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In contrast to the intact oxyR gene (a homolog of the central regulator of peroxide stress response in enteric
bacteria) in Mycobacterium leprae, this gene is inactive in all strains of M. tuberculosis. In both species, oxyR is
divergently transcribed from ahpC, which encodes a homolog of alkyl hydroperoxide reductase. To initiate
investigations of the regulation of oxidative stress in mycobacteria and consequences of the elimination of oxyR
in M. tuberculosis, in this work we tested the hypothesis that mycobacterial OxyR acts as a DNA binding protein
and analyzed its interactions with the oxyR and ahpC promoters. M. leprae OxyR was overproduced and puri-
fied, and its binding to the oxyR-ahpC intergenic region of M. leprae was demonstrated. By using a sequential
series of overlapping DNA fragments, the minimal OxyR binding site was delimited to a 30-bp DNA segment
which included a palindromic sequence conforming with the established rules for the LysR family of regulators.
A consensus sequence for the mycobacterial OxyR recognition site (cTTATCggc-N;-gccGATAAg) was deduced
based on its conservation in different mycobacteria. A variance in two potentially critical nucleotides within this
site was observed in M. tuberculosis, in keeping with its reduced affinity for OxyR. Transcription of plasmid-
borne M. leprae oxyR and ahpC was investigated in M. smegmatis and M. bovis BCG by S1 nuclease protection
and transcriptional fusion analyses. Two mRNA 5’ ends were detected in each direction: (i) P,oxyR and P,oxyR
and (ii) P,ahpC and P,ahpC. The binding site for OxyR overlapped P,oxyR, reminiscent of the autoregulatory
loops controlling expression of oxyR in enteric bacteria and characteristic of the LysR superfamily in general.
This site was also centered 65 bp upstream of P,ahpC, matching the usual position of LysR-type recognition
sequences in relationship to positively controlled promoters. Superimposed on these features was the less orth-
odox presence of multiple transcripts and their unique arrangement, including a region of complementarity at
the 5’ ends of the P,ahpC and P,oxyR mRNAs, suggesting the existence of complex regulatory relationships
controlling oxyR and ahpC expression in mycobacteria.

The adaptation mechanisms that enable the potent human
pathogens Mycobacterium tuberculosis and M. leprae to thrive
in the intracellular environment of susceptible mononuclear
phagocytic cells are not completely understood despite several
recent advances (8, 14, 29, 45). Of potential significance for the
successful parasitism of host macrophages is the response of
mycobacteria to oxidative stress since reactive oxygen and ni-
trogen species are likely to be encountered during interactions
with phagocytic cells (22). In a recent series of studies (10, 11,
13, 16, 38, 50) aimed at analyzing oxidative stress response in
M. tuberculosis, we and others have characterized the gene
oxyR, encoding a homolog of the central regulator of peroxide
stress response in enteric bacteria (7, 46). In Escherichia coli
and Salmonella typhimurium, oxyR positively regulates at least
nine genes (7, 46), including those encoding catalase-peroxi-
dase (katG), alkyl hydroperoxide reductase (ahpC), glutathi-
one oxidoreductase (gorA), a protein implicated in protection
of DNA from oxidants (dps), and a small untranslated regula-
tory RNA (oxyS). Surprisingly, the oxyR gene in M. tuberculosis
displays multiple lesions (11, 38). The mutations in oxyR, which
render this gene inactive, have been observed in all strains of
M. tuberculosis tested (11) and, with minor variations (42), in
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all members of the M. tuberculosis complex: M. africanum, M.
bovis, and M. microti (11). In contrast, intact oxyR genes have
been characterized in M. leprae (11, 38) and M. avium (38). The
oxyR gene is likely to be complete in M. marinum and M. xenopi
and possibly also in M. gastri, M. kansasii, and M. scrofulaceum
(11). In the majority of mycobacterial species tested, oxyR is
tightly linked to and divergently transcribed from ahpC (10, 11,
37, 38, 47, 48), a gene encoding a homolog of the catalytic
subunit of alkyl hydroperoxide reductase (4, 7, 21). Two nota-
ble exceptions to these generalizations are M. smegmatis and
M. aurum, in which oxyR could not be positively identified by
PCR or hybridization (13). Although M. smegmatis has an
ahpC equivalent, no potential OxyR-encoding sequences could
be detected within the 900-bp region characterized immedi-
ately upstream of the ahpC gene (13); the existence and loca-
tion of oxyR or its putative functional equivalent in this species
remain to be determined.

Possibly related to the lack of oxyR function in M. tubercu-
losis (10, 11, 50), this mycobacterium exhibits exceptionally
high susceptibility to the front-line antituberculosis drug isoni-
cotinic acid hydrazide (isoniazid; INH). Based on their intrin-
sic sensitivities to INH, mycobacteria fall into two general
categories (49, 52): (i) most species are susceptible only to INH
concentrations in excess of 1 wg/ml, and (ii) a small number of
organisms, encompassing members of the M. tuberculosis com-
plex and a fast-growing saprophytic species, M. aurum (13, 27),
display high sensitivities to this compound. M. tuberculosis is
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susceptible to exceptionally low levels of INH, in the range of
0.02 to 0.06 pg/ml (49). In a recent study (13), an inverse
correlation has been noted between the intrinsic sensitivity to
INH in mycobacterial species on one side and AhpC levels and
overall ability to mount a peroxide stress response on the
other. Furthermore, recent insertional inactivation of ahpC on
the chromosome of M. smegmatis has demonstrated that AhpC
levels determine the baseline sensitivity of mycobacteria to
INH (50), further supporting the notion that lesions in oxyR, a
putative regulator of ahpC expression, may contribute to the
exquisite sensitivity of M. tuberculosis to INH (10). As a result
of a long history of studies antecedent to the more recent
research directions described above, another member of the
putative peroxide stress response in M. tuberculosis has been
shown to play a central role in the processes associated with
INH resistance. These important investigations aimed at un-
derstanding the emergence of INH-resistant M. tuberculosis
strains in clinical practice (19, 30, 32, 51) have established that
katG, encoding M. tuberculosis catalase-peroxidase, plays a ma-
jor role in the emergence of INH resistance. Interestingly,
expression of the katG gene appears not to be adversely af-
fected by the loss of OxyR function in wild-type M. tuberculosis
strains which display substantial catalase-peroxidase activity.

The proposals that mycobacterial OxyR plays a regulatory
role have been based on its sequence similarities to OxyR from
enteric bacteria and other members of the LysR family of
transcriptional regulators (18). However, this hypothesis has
not been formally addressed. The majority of proteins from the
LysR superfamily positively control expression of their cognate
target genes while frequently playing a negative autoregulatory
role. Among the hallmarks of these relationships are the ar-
rangement of binding sites within the respective promoter re-
gions and the organization of transcriptional units (36). By
analogy with other LysR family members, it is possible that
mycobacterial OxyR functions as a DNA binding protein and
transcriptional regulator. As a step towards a formal demon-
stration of these putative relationships, we report here the
mapping of the mRNA 5’ ends for the M. leprae oxyR and ahpC
genes expressed in fast- and slow-growing mycobacterial hosts,
the overproduction and purification of M. leprae OxyR, and the
interactions of OxyR with the promoter region of oxyR and
ahpC in M. leprae and M. tuberculosis.

MATERIALS AND METHODS

Bacterial strains and growth conditions. The mycobacterial strains used in this
study were M. smegmatis mc*155 (41) and M. bovis BCG ATCC 27291. Esche-
richia coli DH5a and BL21(DE3)pLysS were used for routine cloning or over-
expression of M. leprae OxyR, respectively. Mycobacteria were grown in Middle-
brook 7H9 medium or on 7H10 plates (Difco Laboratories) supplemented with
0.05% Tween 80 and ADC enrichments. When necessary, kanamycin or hygro-
mycin was added to 10 or 50 pg/ml, respectively. All incubations were at 37°C.

RNA isolation, S1 nuclease protection assay, and primer extension analysis.
Isolation of RNA from mycobacteria by sedimentation through a cushion of 5.7
M CsCl has been previously described (9, 13, 50). Primers OxyRML7 (5'-GCC
TGCGACAACGTCGAC-3'; extending from —234 to —217 relative to the ahpC
start codon; see Fig. 2A) and AhpML7 (5'-CCTTTGATAAGTCGCCGC-3';
extending from +76 to +59; see Fig. 2A) were used to generate uniformly
labeled (using [a-*?P]dCTP, 800 Ci/mmol; DuPont NEN) single-stranded probes
to map the 5’ ends of M. leprae oxyR and ahpC transcripts, respectively. The S1
nuclease protection assay was carried out as previously described (9, 13, 50).
Plasmid pDML2, denatured by treatment with NaOH, was used as a template to
generate single-stranded hybridization probes. Each hybridization reaction con-
tained 50 pg of total RNA. The products of S1 nuclease digestion were analyzed
on sequencing gels and compared with the sequencing ladder generated by using
the primers OxyRML7 and AhpMLY7 to locate the 5’ end of mRNA. Since the
probes were uniformly labeled to improve the sensitivity of the assay as previ-
ously described (9, 13, 50), the heterogeneity at the 5 ends of S1 nuclease
digestion products was more prominent due to the radioactive decay-related
breakdown of single-stranded DNA chains (3). Primer extension analysis was
carried out as previously described (1), by using OxyRML7 for oxyR mRNA and
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FIG. 1. M. leprae intergenic region, oxyR and ahpC mRNA start sites, and
OxyR binding site. (A) Schematic representation of the oxyR-ahpC intergenic
region. (B) Locations of the oxyR and ahipC mRNA start sites and summary of
the PCR-based strategy for mapping of the OxyR binding site within the M.
leprae oxyR-ahpC intergenic region. Bent arrows, mRNA start sites; open arrow-
heads, mRNA start site P,oxyR; filled arrowheads, P,oxyR; hatched arrowheads,
P,ahpC; stippled arrowheads, P,ahpC; double oval, bound OxyR; boxed nucle-
otides, oxyR and ahpC start codons; bent lines and numbers, 5’ ends of the
primers relative to the ahpC start codon. Primer direction is shown by placement
above or below the sequence. These primers were used to generate by PCR a
sequential series of overlapping DNA fragments for OxyR binding studies. Un-
derlined nucleotides, deduced region containing the OxyR binding site. Bold
residues, proposed OxyR recognition sequence. The T-N,;-A core (17, 36) is
indicated by circles above the nucleotides.

AhpM8 (5'TGTTGGCCAATTGATAGCAATGACATATCC3') for ahpC
mRNA and equal amounts of RNA as for S1 nuclease protection studies.

Plasmid constructs and genetic methods. oxyR overexpression plasmid pDML1
was generated by modifying the ends of M. leprae oxyR by PCR with primers
MLoxyRFW (5'ATACTTATCCATATGAGTGATAAG 3’ [the Ndel site is un-
derlined]) and MLoxyRRV (5'TGGCATGGGCTCGAGGACGATCTC 3’ [the
Xhol site is underlined]). The product was cloned into the vector pCRII (In-
vitrogen), excised as an NdeI-Xhol fragment, and inserted into the corresponding
sites of the T7 expression vector pET16-6 (Novagen) to generate plasmid
pDMLLI. The insert sequence and its in-frame fusion within the polylinker region
of the T7 vector were verified by sequencing. Plasmid pDML2 was constructed
as follows: a 2-kb PCR fragment containing the complete coding regions of M.
leprae oxyR and ahpC was generated by using primers OxyR6ML (5'-GGTTTG
CCGGTACCCGAACTGC-3") and Ahp6ML (5'-GTGTCGACTCCCGGGTT
GGCGATG-3'). The resulting PCR fragment was cloned into pCRII, and upon
confirmation of the DNA sequence the insert was excised as an Spel-Xbal
fragment and subcloned into the Xbal site of the mycobacterial-E. coli shuttle
vector pOLYG (15). To generate ahpC-xylE transcriptional fusion plasmids
pDMLAX and pDMLAXJ/O, a 1.1-kb PCR fragment encompassing the M. leprae
oxyR-ahpC intergenic region was produced by using previously described primers
Ahp1P and OxyR1P (11). This fragment was subcloned into pCRII, excised as an
EcoRI fragment, and cloned into xy/E transcriptional fusion plasmid pHSX2 (9)
to generate pPDMLAX. To examine the effects of oxyR, this plasmid was modified
by excising the 1.3-kb EcoRI fragment from plasmid pDML2, carrying the com-
plete oxyR sequence from M. leprae, and inserting this fragment (blunt ended)
into the Hpal site of pPDMLAX, resulting in pDMLAX/O. Plasmid pVDtb#3, a
subclone of the genomic M. tuberculosis H37Rv oxyR-ahpC region, has been
previously described (11, 13). Plasmids were introduced into M. smegmatis
mc?155 or M. bovis BCG Pasteur as previously described (20).

Generation of a series of overlapping PCR fragments for protein-DNA binding
studies. The following oligonucleotide primers were used to generate a series of
overlapping fragments spanning the oxyR-ahpC intergenic region of M. leprae
(the 5" and 3’ ends, respectively, relative to the ahpC start codon, as shown in Fig.
1, are indicated): OxyRML7 (5'-GCCTGCGACAACGTCGAC-3'; —234 and
—217), OxyRMLS8 (5'-CTTTACTTCAGACCAAAC-3’; —82 and —65),
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OxyRMLY (5'-GTGTGATATATCACCTTT-3'; —96 and —79), OxyRMLI10 (5'-
CATACCGATAAGTATAGT-3'; —112 and —95), OxyRMLI11 (5'-GGCGCG
AAGCCCAGCGAT-3'; —154 and —136), OxyRMLI12 (5'-CCGCGGCGCTGA
AGTGAC-3"; —194 and —177), OxyRML13 (5'-GTTTGGTCTGAAGTAAAG
-3'; =65 and —82), OxyRMLI14 (5'ACTCTTATCACTCATACC-3'; —124 and
—117), OxyRMLI15 (5'-TATATCACACTATACTTA-3’; —87 and —104),
OxyRMLI16 (5'-ACTATACTTATCGGTATG-3'; —95 and —112), OxyRML17
(5'-TGATAAGAGTTATCAGCC-3"; —115 and —132), and AhpML7 (5'-CCT
TTGATAAGTCGCCGC-3'; +76 and +59). In the case of oxyR-ahpC from M.
tuberculosis, the primers used were OxyRTB7 (5'-CGAAGCCCGGCCACGGC
C-3'; —146 and —129) and Ahp4 (5'-GGTGAAGTAGTCGCCGGGT-3'; +104
and +87). DNA amplification was carried out by using standard PCR protocols
with plasmid pDML2 or pVDtb#3 as the template.

Overproduction and purification of M. leprae OxyR. M. leprae OxyR was
overproduced and purified as a hybrid protein with a His,, tag fused to its N
terminus. An overnight culture (1 ml) of E. coli BL21(DE3)LysS harboring
pDMLI1 was inoculated into 200 ml of fresh Luria broth and grown to an A of
0.4. Isopropyl-B-p-thiogalactopyranoside (IPTG) was added to 1 mM, incubation
at 37°C was continued for another 2 h, and bacteria were harvested by centrif-
ugation at 3,000 rpm. The cells were resuspended in a buffer (5 ml/g [wet weight])
containing 20 mM Tris-HCI (pH 7.6) and 500 mM NaCl and lysed by three
passages through a French press. The lysate was clarified by centrifugation at
3,000 rpm for 15 min, and the resulting supernatant was centrifuged again at
10,000 rpm for 30 min. His;,-OxyR partitioned with the insoluble 10,000-rpm-
centrifuged sediment. The OxyR-enriched pellet was resuspended in a solubili-
zation buffer (5 ml/g [wet weight]) containing 8 M urea, 100 mM sodium phos-
phate, and 10 mM Tris-HCl (pH 8.0) by stirring for 2 h. The extract was
centrifuged at 10,000 rpm for 15 min to remove the insoluble residue, and 2 ml
of a 50% slurry of Ni-nitrilotriacetic acid (NTA) resin (Qiagen) was added to the
supernatant. After being stirred for 3 h, the slurry was packed into a column. The
column was washed with the same buffer used to solubilize His;,-OxyR. His,-
OxyR bound to the Ni-NTA resin was eluted with elution buffer (200 mM
imidazole, 8 M urea, 100 mM sodium phosphate; 10 mM Tris-HCI [pH 7.6]). The
eluted material was analyzed by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE), and fractions enriched in OxyR were pooled and
dialyzed against a series of buffers with stepwise decreases in the urea concen-
tration (10 mM Tris-HCI [pH 7.6] plus urea at 6, 4, 2, and 1 M) for 1 h at each
urea concentration. Finally, the protein solution was dialyzed against the storage
buffer containing 10 mM Tris-HCI (pH 7.6), 100 mM KCI, 10 mM MgCl,, 1 mM
EDTA, and 50% glycerol. At this stage, some precipitate formed and was
removed by centrifugation. The final preparation was aliquoted and stored at
—20°C.

Mobility shift protein-DNA binding assay. DNA probes were end labeled with
[y-**P]ATP (6,000 Ci/mmol; DuPont NEN) by using T4 polynucleotide kinase
and purified by electrophoresis on 5% polyacrylamide gels followed by electro-
elution. The standard protein-DNA binding reaction mixture contained 20,000
cpm of probe DNA and 250 ng of purified His;,-OxyR in 10 wl of binding buffer
[25 mM Tris-HCI (pH 8.0), 6 mM MgCl,, 0.5 mM EDTA, 20 mM KCl, 0.5 mM
dithiothreitol (DTT), 100 pg of poly(dI-dC) (Pharmacia-Biotech) per ml, 100 p.g
of native salmon sperm DNA per ml, 5% glycerol]. Due to the insolubility of the
renatured His;(-OxyR, the amount of OxyR in the standard reaction mixture is
only an approximation and probably represents an overestimate. After incuba-
tion for 10 min at room temperature, protein-DNA complexes were separated
from the unbound probe on 4% native polyacrylamide gels in 6.7 mM Tris-HCI
(pH 7.9)-3.3 mM sodium acetate-1 mM EDTA with buffer recirculation. The
gels were dried and analyzed by autoradiography and densitometry where indi-
cated.

Transcriptional fusion analyses using xylE as a reporter gene. Promoter
activity was monitored by measuring catechol 2,3-dioxygenase (CDO) activity in
M. smegmatis harboring ahpC-xylE transcriptional fusion constructs in accor-
dance with previously described procedures (9). One unit of CDO is defined as
the amount of enzyme oxidizing 1 pmol of catechol per min at 24°C.

Nucleotide sequence accession number. The DNA sequence of the M. intra-
cellulare oxyR-ahpC intergenic region, obtained by using the previously described
primers (11) and amplification of M. intracellulare genomic sequences by PCR,
has been deposited in GenBank under accession number U71061.

RESULTS

Mapping of the M. leprae oxyR and ahpC mRNA 5’ ends.
Since oxyR in M. tuberculosis contains multiple lesions, it is not
possible to study regulatory relationships in this organism.
However, a complete oxyR gene has been identified in M.
leprae (2, 11). In our previous studies, we have analyzed the
genomic clones of oxyR and ahpC from M. leprae and studied
their effects on M. tuberculosis sensitivity to INH (11). Based
on the rationale that understanding M. leprae oxyR and ahpC
expression may also illuminate ancestral relationships preced-
ing modern M. tuberculosis, here we initiated transcriptional
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FIG. 2. Mapping of M. leprae oxyR and ahpC mRNA 5’ ends. S1 nuclease
mapping of the 5" mRNA ends was carried out, as described in Materials and
Methods, by using RNAs from two hosts harboring plasmid-borne oxyR-ahpC:
fast-growing M. smegmatis and slow-growing M. bovis BCG. Reaction products
were analyzed on standard sequencing gels alongside the sequencing ladder
generated by the same primer and template used to produce the probe (lane G,
A, T, or C) and the undigested probe (lane 6 in both panels). (A) S1 nuclease
protection analysis of M. leprae oxyR mRNA 5’ ends in M. smegmatis (Ms, lanes
1 to 3) and M. bovis BCG (lanes 4 and 5). Lanes: 1 and 2, 50 pg of RNA from
M. smegmatis harboring plasmid pDML2 carrying a 2-kb insert with the complete
M. leprae oxyR and ahpC genes; 3, 50 ug of RNA from M. smegmatis carrying the
plasmid vector used to generate pDML2; 4, 50 pg of RNA from M. bovis BCG
harboring plasmid pDML2; 5, 50 pg of RNA from M. bovis BCG harboring the
plasmid vector. The S1 nuclease probe (see panel C and Materials and Methods)
was generated by using pDML2 as the template and OxyRML7 as the primer
with the 5" end at position —234. The other end of the probe was defined by the
Bgll site at position +131 relative to the ahpC start codon. (B) S1 nuclease
protection analysis of M. leprae ahpC mRNA 5’ ends in M. smegmatis (lanes 1 to
3) and M. bovis BCG (lanes 4 and 5). Quantities and RNA sources were identical
to those in panel A. The S1 nuclease probe was generated by using primer
AhpML7 (5’ end at position +76) and the same template as in panel A. The 3’
end of the probe was defined by the HindIII site (at position —198 relative to the
ahpC start codon). (C) Schematic representation of the probes and protected
fragments relative to the M. leprae oxyR-ahpC intergenic region.

analyses of the M. leprae genes. Since M. leprae cannot be
cultivated in vitro, it was necessary to study expression of oxyR
and ahpC in a heterologous host. We initially examined tran-
scription of plasmid-borne M. leprae oxyR and ahpC in M.
smegmatis, an organism frequently employed as a surrogate
host in studies of gene expression in mycobacteria (20). M.
smegmatis mc*155 harboring plasmid pDML2 with a 2-kb in-
sert containing the complete M. leprae ahpC and oxyR genes
and the intergenic region carrying the putative oxyR and ahpC
promoters was used to isolate RNA. The transcripts initiating
within the oxyR-ahpC intergenic region were identified by S1
nuclease protection analysis (Fig. 2). The results of these ex-
periments were consistent with the divergent transcription of
ahpC and oxyR and indicated the presence of two mRNA 5’
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FIG. 3. Primer extension mapping of M. leprae oxyR and ahpC mRNA 5’
ends. Reverse transcription with end-labeled primers and total RNA was carried
out as described in Materials and Methods. The products were analyzed on
sequencing gels along with sequencing ladders (lanes G, A, T, and C) generated
by using the same primers. (A) Primer extension of oxyR mRNA. (B) Primer
extension of ahpC mRNA. Designations and patterns are the same as those in
Fig. 2.

ends for both oxyR (Fig. 2A) and ahpC (Fig. 2B). To rule out
the possibility that the presence of multiple mRNA start sites
was due to expression in a fast-growing mycobacterium, we
also introduced pDML2 into the slow-growing organism M.
bovis BCG. When RNA was isolated from this host harboring
the plasmid-borne M. leprae ahpC and oxyR genes, the same
mRNA 5’ ends for each gene were detected (Fig. 2A and B,
lanes 4). The mRNA 5’ ends were identical in both hosts and
were specific for the pDML2 insert since the corresponding
bands were absent in control samples with RNAs from M.
smegmatis and M. bovis harboring the plasmid vector used to
construct pPDML2 (Fig. 2A and B, lanes 3). The locations of
the mRNA 5’ ends were additionally confirmed by primer
extension (reverse transcription) using RNA from M. smegma-
tis harboring pDML2 (Fig. 3). These experiments were consis-
tent with the presence of tandemly organized transcriptional
initiation sites for each gene, which were termed P,oxyR,
P,oxyR, P,ahpC, and P,ahpC. While the majority of the tran-
scripts in the oxyR-ahpC region are divergent relative to each
other, typical of the LysR-type regulators and their linked
subordinate genes, the P,ahpC and P,oxyR transcripts showed
an overlap of 28 nucleotides. This peculiar arrangement re-
sulted in a significant complementarity region at the 5’ ends of
the P,ahpC and P,oxyR transcripts. Surprisingly, P,oxyR coin-
cided with the initiation codon of the oxyR gene. This feature
is less commonly encountered in bacteria, with the notable
exception of streptomycetes (44), a bacterial group considered
to be closely related to mycobacteria.

Overproduction and purification of M. leprae OxyR. To de-
termine whether M. leprae OxyR is a DNA binding protein and
to investigate its potential interactions with the oxyR-ahpC
intergenic region, we overproduced and purified OxyR. The
coding region of M. leprae oxyR was cloned behind the T7
promoter in frame with the vector sequences encoding an
N-terminal His,, tag to facilitate subsequent protein purifica-
tion. When E. coli cells harboring the resulting oxyR overex-
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pression construct pDMLI1 were exposed to IPTG to induce T7
promoter transcription, production of a novel 30-kDa polypep-
tide was observed (Fig. 4, lane 2). The apparent molecular
mass of the overproduced polypeptide was 30 kDa, in keeping
with the molecular mass expected for a His,,-OxyR hybrid.
The majority of the 30-kDa polypeptide was found in insoluble
pellets (Fig. 4, lanes 3 to 5), providing a significant purification
step after differential centrifugation (Fig. 4, lane 5). The pro-
tein could be solubilized in urea and, as expected for a His, -
tagged product, displayed affinity for Ni>"-NTA resin, which
permitted its further enrichment (Fig. 4, lane 6). The purified
polypeptide was transferred to an Immobilon-P membrane and
subjected to digestion with cyanogen bromide and amino acid
sequencing. For unknown reasons, this procedure did not yield
an interpretable sequence. In an alternative approach, the pro-
tein was subjected to digestion in 80% formic acid for 3 days at
37°C, a procedure that hydrolyzes peptide bonds between con-
secutive Asp and Pro residues. The sequencing of the products
of formic acid digestion yielded the sequence PLRXGMXLG
LIP (X, uncertain residues), compatible with the predicted M.
leprae OxyR sequence following the Asp residue at position 94.
This analysis confirmed the identity of the purified protein as
M. leprae OxyR. The purity of OxyR was >80% as judged by
densitometry of Coomassie blue-stained gels (Fig. 4, lane 6).
Interactions of OxyR with the oxyR-ahpC intergenic region
of M. leprae and M. tuberculosis. To test whether M. leprae
OxyR functions as a DNA binding protein and whether it can
form specific complexes with the region containing the mapped
oxyR and ahpC promoters, we performed the following exper-
iments. Radiolabeled DNA fragments containing the complete
oxyR-ahpC intergenic regions from M. leprae (from —234 to
+76 relative to the start codon of the M. leprae ahpC gene) and
M. tuberculosis (from —146 to +104 relative to the start codon
of the M. tuberculosis ahpC gene) were incubated with purified
M. leprae OxyR, and formation of protein-DNA complexes was
monitored on native polyacrylamide gels. The results of gel
mobility shift studies are illustrated in Fig. 5. The M. leprae
fragment displayed a single band of OxyR binding (Fig. 5A).
This complex was sequence specific since experiments with
specific competitor DNA (unlabeled DNA fragment identical
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FIG. 4. Overproduction and purification of M. leprae OxyR. E. coli BL21
carrying oxyR expression plasmid pDMLI1 was grown in the absence or presence
of 1 mM IPTG, and extracts were subjected to protein purification (see Materials
and Methods). OxyR enrichment was monitored by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and Coomassie blue staining. Lanes: 1, whole
cell extract (no inducer); 2, whole cell extract after induction with 1 mM IPTG
for 2 h; 3, French press lysate; 4, 10,000-rpm-centrifuged supernatant; 5, 10,000-
rpm-centrifuged pellet; 6, His,,-OxyR after purification by affinity chromatog-
raphy under denaturing conditions on Ni-NTA followed by renaturation (see
Materials and Methods). M1 OxyR, M. leprae OxyR with N-terminal His,, tag.
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FIG. 5. DNA binding gel mobility shift assay and specificity of protein-DNA
association of OxyR with M. leprae (A) and M. tuberculosis (B) oxyR-ahpC. OxyR
was incubated with *?P-labeled DNA fragments from M. leprae (310 bp) and M.
tuberculosis (250 bp) containing the oxyR-ahpC intergenic region. Protein-DNA
complexes (open triangles) were separated from unbound probes (hatched tri-
angles) by electrophoresis on a 4% native polyacrylamide gel and analyzed by
autoradiography. Lanes: 1, radiolabeled fragment alone; 2, 250 ng of His,,-
OxyR; 3, 250 ng of His;(-OxyR and 1 pg of specific competitor (unlabeled DNA
M. leprae oxyR-ahpC DNA fragment identical to the radiolabeled probe); 4, 250
ng of His,;-OxyR and 1 pg of unlabeled nonspecific competitor DNA (a 322-bp
fragment spanning the region from +25 to +346 of the structural M. leprae ahpC
gene).

to the probe used in the binding reaction) significantly reduced
the amount of probe in the bound state (Fig. 5A, lane 3). In
contrast, the same amount of nonspecific competitor DNA (a
DNA fragment from +25 to +346 of the M. leprae ahpC
structural gene) did not reduce formation of the OxyR-DNA
complex (Fig. 5A, lane 4).

A similar set of experiments was carried out with the oxyR-
ahpC intergenic region of M. tuberculosis, and the formation of
a protein-DNA complex was observed (Fig. 5B, lane 2). The
affinity of OxyR for the M. tuberculosis fragment was lower
than that for the M. leprae fragment. This is evidenced by the
finding that only 10% (determined by densitometry) of the M.
tuberculosis probe was in the bound state (Fig. 5B, lane 2)
under conditions which forced the majority of the M. leprae
probe into the bound state (80%; Fig. 5A, lane 1). To demon-
strate the specificity of interactions between OxyR and the M.
tuberculosis oxyR-ahpC intergenic region, experiments with
specific and nonspecific competitors were also carried out.
These analyses indicated that the M. leprae fragment with the
OxyR binding site, used as a specific competitor in Fig. 5A,
effectively competed with the M. tuberculosis binding site (Fig.
5B, lane 3) while the nonspecific competitor DNA did not have
a significant effect (Fig. 5B, lane 4). From these experiments, it
is possible to conclude that both M. leprae and M. tuberculosis
have a specific binding site for OxyR within the fragment
carrying the oxyR-ahpC intergenic region and that the affinity
for OxyR was higher in the case of M. leprae. The ability of the
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M. leprae fragment to compete for OxyR with the M. tubercu-
losis binding site suggested that the corresponding binding sites
could be similar in nature but also indicated that there were
likely differences within the putative recognition sequences.
Mapping of the OxyR binding site within the M. leprae
oxyR-ahpC intergenic region. To delimit the OxyR binding site
within the 310-bp DNA fragment containing the intergenic
oxyR-ahpC region of M. leprae, two sequential series of over-
lapping probes with incremental removal of sequences from
either end of the ahpC-oxyR region were generated by PCR
(Fig. 1B details the endpoints of the fragments). Individual
probes were radiolabeled and used in the OxyR binding assay.
The series of fragments with the common end at +76 (relative
to the ahpC initiation codon) and with the variable end ranging
from —234 to —124 (Fig. 6A, lanes 1 to 4) showed OxyR
binding similar to that of the full-size fragment used in Fig. 6A.
However, when the variable end within this series of fragments
changed from —124 (Fig. 6, lane 4) to —112 (Fig. 6, lane 5) or
past that point (Fig. 6, lanes 6 and 7), the ability to bind OxyR
was completely abrogated. A complementary set of experi-
ments was carried out to delimit the other end of the OxyR
binding site by using a series of fragments with the fixed end at
—234 relative to the ahpC start codon and with the other end
located between positions +76 and —115. When this set of
probes was examined (Fig. 6A, lane 8, and Fig. 6B), it was
found that the binding ability was lost only when deletions
encroached on the region past position —95 (Fig. 6B, lanes 3
and 4). Thus, the endpoints of the fragments that permitted
association with OxyR defined the region between —124 and
—95 as the binding site for M. leprae OxyR. This was somewhat
unexpected since this placed the OxyR binding site in a region
spanning the initiation codon of oxyR. Nevertheless, this ob-
servation was consistent with the finding that the 5" end of the
P,oxyR transcript also coincided with the first base of the
coding region of oxyR (Fig. 1). This was in keeping with the
usual autoregulatory overlap between the recognition se-
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FIG. 6. Mapping of the OxyR binding site within the M. leprae oxyR-ahpC
region by using a sequential series of overlapping DNA fragments generated by
PCR. His;(-OxyR was incubated with radiolabeled DNA fragments (see Mate-
rials and Methods). Protein-DNA complexes were separated on 4% native poly-
acrylamide gels and analyzed by autoradiography. The reaction mixture in each
lane contained the same amount of OxyR. Numbers above the lanes denote the
5" ends of the primer pairs that were used to generate DNA probes by PCR (see
Fig. 1A). (A) Mapping of the distal end of the OxyR binding site (lanes 1 to 7).
(B) Lanes 1 to 4 (also, panel A, lane 8), mapping of the proximal end of the OxyR
binding site.
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quences for the gene products from the lysR superfamily of
regulators and their own mRNA start sites (36). Furthermore,
the mapped OxyR binding site was located at a position rela-
tive to ahpC typical of that of the LysR type of transcriptional
factors in relation to the genes which they positively regulate.
Next, we tested ahpC expression by using an M. leprae ahpC-
xylE transcriptional fusion in M. smegmatis in the presence or
absence of M. leprae oxyR. In these experiments, a statistically
significant decrease in the baseline transcription of ahpC was
observed when oxyR was absent: M. smegmatis harboring
pDMLAX (ahpC-xylE) had a CDO (xylE gene product) activity
of 4.6 = 0.35 U/mg of protein, while M. smegmatis harboring
pDMLAX/O (oxyR™ ahpC-xylE) had a CDO activity of 7.5 +
0.3 U/mg of protein (P = 1.5 X 10™%; [t test]).
Mycobacterial OxyR recognition sequence. LysR-type tran-
scriptional regulators bind to a recognition sequence contain-
ing the characteristic T-N,;-A motif (17, 36). This motif is
usually embedded within a longer palindromic sequence. E.
coli OxyR has been recently reported to bind a duplication of
the motif ATAGnTnnnAnCTAT (46). In this context, the re-
gion critical for the binding of M. leprae OxyR (Fig. 1, under-
lined sequence) was inspected for the presence of potential
LysR-like motifs or sequences showing similarities to the E.
coli OxyR recognition site. A sequence showing twofold dyad
symmetry, CTTATCactcataccGATAAG (capital letters, palin-
dromic sequence; lowercase letters, no symmetry; bold under-
lined nucleotides, T and A residues conforming with the core
motif T-N;;-A), was observed centered within the 30-bp region
critical for OxyR binding (Fig. 1). This putative OxyR recog-
nition sequence was located 65 bp upstream of the P,ahpC
start site, typical of the LysR-type transcriptional regulators,
which bind the primary recognition sequence positioned, on
average, 65 bp upstream of the mRNA start site (36). Next, we
wanted to compare this sequence with those of the correspond-
ing regions from other mycobacteria. The sequence of this
region has been reported for M. avium (48) and showed strong
similarities to the proposed recognition sequence, but the dis-
tance between the T and A corresponding to the proposed
T-N,,-A core was only 10 bp. However, examination of a more
recent report (38) indicated a conflict in this region with the
previously published sequence (48). To clarify these discrep-
ancies, we reexamined this region and also determined the
sequence of the intergenic oxyR-ahpC region from M. intracel-
lulare. These analyses showed that in both M. intracellulare and
M. avium, which had identical sequences in this entire region,
there were 11 nucleotides in the critical region (Fig. 7; only the
M. avium sequence is displayed to avoid redundancies). This
sequence in M. intracellulare and M. avium showed a conser-
vation of the palindromic structure extending further towards
the center of the dyad symmetry (Fig. 7). Based on the avail-
able sequences, it was possible to derive a mycobacterial OxyR
consensus recognition sequence (Fig. 7) which showed only
limited similarity to the E. coli OxyR recognition sequence
(46). However, it contained the T-N;;-A motif considered to
represent the signature core of all LysR-type recognition se-
quences. In keeping with the differences relative to E. coli
concerning the recognition sequences (Fig. 7) and an appar-
ently smaller region involved in interactions with mycobacte-
rial OxyR (46), we found that the M. leprae oxyR-ahpC DNA
fragment did not bind E. coli OxyR (data not shown). Inter-
estingly, while the overall dyadic symmetry was preserved
within the corresponding region of M. tuberculosis, extending
even further towards the center of the palindrome, the left
half-site in this organism has deviated from the T-N;;-A rule
(17, 36) by having a substitution in place of the T residue.
Considering the otherwise exceptionally high sequence conser-

J. BACTERIOL.

OxyR

M.1l. CTTH TAAG

M.a. CTTAH TAAG

M.t. CTT- ATAA -
- ——

Myc. cTTATCggc---jgccGAlAAg

E.c. ATAG-t---a-CTAll

LysR T N A

Family — 11 -

FIG. 7. Compilation of the putative mycobacterial OxyR recognition se-
quences. Shown are sequences located at equivalent positions within the oxyR-
ahpC intergenic region of M. leprae (M.1.), M. avium (M.a.), and M. tuberculosis
(M.t.). The M. avium sequence, about which there have been conflicting reports
on the region of interest (38, 48), was verified and was identical to that deter-
mined for M. intracellulare. Myc., mycobacterial OxyR consensus recognition
sequence derived in this work. E.c., E. coli OxyR consensus recognition sequence
(46). The actual bases are displayed only (with the exception of nucleotides
marked with asterisks) if they form a sequence with dyad symmetry (convergent
arrows). Unshaded boxed nucleotides (and circles), the core sequence T-N;-A
typically embedded within the palindromic recognition sequence of the LysR-
type transcriptional regulators (46). Shaded boxed area, location of the oxyR
initiation codon (antisense strand, as indicated by the overhead arrow). The
extended shaded box in the case of M. tuberculosis reflects the inversion of two
nucleotides destroying the start codon of oxyR in this organism (11). Dashes,
residues not conforming with the consensus sequence or positions of lesser or no
conservation. Lowercase letters, positions with relaxed conservation. Asterisks
below nucleotides, conserved residues conforming with the consensus sequence
but lacking the symmetrical counterpart. Italicized nucleotides, bases corre-
sponding to the positions altered in M. tuberculosis believed to cause the reduced
affinity for OxyR.

vation in different mycobacteria (including M. tuberculosis)
within the 30-bp segment binding OxyR, this anomaly could
account for the observed lower apparent affinity of OxyR for
the M. tuberculosis oxyR-ahpC region (Fig. 5B).

DISCUSSION

In this work, we have purified M. leprae OxyR, demonstrated
that it is a DNA binding protein, and delimited its binding site
within the oxyR-ahpC intergenic region of M. leprae and M.
tuberculosis. These findings are consistent with the proposals,
founded on sequence similarities (11, 13, 38), that mycobacte-
rial OxyR may have a regulatory function. In a complementary
set of experiments, we have mapped the 5’ ends of M. leprae
oxyR and ahpC transcripts expressed in two mycobacterial
hosts. The position of M. leprae P,ahpC matches, within one
nucleotide, the location of the previously mapped ahpC
mRNA start site of M. bovis BCG (50), further supporting the
conclusion that this mRNA 5’ end is the major transcriptional
start site for ahpC. It is nevertheless not possible, based on the
available experimental evidence, to rule out the possibility that
the shorter P, transcripts represent processing products of the
longer P, transcripts. However, we do not favor this possibility
for the following reasons. (i) In the case of P,oxyR, this mRNA
5’ end overlaps the center of the OxyR recognition sequence,
characteristic of the autoregulatory relationships within the
LysR superfamily factors which bind to the transcription initi-
ation site of their own genes. (ii) In the case of P,ahpC, this
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mRNA start site is positioned at —65 relative to the recogni-
tion site of OxyR, a distance typical of LysR-type regulators
(36). (iii) The P,ahpC transcript is the only strong signal that
has been detected for chromosomal M. bovis ahpC (50).

The presence of multiple mRNA 5’ ends in the oxyR-ahpC
intergenic region is suggestive of complex regulation of ahpC
and oxyR expression. The role of the arrangement involving a
pair of divergently oriented mRNA molecules (P,aipC and
P,oxyR) with a region of complementarity at their 5’ ends is not
known. In other systems, short regions of complementarity in
different RNA molecules have been implicated in transcrip-
tional (33) or posttranscriptional control (31, 40). Although
this type of regulation is relatively uncommon, it is interesting
that of the few known examples, two belong to oxidative re-
sponse systems: (i) micF RNA, which affects translation of
ompF mRNA based on its complementarity to the 5’ end of the
ompF transcript (31), is part of the oxidative stress response in
E. coli (6), and (ii) the product of oxyS, a gene divergently
transcribed from and controlled by oxyR in E. coli, is a small,
untranslated RNA proposed to play a regulatory role (46).

It is of further interest that although P,oxyR coincides with
the initiation codon of oxyR, this somewhat unexpected finding
is not without precedents. For example, there are at least 11
genes in actinomycetes, with the majority of characterized
cases being in members of the genus Streptomyces closely re-
lated to mycobacteria, with transcriptional start sites coinciding
with the start codon of the corresponding gene (44). This
phenomenon is not limited to streptomycetes and includes
examples in other organisms, such as the prm promoter of the
\ cI gene (35) and the pol4 promoter in Streptococcus pneu-
moniae (28). One suggestion that has been offered to explain
the rather common occurrence of such a gene structure in
streptomycetes (44) is the possibility that ribosomes in these
organisms do not require extended complementarity of the
mRNA template and the 3’ end of 16S rRNA. The recent
efficient expression in mycobacteria (12, 23) of a eucaryotic
c¢DNA encoding green fluorescent protein, even when devoid
of obvious Shine-Dalgarno sequences (12), seems to support
such notions. An alternative view that OxyR, as a regulatory
factor, may need to be produced in only small amounts, which
could be achieved by inefficient translation, appears less likely
since transcriptional and translational start sites also coincide
in some of the highly expressed genes (e.g., aph and rph) in
streptomycetes (44).

The proposed recognition sequence for mycobacterial OxyR
(cTTATCggc-N;-gccGATAAg) is well conserved in the major-
ity of characterized mycobacteria and in several additional
mycobacterial species for which characterization of the oxyR-
ahpC region is under way (34). Most LysR-type transcriptional
regulators bind to a primary recognition sequence which is
almost invariably a palindrome containing the core T-N,;-A
motif embedded within a longer dyadic sequence (17, 36). This
also appears to be the case with M. leprae OxyR and its rec-
ognition sequence (Fig. 7). It is worth noting that M. tubercu-
losis has retained several aspects of the dyad symmetry but also
displays a marked departure from the core motif within its left
half site, where the triplet ATC has changed into ggC (lower-
case letters, variance with the consensus sequence), destroying
the core T-N,;-A motif (Fig. 7). This divergence, which stands
out against the background of other highly conserved se-
quences in this region, may explain the observed lower affinity
of purified OxyR for the M. tuberculosis oxyR-ahpC fragment
(Fig. 4B). In the context of the loss of oxyR function in M.
tuberculosis, the departure from the consensus OxyR recogni-
tion sequence may be added to the list of lesions affecting the
OxyR system in M. tuberculosis (11).
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In contrast to the recognition sequence in enteric bacteria,
which until very recently (46) could not be easily deduced due
to its poor conservation, the mycobacterial OxyR recognition
sequence appears to be well preserved, at least in the oxyR-
ahpC promoter region. This difference may reflect the nature
of E. coli OxyR, which is a tetramer and binds to sequences
that represent a duplication of the basic palindrome (46). E.
coli OxyR binding is distributed over a longer region that
provides specific contacts, thus allowing significant deviations
from the consensus ATAG-T- - - -A-CTAT within individual
sites. By comparison, the mycobacterial OxyR binding site cor-
responds to a half of the E. coli OxyR binding site. However, its
almost perfect palindromic sequence and apparent preserva-
tion in different species may provide sufficient specificity for
mycobacterial OxyR binding in lieu of a longer recognition
sequence. While the multimerization state of M. leprae OxyR is
not known, it is likely that OxyR binds the proposed OxyR
recognition sequence as a dimer. Although this does not ab-
solutely preclude higher-order interactions, we have observed
only one specific protein-DNA complex in our experiments.
Furthermore, deletion of sequences beyond the minimal re-
gion necessary for M. leprae OxyR binding did not seem to alter
the affinity of OxyR for the oxyR-ahpC promoter region. For
example, the series of fragments with one end at —234 and the
other end located between +76 and —95 (Fig. 6A, lane 8, and
Fig. 6B, lanes 1 to 3) displayed similar apparent affinities for
OxyR. Moreover, there was no recognizable mycobacterial
OxyR consensus sequence in the region between the end of the
identified OxyR binding site and the P,afApC mRNA start.

In addition to the well-defined primary recognition se-
quence, LysR-type regulators in many instances interact with a
region closer to the —35 promoter region which does not
necessarily have to resemble the consensus binding site. The
occupancy of this second site, sometimes referred to as the
activation site (36), often depends on a coinducer or an exter-
nal signal which induces protein-protein interactions, albeit
with the notable exception of some (but not all) tetrameric
LysR-like proteins (5, 25, 36, 46). Such processes are consid-
ered to play a role in promoter activation in response to ex-
ternal stimuli (36). In our attempts, we have not been able to
detect, within the limitations of the gel mobility shift DNA
binding assay, occupancy of any potential sites downstream of
the primary recognition sequence. When E. coli OxyR is re-
duced in the presence of 100 mM DTT, depending upon the
promoter, this either diminishes OxyR binding or repositions
the contacts of the OxyR tetramer (43, 46). In preliminary
experiments, treatments with 100 mM DTT did not affect the
affinity of M. leprae OxyR for its oxyR-ahpC binding site, al-
though mycobacterial OxyR is believed (11) to contain the
highly conserved redox-sensitive center corresponding to Cys-
199 in E. coli OxyR (26). Since the OxyR used in our studies
has been subjected to a denaturation-renaturation cycle in
vitro, perhaps the formation of higher multimeric structures is
not possible or is not efficient in such preparations, thus pre-
cluding the detection of additional contacts that may occur
with the native protein in vivo. Further analyses are needed to
investigate these possibilities and how OxyR participates in the
regulation of promoters identified in the oxyR-ahpC region.

In our analyses using an ahpC-xylE transcriptional fusion in
M. smegmatis, we detected a limited role for OxyR in the
baseline level of ahpC transcription. However, we did not ob-
serve induction of ahpC expression in response to challenges
with 125 uM H,O, or cumene hydroperoxide (data not
shown), although this peroxide concentration is known to in-
duce a vigorous response in M. smegmatis (13). It is possible
that the use of a heterologous host and plasmid-borne fusions
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precluded efficient signal recognition or that some other as-
pects of M. leprae OxyR function were affected. Studies have
been initiated to examine mycobacterial OxyR function and
ahpC induction in response to oxidative stress in the native
environment by using other mycobacterial species (e.g., M.
marinum and M. xenopi) that appear to have this system intact.
Initial analyses indicate that ahpC can be induced by H,O,
treatment in both M. marinum and M. xenopi, whose oxyR-
ahpC organization is similar to that of M. leprae and M. tuber-
culosis (34).

The studies aimed at understanding how OxyR functions in
mycobacteria and how oxyR deficiency in M. tuberculosis affects
oxidative stress response systems in this organism have funda-
mental biological value but also possess practical significance
in the context of the mode of action of the potent antituber-
culosis agent INH. In addition to the pathways of INH action
which include InhA and mycolic acids, it is also known that this
drug, in reaction with KatG in the presence of M. tuberculosis
extracts (39) or during auto-oxidation catalyzed by transition
metals (24, 49), generates reactive oxygen intermediates that
may have a more general damaging effect on mycobacterial
cells. In the context of these models of INH action, alkyl
hydroperoxide reductase, and perhaps other putative members
of the oxidative stress response in mycobacteria, may reduce
peroxide products or protect from oxidation particularly sen-
sitive targets such as nucleic and unsaturated fatty acids. Al-
ternatively or in addition, AhpC may directly detoxify the ac-
tivated INH. Consequently, any defect in activity of the
corresponding genes (e.g., diminished or unresponsive expres-
sion due to the loss of oxyR function) could contribute to the
overall sensitivity of M. tuberculosis to INH. In a recent dem-
onstration of the critical role of such phenomena for mycobac-
terial susceptibility to INH, insertional inactivation of aapC in
M. smegmatis caused increased sensitivity to INH in this or-
ganism (50). Nevertheless, it is likely that factors in addition to
ahpC levels contribute to the exquisite susceptibility of M.
tuberculosis to INH. The experiments described in this work,
the availability of purified OxyR, and the definition of the
OxyR recognition sequence should facilitate future studies ad-
dressing the natural sensitivity of the tubercle bacillus to INH
and foster intensified explorations of the oxidative stress re-
sponse systems in M. tuberculosis and other mycobacteria.
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