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MetR (formerly Smu.1225), a regulator of the LysR family, controls key genes for methionine supply in Strepto-
coccus mutans. An S. mutans metR mutant is unable to transport L-methionine and to grow in the absence of this
amino acid. Accordingly, MetR activates transcription by binding to the promoter regions of two gene clusters and
smu.1487, whose products are involved in methionine biosynthesis (MetEF and Smu.1487) and uptake (AtmBDE).
Transcriptional activation by MetR requires the presence of a 17-bp palindromic sequence, the Met box. Base
substitutions in the Met box hinder the formation of a MetR-DNA complex and abolish MetR-dependent activation,
showing that Met boxes correspond to MetR recognition sites. Activation by MetR occurs in methionine-depleted
medium and is rapidly triggered under nonactivating conditions by the addition of homocysteine. This intermediate
of methionine biosynthesis increases the affinity of MetR for DNA in vitro and appears to be the MetR coeffector
in vivo. Homocysteine plays a crucial role in methionine metabolic gene regulation by controlling MetR activity. A
similar mechanism of homocysteine- and MetR-dependent control of methionine biosynthetic genes operates in S.
thermophilus. These data suggest a common mechanism for the regulation of the methionine supply in streptococci.
However, some streptococcal species are unable to synthesize the homocysteine coeffector. This intriguing feature is
discussed in the light of comparative genomics and streptococcal ecology.

The sulfur-containing amino acid methionine is of major
importance in the cellular metabolism of all living organisms.
Methionine is the universal initiator of protein synthesis, and
its derivative S-adenosylmethionine (SAM) and autoinducer-2
(AI-2) (see Fig. 1) are involved in a variety of cellular pro-
cesses. SAM serves as the major biological methyl donor in
methylation reactions, which are essential for the biosynthesis
of phospholipids, proteins, DNA, and RNA (11), and the sig-
naling molecule AI-2 is involved in interspecies communica-
tion and gene regulation in both gram-negative and gram-
positive bacteria (7, 21, 46). Methionine availability is limiting
for the growth of several lactic acid bacteria (4) and group B
streptococci (39), and methionine biosynthetic genes are es-
sential for the virulence of Brucella melitensis (28), Haemophi-
lus parasuis (22), and Salmonella enterica (9).

Methionine can be either supplied from the environment by
the cell or synthesized de novo (see Fig. 1). Two methionine
transport systems in microorganisms have been described pre-
viously: an ABC transporter that belongs to the methionine
uptake transporter (MUT) family (23, 33, 48) and BcaP of the
permease transporter family (8). Methionine can be produced
directly by the methylation of homocysteine by a methionine
synthase (MetE) in conjunction with a methylenetetrahydro-

folate reductase (MetF) (see Fig. 1) (16, 27). Homocysteine
can be synthesized from (i) cysteine by the transsulfuration
pathway (MetA, MetB, and MetC), (ii) sulfide by the sulfhy-
drylation pathway (MetA and CysD), and (iii) methionine by
the SAM recycling pathway (MetK, Pfs, and LuxS). Both the
transsulfuration and sulfhydrylation pathways start with
O-acylhomoserine, synthesized by the acylation of homoserine
by homoserine acyltransferase (MetA). In the transsulfuration
pathway, homocysteine is formed from O-acylhomoserine and
cysteine in two steps, with the intermediary formation of cys-
tathionine. This process requires the sequential action of a
cystathionine �-synthase (MetB) and a cystathionine �-lyase
(MetC). In the sulfhydrylation pathway, homocysteine is di-
rectly synthesized from O-acylhomoserine and sulfide by O-
acylhomoserine sulfhydrylase (CysD). Finally, in the SAM re-
cycling pathway, methionine serves as a substrate for the
synthesis of homocysteine, after its activation by ATP to form
SAM. The utilization of SAM as a methyl donor results in the
formation of S-adenosylhomocysteine, which is degraded into
AI-2 and homocysteine by the successive action of an S-adeno-
sylhomocysteine nucleosidase (Pfs) and an S-ribosylhomocys-
teinase (LuxS) (see Fig. 1).

While methionine biosynthetic enzymes and metabolic path-
ways are well conserved among bacteria, the regulation of
methionine metabolism often involves very different mecha-
nisms. Two transcriptional regulators, MetJ and MetR, regu-
late the expression of methionine biosynthetic genes in Esch-
erichia coli and Salmonella enterica serovar Typhimurium (16,
45). The E. coli met genes (except for metH) are negatively
regulated by the MetJ repressor, with SAM serving as a core-
pressor (37). Several of these genes are also under the positive
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control of MetR, a LysR-type transcriptional regulator
(LTTR), with homocysteine as a coeffector (3, 5, 30, 43, 44). In
Bacillus subtilis, the met genes are controlled by a mechanism
of premature termination of transcription at the conserved
S-box motif (1, 17). Here, SAM binds directly to the 5� un-
translated part of the mRNA at the S-box motif to modulate
the expression of the downstream genes (31, 32). In the food
bacterium Lactococcus lactis, a unique regulator, FhuR
(CmbR), controls most of the genes of the cysteine and me-
thionine biosynthesis pathways, including those involved in the
interconversion and transport of these amino acids (41). The
LTTR FhuR directly activates the expression of these genes
with the first intermediate of cysteine synthesis, O-acetylserine
(OAS), as a coeffector (10, 41). Very little is known about the
regulation of methionine metabolism in other streptococci. In
group B streptococci, the LTTR MtaR regulates the synthesis
of an uncharacterized methionine transporter (39). However,
neither the signal nor the MtaR-binding site has been charac-
terized. It is noteworthy that MtaR shows only weak similarity
to FhuR (31% identity) and that no FhuR-binding sites are
found in the streptococcal genomes (15, 41). The control of
methionine metabolism in other streptococci may be different
from the characterized control system in L. lactis.

These considerations prompted us to study the possible role
of MetR (formerly Smu.1225), an MtaR-like protein (81%
identical to MtaR), in the control of methionine metabolism in
Streptococcus mutans, the primary etiological agent of human
dental caries. We showed that MetR activated the expression
of several genes whose products are involved in methionine
synthesis (MetEF and Smu.1487) and uptake (AtmBDE) by
binding directly to their promoter regions. Both MetR binding
and MetR-dependent transcriptional activation required the
presence of a 17-bp palindromic sequence, the Met box. We
also showed that homocysteine, an intermediate of methionine
biosynthesis, triggered the MetR-dependent expression of
smu.1487 and the metEF and atmBCDE clusters in vivo and
increased the affinity of the regulator for its target sequences in
vitro. Finally, we demonstrated that the characterized MetR-
dependent regulation of methionine metabolism in S. mutans
was operative in S. thermophilus and, therefore, may widely
apply to streptococci.

MATERIALS AND METHODS

Bacterial strains, plasmids, culture media, and growth conditions. The bac-
terial strains used in this study are listed in Table 1. E. coli TG1 was used for
plasmid propagation. E. coli was grown in Luria-Bertani medium at 37°C (29). S.
mutans strains were grown at 37°C in M17 glucose medium or in chemically
defined medium (42) containing glucose (20 g/liter) as the carbon source and all
amino acids except methionine and cysteine (CDM). The CDM was supple-
mented with 1 mM sulfide (Na2S; Sigma), 1 mM sulfite (Na2SO3; Merck), 0.5
mM disulfite (Na2S2O5; Merck), 1 mM sulfate (Na2SO4; Merck), 0.5 mM thio-
sulfate (Na2S2O3; Merck), 0.67 mM D-methionine (Sigma), or 0.7 mM seleno-
L-methionine (Sigma) when indicated. The CDM was supplemented with 0.67
mM L-methionine (Merck; CDM�M), 1.65 mM L-cysteine (Sigma; CDM�C), or
L-cysteine and L-methionine (CDM�CM) as noted. The effect of OAS (Sigma),
thiosulfate, N-acetylserine (Sigma), sulfide, or DL-homocysteine (Sigma) on tran-
scription was tested by the addition of 4 mM concentrations of these compounds
to exponentially growing cells (optical density at 600 nm [OD600] of 0.2) in
CDM�CM. When required, 5-bromo-4-chloro-3-indolyl-�-D-galactoside (0.04
g/liter), isopropyl-1-�-D-thiogalactopyranoside (IPTG; 0.04 g/liter), ampicillin
(100 �g/ml for E. coli), erythromycin (8 �g/ml for S. mutans and 100 �g/ml for
E. coli), and tetracycline (3 �g/ml for S. mutans) were added to the culture
medium.

DNA manipulation procedures. DNA manipulations and E. coli transforma-
tion were performed as described previously (41). All enzymes for DNA tech-
nology were used according to the manufacturers’ specifications. The transfor-
mation of S. mutans by natural competence was performed as described by
Murchison et al. (34). Primers used in this work were synthesized by Sigma-
Genosys (Table 2). DNA sequencing of both strands was performed by using a
fluorescence sequencing procedure.

Gene deletion in S. mutans. The chromosomal atmB, atmBCDE, cysD, metC,
metE, metR (smu.1225), and smu.1487 genes in the S. mutans UA159 strain were
deleted as follows. Two DNA fragments of about 750 bp corresponding to the
upstream and the downstream regions of each gene were amplified by PCR using
specific primers (Table 2). For each gene, a second PCR amplification was
carried out using these two PCR fragments and an antibiotic (erythromycin or
tetracycline) resistance cassette as a template to synthesize a fragment carrying
the antibiotic resistance cassette flanked by the upstream and downstream chro-
mosomal regions of the gene. This PCR fragment was used to transform S.
mutans strain UA159. The antibiotic resistance cassette was integrated at the
corresponding locus by a double-crossover event leading to the deletion of
the targeted gene. The mutants obtained are listed in Table 1. Regions flanking
the deletions were verified by sequencing to ensure the absence of PCR-induced
mutations.

L-Methionine uptake and substrate specificity of the AtmBDE transporter. S.
mutans cells were grown at 37°C to mid-exponential growth phase (OD600 of 0.4)
in 2 ml of CDM�C for the wild type and 2 ml of CDM�CM for the metR
mutant. Cells were harvested, washed twice with CDM containing 100 �g of
chloramphenicol/ml, and resuspended in 2 ml of CDM containing chloramphen-
icol. L-[14C]methionine (68 Ci/mol; MP Biomedicals) was added to a concentra-
tion of 1.5 �M, and cells were incubated at 30°C for uptake experiments. Samples
(200 �l) were withdrawn at intervals and filtered through 0.45-�m-pore-size
Durapore membranes (catalog no. HVLP02500; Millipore). Filters were washed
with 3 ml of CDM and dried, and the radioactivity was measured by scintillation
counting. The effect of the addition of unlabeled amino acids or sulfur com-
pounds at a concentration of 15 �M to the reaction mixture containing 1.5 �M
L-[14C]methionine was determined. A 5-min transport kinetics analysis was per-
formed to ensure the linearity of the curves. The inhibition of L-methionine
uptake at 2 min was determined.

Construction of lux transcriptional fusions and determination of Lux activity
in S. mutans. The luxAB reporter genes were placed under the control of the
metE promoter region. The metE-lux fusions were integrated at the metE locus
of S. mutans as described previously (19). Briefly, chromosomal DNA from S.
mutans UA159 was used as a template to amplify DNA fragments containing the
wild-type or mutant metE promoter variants. PCR fragments were cloned into
the pGEM-T easy vector, sequenced, and introduced into the streptococcal
integration vector pJIM4900 upstream of the luxAB genes (Table 1). The result-
ing plasmids were integrated by a single-crossover event at the metE locus in the
S. mutans UA159 chromosome. Strains carrying a single copy of the integrated
plasmids were identified by PCR with specific primers. The resulting strains
(Table 1) contained a PmetE-lux transcriptional fusion as well as an intact copy
of metE. Luciferase assays were carried out with a Lumat LB9501 apparatus
(Berthold Technologies, Bad Wildbad, Germany) (19).

RNA isolation, transcriptional start site mapping, and real-time QRT-PCR.
Total RNA was isolated as described by Sperandio et al. (41). Residual chro-
mosomal DNA was removed by treating total RNA preparations with RNase-
free DNase I according to the protocol of the manufacturer (Roche). The RNA
concentration was determined by absorbance at 260 nm, and the quality of RNA
preparations was checked as described previously (20). The transcriptional start
sites of the atmB, cysD, metA, metE, smu.1387c, smu.1486c, smu.1487, and urk
genes were determined by using a kit for the 5�-3� rapid amplification of cDNA
ends (Roche). Real-time quantitative reverse transcription-PCR (QRT-PCR)
was carried out using first-strand cDNA as the template. The primers used are
listed in Table 2. The synthesis of cDNA and quantitative PCR were carried out
as described previously (41). For each gene, QRT-PCR experiments were per-
formed in triplicate. Results were normalized by using the gene coding for the
translational elongation factor Tu (smu.714).

Purification of histidine-tagged MetR protein and gel retardation assay. The
metR gene carrying a histidine (His8) tag coding sequence at its 3� end was
generated from the S. mutans UA159 chromosome by PCR with specific primers
(Table 2). The purified PCR product was digested with NdeI and NsiI and ligated
into the corresponding sites in vector pTYB1 (New England Biolabs), resulting
in pJIM5793. E. coli ER2566 carrying plasmid pJIM5793 was grown in Luria-
Bertani medium at 30°C (Table 1). IPTG (0.5 mM) was added when the OD600

of the culture reached 0.3 to induce the expression of the fusion protein. The
culture was further incubated overnight at 16°C. All subsequent steps were
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carried out at 4°C. Cells were harvested, resuspended in buffer A (25 mM Tris
HCl [pH 7.5], 0.5 M NaCl, and 20 mM imidiazole), lysed by sonication, and
centrifuged at 20,000 � g for 1 h. The cleared bacterial lysate was loaded onto a
2-ml resin column (nickel-nitrilotriacetic acid agarose; QIAGEN) and exten-
sively washed with buffer A. Purified MetR-His8 was eluted using 200 mM
imidiazole and dialysed against 1 liter of buffer (50 mM Tris � HCl [pH 8], 0.2 M
NaCl, 1 mM dithiothreitol, and 50% glycerol). The purified MetR-His8 sample
was analyzed by Coomassie blue staining of a sodium dodecyl sulfate-polyacryl-
amide gel, and its concentration was determined by the method of Bradford
(Bio-Rad).

DNA probes of approximately 300 bp corresponding to the promoter regions
of atmB, cysD, cysK, metA, metE, metR, and smu.1487 were generated by PCR
using specific primers (Table 2) and labeled at their 5� ends with [�-32P]ATP by
using T4 polynucleotide kinase (New England Biolabs). Unincorporated nucle-
otides were removed with a PCR purification kit (QIAGEN). Protein-DNA

complexes were formed by incubating the 32P-labeled DNA substrates (0.1 nM)
with different amounts of MetR-His8 in 10 �l of binding buffer (50 mM Tris [pH
8], 100 mM NaCl, 0.5 mM EDTA, 2 mM MgSO4, 1 mM dithiothreitol, 20%
glycerol) in the presence of 0.1-g/liter concentrations of poly(dI-dC)-poly(dI-dC)
(GE Healthcare) and bovine serum albumin. Reaction mixtures were incubated
at room temperature for 10 min, and samples were run at 4°C in Tris-borate-
EDTA (1�) on a 6% polyacrylamide gel. Radioactive bands were detected and
quantified using storage PhosphorImager screens and ImageQuant software
(Molecular Dynamics).

RESULTS

Methionine metabolism in S. mutans. S. mutans methionine
metabolic genes were identified by the analysis of the potential

TABLE 1. Bacterial strains and plasmids

Strain or plasmid Relevant characteristics Reference or source

Strains
E. coli

TG1 supE �thi(lac-proAB) hsdD5 (F� traD36 proAB lacIqZ�M15) 14
ER2566 F� 	� fhuA2 
lon� ompT (lacZ::T7 gene 1) gal sulA11 �(mcrC-mrr)114::IS10

R(mcr-73::mini-Tn10–Tets)2 R(zgb-210::Tn10–Tets) endA1 
dcm�
New England Biolabs

JIM9042 ER2566 containing pJIM5793 for MetR-His8 purification; Apr This work
JIM8859 TG1 containing pGEM-T easy; Apr This work

S. thermophilus
CNRZ1066 Wild-type strain isolated from yogurt manufactured in France INRA
JIM8315 CNRZ1066 �metR Emr S. Petrya

S. mutans
UA159 S. mutans wild-type strain (ATCC 700610) ATCC
JIM8860 UA159 �metR Emr This work
JIM8861 UA159 �metR Tetr This work
JIM8862 UA159 �atmB Emr This work
JIM8863 UA159 �atmBCDE Emr This work
JIM8864 UA159 �cysD Emr This work
JIM8865 UA159 �metE Emr This work
JIM8866 UA159 �smu.1487 Emr This work
JIM8881 UA159 �metC Emr This work
JIM8885 UA159 �metC �cysD Emr Tetr This work
JIM8867 UA159 containing pJIM5778 integrated at the PmetE locus; Emr This work
JIM8868 UA159 containing pJIM5779 integrated at the PmetE locus; Emr This work
JIM8869 UA159 containing pJIM5780 integrated at the PmetE locus; Emr This work
JIM8870 UA159 containing pJIM5781 integrated at the PmetE locus; Emr This work
JIM8871 UA159 containing pJIM5782 integrated at the PmetE locus; Emr This work
JIM8872 UA159 containing pJIM5783 integrated at the PmetE locus; Emr This work
JIM8873 JIM8861 containing pJIM5778 integrated at the PmetE locus; Emr Tetr This work

Plasmids
pGEM-T easy Apr M13ori pBR322ori; linear T overhangs vector Promega
PTYB1 Apr; expression vector used in IMPACT-CN protein purification system New England Biolabs
pJIM4900 Emr ori� �repA; integrative promoter probe vector containing luxAB genes S. Petrya

pJIM5793 937-bp fragment carrying fusion of metR and the His8 coding sequence cloned into NdeI-NsiI
sites of pTYB1

This work

pJIM5778 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE on a 908-bp
fragment

This work

pJIM5779 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE with the box 1
deletion on a 908-bp fragment

This work

pJIM5780 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE with the box 2
deletion on a 908-bp fragment

This work

pJIM5781 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE with the box 1 and
2 deletions on a 908-bp fragment

This work

pJIM5782 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE with the box 1 and
2 and P2 deletions on a 710-bp fragment

This work

pJIM5783 PmetE-lux-SpeI site fusion of pJIM4900 and pGEM-T easy containing PmetE with the P2 deletion
on a 797-bp fragment

This work

a Unpublished data.
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sulfur amino acid biosynthetic pathways in this bacterium
based on the genome sequence of strain UA159 (Fig. 1). Cys-
teine appears to be synthesized from serine with sulfide or
thiosulfate by the sequential action of CysE and CysK. Homo-

cysteine, which may be produced from cysteine (by MetA,
MetB, and MetC), sulfide (by MetA and CysD), or methionine
(by MetK, Pfs, and LuxS), may be converted into methionine
by MetEF and possibly by a putative homocysteine S-methyl-

TABLE 2. Primers used in this study

Primer function or
corresponding gene Sequencea (5�–3�) Primer function or

corresponding gene Sequencea (5�–3�)

Primers for gene deletion Primers for promoter
amplificationatmB up CAGTTATACTAAAGAGCGTGCC

metE GTCAACATTCCAATGGCAGCTATCCCAACCAACCAACCAACCGCTAAAGCCAATCCTAAAAGACC
GTCATTTCGTCCTCCTCTTAGCCatmB down CTGTTGAAGCAGATTCTTCAGCTCC

metE with box 1 GTCAACATTCCAATGGCAGCTATCCCTTCCTTCCTTCCTTCCCTGCCAAAGGCGTTGATGAACCTG
deletion AGTATTTGTTACAGTTTTCATCTCTAAatmBCDE up CAGTTATACTAAAGAGCGTGCC

GTCATTTCGTCCTCCTCTTAGCCCCAACCAACCAACCAACCGCTAAAGCCAATCCTAAAAGACC
TTAGAGATGAAAACTGTAACAAATACTatmBCDE down CCTGTCCGACACGATTAACAGC

metE with box 2 GTCAACATTCCAATGGCAGCTATCCCTTCCTTCCTTCCTTCCCGCTAACTCGAAAAGTAAGTCATCG
deletion GTATATGTACAGTTTTAAGCTCTATATGcysD up GGAATCACGCGAGCGGAACAAATGC

GTCATTTCGTCCTCCTCTTAGCCCCAACCAACCAACCAACCCTCCATTCTACTCCATTATTCGGT
CATATAGAGCTTAAAACTGTACATATACcysD down GCGATGGCTCTAACAGGAGAACCTG

metE with box 1 and 2 GTCAACATTCCAATGGCAGCTATCCCTTCCTTCCTTCCTTCCCGAAGATTTGCGCCTAGCACTTGA
deletions GTACAGTTTTAAGCTCTATATGTAGTATmetE up GTCAACATTCCAATGGCAGCTATC

TTGTTACAGTTTTCATCTCTAACCAACCAACCAACCAACCGTCATTTCGTCCTCCTCTTAGCC
GTCATTTCGTCCTCCTCTTAGCCmetE down CATTACCAAGTTACTAAAAGCTTCC
TTAGAGATGAAAACTGTAACAAATACTACCTTCCTTCCTTCCTTCCGCTGCAACTAAGGAAGTTCGTC
CATATAGAGCTTAAAACTGTACmetR up CTTCCAAAATCACCGCATCTTTGTTGGC

metE with box 1 and 2 GAACCTGAAATGTTTTTGAATACAAGCCAACCAACCAACCAACCACGCATGCCTTTATTTTAGCACA
and P2 deletions GTCAACATTCCAATGGCAGCTATCmetR down GCTTAATGTTGATTTTCTCTTTCAGAAC

metE with P2 deletion GTTTCAAGGGTTTTTGTGTTTTTATGCCTTCCTTCCTTCCTTCCTAGTATGCAAAAAGGCGACAGC
GTCAACATTCCAATGGCAGCTATCsmu.1487 up CAACCGTCAGGTCAAACAAGCG

CCAACCAACCAACCAACCGTGTCATATACATGCCTCTTTCTAG
Primers for transcriptionsmu.1487 down GTCAACTGCGGTAGATGAATCAG

start site mappingCCTTCCTTCCTTCCTTCCCAAACAAGGCCAAGAAATCGCTAAG
atmB GCTTTATTCGGCTGTGAATAATCTG

CGGACTGATATATGTCTCAGCTACPrimers for gene amplification
cysD CTGCTGCCATACCAGAAGCTGTTGeryR GGTTGGTTGGTTGGTTGGCAGCAAAGAATGGCGGAAACG

GATGAGCAGTATCGCCAATTTGCCGGAAGGAAGGAAGGAAGGCTACATTCCCTTTAGTAACGTG
metA CAAGATACTCATGGGCCGAATATCCmetR-His8 TTGTGCTAAAATAAACATATGCGTATTCAACAG

GAATGATGACTCGTCATGTAGAGAATAAAAAATGCATCTACTAATGGTGATGGTGATGGTGATGGT
GTTTATCAAATTTAACTTCT metE GACCATTCGGGAACAATATAGTG

GTCTAAACGCAGTTCCTTAGCACCAGC
Primers for QRT-PCR

analysis of S. mutans
urk CACTGCGTGTATGCTGTGTGTAGTC

atmB GCTCGTAATTTAGCATCCGTTG
CGAATGTCATCATCGGTATCAAC

CCATTGTTTAGAGCCTTCGTTC
smu.1387 GGCAGCTTGCCTGCCAGTAAATCCTTC

cysD GCGTGCAGTACCAATCTATCAG
GGATAGGAATTCCTTAATAAGAAGGAG

CGGCTGTAGTCGGATTAGTGAT
smu.1486c GCTAGGTTGTGGTCGATCATCTTGTG

metA GAATATGACCGAGAAACCTTGG
CAACCGTCAGGTCAAACAAGCG

CGAGATTCCAACGCATAATAGG
smu.1487 GTGTAGCCGTGGTCTGCAATGTAACG

metE TGGGTCCAATCTTATGGTTCTC
TCTGCTGTTTCTGTTTCACGAT

CAGGACGATCAGTCAGACTTTG
smu.1936c CCTGTCTGAGCCAACTCCCGGATC

metR TGACCAGGGTATCCATAACTCC
CGTTTAGTCGCTACAGATCCAGC

ATAGCCGTCAAGACCAATCATC
luxS AGTTTGGACCTAAAGGCGATCT

Primers for gel

TGACGAATCAGCTTAGCCAGTA
retardation probe

urk AGCGCGGTCGTAGTTTAGATAG
atmB CCTTGGAGGAAGCTATCTTCCAG

AACGAGATTGCTGACACCTTCT
GCTAAAGCCAATCCTAAAAGACC

smu.1387c ACTCTGCCAATACAGCCATGAT
cysD TAGCGTTCACGGGATTAGAC

AGCAATGCTAGTATCACGCTCA
GCTCTCCTTTTATTATTAATTAGCTCC

smu.1486c GATGAAGTGGCAGATATGGACA
cysK GTTAACACTACTATTTATGTGG

ATCAACCGTCAGGTCAAACAAG
CTTCAGGAACAACATTGTTGAG

smu.1487 GTTGGATCTCTTCTTCGTCCAG
metA GGCAACCATTGAAATGATTGAAAGG

TCTGCTGTTTCTGTTTCACGAT
GAGTAATTGGCATGAAAATATCTCC

smu.1936c GTTTGGCAGGTGTTATGATTGA
metE GTCACTTGAAATGATAAGAGGAG

TAGTTGTTTCTGCCGTCTGATG
GTCATTTCGTCCTCCTCTTAGCC

tuf CAGCGTCGATTGAAGCGTAGTC
metR CCTTACCAACTAACTGGCAAGGTTAC

TTACGGAACATTTCAACACCAG
GGCAGCCTCATTCATGCTGCCAG

smu.1487 GTGTGTAAATGGTTATCGCG

Primers for QRT-PCR
GTCAAGCAGATCAGCTGGAC

analysis of S. thermophilus
metE with box 1 and 2 GTCACTTGAAATGATAAGAGGAG

atmB GAATTGGCTAAAGACAAGGGTG
deletions GTACAGTTTTAAGCTCTATATGTAGTAT

GGAAAGCATTAACGTCGATTTC
TTGTTACAGTTTTCATCTCTAA

metE AGATTACACACGTTTACCGGCT
GTCATTTCGTCCTCCTCTTAGCC

CTTAGTTTGAGGGAATGAACCG
TTAGAGATGAAAACTGTAACAAATACT

tuf CATTGGTACAATCGGACACGTTG
ACATATAGAGCTTAAAACTGTAC

CAGCGTCGATTGAAGCGTAGTC

a Upper and lower sequences correspond to primer pairs.

VOL. 189, 2007 METHIONINE REGULATION IN STREPTOCOCCUS MUTANS 7035

 on M
ay 18, 2015 by IN

R
A

 - F
rance

http://jb.asm
.org/

D
ow

nloaded from
 

http://jb.asm.org/


transferase (Smu.1487). In addition to synthesizing methio-
nine, S. mutans may take up methionine from the environment,
as the atmBCDE cluster encodes components of an ABC trans-
porter belonging to the MUT family (48) and the Smu.16
permease is homologous to BcaP (34% identity), which is
involved in methionine uptake in L. lactis (8) (Fig. 1).

To test this in silico analysis, the ability of strain UA159 to
grow in the presence of various sulfur sources was examined
(Table 3). Growth was observed on CDM plates containing
thiosulfate or sulfide, showing that these compounds can be
used to synthesize cysteine and methionine, as well as on plates
containing cysteine, which can thus be converted into methio-
nine, in agreement with the results of the in silico analysis (Fig.
1). The growth of unusual, translucent pinpoint colonies on

agar plates with CDM containing methionine as the sole sulfur
source was observed, although S. mutans UA159 does not
encode the enzymes known to be involved in the synthesis of
cysteine from methionine, suggesting the existence of a yet-
unknown conversion pathway.

A functional study of mutants was performed to confirm the
roles of atmB, atmBCDE, metE, cysD, and smu.1487 gene
products in S. mutans methionine metabolism. The �cysD and
�smu.1487 strains grew similarly to the wild-type strain under
all conditions tested (data not shown). The growth patterns of
the �metC and �metC �cysD strains were in agreement with
the proposed role of MetC as a cystathionine �-lyase and
showed the nonfunctionality of the sulfhydrylation pathway
(via CysD) (Table 3). The inability of a metE mutant to grow
in the absence of methionine, even in the presence of other
sulfur compounds, indicates that MetE is the unique functional
methionine synthase of S. mutans UA159.

�atmB and �atmBCDE mutants were unable to grow on
CDM containing thiosulfate or D-methionine as the sole sulfur
source (Table 3), indicating the involvement of the AtmBDE
system in the assimilation of these compounds. The mutants
grew similarly to the wild-type strain with a high concentration
of L-methionine (670 �M) but not with a low concentration (50
�M), suggesting that the AtmBDE uptake system has a strong
affinity for L-methionine. This conclusion is supported by the
observation that the growth of the �atmB and �atmBCDE
mutants in CDM�C was not affected by the addition of 700
�M seleno-L-methionine, a toxic analog of L-methionine,
whereas the growth of the wild type was greatly reduced. The
AtmBDE transport system was further investigated by com-
paring L-methionine uptake in the wild-type strain to that in
the �atmB and �atmBCDE mutant strains. L-Methionine up-
take was detected in the wild-type strain but not in the atm
mutants (Fig. 2). Moreover, a decrease in L-[14C]methionine
uptake in the wild-type strain was measured when a 10-fold
excess of nonradioactive L-methionine (96% reduction), sel-
enomethionine (96% reduction), D-methionine (89% reduc-
tion), or homocysteine (47% reduction) was added, demon-
strating the direct role of AtmBDE in the uptake of these
compounds. Therefore, AtmBDE plays an essential role in the
transport of various sulfur compounds.

Involvement of MetR (formerly Smu.1225) in S. mutans me-
thionine metabolism. In order to examine the role of Smu.1225,
an LTTR of S. mutans, a �smu.1225 mutant was constructed
by the chromosomal replacement of the entire smu.1225 gene
with an erythromycin resistance cassette. The growth of the
mutant in the presence of various sulfur compounds was tested
(Table 3). Interestingly, growth in the absence of methionine
was impaired even when other sulfur compounds were pro-
vided in the medium, as observed for the metE mutant. Fur-
thermore, the �smu.1225 mutant was unable to transport L-
methionine at a low concentration, similar to mutants with
deletions of the atm cluster genes (Fig. 2). These results sug-
gest that Smu.1225 is required for the expression of genes
involved in methionine biosynthesis and uptake and that metE
and the atm cluster may be its targets. Smu.1225 was therefore
renamed MetR for methionine regulator.

Identification of potential MetR target genes in S. mutans.
LTTRs generally recognize operators having a T-N11-A con-
sensus sequence, displaying partial dyad symmetry, and located

FIG. 1. Sulfur amino acid biosynthesis and uptake pathways in S.
mutans. The pathways were deduced from (i) the analysis of S. mutans
genome sequence data (http://www.ncbi.nlm.nih.gov/genomes), (ii)
knowledge of sulfur amino acid biosynthetic pathways in other bacte-
ria, such as L. lactis (41), and (iii) the experimental results of this work.
Genes of S. mutans proposed to encode proteins involved in the cor-
responding reaction are shown; genes belonging to the MetR and
homocysteine regulon are in bold, and genes for transporters poten-
tially involved in the uptake of thiosulfate and methionine are in
brackets. S, sulfide; TS, thiosulfate; SAH, S-adenosylhomocysteine;
SRH, S-ribosylhomocysteine; dashed-line arrow, not-yet-identified
transporters; AtmBDE, ABC transporter belonging to the MUT fam-
ily and associated with D-methionine, L-methionine (low concentra-
tions), selenomethionine, and homocysteine in S. mutans; BcaP (for-
merly Smu.16), transporter potentially involved in methionine uptake;
CysE, serine O-acetyltransferase; CysK, O-acetylserine sulfhydrylase;
MetB, cystathionine �-synthase; MetC, cystathionine �-lyase; MetA,
homoserine O-acyltransferase; CysD, O-acylhomoserine sulfhydrylase;
Smu.1487, putative homocysteine S-methyltransferase; MetE, methio-
nine synthase; MetF, putative methylenetetrahydrofolate reductase;
MetK, methionine adenosyltransferase; Pfs, S-adenosylhomocysteine
nucleosidase; LuxS, S-ribosylhomocysteinase.
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50 to 80 bp upstream of the transcriptional start sites of reg-
ulated genes (38). A search for motifs of this type in the
promoter regions of the metEF and atmBCDE clusters
was performed. To facilitate this search, the transcriptional
start sites of these genes were mapped (Fig. 3). The sequence

TAGYTTWWAKCTA was found 58 and 70 bp upstream of
the respective transcriptional start sites of these clusters. This
sequence is part of a motif (TATAGTTTNAAACTATA) pre-
viously identified upstream of methionine metabolic genes of
streptococci (36). A search of the entire genome of S. mutans
revealed the presence of this motif in the promoter regions of
the cysD, metA, smu.1487, smu.1486c, smu.1387, urk, and
smu.1936c genes. The transcriptional start sites of these genes
were determined in order to check whether the motif was
positioned as expected for an LTTR DNA-binding sequence
(Fig. 3). No transcriptional start site upstream of smu.1936c
could be mapped, suggesting that this gene forms part of the
same operon as the atmBCDE cluster. metE, cysD, and metA
were transcribed from two promoters, one of which was prop-
erly located downstream of the motif. Finally, the motif was
found to be distant from the start sites of the smu.1486c,
smu.1387, and urk genes (Fig. 3), which have no homology with
known methionine metabolic genes, suggesting that these
genes are not regulated by MetR. This finding was later con-
firmed by QRT-PCR (results not shown), and therefore, the
study of these genes was discontinued. In conclusion, the con-
served 17-nucleotide sequence identified in the promoter re-
gions of atmB, metE, cysD, metA, and smu.1487 appears to be
a good candidate for MetR operators and is hereinafter des-
ignated the Met box.

In vitro analysis of MetR binding to promoter regions con-
taining a Met box motif. MetR interaction with promoter re-
gions containing a Met box motif was assessed in vitro by gel
mobility shift assays. For this purpose, MetR carrying a histi-
dine tag at its C terminus (MetR-His8) was purified. Radiola-
beled PCR fragments corresponding to the different promoter
regions were incubated with increasing amounts of MetR-His8

(Fig. 4). The bands corresponding to the promoter regions of
the cysK and metR genes, devoid of the Met box motif, showed
no shift even at the highest concentration of MetR-His8. In
contrast, retardation of the bands corresponding to the pro-

FIG. 2. Methionine uptake in various S. mutans strains. Time
course for L-[14C]methionine uptake into S. mutans strains UA159
(wild type; }), JIM8862 (�atmB; Œ), JIM8863 (�atmBCDE; f), and
JIM8860 (�metR; �).

TABLE 3. Growth of S. mutans UA159 and its derivatives on different sulfur sourcesa

Supplement(s) in CDM
Morphology of

colonies of
S. mutans UA159

Morphology of colonies of strain expressing:

�metR �metC or �metC
and �cysD �metE �atmB �atmBCDE

None � � NT NT NT NT
Sulfite � � NT NT NT NT
Disulfite � � NT NT NT NT
Sulfate � � NT NT NT NT
Thiosulfate � � � � � �
Sulfide � � � � � �
C � � � � � �
C and M � � � � � �
M � � � � � �
M and thiosulfate � � � � � �
M and sulfide � � � NT NT NT
M (50 �M) � � NT NT � �
D-Methionine (670 �M) � � NT NT � �
D-Methionine (50 �M) � � NT NT � �
C and seleno-L-methionine � � NT NT � �
C, M, and seleno-L-methionine � � NT NT � �

a Washed precultures of S. mutans UA159 and its derivatives were streaked onto CDM plates supplemented with different sulfur sources, and the abilities of the
strains to grow were evaluated as a function of colony morphology on agar plates. C, L-cysteine; M, L-methionine (used at 670 �M if not otherwise specified); �, normal
colonies; �, pinpoint translucent colonies; �, no colonies; NT, not tested. Pinpoint colonies were approximately 10 times smaller than normal colonies, and growth on
CDM�CM or M17 medium restored a normal colony morphology.
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moter regions of the smu.1487, metA, cysD, metE, and atmB
genes, which contain Met boxes, was observed. Moreover, the
complex of MetR-His8 and smu.1487 could be disrupted by
adding a 50-fold excess of an unlabeled smu.1487 fragment but
not by adding a 50-fold excess of a cysK promoter fragment
(Fig. 4 and data not shown). Finally, pairs of base substitutions
in the metE MetR boxes (substitutions T733 G and A853 G
and substitutions T104 3 G and A116 3 G) affecting the con-
served LTTR sequence (T-N11-A) completely abolished the
shift of the modified fragment in the presence of MetR-His8

(Fig. 4). These results indicate that the Met box motif is re-
quired for the formation of the MetR-DNA complexes. We
conclude that MetR specifically interacts with promoter re-
gions containing a Met box and that substitutions within this
box in the metE promoter region alter the binding of MetR.

Transcriptional analysis of metR and Met box-containing
genes. The transcription of metE, smu.1487, atmB, smu.1936c,
cysD, metA, and metR in cells grown in CDM�M, CDM�C, or
CDM�CM was measured by QRT-PCR (Table 4). Methionine
depletion significantly affected metE, smu.1487, atmBCDE, and
smu.1936c expression, while cysteine depletion had no effect.
metE, with a 39-fold increase in expression, was the gene most
strongly induced in the absence of methionine. In contrast, the
expression of cysD, metA, or metR was not modulated under
the same conditions. These results indicate that metE,

smu.1487, atmB, and smu.1936c are regulated at the transcrip-
tional level through a mechanism dependent on methionine
availability.

To assess the role of the Met boxes in this regulation, the
effects of different modifications in the metE promoter region
were examined using metE-lux transcriptional fusions (Fig. 5).
Reporter activity from fusions with the complete metE pro-
moter region (P1 and P2) was 55-fold higher in cells grown in
CDM�C than in cells grown in CDM�CM, in agreement with
the QRT-PCR results. In contrast, when P2 was deleted, a low
and constant level of transcription in both CDM�C- and
CDM�CM-grown cells was observed. These results show (i)
the minor role fulfilled by P1 in metE transcription and (ii) the
role of P2 in the methionine-dependent induction of metE.
Lastly, no significant modulation of reporter activity was found
for promoter regions containing no or only one of the two Met
boxes (Fig. 5), indicating that the methionine-dependent reg-
ulation of P2 requires the two Met boxes.

To confirm the role of MetR in this control, the expression
of the metE-lux fusion in a metR mutant was monitored. Since
this mutant is auxotrophic for methionine, cells were grown in
rich medium containing methionine and cysteine to an OD600

of 0.2, washed, and resuspended in CDM�C or CDM�CM,
and the luciferase activity was monitored (Fig. 6A). As ex-
pected, metE expression in the wild-type cells held in methi-

FIG. 3. Genetic organization and sequence alignment of promoter regions with potential Met boxes in S. mutans. In the upper panel, dark gray
arrows correspond to genes with Met boxes in their promoter regions and light gray arrows correspond to methionine metabolism genes.
Experimentally mapped promoters are indicated by black arrows. No transcription start site located less than 4 kb upstream of smu.1936c was
detected, suggesting the coexpression of smu.1936c and the atm cluster. Lollipop symbols indicate predicted transcription terminators. In the lower
panel, the ATG start codon of each gene is indicated in italics. The experimentally determined sites of transcription initiation are given in bold
letters. The deduced extended �10, �10, and �35 boxes for each promoter are underlined. Met boxes are shaded. The Met boxes of the atmB,
metE, cysD, metA, and smu.1487 genes are positioned as expected for an LTTR DNA-binding sequence.
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onine-depleted medium was rapidly triggered (Fig. 6A, left
panel), and this induction was abolished in cells carrying the
promoter fusion with modified Met boxes (Fig. 6A, central
panel). Methionine-dependent transcriptional induction of the
metE-lux fusion was also abolished in the metR mutant, dem-
onstrating the activator role of MetR in metE transcription
(Fig. 6A, right panel). In the same way, the levels of atmB,
smu.1936c, and smu.1487 expression in the metR mutant de-
creased two-, two-, and sevenfold, respectively, compared to
the levels in the wild type (data not shown).

Taken together, these results show (i) that the transcription
of metEF, smu.1487, and the atmBCDE-cnhA-smu.1936c-
smu.1935c-smu.1934c-smu.1933c cluster is controlled by a sig-

nal dependent on the methionine supply in the medium and
(ii) that the MetR activator and the Met boxes are required for
this control in vivo.

Homocysteine induces MetR-dependent transcription and
increases the affinity of MetR for DNA. Transcriptional acti-
vation by LTTR proteins requires coeffectors, which are typi-
cally intermediates of the regulated pathways (38). To identify
a possible MetR coeffector, the effect of the addition of several
metabolites to CDM�CM (nonactivating conditions) on the
expression of the PmetE-lux fusion was tested. No change in
the luciferase activity upon the addition of N-acetylserine, thio-
sulfate, OAS, or sulfide was observed (data not shown). In
contrast, luciferase activity increased rapidly upon the addition

FIG. 4. Gel mobility shift analyses of MetR binding to different promoter regions. Labeled DNA probes (0.1 nM) corresponding to atmB, cysD,
cysK, metA, metE, metE* (a metE fragment with substitutions in the Met boxes), metR, and smu.1487 were incubated with different amounts of
MetR-His8 (0 to 650 nM) and analyzed by nondenaturing polyacrylamide gel electrophoresis (see Materials and Methods for details). 260*, a 0.1
nM labeled smu.1487 fragment was incubated with 260 nM MetR-His8 in the presence of a 50-fold excess of an unlabeled smu.1487 fragment.

TABLE 4. Effect of the presence of cysteine, methionine, or homocysteine in the growth medium on the expression of
several S. mutans genesa

Gene Organizationb

Mean ratio � SD of gene expression levels in cells grown in:

CDM�M-thiosulfate vs
CDM�CM-thiosulfate

CDM�C vs
CDM�CM

CDM�CM-homocysteine
vs CDM�CMc

metE metEF 1.4 � 0.02 39.4 � 4.1 38 � 7.3
smu.1487 smu.1487 1.7 � 0.09 13.1 � 2.0 15.7 � 1.8
atmB atmBCDE-cnhA-smu.1936c-smu.1935c-

smu.1934c-smu.1933c
1.1 � 0.17 3.1 � 0.6 3.9 � 0.1

smu.1936c atmBCDE-cnhA-smu.1936c-smu.1935c-
smu.1934c-smu.1933c

1.7 � 0.15 2.5 � 0.4 2.3 � 0.3

cysD pcrA-cysD 1.3 � 0.17 1.3 � 0.02 1.7 � 0.1
metA apt-metA 1.4 � 0.16 1.3 � 0.1 1.0 � 0.1
metR metR 1.4 � 0.09 0.7 � 0.03 1.1 � 0.1

a Gene expression in the S. mutans wild-type strain was evaluated by real-time QRT-PCR.
b Gene clusters were deduced from a sequence analysis and transcriptional start site mapping (Fig. 3).
c The effect of homocysteine on gene expression was evaluated 45 min after the addition of 4 mM homocysteine to exponentially growing cells (OD600 of 0.2).
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of homocysteine (Fig. 6B, left panel). This induction was abol-
ished in strains with either modified Met boxes in the promoter
region or a metR mutation (Fig. 6B, central and right panels).
Homocysteine also triggered the transcription of smu.1487,
atmB, and smu.1936c to levels similar to those observed in the
absence of methionine but did not affect the expression of the
methionine-independent cysD, metA, and metR genes (Table
4). Homocysteine induction was therefore specific to the
MetR- and methionine-dependent genes and required MetR
and Met boxes.

In order to further test the role of homocysteine as a coef-
fector of MetR in vivo, we attempted to modify the intracel-
lular homocysteine pool. Homocysteine appears to be pro-
duced from cystathionine by MetC and/or eventually from
O-acyl homoserine and sulfide by CysD, while it is converted
into methionine by MetE (Fig. 1) (see “Methionine metabo-
lism in S. mutans” above). The intracellular homocysteine con-
centration is thus expected to increase in a metE mutant and to
decrease in a cysD metC double mutant. In agreement with
these assumptions, the levels of expression of atmB and
smu.1487 were (i) fourfold higher in a metE mutant than in the
wild-type strain in the absence of methionine (conditions ac-
tivating homocysteine synthesis) and (ii) four- to eightfold
lower in a cysD metC double mutant in the presence of methi-
onine, as assessed by QRT-PCR. These changes were specific
to MetR-controlled genes, since under the same conditions,
the level of urk or luxS expression remained unchanged. We
conclude that alterations of the homocysteine intracellular
pool affect MetR-dependent transcription, suggesting that ho-
mocysteine is the MetR coeffector in vivo.

The effect of homocysteine on MetR binding to DNA was
assessed by gel shift assays. At low concentrations of MetR-
His8, the bands corresponding to the promoter regions of
smu.1487, metE, and atmB were retarded in the presence of
homocysteine compared to those in the absence of homocys-
teine (Fig. 7 and data not shown). Typically, the concentration
of MetR-His8 required to shift 50% of the smu.1487 promoter
probe (as an approximation of the Kd) was 10 nM in the
presence of homocysteine, while it was 50 nM in the absence of
homocysteine. Therefore, MetR displayed an increased affinity
for its target sequences in the presence of homocysteine. The
role of homocysteine as a coeffector for S. mutans MetR is thus
supported by both in vivo and in vitro data.

MetR-dependent regulation in other streptococci. A motif
similar to the Met box was previously identified upstream of
several genes involved in methionine biosynthesis and uptake
in other streptococci (36). Interestingly, a protein showing a
high degree of similarity to MetR (78 to 90% identity) is
present in these species, suggesting a common regulatory path-
way for methionine metabolism in streptococci. To test this
hypothesis, we inactivated the metR-like gene of S. thermophi-
lus. The promoter regions of its atmB (formerly str0297)- and
metE (formerly str0785)-like genes contain Met boxes. The
level of induction of these genes in S. thermophilus wild-type
and metR mutant strains by homocysteine was measured by
QRT-PCR. In the wild-type strain, the addition of homocys-
teine induced the expression of the metE- and atmB-like genes
9.3- and 2.2-fold, respectively. In contrast, homocysteine had
no effect on the expression of these genes in the metR mutant
strain. These results indicate that MetR and homocysteine
control the expression of two Met box-containing genes in S.
thermophilus, confirming that similar regulatory mechanisms
operate in S. thermophilus and S. mutans.

DISCUSSION

In this study, we have shown that key genes for methionine
synthesis and uptake in S. mutans are under the control of
MetR, an LTTR, which requires (i) Met boxes for in vitro
DNA binding and in vivo transcriptional activation and (ii)
homocysteine as a coeffector. The Met box motif has previ-
ously been proposed to contribute to the control of methionine
metabolic genes in streptococci on the basis of the findings
from a comparative genomic study (36). This regulation is
reminiscent of the control of the E. coli methionine synthase
gene, which is activated by an LTTR with homocysteine serv-
ing as the coeffector (30, 43, 44), as shown for S. mutans (this
work). However, the S. mutans and E. coli regulatory binding
sites are different (references 16 and 43; also this study), sug-
gesting a functional convergence of these regulatory systems
rather than a direct phylogenic relationship. In contrast, to our
knowledge, among gram-positive bacteria this control is
unique to streptococci. Methionine metabolism genes are con-
trolled by the S-box termination-antitermination system in Ba-
cillales and “Clostridia,” whereas their regulation likely in-
volves a tRNA-dependent T-box system in “Lactobacillales”
(17, 18, 36). Neither S-box nor T-box motifs were found in the
promoter regions of methionine metabolic genes in S. mutans
and other streptococci.

FIG. 5. Effects of substitutions in the Met boxes of PmetE-lux tran-
scriptional fusions. The left panel is a schematic representation of
transcriptional fusions between the wild-type or modified metE pro-
moter region and luciferase reporter genes. Striped boxes and arrows
represent the Met boxes and the metE promoters, respectively. Con-
sistent with its minor role in the expression of metE, P1 is represented
by dashed-line arrows. The right panel shows luciferase activity levels
in cells expressing the corresponding fusion and cultivated in
CDM�CM (� Met) or CDM�C (� Met). The values reported are
averages of those obtained for at least three independent cultures at an
OD600 of 0.4. Ratios were calculated by dividing the values obtained in
the absence of methionine by the values obtained in the presence of
methionine.
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Methionine synthesis and uptake in S. mutans. The methi-
onine metabolic pathways in S. mutans were studied by
genomic and functional analyses. They resemble the previously
described pathways in L. lactis (41), with two differences: (i)
the use of thiosulfate as a sulfur source and (ii) the absence of
known methionine-to-cysteine conversion pathways.

Two pathways may allow the synthesis of the direct precur-
sor of methionine, homocysteine, from cysteine or sulfide: the
transsulfuration (MetA, MetB, and MetC) and sulfhydrylation
(MetA and CysD) pathways. Here, we showed that only the
transsulfuration pathway ensured rapid growth under our ex-
perimental conditions. However, the observed residual growth
abilities of the metC and metC cysD mutants suggest the exis-
tence of an additional pathway for homocysteine biosynthesis.
Possibly it involves sulfhydrylation carried out by MetB, as a
homolog in S. anginosus was shown to posses O-acetylhomo-
serine sulfhydrylase activity in addition to cystathionine �-syn-

thase activity in vitro (47). Concerning the conversion of ho-
mocysteine into methionine, we have shown that the
methionine synthase MetE was essential for the growth of S.
mutans in the absence of methionine. This result indicates that
Smu.1487, which was proposed to be a methionine synthase on
the basis of results from genomic studies (36) and whose tran-
scription was induced in the absence of methionine (this work),
is not able to catalyze this reaction. In L. lactis, the homologous
protein (YhcE; 31% identity) is involved in methionine recy-
cling into homocysteine (41), a pathway that appears not to be
functional in S. mutans. Further studies are required to eluci-
date the role of this protein in S. mutans.

In addition to synthesizing methionine de novo, S. mutans
can take up methionine from the environment. Here, we show
that several transport systems are involved in L-methionine
uptake by S. mutans, as observed previously for E. coli, B.
subtilis, and L. lactis (8, 23, 24, 25, 41). One of these systems,

FIG. 6. Effects of Met box or MetR inactivation on methionine (A)- and homocysteine (B)-dependent regulation of metE transcription. Levels
of luciferase activity (amount of Lux per OD600 unit) from the UA159 wild-type (JIM8867 and JIM8870) and �metR mutant (JIM8873) strains
expressing the wild-type PmetE-lux fusion and the Met box mutant PmetE-lux fusion (�Met-boxes) were measured. (A) Cells were grown in M17
medium to early exponential phase (OD600 of 0.2). Bacterial cultures were split in two, washed, and resuspended in CDM�C (�) or CDM�CM
(}) (time zero). Cells were held in these media for 90 min, and luciferase activity was measured. (B) Cells were grown in CDM�CM to early
exponential phase (OD600 of 0.2). Bacterial cultures were split in two, and 4 mM homocysteine was added to one of the aliquots. The level of
luciferase activity from cells cultivated in the presence (}) or in the absence (�) of 4 mM homocysteine was measured. The x axis shows the period
of incubation after the addition of homocysteine (time zero). One curve representative of the results from at least three experiments is presented.
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the AtmBDE system, belongs to the MUT family of ABC
transporters (48). This system is also able to take up D-methi-
onine, selenomethionine, and homocysteine. Surprisingly, mu-
tants with deletions in the atm cluster do not grow with thio-
sulfate as the sole sulfur source, suggesting a role of the Atm
proteins in thiosulfate transport, while other members of the
MUT family are typically involved in methionine uptake (23,
33, 41, 48) and have not been reported to transport thiosulfate.
Interestingly, the S. mutans genome does not contain genes
encoding proteins homologous to previously described thiosul-
fate transporters in other bacteria (26, 40). Whether AtmBDE
is directly involved in thiosulfate transport or required for the
expression of still-uncharacterized thiosulfate assimilation
genes remains to be determined.

Regulatory scheme for the control of methionine synthesis
and uptake in S. mutans. MetR activates in vivo the transcrip-
tion of two gene clusters and smu.1487, encoding methionine
synthase (MetE), a potential homocysteine S-methyltransferase
(Smu.1487), and an L-methionine transporter (AtmBDE). An
essential step in this activation is the binding of MetR to the
promoter regions, which requires a 17-bp palindromic se-
quence, the Met box. Interestingly, a Met box is also found in
the promoter regions of two other methionine metabolic genes
(metA and cysD). Although MetR interacts with their pro-
moter regions in vitro, the expression of these genes is not
modulated by MetR in vivo. The presence of a second pro-
moter, which is located upstream of the Met box and is likely
MetR independent, may explain the absence of MetR control
under our experimental conditions.

Most LTTR proteins require a coeffector to activate the
transcription of their targets (38). Here, we propose that ho-
mocysteine is the MetR coeffector in vivo. First, the addition of
homocysteine to a methionine-supplemented medium trig-
gered the expression of MetR-dependent genes. Second, mu-
tations likely affecting the intracellular homocysteine concen-
tration altered the expression of the MetR-controlled genes.

Finally, homocysteine enhanced the DNA-binding affinity of
MetR for its target promoters in vitro.

Interestingly, although most LTTR proteins regulate their
own transcription (38), the levels of expression of metR were
found to be similar under all conditions tested, in agreement
with the inability of MetR to form a complex with its own
promoter, which lacks a Met box. The amount of MetR in the
cells, therefore, would be constant, and the activation of MetR-
controlled genes would depend mainly on the availability of the
coeffector, as proposed for several other LTTRs (6, 35). These
results support a model in which homocysteine plays a crucial
regulatory role in S. mutans.

A corollary of the model is that, in the absence of methio-
nine, homocysteine is produced in the cell at a level sufficient
to activate MetR-dependent regulation. In contrast, in the
presence of methionine, the homocysteine concentration
should decrease to relieve activation. In the presence of me-
thionine, the MetR regulon was rapidly activated upon the
addition of homocysteine, confirming the limitation of the ho-
mocysteine concentration under the repressing conditions.
Therefore, this model implies (i) sufficient levels of expression
of the genes involved in homocysteine biosynthesis (metA,
metB, metC, cysD, metK, pfs, and luxS) and (ii) the control of
homocysteine synthesis by a signal dependent on methionine
availability. Such controls have been described previously. Ho-
moserine O-acyltransferase (MetA) is under allosteric control
by methionine and SAM in E. coli and B. subtilis (2, 16). In
addition, the synthesis of MetK, the first enzyme of the SAM
recycling pathway, is regulated by SAM through a riboswitch
mechanism in enterococci and possibly in streptococci (12, 13).
Whether such control systems modulate the cellular homocys-
teine pool in S. mutans remains to be determined.

Control of methionine synthesis and uptake genes in strep-
tococci. The regulation of methionine metabolism by MetR
with homocysteine as the coeffector as found in S. mutans may
well be conserved in other streptococci. First, genes for MetR-

FIG. 7. Effect of homocysteine on MetR-DNA complex formation. This effect was measured by gel mobility shift assays. The promoter region
of smu.1487 was generated by PCR and radiolabeled. Labeled DNA probes (0.1 nM) were incubated with the indicated amounts of MetR-His8
(0 to 100 nM) in the presence (�) or absence (�) of 4 mM homocysteine. The samples were analyzed by nondenaturing polyacrylamide gel
electrophoresis (see Materials and Methods for details).
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like regulators are present in all sequenced streptococcal ge-
nomes. Second, the expression of genes involved in methionine
uptake and biosynthesis is modulated by homocysteine and
MetR in at least two streptococci, S. mutans and S. thermophi-
lus. Moreover, MtaR, the MetR-like regulator in S. agalactiae,
positively controls the synthesis of a still-uncharacterized me-
thionine transporter (39). The genome of this bacterium en-
codes a probable methionine ABC transporter (the product of
gbsS1688-gbsS11686-gbsS11685 and gbs0957) showing a high
degree of similarity to the S. mutans AtmBDE transporter. The
promoter regions of the S. agalactiae genes also contain Met
boxes, in agreement with the decreased level of methionine
transport observed in an mtaR mutant (36, 39). Finally, Met
boxes are present upstream of methionine metabolism genes in
several streptococci. However, the number of MetR-regulated
genes may vary greatly among streptococci (36; E. Guédon,
unpublished data), from one gene (metE in L. lactis or atmB in
S. pyogenes) to four to five transcriptional units (S. thermophi-
lus and S. pneumoniae). The differences may be related to the
absence of the corresponding genes in some species, such as S.
pyogenes, which encodes no protein homologous to Smu.1487,
CysD, MetA, or MetE. They may also reflect different regula-
tion mechanisms in some species, such as L. lactis, which con-
tains a complete methionine biosynthetic pathway in which a
master regulator controls most of the genes involved in cys-
teine and methionine biosynthesis (41).

Surprisingly, MetR seems to operate in several streptococci
lacking the known proteins involved in homocysteine synthesis
from cysteine or sulfide (MetA, MetB, MetC, and CysD), such
as pathogenic species (S. pyogenes, S. agalactiae, and S. uberis).
Therefore, in these species, MetR-dependent regulation may
rely on the presence of an external homocysteine source
(which may be imported by an AtmBDE-like system, as shown
for S. mutans) or the synthesis of homocysteine from methio-
nine via the SAM recycling pathway. Both hypotheses find
support in the fact that all sequenced streptococcal genomes
encode an Atm-like system and a complete SAM recycling
pathway. The natural presence of homocysteine in blood and
tissues would support the former hypothesis, at least for the
pathogenic streptococci. Alternatively, homocysteine may not
be the in vivo MetR coeffector in these streptococci. Further
work will be required to confirm the validity of the S. mutans
signaling pathway for pathogenic streptococci, in which MetR-
dependent genes play an important role in survival in vivo (39).
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