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Cysteine and methionine availability influences many processes in the cell. In bacteria, transcription of the
specific genes involved in the synthesis of these two amino acids is usually regulated by different mechanisms
or regulators. Pathways for the synthesis of cysteine and methionine and their interconversion were experi-
mentally determined for Lactococcus lactis, a lactic acid bacterium commonly found in food. A new gene, yhcE,
was shown to be involved in methionine recycling to cysteine. Surprisingly, 18 genes, representing almost all
genes of these pathways, are under the control of a LysR-type activator, FhuR, also named CmbR. DNA
microarray experiments showed that FhuR targets are restricted to this set of 18 genes clustered in seven
transcriptional units, while cysteine starvation modifies the transcription level of several other genes poten-
tially involved in oxidoreduction processes. Purified FhuR binds a 13-bp box centered 46 to 53 bp upstream of
the transcriptional starts from the seven regulated promoters, while a second box with the same consensus is
present upstream of the first binding box, separated by 8 to 10 bp. O-Acetyl serine increases FhuR binding
affinity to its binding boxes. The overall view of sulfur amino acid metabolism and its regulation in L. lactis
indicates that CysE could be a master enzyme controlling the activity of FhuR by providing its effector, while
other controls at the enzymatic level appear to be necessary to compensate the absence of differential regulation

of the genes involved in the interconversion of methionine and cysteine and other biosynthesis genes.

Sulfur is a constituent of many indispensable components of
the cell, such as cysteine, methionine, thiamine, biotin, lipoic
acid, coenzyme A, etc. Among these compounds, cysteine has
a central role, since its de novo synthesis represents the main
pathway of sulfur acquisition in microorganisms and plants.
Cysteine is thus the principal metabolite from which most
sulfur-containing compounds are built. It is also an essential
amino acid of the catalytic domain of universal proteins having
iron-sulfur clusters, such as cytochromes and aconitase. Cys-
teine also plays a central role in protein folding, assembly, and
stability via the formation of disulfide bounds. Moreover, cys-
teine-derived proteins, such as thioredoxin and glutathione,
play a central role in the protection against oxidative stress.
The second sulfur amino acid, methionine, is a key compound
controlling the initiation of translation and is crucial to a va-
riety of methyltransferase reactions.

As a result of the essential roles in metabolism, cysteine and
methionine supply might be limiting for bacterial growth in
different situations of importance for humans, such as patho-
genic events or fermentation processes. For example, methio-
nine availability is limiting for growth of group B streptococci
in plasma (65). Sulfur amino acid biosynthesis genes have been
characterized as virulence factors in Brucella melitensis (48),
Haemophilus parasuis (36), and Salmonella enterica (18). In
Mycobacterium tuberculosis, the cysDNC operon involved in the
sulfate activation pathway forms a stress-induced operon (60),
while many thiol and cysteine metabolism genes are part of the
sigH regulon necessary for optimal survival of the bacterium in
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macrophages (52). Cysteine metabolism is also involved in the
regulation of toxin in Bordetella pertussis (4), and autoinducer
2, a signaling molecule derivative of the sulfur metabolism
conserved in both gram-positive and gram-negative bacteria, is
involved in interspecies communication and regulation of vir-
ulence factors (54, 68). Lastly, methionine is one of the key
amino acids limiting the growth of Lactococcus lactis in dairy
fermentations.

In spite of their central importance, biosynthesis and regu-
lation of cysteine and methionine have not been extensively
studied in gram-positive organisms other than Bacillus subtilis
(29). In this model bacterium, several genes of the methionine
and cysteine biosynthesis pathway seem to be regulated by
premature termination of transcription, using the S-box or
T-box mechanism. The S-box regulon is composed of several
transcriptional units mostly involved in cysteine and methio-
nine metabolism and was also found in Staphylococcus aureus
and Clostridium acetobutylicum (29). Promoter regions of these
operons contain a conserved leader sequence motif, a tran-
scriptional terminator, and a mutually exclusive structure des-
ignated antiterminator. The formation of these alternative
structures is modulated by the leader RNA in function of
S-adenosylmethionine availability (55). In addition to S-box
regulation, the cysES operon, encoding serine acetyltrans-
ferase and cysteinyl-tRNA synthetase, is regulated by the T-
box mechanism, which involves the uncharged cysteinyl-tRNA
as effector that triggers the antitermination mechanism (28,
35). Finally, a LysR-type transcriptional regulator (LTTR),
CysL, has been identified to be involved in the control of
expression of the cysJI operon, which encodes sulfite reductase
(34). It is noteworthy that this scheme of regulation character-
ized for B. subtilis is totally different from the Escherichia coli
regulatory network, which involves three LTTRs and a repres-
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sor (27, 45). Relatively little is known about regulation of sulfur
metabolism in the family of the Streptococcaceae. MtaR (for-
merly CpsY), an LTTR, might control the expression of a
methionine permease in group B streptococci, but neither the
signal nor the molecular targets of MtaR were characterized
(65). By a comparative genomics approach, a potential DNA-
binding MET-box for MtaR has been proposed (61). However,
in L. lactis only one potential MET-box is present upstream of
the metE gene, suggesting that other control pathways exist in
this bacterium. In L. lactis subsp. cremoris, CmbR, the closest
MtaR homologous regulator (31% identity), has been charac-
terized as the activator of the metC-cysK operon (19). Further-
more, it has been suggested that CmbR (also annotated FhuR
in the genome sequence from L. lactis 1IL1403 [5]) also regu-
lates metA (19) and the fhu operon encoding a ferrichrome
ABC transporter (19, 22). Consequently, it appears that CmbR
may control genes involved in different metabolisms related to
sulfur amino acid biosynthesis and iron metabolism. Interest-
ingly, two observations indicate that FhuR is produced at a
relatively high level in the cell, a feature that was shown to be
important for a regulator to have substantial impact on gene
regulation over a wide range of targets (26): (i) the fiuR codon
index is very biased and comparable to those of many highly
expressed genes (P. Renault, unpublished data), and (ii) FhuR
is among the only seven regulators detected by two-dimen-
sional gel electrophoresis (33).

These data prompted us to study extensively the targets of
the FhuR/CmbR regulator in order to have a new insight in the
sulfur metabolism and its implications in L. lactis. We searched
by transcriptome analysis the complete set of genes regulated
by FhuR or induced during cysteine starvation, and we found
that FhuR activates seven transcriptional units encoding the
complete set of L. lactis genes responsible for cysteine and
methionine supply. Purified FhuR was shown to bind specifi-
cally to the promoter region of all these transcriptional units.
Addition of O-acetyl serine (OAS), the first intermediate of
cysteine biosynthesis, to purified FhuR protein modified sig-
nificantly its binding to target promoters, suggesting that FhuR
activity is triggered by OAS. This property has led us to pro-
pose a unique regulatory scheme for sulfur metabolism in L.
lactis, where CysE, the single enzyme involved in OAS synthe-
sis from serine and acetyl-CoA, is central for the activation of
the full set of genes responsible for their supply. Lastly, the
DNA-binding sequence motif recognized by FhuR was char-
acterized and shares the typical features of DNA boxes recog-
nized by LTTRs.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacterial
strains used in this study are listed in Table 1. E. coli strain LLB1 was used for
plasmid propagation. E. coli was grown in Luria-Bertani medium at 37°C (53). L.
lactis TL1403 strains were grown at 30°C in M17 glucose medium (M17) or in
chemically defined medium (CDM) (67, 72) containing trehalose (0.5 g - liter 1)
as carbon source and 18 amino acids (all except aspartic acid and glutamic acid).
When specified, CDM was prepared without cysteine (CDM-Cys). The effects of
OAS and NAS on gene expression were evaluated by addition of 1 mM to 5 mM
OAS or 4 mM NAS to exponentially growing cells (optical density at 600 nm
[ODggo] of 0.2) in M17 medium. When required, 5-bromo-4-chloro-3-indolyl-B3-
p-galactoside (40 pg - ml~'), erythromycin (5 pg - ml~! for L. lactis, 100 pg -
ml~! for E. coli), chloramphenicol (10 pg - ml~! for L. lactis), isopropyl-1-thio-
B-p-galactopyranoside (IPTG; 40 pg - ml™"), tetracycline (5 pg - ml~! for L.
lactis), or ampicillin (100 pg - ml~! for E. coli) was added to the culture medium.

SULFUR ASSIMILATION REGULON IN L. LACTIS 3763

DNA manipulation procedures. Plasmids and total DNA were prepared as
described previously (50, 53, 66). Procedures for DNA manipulations and E. coli
transformation were performed as described by Maniatis et al. (53). All enzymes
for DNA technology were used according to the manufacturers’ specifications.
Electrotransformation of L. lactis was performed as described by Holo and Nes
(38). The oligonucleotides used in this work (Table 2) were synthesized by Sigma
Genosys. DNA sequencing was performed on both strands using a fluorescent
sequencing procedure (Perkin-Elmer Biosystem).

Gene inactivation in L. lactis. The chromosomal fhuR gene was deleted in L.
lactis strain 1L1403 as follows. DNA fragments of 713 bp and 746 bp carrying,
respectively, the upstream and the downstream regions of the fhiuR gene were
generated by PCR. These fragments contain a BamHI restriction site at their 3’
and 5’ ends, respectively, introduced in fhuR up and fhuR down primers (Table
2). The PCR-amplified products were digested with BamHI, ligated, and cloned
into the pGEM-T easy cloning vector (Promega). The absence of PCR-induced
mutations in the insert corresponding to the fused upstream and downstream
regions of the fhiuR gene was verified by sequencing. This plasmid was fused to
the lactococcal thermosensitive vector pGhost 9 in Sall to yield pJIM5702. In L.
lactis TL1403, the fhuR gene was deleted using pJIM5702 by double crossing over
as described by Biswas et al. (3) to give the JIM8494 strain. PCR amplification
and DNA sequencing were performed to verify the effective fhuR gene deletion
in the JIM8494 strain.

The metB2, cysK, and yhcE genes were inactivated by the insertion of
pJIM5732, pJIMS5733, and pJIM5750, respectively, containing internal fragments
of these genes. An internal fragment of the metB2, cysK, and yhcE genes was
amplified by PCR (Table 2), cloned into the pPGEM-T easy vector, and then fused
with the L. lactis integration vector pJIM2242 as described in Table 1. The
resulting plasmids were integrated into the chromosome of L. lactis 11403 by
single crossing over as described earlier (32), yielding strains JIM8546, JIM8547,
and JIM8662 inactivated for the metB2, cysK, and yhcE genes, respectively.

Construction of lux transcriptional fusions and determination of activities in
L. lactis. The reporter luxAB genes were placed under the control of several
potential promoter regions and integrated at their respective loci as described
earlier (31). Briefly, chromosomal DNA from L. lactis 1L1403 was used as
template to amplify 440-bp to 830-bp DNA fragments containing the potential
promoters of the cysD, cysE, cysM, fhuR, metB2, plpA, yhcE, and yjgC genes. The
PCR fragments were cloned into pGEM-T Easy vector, sequenced, and fused
with the lactococcal integrative vector pJIM2374 (Table 1). The resulting plas-
mids were integrated by homologous recombination in the L. lactis 1L1403
chromosome by single crossing over using the pGhost 8 as helper (24). Strains
carrying single and a nontandem copy of the integrated plasmid were screened by
PCR with specific primers. The resulting strains (Table 1) contained the lux
genes downstream of the cloned promoter region, followed by a copy of the
intact gene. Luciferase assays were carried out as described by Guédon et al.
(31). Luciferase activity was measured throughout the culture growth, and values
reported below in Table 3 correspond to the mean of the luciferase activity
determined at an ODg, of 0.4 from at least three independent measures.

RNA isolation. Total RNA was isolated from IL1403 wild type and JIM8494
fhuR mutant strains cultivated in CDM and from IL1403 wild-type strain culti-
vated in CDM with or without cysteine. When the ODg, reached 0.4, cells from
25-ml portions of the cultures were pelleted, rapidly frozen in liquid nitrogen,
and stored at —80°C. Frozen pellets were resuspended in solution containing
water (400 pl) and phenol-chloroform (500 wl; 5/1; Sigma) and transferred in
tubes containing 500 mg of glass beads (Sigma), sodium dodecyl sulfate (SDS; 30
wl; 10%), and Na-acetate (30 wl; pH 4.8; 3 M). Cells were broken in a Savant
FastPrep FP120 apparatus (40 seconds at 5.0), and the mixtures were centrifuged
to remove beads and cellular solid fractions (13,000 rpm, 10 min, 4°C). Total
RNA from the upper liquid phase was extracted using a classical phenol-chlo-
roform extraction method (23). To obtain very pure RNA containing low
amounts of small stable RNA molecules (tRNAs and 5S rRNA), additional
purification steps were carried out, as instructed by the manufacturer, using the
High Pure RNA isolation kit (Roche). Moreover, eventual residual chromo-
somal DNA was removed by treating total RNA preparations with RNase-free
DNase I (Roche) according to the manufacturer’s protocol. After a precipitation
step, the RNA concentration was determined by absorption at 260 nm, and
quality of RNA preparations was checked (i) by determining the absorbance
ratio at 260 and 280 nm, (ii) by visualizing the integrity of the 23S and 16S rRNA
bands on an agarose gel, and (iii) by verifying the absence of DNA contamination
by PCR.

Transcriptional start mapping. Starts of transcription of the cysD, cysM, fhuR,
metA, metB2, plpA, yhcE, and yjgC genes were determined using the 5'/3' RACE
kit (Roche) as recommended by the supplier with RNA preparations previously
described as template. Primers used are listed in Table 2.
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TABLE 1. Bacterial strains and plasmids

J. BACTERIOL.

Strain or plasmid

Relevant markers, phenotypes, and characteristics

Reference or source

E. coli strains

LLB1 supE Athi (lac-proAB) hsdD5 (F'" traD36 proAB lacl® ZAM15) pcnB 47
ER2566 F~ N fhuA2 [lon] ompT lacZ::T7 genel gal sulA11 A(mcrC-mrr) 114::1S10 NEB
R(mer-73:miniTnl0-TetS)2 R(zgb-210::Tnl0)(TetS) endAl [dcm]
JIMS8551 Ap', ER2566 containing pJIM5740 for FhuR protein expression This work
L. lactis strains
1L1403 L. lactis subsp. lactis, His™ Iso~ Leu™ Val™ 14
JIM8475 Em’, IL1403 containing pJIM1062 integrated at the PpurH locus, His™ Iso™ Leu™ Val™ This work
JIM8494 IL1403 AfhuR after homologous recombination of pJIM5702, His™ Iso~ Leu™ Val™ This work
JIM8499 Em’, IL1403 containing pJIM5706 integrated at the PmetB2 locus, His™ Iso™ Leu™ Val™ This work
JIMS8500 Em’, IL1403 containing pJIM5707 integrated at the PfauR locus, His™ Iso™ Leu™ Val™ This work
JIMS8539 Em", IL1403 containing pJIM5724 integrated at the PyriD locus, His™ Iso~ Leu™ Val™ This work
JIMS8543 Em?’, IL1403 containing pJIM5728 integrated at the PyjgC locus, His™ Iso™ Leu™ Val™ This work
JIMS8545 Em?", IL1403 containing pJIM5737 integrated at the PyAcE locus, His™ Iso™ Leu™ Val™ This work
JIMS8546 Em?", IL1403 metB2 after homologous recombination of pJIM5732, His~ Iso™ Leu™ Val™ This work
JIM8547 Em?’, IL1403 cysK after homologous recombination of pJIM5733, His™ Iso” Leu™ Val™ This work
JIMS8657 Em’, IL1403 containing pJIM5751 integrated at the PcysM locus, His™ Iso™ Leu™ Val™ This work
JIM8658 Em?", IL1403 containing pJIM5752 integrated at the PplpA locus, His™ Iso™ Leu™ Val™ This work
JIMS8659 Em?", IL1403 containing pJIM5754 integrated at the PcysD locus, His™ Iso™ Leu™ Val™ This work
JIM8662 Em?", IL1403 yhcE after homologous recombination of pJIM5750, His™ Iso~ Leu™ Val™ This work
JIMS8681 Em?", IL1403 containing pJIM5760 integrated at the PcysE locus, His™ Iso™ Leu™ Val™ This work
Plasmids
pGEM-T easy Ap', M13ori pPBR3220ri, linear T-overhangs vector Promega
pTYB1 Ap', expression vector used in the IMPACT-CN protein purification system NEB
pGhost 8 Tet", thermosensitive replicative plasmid in L. lactis 51
pGhost 9 Em’, thermosensitive replicative plasmid in L. lactis 51
pJIM2242 Em’, ori’* ArepA, integrative vector in L. lactis 32
pJIM2374 Em", ori" ArepA, integrative promoter probe vector containing /uxAB genes 15
Plasmid for protein
expression
pJIM5740 942-bp fragment carrying the fhuR gene cloned into Ndel-Sapl sites of pTYB1 This work
Plasmid for gene
deletion
pJIMS5702 Sall fusion of pGhost 9 and pGEM-T easy containing 713-bp fragment upstream and 746-bp This work
fragment downstream fhuR gene ligated in BamHI
Plasmids for
promoter-lux
fusion
pJIM1062 PpurH-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PpurH on a 442-bp fragment This work
pJIM5706 PmetB2-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PmetB2 on a 680-bp fragment This work
pJIMS5707 PfhuR-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PfhiuR on a 471-bp fragment This work
pJIM5724 PyriD-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PyriD on a 715-bp fragment This work
pJIMS5728 PyjgC-lux, Ncol fusion of pJIM2374 and pGEM-T easy containing PyjgC on a 692-bp fragment This work
pJIM5737 PyhcE-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PyhcE on a 675-bp fragment This work
pJIMS5751 PeysM-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PcysM on a 691-bp fragment This work
pJIM5752 PplpA-lux, Ncol fusion of pJIM2374 and pGEM-T easy containing PplpA on a 829-bp fragment This work
pJIMS5754 PcysD-lux, Sall fusion of pJIM2374 and pGEM-T easy containing PcysD on a 723-bp fragment This work
pJIM5760 PcysE-lux, Sphl fusion of pJIM2374 and pGEM-T easy containing PcysE on a 697-bp fragment This work
Plasmids for gene
inactivation
pJIM5732 Sall fusion of pJIM2242 and pGEM-T easy containing 668-bp metB2 internal fragment This work
pJIMS5733 Sall fusion of pJIM2242 and pGEM-T easy containing 602-bp cysK internal fragment This work
pJIM5750 Sall fusion of pJIM2242 and pGEM-T easy containing 694-bp yicE internal fragment This work

20-pl reaction mixture containing RNA, random nonamer primers, reverse tran-
scriptase buffer, dithiothreitol (DTT), nucleotide mix, aminoallyl-dUTP, and
Superscript III reverse transcriptase (Invitrogen). RNA templates were then
degraded by NaOH. Prior to purification with a CyScribe GFX column, amino-
allyl-modified cDNA solutions were neutralized with HEPES. Labeling of ami-
noallyl-modified cDNAs with Cy3 or Cy5 dye and purification of the CyDye
fluorescently labeled cDNAs were carried out following the manufacturer’s pro-

DNA microarray analysis. To determine the lactococcal fhuR/cysteine regu-
lon, genome-wide expression profiles were established, using a commercial DNA
microarray (HO50C; Eurogentec) containing most of the L. lactis TL1403 genes
(2,072 open reading frames spotted in duplicate). Synthesis of CyDye fluores-
cently labeled cDNAs was carried out with the CyScribe cDNA postlabeling kit
(Amersham) essentially according to the manufacturer’s protocol. cDNA syn-
thesis was carried out with 20-ug total RNA samples at 42°C during 12 h in a
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TABLE 2. Primers used for PCR amplification”
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Primer group and gene name

Primer pair sequences (5'-3")

Primers for fhuR gene deletion

JIUR UP.ciiiiiiiiiiiiiiiiiiiiiicicicceeeeeeee ettt CCTGATTTGATTATTACAGTTGATAAAG, TGGCGACGAGGATCCGTAATTGTT
TAAT

JHUR dOWNL....oiiiiiiiiiiiiiiiiiiiiicciccceccce e GAAGTCTACTTTGGATCCTATGAATTTTA, GGACTGATTGCTACTAGTATTCT
TGTTCC

Primers for fhuR gene amplification

JIUR .o TAAGGACTTTATCATATGAATATTAAACAATTACG, GAGTATTTATTTTAGCT

CTTCCGCAAAATTCATAG

Primers for promoter amplification
cysD...
cysE ...
cysM ..
fhuR ..

metB2...

...CAGCATTTGAACCTGAACGAGT,
...GAAGTTCAGTCACGAGCTGACA,

yhcE ..

yigC ...
yriD ...

Primers for gene inactivation

AGATAAGGTGGTCGATTTACCG,
...CAGCGACTCAAGCGATGTACTA,
...TATGGGAGCAACAATGGTAATG,
.AATGCACGTGATTTCCGTTATC,
...CCTTGATAAACCGCATAATTCA,
...GTTGCTAGAGCAAATTGTCCTG,
...GCCTTGGAAGAATTAATTGCAG,

...TAGTGAACCGGCAAATAAGGTC,
...ACATTGAAGCCGGAAATACTTG,
...GGAGCAATCAGAAACCAAGAAC,
...ATGCTCAAGGTTCTGTTTCGAG,
...GGTTGCTGCTATTGGTAACTCG,
.. TTTAGGCCTTGAAGATCTTGGT,
...CAATTCCTGGAACAACTCCTTC,

Primers for start transcription mapping
cysD...
cysM ..
fhuR ..
metA..
metB2...

yhcE ..
yjgC ...

...GCCAACGGTCTGAACGACCATC,

Primers for gel retardation probe
cysD...
cysM ..
fhuR ..
metA..
metB2...

...CTTCGGGTCATCTGGATTGA, AATGTTGCTCGTAAACATCC
...GGTAACTCCATGATAAAGCT, CAATCAGGACAATGAAGAAT
...CCGCAGCGTTAATAATTTCTT, CATTCCACCACTAGCGGGTG
...GCTTAGGAGAATTTGATGCAG, CGCCTTCAATAGTTAAAGTCGC
...GGTGGTTCAGGAGGAGCATTAGC, GAACCGCATGAATTCCAGCAAG
...GCAGCGATAGCAACAATTAC, CCGTTAATAAACGGACATTG
...ACCAAGTGGTCGTAAAGTTGA, ACGGCTTTCGTTCCACCCGTTG

CTAAGTGCCACCACGAACGATT
CCGCACGAGCAACCTCAATATC

...GCGATTAAGGCAATTGCAAGTG, AATGACTGGACTTGTCAACTCA

...GATTCGGCAAGCCGAAGCAG, GCGGTCTCTAAAGCCTCATC
...GACTTGCTGGAATTCATGCGG, TCATCCCTCCAAAGGCAGAC
CGTTCGTGGTGGCACTTAGA, CCTAACACAAGCAAGACATC

CGTATCAAGTACCACTGCCTCA
TACTCCCAAGTGTTCCCAAGTG
TTTGATATTCTGAAGCCGAACC
CCCTGAAGACTTCTCAAAGGAC
GAAGGACTGAAACCCAATCTTC
CAACGACCTATCAACATCCAGA
TTCCACCATAAACATCATCAGC

...CGCGAACGTGGTATCACA, GTCCATTTGGGCAGCACC

GAGCCAGATTTGGTTCTGGTAG
AGTGGCCTCGATAATTTGACTG
CAATACCCACAAGAACAAGCAG
TTCGCTAAGTCAACGGTTGTAG
AATCATACAGTCCACCCTCACC
TTCAAGCCCTTTGACTTTATCC
CGCAGACTATGGAGTTTATGGA

...CAATGGCATCATAATCAATC, CCCGGATTGCCCAAAGTTTC
...GCATCAATAATCTCAGCTCC, CATGAATTTCAGGATTTGCG
...CTAATTCAAGTTTATTGAGC, GAGCGATTTTGTTTATTGAG
...ACCATAGCGAGCATAAAGTG, CAACAAATATGCAGACTTGA
...CAGTGTTAAGGCATCATGAGC, GCTGAAATTTCCTTAATGTCC
...GACGAATTGGTGAAATTGTTG, CCAATTGCTTTCAAATCACC

GGAATTAACGAAGGTGAAGG

..GTTCCAATCTTGAATTGAC, GCTGGATTACCAATTGTCG

...GATAGAGCGGAACGGCGCGT, AATGTTGCTCGTAAACATCC
...GTTGAAGTTTAACAATTGGAG, CCGCAGCGTTAATAATTTCTT
...GCTTAGGAGAATTTGATGCAG, CGCCTTCAATAGTTAAAGTCGC
...CGCGGCATGAGATTGACCACC, GATTAGCCTGGATTCCCCTAG
...CACGTCGTGATGAAGCGGCT, CGGAACAGATACTGCTCCTG
...CCTACGCTGGCATTACCCAG, CGAGAACCATTCCGTCAAGA
...CGCATTCCTTGTTTAAGGTCG, GTCACATGAAATCAATGACAG
...CCTTTGTATCAACTGGATTG, GTTGCCCTTCTGAATAAGCC

PIBC e CAAGTCGGACTTGACCAAGC, GAACCTGATGAGCATGCAAC

Continued on following page
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TABLE 2—Continued

Primer group and gene name Primer pair sequences (5'-3")

Primers for substitution analysis of metB2 promoter FhuR box

IEIB2 () oot CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

MELB2 (B) .ottt CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTCTAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

IELB2 ()it CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTACAA
GATTTTTTTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

MELB2 (D) oottt CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTCCCCATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

B2 (E) vttt CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA

GACCCTTTTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG
Primers for fhuR gene deletion

IMEIB2 () ieveereeeeeeeeiee e sses s ess st sssssessssesssssssssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATCC
ACTTTTTTTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (G) sevvereeeereesieeseseseessse s sssssssss st seesssssss st sessseees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTTTTTATGTATACAAAAACG

IMEIB2 (L) ceveooeeeeeeeeeeeoe e ess s ssess st ssssseees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTTTTTATGTATCAAAAAACG

INEIB2 (1) vttt CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTTTTTATACCCAAAAAAACG

TNEIB2 (J) oot ssteees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTTTTTCTGTATAAAAAAACG

IMELB2 (K veereeeeeeerieeseseseese s sssssss st st ssess s sssesssssesssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTAACTTTCCCCATGTATAAAAAAACG

222 3 ) OO O TP T OTRON CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAATTCCACTTTTTTATGTATAAAAAAACG

INEIB2 (M) ceveooeeeeeeieeeeses e essee s sssssess st essssessssesssssssssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGAACTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (IN) coveoreeeeeeviee o eesse e sss ettt esss st CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCAGACTTAACTTTTTTTATGTATAAAAAAACG

222 (@ ) YOO OO TRON CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGCCACATTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (P) eveooeeeeeeeieeeese e ess st sss st sesstnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAGAAGAATTAACTTTTTTTATGTATAAAAAAACG

MEIB2 (Q) seveerreeereerieeeeseeeessee s sses st sttt CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATAACAGAATTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (R) coveoreveeeeveeeeeseseisse e esssssss st sssssssessesssssesssssesssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTATCGCAGAATTAACTTTTTTTATGTATAAAAAAACG

TNEIB2 (S) eveereeeereeesieesesesesssessssssessssessssssssssssessssssssessssesssssesssanees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTTACAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

222 () T OO CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTTCATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (U) cevetoeeeeeeieeeeoeseese s sses s essssssssssssssssesssssesssssesssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTATAA
GATTTTTCTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

IMEIB2 (V) seveereeeeeeeeieeeeseseesss s sssssssss s sssssss s sssessssssssssnees CACGTCGTGATGAAGCGGCT, TAAAGATATCACGAAAGTGTGCCCAGTGCTCTAA

GATTTTTTTATAGCAGAATTAACTTTTTTTATGTATAAAAAAACG

Primers for substitution analysis of cysD promoter FhuR box

cysD (A) .................................................................................................. CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT
AAAAGTTCTATCAGCTCCATTAAAAAATCATATCGATAG

cysD (B) ................................................................................................... CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT
AAAAGTTCTATCAGCTCCAGTAAAAAATCATATCGATAG

cysD (C) ................................................................................................... CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT
AAAAGTTCTATCAGCTCCATTAAAAAATCATGTCGATAG

cysD (D) .................................................................................................. CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT
AAAAGTTCTATCAGCTCCATGGGGAAATCATATCGATAG

cysD (E) ................................................................................................... CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT
AAAAGTTCTATCAGCTCCATTAAAGGGTCATATCGATAG

cysD (F) ................................................................................................... CATGGACTTGCAAAGTGTCG, CAACCTTGAGTTGTATTTTTTTATTTCTACTTTT

AAAAGTTCTATCAGCTCCATTAAAAAAGTGGATCGATAG

“The BamHI restriction sites designed for fhuR gene deletion in L. lactis IL1403 strain are in bold. The Ndel-Sapl restriction sites designed for fhuR gene
amplification used to purify the protein are in bold. int., internal fragment of the purH gene. The substitution bases designed into the FhuR box of the metB2 and cysD
genes are underlined. (A), probe control without substitution; (B-V), probes with substitutions in the FhuR box.

? Q-PCR, quantitative PCR.

tocol. The Cy3- and Cy5-labeled cDNAs were then pooled and dried to obtain, is 0.15 M NaCl plus 0.015 M sodium citrate), 0.1% SDS, and 0.1 mg - ml~ ! bovine
finally, 10 pl of probe. The efficiency of labeling was monitored by measuring the serum albumin, washed, and dried. Prior to hybridization, 9 ul of pooled Cy3-
probe absorbance at 260 nm, 550 nm, and 650 nm. and Cy5-labeled cDNAs and 5 pl of heat-denatured salmon sperm DNA (10 mg

DNA microarrays were prehybridized for 1 h at 42°C with 5X SSC (1x SSC - ml™!) were heated at 98°C for 2 min and rapidly cooled on ice. Microarrays
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TABLE 3. Genes significantly induced by the FhuR regulator”

Induction WT vs AfiuR Induction +/— cysteine
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Gene Function(s) Transcriptional organization
Array QRT-PCR Lux Array QRT-PCR Lux

cysD O-Acetylhomoserine/O-acetylserine sulfhydrylase 2.4 4.1 I 13.1 / 23 cysD

cysM Cysteine synthase 2.5 / / 10.8 / 76 cysM

metB2 Cystathionine beta/gamma-lyase 44 63.4 83 12.1 / 34 metB2-cysK

cysK Cysteine synthase 29 / / 11.4 / / metB2-cysK

metA Homoserine O-succinyltransferase 2.4 2.9 / 5.2 / / metA-metBI-ytjE
VHE Aspartate aminotransferase 2.4 3.8 / 4.7 / / metA-metBIl-ytjiE
yhcE Homocysteine methyltransferase 12 / 45 59 / 9 yhcE
plpA Methionine ABC transporter (substrate-binding protein) 26.8 / / 5.8 / 8 plpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
plpB Methionine ABC transporter (substrate-binding protein) 29.9 / / 4.5 / / PlpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
plpC Methionine ABC transporter (substrate-binding protein) 22.5 / / 4.6 / / plpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
plpD Methionine ABC transporter (substrate-binding protein) 6.2 / / 3.7 / / PlpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
ydcB Methionine ABC transporter (ATP-binding protein) 1.8 / / 3.0 / / plpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
ydeD Cobalt transport protein CbiQ 2.2 2.6 / 2.6 / / PplpA-plpB-plpC-plpD-ydcB-ydcC-ydcD
ygC Cystine or cysteine ABC transporter (substrate-binding protein) 3.0 / 8 5.1 / 22 vjigC-yjgD-yjgEl
yjgD Cystine or cysteine ABC transporter (permease protein) — / / 2.8 / / vigC-yjgD-yjgE
yigE Cystine or cysteine ABC transporter (ATP-binding protein) — / / 2.9 / / vjigC-yjgD-yjgEl
purC Phosphoribosylaminoimidazole-succinocarboxamide synthetase 3.5 / / — / / purC
purD Phosphoribosylamine-glycine ligase 3.0 1.0 / — / / purD-purE-purK
purH Bifunctional purine biosynthesis protein PurH 3.0 0.9 / — / 1.1 purH
yriD Hypothetical protein 2.1 / / — / 1.1 yriD

guaC GMP reductase 2.1 / / — / / guaC

malQ 4-alpha-glucanotransferase (amylomaltase) 4.2 / / — / / vgiD-malQ-glgC-glgD-glgA-glgP-amyX
tra905 Transposase of 1S905 0.2 / / — / / ymcF
ymcF Unknown protein 0.1 0.11 / — / / tra905
ykhH Unknown protein 0.3 0.86 / — / / ykhG-ykhH
ysdC Hypothetical protein — / / 0.02 / / ysdC
yijB Oxidoreductase — / / 0.3 0.46 / yrjB-yrjC-yrjD
yrjC Iron-binding oxidase subunit — / / 0.3 / / yrjB-yrjC-yriD
yriiD Hypothetical protein — / / 0.3 / / yrjB-yrjC-yrjD

nif] Pyruvate-flavodoxin oxidoreductase — / / 0.4 / / nif]
yajH Unknown protein — / / 0.4 / / yajH

cadA Cadmium efflux ATPase — / / 0.5 0.53 / cadA
ygel Cation transport protein — / / 2.9 / / rarA-yqel
yjiB Amino acid aminohydrolase — / / 3.1 4.46 / yjiB
yifD Amino acid antiporter — / / 3.4 1.51 / octA-yrfD

mesJ Cell cycle protein MesJ — / / 3.9 1.28 / yacG-mesJ-hpT
YIiF Unknown protein — / / 35 / / YVIiiC-yliD-yliE-yliF
pi230 Prophage pi2 protein 30, terminase — / / 4.3 / / unit pi2 prophage
pi307 Prophage pi3 protein 07 — / / 2.5 / / unit pi3 prophage
ps105 Prophage psl1 protein 05, DNA primase — / / 2.8 / / unit psl prophage
ps106 Prophage ps1 protein 06 — / / 2.6 / / unit psl prophage
ps107 Prophage psl1 protein 07 — / / 3.1 / / unit psl prophage
psll4 Prophage ps1 protein 014 — / / 3.6 / / unit psl prophage

¢ Results show genes that were induced in CDM trehalose (induction of wild type [WT] versus AfhuR) or in absence of cysteine in CDM trehalose medium (induction +/— cysteine) during exponential growth of L.

lactis 1L1403 as revealed by transcriptome (array column), real-time quantitative RT-PCR (QRT-PCR column), and luciferase activity analysis (Lux column).

>/ not determed.
¢ —, not significantly regulated.
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were hybridized with solutions containing 40 pl of EGT hybridization buffer
(Eurogentec), Cy3- and Cy5-labeled cDNAs, and heat-denatured salmon sperm
DNA. After depositing the hybridization mixtures onto the microarrays, a cov-
erslip was applied and the arrays were placed in hybridization chambers (CMT;
Corning Inc., Corning, NY) for 16 h at 37°C. After hybridization, the microarrays
were washed in 0.2X SSC and 0.1% SDS (10 min with agitation), rinsed in 0.2X
SSC (5 min with agitation), subsequently rinsed in water, and finally dried. DNA
microarrays were scanned through two channels for the respective fluorescent
dyes using a confocal laser scanner (Virtek) to monitor the fluorescence inten-
sities. For each spot, signal and local background intensities were determined
with Imagene software (version 5.1; BioDiscovery, Inc.). A local background-
subtracted signal value was calculated for each spot. Raw data were normalized
with the preP software using a local normalization (lowess method) to reduce
fluorescence bias introduced by the labeling reactions as well as by the differ-
ences in fluorescence intensity between the two dyes. A dye ratio corresponding
to the mean of the normalized Cy3 and CyS5 signals and a z-test on the mean of
normalized signals was carried out to compare expression profiles of IL1403 and
its derivative fiuR mutant or those of IL1403 cells grown with or without cys-
teine, as described by Garcia de la Nava et al. (21). Genes considered signifi-
cantly differentially expressed corresponded to those for which (i) the P value was
lower than 0.01 and (ii) the expression level difference was higher than 2 (in-
duced genes) or lower than 0.5 (repressed genes). Full data sets are available at
http://genome.jouy.inra.fr/efp/base/www/.

Real-time quantitative RT-PCR amplification. The quantitative reverse tran-
scription-PCR (RT-PCR) approach was carried out using first-strand cDNA as
template. cDNA was synthesized from 20-pg RNA samples as described in the
previous section but without using aminoallyl-dUTP. Specific primers for each
gene (Table 2) were designed using eprimers software (EMBOSS). PCR was
carried out in a 25-pl volume containing 10 wl cDNA (diluted at 1/5,000), specific
primers (0.2 pM each), and 12.5 ul ABsolute QPCR SYBR Green mix (AB-
gene). Reactions were run on an ABI 7700 instrument (Applied Biosystems)
using the following cycling parameters: DNA polymerase activation at 95°C for
15 min, 40 cycles of denaturation at 94°C for 15 s, and extension at 60°C for 1
min. Measures were taken for each strain from ¢cDNA synthesized from RNA
extracted from three independent cultures and performed in triplicate for each
gene (Perkin). The results were normalized by using the L. lactis tuf gene, coding
for the elongation factor TU, as control.

Protein purification. FhuR protein was purified using the IMPACT system
(New England BioLabs [NEB]). The fhiuR gene from L. lactis TL1403 was am-
plified by PCR using fhuR primers (Table 2) and fused in Ndel/SaplI sites to the
intein-CBD sequence in the pTYBI1 vector (NEB) to give pJIM5740. Integrity of
the cloned fragment was verified by DNA sequence. FhuR protein was expressed
from pJIMS5740 in E. coli strain ER2566 (NEB) grown at 37°C in 1 liter of LB
containing ampicillin at 100 pg - ml~!. Protein expression was induced overnight
at 16°C by adding 1 mM IPTG. Harvested cells were resuspended at 4°C in 50 ml
of lysis buffer L (20 mM Tris [pH 9.0], 500 mM NaCl, 1 mM EDTA). The cells
were then disrupted by sonication (30 min) with a Vibra cell disrupter (Bioblock
Scientific). The lysate was centrifuged at 18,000 X g at 4°C for 30 min, and the
supernatant was loaded onto a chitin column equilibrated in buffer L. FhuR
protein was eluted in cleavage buffer (20 mM Tris [pH 9.0], 500 mM NaCl, 1 mM
EDTA, 50 mM DTT). Finally, the purified protein was stored at —20°C in 30%
glycerol. The purity of FhuR was confirmed by 10% SDS-polyacrylamide gel
electrophoresis, and the protein concentration (20 pg - ml~!) was determined by
the Bradford method (Bio-Rad) as recommended by the supplier.

Gel retardation assay. DNA probes of about 400 bp corresponding to the
promoter regions of cysD, cysM, fhuR, metA, metB2, plpA, yhcE, and yjgC were
generated by PCR using specific primers (Table 2) and labeled at the 5" end
with [y->’P]JATP by the T4 polynucleotide kinase (NEB). Unincorporated
nucleotides were removed with the NucleoSpin PCR purification kit (Mach-
erey Nagel). FhuR-DNA complexes were formed in 10 pl by incubating the
32P-labeled probes (10 X 107'° mole of DNA) with different amounts of
FhuR purified protein (0.6 wM to 3.6 nM) in binding buffer (20 mM Tris [pH
7.8], 100 mM KCI, 0.5 mM EDTA, 2 mM MgSO,, 1 mM DTT, 10% glycerol)
in the presence of 0.1 pg - pl~! of poly(dI-dC). When required, OAS (Sigma)
was added to the binding reaction mixtures at 60 mM (final). Reaction
mixtures were incubated at 25°C for 15 min, and electrophoresis was carried
out at 4°C in TAM buffer (6 mM Tris [pH 7.8], 10 mM NaOAc, 4 mM
MgOAc, 1 mM EDTA) as described by Xu and Marians (78). metB2 and cysD
promoter fragments with specific substitutions were obtained by PCR using
mutated primers listed in Table 2.

J. BACTERIOL.

RESULTS

Determination of FhuR/cysteine-regulated genes by DNA
microarray analysis. In order to identify genes regulated spe-
cifically by FhuR or by cysteine depletion, the expression of
2,072 genes was followed by the use of DNA microarrays. Two
sets of experiments were carried out. The first compared the
transcription profiles in L. lactis 111403 wild type and its de-
rivative with fAuR deleted, grown in CDM in the presence of
cysteine. The second compared the profiles of the wild-type
strain grown in CDM with and without cysteine. In Table 3 are
reported the genes whose expression levels statistically and
significantly differed by at least a factor of 2, a list established
by filtering the results as described in Materials and Methods.

Comparison of transcription profiles from the fhiuR mutant
with the wild-type strain revealed that 23 genes were signifi-
cantly differentially expressed, 3 of them being repressed and
the others being activated by FhuR. Similar analysis of the
effect of cysteine depletion indicated that 34 genes were af-
fected by environmental cysteine availability and, in particular,
27 genes were differentially induced in response to the absence
of this amino acid in the growth medium. A set of 14 genes is
common to the two experiments. These 14 genes are clustered
in seven different locations in the chromosome and may thus
reflect the differential expression of seven transcriptional units
(Fig. 1). All genes from a cluster were regulated in a similar
way. A search for the potential functions of these genes
strongly suggests their involvement in methionine and cysteine
metabolism. In addition to the already-studied metB2-cysK
operon in L. lactis, cysD, cysM, metA, metBI, and y{jE have
orthologous counterparts well characterized in several bacte-
ria. YhcE belongs to a protein family of approximately 350
amino acids that is homologous to the carboxy-terminal do-
main of the approximately 750-amino-acid-long homocysteine
methyl transferases (MetE family). However, no enzyme of
this family has been biochemically studied yet. Lastly, the two
remaining transcriptional units, plpABCD-ydcBD and yjgCDE,
encode transport systems likely involved in methionine and
cysteine or cystine uptake, respectively, as suggested by their
homology to YmtK and MetQ of B. subtilis (8, 39).

In addition to the genes differentially expressed in the two
experiments, several genes appeared to be specifically regu-
lated either by FhuR or by cysteine absence: (i) in the absence
of FhuR, genes involved in purine metabolism (purC, purD,
purH, and guaC), glycogen metabolism (malQ), and an un-
known protein (yriD) were down-regulated, suggesting their
activation by FhuR. Conversely, genes coding for two unknown
proteins (ymcF and ykhH) and a transposase (tra905) were
repressed by FhuR. (ii) In the absence of cysteine, 11 genes
appeared to be induced, including genes encoding an amino
acid antiporter (yrfD), an amino acid aminohydrolase ()jiB), a
cation transporter (ygel), a protein potentially implicated in
the cell cycle control (mesJ), and several unknown and phage
proteins. Moreover, seven genes might be repressed in the
absence of cysteine, including genes involved in cation metab-
olism and oxidoreduction (y;jBCD, nif], and cadA) and two
genes of unknown function.

Analysis of FhuR/cysteine-regulated genes by real-time
quantitative RT-PCR and transcriptional fusions. The results
obtained by the transcriptome analysis were checked by two



Vou. 187, 2005

SULFUR ASSIMILATION REGULON IN L. LACTIS 3769

aceC ;[’I scch ook :j’ melB2 oK Tyﬂyhjﬂ:_ym? noxC o
aA=:>? yiiH :? WiG ) yiF :j’ metA . metB1 . ViE . nah " upp :j’
yaiA p yah ?{ma oy :j’ cysD ? ‘i’ [ yahG o yahA L:'
—.“1? ponA - yfcl s aomD__ cysM yicG >?(: yfcF & nifz
N é T fhs ;>?. yigB ;j’ ¥igC yigD > YigE __in81 ’)?seg vacB1
yheA &w- yhcﬂ:x: wor yhcE _yhes y yheH :.yhcl ? P 1ra981D ?th
ydbH plpA plpB plpC > plpD - ydcB 5 ydeC N ydeD :T ydcE

FIG. 1. Organization of the L. lactis genes activated by FhuR and upon cysteine starvation. Activated genes are presented as black arrows (more
than 10-fold modulation) or dark and light gray arrows (5- to 10-fold and 3- to 5-fold, respectively). Hatched arrows are genes not present on the
DNA microarrays. Lollypops are predicted terminators. Two of the genes (yjgDE) were activated by FhuR but not by cysteine starvation.

approaches, real-time quantitative RT-PCR and reporter gene
fusions.

First, RNAs extracted from independent bacterial cultures
of the wild-type (IL1403) and fhuR (JIM8494) strains grown in
CDM or the wild-type strain grown in CDM with and without
cysteine were used as template in the quantitative RT-PCR
(Table 3). This analysis confirmed that the levels of transcrip-
tion of cysD, metA, metB1, metB2, ydcD, and ytjE genes were
higher in the wild type than in the fiuR mutant strains, while
that of the ymcF messenger was lower. Furthermore, the ratios
calculated by quantitative RT-PCR were generally close
(within a factor of 2) to those obtained with the DNA microar-
ray technique. However, purD, purH, and ykhH genes were not
found to be differentially expressed in these experiments and
were thus not analyzed further.

Second, luciferase activity produced from transcriptional fu-
sions of the /uxAB genes under the control of cysD, cysE, cysM,
metB2, plpA, purH, yhcE, yjgC, and yriD promoters was mea-
sured from IL.1403 cells cultivated in CDM without versus with
cysteine (Table 3). As expected from DNA microarray exper-
iments, the cysD, cysM, metB2, plpA, yhcE, and yjgC genes were
expressed at a higher level in the absence of cysteine, while
¢ysE, purH, and yriD were constitutively expressed (Table 3 and
data not shown). These results confirmed that the transcription
of most genes implicated in methionine and cysteine supply,
including uptake system and biosynthesis pathways, is con-
trolled by a cysteine-dependent signal and by the FhuR regu-
lator.

Functional analysis of several FhuR-regulated genes. In or-
der to better define the role of FhuR, we have further charac-
terized the role of several genes of its regulon. For this pur-
pose, we inactivated yhcE, metB2 (orthologue of metC of L.
lactis MG1363), and cysK by insertion of a plasmid carrying an
internal fragment of these genes. Washed precultures of these
mutants were then streaked on CDM-agar plates comple-
mented with different sulfur sources (methionine, cysteine,
and/or sulfide). First, none of the strains was able to grow in
the absence of methionine, as is the case for most dairy lacto-
coccal strains (12). Second, metB2 and cysK mutants were
unable to grow on methionine as sole sulfur source, indicating
that these genes are essential for the conversion of methionine
to cysteine. The cellular function of MetB2 and CysK would be
similar to that of YrhA and YrhB of B. subtilis, their best
homologues in B. subtilis, where they are involved in the recy-
cling of methionine to cysteine (1; I. Martin-Verstraete, per-
sonal communication). Interestingly, these two mutants could
grow on cysteine-depleted CDM if sulfide was added, indicat-
ing that sulfide could be used effectively for de novo cysteine
synthesis. Lastly, the yhcE mutant was able to grow on medium
depleted of cysteine, but its growth was significantly affected if
0.5 mM of sulfide was added to methionine. Addition of higher
concentrations of sulfide (2 mM) totally impaired its growth,
suggesting that YhcE is necessary for cysteine synthesis under
this particular condition.

FhuR-specific binding on promoter region. To test whether
FhuR directly regulates transcription of the cysteine and me-
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FIG. 2. Gel mobility shift assay for FhuR binding to different regulated gene promoter regions. The promoter regions of FhuR target genes
were PCR amplified and labeled. Radiolabeled DNA probes (10 X 107" mole) for metB2 (A), plpA (B), yjgC (C), cysM (D), cysD (E), and metA
(F) were incubated with purified FhuR protein at various concentrations and analyzed on nondenaturing polyacrylamide gel electrophoresis (see
Materials and Methods for details). (A and B) Lane 1, no protein; lanes 2 to 5, 0.6, 1.2, 2.4, and 3.6 uM final concentrations of the FhuR protein,
respectively; lane 6, 3.6 uwM final concentration of the FhuR protein with an excess of unlabeled DNA probe (10 X 10~'* mole). As a negative
control, lanes 7 and 8 contain no protein and 3.6 wM (final) of the FhuR protein, respectively, with a purH gene *?P-labeled internal fragment as
DNA probe. (C to F) Lanes 1 and 2, no protein and 3.6 uM (final) of the FhuR protein, respectively; lane 3, 3.6 uM (final) of the FhuR protein
with an excess of unlabeled DNA probe (10 X 1073 mole). In all panels, the bands for the probe (free) and the FhuR-probe complex (bound)

are indicated by an arrow and an arrow with an asterisk, respectively.

thionine biosynthetic and transport genes, we carried out gel
retardation experiments with purified FhuR protein (see Ma-
terials and Methods). We first tested the promoter region of
metB2-cysK that appears to be the most efficiently regulated
gene (Table 3). A 390-bp radiolabeled PCR fragment corre-
sponding to the metB2 promoter region was incubated with an
increasing concentration of the FhuR protein. As shown in Fig.
2A (lanes 1 to 5), the metB2 probe gave a distinct retarded
band in the presence of the FhuR protein. The addition of an
excess of metB2 unlabeled probe dramatically decreased FhuR
binding to the same labeled DNA fragment (Fig. 2A, lane 6).
Finally, no band shift could be detected if an internal purH
gene fragment was used as a probe, even with an excess of
FhuR protein (Fig. 2A, lanes 7 and 8), confirming the speci-
ficity of FhuR binding to the metB2 promoter region.

Next, we similarly tested whether FhuR could also form
specific DNA complexes with the promoter regions of cysD,
cysM, yhcE, yjgC-yjgD-yjgE, metA-metB1-ytjE, and plpA-plpB-
plpC-plpID-ydcB-ydcC-ydcD clusters (Fig. 2B to F). The spec-
ificity of these interactions was also verified by using an excess
of the corresponding unlabeled probes. FhuR was found to
clearly and specifically shift DNA probes generated from the
promoter regions of cysD, cysM, metA, plpA, and yjgC, but not
of yhcE. Nevertheless, a slight and specific mobility shift of the

yhcE probe could be observed with 3.7 uM FhuR protein (data
not shown). Lastly, no shifts were obtained when the potential
promoter region of the fhuR gene was used as probe. These
results demonstrate that FhuR can interact specifically with the
promoter regions of each FhuR/cysteine-regulated cluster of
genes and may thus directly activate their transcription.
Effect of OAS on FhuR-dependent regulation. OAS supple-
mentation in culture medium containing cysteine was shown to
increase by approximately 3.5-fold the cysthathionine lyase
activity in L. lactis MG1363, suggesting that OAS could be an
effector of the regulation by CmbR (19). Moreover, those
authors suggested that NAS (N-acetyl serine, made spontane-
ously from OAS) could be the inducer, in a similar way as E.
coli CysB (43, 45). To investigate if OAS or NAS are inducers
of the FhuR-dependent regulation in L. lactis 1L1403, the
effect of their addition on transcription of metB2-cysK during
growth of L. lactis in the presence of cysteine (noninduction
condition for FhuR regulation) was studied. Luciferase activ-
ities from the JIM8499 strain carrying the P,,.;z,::lux fusion
were measured without or with OAS added at different con-
centrations (1 mM to 5 mM) to exponentially growing cells
(ODgyy = 0.2) in M17 medium (Fig. 3). Expression of the
fusion increased within 5 min upon OAS addition to reach a
maximal level after 1 h. Addition of 1 mM, 2 mM, 3 mM, and
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FIG. 3. In vivo and in vitro effects of OAS on FhuR-dependent regulation in L. lactis. Upper panel: effect of OAS on expression of
FhuR-regulated genes of L. lactis. Luciferase activities (10* lux/ODg,) measured from JIM8499, JIM8543, and JIM8545 strains carrying the

PmetBZ-luxy Png

c-lux, and Py, .-lux fusions, respectively, grown in M17 medium with or without OAS. The x axis shows time of incubation relative

to the addition of OAS (time zero). Symbols: ¢, without OAS; m, with OAS at a final concentration of 1 mM; @, at 2 mM; A, at 3 mM; @, at
4 mM; X, at 5 mM. Lower panel: OAS effect on FhuR-metB2 complex migration. The labeled DNA fragment containing the metB2 promoter
region (10 X 10~ mole) was incubated with different concentrations of purified FhuR protein (0 uM, 1.2 uM, and 3.6 wM) with an increasing
concentration of OAS (0 mM, 20 mM, 40 mM, 60 mM, and 80 mM) and analyzed on nondenaturing polyacrylamide gel electrophoresis.

4 mM of OAS increased by 3-, 6-, 8-, and 10-fold, respectively,
the transcription of the metB2-cysK operon, but higher OAS
concentrations (5 mM to 20 mM) did not further increase
metB2-cysK transcription. No increase of luciferase activities
was obtained when 4 mM OAS was added to cultures of the
fhuR mutant strain, indicating that OAS induction depends on
the presence of FhuR. Lastly, a similar experiment carried out
in the presence of 4 mM NAS did not lead to any induction of
metB2-cysK transcription, suggesting that NAS is not the FhuR
effector.

To confirm that OAS induction was also effective on other
genes of the FhuR regulon, luciferase activities were measured
from fusions with the cysD, cysM, plpABCD, yhcE, and yjgC
FhuR-dependent promoters and with the fiuR and cysE FhuR-
independent promoters. Whereas the expression from the
cysD, cysM, plpABCD, yhcE, and yjgC luciferase fusion was
induced 3.5-, 28-, 10-, 3.5-, and 6-fold, respectively, in the
presence of 4 mM OAS, the expression of cysE and fhuR
remained unchanged (Fig. 3), showing that addition of OAS
induces specifically the transcription of the FhuR regulon.

To directly demonstrate the role of OAS on FhuR activity,
we compared the mobility of the metB2-cysK promoter frag-

ment with 1.2 pM of FhuR in the presence of an increasing
concentration of OAS or NAS as control. At this concentra-
tion, FhuR produced an intermediary shift between free and
fully bound fragment in the absence of effector (Fig. 2A).
When 20 mM of OAS was added, a slight increase of the
mobility of the FhuR-metB2 promoter fragment complex was
observed, and a further increase was obtained with the addi-
tion of OAS up to 60 mM (Fig. 3). A similar effect was ob-
served on the mobility of the FhuR-plpA promoter fragment
complex (data not shown). In contrast to OAS, NAS did not
change the FhuR-DNA complex mobility even at a high con-
centration (tested up to 40 mM) (data not shown). These
experiments show that OAS modifies the affinity of FhuR for
its targets in vitro and leads to an increase of the transcription
from the FhuR-dependent genes in vivo, suggesting that OAS
is the effector for the FhuR regulation.

Identification of the FhuR box. To characterize the targets
of FhuR, we first searched for motifs conserved in the seven
promoter regions and carried out validation experiments by
band shift assay on two promoter regions carrying modified
sequences.

The identification of the potential motifs was done by fol-
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metB, ATACATARAARARGTTAA--TTCTGCTATARARARATCTTATAGCACTGGGCACACTTTCG--TGATATCTT-N7--G-N25--ATG
PlpA AARACTTARAARATATTTA--AGGCAACATAARARATCAATAATTCARAAARAACGARAGTC--TGTTAGAAT-N1 0-A-N425-ATG
vhcE TAATATTAARATATTTACA--TCATGTCATTARAAATTTCTAAGACCAAAGAAATGACGCTT--TGCTACAAT-NT--G-N27--ATG
vjgC GTTATTCTTATAGCTAAAR--TCTGGCTATAAGTTTTTTTTAT GGCAAAGGTCTTAAGTTCG--TGTTAAGAT-N7--T-N23--ATG
cysM CATCATARATTTTTTTTAGAGCCATGATTATAATATTAGGAGGCARATCTTTTTATTTGAGC ----TATAAT-N6--A-N13--ATG
cysD CTACTTTTARRAGTTCTA-TCAGCTCCATTARARARTCATATCGATAGAATTTTCTGAATTTCT--TATAAT-N7--A-N118-ATG
metA ARATTTTAAA T TAGACCA--TCACAGAATTAR AR TACCAGAC TATTGCALAARAAATCACGAAGGGC TATAAT-NE--A-N24--ATG
TWARAWANNTHNNA TWAARARRTTNNTA
box2 box1l

FIG. 4. Sequence alignments of promoters controlled by FhuR. The ATG start codons of each gene are indicated in italics. The experimental
sites of transcription initiation are given in bold letters. The extend —10, —10, and —35 corresponding regions for each promoter are underlined.

The potential FhuR box 1 and box 2 are shaded.

lowing two independent methods: the first was unsupervised
and used probabilistic routine by a dedicated software, and the
second was based on educated guesses founded on prior
knowledge in relation to LysR-type regulator motifs. The sta-
tistical approach to search for motif sequences that are com-
mon to this set of promoters was performed with the MEME
algorithm (2). DNA sequences of 250 bp present upstream of
the start codon of metB2, metA, yhcE, cysD, cysM, plpA, and
yjgC were used as the training set. The MEME algorithm
displayed a 20-bp motif with CNATAAAWWTTTYTWA
KNGC as the consensus (the T-N,;-A is underlined), with an
elevated score and an acceptable log e-value.

The second approach to propose a FhuR-binding motif was
based on the fact that this regulator belongs to the LysR-type
prokaryotic transcriptional regulators. This type of regulator
binds to sequences of the general structure T-N,;-A, displaying
a partial dyad symmetry and located in a region comprised
between —20 and —80 from the +1 transcriptional start site
(25). We first characterized the promoters present upstream of
metB2, plpA, yhcE, yjgC, cysM, cysD, and metA genes by tran-
scriptional start mapping (Fig. 4). Analysis of the upstream
region allowed us to propose consensus sequences for these
promoters (Fig. 4). It is noteworthy that metB2, plpA, yhcE,
and yjgC gene promoters have a —10 extended promoter con-
sensus sequence (TG upstream of the —10 box) but a degen-
erated —10 box and a very poorly consensual —35 box, while
the cysD, cysM, and metA gene promoters have a canonical
—10 box and a recognizable —35 box (at least three out of six
conserved positions). Interestingly, two potential T-N;;-A
boxes could be located, centered 46 to 53 bp (box 1) and 69 to
73 bp (box 2) upstream of the transcriptional starts (Fig. 4).
The consensus sequences of box 1 and box 2, TWAAAAATT
NNTA and TWAAAWANNTNNA, respectively, are relatively
similar, and their locations are in good agreement with the
usual location of LTTR DNA-binding sequences. Further-
more, box 1 is included in the central part of the motif pro-
posed for metB2, yjgC, yhcE, and cysD by the unsupervised
method, while box 2 is located within the unsupervised method
motif found upstream of cysM. The good convergence of these
two analyses prompted us to experimentally test the potential
FhuR-binding boxes.

The proposed FhuR boxes of the metB2 and cysD gene
promoter regions were mutated by specific substitutions and
tested by gel shift with purified FhuR (Fig. 5 and 6). First,
single base substitutions at the extremities of the merB2 FhuR
box (T—G at —49 and A—G at —37) corresponding to the

conserved bases for LTTR affected the FhuR binding. This
binding was completely abolished when the DNA fragment
carried the base substitutions affecting the left side of box 1
(Fig. 5B) and was significantly reduced by substitutions affect-
ing the right side of that box (Fig. SF). Mutations within box 1
also modified the pattern of the band shift assay. The single
A—G substitution at position —48 or —47 decreased the
amount of shifted DNA (data not shown). More drastic mod-
ifications, such as four base substitutions (A—G at positions
—48 to —45) or three base substitutions (A—G at positions
—44 to —42) completely abolished FhuR-DNA complex for-
mation (Fig. 5, C, and D, respectively). Finally, substitutions of
four residues at position —41 to —38 also decreased, but only
partially, the amount of shifted probe (Fig. SE). In conclusion,
overall the changes tested in the proposed recognition se-
quence for FhuR modified significantly the mobility of the
probe, suggesting that the box 1 sequence is necessary for
FhuR binding to the metB2 promoter region. Single and mul-
tiple substitutions outside of box 1 from the metB2 promoter
were also tested. Among the 14 substitutions, including multi-
ple changes in the box 2 consensus, only 2 single substitutions
produced a modification of the pattern of the band shift assay.
These two substitutions (A—G at —50 or T—G at —36), flank-
ing box 1, abolished completely the formation of a FhuR-DNA
complex and produced patterns similar to those obtained with
the changes in the adjacent T at —49 and A at —37 bases
bordering box 1 (Fig. 5).

Similar modifications were carried out on the predicted cysD
gene FhuR box. Single base substitution at the extremities of
the cysD FhuR box (T—G at —49 and A—G at —37), corre-
sponding to the conserved bases for LTTR, abolished com-
pletely the FhuR-DNA complex formation (Fig. 6B and F).
Multiple modifications within the motif also abolished the
binding of FhuR to the cysD promoter region (Fig. 6C, D, and
E). These biochemical experiments led us to conclude that the
predicted T-N,,-A motifs are necessary for the formation of
the FhuR-DNA complex. Therefore, they are the best candi-
dates to be the DNA-binding motifs specifically recognized by
FhuR in these promoter regions.

DISCUSSION

In this work, our goal was to determine the set of genes
controlled by FhuR, an LTTR for which previous results sug-
gested that it could be a pleitropic regulator, involved at least
in sulfur amino acid biosynthesis, iron metabolism, and heme-
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FIG. 5. Substitution analysis of the metB2 promoter region. Upper panel: sequence of metB2 wild-type and mutated promoter region. Position
+1 corresponds to the experimental transcriptional start. The deduced extended —10 box is underlined, and putative FhuR-DNA-binding box 1
and box 2 are shaded. Shifts + and — indicate the observation of a band shift or not, respectively, of the corresponding DNA fragment in the
presence of the purified FhuR protein. Letters A to F on the right refer to the corresponding lower panel. Lower panels: gel mobility shift assay
for FhuR binding to metB2 wild-type and mutated promoter regions. The corresponding fragments were PCR amplified and labeled. DNA probes
(10 X 10~ ' mole) were incubated without (lane 1) or with 3.6 uM FhuR (lane 2) in the presence of 60 mM OAS and analyzed by nondenaturing
polyacrylamide gel electrophoresis. (A) metB2 wild-type promoter region. (B to F) Mutated sequences indicated on the right column of the upper
panel. In each binding assay, the bands for the probe (free) and the FhuR-probe complex (bound) are indicated by an arrow and an arrow with

an asterisk, respectively.

dependent respiration (19, 22). We found that FhuR regulates
many L. lactis genes involved in sulfur metabolism, but none in
iron metabolism. The set of genes that are differentially ex-
pressed in an fAuR mutant is composed of seven transcriptional
units, including two permeases for sulfur amino acids or re-
lated compounds and all genes likely involved in methionine
and cysteine synthesis except cysE and metEF. This result was
confirmed by searching the set of differentially expressed genes
in the absence of cysteine, which revealed essentially the same
set of genes with few additional transcriptional units. These
data allowed us to provide a global scheme for sulfur metab-
olism in L. lactis and its regulation. Moreover, we have pro-
vided molecular data allowing us to better define the FhuR
regulation mechanism on its target sequence genes.

Sulfur metabolism in L. lactis. The two sets of transcriptome
experiments we carried out should allow us to define three
classes of genes: (i) those differentially expressed by the FhuR
activator in response to cysteine depletion, and those differen-
tially expressed only (ii) in the absence of cysteine or (iii) in the
fhuR mutant. Interestingly, the first class is the most important
and contains most sulfur metabolic genes from L. lactis (see
below) and the second class consists mostly of genes of un-
known or putative functions, whereas only ymcF appears to
belong to the third class.

Genes differentially expressed specifically upon cysteine
starvation (class II, FhuR-independent and cysteine-depen-
dent regulation) might be controlled by signals related to cel-
lular functions perturbed by cysteine starvation or by its syn-
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FIG. 6. Substitution analysis of the cysD promoter region. Upper panel: sequence of cysD wild-type and mutated promoter region. Position +1
corresponds to the experimental transcriptional start. The deduced —10 and —35 boxes are underlined, and the putative FhuR DNA-binding box
1 is shaded. Shifts + and — indicate the observation of a band shift or not, respectively, of the corresponding DNA fragment in the presence of
the purified FhuR protein. Letters A to F on the right refer to the corresponding lower panel. Lower panel: gel mobility shift assay corresponding
to the cysD promoter region as indicated in the upper panel. The experimental procedures are the same as those presented for Fig. 5. (A) cysD
wild-type promoter region. (B to F) Mutated sequences indicated on the right column of the upper panel. In each binding assay, the bands for the
probe (free) and the FhuR-probe complex (bound) are indicated by an arrow and an arrow with an asterisk, respectively.

thesis. Among these genes, yrJBCD, nif], and cadA, which share
significant similarity to iron-dependent oxidoreductase, pyru-
vate-flavodoxin oxidoreductase, and ion efflux ATPase, respec-
tively, have a reduced expression in the absence of cysteine. On
the other hand, ygel, yjiB, yrfD, and pi and ps genes, which
share homology to cation transport protein, amino acid ami-
nohydrolase, antiporter, and prophage genes have an in-
creased transcription rate. Interestingly, many of these genes
are related to ion metabolism and oxidoreduction mechanisms,
confirming the importance of cysteine availability for these
functions. Phage induction might be a side effect of some
general perturbation in the cell, although none of the general
stress-induced genes involved in functions such as heat shock,
proteases, and the SOS-like response were found to be differ-
entially expressed.

The set of genes common to the two transcriptome experi-
ments are directly involved in uptake and de novo synthesis of
methionine and cysteine and their interconversion. First, two
transporters encoded by the yjgCDE and plpABCD-ydcBCD
transcription units are induced by FhuR in the absence of
cysteine. These transporters are likely involved in cysteine (or
cystine) and methionine uptake, respectively, in regard to the
homology of their substrate-binding components, YjgC and
PIpABCD, to YtmJK and MetQ in B. subtilis (8, 39). The
presence of four potential amino acid-binding subunits (PIpA-
BCD) is intriguing and appears to be unique to L. lactis. This
feature might reflect the possibility for L. lactis to import
different methionine derivatives or sulfur-containing com-
pounds in its original ecological niche, which is likely vegetal
(16). Second, the set of FhuR-regulated genes, completed by a

focused search of sulfur metabolism genes in the genome of L.
lactis 11.1403, allowed us to propose a new scheme for sulfur
metabolism (Fig. 7). Several physiological experiments were
carried out to consolidate this scheme.

The set of L. lactis genes involved in methionine and cys-
teine metabolism is different from those well characterized in
B. subtilis and E. coli. An important difference is the lack of
genes corresponding to the assimilation of sulfate, suggesting
that L. lactis uses other sulfur-donor compounds in its envi-
ronment. Two key enzymes might allow the assimilation of
sulfide, CysM and CysD, which are potentially O-acetyl-L-
serine (thiol)-lyase and O-acetyl-L.-homoserine (thiol)-lyase,
respectively, leading thus to the synthesis of cysteine and ho-
mocysteine. CysK from the metB2-cysK operon was previously
proposed to be the L. lactis cysteine synthase. However, a cysK
mutant is still able to grow in the absence of cysteine when
sulfide is provided as sole sulfur source, indicating that CysM
alone can perform this reaction. An alternative role for CysK
will be discussed below. OAS, the CysM substrate, would be
produced by CysE, whereas the enzyme producing O-acetyl-L-
homoserine, the substrate of CysD, could be MetA by analogy
to B. subtilis (7), notwithstanding that this protein belongs to
the homoserine transsuccinylase family of enzymes, producing
O-succinyl-L-homoserine (6). Two operons might then be in-
volved in the interconversion of methionine and cysteine,
metA-B1-y§E and metB2-cysK. MetB1 and YtjE are encoded in
a single cluster in other streptococci such as Streptococcus
anginosus, where their products have been characterized to be
a cystathionine y-synthase and a cystathionine B-lyase, respec-
tively (79-81). The metB2-cysK operon (metC-cysK in L. lactis
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FIG. 7. Cysteine and methionine biosynthesis pathway and its reg-
ulation by FhuR in L. lactis. Genes regulated by FhuR or by cysteine
starvation are indicated in bold and with thick arrows. Dashed arrows
indicate that the reactions could not be fully ascertained from the
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strain MG1363) has been extensively studied in L. lactis, where
MetC was characterized as a cystathionine B-lyase and CysK as
a potential cysteine synthase, respectively (20). However, we
have shown here that inactivation of metB2 or cysK in L. lactis
1L1403 leads to cysteine auxotrophy in the presence of methi-
onine as sole sulfur donor, indicating that these two genes are
involved in the interconversion of methionine to cysteine.
Therefore, it is likely that CysK and MetB2 are cystathionine
B-synthase and vy-lyase, respectively, as proposed for the prod-
ucts of the yrhAB operon in B. subtilis (the best lactococcal
homologues, which share 63% and 28% identity with MetB2
and CysK). Moreover, the fact that the metB2-cysK operon is
the most strongly induced transcription unit in CDM contain-
ing methionine but not cysteine supports a role for these genes
in the conversion of methionine to cysteine. Finally, yicE,
encoding a product homologous to homocysteine methyltrans-
ferase, could be a B,,-independent methionine synthase in L.
lactis, in addition to MetE. However, its inactivation leads to
cysteine auxotrophy in the presence of methionine and high
sulfide content in the medium. This result indicates that me-
thionine might enter the interconversion pathway to cysteine in
two different ways. The first, which is sulfide sensitive, would
involve MetK, Pfs, and LuxS, a pathway found in various bac-
teria (77). The second, which is sulfide resistant, would involve
YhcE, which would function either reversibly or in the oppo-
site direction than the classical methionine synthase MetE
(27). Lastly, yhcE transcription is activated in the absence of
cysteine, contrarily to metE, a datum in agreement with a role
for YhcE in methionine conversion to cysteine in L. lactis.
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Regulation of sulfur metabolism in L. lactis. FhuR appears
to play a central role in the regulation of sulfur metabolism in
L. lactis, as it activates the transcription of seven clusters en-
coding 18 sulfur metabolism genes in L. lactis (Fig. 1). Only
cysE (first step of cysteine biosynthesis), metEF (last step of
methionine biosynthesis), metK, pfs, and luxS (S-adenosylme-
thionine and autoinducer 2 synthesis), and yfaB (sulfate per-
mease) are not controlled by FhuR. Since this regulator was
previously proposed to be involved in the control of the fhu
operon, we performed real-time quantitative RT-PCR exper-
iments to compare its transcription in 1L1403 and its fhuR
derivative. These experiments did not allow us to detect any
significant change in the expression of the fhu operon, con-
firming it is not regulated by FhuR in L. lactis 11403 (data not
shown). We also designed several experiments to check the
possible transcriptional regulation of fhuR, either by itself or by
cysteine depletion. The lack of binding of FhuR to its own
promoter suggests the absence of retrocontrol. Moreover, a
gene fusion with luciferase genes did not allow us to find
conditions leading to a significant change in the reporter ac-
tivity. In particular, we did not confirm that FhuR is modulated
by catabolic repression, as suggested earlier for L. lactis subsp.
cremoris MG1363 (22). These results indicate that FhuR is
expressed constitutively. Although many LTTRs negatively
control their own transcription, FhuR might be among excep-
tions to this general rule. Possibly, the lack of retrocontrol of
fhuR gene transcription is correlated to high abundance of its
product in the cell, clearly identifiable by two-dimensional gel
electrophoresis (33).

FhuR was shown to activate several gene transcription levels
and by gel mobility shift assays to bind to sites located at bp
—46 to —53 from the transcriptional start, a position very close
to that of the —35 promoter boxes. The consensus of the FhuR
DNA-binding sequence has been deduced from the compara-
tive analysis of the seven promoters and confirmed by bio-
chemical experiments. A second consensual box appears to be
present 25 bp upstream of the previously defined DNA-binding
box. Although this second box is not necessary for in vitro
binding of FhuR to the metB2 promoter, it may be involved in
transcriptional activation in vivo. Indeed, several LysR-type
transcriptional regulators require both a DNA-binding box and
an activating box separated by one helix turn (64). With the
hypothesis that FhuR DNA-binding boxes follow the general
rule for LysR-type regulators, a T-N;;-A palindromic se-
quence, the expected FhuR box consensus sequence would be
TAAAAWWWTTTTA. However, most of the boxes are not
perfectly conserved, the best-fitting one being the metB2 box
(one mismatch) and then plpA and yjgC (two mismatches),
yhcE (three mismatches) and, finally, metA, cysD, and cysM
boxes (four mismatches). In addition to the box, the flanking
bases might also participate in the recognition by FhuR, since
these bases are well conserved and their replacement by other
bases decreases FhuR binding affinity to the metB2 promoter.
The FhuR box consensus is different from the one of the
recently proposed MET box (TATGTTtnaAACTATA [lower-
case letters indicate lesser conserved nucleotides) found by
computing methionine biosynthesis genes in Streptococcaceae
(61). Since FhuR is activated in the absence of cysteine (see
below), the newly characterized box in L. lactis might be con-
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sidered a CYS box, although it regulates an extended set of
genes in L. lactis.

In vivo activation of FhuR occurs in the absence of cysteine.
Here, we show that a high concentration of OAS modifies the
pattern of the band shift assays carried out with purified FhuR
and several promoters, suggesting that OAS is the effector for
FhuR. The amount of OAS used in the in vitro experiment is
likely not the in vivo working concentration for this compound,
since 50 mM might be at least 10-fold higher than what is
physiologically expected. This result could be an artifact due,
for example, to the pH used in band shift experiments, which
is almost 2 pH units higher than the intracellular pH of L.
lactis. Such a change between in vivo and in vitro pH will
modify the balance between the different ionic forms of OAS
and, thus, might decrease the amount of its active form on
FhuR. Importantly, the fact that, in the presence of cysteine,
addition of physiological concentrations of OAS activates the
transcription of at least six FhuR-activated promoters in L.
lactis 111403 (this work) and of metC-cysK in the MG1363
strain (19) confirms that OAS is the effector of FhuR. How-
ever, it could not be excluded that the effector is a derivative of
OAS that remains to be determined. To our knowledge, OAS
could be transformed spontaneously into NAS or into cysteine
by CysM. We have shown that none of them is a cofactor of
FhuR since (i) NAS does not induce FhuR-dependent gene
expression and does not modify the affinity of FhuR for its
targets and (ii) cysteine leads to repression of the FhuR regu-
lon but does not inhibit its induction by OAS in vivo. There-
fore, OAS is likely the cofactor of the FhuR-dependent regu-
lation in L. lactis.

A general view of sulfur amino acid gene regulation could be
drawn from the results of this work. Interestingly, almost all
genes involved in the supply of these amino acids are con-
trolled by FhuR and OAS. We point out that eventual addi-
tional systems of regulation similar to those already found in
gram-positive bacteria, such as T-box and S-box attenuation
systems responding to uncharged cysteyl- or methionyl-tRNA
and S-adenosylmethionine, were not successful (13, 30, 55). In
E. coli, three activators, CysB, Cbl, and MetR, and one repres-
sor, Met], control sulfur metabolism with, respectively, NAS,
adenosine phosphosulfate, homocysteine, and S- adenosylme-
thionine as effectors (9-11, 45, 62, 74, 75). Although it cannot
be excluded that such other transcriptional regulators may
exist, FhuR is probably the key control for sulfur metabolism in
L. lactis. In E. coli as well as in B. subtilis, the diversity of
regulators and signals allows us to control independently genes
for de novo synthesis of cysteine, methionine, and the two
interconversion pathways, leading thus to a fine control of
synthesis in function of the need of the cell. Curiously, FhuR
activates the complete set of genes, including metB2-cysK and
metA-metBI-ytjE that function in opposite directions, in cys-
teine and methionine interconversion. If none of these en-
zymes was subjected to a feedback control, this would lead to
a futile cycle.

Since FhuR is produced constitutively, the activation of its
regulon would directly rely on the production of its effector,
OAS, which is a product of CysE, the serine acetyltransferase,
performing the first step of cysteine synthesis. CysE has been
shown to be feedback inhibited by cysteine in different bacteria
(17, 41, 49, 76), in yeast (71), in protists (57, 58), and in plants
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(56, 63, 73). To our knowledge, serine acetyltransferases (SAT)
naturally insensitive to feedback inhibition have only been
found in particular locales in plants (44) and likely in endo-
symbiont bacteria (46). The molecular basis for cysteine feed-
back inhibition has been established in SAT from different
origins (17, 37, 40-42, 59, 69). Interestingly, amino acids in-
volved in cysteine feedback of E. coli CysE are conserved in the
primary sequence of L. lactis CysE, suggesting that the consti-
tutively expressed L. lactis CysE could also be feedback inhib-
ited by cysteine (data not shown). Interestingly, expression of
SAT desensitized to feedback inhibition by cysteine led to an
overproduction of cysteine in E. coli (17, 70), Corynebacterium
glutamicum (76), or plants (56, 73), suggesting that cysteine
control on this enzyme is important in most organisms. In L.
lactis, CysE would thus be the key enzyme controlling both (i)
the transcription of the FhuR regulon and (ii) de novo cysteine
synthesis.

Conclusion. Regulation of sulfur amino acid biosynthesis in
bacteria appears to be rather diverse and to involve different
mechanisms of regulation. In the present work, we have shown
that in L. lactis a single regulator, FhuR, activates principal
genes for methionine and cysteine metabolism in the function
of cysteine availability. This new regulatory scheme appears to
be fairly minimal, compared to those already well determined
in E. coli and B. subtilis. However, this apparent simplicity
suggests additional levels of regulation, probably at the enzyme
level, to coordinate methionine and cysteine supply and auto-
inducer 2 signaling pathways. Understanding the reasons for
the use of different regulatory mechanisms for the same amino
acid metabolism in different bacteria is an exciting future chal-
lenge.
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