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The Oxidation-sensing Regulator (MosR) Is a New Redox-
dependent Transcription Factor in Mycobacterium tuberculosis™
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the common bacterial oxidation sensors have been described.

may provide ways to fight this bacterium in the future.

(Bacl(ground: Mycobacterium tuberculosis is an intracellular pathogen that survives under oxidative stress for which none of

Results: A new oxidation sensor of M. tuberculosis is described.
Conclusion: MosR is a new thiol-based oxidation-sensing regulator of the MarR family.
Significance: M. tuberculosis must adapt to oxidative environments; therefore, targeting MosR or MosR-regulated proteins

J

Mycobacterium tuberculosis thrives in oxidative environ-
ments such as the macrophage. To survive, the bacterium must
sense and adapt to the oxidative conditions. Several antioxidant
defenses including a thick cell wall, millimolar concentrations
of small molecule thiols, and protective enzymes are known to
help the bacterium withstand the oxidative stress. However, oxi-
dation-sensing regulators that control these defenses have
remained elusive. In this study, we report a new oxidation-sens-
ing regulator, Rv1049 or MosR (M. tuberculosis oxidation-sens-
ing regulator). MosR is a transcriptional repressor of the MarR
family, which, similarly to Bacillus subtilis OhrR and Staphylo-
coccus aureus MgrA, dissociates from DNA in the presence of
oxidants, enabling transcription. MosR senses oxidation
through a pair of cysteines near the N terminus (Cys-10 and
Cys-12) that upon oxidation forms a disulfide bond. Disulfide
formation rearranges a network of hydrogen bonds, which leads
to a large conformational change of the protein and dissociation
from DNA. MosR has been shown previously to play an impor-
tant role in survival of the bacterium in the macrophage. In this
study, we show that the main role of MosR is to up-regulate
expression of rv1050 (a putative exported oxidoreductase that
has not yet been characterized) in response to oxidants and pro-
pose that it is through this role that MosR contributes to the
bacterium survival in the macrophage.
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Thanks to impressive international efforts, the rate of Myco-
bacterium tuberculosis infections is beginning to decrease (1).
However, with an estimated 8.8 million cases of tuberculosis
and 1.1 million deaths reported in 2010, there is still plenty to
do before we can foresee the possible eradication of the disease.
In addition, the demographics of the disease (it mostly occurs in
developing countries), the vast reservoir for potential reactiva-
tion (up to one-third of the world population is latently
infected), and the emergence of drug-resistant strains (650,000
estimated prevalent cases in 2010) make accomplishing its
eradication a formidable task (1). Although current therapies
are effective in killing the bacterium, they require multiple
months of therapy, which reduces the compliance of patients
and increases the risk of drug resistance. To develop superior
therapies and vaccines, we need to gain better understanding of
the physiology of the bacterium.

A poorly understood aspect of M. tuberculosis is the exact
mechanism of how it detects and evades the host immune sys-
tem. To survive inside macrophages, M. tuberculosis must
withstand reactive oxygen species (ROS)? produced by phago-
cyte oxidase (NOX2/gp91P"°*) and reactive nitrogen species
(RNS) produced by inducible nitric-oxide synthase in the
macrophage (2). The bacterium is aided by several antioxidant
defenses including a thick cell wall rich in lipoarabinomannan,
cyclopropanated mycolic acid, and phenolic glycolipid I
(PGL-1) (3), millimolar concentration of mycothiol (4, 5), pro-
tective enzymes such as catalase (KatG) (6), superoxide dismu-
tases (SodA and SodC) (7, 8), peroxidase and peroxynitrite
reductase complex (AhpC, AhpD, SucB, and Lpd) (9, 10), and
DNA-binding proteins such as Lrs2 (11), as well as an arsenal of
exported proteins (12). However, little is known of transcrip-
tional regulators sensitive to oxidation in M. tuberculosis that
control these cellular defenses.

Transcriptional regulators responsive to oxidative stress are
crucial for many pathogenic bacteria (13-15). For example,

2The abbreviations used are: ROS, reactive oxygen species; RNS, reactive
nitrogen species; MosR, M. tuberculosis oxidation-sensing regulator; Ohr,
organic hydroperoxide resistance protein.
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Staphylococcus aureus MgrA controls the transcriptional regu-
lation of ~350 genes in S. aureus and is a major virulence factor
(16 -18). In Pseudomonas aeruginosa, OxyR and SoxR control
the expression of antioxidant genes and DNA repair enzymes
that confer resistance to oxidative stress, antibiotics, heavy
metals, and macrophage killing (19-21). Unlike reductive
stress regulators such as WhiB3, which have been well charac-
terized in recent years (22, 23), no oxidative stress regulators
homologous to SoxR, OxyR, and OhrR have been described in
M. tuberculosis to date. OxyR, although present in related spe-
cies such as Mycobacterium leprae, has acquired several non-
sense mutations in M. tuberculosis, and it is nonfunctional;
SoxR, also present in the related species Mycobacterium
smegmatis, does not have a homolog in M. tuberculosis; and
so far, no MgrA/OhrR homologs have been described in
M. tuberculosis.

Recently, Voskuil et al. (24) examined the transcriptional
response of M. tuberculosis to ROS and RNS. They found that
under low concentrations of H,0, (0.05 and 0.5 mm), only furA,
the regulator of catalase peroxidase (KatG), was induced. Con-
centrations of 50 mm or higher were lethal to the bacteria and
gave relatively few transcriptional changes. Intermediate con-
centrations between 5 and 10 mM caused a number of genes and
regulators to be induced including those involved in iron
response, iron-sulfur cluster repair, ROS/RNS damage repair,
and DNA repair. They concluded that besides FurA (25), IdeR
(26), SigH (27), and SigE (28), which had been previously impli-
cated in ROS resistance, there are 14 other unstudied regulators
that can be induced upon ROS. In this study, we describe a new
oxidation-sensitive transcriptional regulator in M. tuberculosis,
ahomolog of Bacillus subtilis OhrR and S. aureus MgrA that we
named MosR (M. tuberculosis oxidation-sensing regulator) and
propose a molecular mechanism for MosR in the context of
infection.

EXPERIMENTAL PROCEDURES

All procedures involving live M. tuberculosis were carried
out in a biosafety level III laboratory. Additional details for
these and other experimental procedures can be found in the
supplemental Experimental Procedures.

Protein Expression and Purification—All the MosR protein
variants were expressed in Escherichia coli using the codon-
optimized sequence on a modified pET28a vector containing a
thrombin-cleavable C-terminal His tag. After overnight
expression at 16 °C, the protein was purified by nickel-nitrilo-
triacetic acid affinity chromatography. Plasmids and primers
used for cloning and expression are shown in supplemental
Tables S1 and S2.

Protein Crystallization, X-ray Data Collection, Structure
Determination, and Refinement—For crystallization purposes,
a construct containing a four-amino acid truncation on the N
terminus (amino acids 2—5) was used. Crystallization experi-
ments were carried out using hanging-drop vapor diffusion at
room temperature and 16 °C. Datasets on frozen crystals were
collected at beamline 24-ID of the Argonne National Labora-
tory. All data were indexed, integrated, and scaled using
HKL2000 (29). The structure of MosR-DNA complex was
solved by molecular replacement in Phaser (30) using a model
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derived from the structure of OhrR with DNA (Protein Data Bank
(PDB) ID 1Z9C) (31). To solve apo-MosR, we used a model based
on the newly obtained structure of MosR-DNA. The structures
were refined using PHENIX (32) and Coot (33). Figures were pre-
pared using PYMOL (34). Full data collection and refinement sta-
tistics can be found in supplemental Table S3.

Electrophoretic Mobility Shift Assays—Purified recombinant
MosR (50 nm) was combined with a 3?P-labeled DNA (5 nm)
corresponding to the 100 —300-bp region upstream of the gene
under investigation in the presence of excess salmon-sperm
DNA and different concentration of oxidants as specified in Fig.
3. The mixture was incubated at room temperature for 30 min.
DTT was added to the specified samples 15 min after the addi-
tion of the oxidant. Samples were run on 4% polyacrylamide
native gels, and afterward the gels were dried and exposed to a
phosphor screen overnight, and images acquired using a Bio-
Rad Pharos FX molecular imager.

DNase 1 Footprinting Assay and Sequencing Reactions—
DNase I footprinting assay was carried out using the protocol
from Leblanc and Moss (35). Briefly, 50 nm DNA corresponding
to the promoter region labeled on one end only was combined
with 500 nM protein in the presence of 1 mm DTT. 0.5 units of
DNase I were added to the mix and allowed to react for 4 min.
Then the reaction was stopped by the addition of STOP solu-
tion. Sequencing reactions were performed using the Seque-
nase kit from Affymetrix. Both samples were run side-by-side
on a 4% native gel. The images were acquired as in the electro-
phoretic mobility shift assays.

Construction of M. tuberculosis Mutant Strains—AmosR
strain was constructed using the pGOAL/p2NIL system devel-
oped by Parish and Stoker (36). Complementation strains were
prepared by transforming AmosR strain with the appropriate
plasmid. A list with the plasmids used in this study can be found
in supplemental Table S1.

RNA Isolation and Microarray—RNA isolation and microar-
ray were performed as reported previously (24, 37).

RT-PCR—RT-PCR was performed using SuperScript one-
step RT-PCR system (Invitrogen). Primers used are shown in
supplemental Table S2.

RESULTS

MosR Is an OhrR/MgrA Homolog—Intrigued by the lack of
obvious oxidation-sensing regulators in M. tuberculosis, we
decided to look for homologs of B. subtilis OhrR and S. aureus
MgrA in M. tuberculosis H37Rv proteome. A direct BLAST-P
search for homologs yielded no hits in M. tuberculosis, but
found one candidate in the closely related species M. smegmatis
that belongs to the MarR family, MSMEG_0448 (43% identical
over 145 amino acids to OhrR and 35% identical over 143 amino
acids to MgrA). MSMEG_0448 as an OhrR homolog is further
supported by the recent discovery that adjacent protein
MSMEG_0447, is a homolog of organic hydroperoxide resist-
ance protein (Ohr) (38). A subsequent search for homologs of
MSMEG_0448 found one potential candidate in M. tuberculo-
sis: Rv1049 (26% identical over 147 amino acids) (Fig. 1, supple-
mental Fig. S1) that we named MosR. Although MosR is only
28% identical over 103 amino acids to OhrR and 28% identical
over 106 amino acids to MgrA, we thought it might share an
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FIGURE 1. MosR (Rv1049) is an OhrR/MgrA homolog. ClustalW sequence alignment of M. tuberculosis MosR (Mtb MosR), M. smegmatis MSMEG_0448,
S. aureus MgrA, and B. subtilis OhrR. Conserved Cys is highlighted in yellow. Amino acids are colored according to physicochemical properties. Asterisks indicate
conserved residues; colons indicate highly similar residues; periods indicate less similar residues.

oxidation-sensing mechanism as it contains the cysteine pre-
sumed to serve for oxidation sensing in a conserved position
(Cys-12) and an additional adjacent cysteine (Cys-10) not con-
served in OhrR/MgrA. In addition, in these oxidation-sensing
regulators, the conserved cysteine is typically surrounded by
aromatic amino acids (39), which are also conserved in MosR
(Tyr-13, Tyr-26, and Phe-40).

MosR Contains a Reversible Disulfide Bond between Cys-10
and Cys-12—After failed attempts to express MosR in E. coli
from the native DNA sequence, we turned to a synthetic variant
containing the codon-optimized sequence for E. coli. This con-
struct expressed well, and we were able to purify the protein to
reasonable yields (0.1 mg/liter) and high purity using a nickel-
nitrilotriacetic acid column (Fig. 24). We noticed that if the
protein was purified in the absence of reducing agents, a new
band with retarded mobility appeared on a nonreducing SDS-
PAGE gel, suggesting partial oxidation and formation of an
intramolecular disulfide bond that may induce a conforma-
tional change of the protein (Fig. 2B). We then sought to iden-
tify and confirm the disulfide bond using mass spectrometry.

For this experiment, we subjected MosR to three different
conditions (1 mm DTT, 1 h of air oxidation, and 5 mm H,0O,)
followed by alkylation, trypsin digestion, and LC-MS/MS anal-
ysis. In the presence of 1 mM DT'T, we found no evidence for the
presence of disulfide bonds in the protein. Under air oxidation,
which mimics the conditions in which we observe a double
band on SDS-PAGE gel, we found one disulfide bond between
Cys-10 and Cys-12 (Fig. 2C). Under 5 mm H,O,, we found evi-
dence for two disulfide bonds with one between Cys-10 and
Cys-12 and another between Cys-96 and Cys-147 (supplemen-
tal Fig. S2). These data show that formation of disulfide
between Cys-10 and Cys-12 is more facile and likely represents
the primary biological mechanism used by MosR to sense
oxidation.

Reduced MosR Binds to DNA, whereas Oxidized MosR Does
Not—To test whether MosR functions as an oxidation-sensing
transcriptional regulator, we tested its ability to bind to DNA in
the presence of oxidants. We speculated that similar to other
MarR proteins, MosR would be autoregulated, and therefore
we chose a 300-bp fragment of DNA directly upstream of the
mosR gene to test for DNA binding. The protein bound to the
amplified DNA even in the presence of 10-fold excess of non-
specific DNA with a K, of ~15 nm (supplemental Fig. S3A).
Subsequently, we tested the ability of the protein to bind DNA
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in the presence of increasing concentrations of oxidants includ-
ing H,0,, cumene hydroperoxide and tert-butyl hydroperox-
ide, and the NO precursor spermine-NONOate (Fig. 3, A-C,
supplemental Fig. S3B). In all cases, except with the NO precur-
sor, we saw dissociation of the protein from DNA upon the
addition of 0.5—1 mm of the respective oxidant. This dissocia-
tion was reversible upon the addition of the reducing agent,
DTT (Fig. 3, A-C). Spermine-NONOate did not cause dissoci-
ation of the protein from the DNA up to 1 mm, and concentra-
tions of 10 mm or higher led to protein aggregation due to the
tendency of spermine to precipitate proteins.

We then assayed the role of the cysteines in oxidation-depen-
dent DNA binding. MosR contains four cysteines: Cys-10, Cys-
12, Cys-96, and Cys-147. Only Cys-12 is conserved among oxi-
dation-sensing OhrR/MgrA proteins, and thus we focused our
attention on this cysteine and the proximal Cys-10. Substitu-
tion of Cys-10 or Cys-12 by serine results in proteins with lower
sensitivity to oxidation as shown in Fig. 3D. Under the assayed
conditions, treatment with 1 mm H,O, for 1 h is sufficient to
completely dissociate the wild-type MosR but not the Cys-to-
Ser substituted proteins. Double mutation of Cys-10 and
Cys-12 to serine results in a protein with decreased DNA bind-
ing affinity even under reducing conditions. In our experience,
substitution of Cys to Ser in this family of proteins often affects
the stability of the protein. The partial dissociation of MosR-
C10S and MosR-C12S with >1 mm H,O, may be due to non-
specific oxidation of the protein or additional oxidation-sens-
ing mechanisms. Nonetheless, the lower sensitivity of the
substituted proteins with Cys-10 and Cys-12 replaced by Ser
suggests that these residues play important roles in the oxida-
tion-sensing mechanism, which is consistent with disulfide
bond formation between these two residues. This type of
behavior in which substitution from Cys-12 to Ser results in a
protein less responsive to oxidation is reminiscent of OhrR and
MgrA (16, 40).

MosR Binds to a Specific DNA Sequence and Controls the
Expression of Redox-related Genes—We then performed a
DNase I footprinting assay to determine the specific sequence
that MosR binds. A 26-base-long quasi-palindromic motif
starting 31 bases upstream of mosR (rv1049) starting codon was
revealed as the binding site of MosR (Fig. 4A4). A pattern search
for similar sequences in the genome of M. tuberculosis unveiled
similar sequences in the promoter regions of rv1050, ndhA,
narL, narX, ndhA, and esxR (Fig. 4B). We then tested for bind-
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FIGURE 2. MosR forms a reversible disulfide bond upon oxidation. A, SDS-PAGE gel showing purified reduced MosR. B, double band on nonreducing
SDS-PAGE indicates partially oxidized protein. C, LC-MS/MS spectrum of peptide fragment *“GAAFDECACYTTR'® (observed m/z 1405.5546 corresponding to
peptide theoretical mass of 1407.5321 Da minus two hydrogen atoms (—2 Da)) obtained after trypsin digestion of oxidized MosR. The fragment ions y7* and
b9™ corresponding to *GAAFDECAC'? and '°CACYTTR', respectively (observed m/z 815.38 and 886.40) indicate the presence of disulfide bond between

Cys-10 and Cys-12. Fragment ion arising from the neutral loss of water (—18 Da) is marked as M-H,O. Theo. MW, theoretical molecular weight; Exp. MW,
experimental molecular weight.
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FIGURE 3. MosR binds to DNA in an oxidation-dependent manner. A-C, electrophoretic mobility shift assays of MosR (25 nm) with DNA (5 nm) upon
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Sequence

ATACG TGTAG CTACA CGAGT
ATATG TGTAG TTACA CCCAA
TCGCG TGTAC CTACA CCGCG
TACTG TGTAG CTGCG CCACA

-35 narL/rv0844c: possible nitrate/nitrite regulator CGACG AGCAG CTAAA CTCAT
-57 esxR/rv3019c: secreted esat-6 like protein CCGCG TCCAG CTACA CCGGG
CONSENSUS SEQUENCE: G TGTAn nTACA C
C MosR LR R I R -+
Protein-DNA
DNA

1050

narX

FIGURE 4. MosR binds to a specific DNA sequence and controls expression of redox-related genes. A, DNase | footprinting assay. The red rectangle
indicates the region where the protein binds. The blue rectangle shows the sequence for that region: ACAA ATACG TGTAG | CTACA CGAGT CTGG. B, similar
sequences are found in the promoter regions of mosR, rv1050, narX, ndhA, narL, and esxR. The location number indicates bases from the start codon. C,
electrophoretic mobility shift assay showing that MosR binds to the promoter regions of mosR, rv1050, narX, and ndhA.

ing to those promoters and confirmed that in addition to bind-
ing to its own promoter, MosR can bind to the promoters of
rv1050 and narX, and to a lower extent, ndhA (Fig. 4C). These
experiments allowed us to determine the sequence GTGTAn
nTACAC (n = A, C, G, or T), as the consensus recognition
motif of MosR. This motifis strictly conserved in the promoters
of mosR (or rv1049), rv1050, and narX (or rv1736¢), but it con-
tains two mismatches in the promoters of ndhA and esxR and
three in narL promoter, which explains why MosR does not
bind to these promoters or why it does so with reduced affinity.
Interestingly, Rv1050 and NarX are thought to be involved in
reduction processes, which is consistent with being controlled
by an oxidation-sensitive transcriptional regulator. Rv1050 is an
exported protein (41) predicted to function as an oxidoreductase,
and NarX is a predicted nitrite reductase, part of the dosR regulon,
known to be induced by NO and hypoxia (42, 43).

MosR Structure Reveals a New Oxidation-sensing Mechanisim—
We next crystallized and solved the structures of MosR bound
to a 28-bp duplex DNA and the apo form (Fig. 5, A and B). The
MosR-DNA complex crystallized in the R3 space group, and
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the structure was solved to 3.1 A resolution. Apo-MosR crys-
tallized in the P2,2,2, space group and was solved to 2.7 A
resolution. In both structures, MosR forms a dimer of triangu-
lar shape with the two monomers related by noncrystallo-
graphic symmetry. These two structures resemble the struc-
tures of OhrR and SlyA with and without DNA (31, 44)
(supplemental Fig. S4, A and B). Each monomer contains six
a-helices and three antiparallel B-strands forming a B-sheet
(there are only two B-strands in the DNA-bound structure as
B1 becomes disordered). Strand B1 is longer than in related
structures due to the insertion of five amino acids (Gly-51-Ile-
55) between «2 and «3. Helices al, a5, and a6 form the
dimerization domain with a6 going over al helix of the adja-
cent monomer. Helices a3 and a4 and the connecting loop
form the characteristic helix-turn-helix DNA-binding motif.
On the MosR-DNA complex structure, helices a1 and al’
(prime refers to the opposing monomer) sit atop the DNA
forming extensive contacts with the phosphate backbone on
the minor groove of the DNA. a4 and a4’ fit into two consec-
utive major grooves recognizing the palindromic sequence
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A

FIGURE 5. The structure of MosR reveals oxidation-sensing mechanism. A, reduced MosR-DNA structure. B, oxidized apo-MosR structure. The dotted circle
indicates the wing region of chain B that had poor electron density and was not built. C, hydrogen-bonding interactions in the MosR-DNA (reduced) structure.
D, detail of Cys-10-Cys-12 site in reduced MosR-DNA (reduced) structure. Electron density map corresponds to 2F, - F. map contoured at 1.5 o. E, hydrogen-
bonding interactions in the apo-MosR (oxidized) structure. F, detail of Cys-10-Cys-12 site in apo-MosR (oxidized) structure. In red, F, - F. simulated annealing
omit maps for the sulfur atoms of Cys-10 and Cys-12 showing two possible conformations for Cys-12. Blue maps correspond 2F, - F. maps at 1.5 0. G,
superposition of the two structures seen from below and side (239 atoms, root mean square deviation = 1.83 A?). Cyan and green, MosR-DNA structure. Orange

and yellow, apo-MosR. Lines indicate movement of a4.

GTGTAn nTACAC mainly through the side chains of Arg-70,
Thr-71, Thr-72, and Asn-76 (supplemental Fig. S4, C and D).
Between a4 and a5, there is a stretch of 21 amino acids forming
two antiparallel B-strands (82 and B3) that extend over the
minor grooves making extensive contacts with phosphates,
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sugar oxygens, and the O, position of a thymidine base three
bases away from the end of the palindrome. On the base of the
triangle, the side chains of «al, @2, al’, and a2’ form an
extended array of hydrogen bonds parallel to the helices. Start-
ing on one end, Cys-12 (a1) interacts with Asn-37’ (a2') from

asEve\
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the other monomer, which further interacts with Arg-16 (al)
that is hydrogen-bonded to a phosphate ion situated in the cen-
ter of the protein. Symmetrically, the phosphate interacts with
Arg-16’ (al') from the other monomer, then Asn-37 (a2) and,
finally, Cys-12' (a1’) (Fig. 5C). In this structure, the Cz atoms of
Cys-10 and Cys-12 are positioned 5.5 A away from each other,
and both thiol groups point toward the C terminus of the helix,
representing clearly the reduced form of the protein (Fig. 5D).

The apo-MosR structure represents the oxidized conforma-
tion of the protein. The Czatom of Cys-10 s positioned (D)nly 4.3
Aaway from the Cg of Cys-12 (when compared with 5.5 A in the
reduced form), and Cys-12 can fit into the electron density in
two alternate conformations, pointing up (or reduced) and
pointing down forming disulfide (or oxidized) (Fig. 5F).
Although there is electron density for the both the oxidized and
the reduced conformations of Cys-12, the overall conformation
of the protein is consistent with the oxidized state. The fact that
the Cys-12 is partially reduced is indicative of the reversible
nature of the disulfide bond, and we believe it to be due to the
reducing power of electrons from the x-ray beam (45) because
the overall conformation is very different from the reduced
DNA-bound form.

From these structures, we can infer that when the disulfide
bond is formed, there is rearrangement of hydrogen bonds and,
consequently, a large change in the conformation of the pro-
tein. Inversion in the orientation of Cys-12 («l) breaks the
hydrogen bond to Asn-37" («2') and brings Arg-16 (a1) closer,
which forms a new hydrogen bond to Ser-41" («2') (Fig. 5E).
This new arrangement of hydrogen bonds results in the trans-
lation of a2 ~1.2 A relative to 1. This movement in a2 pushes
a3 ~4.5 A toward a4, which then rotates ~25° inward to
accommodate a3 (Fig. 5G). Rotation of a4 and a4’ prevents
them from fitting into consecutive major grooves and thus
impairs DNA binding.

With the structure at hand, we examined the possible roles of
Cys-96 and Cys-147 in oxidation sensing. As mentioned above,
by mass spectrometry, we found evidence of disulfide bond for-
mation between these two cysteines. These cysteines are
located on the surface of the protein and are more than 30 A
apart, which is incompatible with an intramolecular or inter-
chain disulfide. This disulfide may arise from reaction between
two dimers in solution. Formation of this second disulfide bond
may be due to the strong oxidizing conditions employed exper-
imentally, and it may or may not reflect a secondary oxidation-
sensing mechanism of MosR that can be subjected to future
studies.

Formation of an intramolecular disulfide bond between
Cys-10 and Cys-12 is novel in this family of proteins. OhrR
proteins can be classified as 1-Cys or 2-Cys proteins (46). 1-Cys
proteins, typified by B. subtilis OhrR, have only one cysteine
that can be oxidized to sulfenic acid or mixed disulfides (47),
and this cysteine has been shown structurally in SarZ, another
oxidation-sensitive transcriptional repressor from S. aureus
(48). On the contrary, 2-Cys proteins, typified by Xanthomonas
campestris OhrR, form intermolecular disulfide bond between
the peroxidatic cysteine in the N terminus and a cysteine resi-
due located on the C terminus of the other monomer (40, 49).
To our knowledge, formation of a disulfide between two nearby
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FIGURE 6. MosR controls rv1050in response to oxidants. RT-PCR analysis of
rv1050 expression in the wild-type, AmosR, MosR-C12S complementation,
and MosR complementation strains during H,O, treatment. Values are rela-
tive to wild-type strain under no H,O, treatment. Results represent mean *
S.D. of three independent biological replicates and were normalized using
sigA levels. (*, p < 0.05; **, p < 0.01 when compared with WT under the same
treatment.).

cysteines from the same chain is unique to MosR and repre-
sents a new variant in oxidation sensing.

MosR Deletion Was Generated by Double-crossover Homolo-
gous Recombination—Following the protocol by Parish and
Stoker (36), we generated an unmarked in-frame deletion strain
of mosR in H37Rv background (AmosR). This strain harbors a
441-bp deletion inside mosR (rv1049) gene corresponding to
amino acids 2—148. This deletion was confirmed by PCR and
Southern blotting (supplemental Fig. S5, A and B). We also
generated a complementation strain (AmosR:pUC-mosR
Hyg") by cloning mosR plus 318 bp upstream into the integra-
tive plasmid pUC-GM-INT (50) and transforming AmosR cells
with this plasmid. This strain was generated to ensure that any
observed phenotypes were only due to the absence of mosR and
not from inadvertent mutations introduced during cloning. We
chose to include the promoter region to maintain similar
expression levels as in wild-type strain. Additionally, this
allowed us to perform site-directed mutagenesis in the comple-
mentation plasmid to generate a complementation strain
expressing MosR-C12S to study the effect of this cysteine in
vivo. Notably, mutation of mosR does not affect growth (sup-
plemental Fig. S6), sensitivity to H,O, and diamide, or sensitiv-
ity to the antituberculosis drugs isoniazid, rifampin, and etham-
butol (supplemental Table S4).

Oxidation-responsive Transcriptional Regulation Was Con-
firmed in Vivo by RT-PCR—To verify that oxidation sensing is
in fact occurring in vivo, we tested the mRNA levels of rv1050
by RT-PCR using sigA as control. We extracted RNA of
M. tuberculosis cultures grown to early log phase treated with 0,
5, and 10 mm H,O, for 30 min. As shown in Fig. 6, without
H,O, treatment, the levels of rv1050 mRNA on the Arv1050
strain were 39-fold higher than in the wild-type strain, whereas
the MosR and MosR-C12S complementation strains had levels
similar to wild type (WT). Upon H,O, treatment with 5 and 10
mMm H,0,, the rv1050levels in WT went up by 5.6- and 27-fold,
respectively, reaching levels comparable with AmosR. The
AmosR strain had very high levels of rv1050 transcript in the
absence of oxidants. The addition of H,O, caused a slight
decrease in the rv1050 level, but it remained high when com-
pared with uninduced WT. These results indicate that rv1050is
fully up-regulated in the mutant and that MosR is the sole reg-
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FIGURE 7. Proposed model for MosR. MosR is an oxidation-sensing transcriptional regulator of itself and rv1050. In the absence of oxidative stress, MosR binds
to DNA, repressing transcription. Upon oxidative stress (as in the macrophage, M@) MosR dissociates from DNA, enabling transcription of itself and rv1050.

ulator of rv1050. In the MosR-C12S complementation strain,
there was a moderate 2.5-fold increase in rv1050 message upon
5 mM treatment (when compared with 5.6-fold increase in WT,
p = 0.12) and 30-fold increase upon 10 mm treatment (when
compared with 27 in WT). This result shows that MosR-C12S is
less sensitive to moderate concentrations of oxidants, which
agrees with the trends observed by electromobility shift assays
(Fig. 3). The complementary strain behaved similarly to WT
strain in all the conditions. Similar trends were observed when
probed by Northern blotting (supplemental Fig. S7).

The remarkably high levels of expression of rv1050 upon
H,O, treatment suggest that this protein of unknown function
plays an important role in adaptation to oxidative stress.
Increase in mosR and rv1050 expression upon the addition of
oxidants has also been observed in previous microarray exper-
iments with H,O, (24) and diamide (51). Polyunsaturated fatty
acids such as arachidonic acid and linoleic acid, which can read-
ily undergo lipid peroxidation to generate ROS, also up-regu-
late the expression of rv1050, whereas saturated fatty acids such
as oleic acid and palmitic acid down-regulate its expression.?

Global Gene Expression Profiling Shows Discrete Regulation
by MosR—To determine the regulatory scope of MosR, we per-
formed global gene expression profiling using RNA microar-
rays comparing the AmosR strain with H37Rv wild-type strain
with and without H,O, (supplemental Table S5). In the mutant
versus WT under no H,O, stress, we found only four genes that
were differentially regulated: rv0350, rv1050, rvi361c, and
rv3478. Out of these genes, rv1050 showed the most significant
difference (on average 352-fold higher in AmosR than wild
type), whereas the other genes displayed modest induction
(rv0350, rv1361c, and rv2478, range: —9.1- to 2.5-fold). Under
10 mm H,O, treatment, there was no difference between the
wild-type and AmosR strains in 7v1050 levels, which agrees with
the RT-PCR results, and there were a total of nine genes, which
showed 2-5-fold change (fadA2, rpsS, rplP, rpsQ, rv0839,
rv1884c, rv2558, rv3614c, and rv3615c). None of these genes
contain the consensus sequence in their promoter regions, and
we attribute these changes to pleiotropic effects or to the per-
turbation of cellular pathways by the dramatic overexpression
of rv1050.

Still, we were surprised not to find narX among the genes
up-regulated in the AmosR strain. However, this can be
explained by a second layer of regulation for this gene. It is
known that narX is under the control of DosR and is only acti-
vated under hypoxia, nitric oxide, or carbon monoxide (43). Itis
possible that narX is under control of multiple regulators that
need to work synergistically. In sum, this microarray experi-
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ment confirmed that MosR regulates rv1050, but unlike in
S. aureus, where MgrA is a global regulator (17), M. tuberculo-
sis MosR has narrow regulatory scope.

DISCUSSION

In this study, we presented a new oxidation-sensing tran-
scriptional repressor of M. tuberculosis that belongs to the
MarR family, and its plausible mechanism (Fig. 7). We
described the identification of MosR using a bioinformatics
approach, the biochemical characterization of this protein
showing that DNA binding is dependent on the oxidation state
of the protein and that it is fully reversible. Based on x-ray crys-
tallography and mass spectrometry, we proposed that oxidation
sensing is facilitated by formation of a reversible disulfide bond
between Cys-10 and Cys-12, a new mechanism among MarR
proteins. We also identified the DNA-binding sequence for this
regulator by DNase I footprinting and showed that similar
sequences are present in the promoter regions of itself, rv1050,
narX, and ndhA. To validate the function in vivo, we con-
structed a mosR deletion strain and demonstrated that MosR
controls the expression of 1050 in response to oxidants using
microarray and RT-PCR.

Interestingly, it had been shown previously that rv1050 is
up-regulated 2-fold during infection in INF-vy-activated macro-
phages (53). In light of our results, we can now explain that this
up-regulation is likely due to MosR sensing ROS produced by
the macrophage.

Another notable aspect about MosR comes from a study by
Rengarajan et al. (54) that analyzed the genes required for sur-
vival in macrophages. This study found that a transposon inser-
tion in rv1049 (mosR) had the second largest increase in resist-
ance to macrophage killing (5.6-fold increase). The authors
note that the genes that give increased survival of the bacterium
may pose a transcriptional burden under normal laboratory
conditions. Now, based on our results, we can propose that
mutation of mosR results in enhanced survival probably due to
constitutively high expression of rv1050. Although we do not
know the exact function of Rv1050, it likely has a protective
effect in the bacterium. Unfortunately, that genome-wide study
had no information on the effect of a transposon mutation
directly on rv1050 probably because the experiment was car-
ried out using a heterogeneous culture (the TraSH library), and
exported proteins such as Rv1050 could be produced by a
neighboring bacterium masking its effect. It will be very inter-
esting to test whether mutation of rv1050 results in decreased
intracellular survival.

Rv1050 is an exported protein predicted to function as an
oxidoreductase. Given that arachidonic acid and linoleic acid
are also among the signals that induce rv1050 up-regulation, we
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suspect that Rv1050 may affect fatty acid metabolism in the
macrophage. It is known that M. tuberculosis-infected macro-
phages exhibit an altered arachidonic acid metabolism in favor
of lipoxin A, over prostaglandin E, (PGE,), which promotes
necrosis over apoptosis (52, 55). Although it is unknown how
M. tuberculosis affects this process, it is reasonable to conjec-
ture that exported proteins are used to manipulate the metab-
olism of the macrophage. Furthermore, if Rv1050 is indeed
important for the survival of M. tuberculosis in the macro-
phage, one could envision targeting this exported protein as a
new avenue for therapy. Targeting exported proteins could be
particularly interesting as it circumvents the challenge of the
drugs getting into the bacterium.
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