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Streptococcus mutans strain GS-5 produces a two-peptide lantibiotic, Smb, which displays inhibitory activity against a broad
spectrum of bacteria, including other streptococci. For inhibition, lantibiotics must recognize specific receptor molecules pres-
ent on the sensitive bacterial cells. However, so far no such receptor proteins have been identified for any lantibiotics. In this
study, using a powerful transposon mutagenesis approach, we have identified in Streptococcus pyogenes a gene that exhibits a
receptor-like function for Smb. The protein encoded by that gene, which we named LsrS, is a membrane protein belonging to the
CAAX protease family. We also found that nisin, a monopeptide lantibiotic, requires LsrS for its optimum inhibitory activity.
However, we found that LsrS is not required for inhibition by haloduracin and galolacticin, both of which are two-peptide lan-
tibiotics closely related to Smb. LsrS appears to be a well-conserved protein that is present in many streptococci, including S.
mutans. Inactivation of SMU.662, an LsrS homolog, in S. mutans strains UA159 and V403 rendered the cells refractory to Smb-
mediated killing. Furthermore, overexpression of LsrS in S. mutans created cells more susceptible to Smb. Although LsrS and its
homolog contain the CAAX protease domain, we demonstrate that inactivation of the putative active sites on the LsrS protein
has no effect on its receptor-like function. This is the first report describing a highly conserved membrane protein that displays a
receptor-like function for lantibiotics.

Lantibiotics are a group of ribosomally synthesized small pep-
tides containing bactericidal or bacteriostatic activity. These

peptides are posttranslationally modified at multiple residues (1–
4). In general, the lantibiotic synthesis operon encodes various
enzymes that dehydrate most of the serine and threonine residues
to dehydroalanine (Dha) and dehydrobutyrine (Dhb), respec-
tively. When cysteine residues are present in the vicinity, Dha and
Dhb can form thioether-linked lanthionine and 3-methyllanthio-
nine bridges, respectively. Occasionally, Dha, Dhb, and other
modified residues can be present as unlinked residues (for re-
views, see references 2 and 5 to 8). On the basis of the biochemical
activities of the modifying enzymes, lantibiotics are grouped into
three classes (2). Lantibiotics that belong to class I include nisin,
streptin, and Pep5 and are modified by two enzymes, LanB and
LanC (8, 9). Class II lantibiotics are generally globular peptides,
with the prototype class II lantibiotics, mersacidin and cinnamy-
cin, which are modified by a single enzyme, often being referred to
as LanM-type enzymes. Class II lantibiotics also include two-com-
ponent lantibiotics (such as lacticin 3147, plantaracin W, and
haloduracin), and their antimicrobial activity requires the syner-
gistic interaction of both peptides (10–12). Class III lantibiotics,
such as SapT and SapB, constitute an emerging group of lantibi-
otics that mainly have morphogenetic functions and display very
limited antibacterial activities (8, 13–15).

On the basis of their modes of action, lantibiotics can also be
classified into several categories. Lantibiotics such as Pep5 directly
target the bacterial membrane to form pores, with pore formation
leading to the release of ions and molecules from the sensitive
bacteria, eventually leading to cell death (16). Other lantibiotics,
such as mersacidin and nukacin ISK-1, bind to lipid II and thereby
inhibit peptidoglycan biosynthesis in the target bacteria, a mech-
anism similar to that of vancomycin, which also binds to lipid II
(1, 17). Lantibiotics belonging to the next category function by a
complex double mode-of-action mechanism where they inhibit
cell wall biosynthesis by binding to lipid II molecules as well as

forming pores in bacterial membranes. Both functions can often
be combined into a single polypeptide, as in nisin and epidermin
(18, 19). However, a combination of two functionally specialized
peptides, known as two-peptide lantibiotics, is required for the
activity. Two-peptide lantibiotics contain a globular �-peptide
with homology to mersacidin that binds to lipid II and an elon-
gated �-peptide that forms a complex with the �-peptide-bound
lipid II complex. Subsequently, the �-peptide forms a pore by
inserting inside the bacterial membrane (20, 21).

The lactic acid bacteria, such as enterococci, lactococci, and
streptococci, secrete a wide range of lantibiotics with variable
spectra of inhibition (4, 6, 22–25). Among the lantibiotics, nisin,
which is secreted by lactococci, is one of the most well studied and
widely used lantibiotics (22, 23). Nisin has a broad inhibitory
spectrum and can inhibit several Gram-positive bacteria, includ-
ing Staphylococcus aureus, Listeria monocytogenes, and a variety of
streptococci and enterococci (26, 27). Furthermore, nisin can in-
hibit Bacillus spore outgrowth and germination (28). Among the
two-peptide lantibiotics, lacticin 3147, which is also secreted by
some strains of lactococci, inhibits many Gram-positive bacteria,
including L. monocytogenes, S. aureus, and Clostridium difficile, in
addition to streptococci, enterococci, and mycobacteria (29, 30).

Streptococcus mutans, an oral lactic acid bacterium and a major
causative agent of dental caries in humans, secretes several types of
lantibiotics, commonly known as mutacins (31–38). Most of these
lantibiotics, such as mutacins I, II, and III (mutacin 1140), are
monopeptide and presumably function as nisin or mersacidin.
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The only two-peptide lantibiotic so far identified in S. mutans is
Smb produced by GS-5 and some other strains (36, 39). Although
the mutacin lantibiotics are widely present in S. mutans (38, 40),
surprisingly, the first sequenced reference strain, strain UA159,
does not encode any lantibiotic; it encodes only nonlantibiotics
(41). It appears that S. mutans has acquired many mutacin-encod-
ing genes by a horizontal gene transfer mechanism. For example,
the strains that produce mutacin II contain the mut operon, which
is inserted after the alanyl-tRNA synthetase (ats, SMU.650) in the
corresponding UA159 genome (38). Likewise, the smb locus,
which contains the genes necessary for Smb biosynthesis, appears
to be integrated between SMU.1942 and the syl locus.

The frequency of the presence of the smb locus among various
S. mutans clinical isolates has not been systematically studied.
However, we recently showed that as many as 50% of the S. mu-
tans isolates in our laboratory collection have genes encoding the
smb locus (42). Although very little is known about the structure
or the mode of action of Smb, primary sequences suggest that Smb
is similar to lacticin 3147 and haloduracin (42). Smb also has a
broad inhibitory spectrum. It can inhibit the growth of strepto-
cocci belonging to all six phylogenetic groups as well as lactococci
and enterococci (42, 43). However, it appears that Smb may not
inhibit Staphylococcus epidermidis or Bacillus subtilis (42, 43).

One of the streptococci that Smb very efficiently inhibits is the
human pathogen Streptococcus pyogenes, also known as group A
streptococcus (GAS). GAS causes a wide variety of diseases, in-
cluding relatively mild and self-limiting infections of the throat
and skin as well as life-threatening invasive diseases like septice-
mia, myositis, necrotizing fasciitis, and streptococcal toxic shock
syndrome (for recent reviews, see references 44 and 45). Earlier
observations suggested that S. pyogenes and other sensitive bacte-
ria express cell surface molecules that can act as receptors (46, 47).
These molecules are different from the surface polymers, such as
group and type antigens (48). A study by Perry and Slade (47)
suggests that a partially purified fraction of sonicated extracts of S.
pyogenes can inhibit the lantibiotic activity produced by strain
GS-5, presumably because a receptor-like molecule sequesters one
or both of the peptides. In this study, we attempted to identify in S.
pyogenes receptor molecules for Smb by using a transposon mu-
tagenesis approach. We identified a previously uncharacterized
membrane protein that exhibits a receptor-like function for Smb.

MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains used in this study
are described in Table 1. Luria-Bertani (LB) medium was used for cultur-
ing Escherichia coli strain XL1-Blue, and when necessary, 100 �g/ml
ampicillin or 100 �g/ml kanamycin was added to the medium. S. mutans
and other streptococci were normally grown at 37°C in Todd-Hewitt me-
dium (BBL, Becton, Dickinson) supplemented with 0.2% yeast extract
(THY medium) under microaerophilic conditions. When necessary, 5
�g/ml erythromycin or 500 �g/ml kanamycin was included in the THY
medium. All the streptococcal strains except S. pyogenes were transformed
by means of natural transformation following a standard protocol with
the addition of competence-stimulating peptides (49). For S. pyogenes,
electrotransformation was carried out as previously described (50).

Antibiotic sensitivity assay. Disk diffusion assays were performed to
evaluate the antibiotic susceptibilities of different S. pyogenes and S. mu-
tans strains as described previously (51). Briefly, antibiotic disks (diame-
ter, 6 mm; Becton, Dickinson) were placed on THY agar plates that were
overlaid with 10 ml of THY soft agar containing 400 �l of freshly grown
cultures. The plates were incubated overnight at 37°C under microaero-

philic condition, and the zones of inhibition (ZOIs) were measured. For
some chemicals, such as nisin and tunicamycin, stock solutions were pre-
pared at the strengths indicated below and 20 �l was spotted directly or on
an empty disk (diameter, 6 mm). See Table 3 for the antibiotics used in the
present study.

Bacteriocin assay for ZOI determination. GS-5 and its mutant deriv-
atives were stabbed on THY agar plates and incubated under microaero-
philic condition at 37°C overnight (52). After 16 to 20 h, the plates were
overlaid with freshly grown indicator strain cultures mixed with soft agar.
When the indicator strains contained plasmids, appropriate antibiotics
were also included in the soft agar. The overlaid plates were again incu-
bated overnight under the same conditions described above. The diameter
of the clearing zone was measured afterwards. Assays were repeated at
least twice with a minimum of two replicates.

Isolation of receptor mutants. The procedure described by Maguin et
al. (53) was used to generate insertion mutants of GAS. Briefly, strain JRS4
was electroporated with pGhost9::ISS1 and transformants were selected
on THY agar containing erythromycin at 30°C. An overnight culture was
made from a single colony transformed at 30°C with erythromycin. Cul-
tures were diluted 100-fold in the same medium without antibiotics,
grown for 2 h at 30°C, and then shifted to 37°C for 2.5 h to select for
transposition events. This culture was then stored at �80°C with 20%
glycerol and used as the transposon library. Strain GS-5 was stabbed on
THY agar plates (about four to six stabs per plate) and incubated over-
night under microaerophilic condition at 37°C (52). The stabbed plates
were overlaid with the 100 �l of a library that was freshly revived in 500 �l
THY medium. Colonies that appeared inside the zone of inhibition were
inoculated in THY broth containing erythromycin at 37°C. The location
of the inserted ISS1 element was identified by one of two methods. A
template generated by self-ligation of HindIII-digested chromosomal
DNA was subjected to inverse PCR by using primers ISS1Rout1 and
ISS1Fout1. The PCR product was sequenced with primer ISS1Rout2 to
identify the flanking sequences. The insertion sequences were identified
by comparison to the serotype M1 (strain SF370) and serotype M6 (strain
MGAS10394) genome sequences.

TABLE 1 Strains and plasmids used in this study

Strain or
plasmid Description

Reference
or source

Strains
S. mutans

UA159 Wild type, serotype c 41
IBSA99 UA159 derivative, �SMU.662 Emr This study
V403 Wild type, serotype c 75
IBSA98 V403 derivative, �SMU.662 Emr This study
GS-5 Wild type, serotype c, Smb producer 39
IBSA76 GS-5 �smbAB Emr, Smb nonproducer 42

GAS
JRS4 Wild type, M6 serotype 76
IBSA66 JRS4::ISS1 clone 1, insertion site not mapped, Emr This study
IBSA67 JRS4::ISS1 clone 4, insertion at codon position 8, Emr This study
IBSA68 JRS4::ISS1 clone 13, insertion at codon position 148, Emr This study
IBSA70 Plasmid-cured IBSA68, Ems This study

Plasmids
pGEM-T Easy Commercial TA cloning vector, Apr Promega
pIB184-Km E. coli-streptococcal shuttle plasmid, Kmr 77
pNM480 E. coli vector for lacZ fusion, Apr 55
pIBM01 pGEM-T Easy containing ermB gene, Apr Emr 42
pIBA35 pIB184-Km containing SPy1384, Kmr This study
pIBA39 pNM480 with lacZ fused to SPy1384 at codon 75

(M75), Apr
This study

pIBA40 pGEM-T Easy containing SPy1384, Apr This study
pIBA41 pNM480 with lacZ fused to SPy1384 at codon 149

(V149), Apr
This study

pIBA42 pGEM-T Easy with the H178A mutation in SPy1384, Apr This study
pIBA43 pGEM-T Easy with the EE145/146AA mutations in

SPy1384, Apr
This study

pIBA44 pIB184-Km with the EE145/146AA mutations in
SPy1384, Kmr

This study

pIBA45 pIB184-Km with the H178A mutation in SPy1384, Kmr This study

Receptor for Lantibiotic Smb

April 2014 Volume 196 Number 8 jb.asm.org 1579

http://jb.asm.org


Curing of integrated pGhost9:ISS1. S. pyogenes cells carrying chro-
mosomally inserted pGhost9:ISS1 were subjected to multiple growth cy-
cles in liquid THY medium at permissive and nonpermissive tempera-
tures in the absence of antibiotic to induce plasmid DNA excision. For
each growth cycle, a saturated culture grown at 37°C was diluted 1,000-
fold in fresh THY medium, followed by incubation at 30°C for 16 h. After
16 h, the cells were diluted and plated on THY agar. Colonies were then
replica patched onto THY agar with or without erythromycin to deter-
mine the efficiency of plasmid excision and to isolate a pGhost9:ISS1-
cured strain. Erythromycin-sensitive colonies were confirmed to have lost
the plasmid sequence by PCR with primers homologous to the flanking
regions.

Construction of SMU.662 deletion mutant. SMU.662 was deleted by
fusion PCR as previously described (51). Briefly, �0.5-kb upstream (up)
and downstream (dn) flanking regions were separately amplified with the
primer sets FSN662upF/FSN662upR and FSN662dnF/FSN662dnR using
S. mutans UA159 chromosomal DNA as the template (Table 2). An eryth-
romycin-resistant (Emr) cassette was amplified from pIBM01 with the
primers NcoI-Kan-D7-F and PstI-Kan-D7-R, and overlapping fusion
PCR was carried out with equal amounts of each PCR product with the
primers FSN662upF and FSN662dnR. The amplified products were puri-
fied and transformed into S. mutans UA159 and V403 to generate strains
IBSA99 and IBSA98, respectively. A gene replacement event on the chro-
mosomal DNA isolated from strains IBSA98 and IBSA99 was confirmed
by PCR.

Construction of plasmids for complementation. A PCR fragment
containing the entire SPy1384-coding region plus a 36-bp upstream se-
quence (containing the ribosome binding site) was amplified from GAS
strain JRS4 genomic DNA by using the primers NewCBam-1384F and
NewCXho-1384R, which introduced a unique BamHI site at the 5= end
and a unique XhoI site at the 3= end, respectively. The resulting �0.7-kb
fragment was digested with BamHI plus XhoI and ligated into BamHI-
XhoI-digested pIB184-Km (54), a kanamycin-resistant (Kmr) shuttle
plasmid that replicates in streptococci and contains the P23 promoter
from lactococcal phage (pOri23), to create pIBA35. This plasmid and the
pIB184-Km vector were introduced into various streptococci.

Site-directed mutagenesis of SPy1384. For site-directed mutagenesis
of the putative CAAX protease domain, the coding region of SPy1384 was
amplified by using the primers NewCBam-1384F and NewCXho-1384R
and JRS4 genomic DNA as the template and inserted into the pGEM-T
Easy vector by TA cloning, to generate pIBA40. Site-directed mutagenesis
was performed using high-fidelity Pfu polymerase (QuikChange; Agilent
Technologies) with mutagenic primers that encode either the EE145 and
146AA mutations or the H178M mutation with an additional recognition
site for BbvI (to facilitate screening by restriction digestion) to create

intermediate plasmids pIBA43 and pIBA42, respectively. The mutations
were confirmed by sequencing. SPy1384 was then amplified from pIBA42
and pIBA43 with primers NewCBam-1384F and NewCXho-1384R, di-
gested with BamHI plus XhoI, and ligated into BamHI-XhoI-digested
pIB184-Km, to create pIBA45 and pIBA44, respectively. Sequencing of
the entire coding region reconfirmed the mutations in these constructs.
Plasmids pIBA44 and pIBA45 were transformed into S. pyogenes by elec-
troporation and into S. mutans by natural transformation, as described
above.

Construction of plasmids for topology studies. Two fusion con-
structs were created with the help of an upstream primer (pJRSF) and a
gene-specific primer that annealed within the coding region of SPy1384.
Since the immediate upstream region of Spy1384 does not contain a pro-
moter, we used pIBA35, in which SPy1384 is transcribed from the P23
promoter, as the template. The PCR products were purified and digested
with HindIII and cloned into SmaI-HindIII-digested pNM480 reporter
plasmid (55). The fusion junction in the constructs was confirmed by
DNA sequencing. LacZ activity was assessed on an LB agar plate by hy-
drolysis of X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside).

RESULTS
Identification of a receptor gene in S. pyogenes. A previous study
indicated that S. pyogenes might encode some cell surface proteins
that function as a receptor for the lantibiotic Smb (47). We wanted
to identify the genes that encode those putative receptor mole-
cules. Toward this end, we used the insertion sequence ISS1 be-
cause it randomly inserts into the genome of Gram-positive bac-
teria, including various streptococci, and because it rarely inserts
itself into the same cell more than once (53, 56–59). We intro-
duced this transposon into JRS4, an M6 serotype strain, on
pGhost9::ISS1, a plasmid whose replication is temperature sensi-
tive (60). An Emr transformant containing pGhost9::ISS1 was
grown overnight at 30°C, and Emr colonies containing the trans-
poson were isolated at 37°C. We reasoned that inactivation of a
receptor molecule on GAS would produce a strain that would be
recalcitrant to Smb-mediated inhibition. We plated a transposon
library on THY agar plates that had previously been stabbed with
S. mutans strain GS-5, which produces the lantibiotic Smb. While
most of the stabbed GS-5 produced clear zones of inhibition
(ZOIs) with diameters of 24 � 1 mm, each of three stabbed cul-
tures produced ZOIs with a single colony that grew inside the halo.
Using an inverse PCR method, as described in Materials and
Methods, we attempted to identify the ISS1 insertion sites in these

TABLE 2 Oligonucleotides used in this study

Name Sequence (5= to 3=) Purpose

NewCBam-1384F AGTGGATCCAGACAATTTTACCGTTAGCCTAAAAGG SPy1384 complementation
NewCXho-1384R GTTCTCGAGCCGAAGCTTTTTATTATATGACTCC SPy1384 complementation
FSN662upF CAATTTTACTTTGTTTTGTTTTTCTGCCAAGAAG SMU.662 deletion
FSN662upR CGGCCGCCATGGCGGCCGGGAGCAAGTGATAATAAAATCAGTCCAATAAC SMU.662 deletion
FSN662dnF CGCGGCCGCCTGCAGGTCGACCTACGGCGCTTTATTTCTTATTTATAGC SMU.662 deletion
FSN662dnR GGACATTGACAAAATGACTGGACTCTGACAAGACCTTGCC SMU.662 deletion
NcoI-Kan-D7-F CTCCCGGCCGCCATGGCGGCCGC ermB amplification
PstI-Kan-D7-R GGTCGACCTGCAGGCGGCCGCG ermB amplification
EE145AABbv1F GCTTTTATCGCTCCTATTATGGCAGCACTAGTCTTTAGAGGATTTCCTATG EE146/146AA mutation
EE145AABbv1R CATAGGAAATCCTCTAAAGACTAGTGCTGCCATAATAGGAGCGATAAAAGC EE146/146AA mutation
H178ABbv1F CTTGTTTTTGCTTTACCAGCAGCCACCAATAGTGTTGAA H178A mutation
H178ABbv1R TTCAACACTATTGGTGGCTGCTGGTAAAGCAAAAACAAG H178A mutation
pJRSF TAAGGCTATTGGTGTTTATGGC LacZ fusion (upstream)
M74LZHindR CCTAAGCTTCCATTTTTTGCTGTTTAATAAAAGTGTCTTGCTTAGC LacZ fusion (downstream)
V148LzHindR CCTAAGCTTCGACTAGTTCTTCCATAATAGGAGCGATAAAAGCTAT LacZ fusion (downstream)
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survivor mutants that grew inside the halo. Two of the insertion
sites were located within the SPy1384 gene (GAS M1 serotype
strain SF370 is the reference strain), while the insertion site could
not be determined for the third mutant.

SPy1384 encodes a polypeptide of 231 residues; the ISS1 inser-
tions occurred in this gene at codon positions 8 and 148 (Fig. 1A).
We renamed this gene lsrS, for lantibiotic Smb receptor-like func-
tion in streptococci. It appears that lsrS is the last gene of a three-
gene operon. SPy1386, which encodes a putative transcriptional
regulator protein (71 amino acids) with a helix-turn-helix (HTH)
XRE family-like motif, and SPy1385, which encodes a hypotheti-
cal protein with a DUF3169 domain, are the two other genes in the
operon. Just upstream of the operon is the alaS gene, which en-
codes alanyl-tRNA synthetase. An intergenic region of 259 bp lies
between the alaS and SPy1386 loci. Analysis by BPROM (Soft-
berry) software indicated the presence of a �35 box (TTGTCA)
and a �10 box (TACAAT) within a position 250 bp upstream of
the ATG start codon of SPy1386 (Fig. 1A).

To confirm that lsrS indeed plays a role in Smb-mediated in-
hibition, we selected a mutant strain (IBSA68) in which ISS1 was
inserted at the 148th codon. We generated a clean mutant deriv-
ative strain (IBSA70) by curing the integrated pGhost9::ISS1 plas-
mid from strain IBSA68 to create IBSA70. We also cloned the lsrS
gene in plasmid pIB184-Km under the control of a heterologous
promoter (P23) for complementation purposes. Both the vector
plasmid (pIB184-Km) and the complementing plasmid (pIBA35)

were introduced into IBSA70. The vector plasmid was also intro-
duced into JRS4 for uniformity. These strains were then tested
against GS-5 for sensitivity. As shown in Fig. 1B, IBSA70 carrying
only the vector plasmid produced a ZOI with a diameter of 18 � 1
mm, whereas JRS4 with the vector plasmid produced a ZOI with a
diameter of 24 � 1 mm, which was an approximately 40% reduc-
tion in the total area of inhibition (Fig. 1B). When we comple-
mented IBSA70 with plasmid pIBA35 carrying lsrS, the ZOI be-
came 25 � 1 mm in diameter, suggesting that the observed
reduction in ZOI is indeed due to the inactivation of lsrS.

LsrS plays a role in nisin and tunicamycin sensitivity. Smb is
a two-component lantibiotic, and like other lantibiotics, it is ex-
pected to interact with lipid II molecules. Because LsrS is involved
in the optimum function of Smb to inhibit S. pyogenes, we wanted
to test whether LsrS is also involved in inhibition by other two-
component lantibiotics. For this purpose, we selected halodura-
cin, a well-characterized lantibiotic that targets lipid II, and galo-
lacticin, which is produced by Streptococcus gallolyticus BAA2069
and which has sequence similarity to Smb (42). As shown in Fig. 2,
the sensitivities of both the JRS4 and IBSA70 strains to the purified
haloduracin and galolacticin were similar. This result suggests that
LsrS is specific to Smb and does not recognize other two-compo-
nent lantibiotics.

Nisin is a one-component lantibiotic that functions similarly
to two-component lantibiotics; i.e., it binds to lipid II and inhibits
cell wall biosynthesis as well as forms pores in the membrane.

FIG 1 Isolation of a receptor protein for the Smb lantibiotic in S. pyogenes. (A)
Genetic organization of the receptor locus (SPy1384). SPy1384 is the last gene
of a three-gene operon. The first gene, SPy1386, encodes a putative transcrip-
tion factor of the HTH XRE superfamily. The second gene, SPy1385, encodes
a hypothetical membrane protein with the DUF3169 motif. The sites of the
ISS1 insertions and their relative positions are shown. Bent arrow, putative
promoter sequence. (B). Deferred antagonism assay for receptor activity. Bac-
terial cultures were stabbed on THY agar plate and incubated overnight at
37°C under microaerophilic conditions. The plates were then overlaid with
soft agar containing the indicator strains. The ZOIs of the indicator strains
were measured after overnight incubation. The observation is based on four
separate experiments, and a representative area of interest is shown. The ZOI
values for Smb-mediated inhibition are as follows: JRS4/pIB184-Km, 24 � 1
mm; IBSA70/pIB184-Km, 18 � 1 mm; and IBSA70/pIBA35, 25 � 1 mm. Bars,
5 mm.

FIG 2 Sensitivity of the lsrS mutant to various antimicrobial agents. THY agar
plates containing the indicator strains were either preseeded with a galolacticin
(Gal)-producing strain (BAA2069) or spotted directly on the overlaid plates
and incubated overnight at 37°C under microaerophilic conditions. Experi-
ments were repeated at least three times, and representative areas of interest are
shown. Both strains also contained the vector pIB184-Km. For actual values,
refer to Table 3. Bars, 5 mm.
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Therefore, we tested whether LsrS could display a receptor-like
function for nisin. We observed that IBAS70 produced a ZOI with
a diameter of 14 � 1 mm, while wild-type strain JRS4 produced a
ZOI with a diameter of 18 � 1 mm, a net reduction in total area of

about 40%. This indicates that, in addition to Smb, LsrS plays an
important role, either directly or indirectly, for nisin recognition.

Since both Smb and nisin bind to lipid II and since LsrS is a
putative membrane protein, we wanted to know whether inacti-
vation of LsrS renders the cell sensitive to antibiotics that target
cell wall biosynthesis. We tested antibiotics specific for lipid II
synthesis, such as fosfomycin (which inhibits MurA), D-cycloser-
ine (which inhibits D-Ala ligase), tunicamycin (which inhibits
MraY), bacitracin (which blocks lipid carrier recycling), vanco-
mycin (which blocks transglycosylation), and penicillin (which
blocks transpeptidation). We also included polymyxin B and
colistin, both of which target cell membranes. We found that
among these antibiotics, only tunicamycin produced a 40%
smaller halo in IBSA70 than JRS4 (Fig. 2). All other antibiotics
produced similar halos in both strains (Table 3; data not shown).

LsrS homologs are present in other streptococci and func-
tion as Smb receptors. Bioinformatics analysis suggests that LsrS
belongs to COG1266, a highly conversed family predicted to en-
code a zinc-dependent CAAX prenyl metalloprotease domain.
Furthermore, the C-terminal region of LsrS contains a domain
called Abi (abortive infection; Pfam02517), which is a subfamily
of CAAX proteases. A BLAST-P search showed that LsrS is present
in all the sequenced S. pyogenes genomes. Furthermore, the search
also fetched numerous streptococci, including many oral strepto-
cocci, with E values lower than �50. Surprisingly, it appears that
all the sequenced S. mutans strains also encode an LsrS homolog
protein with an E value of �61. The homolog in S. mutans UA159
is SMU.662, which showed 41% identity and 66% similarity with
the LsrS sequence (Fig. 3A).

To study whether SMU.662 could function as a receptor pro-
tein, we selected two S. mutans strains (UA159 and V403) that are
sensitive to Smb (42). The entire SMU.662-coding region was
replaced in these strains with an erythromycin resistance gene by

TABLE 3 Zones of inhibition by bacteriocins and antibiotics

Compound or strain

ZOI (mm) for the following indicator
strains:

JRS4/pIB184-Km IBSA70/pIB184-Km

Lantibiotics
Smba 24 � 1 18 � 1
Haloduracin 15 � 1 15 � 1
Galolacticin 15 � 1 16 � 1
Nisina 18 � 1 14 � 1

Cell wall antibioticsb

Amdinocillin (AMD10) 18 � 1 20 � 1
Bacitracin (B10) 27 � 2 27 � 2
Colistin (CL10) 9 � 1 9 � 1
Cycloserine (100 mg/ml) 35 � 2 37 � 2
Fosfomycin (F300) 24 � 2 24 � 2
Penicillin (P2) 29 � 1 30 � 1
Polymyxin B (PB300) 12 � 1 13 � 1
Tunicamycin (5 mg/ml)a 19 � 1 13 � 1
Vancomycin (V5) 17 � 1 17 � 1

Strains producing bacteriocin
UA159 18 � 1 17 � 1
UA159::�nlmAB 15 � 1 15 � 1
UA159::�nlmC 16 � 1 16 � 1
UA159::�nlmABC 14 � 1 13 � 1

a ZOIs shown differ substantially from the wild-type value.
b The strengths of the antibiotics are shown in parentheses.

FIG 3 Deletion of the lsrS homolog in S. mutans makes the strains resistant to Smb-mediated inhibition. (A). Multiple-sequence alignment of LsrS and its
homolog from various streptococci. Sequences were aligned by use of the ClustalW program, and the degree of relatedness is displayed with the BoxShade
program, where black and gray indicate identical and similar residues, respectively. Sequences were obtained from GenBank (accession numbers are in
parentheses). The strains were S. pyogenes (GAS; NP_269484), S. mutans (SMU; NP_721090), Streptococcus gordonii (SGO; YP_001449790), S. sanguinis (SSA;
YP_001034746), and S. gallolyticus (SGG; YP_004287423). The four conserved putative metalloprotease motifs along with the active-site residues (asterisks) are
also indicated. (B). Deferred antagonism assay using two S. mutans isolates and their mutant derivatives. Assays were carried out with the GS-5 and �smbAB
strains as tester strains, as described in the legend to Fig. 1, and repeated at least four times. Bars, 5 mm.
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fusion PCR, and these strains were tested for Smb-mediated inhi-
bition. As shown in Fig. 3B, inactivation of SMU.662 nearly abol-
ished the sensitivity toward the Smb lantibiotic in both strains.
This finding suggests that SMU.662 indeed encodes a receptor-
like function for Smb.

We also tested whether SMU.662 can be effective against halo-
duracin, galolacticin, and nisin. However, we found no difference
between the wild-type strains and the strains in which SMU.662
was inactivated (data not shown). Thus, at least in S. mutans,
SMU.662 is very specific and recognizes only Smb. Furthermore,
we also observed that strains with the SMU.662 deletion were as
susceptible to tunicamycin as their isogenic wild-type strains.
Therefore, it seems that although SMU.662 recognizes Smb for
lantibiotic activity, the LsrS protein in S. pyogenes might have ad-
ditional functions that are absent in SMU.662.

Overexpression of LsrS in a heterologous host increases sen-
sitivity. It appears that Smb produced smaller ZOIs in S. mutans
strains than in S. pyogenes strains. We speculated that SMU.662
might not function as efficiently as LsrS; therefore, we decided to
overexpress LsrS in UA159. When we used UA159 containing
pIBA35, we observed that the ZOI was increased about 2.5 times
compared to that for UA159 containing the vector plasmid (Fig.
4). To rule out the possibility that the observed effect is not a
strain-specific phenomenon, we also used strain V403 and ob-
served the increased ZOI when LsrS was overexpressed. Taken
together, these results suggest that LsrS can efficiently function in
a heterologous host and overexpression can lead to increased sen-
sitivity.

Since LsrS-deficient S. pyogenes strains showed decreased sen-
sitivity toward nisin and tunicamycin, we wanted to test whether
overexpression of LsrS in S. mutans made the strain more sensitive
to these compounds. We found that LsrS, when expressed in S.
mutans, did not affect the sensitivity toward these reagents. This
result indicates that in S. pyogenes, additional proteins which are
absent in S. mutans are necessary for the observed LsrS functions.

Protease activity is not required for the receptor-like func-
tion. In eukaryotes, Abi domain-containing proteins are known
to be involved in protein prenylation (61). These membrane pro-
teases belong to the zinc metalloprotease family and cleave within

CAAX of the substrate (A denotes an aliphatic residue, whereas X
denotes one of several allowed residues that dictate the specificity
of prenyltransferases). The Abi domain itself encodes four trans-
membrane helices (THs) with the conserved active-site residues.
The catalytic glutamic acids in motif 1 and the histidines in motifs
2 and 4 are predicted to coordinate zinc ions (Fig. 3A). We used
the TMpred and TopPred2 algorithms to determine the mem-
brane topology of LsrS, and as shown in Fig. 5A, LsrS appears to
contain six THs. We verified the orientations of TH3 and TH4
with the help of LacZ translational fusions at positions M74 and
V148. E. coli XL1-Blue containing these translational fusions gen-
erated blue colonies on agar plates containing X-Gal, suggesting
that the predicted TH orientations correlate with the experimen-
tally verified ones.

We then tested whether the protease-like mechanism of LsrS is
necessary for the receptor function. For this, we replaced the con-
served glutamic acids at positions 145 and 146 and the histidine
residue at position 178 described to be critical for metalloprotease
activity with alanine residues (resulting in EE145/146AA muta-
tions in pIBA44 and the H178A mutation in pIBA45). As shown in
Fig. 5B, neither of the mutations in the conserved active-site resi-
dues of LsrS had an effect on receptor activity in S. pyogenes or in
S. mutans. Thus, the putative protease activity of LsrS is not nec-
essary to exhibit receptor-like functions.

DISCUSSION

One of the noteworthy features of bacteriocins, specifically, lan-
tibiotics, is that the peptides are highly potent and active in the
nanomolar range. On the other hand, antimicrobial peptides pro-
duced by humans and animals (such as defensins and LL-37) are
active in the micromolar range, a difference in concentration of
1,000-fold from that for bacteriocins (20, 62). It is assumed that
the primary reason for this extreme potency is that bacteriocins
recognize specific receptors on the target cells, while antimicrobial
peptides of eukaryotic origin interact nonspecifically with their
targets. This assumption was first validated by the identification of
the mannose-phosphotransferase system (Man-PTS) as a receptor
for some nonlantibiotics (class II) belonging to pediocin-like bac-
teriocins of subclass IIa (63) and also for some non-pediocin-like
linear bacteriocins of subclass IId, such as lactococcins A and B
(64). Subsequently, another sugar transporter, a maltose-ABC
transporter, was also found to be required in target cells for sen-
sitivity to garvicin ML, a circular bacteriocin belonging to subclass
IIc (65). Furthermore, very recently, Uzelac et al. (66) identified a
membrane-bound Zn-dependent metalloprotease in Lactococcus
lactis that seems to act as a receptor for yet another nonlantibiotic,
LsbB, produced by some strains of L. lactis. So far, no receptor
molecules have been identified for lantibiotic peptides, including
nisin, one of the most extensively studied lantibiotics. In the pres-
ent study, we report the discovery of a new protein, LsrS, em-
ployed by Smb to target sensitive strains.

The locus that encodes lsrS is organized in a three-gene operon
and has been found to be present in all S. pyogenes strains se-
quenced. A BLAST-P search with the LsrS sequence as a query
against the S. pyogenes genomes did not return the sequence of any
other protein, suggesting that LsrS does not have any paralogs.
The inactivation of lsrS generated about 40% reductions in ZOIs
but did not completely abolish the sensitivity to Smb. This indi-
cates that in S. pyogenes, LsrS may not be the only protein with a
receptor-like function. Since no other LsrS paralogs are present in

FIG 4 Overexpression of LsrS in S. mutans causes increased inhibition. De-
ferred antagonism assays were carried out with the GS-5 and �smbAB strains
as the tester strains and were performed as described in the legend to Fig. 1.
These plates are representative of those from three independent assays. Bars, 5
mm.
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S. pyogenes, we speculate that Smb utilizes as receptors other mol-
ecules unrelated to LsrS to inhibit this organism. Along this line, it
is noteworthy that Perry and Slade (47) first isolated from S. pyo-
genes strain E14 (a sensitive strain) an inhibitory factor with a
molecular mass of 93 kDa that neutralizes bacteriocins produced
by GS-5. Soon after, Franker (46) isolated another factor of 74 kDa
from S. pyogenes strain MJP-2 (which is also sensitive to GS-5) that
also demonstrates inhibitory activity against GS-5. The exact iden-
tities of both factors are not known, and we speculate that these
factors might act as a receptor for Smb.

We observed that LsrS has a receptor-like activity for Smb and
not for other closely related two-peptide lantibiotics, such as
haloduracin and galolacticin (Fig. 2). This was surprising to us,
since the immunity protein SmbFT can recognize all three lantibi-
otics. While haloduracin and galolacticin are structurally similar
to Smb, several differences in their sequences also exist. We spec-
ulate that some critical residues that are present in either one or
both of the components of Smb might be important for peptide-
receptor interactions and those critical residues are absent in ha-
loduracin and galolacticin. Since these two lantibiotics inhibit S.

pyogenes very efficiently, they might utilize other cell surface mol-
ecules as receptors.

In contrast, we found that LsrS facilitates nisin activity. This
was also surprising to us, since nisin, which is a monopeptide
lantibiotic, has very little sequence or structural similarity with
Smb. Furthermore, the mechanism of inhibition by nisin and two-
peptide lantibiotics is different. In the case of two-peptide lantibi-
otics, the �-peptide component interacts with lipid II, most likely
in a manner that involves the mersacidin-like binding motif, and
forms a complex. The �-peptide then binds to the �-peptide/lipid
II complex and adopts a transmembrane conformation to form a
defined pore. Although LsrS displays a receptor-like activity for
both nisin and Smb, the molecular mechanism might be very dif-
ferent. It is possible that an accessory protein acts as the primary
receptor for nisin and the function of LsrS is to enhance or stabi-
lize the interaction. We speculate this because, when we overex-
pressed LsrS in S. mutans, it did not enhance the nisin-mediated
inhibition and enhanced only the Smb-mediated inhibition
(Fig. 4; data not shown). Since in S. pyogenes the LsrS-encoding
gene is genetically linked to SPy1385, it is possible that SPy1385

FIG 5 Putative protease activity is not required for LsrS activity. (A) Proposed transmembrane topology of LsrS. The hydrophobicity plots predicted from the
TopPred2, TMpred, and TMHMM algorithms are similar. The predicted six putative transmembrane � helices are indicated. The positions (residues) for LacZ
fusions are shown. The residues with a dark background are putative active sites for CAAX protease activity. (B and C) Site-directed mutations in the conserved
active-site motifs do not affect LsrS receptor function in S. pyogenes (B) or S. mutans (C). Deferred antagonism assays were repeated at least three times, and
representative areas of the plates are shown.
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might be involved in nisin recognition. SPy1385 is a hypothetical
protein that is present in all the sequenced S. pyogenes strains that
encode LsrS. In fact, the entire operon is very highly conserved in
S. pyogenes strains and other pyogenic streptococci. When we per-
formed a BLAST-P search, we did not find any Spy1385 homolog
in S. mutans, strengthening our hypothesis. Furthermore,
SPy1385 contains six transmembrane helices (data not shown),
and thus, it also appears to be a membrane protein. We also found
that the pyogenic group of streptococci is more sensitive to nisin
than the mutans group (data not shown). Thus, we believe that for
the pyogenic group of streptococci, both LsrS and SPy1385 play an
important role for nisin-mediated inhibition.

In addition to forming a pore in the membrane, both nisin and
Smb interfere with cell wall biosynthesis. Therefore, we tested the
susceptibility of LsrS-deficient strains to various antibiotics that
target enzymatic steps leading to lipid II biosynthesis and path-
ways leading to cell wall formation after lipid II biosynthesis. To
our surprise, except for tunicamycin, we did not find any signifi-
cant differences in sensitivity to any other antibiotics, including
vancomycin, which also binds to lipid II (unpublished data).
Thus, we speculate that LsrS has no negative effect on overall cell
wall synthesis. However, we found that LsrS-deficient S. pyogenes
strains were significantly resistant to the action of tunicamycin.
The chemical composition of tunicamycin is complex, and it con-
tains uracil, N-acetylglycosamine, an 11-carbon aminodialdose
called tunicamine, and a fatty acid linked to the amino group.
Tunicamycin inhibits the enzymatic activity of MraY, the phos-
pho-MurNAc-pentapeptide translocase that catalyzes the synthe-
sis of lipid I in the conserved pathway for peptidoglycan biosyn-
thesis. Since MraY is also a transmembrane protein, it is possible
that LsrS, either alone or in combination with other proteins, in-
terferes with MraY activity in S. pyogenes. Hence, in the absence of
LsrS, the enzymatic activity of MraY is enhanced. Alternatively,
LsrS itself acts as a receptor for tunicamycin. We believe that the
latter possibility is unlikely because when we overexpressed LsrS
in S. mutans, we did not observe any change in tunicamycin sen-
sitivity (data not shown).

In S. pyogenes, LsrS is encoded by a three-gene operon (Fig. 1).
Our bioinformatics searches found that the entire operon is pres-
ent in all strains of S. pyogenes that have been sequenced. We also
found that this operon is present in some of isolates of Streptococ-
cus anginosus, Streptococcus constellatus, Streptococcus dysgalactiae,
Streptococcus pneumoniae, and Streptococcus suis. Since these
streptococci are pathogenic, we speculate that in addition to a
receptor-like function for Smb, the genes within this operon
might play a role in virulence. Additional experiments are re-
quired to determine the true role of the genes in this operon.

While the operon that encodes LsrS is present in a few strepto-
cocci, a BLAST-P search with the LsrS sequence as the query
yielded several additional streptococci with an E value of �35 or
less. The streptococci that we found were S. gallolyticus, Strepto-
coccus intermedius, S. mutans, and Streptococcus sanguinis. Apart
from streptococci, the only other organism that we found was
Carnobacterium sp. strain 17-4, a lactic acid bacterium often asso-
ciated with seafood and dairy products. However, LsrS showed the
highest degree of homology (E value, �60) to SMU.662 and its
counterpart encoded by various S. mutans strains. This was sur-
prising to us, since Smb is also secreted by S. mutans. We showed
that SMU.662 alone could function as a receptor for Smb and
deletion of SMU.662 makes the strains insensitive to Smb. Two

recent large-scale genome sequencing studies have indicated that
SMU.662 is a part of the core genome (67, 68). Furthermore, the
upstream region (SMU.651 to SMU.658) and the downstream
region (SMU.681 to SMU.687) appeared to be genomic islands
and are present in some but not all S. mutans strains (69). Whether
the primary function for SMU.662 is to act as a receptor for lan-
tibiotics or whether it plays a role in other biological processes
remains to be evaluated.

LsrS is a member of a highly conversed protein family with a
putative CAAX prenyl protease domain. This family, which was
recently renamed CPBP (CAAX protease and bacteriocin-pro-
cessing enzymes), encompasses more than 5,000 proteins (70).
Members of the CPBP family are involved in diverse biological
functions. For example, Kjos et al. have shown that SkkI functions
as a bacteriocin immunity protein for sakacin secreted by Lacto-
bacillus plantarum (71). These authors have also shown that pro-
tease activity is necessary for the immunity function. In S. pneu-
moniae, PcnO is both necessary for the production of bacteriocin
Pnc and involved in immunity against Pnc (72). The exact mech-
anism by which PncO regulates bacteriocin production or medi-
ates immunity is currently unknown. CPBP proteins have also
been shown to be involved in the expression of surface proteins
containing the YSIRK signal peptide, as in the case of Staphylococ-
cus aureus Spd proteins (73). Recently, Firon and colleagues have
shown that in S. agalactiae, a CPBP protein, Abx, forms a signaling
complex with the histidine kinase CovS and regulates expression
of virulence factors (74). The number of CPBP-family proteins
varies greatly depending on the organism. For example, while S.
pyogenes encodes only 2 or 3 CPBP-family proteins (depending on
the isolates), some streptococci, such as S. sanguinis, contain as
many as 21 CAAX-family proteins, and the roles of most of these
proteins remain largely unknown. In this study, we added another
role for a CPBP family protein to the growing list of functions.
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