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Mycobacterium tuberculosis is a natural mutant with inactivated oxidative stress regulatory gene oxyR. This
characteristic has been linked to the exquisite sensitivity of M. fuberculosis to isonicotinic acid hydrazide (INH).
In the majority of mycobacteria tested, including M. fuberculosis, oxyR is divergently transcribed from ahpC, a
gene encoding a homolog of the subunit of alkyl hydroperoxide reductase that carries out substrate peroxide
reduction. Here we compared ahpC expression in Mycobacterium smegmatis, a mycobacterium less sensitive to
INH, with that in two highly INH sensitive species, M. tuberculosis and Mycobacterium aurum. The ahpC gene
of M. smegmatis was cloned and characterized, and the 5’ ends of ahpC mRNA were mapped by S1 nuclease
protection analysis. M. smegmatis AhpC and eight other polypeptides were inducible by exposure to H,O, or
organic peroxides, as determined by metabolic labeling and Western blot (immunoblot) analysis. In contrast,
M. aurum displayed differential induction of only one 18-kDa polypeptide when exposed to organic peroxides.
AhpC could not be detected in this organism by immunological means. AhpC was also below detection levels
in M. tuberculosis H37Rv. These observations are consistent with the interpretation that ahpC expression and
INH sensitivity are inversely correlated in the mycobacterial species tested. In further support of this conclu-
sion, the presence of plasmid-borne ahpC reduced M. smegmatis susceptibility to INH. Interestingly, mutations
in the intergenic region between oxyR and ahpC were identified and increased ahpC expression observed in
AkatG M. tuberculosis and Mycobacterium bovis INH" strains. We propose that mutations activating ahpC
expression may contribute to the emergence of INH" strains.

In addition to its clinical significance as a front-line antitu-
berculosis agent (37, 39, 42), isonicotinic acid hydrazide (iso-
niazid; INH) is becoming increasingly useful in dissecting the
genetics and physiology of oxidative stress response in myco-
bacteria (8, 24, 41, 42). This more recent spin-off of a long
history of extensive studies initially focused primarily on My-
cobacterium tuberculosis sensitivity to INH is based on the
apparent role that systems defending bacterial cells against
reactive oxygen intermediates play in mycobacterial suscepti-
bility to INH (13, 25, 41, 42). A correlation between INH
resistance in M. tuberculosis and reduced activity of catalase-
peroxidase, an enzyme which in other bacteria plays a role in
detoxification of endogenously generated or exogenously sup-
plied hydrogen peroxide (4, 10, 19), became apparent as soon
as INH was introduced into clinical practice as a potent anti-
tuberculosis agent (20). In recent years, mutations in the gene
for catalase-peroxidase, katG, have been described as a major
mechanism contributing to the emergence of INH resistance in
clinical isolates (13, 22, 41) and have been characterized in
several series of isogenic INH® and INH" strains selected under
laboratory conditions (25). However, not all INH" strains have
mutations in katG (13, 22) or in another locus, inhA, impli-
cated in mycolic acid synthesis and believed to represent a
target for INH action (2). Thus, while significant insights have
been gained from these studies, additional work is needed to
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provide a comprehensive understanding of the mechanisms of
resistance to INH in M. tuberculosis. Moreover, the reasons
underlying the exquisite sensitivity of M. tuberculosis to INH,
which is several orders of magnitude higher than that in most
mycobacteria, remain to be clearly defined, although some
recent progress has been made (2, 8).

We have recently expanded investigations of the oxidative
stress response in M. tuberculosis (8, 9, 12) to genes besides
katG with a twofold rationale: (i) it seemed possible that other
members of the oxidative stress response, including regulatory
factors, could participate in the processes related to INH sus-
ceptibility; and (ii) it appeared that a broader analysis of the
oxidative stress response in M. tuberculosis might provide ad-
ditional insights regarding its basic biology, including the ca-
pacity to survive in macrophages, an issue of importance for
the host-pathogen interactions in tuberculosis (6). As one of
the first findings resulting from such investigations, we have
recently reported (8) that M. tuberculosis and other members
of the M. tuberculosis complex are natural mutants with mul-
tiple lesions in oxyR (Fig. 1A). Similar observations have been
made by others (28). In contrast to M. tuberculosis, a complete
oxyR gene has been found in other mycobacteria studied (8,
28). This gene has been proposed to represent a functional
equivalent of oxyR, the well-characterized central regulator of
peroxide stress response in enteric bacteria (4, 35). This notion
has been further reinforced (8, 28) by the linkage and arrange-
ment of oxyR and ahpC, a gene encoding a close homolog of
the alkyl hydroperoxide reductase subunit which carries out
the reduction of substrate peroxides (16) and is a member of
the oxyR-dependent peroxide-inducible branch of the oxidative
stress response in enteric bacteria (4, 10, 39). Although oxyR
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FIG. 1. Schematic representation of the genetic organization of the ahpC and oxyR genes in mycobacteria. (A) In the majority of mycobacterial species tested (8),
oxyR and ahpC are tightly linked and divergently transcribed (overhead arrows), as exemplified by M. leprae oxyR and ahpC. The oxyR gene in M. tuberculosis (Mt oxyR;
the asterisk indicates inactive gene) has multiple mutations: absence of a start codon, nonsense or frameshift lesions (filled balloons), and large deletions (open
balloons). Lines connecting M. tuberculosis oxyR and M. leprae oxyR (Ml oxyR) denote the 29-bp and 372-bp deletions predicted in M. tuberculosis relative to M. leprae
(8). (B) Chromosomal region (1.7-kb Bg/II fragment) with M. smegmatis ahpC (Ms ahpC). The complete sequence of this region (GenBank accession numbers U31978
and U43719) has been determined, and no oxyR could be identified upstream of aipC. Bent arrows, two ahpC mRNA 5’ ends (P1 and P2).

and ahpC are not genetically linked in enteric bacteria, oxyR in
Escherichia coli is juxtaposed to and divergently transcribed
from oxyS, a gene that it regulates in addition to ahpC, dps,
gorA, and katG, which are located elsewhere on the chromo-
some (35). This arrangement in enteric bacteria and the ge-
netic organization (Fig. 1) in Mycobacterium leprae and the M.
tuberculosis complex, with the divergently transcribed oxyR and
ahpC separated by 105 to 121 bp, are typical of the LysR family
of transcriptional regulators (26).

In addition to uncovering the multiple lesions in M. tuber-
culosis oxyR, we have also presented evidence that the loss of
oxyR function in M. tuberculosis may be related to the processes
causing high sensitivity of M. tuberculosis to INH (8). M. tu-
berculosis H37Rv, which is normally sensitive to 0.05 pg of
INH per ml, becomes resistant to 5 wg of INH per ml when
transformed with plasmids containing the M. leprae oxyR-ahpC

region with intact oxyR (8). These findings support the notion
that oxyR lesions in M. tuberculosis affect INH sensitivity, pos-
sibly by depriving this organism of physiological induction of
ahpC. However, effects of the lesions in oxyR on activities of
other genes, potentially controlled by this regulator, cannot be
excluded in this context. In this work, we characterized the
ahpC gene and examined its expression in Mycobacterium
smegmatis, a species that is relatively insensitive to INH. We
also compared the levels of ahpC expression in M. smegmatis
and the two exquisitely INH sensitive species, M. tuberculosis
and Mycobacterium aurum. Because of its intrinsic sensitivity to
INH (14), the rapidly growing M. aurum can replace the slowly
growing M. tuberculosis in bioassays used to determine INH
blood levels for clinical or compliance monitoring purposes
(18). We show that in M. smegmatis, AhpC is detectable under
standard growth conditions and is additionally inducible upon

TABLE 1. Bacterial strains and plasmids used

Strain or plasmid

Relevant properties®

Source or reference

Mycobacteria
M. aurum ATCC 23366 Species type strain; INH® (MIC < 1 pg/ml) ATCC?
M. bovis ATCC 35735 M. bovis BCG Montreal INH® katG* ahpCp wt ATCC
M. bovis ATCC 35747 INH" derivative of M. bovis BCG Montreal; AkatG (partial), oxyR-ahpCp(C—T) _s, ATCC; 25
M. smegmatis mc?155 30
M. tuberculosis H37Rv INH® katG* ahpCp wt ATCC
M. tuberculosis 24 Clinical INH" strain; AkatG; oxyR-ahpCp(C—T) _s, 41
M. tuberculosis B1453 Clinical INH" strain; AkatG; oxyR-ahpCp(T—A)_, oxyR-ahpCp(G—A) _gg 41
Plasmids
pDPS81 ahpC (M. smegmatis) in pBlueskript(SK) This work
pMsahpC ahpC (M. smegmatis) in pMV206 (oriM oriE Km") This work
pVDtb#3 oxyR-ahpC (M. tuberculosis); 5.5-kb BamHI insert from cosmid T183 in pUC12 8
pMtahpC ahpC (M. tuberculosis) in pSMT3 (oriM Hyg") This work
pMthis ,,-ahpC his ;-ahpC (M. tuberculosis) in pET-16b (T7 expression vector) This work

“ oxyR-ahpCp (X—Y)., oxyR-ahpC intergenic region alleles; nucleotide substitutions (X—Y) are given relative to M. tuberculosis H37Rv coordinates with the negative
numbering (z in subscript) reflecting position from the ahpC start codon. wt, wild type.

® ATCC, American Type Culture Collection.
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exposure to peroxides, in sharp contrast to the low or unde-
tectable levels of AhpC in M. tuberculosis and M. aurum. At the
genetic level, we present the molecular characterization of
ahpC and its promoter, demonstrate that elevated expression
of ahpC can increase the threshold for inhibition of M. smeg-
matis growth by INH, and report point mutations within the
oxyR-ahpC intergenic region in M. tuberculosis.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. Bacterial strains
and plasmids are described in Table 1. M. aurum type strain ATCC 23366 was
obtained from the American Type Culture Collection; the MIC of INH for this
strain was <0.625 pg/ml in different media. Similar sensitivity of this strain (<1
pg of INH per ml) has been observed by Lacave (17a). M. bovis ATCC 35747 is
an INH" derivative of M. bovis BCG Montreal, characterized by Rouse and
Morris (25) as a katG null mutant (507-bp deletion removing the 5" end of katG).
M. tuberculosis 24 and B1453 are the two AkatG INH" clinical strains described
in the initial report on the correlation between katG mutations and INH resis-
tance (41). Plasmid pMthis ;,-ahpC was constructed by modifying the 5" end of M.
tuberculosis ahpC, using PCR with primers TBahpFW (5 ATGAGGAGA
CATATGCCACTGCTA3'; Ndel site underlined) and TBahpRV (5'CCCGGC
CAACCGGATCCCGGTTAGS3'; BamHI site underlined) and pVDtb#3 the as
template. The PCR product was cloned in pCRII (Invitrogen), excised as Ndel
and BamHI, and inserted into Ndel-BamHI-digested pET16b to generate
pMthis ;y-ahpC. All mycobacteria were grown in Middlebrook 7H9 medium or on
7H10 plates (Difco Laboratories) supplemented with 0.05% Tween 80 and ADC
enrichment for M. smegmatis and M. aurum or OADC enrichment for M. tuber-
culosis. All manipulations of live M. tuberculosis organisms were carried out
under biosafety level 3 conditions. M. tuberculosis was inactivated by heating at
80°C for 1 h. E. coli was grown on LB. All incubations were at 37°C except for
M. aurum, which was grown at 30°C. Antibiotics were supplemented when nec-
essary as follows: 25 pg of kanamycin per ml for E. coli and M. smegmatis, 50 g
of hygromycin per ml for E. coli and M. tuberculosis, and 50 pg of ampicillin per
ml for E. coli.

Recombinant DNA techniques, genetic methods, and sequence analysis. Chro-
mosomal isolation, Southern blotting, E. coli transformation, cloning procedures,
and nucleotide sequence determination were based on standard methods or
previously published modifications (1, 8, 15). Electroporation of M. smegmatis
and M. tuberculosis was carried out as previously described (15).

Cloning of M. smegmatis ahpC. The hybridization probe used to detect and
clone M. smegmatis ahpC was obtained by PCR using the previously described
primers Ahp1P and OxyRS5 (8) and plasmid pVDtb#3, carrying a 5.5-kb BamHI
insert with M. tuberculosis oxyR and ahpC. To isolate ahpC from M. smegmatis, a
partial library of M. smegmatis genomic DNA was made by eluting Bg/II-digested
DNA (1.5- to 2-kb region) from an agarose gel and cloning it into the BamHI site
of pBluescript(SK). Transformants were grown in pools of 12 per plate, and
bacterial outgrowths were scraped and subjected to plasmid extraction and
Southern blot analysis using the probe used to detect ahpC on genomic blots.
After screening of 18 pools of 12 recombinants (a total of 216 independent
clones), a positive pool was identified and subjected to another cycle of hybrid-
ization analysis of individual clones within the pool. As the final product, plasmid
pDP81 carrying the insert shown in Fig. 1B was isolated, and its origin from M.
smegmatis was verified by Southern blot hybridization.

RNA isolation. RNA was extracted by the CsCl isolation technique (5, 27). A
100-ml liquid broth was inoculated with 1 ml of saturated M. smegmatis culture
and grown with vigorous shaking (250 rpm) for 5 h (optical density at 600 nm
[ODggo] of 0.3). The culture was rapidly cooled on dry ice by intensive swirling
to avoid freezing, and bacteria were collected by centrifugation. The pellet was
resuspended in 1 ml of ice-cold lysis buffer (50 mM Tris-HCI [pH 7.5]), trans-
ferred to 1.5-ml polypropylene vials with neoprene O rings (Biospec Products)
containing 700 mg of glass beads (425 to 500 pm; Sigma), and disrupted by
beating for 1 min in a Mini Beadbeater-8 (Biospec Products) at maximum speed
(2,800 rpm); 200 pl of 20% sodium dodecyl sulfate (SDS) was added to disrupted
cells, and the mixture was incubated for 1 min at 67°C. After a brief centrifuga-
tion in an Eppendorf centrifuge, the supernatant was transferred to a 13-ml
Sarstedt tube, and 10 ml of lysis buffer with dissolved 4 g of CsCl added. The
mixture was centrifuged at 11,000 rpm in an SM-24 rotor for 10 min at room
temperature. The clarified supernatant was layered on top of a 2-ml 5.7 M CsCl
cushion and centrifuged in an SW50.1 rotor for 12 h at 35,000 rpm and 15°C. The
translucent RNA pellet was dissolved in H,O, extracted with chloroform, and
pelleted with 2.5 volumes of ethanol. RNA was stored under ethanol and dis-
solved in H,O immediately prior to use. The RNA concentration was determined
spectrophotometrically.

S1 nuclease protection analysis. S1 nuclease protection analysis was carried
out as previously described (5, 27). To generate a uniformly labeled single-
stranded DNA probe, a 1.2-kb PstI fragment of the insert in pDP81 was sub-
cloned in the phagemid vector pUC118, resulting in plasmid pDP82. Single-
stranded ahpC template was prepared by transforming INVa cells (Invitrogen)
and superinfecting them with the helper phage M13KO7 according to published
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protocols (1). Single-stranded 3?P-radiolabeled probe was prepared as described
previously (5, 27), using the primer AhpS1 (5'GGTGAAGTAGTCATCGGG
CTG3') and ahpC template. The polymerization products were digested with
Avall and heat denatured in formamide, and the single-stranded probe was gel
purified. The probe was annealed to mRNA in a hybridization reaction with 100
ug of total RNA for 1 h at 67°C. Hybridization products were digested for 30 min
at 37°C by the addition of 1,200 U of S1 nuclease (Boehringer Mannheim) and
300 pl of buffer containing 280 mM NaCl, 50 mM sodium acetate (pH 4.6), 4.5
mM ZnSO,, and 20 pg of denatured salmon sperm DNA per ml. S1 nuclease
digestion products were precipitated with ethanol and analyzed on a sequencing
gel alongside a sequencing ladder generated by using ahpC template and the
primer AhpS1 to permit location of the mRNA 5’ ends.

Exposure of mycobacteria to peroxides, metabolic labeling of proteins, and
immunoblot analysis. M. smegmatis and M. aurum were grown to an ODg, of 0.2
and aliquoted into 1-ml portions in propylene vials. H,O,, cumene peroxide, or
tert-butyl peroxide was added when required, followed by the addition of 10 pCi
of [**S]methionine and [>*S]cysteine (Expre>>S*>S protein labeling mix; 1,000
Ci/mmol; DuPont NEN). After 1 h at 37°C, the vials were centrifuged and
washed once with 20 mM Tris-HCI (pH 7.5). Bacterial pellets were resuspended
in 100 wl of 20 mM Tris-HCI (pH 7.5), and upon addition of 20 pl of zirconium
beads (0.1- to 0.15-mm diameter; Biospec Products), cells were homogenized in
a Mini Beadbeater for 2 min at 2,800 rpm. The beads and cell debris were
removed by centrifugation, and the resulting supernatant was mixed with an
equal volume of 2X SDS-polyacrylamide gel electrophoresis (PAGE) sample
loading buffer and analyzed on SDS-11% polyacrylamide gels. Either the gels
were dried and directly used for autoradiography or proteins were first trans-
ferred to Immobilon-P membranes (Millipore) by electroblotting, autoradio-
graphed, and subjected to immunodetection. Western blot (immunoblot) anal-
ysis was carried out as described previously (7). Rabbit antiserum to DirA
(AhpC) of Corynebacterium diphtheriae (1:2,000 dilution) was used to probe
mycobacterial AhpC. Anti-rabbit immunoglobulin G conjugated to peroxidase
(Kirkegaard & Perry Laboratories) diluted to 1:2,000 was used as the secondary
antibody. The antibody bound to the membrane was visualized by formation of
diaminobenzidine precipitate.

Inhibition of mycobacterial growth by INH. Overnight cultures of M. smeg-
matis carrying the vector pMV206 or pMsahpC were diluted with fresh medium
to an ODy of 0.2. Thirty microliters from these cultures was inoculated into 3
ml of medium supplemented with serial dilutions of INH. Growth was assessed
after 4 days of incubation at 37°C. For M. aurum, saturated cultures (ODgg, of
0.5) were diluted with fresh medium to an ODgy of 0.15. Fifty microliters from
these cultures was added to 3 ml of fresh medium with INH dilutions. Growth
was assessed after 4 days of incubation at 30°C. MIC was as previously defined
(8).

Nucleotide sequence accession numbers. The sequences reported here have
been deposited in GenBank with the following accession numbers: (i) U31978 for
the M. smegmatis ahpC structural gene and promoter region; (ii) U43719 for the
complete sequence of the 1,701-bp Bg/II fragment (Fig. 1B) with regions up-
stream and downstream of ahpC; (iii) U43886 for the oxyR-ahpC intergenic
region from M. tuberculosis B1453; (iv) U43812 for the oxyR-ahpC intergenic
region from M. tuberculosis 24; and (v) U43947 for the oxyR-ahpC intergenic
region from M. bovis ATCC 35747.

RESULTS

Cloning and characterization of the ahpC gene from M.
smegmatis and mapping of its mRNA 5’ ends. To isolate and
characterize the putative ahpC and oxyR homologs from M.
smegmatis, we used oxyR and ahpC from several mycobacteria
as hybridization probes. M. tuberculosis ahpC gave a strong
hybridization signal with M. smegmatis chromosomal DNA
(data not shown). In contrast, under low-stringency conditions,
oxyR probes from several mycobacterial species produced only
very weak signals which did not overlap with the ahpC hybrid-
ization patterns. The specific hybridization of M. smegmatis
genomic blots with ahpC probes permitted us to clone (see
Materials and Methods) and characterize the corresponding
region from the M. smegmatis chromosome. The nucleotide
sequence of the region hybridizing with the M. tuberculosis
probe (Fig. 2) revealed the presence of a gene encoding a
putative polypeptide displaying high-level similarities (38 to
79% identity) with previously characterized bacterial AhpC
homologs or functional equivalents (3, 4, 16, 34).

Sequence analysis of the region immediately upstream of M.
smegmatis ahpC did not indicate any detectable similarities
with the conserved features in the region upstream of ahpC in
several other mycobacteria studied (8, 21, 28, 38). Further-
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TGTGGAGAATCACGGCTCAGCAAAGTTGCATTTGTAAGAGGGCGCGACCAGAATCGTGGTGTAAAT CTGGAATCATTCCAGAAAACAAGAACACGTAGAT
P1 P2

GGGATGCTGTGAATGGCTCTTTTGACGATCGGTGACCAGTTTCCGGAGTACGACCTGACCGCTGTGGTTGGCGGCGATCTGTCCAAGGTTGACGCCAAGC
M AL L TTIGDIG QU F P EYDULT AV VGGDIUL S KV DAIKQ

AGCCCGATGACTACTTCACCCGCGTCACCAGCAAGGATTACGAGGGCAAGTGGCGCATCATCTTCTTCTGGCCCAAGGACTTCACGTTCGTGTGCCCGAC
P D DY F TRV T S KDY EG KW RTITIUVFU FWUPI KDV F T FV CPT

GGAGATCGCGGCCTTCGGCAAGCTGAACGAGGACTTCGAGGACCGCGACGCCAAGGTGCTCGGTGTGTCGGTGGACAACGAGTTCGTCCACTTCCAGTGG
E I A A F G K LN EUDV F EDU RDAI KV L GV SV DINEFV HF QW

CGTGCACAGCACGAGGACCTCAAGACCCTGCCCTTCCCGATGGTCTCGGATCT CAAGCGTGAGCTGACCGC CGCGTGCGGCGTGCTCAACGCCGACGGTG
R A QHEDUVLI K TTLPVF PMVSDILI K RETILTA AATCGV L NAUDGYV

TCGCCGACCGCGCGACCTTCATCGTCGACCCCAACAACGAGGTCCAGT TCGTGTCGGTGACCGCGGGCTCGGTGGGCCGCAACGTCGACGAGGTGCTGCG
A D RATU F¥F I VD PNNEV QF VSV T AG SV GRDNUVDE VL R

CGTGCTCGACGCGCTGCAGTCCCGACGAACTGTGCGCGTGCAACTGGAAGAAGGGCGATCCGACGAT CAACGCAGGCGAGCTGCTGGCTGGGGCGGTGTGA
VL DALQSDELTCACNMWI KT KSG?DU?®PTTINASGETLTILASGA AV *

FIG. 2. Nucleotide sequence of M. smegmatis ahpC. Bent arrows (P1 and P2), transcriptional start sites of azipC; underlined bases, putative ribosomal binding site.
The gene product of ahpC shows 38% identity with AhpC from enteric bacteria and 63% identity with C. diphtheriae DirA (which is functionally interchangeable with
E. coli AhpC [33]). M. smegmatis AhpC shows 76 to 79% identity with mycobacterial AhpC sequences (M. tuberculosis AhpC [8], Mycobacterium avium antigen Avi3

[38], and M. leprae AhpC [GenBank accession number L01095]) for which multiple sequence alignments have been previously reported (8).
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FIG. 3. Mapping of ahpC mRNA 5’ ends by S1 nuclease protection analysis.
(A) Reduction in size of the uniformly labeled probe upon hybridization with
RNA from M. smegmatis and S1 nuclease treatment (see Materials and Meth-
ods). Lanes: 1, untreated probe; 2 and 3, total M. smegmatis RNA from two
independently grown cultures. (B) Alignment of the bands of protection (lane
S1) with the corresponding ahpC sequence (lanes T, C, A, and G). The sequence
was generated by using the same oligonucleotide, Ahps1 (see panel C), that was
used to obtain uniformly labeled single-stranded probe (see Materials and Meth-
ods). (C) Schematic representation of the probe and protected fragments in
relationship to ahpC and its upstream region. P1 and P2, ahpC mRNA start sites.

more, sequence analysis of a region 1 kb upstream of ahpC
(Fig. 1B; sequence deposited under GenBank accession num-
bers U31978 and U43719) indicated that, unlike in other my-
cobacteria studied thus far, no candidate oxyR gene could be
discerned upstream of ahpC. Global similarity searches and
other computer analyses did not reveal any significant open
reading frames in this region.

To investigate whether the ahpC promoter is located further
upstream, thus potentially misplacing oxyR from its usual lo-
cation in the vicinity of ahpC (e.g., by insertion of another gene
between ahpC and oxyR), we examined transcription in this
region and mapped the 5’ ends of ahipC mRNA by S1 nuclease
protection analysis utilizing previously described approaches
(5, 27). The results of these studies (Fig. 3) indicated that there
were two mRNA 5’ ends located at positions —48 and —54
relative to the initiation codon of ahpC. These studies show
that the ahpC promoter is located immediately upstream of the
structural gene for ahpC in M. smegmatis.

Differential induction of nine polypeptides in M. smegmatis
upon exposure to H,O, or organic peroxides. We next inves-
tigated whether M. smegmatis can induce AhpC in response to
challenge with different peroxides. We first examined whether
exposure to peroxides can cause differential gene expression in
this organism by metabolic labeling of newly synthesized pro-
teins. A distinct induction pattern of de novo protein synthesis
with upregulation of several polypeptides was observed upon
exposure to H,O, (Fig. 4A). The majority of the polypeptides
induced with H,O, were also inducible by two alkyl peroxides
tested, cumene hydroperoxide and fert-butyl hydroperoxide
(Fig. 4A).

Each inducible polypeptide was termed Osp (for oxidative
stress M. smegmatis protein) followed by a number denoting its
apparent M, (in thousands) as determined from corresponding
electrophoretic mobilities on SDS-polyacrylamide gels and a
letter denoting inducibility with different agents (H, H,O,; A,
both alkyl hydroperoxides tested; or C, cumene hydroperox-
ide). A total of nine peroxide-inducible polypeptides were de-
tected (Fig. 4A and data not shown). Of these, six polypeptides
with apparent molecular masses of 17 kDa (Osp17H/A), 19 kDa
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FIG. 4. M. smegmatis response to peroxides (A) and indication that the
peroxide-inducible polypeptide Osp25H/A is the gene product of M. smegmatis
ahpC (B). Each lane contained total protein extracts (obtained by bead beating)
from 1-ml aliquots of M. smegmatis culture grown as described in Materials and
Methods, treated with peroxides, labeled with [**S]Met-[>3S]Cys for 1 h at 37°C,
separated by SDS-PAGE, and analyzed by autoradiography. The only difference
between panels A and B is the presence of the plasmid pMsahpC in the strain in
panel B. CHP, cumene hydroperoxide; BHP, tert-butyl hydroperoxide. Lanes: 1,
no treatment; 2, 4, and 6, 62.5 M peroxide (specific compounds indicated above
each set); 3, 5, and 7, 125 pM peroxide. See text for designations of induced
polypeptides. Note the increased Osp25H/A intensity in extracts from cells with
plasmid-borne ahpC. Asterisks on both sides of the autoradiogram denote
Osp17H/A, which is more clearly visible at higher H,O, concentrations (not
shown) and is distinct from Osp16A.

(Osp19H/A), 25 kDa (Osp25H/A), 42 kDa (Osp42H/A), 64
kDa (Osp64H/C), and 68 kDa (Osp68H/A) responded to H,O,
treatment. Another 50-kDa polypeptide, OspSOH, was observed
only at H,O, concentrations exceeding 125 pM (data not
shown) and was not induced by organic peroxides. Two alkyl
peroxide-inducible polypeptides, Ospl6A and Osp59A, were
inducible with both cumene and tert-butyl hydroperoxide (Fig.
4), but no increased synthesis was observed upon exposure to
H,O,. Osp17H/A showed a clear induction with H,O,, but its
response to alkyl hydroperoxides depended on other culture
conditions and its presence was not always discernible. Collec-
tively, these results indicate that M. smegmatis has a significant
peroxide stress response.

AhpC is the M. smegmatis peroxide-inducible polypeptide
Osp25H/A. To determine whether any of the peroxide-induc-
ible polypeptides correspond to AhpC, we introduced plasmid
pMsahpC, with a 1.7-kb fragment carrying the M. smegmatis
ahpC gene cloned on a mycobacterial plasmid vector, into M.
smegmatis. The rationale was that the increased copy number
of ahpC could result in the increased intensity of the band
corresponding to AhpC. The presence of plasmid pMsahpC in
the cells resulted in increased expression of Osp25H/A and did
not affect the induction pattern of other peroxide-inducible
polypeptides (Fig. 4B). This result strongly suggested that
Osp25H/A could be the gene product of ahpC. To confirm this
possibility, we used antibodies against a functional AhpC an-
alog from C. diphtheriae, DirA (33). DirA is highly similar to
M. smegmatis AhpC (63% identity) and is functionally inter-
changeable with AhpC from E. coli (33). The DirA-specific
antiserum recognized Osp25H/A in M. smegmatis (Fig. 5A).
This antibody recognized Osp25H/A in both uninduced and
induced cells, showing somewhat increased amounts under
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FIG. 5. Immunological detection of AhpC in M. smegmatis, using an antibody
against C. diphtheriae DirA, a functional analog of E. coli AhpC (33) (A), and a
limited response to peroxide stress in M. aurum (B). All samples represent total
extracts from 1-ml culture aliquots exposed to peroxides as indicated and met-
abolically labeled with [>3S]Met-[**S]Cys for 1 h at 37°C. The proteins were
separated by SDS-PAGE and blotted onto an Immobilon-P membrane. (A)
Western blot analysis using antibodies against DirA (AhpC) from C. diphtheriae.
The secondary antibody was peroxidase-conjugated anti-rabbit immunoglobulin
G, and the bands were visualized by incubation with diaminobenzidine and
H,0,. (B) Autoradiogram of metabolically labeled proteins in panel A before
processing for immunodetection. Lanes: 1 and 2, M. smegmatis (M.s.) untreated
(control) and treated with 62.5 pM cumene hydroperoxide (CHP); 3 to 5, M.
aurum treated with 62.5 pM H,O,, tert-butyl hydroperoxide (BHP), and cumene
hydroperoxide, respectively; 6, untreated M. aurum. Note the presence of a single
band in panel A corresponding to Osp25H/A in Fig. 4, labeled here as AhpC.
(The antibody reacts with the preformed AhpC; hence it is recognized in panel
A, lane 1, although AhpC is not discernible by metabolic labeling in the corre-
sponding lane in panel B.) Also note the relative paucity of response (a single
prominent band, Oap18A; see text for nomenclature) to peroxide challenge in M.
aurum.

inducing conditions, as illustrated in Fig. 5A, lanes 1 and 2.
These results indicated that the 25-kDa peroxide-inducible
polypeptide is the gene product of M. smegmatis ahpC. The
slightly higher apparent molecular mass of M. smegmatis AhpC
compared with that predicted from its sequence, 21,624 Da,
can be attributed to the low pI of AhpC (4.26), which, as has
been previously shown for highly acidic proteins, frequently
results in anomalous electrophoretic mobility.

Plasmid-borne ahpC reduces inhibitory effects of INH in M.
smegmatis. To address the possibility that AhpC expression
levels affect mycobacterial sensitivity to INH, we examined
whether introduction of plasmid-borne aspC could alter the

TABLE 2. Plasmid-borne ahpC increases the MIC of INH in
M. smegmatis

Strai Plasmid or relevant MIC for INH

train .
property (ng/ml)

M. smegmatis mc*155 pMV206 (vector) 20

pMsahpC 40
M. bovis BCG ATCC 35735 <0.25
M. bovis BCG ATCC 35747 INH" derivative of >50
ATCC 35735
M. aurum ATCC 23366 <0.625
M. tuberculosis H37Rv <0.25

“ Determined as previously described (8). The values for M. bovis, M. tuber-
culosis, and M. aurum are shown for comparison purposes; similar MICs for the
organisms from the M. tuberculosis complex have been previously reported.
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FIG. 6. Analysis of ahpC expression in M. tuberculosis (A) and detection of
AhpC in M. bovis BCG carrying a mutation in the ahpC promoter region (B).
Crude extracts from M. smegmatis (Ms), M. tuberculosis H37Rv (Mt), E. coli
(Ec), or M. bovis BCG were separated by SDS-PAGE and subjected to Western
blot analysis with an antibody against C. diphtheriae DirA (AhpC) as for Fig. 5.
(A) Lanes, 1, M. smegmatis; 2 and 3, M. tuberculosis harboring the vector pSMT3
(oriM oriE Hyg") or plasmid pMtahpC with M. tuberculosis ahpC on a 5.5-kb
BamHI fragment cloned in pSMT3; 4, E. coli harboring the T7 expression vector
pET-16b; 5, E. coli harboring the expression construct pMthis,;,-ahpC with an
in-frame fusion between the His,, tag and the coding sequence of ahpC (see
Materials and Methods) (transcription from the T7 promoter was induced in
lane 5 by the addition of 1 mM isopropylthiogalactopyranoside (IPTG). Note the
absence of AhpC (below the detection level) in M. tuberculosis (lane 2) and the
ability to detect M. tuberculosis AhpC when a plasmid-borne ahpC was present in
M. tuberculosis H37Rv (lane 3) or upon expression from T7 promoter in E. coli
(lane 5). The increased electrophoretic mobility of the product (AhpCx) de-
tected in E. coli is due to the fusion between the His;, tag encoded by the
expression vector and the entire M. tuberculosis AhpC. (B) Lanes: 1, M. bovis
BCG Montreal (ATCC 35735) with the wild-type ahpC promoter (ahpCp wt); 2,
its derivative ATCC 35747 with a mutation (C—T_s,) in the oxyR-ahpC inter-
genic region 54 bp upstream of the ahpC start codon (see Fig. 7).

level of M. smegmatis sensitivity to INH. M. smegmatis ahpC,
cloned as a 1.7-kb Bg/II fragment (Fig. 1B), was introduced
into M. smegmatis mc*155, in which it was shown to increase
the basal level of AhpC production (Fig. 4B). The results
displayed in Table 2 indicated that the presence of plasmid-
borne ahpC increased the MIC of INH relative to that for the
control strain harboring the vector only. Inhibition with other
antibiotics was not affected (data not shown). The modest
effect in M. smegmatis, relative to the previously published
increase in MIC of INH (from 0.05 to 5 pg/ml) in M. tubercu-
losis H37Rv harboring a functional oxyR-ahpC clone from M.
leprae (8), can be at least partially attributed to the high in-
trinsic level of INH resistance in M. smegmatis. Nevertheless, it
is possible to conclude that additional copies of ahpC present
in M. smegmatis reduced its sensitivity to the inhibitory action
of INH.

Absence of detectable AhpC in M. tuberculosis and M. aurum,
mycobacterial species highly sensitive to INH. The exquisite
INH sensitivity of M. tuberculosis relative to other mycobacte-
ria has been linked to the multiple lesions in oxyR of this
organism (8). One consequence of oxyR inactivation in M.
tuberculosis could be a negative effect on AhpC expression. To
investigate this possibility, we first examined whether AhpC
could be detected in M. tuberculosis extracts by using the an-
tibody used to detect the M. smegmatis ahpC gene product. M.
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FIG. 7. Nucleotide substitutions in the intergenic region between oxyR and
ahpC in M. tuberculosis strains with deletions in katG. Shown is the M. tubercu-
losis H37Rv intergenic region sequence. Triangles, alterations observed in AkatG
strains relative to H37Rv or M. bovis BCG: G-to-A transition at —88 and T-to-A
transition at —76 in M. tuberculosis B1453; C-to-T transition at —54 in M.
tuberculosis 24 and M. bovis ATCC 35747. Numbering is given relative to the
initiation codon of aspC, and variant nucleotides are shown in boldface. Diver-
gent arrows, the 5" ends of ahpC and oxyR genes (oxyR is inactivated by multiple
mutations [Fig. 1]). Boxes: three nucleotides, ahpC initiation codon; four nucle-
otides, predicted mutation (#) destroying the oxyR initiation codon in all strains
of M. tuberculosis (8).

tuberculosis H37Rv did not show detectable AhpC (Fig. 6A,
lane 2). However, when M. tuberculosis ahpC was cloned on a
mycobacterium-E. coli shuttle vector and M. tuberculosis H37Rv
was transformed with the resulting plasmid, AhpC was clearly
detectable in this organism (Fig. 6A, lane 3). To independently
confirm that the antibody against C. diphtheriae DirA recog-
nized in these experiments the M. tuberculosis ahpC gene prod-
uct, M. tuberculosis ahpC was fused to an oligo-His tag and
cloned in a T7 expression vector, and a hybrid polypeptide
(His,-AhpC) was overproduced and detected in E. coli (Fig.
6A, lane 5). These experiments demonstrated that the antibody
recognizing M. smegmatis AhpC reacted with M. tuberculosis
AhpC and indicated that the basal level of AhpC expression in
M. tuberculosis was too low to permit its detection. These
findings support the interpretation that aspC expression in M.
tuberculosis is lower than in organisms such as M. smegmatis.
Another mycobacterium known to be naturally highly sen-
sitive to INH is M. aurum. To initiate studies aimed at inves-
tigating whether the INH sensitivity of this organism is related
to the observed phenomena in M. tuberculosis, we analyzed M.
aurum ATCC 23366. The MIC of INH for this species type
strain was 0.625 pwg/ml (Table 2). Similar INH sensitivities have
been observed by others (17a). We tested M. aurum for the
presence of detectable AhpC by using the same antibody
shown to react with M. smegmatis and M. tuberculosis AhpC.
The results of these experiments indicated that M. aurum had
no immunologically detectable AhpC under conditions identi-
cal to those used for M. smegmatis (Fig. 5A). No polypeptide
reactive with the anti-DirA antibody could be detected in ex-
tracts from M. aurum grown under standard conditions or
upon exposure to H,O, and organic peroxides which induced
AhpC synthesis in M. smegmatis. Moreover, by examining pat-
terns of metabolically labeled proteins, no significant peroxide-
inducible polypeptides in the M, range corresponding to a
typical AhpC could be observed (Fig. 5B). Only one polypep-
tide with an apparent molecular mass of 18 kDa was differen-
tially induced by peroxide stress in M. aurum (Oapl8A, for
oxidative stress M. aurum protein). The de novo synthesis of
Oapl8A was stimulated by organic peroxides but not by H,O,
(Fig. 5B), reminiscent of the induction pattern seen with
Ospl6A in M. smegmatis. In a complementary set of experi-
ments, hybridization studies using the known ahpC genes as
probes which hybridized with all other mycobacteria tested
failed to produce a specific signal in M. aurum ATCC 23366,
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congruent with the results of metabolic labeling and Western
blot analyses.

Mutations in the intergenic oxyR-ahpC region in INH" M.
tuberculosis strains with deletions in katG. A proposed role of
ahpC in reducing susceptibility to INH (8, 23) and its well-
documented role in detoxifying products of endogenously gen-
erated reactive oxygen intermediates in enteric bacteria (4, 10,
16) prompted us to evaluate the regulatory region between
ahpC and oxyR in INH" strains of M. tuberculosis. In this work,
we report the surprising finding that the previously character-
ized (41) AkatG clinical strains of M. tuberculosis, B1453 and
24, displaying high-level INH resistance, as well as an INH"
derivative of M. bovis BCG Montreal (ATCC 35747) which has
a 507-bp deletion removing the N-terminal portion of katG
(25), also carry mutations or polymorphisms in the 105-bp
intergenic region between oxyR and ahpC (Fig. 7). Signifi-
cantly, the AkatG BCG strain examined carried a mutation
identical to the variant nucleotide present in the strain 24 at
position —54 relative to the start codon of ahpC. Western blot
analyses indicated that ahpC expression was higher in strain
ATCC 35747 than in the parental strain M. bovis BCG Mon-
treal (Fig. 6B). These data suggest that AkarG strains of the M.
tuberculosis complex frequently (in all three AkatG isolates
tested) contain additional mutations, such as those described
here, which could contribute to their overall level of sensitivity
to INH. Alternatively or in addition, mutations enhancing
ahpC expression may compensate for the lack of catalase in
AkatG strains, which could impose an additional burden on
detoxification of endogenously generated reactive oxygen spe-
cies.

DISCUSSION

The results reported in this study support a correlation be-
tween the defect in oxidative stress response and high sensi-
tivity to INH of some mycobacteria. The reported studies also
expand the intriguing peculiarities concerning the regulators
and control of oxidative stress response in mycobacteria (8, 12,
28) and provide new insights into the basic biology of these
organisms. For example, the absence of oxyR in the region
upstream of M. smegmatis ahpC contrasts with the previously
described arrangement considered to be typical for mycobac-
teria as epitomized by the tightly linked and divergently tran-
scribed oxyR and ahpC genes in M. leprae and several other
mycobacterial species (8, 21, 28). Since sequence analysis of
the 953-bp region upstream of ahpC in M. smegmatis ruled out
a presence of oxyR-like sequences in this region, it is reason-
able to conclude that M. smegmatis differs in genetic organiza-
tion from the mycobacteria studied thus far. However, the
inducibility of AhpC along with eight other polypeptides
strongly suggests the existence of a peroxide response regula-
tor in this organism. Further analyses are needed to determine
whether and to what extent the putative regulatory elements of
peroxide stress response in M. smegmatis may resemble the M.
leprae/M. tuberculosis paradigm (Fig. 1).

Interestingly, C. diphtheriae dirA, a functional analog of ahpC
(33), has no significant open reading frames within the inves-
tigated region extending 600 bp upstream of the dirA structural
gene, which is reminiscent of the situation with M. smegmatis
ahpC. It is also worth mentioning that immediately down-
stream of dirA in C. diphtheriae there is an open reading frame
with the capacity to code for a 19-kDa polypeptide (33). In M.
tuberculosis (GenBank accession number U44840), M. bovis
(GenBank accession number U24083), and M. leprae (Gen-
Bank accession number L.01095; with several sequence correc-
tions [our unpublished analysis]), there is an open reading
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frame downstream of ahpC with the capacity to code for an 18-
to 19-kDa polypeptide. This putative polypeptide shows strong
conservation with the predicted product of a gene downstream
of M. smegmatis ahpC (data not shown). In E. coli and Salmo-
nella typhimurium, alkyl hydroperoxide reductase consists of
two separable components (21), AhpC and AhpF. The ahpC
and ahpF genes are tightly linked and coordinately inducible by
H,0, (10, 32). While AhpC directly reduces organic peroxide
substrates and is highly homologous to mycobacterial AhpC
and Corynebacterium DirA, AhpF (a 57-kDa flavoprotein) re-
duces AhpC by using NAD(P)H as the electron donor (16).
Although the conservation of aspC and the downstream gene
in mycobacteria suggests a relationship potentially similar to
that for the two components of alkyl hydroperoxide reductase
in enteric organisms (16, 32), any such relationships and enzy-
matic activities remain to be biochemically investigated before
conclusions can be made. Future enzymatic studies with the
gene product of mycobacterial ahpC and the putative down-
stream components may help define physiological substrates of
relevance for mycobacterial physiology that could potentially
explain the apparent role of AhpC in counteracting the action
of INH in these organisms.

From what is known about AhpC in enteric organisms (11,
16, 31), the mycobacterial equivalent could also participate in
conversion of physiologically relevant and potentially harmful
or mutagenic hydroperoxide derivatives of lipids and nucleic
acids into corresponding alcohols. It has been proposed that
INH taken up by mycobacterial cells undergoes peroxidatic
activation into its active form in a reaction dependent on cata-
lase-peroxidase (39, 42). In addition, it has been shown that
INH can stimulate production of reactive oxygen intermediates
in the presence of H,O, and transition metals or peroxidase
(17, 29, 36). Since AhpC has been implicated in detoxification
and reduction of various exogenously supplied or endog-
enously generated organic hydroperoxides (4, 16), this enzyme
may play a role by directly reducing toxic INH products or
ameliorating possible consequences of increased oxidative
damage to cell molecules. In indirect but important support of
such notions are the observations by Rosner (23) and Rosner
and Storz (24) that E. coli can be rendered sensitive to INH by
inactivation of its ahpC.

Perhaps the most relevant finding presented here is the
observation regarding the dramatic differences in the levels of
AhpC in M. smegmatis and M. tuberculosis. These observations
are in keeping with the results of ahpC transcriptional fusion
studies suggesting that M. tuberculosis ahpC is transcribed at
lower levels than M. leprae ahpC (9). In variance with our
findings, Sherman and colleagues (28) presented RNA slot
blot hybridization data obtained with a heterologous probe
which suggest a higher level of basal expression of ahpC in M.
tuberculosis than in M. smegmatis. Additional RNA studies
using specific autologous probes and techniques less prone to
errors (e.g., S1 nuclease protection analysis) will be needed to
assess more precisely the transcription of ahpC in M. tubercu-
losis. Such studies along with those that remain to be per-
formed with M. smegmatis under inducing conditions should
help refine our understanding of the relative responsiveness of
ahpC to oxidative stress challenge in each mycobacterium stud-
ied. The mapping of the two 5’ ends of M. smegmatis ahpC
presented here and the ongoing studies defining promoter
elements within the oxyR-ahpC intergenic region in M. tuber-
culosis will facilitate such analyses and are expected to help
delimit cis-acting regulatory elements controlling expression of
the ahpC and oxyR genes.

The higher levels of AhpC in M. smegmatis than in M. tu-
berculosis are in keeping with the model proposing ahpC ex-
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pression defect in M. tuberculosis, a phenomenon that can be at
least partially attributed to the oxyR lesions in the tubercle
bacillus (8). The inactivation of oxyR has already been linked to
the naturally high INH sensitivity of M. tuberculosis (8), and
the studies presented here provide further support of this
model. Similar to the observations with M. tuberculosis, we
could not detect AhpC in another INH-sensitive organism, M.
aurum. The potential relationship of the apparent lack of
AhpC or its expression with the high natural sensitivity of M.
aurum to INH and the genetic basis for these phenomena
remain to be further investigated but nevertheless appear to be
congruent with the concepts discussed above.

In an earlier report, plasmid-borne M. leprae oxyR-ahpC
increased the MIC of INH in M. tuberculosis to 5 pg/ml (8). In
repeated experiments with M. tuberculosis H37Rv transformed
with autologous M. tuberculosis ahpC, interpretation of INH
inhibition results was complicated by the emergence of cata-
lase-negative mutants displaying resistance to INH concentra-
tions as high as 50 pg/ml. Nevertheless, the observations re-
ported here concerning the absence of detectable AhpC in M.
tuberculosis and M. aurum along with the effects of the intro-
duction of extra copies of ahpC into M. smegmatis, which
further augment its natural resistance to INH, and the previ-
ously reported complementation experiments in M. tuberculo-
sis (8) are consistent with the interpretation that ahpC expres-
sion and INH sensitivity are inversely related in mycobacteria.
Furthermore, we have recently inactivated aipC on the chro-
mosome of M. smegmatis and observed increased sensitivity to
INH of the mutant strain relative to its ahpC™* parent (40).

An intriguing finding of point mutations within the M. tu-
berculosis oxyR-ahpC intergenic region in strains highly resis-
tant to INH suggests a possible relationship to the emergence
of INH" strains. In one model that is currently being consid-
ered, it is possible that mutations increasing aspC expression
play a direct role in INH resistance. However, the apparently
high incidence (in three strains presented here and in four
additionally tested strains; GenBank accession numbers
U57760, U57761, U57762, and U58031 [40]) of such alter-
ations in INH" isolates with completely inactivated katG (25,
41) suggests that these changes may be selected as compensa-
tory mutations. For example, elevated AhpC levels could en-
hance protection against unchecked endogenous H,O, levels
in cells devoid of catalase, since disproportionation of this
harmful pro-oxidant is no longer possible via the gene product
of katG. Future analyses will help distinguish between these
two possibilities and provide an estimate of the relative con-
tributions of such mutations to the emergence of high-level
resistance to INH in clinical M. tuberculosis isolates, as well as
their frequency in INH" strains which do not carry katG mu-
tations.

It is becoming increasingly evident not only that INH is a
clinically superior antituberculosis agent but also that it has
been instrumental in the uncovering of a surprising weakness
of M. tuberculosis, namely, that this organism is a mutant in
oxyR (8). These lesions most likely underlie the observations
that M. tuberculosis is unable to mount a significant peroxide
stress response (8, 12) although it can respond to other chal-
lenges (e.g., the recently defined nitric oxide response [12]). In
contrast, M. smegmatis shows a peroxide induction pattern of
at least nine distinct Osp polypeptides as reported in this work.
Future analyses of the functions of these proteins and charac-
terization of the corresponding genes in this organism may
help elucidate their physiological and possibly protective roles
and could provide a means to study elements of the peroxide
stress response systems that may exist but are not expressed at
adequate or adjustable levels in M. tuberculosis. Such compar-
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ative studies in model mycobacterial organisms will help lead
to an understanding of the repercussions of the oxyR defect in
M. tuberculosis on the physiology of this bacterium, with pos-
sible significance for improved or novel drug design based on
peroxide stress response deficiency. These studies, while antic-
ipated to be of high practical value, will also continue to pro-
vide insights into fascinating fundamental biological aspects of
the formidable human pathogen M. tuberculosis.
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