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Abstract

metabolism in more detail.

regulatory RNA.

induction of gene expression during cysteine starvation.

Background: Cysteine has a crucial role in cellular physiology and its synthesis is tightly controlled due to its
reactivity. However, little is known about the sulfur metabolism and its regulation in clostridia compared with other
firmicutes. In Clostridium perfringens, the two-component system, VirR/VirS, controls the expression of the ubiG
operon involved in methionine to cysteine conversion in addition to the expression of several toxin genes. The
existence of links between the C. perfringens virulence regulon and sulfur metabolism prompted us to analyze this

Results: We first performed a tentative reconstruction of sulfur metabolism in C. perfringens and correlated these
data with the growth of strain 13 in the presence of various sulfur sources. Surprisingly, C. perfringens can convert
cysteine to methionine by an atypical still uncharacterized pathway. We further compared the expression profiles
of strain 13 after growth in the presence of cystine or homocysteine that corresponds to conditions of cysteine
depletion. Among the 177 genes differentially expressed, we found genes involved in sulfur metabolism and
controlled by premature termination of transcription via a cysteine specific T-box system (cysK-cysE, cysP1 and
cysP2) or an S-box riboswitch (metK and metT). We also showed that the ubiG operon was submitted to a triple
regulation by cysteine availability via a T-box system, by the VirR/VirS system via the VR-RNA and by the VirX

In addition, we found that expression of pfoA (theta-toxin), nagl (one of the five genes encoding hyaluronidases)
and genes involved in the maintenance of cell redox status was differentially expressed in response to cysteine
availability. Finally, we showed that the expression of genes involved in [Fe-S] clusters biogenesis and of the Idh
gene encoding the lactate dehydrogenase was induced during cysteine limitation.

Conclusion: Several key functions for the cellular physiology of this anaerobic bacterium were controlled in
response to cysteine availability. While most of the genes involved in sulfur metabolism are regulated by
premature termination of transcription, other still uncharacterized mechanisms of regulation participated in the

Background

Sulfur is a crucial element for cysteine and methionine,
and is also present in several coenzymes and cofactors
(thiamine, biotin, lipoic acid, coenzyme A and coenzyme
M). Cysteine is important in the biogenesis of iron-sul-
fur ([Fe-S]) clusters [1], is found in the catalytic site of
several enzymes and also aids protein folding and
assembly by forming disulfide bonds. Cysteine-
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containing molecules such as thioredoxin, glutaredoxin,
glutathione, mycothiol or bacilithiol are also important
in protecting cells against oxidative stress [2-4]. Methio-
nine, the universal initiator of protein synthesis, is also a
key factor in various cellular functions. Its derivatives, S-
adenosylmethionine (SAM) and autoinducer 2 (AI-2),
are involved in several cellular processes including
methylations and polyamine biosynthesis for SAM and
quorum sensing and gene regulation for AI-2 [5].

Sulfur metabolism is well characterized in Bacillus
subtilis [6]. In this bacterium, cysteine is synthesized
either from homocysteine via the reverse
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transsulfuration pathway or from sulfide or thiosulfate
via the thiolation pathway that directly incorporates
these compounds into O-acetyl-L-serine (OAS). Sulfide
is obtained from the transport and reduction of inor-
ganic sulfate. CysE, the serine acetyltransferase produces
OAS from acetyl-CoA and serine while the OAS-thiol-
lyase, CysK, further condenses sulfide and OAS to form
cysteine [7]. An efficient conversion of methionine into
cysteine is also observed in B. subtilis through the SAM
recycling pathway and then the reverse transsulfuration
pathway (Fig. 1) that requires the sequential action of
cystathionine B-synthase (MccA) and cystathionine y-
lyase (MccB) [8]. Cysteine is converted into methionine
by the transsulfuration pathway followed by a methyla-
tion due to methionine synthases. In other firmicutes
like Bacillus cereus, Listeria monocytogenes and several
Streptococci, sulfide is directly converted into homocys-
teine by thiolation [9].

As a result of its crucial role in cellular physiology and
the reactivity of the SH group of cysteine, sulfur meta-
bolism is tightly controlled in response to environmental
changes. Several molecular regulatory mechanisms have
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been identified in firmicutes. This includes regulation by
premature termination of transcription at S-box and T-
box systems responding to SAM pools and to the level
of charge of tRNA, respectively [10,11]. LysR-type tran-
scriptional regulators are also involved in the control of
sulfur metabolism: CysL and YtlI in B. subtilis [12,13],
CmbR in Lactococcus lactis and CysR and MetR/MtaR
in Streptococci [14,15]. In B. subtilis and Staphylococcus
aureus, the CymR repressor is the master regulator of
cysteine metabolism [16,17]. CymR and CysK, the OAS-
thiol-lyase, form a regulatory complex. CymR is the
DNA binding protein while CysK increases the stability
of CymR bound to DNA. In the signal transduction
pathway controlling cysteine metabolism, CysK, via its
substrate OAS, is the sensor of the cysteine pool in the
cell for the regulatory complex [18].

As compared with other firmicutes, little is known
about the sulfur metabolism and its regulation in the
spore forming anaerobic clostridia. We have recently
identified an original mechanism of control of the ubi-
GmccBA operon involved in methionine to cysteine con-
version in Clostridium acetobutylicum. This regulatory

homocysteine; SRH, S-ribosyl-homocysteine. Ext means external.
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Figure 1 Reconstruction of sulfur metabolism in C. perfringens. We used the genomic data, growth assays and expression profiling to
propose a tentative reconstruction of sulfur metabolism in C. perfringens. The cpe numbers for C. perfringens genes (strain 13) correspond to
those of ClostriDB http://xbase.bham.ac.uk/clostridb/. The genes were renamed according to B. subtilis orthologues. The steps present in B.
subtilis but absent in C. perfringens (sulfate assimilation and methionine biosynthesis by transsulfuration) are indicated by grey crossed arrows. A
dotted arrow indicated the possible existence of a pathway. “?" indicates a step or a pathway for which a gene is lacking or remains to be
identified. Serine O-acetyltransferase, cysk; OAS-thiol-lyase, cysK; anaerobic sulfite reductase, asrABC; glutamate-cysteine ligase/glutathione
synthetase, gshAB ; SAM synthase, metK; adenosyl-homocysteine nucleosidase, mtnN; S-ribosyl-homocysteine lyase, JuxS; cystathionine B-synthase,
mccA; cystathionine y-lyase, mccB. The following genes are absent from the genome of C. perfringens: metl (cystathionine B-synthase); metC
(cystathionine B-lyase); metE (methionine synthase). Al-2, autoinducer 2; OAS, O-acetyl-serine; SAM, S-adenosyl-methionine; SAH, S-adenosyl-
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mechanism involves two systems of premature termina-
tion of transcription, a cysteine specific T-box and an S-
box, as well as the formation of antisense RNAs [19].
The cis-acting antisense RNAs transcribed from the
downstream S-box-dependent promoter play a central
role in the regulation of ubiG transcription in response
to methionine availability.

Clostridium perfringens is the causative agent of var-
ious diseases including gas gangrene and food poisoning.
This bacterium produces numerous extracellular toxins
[20,21]. In C. perfringens strain 13, the VirS/VirR two
component system is involved in the coordinated regula-
tion of production of several toxins: the alpha-toxin
(plc), the theta-toxin (pfoA) and the kappa-toxin (colA)
[22,23]. The response regulator VirR directly regulates
the expression of pfoA and of three non-coding RNAs,
the VR-RNA, VirU and VirT, which in turns control the
expression of plc and colA [24-26]. Another small non-
coding RNA, VirX regulates pfoA, plc and colA expres-
sion independently from the VirS/VirR system [27].
Interestingly, the expression of the ubiGmccBAluxS
operon of C. perfringens is repressed by the two-compo-
nent system VirS/VirR via the VR-RNA [26,28,29]. This
suggested the existence of links between the regulatory
cascade of virulence and sulfur metabolism in C. perfrin-
gens. We therefore decided to study the sulfur metabo-
lism and its regulation. We combined metabolic
reconstruction, growth assays and expression profiling
to obtain a global view of the sulfur metabolic network
in C. perfringens. By comparative transcriptome analysis,
we showed that a large set of genes was differentially
expressed in C. perfringens strain 13 after growth in the
presence of homocysteine or cystine, the dimer of
cysteine being used as sole sulfur source. Among them,
cysteine biosynthesis and transport, [Fe-S] clusters bio-
genesis, PfoA production and lactate dehydrogenase
were regulated in response to cysteine availability.
Finally, we showed the involvement of cysteine specific
T-boxes in the derepression of genes involved in
cysteine uptake and biosynthesis during cysteine
depletion.

Methods

Bacterial strains and culture conditions

In this study, we used the C. perfringens strain 13 and
several mutants of this strain: TS133 (virR::tet), TS140
(Avrr::erm) and TS186 (AvirX:erm) [25,27]. C. perfrin-
gens strain 13 and its derivatives were grown under
anaerobic conditions (10% H,, 10% CO,, 80% N,) in a
sulfur-free minimal medium. We prepared a medium
containing per liter: 1.14 g Na,HPOy, 0.28 g KH,PO,,
0.25 g alanine, 2.5 g arginine, 0.5 g glycine, 0.5 g histi-
dine, 0.5 g isoleucine, 0.5 g leucine, 0.25 g phenylala-
nine, 0.375 g serine, 0.5 g threonine, 0.375 g valine, 1 g
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aspartate, 1 g glutamate, 0.25 g tyrosine, 0.0174 g ade-
nine, 0.01 g uracil [30]. The pH was adjusted to 7 with
HCI and the medium was autoclaved at 105°C for 20
min. Salts were then added at the following concentra-
tions: 1 mM MgCl,, 50 uM MnCl,, 35 uM FeCl; and
300 uM ZnCl,. We also added 0.1 g/L glucose, 1 g/L
tryptophane and 10 ml/L of a 100 x solution containing
per liter 2 mg biotin, 2 mg folic acid, 10 mg pyridoxine,
5 mg thiamine, 5 mg riboflavin, 5 mg nicotinic acid, 5
mg calcium pantothenate, 5 mg paraminobenzoic acid, 5
mg lipoic acid and 0.1 mg vitamin B12. Various sulfur
sources were then added to this sulfur-free medium at
the following concentration: 0.5 mM cystine, 1 mM
homocysteine, 1 mM glutathione, 1 mM thiosulfate, 1
mM sulfite, 1 mM sulfide, 1 mM or 5 mM methionine.
When needed, antibiotics were added at the following
concentration: erythromycin 25 pg ml™" and tetracycline
25 pg ml™.

Enzyme assays and estimation of metabolite content
Zymogram was performed to detect homocysteine y-
lyase activity. Strains 13, TS133, TS140 and TS186 were
grown in minimal medium in the presence of 1 mM
homocysteine or 0.5 mM cystine. Cells were harvested
in exponential phase. After protein extraction, 100 ug of
crude extracts was applied to a non-denaturing protein
gel (12% Tris-Glycine gel). After electrophoresis, the gel
was washed twice for 10 minutes in 50 ml of water and
twice for 10 minutes in 50 ml of Tris-HCI (50 mM, pH
7.4). The gel was then incubated at 37°C for 2 h with 50
mM Tris-HCI (pH 7.4), 10 mM MgCl,, 10 mM homo-
cysteine, 0.5 mM Pb(Ac),, 5 mM dithiothreitol and 0.4
mM pyridoxal phosphate (PLP). H,S formed during the
enzymatic reaction precipitated as insoluble PbS. We
therefore detected homocysteine y-lyase activity by pre-
cipitated PbS. The signal was quantified with the “quan-
tity one” software (Bio-Rad, USA). Visual observation of
H,S production was performed using lead-acetate paper
(Macherey-Nagel) that turned black following the incu-
bation for up to 3 h at 37°C.

Intracellular concentrations of amino acids and other
ninhydrin-reactive compounds were estimated using
high-pressure liquid chromatography (HPLC). Briefly,
cells were suspended in a sulfosalicylic acid buffer (3%
final concentration) and disrupted using a FastPrep
apparatus (Biol01). Supernatant samples were analyzed
by cation-exchange chromatography, followed by ninhy-
drin postcolumn derivatization as previously described
[8]. Intracellular metabolite concentrations were esti-
mated assuming a cell volume of 4 ul per mg of proteins
or a C. perfringens intracellular volume of 3 pm? [31].
Metabolite concentration was estimated with the ratio
between total quantity of a metabolite and the total cel-
lular volume. The mean value is calculated from three
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independent experiments. A statistical Wilcoxon test
was realized giving a p-value < 0.05.

RNA isolation, Northern blot analysis and quantitative RT-
PCR

We extracted total RNA from strains 13, TS133 or
TS186 grown in minimal medium with 0.5 mM cystine
or 1 mM homocysteine as sole sulfur source. Cells were
harvested at an ODggo nm 0of 0.6 (homocysteine) or 0.8
(cystine) by centrifugation for 2 min at 4°C. The cells
were first broken by shaking in a Fastprep apparatus
(Bio101) for 2 x 30 sec in the presence of one gram of
0.1-mm diameter glass beads (Sigma), then treated with
Trizol reagent, chloroform/isoamylalcohol and precipi-
tated with isopropanol. The pellet was resuspended in
100 pL of TE buffer (Tris 10 mM, EDTA 0.1 mM).

For Northern blot analysis, 10 pg of total RNA was
separated in a 1.5% denaturing agarose gel containing
2% formaldehyde, and transferred to Hybond-N* mem-
brane (Amersham) in 20 x SSC buffer (3 M NaCl, 0.3
M sodium citrate pH 7). Prehybridization was carried
out for 2 h at 68°C in 10 ml of prehybridization buffer
ULTRAHyb (Ambion). Hybridization was performed
overnight at 68°C in the same buffer in the presence of
a single strand RNA [o-**P]-labeled probe. The probes
were synthesized from a PCR product containing a T7
phage promoter sequence on one of its extremities. One
probe is located in the 5’ untranslated region of the
cysP2 gene (-326 to -181 relative to the cysP2 transla-
tional start point) and the second probe hybridizes with
the coding region of cysP2 (+71 to +299 relative to the
cysP2 translational start point). 1 pug of each PCR pro-
duct was used as a matrix for in vitro transcription reac-
tion with phage T7 RNA polymerase, 0.5 mM each
ATP, GTP, CTP, and 50 uCi of [a-**P]JUTP using Maxi-
script kit (Ambion). The probe was then treated with
TURBO DNAse I and purified on “Nucaway spin col-
umn” (Ambion). After hybridization, membranes were
washed twice for 5 min in 50 ml 2x SSC 0.1%SDS buffer
and twice for 15 min in 50 ml 0.1 x SSC 0.1% SDS buf-
fer. Verification of equal loading was achieved by mea-
surement of RNA concentration by absorbance at 260
nm and by direct comparison of rRNA band intensities
after staining by ethidium bromide ("Quantity One”
software, Bio-Rad, USA). The transcript size was esti-
mated by comparison with RNA molecular weight stan-
dards (Ambion).

For quantitative RT-PCR (qRT-PCR) experiments, one
pg of total RNA was heated at 65°C for 5 min. After a
slow cooling, cDNAs were synthesized for 1 h at 42°C
with Superscript II Reverse Transcriptase (Invitrogen),
and 1 pmol of hexamer oligonucleotide primers (pDNG6,
Roche). The reverse transcriptase was inactivated by
incubation at 70°C for 15 min. Real-time quantitative
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PCR was performed twice in a 20 pl reaction volume
containing 100 ng or 1 ug of cDNAs, 12.75 ul of the
SYBR PCR master mix (Applied Biosystems), and 400
nM of gene-specific primers. Amplification and detec-
tion were performed as previously described [19]. In
each sample, the quantity of cDNAs of a gene was nor-
malized to the quantity of cDNAs of gyrA, which is a
stably expressed gene in our transcriptome experiments.
The relative change in gene expression was recorded as
the ratio of normalized target concentrations (AAct)
[32].

Microarray design for the C. perfringens genome, DNA-
array hybridization and data analysis

The C. perfringens strain 13 genome was obtained from
EMBL database. Probe design for the microarray was
performed using the OligoArray 2.0 software [33]. 2 or
3 oligonucleotides were designed for each 2706 genes.
We could not design oligonucleotides for 17 genes. Agi-
lent produced the microarrays. Probes were replicated
twice on the array to reach a final density of 13814
probes per array. 536 positive controls and 1394 nega-
tive controls were also included. The description of the
microarray design was submitted to the GEO database
(accession number GPL9765).

Total RNA was extracted from cells of 4 independent
cultures for each growth condition. RNA was labeled
with either Cy3 or Cy5 fluorescent dye (GE healthcare)
using the SuperScript Indirect cDNA labeling kit (Invi-
trogen) according to the manufacturer’s recommenda-
tions. A mixture of 10 pg of RNA and of pdN6 primers
(Roche) was heated to 70°C for 5 min and quickly
chilled on ice. We then sequentially added: 1x first-
strand buffer, dithiothreitol (20 mM), ANTP mix, RNase
OUT and 1600 units of Superscript III reverse transcrip-
tase in a total volume of 24 pl. The reaction was incu-
bated 3 h at 42°C to generate cDNAs. After alkaline
hydrolysis and neutralization, cDNAs were purified on
SNAP columns (Invitrogen) and precipitated with etha-
nol. The cDNAs were then mixed with Cy3 or Cy5 dyes
(GE healthcare), incubated 1 h at room temperature in
the dark, and purified on SNAP columns. 200 pmol of
Cy3 and Cy5-labeled ¢cDNAs was mixed and concen-
trated with microcon (Millipore). Hybridization was per-
formed in micro-chambers for 17 h at 65°C according
to the manufacturer’s recommendations. 8 differential
hybridizations were performed and each RNA prepara-
tion was hybridized twice with a dye swap. The array
was then washed successively with Gene Expression
Wash Buffer 1 and 2 (Agilent). We realized arrays scan-
ning with a GenePix 4200L dual-channel (635 nm and
532 nm) laser scanner (GenePix). The complete experi-
mental data set was deposited in the GEO database with
accession numbers GSM480613 to GSM480620. All
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slides were analyzed using R and limma software (Linear
Model for Microarray Data) from Bioconductor project
http://www.bioconductor.org. For each slide, we cor-
rected background with the ‘normexp’ method [34],
resulting in strictly positive values and reducing variabil-
ity in the log ratios for genes with low levels of hybridi-
zation signal. Then, we normalized each slide with the
‘loess’ method [35]. In order to identify genes differen-
tially expressed, we used the bayesian adjusted t-statis-
tics and we performed a multiple testing correction of
Benjamini & Hochberg [36] based on the false discovery
rate. A gene was considered as differentially expressed
when the p-value is < 0.05.

Stress response analysis

Disk diffusion assays were performed as follows: 20 ml
calibrated agar plates were poured on a horizontal
plane. C. perfringens strain 13 was grown in minimal
medium containing 0.5 mM cystine or 1 mM homocys-
teine until it reached an ODggg ,m Of 0.5. The cells were
then spread onto solid minimal medium containing the
same sulfur source. After absorption, a sterile 6 mm
disk was placed on the agar and 10 pl of 1 M H,0,, 1
M diamide or 0.2 M paraquat was added to the disk.
The plates were incubated 48 h at 37°C and the dia-
meters of growth inhibition were measured. These
experiments were repeated 5-fold and a Wilcoxon test
was realized giving a p-value < 0.05.

Results and Discussion
Reconstruction of sulfur metabolism in C. perfringens
We performed a systematic search in the C. perfringens
genomes for genes known to be involved in assimilation
pathways of sulfur-containing compounds. This tentative
reconstruction is shown in Fig. 1. We also tested the
ability of C. perfringens strain 13 to grow in a sulfur-free
minimal medium in the presence of various sulfur
sources in order to support the metabolic reconstruction
performed and to obtain new insights about the physiol-
ogy of this bacterium. We first tested the growth in the
presence of the sulfur-containing amino-acids, methio-
nine or cystine, the dimer of cysteine. This strain can
grow in the presence of 0.5 mM cystine as sole sulfur
source (Fig. 2) indicating a conversion of cysteine to
methionine. Surprisingly, the genes required for methio-
nine biosynthesis via transsulfuration or thiolation in
other bacteria (metA, metl, metC, patB, metY, metH,
metE, metF) [6,9] are absent in the genome of C. per-
fringens strain 13 [21]. This suggests the existence of an
atypical methionine biosynthetic pathway in C. perfrin-
gens, which remains to be characterized.

Strain 13 cannot use methionine as sole sulfur source.
This is intriguing since methionine can be converted
into homocysteine by the SAM recycling pathway
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Figure 2 Growth of C. perfringens strain 13 in the presence of
various sulfur sources. Growth curves of strain 13 grown in a
sulfur-free minimal medium in the presence of 1 mM sulfite (m), 1
mM glutathione (@), 0.5 mM cystine (e), 1 MM homocysteine (), 1
mM methionine (&) or in the absence of any sulfur source (2). We
observed a similar growth for homocysteine and cystathionine,
thiosulfate and cystine or sulfide and sulfite.

involving MtnN and LuxS and further to cysteine via
the reverse transulfuration pathway probably encoded
by the genes cpe0176 and cpe0177 (Fig. 1). We then
tested the ability of strain 13 to grow in minimal med-
ium containing 1 mM homocysteine or 1 mM cystathio-
nine as sole sulfur source. We observed a growth with
homocysteine and cystathionine indicating the existence
of a pathway of homocysteine to cysteine conversion.
Cpe0177 shares 51% and 70% identity with MccA, the
cystathionine-B-synthase of B. subtilis and C. acetobuty-
licum, respectively while Cpe0176 is 56% and 70%
identical to MccB, the cystathionine-y-lyase/homocys-
teine-y-lyase of the same microorganisms [8,19]. This
strongly suggests that a reverse transsulfuration pathway
is present in C. perfringens (Fig. 1) allowing the utiliza-
tion of homocysteine, a compound that is present in
human blood and tissues as an intermediary metabolite
[37]. However, we cannot exclude the existence of
another homocysteine to cysteine conversion pathway in
C. perfringens.

The strain 13 was unable to grow on sulfate as sole
sulfur source according to the lack of the first steps of
the sulfate assimilation pathway. By contrast, strain 13
can grow in the presence of sulfite, sulfide or thiosulfate
indicating that C. perfringens can synthesize cysteine
from these compounds (Fig. 1 and 2). Sulfite is con-
verted into sulfide by anaerobic sulfite reductases. Two
operons, asrABC1 (cpel438-1440) and asrABC2
(cpe1536-1538) encoding sulfite reductases are present
in the genome. In the presence of sulfide and OAS pro-
duced by the serine acetyl-transferase (CysE), the OAS-
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thiol-lyase (CysK) further synthesizes cysteine. We
tested the release of sulfide by the strain 13 after growth
in the presence of various sulfur sources using lead acet-
ate papers as a trapping agent. We detected high sulfide
production after growth in the presence of sulfite due to
sulfite reductase activities and to a lesser extent in the
presence of thiosulfate. Sulfite and thiosulfate are taken-
up by uncharacterized transporters since transporters
sharing similarities neither with the CysPWUA system
from E. coli [38] nor with the SA1850 permease from S.
aureus [17] are present in the genome of C. perfringens.
Thiosulfate is probably converted into cysteine using
OAS-thiol-lyase activity as observed in E. coli [38].
Finally, C. perfringens was able to grow in the presence
of glutathione. The PepT and PepM proteins could be
involved in the degradation of this compound to form
cysteine (Fig. 1). A pathway of glutathione synthesis
from cysteine involving a bifunctional glutamate-
cysteine ligase/glutathione synthetase is also present as
previously proposed [39].

Comparison of metabolite and gene expression profiles
of C. perfringens grown with cystine or homocysteine

To obtain new insights into the regulation in response
to sulfur availability, we compared the metabolome and
the transcriptome of C. perfringens after growth in the
presence of 0.5 mM cystine or 1 mM homocysteine.
The doubling time was about two-fold higher for C. per-
fringens strain 13 grown in the presence of homocys-
teine than in the presence of cystine. Cystine allows
efficient growth while homocysteine is a poor sulfur
source for C. perfringens. This suggests that some meta-
bolites are limiting during growth with homocysteine.
So, we measured the intracellular concentration of sev-
eral sulfur compounds and amino acids by HPLC in
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crude extracts of strain 13 grown in the presence of
cystine or homocysteine (Fig. 3). The intracellular con-
centration of methionine remained undetectable in both
growth conditions. This suggests that methionine bio-
synthesis is not very efficient and/or that methionine
requirements are high. Homocysteine can be detected
only during growth with this compound suggesting that
homocysteine was mainly taken up from outside under
these conditions. Cystine, cysteine but also proline pools
were below the threshold of detection during growth
with homocysteine while their intracellular concentra-
tions were 325 puM, 236 uM and 80 uM, respectively
during growth with cystine. This strongly suggests that
growth in the presence of homocysteine mimics condi-
tions typically associated with cysteine limitation. The
concentration of alanine, lysine and serine and/or threo-
nine differed to a lesser extent in these two conditions.
We further compared gene expression profiles of
strain 13 grown in the presence of cystine or homocys-
teine. For this purpose, we designed a microarray con-
taining oligonucleotides representative of 2706 genes of
C. perfringens. For each condition, eight data sets gener-
ated with RNAs extracted from four independent cul-
tures were used to perform statistical analysis (see
Methods). A total number of 177 genes were differen-
tially expressed in these two conditions. Most of them
(122 out of 177) were up-regulated in the presence of
homocysteine. Some of the controlled genes including
those associated with sulfur metabolism, redox func-
tions, carbon metabolism and virulence are presented in
Table 1. We confirmed these transcriptome data by a
qRT-PCR analysis using the same RNAs for a set of
genes. About 20 genes of unknown function were also
differentially expressed more than three-fold in response
to cysteine availability in our transcriptomic data
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Figure 3 Intracellular concentration of sulfur compounds (A) and amino acids (B) in strain 13 grown in the presence of cystine or
homocysteine. Grey or white boxes indicate the metabolite concentrations extracted from strain 13 grown in the presence of 0.5 mM cystine
or 1 mM homocysteine, respectively. The mean value of three independent experiments is presented. # indicates that the metabolite is not
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Table 1 Genes differentially expressed in strain 13 after growth in the presence of homocysteine or cystine

Gene name (synonym)

Function/similarity

Transcriptome analysis

gRT-PCR

Homocysteine/cysteine p-value Homocysteine/cysteine
T-boxcys controlled genes
cpel321 (cysb) Serine acetyl-transferase 791 0.0001
cpel322 (cysK) OAS-thiol-lyase 6.86 0.0002 120
cpe0967 Na*-H*/Amino acid symporter 15.53 6.6E-06
cpe0947 Na*-H*/Amino acid symporter 7.01 0.0002
S-box controlled genes
cpe?177 (metK) SAM-synthase 27 0.015 14
cpe2317 probable Na*-H* antiporter 14 0.01
Iron sulfur clusters
cpel786 Rrf2-type regulator 341 0.0001 14
cpel785 (iscS) Cysteine desulfurase 3.36 0.00027
cpel784 (iscU) Iron sulfur cluster assembly 6.73 0.00008
cpel783 (trmU) Methylaminomethyl-2-Thiouridylate- 35 < 1E-05
methyltransferase
cpel469 IscS-like protein 25 0.0009 8
cpe0664 HesB-like protein 383 1.5E-05 11
Functions associated to redox
cpe2511 (fer) Ferredoxin [3Fe-49] 32 < 1E-05
cpe777 (rubR1) Rubredoxin 18 0.001
cpe0780 (rubR2) Rubredoxin 24 < 1E-05 43
cpe0778 Probable flavohemoprotein 1.62 0.005
cpel331 (ruby) Rubrerythrine 1.64 0.01
cpe2447 (fer) Ferredoxin 2[2Fe-25] 0.52 0.01
cpe0782 Alkyl hydrogen peroxide reductase 049 < 1E-05
cpe2537 cytochrome c-type biogenesis protein 041 < 1E-05
pe2538 Unknown 0.25 3.5505
Carbon metabolism
cpe2308 Mannose-1-phosphate 35 2.3E-05
guanylyltransferase
cpe0103 (Idh) Lactate dehydrogenase 273 0.004 15
Transporters, membrane or exported proteins
cpe?is5l Mercure-copper binding protein 5.1 < 1E-05
cpel37l Na*-dependent symporter 33 0.009 5
cpe0049 Membrane protein 3.02 < 1E-05
cpe2456 Membrane protein 2.84 1E-05
cpe0554 Protein with signal sequence 2.74 0.0002
cpe0383 Holin-like protein 26 0.004
cpe2595 Na*/H* antiporter 034 < 1E-05
Virulence
cpe0163 Perfringolysin O 03 0.02 0.16
cpel523 (nagl) Hyaluronidase 1.82 9.5E-05 23
Proteins of unknown function
cpel078 Unknown (73 aa) 108 < 1E-05
cpel079 Unknown 7.77 3E-05
cpel385 Unknown 42 6E-05
cpel386 Unknown (85aa) 8.73 < 1E-05
cpel387 Unknown (71aa) 6.4 5E-06
cpel388 Unknown 594 5E-05
cpe0651 Unknown 48 < 1E-05
cpe0015 Unknown 47 2E-05
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Table 1 Genes differentially expressed in strain 13 after growth in the presence of homocysteine or cystine (Continued)

cpe0114 Unknown (74 aa) 449
cpe0l13 Unknown (75 aa) 3.98
cpe0264 Unknown (98 aa) 3.94
cpe2619 Unknown (63 aa) 3.88
cpe0067 Unknown 36

cpe0102 Unknown (90 aa) 352
cpel4r72 Unknown 336
cpe2037 Unknown (89 aa) 3.16
cpe0363 Unknown (118 aa) 3.1

1.33E-05
6E-05
0.001

< 1E-05
1E-05
0.01
0.00735
0.0006
0.002

The results presented are representative of 8 differential hybridizations using RNA preparations obtained from 4 independent cultures. aa means amino acids.

(Table 1). Except for cpe2538, all these genes were
induced during conditions of cysteine limitation. Four
genes (cpel078, cpel386, cpel387 and cpel388) encode
cysteine-rich proteins. It was rather surprising to
observe a drastic increase (6 to 11-fold) of synthesis of
cysteine-rich proteins during cysteine limitation. Pro-
teins required for sulfur assimilation, which are induced
during conditions of sulfur starvation, are usually rela-
tively depleted in sulfur-containing amino acids [40,41].
We will focus this paper on the genes involved in sulfur
metabolism or functions with possible links with
cysteine such as iron-sulfur cluster biogenesis and redox.

Regulation of T-box controlled genes

Among genes derepressed after growth in the presence of
homocysteine, we found genes encoding the serine
acetyl-transferase, CysE, the OAS-thiol-lyase, CysK, and
two transporters CysP1 (Cpe0947) and CysP2 (Cpe0967)
(Fig. 1 and 4). T-box motifs are present upstream of
¢ysK, cysP1 and cysP2 [42]. These T-box regulatory sys-
tems are mostly involved in the control of aminoacyl-
tRNA synthetase genes but also of genes involved in
amino-acid biosynthesis or uptake in firmicutes
[11,42,43]. An alignment of the region surrounding the
15 bp T-box motif (AATTAGAGTGGAACC) located
upstream of cysK, cysP1 and cysP2 is presented in Fig. 5.
We clearly observed the presence of conserved AGTA-,
AG-, GNUG- and F-boxes and a terminator downstream
from the T-box motif with a possible alternative forma-
tion of an antiterminator structure. A specifier codon for
cysteine (TGC) matching with the anticodon of the
cysteinyl-tRNA is also present [11]. Interestingly,
Vitreschak et al have shown that the TGC codon (100%)
is preferred to the TGT codon at T-box regulatory sites
[42]. The presence of a T-box specific for cysteine (T-
boxcys) upstream of these genes is therefore in agree-
ment with the 7 to 15.5-fold derepression under condi-
tions of cysteine limitation in transcriptome. This
strongly suggests that these genes are controlled by pre-
mature termination of transcription via a T-box element

sensing cysteine availability. To confirm the control of
cysP2 expression by premature termination of transcrip-
tion, we performed Northern blot experiments using
strand specific RNA probes located in the 5" untranslated
region of the cysP2 gene (T-box region) or within its
coding region. In the presence of cystine, we observed
small transcripts of about 500, 300 and 200 bases with a
probe hybridizing with the T-box region while no tran-
script was detected with the cysP2 probe (Fig. 6). The
transcript of 300 bases has the size expected for a tran-
script initiated at a putative cA-dependent promoter
located upstream of the specifier hairpin (data not
shown) and terminated at the T-box terminator (Fig. 5
and 6) while the band at 200 bases might be due to RNA
degradation or cleavage of the 300 base transcript as
observed for other T-box elements [44]. In the presence
of homocysteine, a larger transcript of about 1.4 kb,
which corresponds to the transcription of the complete
cysP2 gene appeared with both probes. As observed in
transcriptome, the amount of cysP2 transcript drastically
increases under conditions of cysteine depletion. Under
these conditions, part of the transcriptional machinery
passed through the terminator located upstream of cysP2
that contains a T-boxcys allowing cysP2 transcription
(Fig. 4). CysP1 and CysP2 are Na*/H" symporters that
could participate in the uptake of cysteine and/or cystine.
These symporters share limited similarities with the
cystine symporter TcyP of B. subtilis [45], and corre-
spond to new classes of cyst(e)ine transporters [42].
CysP2-like proteins are present in the genome of other
clostridia (C. tetani, C. botulinum and C. novyi). In addi-
tion to cysP1 and cysP2, the cysK and cysE genes that
probably form an operon were co-regulated in response
to cysteine availability via a T-boxcys located upstream of
cysK. The expression of cysK was 7 and 120-fold higher
during cysteine limitation in transcriptome and qRT-
PCR experiments, respectively (Fig. 4). The expression of
the cysKE operon increases during cysteine depletion in
agreement with the involvement of CysK and CysE in
cysteine biosynthesis.
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Figure 4 Genes involved in sulfur metabolism controlled by premature termination of transcription via a T-box or an S-box system. 5’
untranslated region containing a T-box or an S-box motif are indicated by black or grey boxes, respectively. Loops indicate putative
transcriptional terminators. Striped boxes indicate the genes encoding transporters. The genes involved in cysteine biosynthesis are indicated by
dotted boxes while the SAM synthase gene, metK;, is indicated by a checkerboard box. The expression ratios (homocysteine/cystine) obtained in
transcriptome analysis are indicated under the genes while the expression ratios (homocysteine/cystine) obtained by qRT-PCR are indicated in
parentheses. An alignment of the S-box motif of metT and metK has been previously published [9].
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Surprisingly, the ubiGmccBAluxS operon was not
regulated in response to cysteine availability in tran-
scriptome despite the presence upstream of ubiG of a
T-boxcys element with all the conserved motifs of func-
tional T-boxes (Fig. 5). MccB-type enzymes have both
cystathionine y-lyase and homocysteine y-lyase activities
[8]. To demonstrate a possible repression of this operon
by cysteine, we tested the homocysteine y-lyase activity
of MccB by zymogram (Fig. 7) [19]. Using crude

extracts of strain 13 grown with 0.5 mM cystine or 1
mM homocysteine as sole sulfur source, the homocys-
teine y-lyase activity of MccB cannot be detected (Fig. 7,
lane 1 and 2). However, it has been previously shown
that the master regulator of virulence, VirR via a small
regulatory RNA, the VR-RNA, negatively regulates ubiG
expression [28,46]. Thus, we tested the homocysteine y-
lyase activity in the strain 13 inactivated for the virR
gene (TS133), the vrr gene encoding the VR-RNA
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Specifier hairpin
____________________________________ >
AGTA box AG-box
cpe0967 TGAAAAGCTGTGATTA-GAAAAGTAGAATTAATTTCTTTATTCAGAGAGAGTCTTCTAG
cpe0947 TTAAATGCGTTGAAGAGGGAAAGTAAATATTATAAGTTACTACAGAGAGAGGTTAGTTT
cysK ATAAATGTTGTGATAAAGTAAAGTA-TTATAAGGATAGGTCACAGAGAGAAAGTGGG--
ubiG ATAAATGCATTGAAAAAGTAAAGTAG-CATTTTGGAAAATCACAGAGAGGAAAATGAT-
*kk_ * kkk ok Kk kkkkkx * kkkokkokok

GNTG-box Specifier codon
cpe0967 GCTGTAAAAGACTTTAAAGAATTTTTTCATGAGITGCATCTATGAGCTTGTTTCCAGAAN,,
cpe0947 GCTGAGATAACCTGTAATGAGTATTATT-GAAGIGCCCCTTGGAGCTTAAGTGCCGAAN,
cysK GCTGGAAATCTTTCACCAAAGCTTTATAAGAAGIGCGCTTTTGAACAGGAATTTCGAAN,
ubiG GGTGAGAGTTTTCTATTTAGAAGAAATGTGAAGIGCACTTTGGAGCAGAAAT-CCGAAN,

* *xk % * * %k Kk % *  kx ok * * % *

F-box i
T-box motif

cpe0967 AGTAGGGGAATGCGGGTA-TGCCCGTTATAGCAGAGTGGTATN,,AATCAGAGTGGAACCG
cpe0947 AGTAGGTGTTTATGGGAA-CTCCCATTATAGAGTTAGGGTATN,,AATCAGAGTGGAACCG
CcysK AGTAGAAATTTTCGAGTATCACCCGTTAACGTGATAGAGTATN,,AATTAGAGTGGAACCA
ubiG AGTAGGGTTCTCCGGG-ATCACCCGTTATAGTGATTAGGCATN,,AATTAGAGTGGAACCG

*kkok ok * Kk * % kkkx kkk % * kk  kkk kkkkkkkkxkkk

< Terminator region >

cpe0967 TGGAATTTTACTTCTGCCTCTGTATAGGGGGTAGAAGTTTTTTTATTT
cpe0947 TGGAAGTATAGTCTTCTGCCTCTGTAATTTACAGAGGTAGAGGGCTTTTTTTATT
CysK CGGAGTAAAAAGCTTCGTCTCTAAATAGTGTAAGGCCTTTTTATTATATT
ubiG CGAGTTACCTCGTCTCTATAGATTTTTATAGAGACGAGGTTTTTTTATTT
Figure 5 Alignment of the 4 cysteine specific T-boxes present in the C. perfringens genome. 4 genes with a T-box motif
(AATTAGAGTGGAACC allowing one mismatch) were regulated in response to cysteine availability in transcriptome. We multialign a 200 bp
region covering the T-box motif located upstream of these 4 genes. The conserved motifs characteristic of T-boxes (AGTA-box, F-box, AG-box,
GNUG- box) are indicated. The cysteine specifier codon is boxed. Base-paired positions in the specifier hairpin (dotted arrow) are indicated by
gray background. The bases involved in the formation of the antiterminator structure are underlined.

(TS140) or the virX gene (TS186) encoding another reg-
ulatory RNA controlling toxin production [25,27]. We
detected by zymogram the homocysteine y-lyase activity
of MccB in crude extracts of these 3 mutants (Fig. 7,
lane 3-8). This activity was about 100-fold higher in
crude extracts of strains grown in the presence of
homocysteine than in the presence of cystine. We then
realized a qRT-PCR analysis using oligonucleotides
hybridizing with ubiG. With RNAs extracted from
TS133 (virR:tet), TS140 (vrr:tet), or TS186 (virX:erm),
ubiG expression is respectively 45-, 67- and 250-fold
greater in the presence of homocysteine than in the pre-
sence of cystine. This confirmed the results obtained
with MccB activity and indicated that ubiG transcription
drastically increased during cysteine depletion in the
tested mutants. The cysteine specific T-box system
is very likely involved in the induction of expression
of the ubiG operon involved in sulfur metabolism
and AI-2 production during cysteine limitation. Actually,
a T-boxcys is also present upstream of the ubi-
GmccBluxSmccA operon of C. botulinum and the ubi-
GmeccBA operon of C. acetobutylicum [9]. However, the
regulation of ubiG expression in C. perfringens and C.

acetobutylicum seems to differ. In C. acetobutylicum,
the T-boxcys is not fully functional and the control of
the ubiG operon involves mainly antisense RNAs whose
expression is repressed in the presence of methionine
via an S-box riboswitch [19].

MccB belongs to a family of PLP-dependent enzymes
with O-acyl-homoserine y-synthase, cystathionine
B-lyase, cystathionine y-lyase, methionine y-lyase or
O-acyl-homoserine thiol-lyase activity [47]. Several ele-
ments strongly support that Cpe0176/MccB is involved
in reverse transsulfuration: i) MccB is more similar to
characterized cystathionine y-lyases of B. subtilis and C.
acetobutylicum than to the other members of this
family; ii) MccB has an homocysteine y-lyase activity
associated with cystathionine-y-lyase activity [8]; iii)
mccB is in operon with mccA encoding a cystathionine-
B-synthase-type enzyme and ubiG, encoding a SAM-
dependent methyl-transferase as observed in several
firmicutes [8,9,19]; iv) C. perfringens can grow in the
presence of homocysteine as sole sulfur source; v) the
expression of the ubiG operon is induced by cysteine
depletion via a cysteine specific T-box element as
expected for a cysteine biosynthetic pathway. In addition
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Figure 6 Northern blot analysis of the T-box controlled cysP2
transcription. Total RNA was extracted from strain 13 grown in
minimal medium in the presence of cystine 1 mM (C) or
homocysteine 1 mM (HC). Specific RNAs were detected using a
probe hybridizing with the T-box region (A) or with the cysP2
(cpe0967) gene (B). The 16 S rRNA was used as a loading control.

to its control by a T-box regulatory element, the ubiG
operon also belongs to the VirR and VirX regulons.
Interestingly, we showed that another member of the
VirR and VirX regulons, the pfoA gene encoding per-
fringolysin O [24,27], was regulated in response to
cysteine availability. pfoA expression increased 3- (tran-
scriptome) and 6-fold (qRT-PCR) in the presence of
cystine compared with homocysteine (Table 1). How-
ever, it seems unlikely that the effect of cysteine is
mediated by the VirR/VirS system since cysteine does

5 7

1 2 3 4 5 6 8
- . =

Figure 7 Modulation of MccB synthesis in the presence of
homocysteine or cystine in various mutants. The homocysteine
y-lyase activity of MccB was detected on zymogram. A total of 100
ug of crude extracts were charged on a native polyacrylamide gel
(12%). The release of sulfide from homocysteine due to
homocysteine y-lyase activity was detected by the precipitation of
insoluble PbS. The proteins were extracted from strain 13 (I and 2),
TS140 (virzerm) (3 and 4), TS186 (virX zerm) (5 and 6) and TS133
(virR:tet) (7 and 8) after growth in the presence of 0.5 mM cystine
(1,3,5and 7) or 1 mM homocysteine (2, 4, 6 and 8).

not induce the expression of other VirR/VirS-activated
genes [48].

Regulation of other genes involved in sulfur metabolism
by cysteine availability

An S-box motif is located upstream of two genes that
were derepressed during cysteine depletion in the tran-
scriptome study: the metK gene encoding the SAM-
synthase and the cpe2317 gene (metT) encoding a
potential methionine transporter [9] (Fig. 1). Cpe2317/
MetT is an antiporter of the NhaC superfamily that is
present in B. cereus, S. aureus, C. botulinum and C.
tetani with S-boxes preceding the corresponding genes
[9]. Quantitative RT-PCR experiments confirmed that
the quantity of the metK transcript was 14-fold higher
in the presence of homocysteine than in the presence of
cystine. This suggested that the concentration of SAM is
limited during growth with homocysteine. We were
unable to detect methionine (Fig. 3) suggesting a low
concentration for this amino acid. We also failed to
reproducibly determine the SAM concentration probably
due to the weak stability of this compound.

In this study, we identified additional genes that could
participate in sulfur metabolism. We observed an
increased transcription of cpel371 in the presence of
homocysteine (3.3-fold in transcriptome and 5-fold in
qRT-PCR experiments). This gene encodes a Na
"-dependent symporter of amino acids that could parti-
cipate in the uptake of sulfur-containing compounds
(cystine, cysteine, homocysteine, S-methyl-cysteine, glu-
tathione). By contrast, the asrABC1 and asrABC2 oper-
ons as well as the pepT and pepM genes (Fig. 1) were
not differentially expressed after growth in the presence
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of homocysteine or cystine. The synthesis of sulfite
reductases may be induced in the presence of sulfite as
shown for Clostridium pasterianum [49]. In the absence
of sulfite in the growth medium, we do not observe any
regulation for the asr operons by the sulfur sources
tested. Among the genes differentially expressed during
cysteine depletion, we were also unable to identify can-
didates for methionine biosynthesis. The enzymes
involved could be either constitutively synthesized or
the effector modulating the transcription of the corre-
sponding genes is not sufficiently depleted under the
growth conditions tested.

Control of iron-sulfur cluster biogenesis and related
functions
Expression of genes involved in [Fe-S] cluster biogenesis
was regulated in response to cysteine availability (Table
1). Actually, four genes adjacent on the chromosome,
cpel783 to cpel786, were up-regulated 3 to 6-fold dur-
ing cysteine limitation. Cpel786 is a repressor of the
Rrf2 family sharing 50% identity with CymR, the global
regulator of cysteine metabolism of B. subtilis [16] and
37% with IscR, the regulator of [Fe-S] cluster biogenesis
in E. coli [50]. Cpel785 and Cpel784 encode a cysteine
desulfurase and a scaffold protein for [Fe-S] cluster
assembly, respectively [1] while TrmU (Cpel783) is an
enzyme involved in thio-uridylation of tRNAs. In the
absence of nitrogen fixation in C. perfringens, we pro-
posed to rename cpel785, iscS instead of nifS and
cpel784, iscU instead of mifl. The expression of
cpel469 encoding a putative cysteine desulfurase sharing
25% identity with IscS also increased during cysteine
depletion. Finally, the expression of cpe0664 encoding a
114 amino-acid protein, which corresponds to an A-
type carrier required for [Fe-S] cluster assembly [51],
was induced during cysteine limitation (Table 1). Thus,
in the absence of the suf genes in C. perfringens, iscSU
and cpe0664 probably constitute the unique system of
[Fe-S] cluster biogenesis in this bacterium [1]. In E. coli
and several other bacteria, genes involved in this process
are regulated in response to [Fe-S] availability via the
[Fe-S] protein IscR, and are induced during iron starva-
tion and oxidative stress [1,52]. By contrast, only few
data are available concerning the control of [Fe-S] clus-
ter synthesis by cysteine availability. The coordinated
derepression of genes involved in [Fe-S] production
(cpel785, cpel784, cpeld69, cpe0664) during cysteine
depletion may allow C. perfringens maintaining its pools
of [Fe-S] clusters, which play a crucial role in the phy-
siology of these bacteria lacking the heme synthesis
machinery [53].

Expression of ldh encoding the lactate dehydrogenase
(LDH) increased 2.7-fold after growth in the presence of
homocysteine as compared with cystine. Several [Fe-S]
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clusters containing enzymes (pyruvate-ferredoxin-oxi-
doreductase, ferredoxin, hydrogenase) participate in the
production of acetyl-CoA from pyruvate in clostridia
while lactate production by LDH does not require [Fe-
S] clusters [53,54]. The conversion of pyruvate to acetyl-
CoA is therefore dependent on the iron and cysteine
supply. C. perfringens might increase LDH synthesis
during cysteine limitation to decrease the excess of
reducing equivalents produced by glycolysis combined
with low [Fe-S] cluster requirements. Interestingly, the
lactate production is increased during iron starvation in
C. acetobutylicum [55].

Regulation of genes involved in redox systems

Genes involved in electron transfer and maintenance of
the cell redox status were also differentially expressed in
response to cysteine availability. The expression of
cpe2511 encoding a [3Fe-4S] ferredoxin was up-regu-
lated in the presence of homocysteine while that of
cpe2447 encoding a 2[2Fe-2S] ferredoxin playing a role
in shuttling electrons between a number of redox
enzymes [53] increased in the presence of cystine. The
rubRI and rubR2 genes encode rubredoxins. These pro-
teins contain an iron associated to 4 cysteinyl residues
and play a role in electron transfers for the nitrate
reductase or the NADH/rubredoxin oxidoreductase
involved in oxygen and reactive oxygen species detoxifi-
cation [56,57]. The rubR genes were about 2-fold more
expressed in the presence of homocysteine than in the
presence of cystine. We confirmed by qRT-PCR that
rubR2 was 4-fold up-regulated during cysteine limita-
tion. The rubredoxins participate in the oxidative stress
response in C. perfringens and C. acetobutylicum [56,58]
via their role in electron transfer for the NADH/rubre-
doxin oxidoreductase involved in the detoxification of
oxygen and reactive oxygen species [59,60]. We then
tested the sensitivity of strain 13 to stresses after growth
in the presence of homocysteine or cystine. The growth
inhibition area in the presence of H,O, and diamide
increased 11 and 13% (p-value <0.05), respectively in the
presence of homocysteine as compared with cystine
while no difference was observed with paraquat. So, the
strain 13 appeared more sensitive to H,O, and diamide
during cysteine depletion despite the induction of rubR1
and rubR2 transcription. This induction is probably not
sufficient to increase the resistance to H,O, in the
absence of induction of other scavenging components
[NADH/rubredoxin oxidoreductase, FprA, Rubperoxin
(formerly reverse rubrerythrin)]. The increased sensitiv-
ity of strain 13 to H,O, and disulfide stress may be
rather due to cysteine depletion during growth with
homocysteine. Cysteine is a precursor of glutathione
that is detected in C perfringens [61]. Glutathione plays
a key role in thiol homeostasis and in protein protection
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after an oxidative stress [62]. However, genes involved in
glutathione biosynthesis (Fig. 1) or encoding glutaredox-
ins are found in the genome of C. perfringens but pro-
teins sharing similarities with glutaredoxin-reductases
are lacking. The possible involvement of glutathione or
other cysteine derivatives as a low-molecular-weight
antioxidant in C. perfringens remains to be determined.

Conclusion

Most of genes involved in sulfur metabolism in C. per-
fringens are controlled in response to sulfur availability
by premature termination of transcription. An S-box
motif is located upstream of the metK gene encoding a
SAM synthase and the metT gene encoding a probable
methionine transporter. Two pathways leading to
cysteine production from methionine (LuxS, MccA,
MccB) or sulfide (CysKE) and two cyst(e)ine transpor-
ters are controlled by a T-box.y, regulatory element. By
different approaches, we have demonstrated that the 4
cysteine specific T-boxes of C. perfringens respond to
cysteine availability and that the T-box upstream of
¢ysP2 promotes premature termination of transcription
in the presence of cysteine. Interestingly, T-boxes are
present upstream of the ubiG and cysKE operons and
the cysP2 gene of C. botulinum [42] as well as the cysKE
and ubiG operons of C. kluyveri suggesting conserved
mechanisms for the control of cysteine metabolism in
these clostridia. By contrast, no T-box is present
upstream of c¢ysK of C. acetobutylicum, C. tetani and C.
novyi or cysP2 of C. tetani and C. novyi suggesting that
other mechanisms of control of cysteine metabolism
may exist in clostridia. In other firmicutes, cysteine spe-
cific T-boxes are mainly found upstream of ¢ysS encod-
ing the cysteinyl-tRNA synthetase or cysES while
cysteine metabolism is controlled by CymR-type regula-
tors in Bacillales and by CysR in Streptococci [16].

In C. perfringens, the expression of the ubiG operon
involved in methionine to cysteine conversion and in
AI-2 production is submitted to a complex regulatory
network with a triple control: i) a drastic induction dur-
ing cysteine starvation via the cysteine specific T-box
system present upstream of ubiG that senses the level of
charge of tRNA. [11]; ii) a control by the VirS/VirR
two-component system via the VR-RNA by a still
uncharacterized mechanism and iii) a regulation by
VirX, a regulatory RNA, which controls toxin produc-
tion independently from VirR. The control of ubiG
expression by global virulence regulators like VirR and
VirX suggests a role of this operon during infection. Its
control by VirR and VirX might allow i) maintaining the
pool of methionine, an amino-acid that cannot be
synthesized by human cells and/or ii) limiting the pool
of cysteine, an amino-acid that promotes oxidative DNA
damages by driving the Fenton reaction due to the
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efficient reduction of Fe®* by cysteine [63]. This may
contribute to increased resistance to reactive oxygen
species during infection.

Finally, several genes are up-regulated during cysteine
depletion via mechanisms different from the T-box and
S-box systems in C. perfringens. It is worth noting that
among the genes induced during cysteine limitation,
there is cpel786 encoding a repressor of the Rrf2 family.
Cpel786 is a good candidate to participate in cysteine-
dependent regulation of iron-sulfur clusters biogenesis
but maybe also of some steps of fermentation pathways.
This deserves further investigations.

Acknowledgements

We are grateful to A. Danchin O. Soutourina and M. Popoff for stimulating
discussions. We thank A. Antunes and E. Camiade for their help and P.
Courtin for metabolite analysis. . M-V. and E. H. are full professor and ATER
at the Université Paris 7, respectively. Research was supported by grants
from the Centre National de la Recherche Scientifique (CNRS URA 2171) and
the Institut Pasteur (PTR N°256). G. A was the recipient of a grant from the
Ministere de I'enseignement supérieur et de la recherche and from the
Pasteur-Weizmann foundation.

Author details

'Institut Pasteur, Unité de Génétique des Génomes Bactériens and Unité des
Bactéries Anaérobies et Toxines, 28 rue du Docteur Roux, 75015 Paris,
France. CNRS URA 2171, 75015 Paris, France. ’Institut Pasteur, Laboratoire de
Pathogénése des Bactéries Anaérobies, 28 rue du Docteur Roux, 75015 Paris,
France. “Université Paris 7-Denis Diderot, 75205 Paris, France. *Department of
Bacteriology, Graduate School of Medical Science, Kanazawa University,
Ishikawa, 920-8640 Japan.

Authors’ contributions

BD, KO, TS and IMV conceived and designed the experiments. GA, EH and
MM performed the experiments. MM, BD, KO, TS and IMV analyzed the data.
BD, TS and IMV wrote the paper. All authors read and approved the final
manuscript.

Received: 5 May 2010 Accepted: 7 September 2010
Published: 7 September 2010

References

1. Ayala-Castro C, Saini A, Outten FW: Fe-S cluster assembly pathways in
bacteria. Microbiol Mol Biol Rev 2008, 72(1):110-125.

2. Masip L, Veeravalli K, Georgiou G: The many faces of glutathione in
bacteria. Antioxid Redox Signal 2006, 8(5-6):753-762.

3. Newton GL, Rawat M, La Clair JJ, Jothivasan VK, Budiarto T, Hamilton CJ,
Claiborne A, Helmann JD, Fahey RC: Bacillithiol is an antioxidant thiol
produced in Bacilli. Nat Chem Biol 2009, 5(9):625-627.

4. Zeller T, Klug G: Thioredoxins in bacteria: functions in oxidative stress
response and regulation of thioredoxin genes. Naturwissenschaften 2006,
93(6):259-266.

5. Xavier KB, Bassler BL: LuxS quorum sensing: more than just a numbers
game. Current Opinion in Microbiology 2003, 6(2):191-197.

6. Soutourina O, Martin-Verstraete I: Global regulatory network of sulfur
metabolism in Bacillus subtilis. In Global regulatory networks in Bacillus
subtilis. Edited by: Fujita Y. Transworld research network; 2007:111-141.

7. van der Ploeg JR, Barone M, Leisinger T: Functional analysis of the Bacillus
subtilis cysK and cysJI genes. FEMS Microbiol Lett 2001, 201(1):29-35.

8. Hullo MF, Auger S, Soutourina O, Barzu O, Yvon M, Danchin A, Martin-
Verstraete |: Conversion of methionine to cysteine in Bacillus subtilis and
its regulation. J Bacteriol 2007, 189(1):187-197.

9. Rodionov DA, Vitreschak AG, Mironov AA, Gelfand MS: Comparative
genomics of the methionine metabolism in Gram-positive bacteria: a
variety of regulatory systems. Nucleic Acids Res 2004, 32(11):3340-3353.


http://www.ncbi.nlm.nih.gov/pubmed/18322036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18322036?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16771667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16771667?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19578333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19578333?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16555095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16555095?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12732311?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11445163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11445163?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17056751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17056751?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15215334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15215334?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15215334?dopt=Abstract

André et al. BMC Microbiology 2010, 10:234
http://www.biomedcentral.com/1471-2180/10/234

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

Grundy FJ, Henkin TM: The T box and S box transcription termination
control systems. Front Biosci 2003, 8(1):20-31.

Gutierrez-Preciado A, Henkin TM, Grundy FJ, Yanofsky C, Merino E:
Biochemical features and functional implications of the RNA-based T-
box regulatory mechanism. Microbiol Mol Biol Rev 2009, 73(1):36-61.
Burguiere P, Fert J, Guillouard |, Auger S, Danchin A, Martin-Verstraete I:
Regulation of the Bacillus subtilis ytml operon, involved in sulfur
metabolism. J Bacteriol 2005, 187(17):6019-6030.

Guillouard |, Auger S, Hullo MF, Chetouani F, Danchin A, Martin-Verstraete I:
Identification of Bacillus subtilis CysL, a regulator of the cysJl operon,
which encodes sulfite reductase. J Bacteriol 2002, 184(17):4681-4689.
Sperandio B, Gautier C, Pons N, Ehrlich DS, Renault P, Guedon E: Three
paralogous LysR-type transcriptional regulators control sulfur amino acid
supply in Streptococcus mutans. J Bacteriol 2010, 192(13):3464-3473.
Sperandio B, Gautier C, McGovern S, Ehrlich DS, Renault P, Martin-
Verstraete |, Guedon E: Control of methionine synthesis and uptake by
MetR and homocysteine in Streptococcus mutans. J Bacteriol 2007,
189(19):7032-7044.

Even S, Burguiere P, Auger S, Soutourina O, Danchin A, Martin-Verstraete I:
Global control of cysteine metabolism by CymR in Bacillus subtilis. J
Bacteriol 2006, 188(6):2184-2197.

Soutourina O, Poupel O, Coppée JY, Danchin A, Msadek T, Martin-
Verstraete |: CymR, the master regulator of cysteine metabolism in
Staphylococcus aureus, controls host sulfur source utilization and plays a
role in biofilm formation. Mol Microbiol 2009, 73(2):194-211.

Tanous C, Soutourina O, Raynal B, Hullo MF, Mervelet P, Gilles AM, Noirot P,
Danchin A, England P, Martin-Verstraete I: The CymR Regulator in Complex
with the Enzyme CysK Controls Cysteine Metabolism in Bacillus subtilis. J
Biol Chem 2008, 283(51):35551-35560.

Andre G, Even S, Putzer H, Burguiere P, Croux C, Danchin A, Martin-
Verstraete |, Soutourina O: S-box and T-box riboswitches and antisense
RNA control a sulfur metabolic operon of Clostridium acetobutylicum.
Nucleic Acids Res 2008, 36(18):5955-5960.

Rood JI: Virulence genes of Clostridium perfringens. Annu Rev Microbiol
1998, 52:333-360.

Shimizu T, Ohtani K, Hirakawa H, Ohshima K, Yamashita A, Shiba T,
Ogasawara N, Hattori M, Kuhara S, Hayashi H: Complete genome sequence
of Clostridium perfringens, an anaerobic flesh-eater. Proc Natl Acad Sci USA
2002, 99(2):996-1001.

BaThein W, Lyristis M, Ohtani K, Nisbet [T, Hayashi H, Rood JI, Shimizu T:
The virR/virS locus regulates the transcription of genes encoding
extracellular toxin production in Clostridium perfringens. J Bacteriol 1996,
178(9):2514-2520.

Shimizu T, Shima K, Yoshino K, Yonezawa K, Hayashi H: Proteome and
transcriptome analysis of the virulence genes regulated by the VirR/VirS
system in Clostridium perfringens. J Bacteriol 2002, 184(10):2587-2594.
Cheung JK, Rood JI: The VirR response regulator from Clostridium
perfringens binds independently to two imperfect direct repeats located
upstream of the pfoA promoter. J Bacteriol 2000, 182(10):2992-2992.
Okumura K, Ohtani K, Hayashi H, Shimizu T: Characterization of genes
regulated directly by the VirR/VirS system in Clostridium perfringens. J
Bacteriol 2008, 190(23):7719-7727.

Shimizu T, Yaguchi H, Ohtani K, Banu S, Hayashi H: Clostridial VirR/VirS
regulon involves a regulatory RNA molecule for expression of toxins. Mo/
Microbiol 2002, 43(1):257-265.

Ohtani K, Bhowmik SK, Hayashi H, Shimizu T: Identification of a novel
locus that regulates expression of toxin genes in Clostridium perfringens.
FEMS Microbiol Lett 2002, 209(1):113-118.

Banu S, Ohtani K, Yaguchi H, Swe T, Cole ST, Hayashi H, Shimizu T:
Identification of novel VirR/VirS-regulated genes in Clostridium
perfringens. Mol Microbiol 2000, 35(4):854-864.

Ohtani K, Takamura H, Yaguchi H, Hayashi H, Shimizu T: Genetic analysis of
the ycgJmetB-cysK-ygaG operon negatively regulated by the VirR/VirS
system in Clostridium perfringens. Microbiol and Immunol 2000,
44(6):525-528.

Sebald M, Costilow RN: Minimal growth requirements for Clostridium
perfringens and isolation of auxotrophic mutants. App/ Microbiol 1975,
29(1):1-6.

Guerlava P, Izac V, Tholozan JL: Comparison of different methods of cell
lysis and protein measurements in Clostridium perfringens: application to
the cell volume determination. Curr Microbiol 1998, 36(3):131-135.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

53.

54.

55.

Page 14 of 15

Livak KJ, Schmittgen TD: Analysis of relative gene expression data using
real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods
2001, 25(4):402-408.

Rouillard JM, Zuker M, Gulari E: OligoArray 2.0: design of oligonucleotide
probes for DNA microarrays using a thermodynamic approach. Nucleic
Acids Res 2003, 31(12):3057-3062.

Breitling R, Armengaud P, Amtmann A, Herzyk P: Rank products: a simple,
yet powerful, new method to detect differentially regulated genes in
replicated microarray experiments. FEBS Lett 2004, 573(1-3):83-92.

Smyth GK, Speed T: Normalization of cDNA microarray data. Methods
2003, 31(4):265-273.

Benjamini Y, Hochberg Y: Controlling the false discovery rate: a practical
and powerful approach to multiple testing. J Roy Statist Soc Ser 1995, 57:
289-300.

Nygard O, Vollset SE, Refsum H, Brattstrom L, Ueland PM: Total
homocysteine and cardiovascular disease. J Intern Med 1999,
246(5):425-454.

Kredich NM: Biosynthesis of Cysteine. In Escherichia coli and Salmonella,
cellular and molecular biology. Edited by: Neidhardt FC. Washington, D.C:
ASM Press; , Second 1996:514-527.

Kino K, Kuratsu S, Noguchi A, Kokubo M, Nakazawa Y, Arai T, Yagasaki M,
Kirimura K: Novel substrate specificity of glutathione synthesis enzymes
from Streptococcus agalactiae and Clostridium acetobutylicum. Biochem
Biophys Res Commun 2007, 352(2):351-359.

Baudouin-Cornu P, Surdin-Kerjan Y, Marliere P, Thomas D: Molecular
evolution of protein atomic composition. Science 2001, 293(5528):297-300.
Mazel D, Marliere P: Adaptive eradication of methionine and cysteine
from cyanobacterial light-harvesting proteins. Nature 1989,
341(6239):245-248.

Vitreschak AG, Mironov AA, Lyubetsky VA, Gelfand MS: Comparative
genomic analysis of T-box regulatory systems in bacteria. RNA 2008,
14(4):717-735.

Wels M, Kormelink TG, Kleerebezem M, Siezen RJ, Francke C: An in silico
analysis of T-box regulated genes and T-box evolution in prokaryotes,
with emphasis on prediction of substrate specificity of transporters. BMC
Genomics 2008, 9:330.

Even S, Pellegrini O, Zig L, Labas V, Vinh J, Brechemmier-Baey D, Putzer H:
Ribonucleases J1 and J2: two novel endoribonucleases in B. subtilis with
functional homology to E. coli RNase E. Nucleic Acids Res 2005,
33(7):2141-2152.

Burguiere P, Auger S, Hullo MF, Danchin A, Martin-Verstraete |: Three
different systems participate in L-cystine uptake in Bacillus subtilis. J
Bacteriol 2004, 186(15):4875-4884.

Ohtani K, Hayashi H, Shimizu T: The luxS gene is involved in cell-cell
signalling for toxin production in Clostridium perfringens. Mol Microbiol
2002, 44(1):171-179.

Mehta PK, Christen P: The molecular evolution of pyridoxal-5"-phosphate-
dependent enzymes. Adv Enzymol Relat Areas Mol Biol 2000, 74:129-184.
Ohtani K, Hirakawa H, Tashiro K, Yoshizawa S, Kuhara S, Shimizu T:
Identification of a two-component VirR/VirS regulon in Clostridium
perfringens. Anaerobe 2010, 16(3):258-264.

Harrison G, Curle C, Laishley EJ: Purification and characterization of an
inducible dissimilatory type sulfite reductase from Clostridium
pasteurianum. Arch Microbiol 1984, 138(1):72-78.

Schwartz CJ, Giel JL, Patschkowski T, Luther C, Ruzicka FJ, Beinert H, Kiley PJ:
IscR, an Fe-S cluster-containing transcription factor, represses expression
of Escherichia coli genes encoding Fe-S cluster assembly proteins. Proc
Natl Acad Sci USA 2001, 98(26):14895-14900.

Vinella D, Brochier-Armanet C, Loiseau L, Talla E, Barras F: Iron-sulfur (Fe/S)
protein biogenesis: phylogenomic and genetic studies of A-type carriers.
PLoS Genet 2009, 5(5):21000497.

Giel JL, Rodionov D, Liu M, Blattner FR, Kiley PJ: IscR-dependent gene
expression links iron-sulphur cluster assembly to the control of 02-
regulated genes in Escherichia coli. Mol Microbiol 2006, 60(4):1058-1075.
Meyer J: Clostridial iron-sulphur proteins. J Mol Microbiol Biotechnol 2000,
2(1).9-14.

Gheshlaghi R, Scharer JM, Moo-Young M, Chou CP: Metabolic pathways of
clostridia for producing butanol. Biotechnol Adv 2009, 27(6):764-781.

Bahl H, Gottwald M, Kuhn A, Rale V, Andersch W, Gottschalk G: Nutritional
Factors Affecting the Ratio of Solvents Produced by Clostridium
acetobutylicum. Appl Environ Microbiol 1986, 52(1):169-172.


http://www.ncbi.nlm.nih.gov/pubmed/19258532?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19258532?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16109943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16109943?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12169591?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12169591?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/20418399?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17675375?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16513748?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19508281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19508281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19508281?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18974048?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18974048?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18812398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18812398?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9891801?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11792842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11792842?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8626316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8626316?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11976286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11976286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11976286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18790863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18790863?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11849553?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11849553?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12007663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12007663?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10692162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10692162?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/162964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/162964?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9516540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9516540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/9516540?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11846609?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12799432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12799432?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15327980?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15327980?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15327980?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/14597310?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10583714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10583714?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17123467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17123467?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11452124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11452124?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2506452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/2506452?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18359782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18359782?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18625071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18625071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18625071?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15831787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15831787?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15262924?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11967077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11967077?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10800595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10800595?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19835966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19835966?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6742957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6742957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/6742957?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11742080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/11742080?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19478995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19478995?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16677314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16677314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16677314?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/10937481?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19539744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19539744?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16347104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16347104?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/16347104?dopt=Abstract

André et al. BMC Microbiology 2010, 10:234
http://www.biomedcentral.com/1471-2180/10/234

56.

57.

58.

59.

60.

61.

62.

63.

Kawasaki S, Sakai Y, Takahashi T, Suzuki I, Niimura Y: O2 and reactive
oxygen species detoxification complex, composed of O2-responsive
NADH:rubredoxin oxidoreductase-flavoprotein A2-desulfoferrodoxin
operon enzymes, rubperoxin, and rubredoxin, in Clostridium
acetobutylicum. Appl Environ Microbiol 2009, 75(4):1021-1029.

Riebe O, Fischer RJ, Bahl H: Desulfoferrodoxin of Clostridium
acetobutylicum functions as a superoxide reductase. FEBS Lett 2007,
581(29):5605-5610.

Jean D, Briolat V, Reysset G: Oxidative stress response in Clostridium
perfringens. Microbiology 2004, 150(Pt 6):1649-1659.

Hillmann F, Riebe O, Fischer RJ, Mot A, Caranto JD, Kurtz DM, Bahl H:
Reductive dioxygen scavenging by flavo-diiron proteins of Clostridium
acetobutylicum. FEBS Lett 2009, 583(1):241-245.

Riebe O, Fischer RJ, Wampler DA, Kurtz DM, Bahl H: Pathway for H202 and
02 detoxification in Clostridium acetobutylicum. Microbiology 2009, 155(Pt
1):16-24.

Newton GL, Arnold K, Price MS, Sherrill C, Delcardayre SB, Aharonowitz Y,
Cohen G, Davies J, Fahey RC, Davis C: Distribution of thiols in
microorganisms: Mycothiol is a major thiol in most actinomycetes. J
Bacteriol 1996, 178(7):1990-1995.

Toledano MB, Kumar C, Le Moan N, Spector D, Tacnet F: The system
biology of thiol redox system in Escherichia coli and yeast: differential
functions in oxidative stress, iron metabolism and DNA synthesis. FEBS
Lett 2007, 581(19):3598-3607.

Park S, Imlay JA: High levels of intracellular cysteine promote oxidative
DNA damage by driving the fenton reaction. J Bacteriol 2003,
185(6):1942-1950.

doi:10.1186/1471-2180-10-234

Cite this article as: André et al: Global regulation of gene expression in
response to cysteine availability in Clostridium perfringens. BMC
Microbiology 2010 10:234.

Page 15 of 15

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

e Thorough peer review

¢ No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

¢ Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central



http://www.ncbi.nlm.nih.gov/pubmed/19124587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19124587?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18005665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/18005665?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/15184551?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19084524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19084524?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19118342?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/19118342?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8606174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/8606174?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/17659286?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12618458?dopt=Abstract
http://www.ncbi.nlm.nih.gov/pubmed/12618458?dopt=Abstract

	Abstract
	Background
	Results
	Conclusion

	Background
	Methods
	Bacterial strains and culture conditions
	Enzyme assays and estimation of metabolite content
	RNA isolation, Northern blot analysis and quantitative RT-PCR
	Microarray design for the C. perfringens genome, DNA-array hybridization and data analysis
	Stress response analysis

	Results and Discussion
	Reconstruction of sulfur metabolism in C. perfringens
	Comparison of metabolite and gene expression profiles of C. perfringens grown with cystine or homocysteine
	Regulation of T-box controlled genes
	Regulation of other genes involved in sulfur metabolism by cysteine availability
	Control of iron-sulfur cluster biogenesis and related functions
	Regulation of genes involved in redox systems

	Conclusion
	Acknowledgements
	Author details
	Authors' contributions
	References

