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The cgl324 gene (rosR) of Corynebacterium glutamicum
encodes a MarR-type transcriptional regulator. By a compara-
tive transcriptome analysis with DNA microarrays of a ArosR
mutant and the wild type and subsequent EMSAs with purified
RosR protein, direct target genes of RosR were identified. The
narKGH]JI operon, which encodes a nitrate/nitrite transporter
and the dissimilatory nitrate reductase complex, was activated
by RosR. All other target genes were repressed by RosR. They
encode four putative monooxygenases, two putative FMN
reductases, a protein of the glutathione S-transferase family, a
putative polyisoprenoid-binding protein, and RosR itself. The
DNA binding site of RosR was characterized as an 18-bp
inverted repeat with the consensus sequence TTGTTGAY-
RYRTCAACWA. The in vitro DNA binding activity of RosR was
reversibly inhibited by the oxidant H,O,. Mutational analysis of
the three cysteine residues present in RosR (Cys-64, Cys-92, and
Cys-151) showed that these are responsible for the inhibition of
DNA binding by H,O,. A deletion mutant (Acg1322) lacking the
putative polyisoprenoid-binding protein showed an increased
sensitivity to H,O,, supporting the role of RosR in the oxidative
stress response of C. glutamicum.

Corynebacterium glutamicum is a predominantly aerobic,
nonpathogenic, biotin-auxotrophic, Gram-positive soil bacte-
rium that was isolated by Kinoshita et al. (1) in a screen for
bacteria that excrete L-glutamate, which is used as a flavor
enhancer in the form of monosodium glutamate. Over the past
45 years, different strains of this species have been used for the
industrial production of r-glutamate (2) and several other
amino acids, in particular the feed additive r-lysine. Today,
more than 2 million tons of amino acids are produced annually
with C. glutamicum.

Because of its importance in industrial biotechnology, the
genome sequence of C. glutamicum has been determined inde-
pendently several times (3, 4), and the species has become a
model organism for systems biology (5). In this context, we and
others started to study the function of transcriptional regula-
tors in this species. Based on the genome sequence, 127 one-
component DNA-binding transcriptional regulators, 13 two-
component signal transduction systems, and 7 sigma factors
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were annotated (6, 7). Within the past years, we analyzed five of
the one-component regulators, i.e. ClgR (8-10), AcnR (11),
RipA (12), DtxR (13), GntR1, and GntR2 (14), and three of the
two-component systems, MtrAB (15, 16), PhoRS (7, 17), and
CitAB (18).

In the present study, we performed a comprehensive analysis
of a previously uncharacterized MarR-type regulator of C. glu-
tamicum. With nine thus far uncharacterized representatives,
the MarR family is one of the most prevalent families of tran-
scriptional regulators in C. glutamicum (6). The MarR (multi-
ple antibiotic resistance regulator) family includes proteins that
are involved in the control of virulence factor production, the
response to environmental stresses, or the regulation of cata-
bolic pathways for aromatic compounds (19). In general, these
regulators exist as homodimers in either a free or DNA-bound
state. Most members of the MarR family are transcriptional
repressors and often bind to the —10 or —35 region in the
promoter causing a steric inhibition of RNA polymerase bind-
ing (19).

The MarR-type regulator studied here is encoded by the
cg1324 gene. Our results indicate that the Cg1324 protein is
involved in the response of C. glutamicum to oxidative stress,
and therefore we named the corresponding protein RosR, an
acronym for regulator of oxidative stress response.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Media, and Growth Conditions—All strains
and plasmids used in this work are listed in Table 1. C. glutami-
cum type strain ATCC 13032 (1) was used as the wild type. The
strains ArosR and Acg1322 are derivatives with in-frame dele-
tions of the rosR gene and the cgl322 gene, respectively. All
C. glutamicum strains were routinely grown at 30°C. For
growth experiments, chloramphenicol acetyltransferase (CAT)?
assays, and RNA isolations, 5 ml of BHI (brain-heart infusion)
medium (Difco Laboratories, Detroit, MI) was inoculated with
colonies from a fresh BHI agar plate and incubated for 6 h on an
orbital shaker at 120 rpm. After washing, the cells of this first
preculture were used to inoculate a 500-ml baffled shake flask
containing 60 ml of CGXII minimal medium (20) with 4% (w/v)
glucose. This second preculture was incubated overnight at
120 rpm and then used to inoculate the main culture (CGXII
minimal medium with 4% (w/v) glucose) to an optical density
at 600 nm (A4y,) of ~1. The trace elements were always

2 The abbreviations used are: CAT, chloramphenicol acetyltransferase; RACE,
rapid amplification of cDNA ends; NTA, nitrilotriacetic acid; TSS, transcrip-
tional start site; MK, menaquinone; DMK, demethylmenaquinone; TEV,
tobacco etch virus; EMSA, electrophoretic mobility shift assay.
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TABLE 1
Bacterial strains and plasmids used in this study

Strains and plasmids

Relevant characteristics

Source or reference

Strains

E. coli DH5a F~ {80lacZDM15 D(lacZYA-argF) U169 endAl recAl hsdR17 (v, , m, ") supE44 Invitrogen
thi-1 gyrA96 relA1 phoA, host for cloning purposes

E. coli BL21(DE3) with pLysS ~ F~ ompT hsdS, (v, my ") gal dem (DE3); host for overproduction of RosR Ref. 60

C. glutamicum ATCC 13032 Biotin-auxotrophic wild-type strain American Type Culture Collection

C. glutamicum ArosR Strain with an in-frame deletion of the rosR (cg1324) gene This work

C. glutamicum Acg1322 Strain with an in-frame deletion of the cg1322 gene encoding a putative This work
polyisoprenoid-binding protein

Plasmids

pK19mobsacB Kan®; vector for allelic exchange in C. glutamicum (pK18 oriVy , sacB, lacZa) Ref. 61

pK19mobsacB-ArosR Kan®; pK19mobsacB derivative containing an overlap extension PCR product This work
composed of the up- and downstream regions of rosR

pK19mobsacB Acgl1322 Kan®; pK19mobsacB derivative containing an overlap extension PCR product This work
composed of the up- and downstream regions of cg1322

pET16b Amp®; plasmid for overexpression of genes in E. coli, adding an N-terminal Novagen
decahistidine tag and a factor Xa cleavage site to the target protein (pBR322
oriVy ., Py, lacl)

pET16b-rosR Kan®; pET16b derivative for overproduction of RosR with an N-terminal This work
decahistidine tag

PET16b-rosRc,g pET16b-rosR derivative coding for a RosR protein with a Cys-64 — Ser exchange This work

PET16b-rosRcq,g pET16b-rosR derivative coding for a RosR protein with a Cys-92 — Ser exchange This work

PET16b-rosR¢ ;55 pET16b-rosR derivative coding for a RosR protein with a Cys-151 — Ser exchange This work

PET16b-10sR 445 cons pET16b-rosR derivative coding for a RosR protein with Cys-64,Cys-92 — Ser This work
exchanges

PET16b-rosR¢g45 1515 pET16b-rosR derivative coding for a RosR protein with Cys-64,Cys-151 — Ser This work
exchanges

PET16b-1osRcgys 1515 pET16b-rosR derivative coding for a RosR protein with Cys-92,Cys-151 — Ser This work
exchanges

PET16b-10sR 445 cons 1515 pET16b-rosR derivative coding for a RosR protein with Cys-64,Cys-92,Cys-151 — This work
Ser exchanges

pET28b Kan®; plasmid for overexpression of genes in E. coli, adding an N-terminal Novagen
hexahistdine tag and a thrombin cleavage site to the target protein (pBR322
oriVy., Py, lacl)

pET-TEV Kan®; pET28b derivative for overexpression of genes in E. coli, adding an This work
N-terminal decahistdine tag and a TEV protease cleavage site to the target
protein (pBR322 oriVy ., Py, lacl)

pET-TEV-rosR Kan®; pET-TEV derivative for overproduction of RosR with an N-terminal This work
decahistidine tag, which can be cleaved off using TEV protease

pAN6 Kan®; C. glutamicum/E. coli shuttle vector for regulated gene expression; Ref. 14
derivative of pEKEx2 (P, lacI%, pBL1 oriV.,, pUCI8 oriVy )

pANG6-rosR Kan®; pANG derivative carrying the rosR gene under the control of an This work
IPTG“-inducible tac promoter

pET2 Kan®; promoter probe plasmid for C. glutamicum Ref. 26

pET2-rosR Kan®; pET2-derivative with a 284-bp fragment covering the C. glutamicum rosR This work

promoter

“ Isopropyl 1-thio-B-p-galactopyranoside.

added after autoclaving. If appropriate, kanamycin was
added to a final concentration of 25 ug/ml. For anaerobic
cultivation of C. glutamicum, 5 ml of LB medium (22) was
inoculated with cells from a fresh BHI agar plate and culti-
vated aerobically overnight at 120 rpm. After washing with
BT medium (21), cells were used to inoculate 100 ml of
anoxic BT medium containing 0.5% (w/v) glucose and 30 mm
potassium nitrate as the terminal electron acceptor and 1
pg/ml resazurin as an oxygen indicator. The medium was
prepared in a 200-ml bottle, and oxygen was removed by
bubbling it with 100% nitrogen gas for 2 h. Subsequently, the
bottle was closed with a rubber stopper. After inoculation
with a syringe, the bottles were shaken at 120 rpm and 30 °C.
For all cloning purposes, Escherichia coli DH5a was used.
Overproduction of RosR with plasmid pET16b-rosR or pET-
TEV-rosR was performed with E. coli BL21(DE3)/pLysS. The
E. coli strains were cultivated in LB medium at 37 °C or at
room temperature for RosR overproduction. If appropriate,
ampicillin (100 pg/ml) or kanamycin (50 pwg/ml) was added.

General DNA Techniques and Sequence Analysis—Standard
methods such as PCR, restriction digestion, or ligation were
carried out according to established protocols (22). E. coli was
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transformed as described (23). DNA sequencing was performed
with a 3100-Avant genetic analyzer (Applied Biosystems,
Darmstadt, Germany). Sequencing reactions were carried out
with the ABI PRISM ™ Big Dye Terminator Cycle Sequencing
Kit (Applied Biosystems). Alternatively, sequencing was per-
formed by Agowa (Berlin, Germany). All oligonucleotides used
in this study are listed in supplemental Table S1.

Mapping of Transcriptional Start Sites by Primer Extension
Analysis—To determine the transcriptional start site of the
cgl322, cgl426, and cg3084 genes, primer extension analysis
was performed as described previously (8) using the IRD800-
labeled oligonucleotides cg1322-1, cg1322-2, cg1426-1, cg1426-2,
cg3084-1, and cg3084-2 listed in supplemental Table S1. Total
RNA was isolated as described previously (24) from C. glutami-
cum ArosR cells grown in glucose minimal medium up to the
exponential growth phase (44,0, 5—6). The length of the primer
extension products was determined by running the four
lanes of a DNA sequencing reaction set up using the same
IRD800-labeled oligonucleotide as for reverse transcription
alongside the primer extension products. As templates for
the sequencing reactions PCR products were used that
had been obtained with the oligonucleotide pairs cgl322-A/
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cgl322-B, cgl426-A/cgl426-B, and cg3084-A/cg3084-B (sup-
plemental Table S1) and chromosomal DNA of C. glutamicum
wild type as template.

Mapping of Transcriptional Start Sites by Rapid Amplifica-
tion of cDNA Ends (RACE)—To determine the transcriptional
start sites of the rosR (cg1324), cgl150, cg2329, and cgl848
genes, 5'- RACE analysis was performed using the gene-speci-
fic primers cgl1324-spl, cgl324-sp2, cg2329-spl, cg2329-sp2,
cg1150-spl, cg1150-sp2, cg1848-spl, and cg1848-sp2 (supple-
mental Table S1) and the 5'/3’ RACE Kit, 2nd Generation
(Roche Diagnostics). Total RNA was isolated as described pre-
viously (24) from C. glutamicum ArosR cells grown in glucose
minimal medium up to the exponential growth phase (A4y0,
5-6). Subsequent PCR amplification of the 5'-junction and
sequence analysis identified the transcriptional start sites.

Construction of Strains and Plasmids—In-frame deletion
mutants of C. glutamicum lacking either the rosR gene or the
gene cgl322 were constructed via a two-step homologous re-
combination procedure as described previously (25). The oligo-
nucleotides used for this purpose (D1-1124, D2-1124,
D3-1124, and D4 -1124 for the rosR deletion and D1-cgl1322,
D2-cgl1322, D3-cgl1322, and D4-cgl1322 for the cgl1322 dele-
tion) are listed in supplemental Table S1. The chromosomal
deletions of rosR and cgl1322 were confirmed by PCR using
oligonucleotide pairs D1324-fw/D1324-rv and Dcgl322-fw/
Dcgl322-rv, respectively.

For construction of the expression plasmid pET16b-rosR,
which codes for a RosR derivative with an N-terminal decahis-
tidine tag, the rosR coding region was amplified by PCR using
oligonucleotides 1124-NdeN and 1124-XhoC, which included
Ndel and Xhol restriction sites for cloning purposes (sup-
plemental Table S1). After digestion with Ndel and Xhol, the
PCR product was cloned into the expression vector pET16b
(Novagen). The PCR-derived part of the resulting pET16b-rosR
plasmid and the ligation sites were sequenced in order to
exclude unwanted mutations. The RosR protein encoded by
this plasmid contained 21 additional amino acids (MGHHHH-
HHHHHHSSGHIEGRH) at the N terminus, including a factor
Xa cleavage site (SGHIEGR). Plasmids pET16b-rosR-C64S,
-C92S, -C151S, -C64S,C92S, -C64S,C151S, -C92S,C151S, and
-C64S,C92S,C151S, which code for RosR derivatives where the
three cysteine residues Cys-64, Cys-92, and Cys-151 were
replaced individually or in combination by serine residues, were
constructed using the QuikChange XL site-directed mutagen-
esis kit (Stratagene) using pET16b-rosR as template and the
oligonucleotides cl-for, cl-rev, c2-for, c2-rev, c3-for, and
c3-rev (supplemental Table S1). All recombinant plasmids were
sequenced to exclude unwanted mutations in the rosR gene.

For construction of plasmid pET-TEV, a DNA fragment
encoding a decahistidine tag, a linker region, and a TEV
(Tobacco Etch Virus) protease cleavage site (ENLYFQG) was
generated using the partially complementary oligonucleo-
tides pET28 -10HisTEV-fw and pET28 -10HisTEV-rv and
Taq DNA polymerase to fill in the overhanging single strands of
the annealed oligonucleotides and to amplify the double-
stranded DNA fragment. The resulting product was digested
with Ncol and Ndel and cloned into a pET28b plasmid digested
with the same restriction enzymes, resulting in the expression
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vector pET-TEV. The PCR-derived fragment of this vector was
sequenced to exclude unwanted mutations. An open reading
frame, ligated into this vector by using the Ndel site, contained
29 additional codons and at the protein level 29 additional
N-terminal amino acids (MGSSHHHHHHHHHHDYDIPT-
TENLYFQGH). After cleavage of the resulting protein with
TEV protease, only two amino acids (GH) remain at the N ter-
minus of the target protein. The plasmid pET-TEV-rosR was
constructed analogously to pET16b-rosR and sequenced to
exclude unwanted mutations.

For construction of the pET2-rosR plasmid, which was used
for CAT assays, a 282-bp promoter fragment of rosR (extending
from position +10 to —272 with respect to the rosR transcrip-
tional start site) was amplified by PCR with the oligonucleotides
pET2-1324-for and pET2-1324-rev (supplemental Table S1)
containing BamHI and SaclI restriction sites for cloning. After
digestion with BamHI and Sacl, the PCR product was cloned
into the promoter probe plasmid pET2 (26). The PCR-derived
part of the resulting pET2-rosR plasmid and the ligation sites
were sequenced to exclude unwanted mutations.

Overproduction and Purification of RosR—For overproduc-
tion of RosR and its mutated derivatives, E. coli BL21(DE3)/
pLysS was transformed with expression plasmid pET16b-rosR
or pET-TEV-rosR and cultivated in LB medium at 37 °C to an
Agoo 0f 0.5. Then, expression of the target gene was induced by
the addition of 1 mm isopropyl-B-b-thiogalactopyranoside, and
the culture was incubated for another 3 h at room temperature.
After the cells were harvested, purification of RosR by Ni*™-
NTA affinity chromatography was performed essentially as
described previously for the RipA protein (12). The RosR-con-
taining elution fractions were desalted by size exclusion chro-
matography using PD10 columns (GE Healthcare) and buffer
containing 20 mwm Tris/HCI, pH 7.5, and 10% (v/v) glycerol. For
determination of apparent K, values, tag-free RosR was pre-
pared as follows. After Ni>*-NTA affinity chromatography of
cell extracts from the pET-TEV-rosR carrying expression host,
the elution fractions were diluted 2X into buffer T (50 mm
Tris/HCL, pH 8.0,0.5 mMEDTA, 1 mMDTT), and TEV protease
was added at a ratio ranging from 1:50 to 1:100 (w/w). Cleavage
was performed at 4 °C overnight. On the following day the pro-
tein solution was concentrated to 1 ml and the buffer
exchanged to TNI5 using an Amicon Ultra-15 centrifugal filter
unit with a cut-off of 10 kDa. A second Ni>*-NTA affinity chro-
matography was performed to remove TEV protease and un-
cleaved RosR. This was followed by a size exclusion chromatog-
raphy using a HiLoad™ 16/60 Superdex™ 200 column with
binding buffer (20 mm Tris/HCI, pH 8.0, 50 mm KCI, 10 mm
MgCl,, 5% (v/v) glycerol, 0.5 mm EDTA) to get rid of any aggre-
gated protein. After gel filtration the protein was flash-frozen in
liquid nitrogen in 60-ul aliquots and stored at —70 °C until used
for further studies. A fresh aliquot was used for each series of
electrophoretic mobility shift assays (EMSAs).

Global Gene Expression Analysis Using DNA Microarrays—
Preparation of RNA and synthesis of fluorescently labeled
cDNA were carried out as described (35). Custom-made DNA
microarrays for C.glutamicum ATCC 13032 printed with
70mer oligonucleotides, obtained from Operon (Cologne, Ger-
many), are based on the genome sequence entry NC_006958
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(21). Hybridization and stringent washing of the microarrays
were performed according to the instructions of the supplier.
Hybridization was carried out for 16—18 h at 42 °C using a
MAUI hybridization system (BioMicro Systems, Salt Lake City,
UT). After washing, the microarrays were dried by centrifuga-
tion (5 min, 520 X g), and fluorescence was determined at 532
nm (Cy3-dUTP) and 635 nm (Cy5-dUTP) with 10 wm resolu-
tion using an Axon GenePix 6000 laser scanner (Axon Instru-
ments, Sunnyvale, CA). Quantitative image analysis was carried
out using GenePix image analysis software, and the results were
saved as a GPR file (GenePix Pro 6.0, Axon Instruments). For
data normalization, GPR files were processed using the Bio-
Conductor/R packages limma and marray. Processed and nor-
malized data as well as experimental details (MIAME (10)) were
stored in the in-house microarray database for further analysis
(40).

Chloramphenicol Acetyltransferase Assay—For analyzing the
expression of the rosR gene, C. glutamicum wild type and the
deletion mutant ArosR were transformed with plasmid pET2-
rosR, which is based on the corynebacterial promoter probe
vector pET2 (26) and contains the rosR promoter region in
front of a promoterless cat (chloramphenicol acetyltransferase)
gene. The promoter activity test was performed as described
previously by measuring the formation of 5-thio-2-nitrobenzo-
ate photometrically at 412 nm and 37 °C (27, 28). One unit of
enzyme activity is defined as the turnover of 2 umol of
acetyl-CoA/min.

Gene Expression Analysis Using Real-time PCR—500 ng of
RNA was transcribed into cDNA using specific primers for
the genes of interest. The product was quantified via real-
time PCR using a LightCycler instrument 1.0 (Roche Diag-
nostics) with SYBR Green I as the fluorescence dye following
the instructions of the supplier (Qiagen, Hilden, Germany).
The accuracy of the PCR product was checked by melting curve
analysis. To quantify the amount of cDNA, a calibration curve
was generated from known concentrations of template DNA
(eight for each gene) that were processed in parallel via real-
time PCR. These reference samples were generated by PCR
using chromosomal DNA of C. glutamicum as a template and
KOD DNA polymerase (Invitrogen). Expression values are
given in relation to the ddh gene (cg2900) encoding diamin-
opimelate dehydrogenase, which was used as a reference gene
with constitutive expression.

Electrophoretic Mobility Shift Assay—The binding of RosR
protein or its mutated derivatives to putative target promoters
was tested as described previously for RipA (12). Purified pro-
tein was incubated with DNA fragments (100-700 bp, final
concentration 8 —20 nm) in a total volume of 20 ul. The binding
buffer contained 20 mm Tris/HCI, pH 8.0, 50 mm KCI, 10 mm
MgCl,, 5% (v/v) glycerol, and 0.5 mm EDTA. 1 mm DTT was
freshly added to the reaction mixture before incubation. Pro-
moter fragments of putative non-target genes (~13 nm) of RosR
were used as negative controls. The reaction mixtures were
incubated at room temperature for 20 min and then loaded
onto 10 or 15% native polyacrylamide gels. Electrophoresis was
performed at room temperature and 170 V using 1X TBE (89
mMm Tris base, 89 mwM boric acid, 2 mm EDTA) as the electro-
phoresis buffer. The gels were subsequently stained either with
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SYBR Green I or GelRed™ and photographed. All PCR prod-
ucts used in the gel shift assays were purified with a PCR puri-
fication kit (Qiagen) and eluted in water.

The reversibility of the loss of binding due to oxidation was
tested as follows. RosR was used in three different concentra-
tions (100, 200, and 400 nm), and aliquots were taken for EMSA
(final RosR concentrations 25, 50, and 100 nm). Afterward,
H,O, was added to each RosR solution to a final concentration
of 10 mm, and immediately aliquots were taken for EMSA. In
the next step, DTT was added to the H,O,-treated RosR solu-
tions to a final concentration of 50 mwm, and again aliquots were
taken for EMSA. The final RosR concentrations in the EMSAs
were 25, 50, and 100 nM. All nine aliquots were incubated in
binding buffer with 80 ng of DNA covering the promoter region
of ¢g2329 for 20 min at room temperature and separated on a
10% native polyacrylamide gel at 180 V for 1.5 h on ice. The gel
was stained using GelRed ™.

For the determination of apparent K, values, increasing
concentrations of the RosR dimer (0.5-100 nMm) were incu-
bated for 20 min at room temperature with 80 ng of DNA
covering the promoter regions of the RosR target genes. The
samples were applied onto a 10% native polyacrylamide gel and
separated at 180 V for 1-1.5 h on ice. The gels were stained with
GelRed™ and photographed. The bands were quantified using
ImageQuant software (GE Healthcare), and the percentage of
shifted DNA was calculated. These values were plotted against
the RosR concentration in log,, scale, and a sigmoidal fit was
performed using Origin 7 software (OriginLab Corp., North-
ampton, MA), considering the error bars as well as 0 and 100%
shifted DNA as asymptotes, The turning point of the curve was
defined as the apparent K, value. All determinations were per-
formed at least in triplicate.

Size Exclusion Chromatography—The native molecular mass
of purified RosR was estimated by size exclusion chromatogra-
phy using a HiLoad™ 16/60 Superdex™ 200 prep grade col-
umn (Amersham Biosciences) integrated into an AKTA™
FPLC system (Amersham Biosciences). The column was equil-
ibrated with 20 mm HEPES buffer, pH 8.0, containing 500 mm
NaCl. After the application of 0.5-1 mg of purified protein,
chromatography was performed at 15 °C with a flow rate of 1
ml/min. The column was calibrated with protein molecular
mass markers (MWGF-200, Sigma).

Two-dimensional Gel Electrophoresis and Protein Identifica-
tion by Mass Spectrometry—Two-dimensional gel electro-
phoresis was performed as described previously (29). 300 ug of
protein extract of the wild type and the deletion mutant ArosR
were used for each two-dimensional gel. Extracts were pre-
pared from cells cultivated in glucose minimal medium and
harvested in the exponential growth phase (A4, 5—6). Identi-
fication of proteins from Coomassie-stained two-dimensional
gels was performed by peptide mass fingerprinting of tryptic
digests as described (29), except that peptides were extracted by
the addition of 0.2% (v/v) trifluoroacetic acid in 30% (v/v) ace-
tonitrile. MALDI-TOF-MS was performed with an Ultraflex I1I
TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Ger-
many). MASCOT software (30) was used to compare the pep-
tide mass patterns obtained with those of all proteins from the
theoretical C. glutamicum proteome. The molecular weight
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search (MOWSE) scoring scheme (31) with a cut-off value of 50
was used for unequivocal identification of proteins.

RESULTS

Influence of a rosR Deletion on Global Gene Expression—The
cg1324 gene of C. glutamicum ATCC 13032 encodes a protein
of 162 amino acids (mass, 18,641 Da), which has been anno-
tated as a putative transcriptional regulator of the MarR family
(4). The role of this protein, which we named RosR, has not
been studied hitherto. To get clues on the function, we searched
for putative RosR target genes by analyzing the influence of a
deletion of the rosR gene on global gene expression. For this
purpose, strain C. glutamicum ArosR was constructed, which
contains an in-frame deletion of the rosR gene. Global gene
expression of the ArosR mutant was compared with that of the
wild type by transcriptome analysis using DNA microarrays.
The two strains were cultivated in minimal medium with 4%
(w/v) glucose as carbon and energy source. No differences in
growth behavior were observed under these conditions: both
strains grew at a growth rate of 0.39 h ™' and reached a final A,
of ~60. For the transcriptome comparisons, cells were har-
vested in the exponential growth phase (A4, ~5), and total
RNA was isolated. Three DNA microarray experiments were
performed, each starting from an independent culture. In total,
55 genes showed an at least 2-fold change in the mRNA ratio
with a p value of =0.05; these are listed in Table 2. Table 2 also
includes a few genes that do not meet the criteria but are part of
operons containing genes that met the criteria.

17 genes showed a 2—4-fold decreased mRNA concentration
in the ArosR mutant. This group included, for example, the
narKGHJI operon coding for a nitrate/nitrite transporter
(NarK) and the dissimilatory nitrate reductase (NarGH]JI),
which allows restricted anaerobic growth of C. glutamicum by
nitrate respiration (21, 32), or the gluABCD operon coding for
an ABC-type glutamate uptake system (33).

40 genes were found to have a =2-fold increased mRNA con-
centration in the ArosR mutant, with 11 of them showing
increases between 20- and 420-fold. The genes with a strongly
increased expression code for a membrane protein of unknown
function (cg0072), a putative polyisoprenoid-binding protein
(cgl322, gene upstream of and divergent from rosR), a sensory
histidine kinase (cgtS9), a putative transcriptional regulator of
the Crp/ENR family (cg3291), a protein of the glutathione
S-transferase family (cgl1426), two putative FMN reductases
(cgl150 and cgl850), and four putative monooxygenases
(cg0823, cg1848, cg2329, and cg3084). Besides the multiplicity
of monooxygenase genes, another peculiar feature was that
many genes of the HGC1 (high G + C content) region of the
C. glutamicum genome, which extends from cg3267 to cg3295
and is flanked by defective insertion sequences (34), showed an
increased mRNA level in the ArosR mutant.

To verify the results obtained by the DNA microarray exper-
iments, quantitative real-time PCR was performed for some of
the genes with altered mRNA levels in the ArosR mutant,
namely narK and narG as examples of down-regulated genes
and cgl426 and cg2329 as representatives of up-regulated
genes. The mRNA ratios in relation to the reference gene ddh
were 0.35 for narK, 0.63 for narG, 27.7 for cg1426, and 58.6 for
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cg2329, thus confirming the results of the DNA microarray
experiments (Table 2).

Purification of RosR and Binding to the Promoter Regions of
narKGHJI, ¢g1426, and cg2329—To determine which of the
genes showing a different expression level in the DNA microar-
ray experiments were direct target genes of the transcriptional
regulator RosR, EMSAs were performed with purified RosR
(supplemental Fig. S1A). An N-terminal His tag did not inter-
fere with DNA binding by RosR, but the His-tagged protein
showed a stronger tendency for aggregation and precipitation.
Therefore, the tag was cleaved off for experiments in which it
was crucial to keep the protein stable over some time to get
reproducible results, such as the determination of the apparent
K, values or the reversibility of the inhibition of DNA binding
by H,O,. In addition, it was necessary for those experiments to
remove aggregates because these would contribute to the mea-
sured protein concentration, although they probably no longer
bound DNA. We found the protein to be most stable without
the His tag and when it was stored frozen at —70 °C. The native
mass of RosR-His as determined by size exclusion chromatog-
raphy was found to be ~40 kDa (supplemental Fig. S1B). This
indicates that RosR forms a homodimer, similar to other MarR-
type regulators such as MarR or MexR (19).

In the first series of EMSAs, DNA fragments covering the
promoter regions of the narKGHJI operon (—500 to +86 bp), of
cgl426 (—500 to +120 bp), and of cg2329 (—500 to +89 bp)
were amplified by PCR (all distances are with respect to the
translational start site). As shown in Fig. 1, the promoter frag-
ments of narKGHJI, cgl426, and cg2329 were completely
shifted with 50 nM RosR dimer. In contrast, no specific shift was
observed with a DNA fragment covering parts of the coding
regions of narK and narG (+855 to +1545 bp with respect to
the translational start site of narK) and with the promoter
region of the sdhCAB operon (—490 to +110 bp). The sdhCAB
genes showed unaltered mRNA levels in the ArosR mutant
(data not shown). According to these results, narKGHIJ,
cg1426, and cg2329 presumably represent direct target genes of
RosR. In further EMSAs the promoter regions of the gluABCD
operon and of cg3291 were tested, but no binding of RosR was
observed (data not shown).

Identification of the RosR Binding Motif—To locate the bind-
ing site(s) of RosR in the promoter region of the narKGHJI
operon, the 510-bp fragment A used for the initial binding stud-
ies was split into several smaller fragments, which were synthe-
sized by PCR and analyzed in EMSAs for binding of RosR. As
shown in Fig. 24, only fragments E and G were bound by RosR.
As fragment G differs from fragment D only by 24 additional bp
at the promoter-proximal site, the most important part of the
RosR binding site was assumed to be located within these 24 bp,
which extends from position —71 to —48 with respect to the
narK transcriptional start site determined previously (21). The
relevance of this region was analyzed by mutational analysis.
Seven mutated fragments were amplified by PCR (Fig. 2B), each
with two or three nucleotides exchanged, and tested again in
EMSAs. In the case of fragments M2, M4, M5, and M6, the
mutations prevented the binding of RosR, indicating that the
corresponding nucleotides were required for binding (Fig. 2B).
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TABLE 2

Genome-wide comparison of mRNA levels in C. glutamicum wild type and the ArosR mutant using DNA microarrays

The mRNA ratios represent mean values from three independent microarray experiments starting from independent cultures (see “Experimental Procedures”). The strains
were cultivated in CGXII minimal medium with 4% (w/v) glucose, and mRNA was isolated in the exponential growth phase. The table includes those genes that showed a
=2-fold changed mRNA level (increased or decreased) in at least two of the three experiments and that had a p value = 0.05 (exception is g/uD; here only one experiment
was evaluable). The genes are ordered according to their position on the genome. The mRNA ratios for the genes narJ and gluD were marked with an asterisk, as the mRNA
ratio (narj) or the p value (g/uD) were not within the defined range. However, these genes were included, as they are part of operons of which all other genes fulfilled the

selected criteria.

Accession no. Gene Annotation mRNA ratio DrosR/WT
Genes with a decreased mRNA level in strain DrosR
cg0416 Secreted protein carrying a eukaryotic domain 0.24
cg0415 PpLpA2 Low molecular weight phosphotyrosine protein phosphatase 0.32
cgl109 porB Anion-specific porin precursor 0.46
cgl324 rosR Transcriptional regulator of MarR family 0.00
cgl345 narkK Putative nitrate/nitrite antiporter 0.34
cgl344 narG Respiratory nitrate reductase, a-subunit 0.31
cgl343 narH Respiratory nitrate reductase, 3-subunit 0.43
cgl342 nar] Respiratory nitrate reductase, 8-subunit 0.55*
cgl341 narl Respiratory nitrate reductase, y-subunit 0.42
cg1382 glgE Putative a-amylase 0.49
cgl671 Putative membrane-associated GTPase 0.42
cg2136 gluA ABC transporter for glutamate, ATP-binding protein 0.39
cg2137 gluB ABC transporter for glutamate, secreted glutamate-binding protein 0.36
cg2138 gluC ABC transporter for glutamate, permease 0.37
cg2139 gluD ABC transporter for glutamate, permease 0.29*
€g2649 Secreted penicillin-binding protein 0.39
cg2773 Uncharacterized protein with SCP/PR1 domain 0.32
Genes with an increased mRNA level in strain DrosR
cg0072 Membrane protein of unknown function 189.00
cg0144 rbtT Putative arabinitol or ribitol transporter 2.25
cg0292 tnpl6a Transposase (ISCgl6a) 2.17
cg0364 Membrane protein 3.51
cg0384 riuCI Ribosomal large subunit, pseudouridine synthase C 2.57
cg0408 Membrane protein 2.82
cg0823 Putative monooxygenase 69.95
cg0824 tnpSa Transposase (ISCg5a) 3.10
cgl001 mscL Large conductance mechanosensitive channel 2.24
cgl150 Putative NAD(P)H-dependent FMN reductase 169.08
cgl255 HNH endonuclease 3.48
cgl322 Putative polyisoprenoid-binding protein 20.66
cgld26 Protein of glutathione S-transferase family 26.02
cg1848 Luciferase-like monooxygenase 22.24
cgl850 Putative FMN reductase 419.73
€g2329 Luciferase-like monooxygenase 140.65
cg2426 tnp2d Transposase (ISCg2d) 4.14
cg2485 phoD Secreted alkaline phosphatase precursor 2.31
cg2504 Protein of unknown function 4.93
€g2599 Pirin-related protein 3.68
cg2759 tnp15b Transposase (ISCg15b) 2.87
cg2844 PStA ABC transporter for phosphate uptake, permease component 3.51
cg2914 tnpSb Transposase (ISCg5b) 3.51
cg2953 xyIC Putative benzaldehyde dehydrogenase 2.13
cg3004 gabD1 Putative succinate semialdehyde dehydrogenase 2.34
cg3084 Putative flavin-containing monooxygenase 40.64
cg3085 Luciferase-like monooxygenase 2.46
cg3258 riuC2 Putative pseudouridine synthase 2.38
cg3272 Membrane protein (putative Fe>*/Mn>" transporter) 2.67
cg3273 Protein of unknown function 2.38
cg3274 Site-specific recombinase (resolvase) fragment 3.69
cg3284 cgtS9 Two-component histidine kinase CgtS9 198.14
cg3288 Hypothetical protein predicted by Glimmer 2.58
cg3289 Putative thiol-disulfide isomerase 2.46
cg3291 Putative transcriptional regulator of Crp/FNR family 95.66
cg3293 Protein of unknown function 3.17
cg3295 Probable cation-transporting P-type ATPase 4.19
€g3329 Member of uncharacterized protein family UPF0027 (homolog of E. coli RtcB) 2.06
cg3413 azlC Putative branched chain amino acid permease (azaleucine resistance) 2.21
cg3418 Putative secreted protein 3.21

DNA sequence motifs similar to the one identified in the
narK promoter region (ATGTTGATATAAGCACAA) were
also identified in the promoter regions of cg1426 (TTGTT-
GACATATCATCTA) and cg2329 (TTGTTGATATATC-
TACAA). To confirm their relevance for RosR binding, pro-
moter fragments including or lacking the proposed binding
sites (cg1426, —49 to +120 bp and —20 to +120 bp; ¢g2329,
—64 to +89 bp and —36 to +89 bp with respect to the trans-
lational start sites) were synthesized by PCR. EMSAs showed
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that only the DNA fragments containing the motif were
shifted by RosR (supplemental Fig. S2).

Identification of Further RosR Target Genes—The identifica-
tion of the RosR binding sites in the promoter regions of
narKGHJI, cg1426, and ¢g2329 allowed us to derive a first gen-
eration RosR consensus binding motif (ANTGTTGANA-
TANNNNCNAA), which was used for a genome-wide in silico
search (allowing two mismatches) for similar sequences in the
genome of C. glutamicum ATCC 13032 using ERGO software
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binding of RosR in EMSAs. A shift

RosRdimer(nM]  in the presence of purified RosR was

observed for five fragments, which
J RosR-DNA represent the promoter regions of
| | ‘ ‘ o complex cgl150 (putative NADPH-depen-
e el e e e e e o L = free:DNA dent FMN reductase), rosR itself,
cg1848 (luciferase-like monooxyge-
nase), cg3084 (putative flavin-con-
cg1426 cg2329 taining monooxygenase), and sodA
0 05 5 12520 25 30 37.5 50 100 D 05 5 126 0 2% N IS W10 RoRmerbMl (3937 conergyide  dismutase)
\aa “ (Fig. 3). The latter result indicates
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A bl o b & ol b Gl L - fesDNA autoregulation, a feature known for
many MarR-type transcriptional

FIGURE 1. EMSAs with purified RosR protein and DNA fragments (80 ng each) covering the promoter
regions of narKGHJI, cg1426, and cg2329. A DNA fragment containing parts of the coding regions of narkK
and narG was used as the negative control. The DNA fragments were incubated either without RosR or with the
indicated concentrations of RosR for 20 min at room temperature. Then the samples were separated by native
polyacrylamide gel electrophoresis (10%), and the DNA was stained with GelRe
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FIGURE 2. Identification of the RosR binding site in the promoter region
of the narKGHJI operon. A, localization of the RosR binding site using
narKGHJI promoter fragments (designated A-G) and purified RosR in EMSAs.
The numbers show the position of the fragments relative to the transcrip-
tional start site (+1). ‘+'and ‘=’ signs indicate whether the fragment was
shifted by RosR. B, mutational analysis of the RosR binding site (shaded in
black) in the narKGHJI promoter region. The mutations M1-M7 were intro-
duced by PCR and are shown below the wild-type sequence. The correspond-
ing DNA fragments were analyzed by EMSAs with RosR.

(Integrated Genomics Inc.). In total 67 matches were obtained,
17 of which were located between open reading frames and thus
within putative promoter regions. This group included, of
course, the promoters of narKGHJI, cg1426, and cg2329. The
remaining 14 promoter regions were amplified and tested for
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regulators (19).

In the case of the promoter frag-
ments of rosR, cgl426, and cgl8438,
two RosR-DNA complexes were
formed, indicating the presence of
two binding motifs in these regions
(Figs. 1 and 4). Inspection of the cg1848 promoter sequence
revealed the presence of two RosR binding motifs in close prox-
imity. Also in the intergenic region between rosR and the diver-
gent cg1322 gene, two motifs could be identified, one of which
overlaps with the proposed translational start site of rosR (Fig.
4). The promoter regions of rosR and cg1848 were separated
between the two predicted binding sites and each fragment was
analyzed separately by EMSAs. All four fragments led to the
formation of a single RosR-DNA complex (Fig. 5 and sup-
plemental Fig. S3). The fact that cg1322, which codes for a puta-
tive polyisoprenoid-binding protein, was strongly up-regulated
in the ArosR mutant (Table 2) indicates that this gene is also
repressed by RosR. In the case of c¢g1426, no obvious second
RosR binding site could be identified. Therefore the promoter
region used in the EMSA shown in Fig. 1 was divided into two
smaller fragments, and each was tested by EMSAs. The frag-
ment containing the predicted RosR binding site was shifted,
yielding a single RosR-DNA complex. The other fragment
located upstream of the predicted binding site was not shifted.
Hence we assumed that the second binding site can be bound
only after the primary site has been occupied by RosR, maybe
due to DNA bending. The downstream fragment with the pri-
mary binding site was elongated stepwise in the upstream
direction and tested by EMSAs. None of the longer fragments
showed a double shift, and therefore the origin of this second
shift is still unclear (supplemental Fig. S4).

Except for the sodA gene, all other newly identified RosR
target genes showed significantly increased mRNA ratios in the
ArosR/wt transcriptome comparison (cgl150, 169.1; cgl322,
20.7; cg1848, 22.2; cg3084, 40.6). Inspection of the correspond-
ing genomic regions indicated that the cg1848 gene presumably
forms an operon with cg1849 and cg1850 (putative FMN reduc-
tase), the latter of which also showed a 420-fold increased
mRNA level in the ArosR mutant. The cg1849 gene, coding for
a hypothetical protein, also showed an increased mRNA level in
all three experiments, but in this case the p value was above the
threshold of 0.05. The cg3084 gene is presumably co-tran-
scribed with ¢g3085 (luciferase-like monooxygenase), which
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negative control cg1150

C. glutamicum strain R, it was
assumed that also the TSS of narK
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| in strain ATCC 13032 is identical to
| | b |« RosRDNA  the one determined previously for
- complex .

strain R (21). In the narK promoter
5 S S Oy oy [ ‘—- o L e e b < free DNA the RosR binding motif, which is
also completely conserved in strain
R, stretches from position —131 to
rosR cg1848 —112 with respect to the TSS (posi-
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= (for primers see supplemental
Table S1). In each case, 10 clones

FIGURE 3. EMSAs with purified RosR protein and the promoter regions of putative target genes pre-
dicted from an in silico search. DNA fragments (80 ng) covering the promoter regions of cg3237 (superoxide
dismutase), cg1150 (putative FMN reductase), cg1426 (putative protein of the glutathione S-transferase fam-
ily), cg2329 (putative monooxygenase), cg1848 (putative monooxygenase), rosR, and cg3084 (putative
monooxygenase) were incubated for 20 min at room temperature with the given concentrations of purified
RosR. The negative control contained the narK promoter without the predicted RosR binding site. Samples

were separated by native PAGE (10%) and stained with GelRed™.

showed a 2.5-fold increased expression in the ArosR mutant.
Alignment of the DNA binding sites of RosR in the promoter
regions of narKGHJI, cgl1150, rosR, cgl426, cgl848, cg2329,
cg3084, and sodA led to the definition of a second generation
consensus binding motif of 18 bp, which represents an inverted
repeat (Fig. 4, A and B).

Determination of the Apparent K, Values for the Different
RosR Binding Sites—The determination of the apparent K, is
exemplarily shown in Fig. 5 for the two binding sites of the rosR
promoter and described under “Experimental Procedures.”
The apparent K, values for all tested targets varied between 15
and 40 nM RosR dimer (Table 3), which is within the range
found for other transcriptional regulators. The K, for the narK
promoter, which is activated by RosR, is in the same range as
those for the promoters of the repressed genes.

Identification of Transcriptional Start Sites of RosR Target
Genes—According to the results described above, RosR acts as
a transcriptional activator for the narKGHJI operon and as a
transcriptional repressor for all other known target genes. In
many cases, the function as transcriptional activator or repres-
sor correlates with a binding site upstream of the —35 region or
within or downstream of the —10/35 regions of the promoter,
respectively. To analyze whether such a correlation is also true
in the case of RosR, we determined the transcriptional start
sites (TSS) of all known target genes except for the narKGHJI
operon. Based on the fact that the narK upstream sequence of
C. glutamicum ATCC 13032 is completely identical to that of
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containing the amplified cDNA
were sequenced to determine the
5'-ends of the mRNA. A transcrip-
tional start site was assumed when
at least three of the 10 clones
showed the same 5'-end and when
the other clones contained non-
identical shorter transcripts. The TSS were found to be located
57, 196, 32, and 45 bp upstream of the proposed translational
start sites of cgl1150, rosR, cg1848, and cg2329, respectively.

In Fig. 4C the promoter sequences based on the newly iden-
tified TSS are shown. In all cases except for cgl1322, the RosR
binding site either overlaps with the —35 or —10 regions or is
located at or immediately downstream of the TSS, indicating
that repression is achieved by inhibition of RNA polymerase
binding or of initiation complex formation. In the case of
cgl1322, the RosR binding sites are centered 86 and 247 bp
upstream of the TSS. In this case, the mechanism of repression
is unclear. It might involve blockage of RNA polymerase bind-
ing to the cg1322 promoter by the stalled RNA polymerase at
the rosR promoter, as the —35 regions of the two divergent
promoters are separated by only 5 bp.

Negative Autoregulation of rosR—The EMSAs showed bind-
ing of RosR to its own promoter region. The two RosR binding
sites were centered at +11 (immediately downstream of the
TSS) and +172 (overlapping the proposed translational start
site) (Fig. 4C), indicating a negative autoregulation of RosR. To
investigate this possibility, the rosR promoter region (extending
from position —272 to +12 with respect to TSS) was cloned in
front of a promoterless CAT gene in the promoter probe vector
pET2. The resulting plasmid pET2-rosR was transferred into
C. glutamicum wild type and the ArosR mutant. CAT activity
was measured for cells that were cultivated in CGXII minimal
medium with 4% (w/v) glucose and harvested in the exponen-
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that there is no general inhibition of
protein-DNA interaction by H,O,.
Importantly, the inhibition of DNA

inverted repeat

A promoter sequence location B
T T T T T T T
10 20
cgl150 BATACATCAACTT) +15 L
cgl322/rosRa GACACATCATCAA -85 I
rosRb BATATEACAACAC] +198
narkK g CR(C| -62
cgl426 GACATATCATCTA -1
cgl848a G +1 @
cgl848b -29 s
cg2329
cg3084 +8 2
cg3237 -
C +1
cgll50

RosR +1

: h‘]: TT AEAIAICéAgéé

AAAGCGCTTGCATGACGCGGAAAGT TAACATAGGCTAGGTA@AA TTGTTGATACATCAACTTIAA- 31-bp-ATG
-35 -10

> < i

binding by H,O, was reversible, as
the addition of 50 mm DTT to
H,O,-treated RosR samples re-
stored the DNA binding ability of
the protein (Fig. 6A).

Inspection of the RosR amino
acid sequence revealed three cys-
teine residues located at positions
64, 92, and 151, which might be

mmmmmmmmmm

RosR

cgl322 ATATTGTTGACACATCATCAAT-61 bp—TACﬁ:}GTTAAAAAA{G&AACACACTTTCACCGAAAAGGACTTCACAATJ responsible for the inhibitory effect
; e of H,O, on DNA binding. To test
+ (5] . . . .
rosRa CAGITTGIGTCGCTGCCGTTGTTCGTGTTCTATACTAGCCANEATTGATGATGTGICAACARATTTC-170-bp-aTe  thiS assumption, the cysteine resi-
-36 e dues were exchanged with serine
+1 RosR . . .
rosRb CAGTTTGIGICGCTGCCGTTGTICGTGTTCIATACTAGCCAHE-161-bp- TAGGTGATATGACAACACC residues by site-directed mutagene-
10 sis either individually or in all possi-
RosR +1 : : :
narK  ARTGTTGATATAAGCACAAAT-33-ATATGITGCCTAAT TAHTACGGARAAC-100-bp-GAGGCATCACGIG ble Combmatlc?ns. The resulting
-10 seven RosR variants were overpro-
RosR_+1 duced in E. coli, purified, and used
cgl426 TTCAATCGTTGATTTTCATTCCACTTCGTAAATTTCCAAGAGAGGACACCACACAm . .
-35 -10 for EMSAs. As shown in Fig. 65, all
RosR RosR_+1 of the RosR variants were still bind-
cgls4s ATTTMCTGCWACTTAGTTGGAAGGACACATTACCATG . .
g e 0 = ing-competent in the absence of
RosR_+1 H,0.,, as the ¢g2329 promoter frag-
cq2329 AAAAACCTTGCGGGAATACCACCAACCCCACTCTTAATAAGTCTGAT— 19-bp-ATG .
g 35 10 ‘ ment was completely shifted at a
+1 RosR 30-fold molar excess of these pro-
cg3084 TGGACCATCACCCCTTCCAAACCTTGAGTCCCGTGATACATT teins. Thus, none of the cysteine res-
-35 -10

FIGURE 4. Definition of a RosR consensus DNA binding site and distance of RosR binding sites to the
determined transcriptional start sites. A, alignment of the experimentally identified RosR binding sites. The
distance of the 11th nucleotide of the 20-bp binding sites to the transcriptional start site of the target genes is
indicated (location). B, DNA sequence logo representing the RosR binding site in C. glutamicum. The verified
binding sites were used as input for WebLogo (59). The sequence logo represents the information content of
the alignment of RosR DNA binding sites, showing the sequence conservation (overall height at each position)
and the relative frequency of each nucleotide at each position (nucleotide height). C, transcriptional start sites
of RosR target genes. Sequences show the transcriptional start sites (+1 and arrow) identified by primer
extension or 5'-RACE experiments. The RosR binding sites are indicated as boxes, and the —10and —35 regions
are underlined and printed in bold characters. The RosR binding site in front of cg1322 is the same as the one

shown for rosRa.

tial growth phase. The experiments were performed in tripli-
cate and revealed a specific CAT activity of 52 * 2 nmol/
min/mg protein for wild-type cells and 318 * 15 nmol/min/mg
protein for ArosR cells. This result confirmed that rosR expres-
sion is negatively autoregulated.

DNA Binding of RosR Is Reversibly Inhibited by H,O, and
Dependent on the Oxidation Status of Cysteine Residues—Based
on the fact that several target genes encode putative mono-
oxygenases and FMN reductases that might act in concert,
we considered the possibility that some kind of oxidative
stress could be sensed by RosR. To test this hypothesis, the
effects of the oxidant H,O, on the DNA binding properties
of RosR were tested by EMSAs. As shown in Fig. 64, binding of
RosR to the ¢g2329 promoter fragment was completely inhib-
ited by 10 mm H,O,. A similar effect was observed when
cumene hydroperoxide was added in concentrations of 5 and 25
mM (data not shown). In a control experiment we tested the
effect of up to 50 mm H,O, on the binding of the response
regulator MtrA of C. glutamicum to its target promoter, nipC
(16) and found no inhibition (data not shown). This indicates

SEPTEMBER 17, 2010+VOLUME 285+NUMBER 38

idues is essential for DNA binding
or dimerization of RosR. In the pres-
ence of increasing H,O, concentra-
tions, the DNA binding properties
of the RosR derivatives varied. The
mutated proteins RosR-C64S and
RosR-C151S behaved similarly to
wild-type RosR, meaning that DNA
binding was inhibited already in
the presence of 1 mm H,O,. In
contrast, the DNA binding of RosR-C92S remained unaf-
fected up to 5 mm H,O,. This indicates that oxidation of
Cys-92 is important for inhibition of DNA binding by H,O,
The mutated protein RosR-C92S,C151S showed DNA bind-
ing properties similar to RosR-C92S, whereas in the case of
RosR-C64S,C92S even 50 mMm H,O, did not prevent DNA
binding. The same was true for the triple mutated protein
RosR-C64S,C92S,C151S.  Surprisingly, RosR-C64S,C151S
also showed no inhibition of DNA binding by up to 50 mm
H,0,, although the single mutated proteins RosR-C64S and
RosR-C151S were sensitive to H,O,. Thus, the combined
mutation of both residues can also lead to H,O, insensitivity.
The above results show that the inhibition of DNA binding
by H,O, is caused by the oxidation of cysteine residues, in
particular Cys-92, and that H,O,-insensitive, but still bind-
ing-competent, RosR derivatives can be obtained by
exchange of the cysteine residues with serines.

Evidence for a Role for Cg1322 in H,O, Resistance—In a pro-
teome comparison of the C. glutamicum wild type and the
ArosR mutant using two-dimensional gel electrophoresis,
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FIGURE 5. Determination of the apparent K, values for the two RosR binding sites in the rosR promoter region. Two DNA fragments (80 ng), each
covering a single binding site, were incubated with increasing RosR concentrations, resolved on a 10% native polyacrylamide gel, and stained with GelRed™
At least three independent gels were performed for each binding site. The bands were quantified using ImageQuant software (GE Healthcare), and the
percentage of shifted DNA was calculated. These values were plotted against the RosR concentration in log,, scale, and a sigmoidal fit was performed. The

turning point of the curve was defined as the apparent K, value.

TABLE 3

Apparent K, values determined for the different RosR binding sites

by EMSAs

RosR binding site Apparent K,*
nm

cgl150 27.7 £0.9
cgl1322/rosR-a 148 £1.2
rosR-b 24.1*+1.8
nark 163+ 1.3
cgl426 39.8 £2.1
cgl848-a 27.8 £0.7
cg1848-b 334 %20
cg2329 351 %28
cg3084 218 £14
cg3237 213 *13

“ Calculated for dimeric RosR.

Cgl322 was the only protein that showed a highly increased
abundance in the ArosR mutant (Fig. 7). To investigate the role
of the Cg1322 protein in the response of C. glutamicum to oxi-
dative stress, the in-frame deletion mutant Acgl1322 was con-
structed and analyzed in agar diffusion assays. A paper disc
containing 1 or 2 M H,O, was placed on a freshly plated lawn of
Acg1322 and wild-type cells (supplemental Fig. S6). The inhi-
bition zone around the paper disc was about 2-fold larger in the
case of Acg1322 cells (2.6 = 1 mm for 1 M H,0, and 4.75 = 0.43
mm for 2 M H,0,) than in the case of wild-type cells (1.25 =
0.82 mm for 1 M H,O, and 2.8 = 1.4 mm for 2 M H,0,), indi-
cating that the absence of Cgl322 causes a significantly
increased H,0, sensitivity.

29314 JOURNAL OF BIOLOGICAL CHEMISTRY

DISCUSSION

In this work we have analyzed the function of the as yet
uncharacterized MarR-type transcriptional regulator RosR
(Cgl324) of C. glutamicum. By combining a comparative tran-
scriptome analysis of C. glutamicum wild type and a ArosR
mutant and DNA interaction studies with purified RosR, direct
target genes of RosR could be identified and an 18-bp consensus
DNA binding site could be defined. On the basis of these data,
we determined that RosR functions as an activator of the
narKGH]JI operon and as a repressor of at least nine genes.

The narKGHJI operon codes for a nitrate-nitrite anti-
porter (NarK) and dissimilatory nitrate reductase (NarGH]JI),
allowing C. glutamicum to reduce nitrate to nitrite and to
grow under anaerobic conditions using nitrate as a final elec-
tron acceptor (2, 21). As genes for nitrite reductase or deni-
trification are absent in C. glutamicum (48), nitrite cannot
be further metabolized and thus accumulates (2, 21).
Although the activation of narKGHJI expression by RosR is
missing in the ArosR mutant, this strain showed the same
growth behavior under anaerobic conditions with nitrate as
a terminal electron acceptor as did the wild type (data not
shown). This might be explainable by the assumption that
activation of the narKGHJI operon by RosR is not strong
enough to effect growth or occurs primarily under aerobic
conditions. The reduced expression of the nar operon under
stress conditions that inactivate RosR might help to avoid
additional stress by the accumulation of nitrite or products
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FIGURE 6. Reversible inhibition of the DNA binding activity of RosR by H,0, and role of cysteine residues. A, inhibition of the DNA binding activity of RosR by
H,0, and reversal of the inhibition by DTT. RosR was prepared in three different concentrations, and aliquots were taken for EMSAs (control). Then H,0, was added to
each RosR sample to a final concentration of 10 mm, and again aliquots were taken for EMSAs. In the next step DTT was added to a final concentration of 50 mm, and
aliquots were taken for EMSAs. The nine aliquots were incubated in binding buffer, pH 8.0, with 80 ng of DNA covering the promoter region of cg2329 for 20 min at
room temperature and then separated on a 10% native polyacrylamide gel at 180 V for 1.5 h on ice. The gel was stained using GelRed™. B, influence of the cysteine
residues in RosR on its DNA binding activity. Shown is the binding of wild-type RosR and the mutated derivatives RosR-C64S, RosR-C92S, RosR-C151S, RosR-C64S,C92S,
RosR-C64S,C151S, RosR-C92S,C151S, and RosR-C64S,C92S,C151S (each 450 nm) to the promoter region of c¢g2329 (15 nm) in the absence and presence of H,0, (1, 2,5,

and 50 mw) as oxidant. The samples were incubated for 20 min at room temperature and then separated by native PAGE (15%) and stained with SYBR Green I.

Q ©

-
WT ArosR

FIGURE 7. Section of Coomassie-stained two-dimensional gels, pH 4-7,
showing the strong induction of the Cg1322 protein (encircled) in the
ArosR mutant compared with the wild type (WT). The cells were grown in
glucose minimal medium and used in the exponential growth phase for prep-
aration of cell extracts. Cg1322 was identified by peptide mass fingerprinting.

derived from nitrite. The nar operon of C. glutamicum was
shown previously to be transcriptionally regulated also by
ArnR, GIxR, and RipA (12, 35, 36).

SEPTEMBER 17, 2010+VOLUME 285+NUMBER 38

Although none of the proteins repressed by RosR (except
for RosR itself) has been studied experimentally, their bioin-
formatic analysis revealed some noticeable features. Four of
the repressed proteins (Cgl848, Cg2329, Cg3084, and
Cg3085) might be active as monooxygenases, and three of
them (Cg1848, Cg2329, and Cg3085) belong to PFAM family
PF00296, which harbors luciferase-like monooxygenases (37).
These are flavin monooxygenases that catalyze the oxidation of
long-chain aldehydes using reduced flavin as second substrate:
RCHO + FMNH, + O, = RCOO™ + H" + FMN + H,O +
light. This family also includes nonfluorescent flavoproteins
such as alkanesulphonate monooxygenase, which catalyze the
following reaction: R-CH,-SO;H + FMNH, + O, —R-CHO +
FMN + sulfite + H,O (38). In agreement with the requirement
of these enzymes for reduced FMN, two of the proteins
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FIGURE 8. Overview of the RosR regulon. Under reducing conditions, RosR is active and binds to the 18-bp sequence motifs present in the target promoters
(indicated as boxes); the numbers show the distance to the TSS (black arrow). Under oxidizing conditions, RosR is inactivated, causing the derepression of the

repressed genes and loss of narKGHJI activation.

repressed by RosR encode putative FMN reductases (Cgl150
and Cg1850). A better knowledge of the substrates of the puta-
tive monooxygenases would help our understanding of the
function of RosR.

The protein encoded by cg1426 belongs to the glutathione
S-transferase family (PFAM family PF00043). The members
of this family have a variety of functions, such as detoxifica-
tion of electrophilic compounds by catalyzing their conjuga-
tion to glutathione or biodegradative metabolism (39, 40).
Corynebacteria, mycobacteria, and related genera contain
mycothiol instead of glutathione (41, 42). Therefore, Cgl426
might form a conjugate of mycothiol with compounds such as
cumene hydroperoxide.

Cgl1322, which is encoded by the gene next to rosR (Fig. 8),
is a member of the Ycel family (PFAM family PF04264). In
E. coli, Ycel is induced by alkaline pH and salt stress (43, 44)
and is proposed to be a secreted protein. Recently, the crystal
structure of a member of the Ycel protein family, TT1927b
(TTHAO0802) from Thermus thermophilus HB8, has been
solved (45). The structure consists of an extended, eight-
stranded, antiparallel B-barrel. In the hydrophobic pore of the
barrel, the ligand octaprenyl pyrophosphate was identified,
which was unintentionally co-purified with the protein from
E. coli. The polyisoprenoid chain was bound by hydrophobic
interactions. As the amino acid residues that contact the ligand
are largely conserved in C. glutamicum Cg1322, it is likely that
this protein also binds octaprenyl phosphate or a closely related
polyisoprenoid. In E. coli, octaprenyl phosphate is synthesized
by octaprenyl-pyrophosphate synthase IspB (46) and forms the
side chain of the respiratory quinones menaquinone-8 (MK-8),
demethylmenaquinone-8 (DMK-8), and ubiquinone-8 (UQ-8).

29316 JOURNAL OF BIOLOGICAL CHEMISTRY

It is attached to 1,4-dihydroxy-2-naphthoic acid, resulting in
the formation of DMK-8, which is then methylated to MK-8.
The former step is catalyzed by the 1,4-dihydroxy-2-naphthoic
acid octaprenyltransferase encoded by the menA gene (47) and
the latter by the DMK methyltransferase MenG using S-adeno-
syl-methionine as the methyl group donor. In C. glutamicum, a
similar pathway for the synthesis of menaquinone is present
(48). Interestingly, a C. glutamicum Acgl322 mutant showed
an increased sensitivity to hydrogen peroxide, indicating that
the Cgl322 protein is involved in the response to oxidative
stress. The mechanism of this involvement is as yet unknown,
but it may be related to the observation that the adventitious
autoxidation of reduced menaquinone in the cytoplasmic
membrane releases a steady flux of superoxide into the
periplasm of E. coli (49). Superoxide is detoxified by superoxide
dismutase, which leads to the formation of hydrogen peroxide.
The C. glutamicum sodA gene encoding superoxide dismutase
was identified as a putative RosR target in the in silico search
based on the first generation consensus binding site. Although
a specific DNA binding of RosR to the sodA promoter region
could be demonstrated (Fig. 3), the effect of RosR on sodA
expression remains unclear. In the DNA microarray studies
comparing the wild type and ArosR mutant, the sodA mRNA
level was not changed. In additional DNA microarray experi-
ments comparing a RosR overproducing strain with the wild
type, the sodA transcript level was decreased 2-fold in the over-
producing strain, suggesting a repressing effect of RosR (data
not shown). Further studies are required to clarify the role of
RosR in sodA expression.

Hydrogen peroxide was found to inhibit the DNA binding
ability of RosR, indicating that this regulator is redox-active.
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This inhibition could be reversed by the addition of excess
DTT. In addition, the inhibition by H,O, could be partially or
completely prevented by exchange of one (Cys-92), two (Cys-64
and Cys-92; Cys-64 and Cys-151; and Cys-92 and Cys-151) or
all three cysteine residues (Cys-64, Cys-92, and Cys-151) pres-
ent in the protein to serine residues. None of the three cysteine
residues per se is required for DNA binding. Therefore it is
assumed that H,O, causes the formation of intra- or intermo-
lecular disulfide bridges in the RosR dimer, which is accompa-
nied by conformational changes that attenuate or prohibit
DNA binding. The formation of a disulfide bond is well known
to serve as a mechanism for activation or inactivation of redox-
responsive transcriptional regulators. The best studied exam-
pleis the LysR-type regulator OxyR of E. coli, which is activated
by H,O, through the formation of a disulfide bond between
Cys-199 and Cys-208 and then activates the transcription of
genes necessary for defense against this type of oxidative stress
(50, 51). An example of inactivation by disulfide bond forma-
tion is provided by the transcriptional regulator CprK of Desu!-
fitobacterium dehalogenans, which controls genes involved in
dehalorespiration (52, 53). Although the inactivation of RosR
by the formation of disulfide bonds is an attractive model, other
mechanisms such as S-thiolation cannot be excluded.

Some members of the MarR family were previously shown to
be involved in the response to oxidative stresses. Bacillus sub-
tilis OhrR is an organic peroxide sensor that represses expres-
sion of an inducible peroxiredoxin, OhrA. The DNA binding
activity of OhrR is regulated by the oxidation status of its sole
cysteine residue, Cys-15. After oxidation to a sulfenic acid
intermediate, which retains DNA binding activity, further reac-
tions generate either a mixed disulfide or a protein sulfenamide,
both of which prevent DNA binding and cause derepession of
ohrA (54). MhqR (YLVE) of B. subtilis represses genes encoding
multiple dioxygenases/glyoxylases, oxidoreductases, and an
azoreductase (55). MhqR target proteins confer resistance to
2-methylhydroquinone and catechol, as shown by the fact that
a AmhgR mutant is hyper-resistant to these compounds,
whereas mutants lacking target genes such as azoR2 are sensi-
tive to these compounds. Binding of MhqR to its target genes is
not affected by thiol-reactive compounds such as 2-methylhy-
droquinone, catechol, diamide, or methylglyoxal and hydrogen
peroxide. YodB of B. subtilis represses the yoc/ (azoRI) gene
encoding an azoreductase, and its DNA binding activity is
directly inhibited by thiol-reactive compounds and H,O, (56).

In C. glutamicum strain R, the redox-sensing transcriptional
regulator QorR has been described recently (57, 58). QorR
represses the gor2 gene, located upstream and divergent from
gorR and its own structural gene. The gor2 gene encodes a
quinone oxidoreductase, which is involved in diamide resis-
tance. The DNA binding activity of QorR is inhibited by oxi-
dants such as diamide, H,O,, and cumene hydroperoxide in
vitro; its only cysteine residue, Cys-17, is essential for redox-
responsive regulation of QorR. The gor2 transcript level does
not change in the presence of hydrogen peroxide stress but
under diamide stress (58). This might be because C. glutami-
cum is highly resistant to hydrogen peroxide.

In summary, we identified RosR as a novel transcriptional
regulator in C. glutamicum, in which DNA binding activity can
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be inhibited by hydrogen peroxide in vitro. Except for the
narKGHJI operon, all other currently known target genes, such
as cgl322, are repressed by RosR (Fig. 8). Deletion of cg1322,
which encodes a putative polyisoprenoid-binding protein,
caused increased sensitivity to hydrogen peroxide, supporting
the role of Cg1322 and RosR in the oxidative stress response.
Homologs of RosR and Cg1322 are found in other members of
the Corynebacteriaceae (supplemental Fig. S7A) and some
other species of the order Actinomycetales, where the corre-
sponding genes show the same divergent organization as in
C. glutamicum (supplemental Fig. S7B). Amino acid sequence
alignments of the RosR homologs revealed the conservation of
the cysteine residue Cys-92, found to be particularly sensitive to
hydrogen peroxide.
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