradient from 90% to 20% water over 30 min. 1-Ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) was used as a carboxyl-activating agent for the coupling of primary amines to yield
amide bonds as previously reported (9, 36) with some minor modifications. The EDC coupling reaction
mixture consisted of 100 �l dimethylformamide (DMF), 100 nmol salivaricin A2(3-22), 500 nmol com-
pound with one free carboxyl group, 500 nmol EDC, and 500 nmol HOAt (1-hydroxy-7-azabenzotriazole).
Compounds included Boc-Ala-OH, Fmoc-Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Arg-OH, Fmoc-Lys-OH,
Boc-Ala-Ala-OH, and Fmoc-Ala-Ala-OH. All compounds were obtained from Sigma, except for Fmoc-Ala-
Ala-OH, which was obtained from Peptides & Elephants (Germany). The reaction mixtures were incubated
overnight at room temperature, except for Boc-Ala-OH, which was incubated for only 4 h. The Fmoc
group was removed by adding piperidine to a final concentration of 20% (vol/vol) and incubating for 30
min. The Boc group was readily removed by adding 35% acetonitrile/water (vol/vol) with 0.1% TFA. The
Pbf group was removed by adding excess 10% TFA/water (vol/vol) and incubating at room temperature
for 2 h. To restore the native structure of salivaricin A2, Fmoc-Arg(Pbf)-OH was coupled to salivaricin
A2(3-22), followed by Fmoc deprotection and ice-cold ether precipitation. The precipitated peptide was
dried on a SpeedVac (catalog no. 7810010; Labconco) and was used for the second coupling reaction
with Fmoc-Lys(Boc)-OH. Twice the reaction volume of ice-cold ether was added to each of the reaction
samples, and the samples were stored on ice for 2 h before centrifuging at 20,000 � g (Eppendorf
centrifuge 5424) for 10 min. The pellet from each sample was brought up to a final volume of 1 ml of
35% ACN with 0.1% TFA and run on a C18 RP-HPLC analytical column with a modified gradient as
described above. HPLC fractions were collected between 50 to 30% water and were analyzed by ESI-MS
as described above. Each fraction with desired mass was rerun on the HPLC column. The amount of each
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sample was quantified by comparing the peak area of each sample to the peak area of a standard
amount of salivaricin A2.

An antagonism assay was used to determine the bioactivity of N-terminal analogues of salivaricin A2
as previously described with minor modifications (38). Briefly, the indicator strain M. luteus was inocu-
lated onto 5 ml of THY, grown to an OD600 of 0.6, and diluted to an OD600 of 0.2. Subsequently, 400 �l
of bacterial culture was added to every 10 ml of molten THY top agar (0.75% agar) that was below 55°C,
which was poured over the surface of each THY agar plate. After solidification, 10 �g, 5 �g, and 2.5 �g
of native salivaricin A2 and salivaricin A2 analogues were spotted onto the plate. Once the spots were
dry, the plates were inverted and incubated overnight at 37°C. The area of zone of inhibition of 10 �g
of each analogue against M. luteus in overlay assay was measured and compared with 10 �g of native
salivaricin A2. All of the antagonism bioassay experiments were done in duplicate.
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