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The repair of DNA damage is expected to be particularly important to intracellular pathogens such as
Mycobacterium tuberculosis, and so it is of interest to examine the response of M. tuberculosis to DNA damage.
The expression of rec4, a key component in DNA repair and recombination, is induced by DNA damage in M.
tuberculosis. In this study, we have analyzed the expression following DNA damage in M. fuberculosis of a
number of other genes which are DNA damage inducible in Escherichia coli. While many of these genes were
also induced by DNA damage in M. tuberculosis, some were not. In addition, one gene (ruvC) which is not
induced by DNA damage in E. coli was induced in M. tuberculosis, a result likely linked to its different
transcriptional arrangement in M. fuberculosis. We also searched the sequences upstream of the genes being
studied for the mycobacterial SOS box (the binding site for LexA) and assessed LexA binding to potential sites
identified. LexA is the repressor protein responsible for regulating expression of these SOS genes in E. coli.
However, two of the genes which were DNA damage inducible in M. tuberculosis did not have identifiable sites
to which LexA bound. The absence of binding sites for LexA upstream of these genes was confirmed by analysis
of LexA binding to overlapping DNA fragments covering a region from 500 bp upstream of the coding sequence
to 100 bp within it. Therefore, it appears most likely that an alternative mechanism of gene regulation in
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response to DNA damage exists in M. tuberculosis.

The repair of DNA damage is likely to be important to
pathogens such as Mycobacterium tuberculosis which reside
within the very host cells intended to be a defense against
infection. Although M. tuberculosis is able to modify the mat-
uration of the normal phagocytic pathway (5, 12, 32), initially,
on entering the macrophage, the bacterium is exposed to a
variety of reactive oxygen and reactive nitrogen intermediates
which are able to damage DNA (1, 2, 25). In addition, DNA
repair systems are probably important for successful emer-
gence from the dormant state (21), in which M. tuberculosis
persists in the host but does not cause active disease. This
possibility is supported by the induction of DNA repair genes
in other bacteria during stationary phase (19, 33).

The genome sequence of M. tuberculosis has been analyzed
for the presence of homologs of genes known to be involved in
DNA repair in Escherichia coli (21). Genes required for nu-
cleotide excision repair, base excision repair, recombination,
and SOS repair were all identified, but no homologs of mis-
match repair genes could be detected. In addition, no ho-
mologs of some individual genes, such as the SOS genes polB
and umuD, were found.

The primary response of many bacteria to DNA damage is
the induction of a number of genes which are important for
DNA repair and the control of cell division. In E. coli, the
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majority of these genes are part of the so-called SOS response
which is regulated by the repressor protein LexA in conjunc-
tion with RecA, which acts as an activator (11, 17). Under
normal conditions, LexA binds to a specific sequence (the SOS
box) upstream of the genes it regulates to repress expression
(4, 18). When DNA damage occurs, RecA binds to regions of
single-stranded DNA arising from processing of the damage or
blockage of replication (27), and in this state it stimulates the
autocatalytic cleavage of LexA (16). The cleaved fragments of
LexA no longer bind to the SOS boxes (3), resulting in in-
creased transcription of the SOS genes. The degree of induc-
tion of a gene depends on the affinity of its SOS box for LexA,
the location of the SOS box relative to the promoter, the
promoter strength, and the presence of any additional consti-
tutive promoters (11, 28).

The key regulatory elements of the SOS system have been
identified in M. tuberculosis (9, 22-24). It has been demon-
strated that the recA gene is DNA damage inducible, and the
LexA protein has been shown to bind to a specific sequence
upstream of each of the rec4 and lexA genes. We now wished
to examine homologs of other members of the E. coli SOS
regulon to see if their expression is DNA damage inducible in
M. tuberculosis and whether they are regulated by LexA.

MATERIALS AND METHODS

Computer searches. Searches of the whole M. tuberculosis H37Rv genome
were performed using the facilities provided at the TubercuList web site (http:
//genolist.pasteur.fr/TubercuList/). Searches of 500-bp sequences preceding in-
dividual genes were done using the program Findpatterns of the Genetics Com-
puter Group package (8).

Bacterial growth conditions and DNA damage induction. M. tuberculosis
H37Rv was grown in modified Dubos medium (Difco) in tissue culture flasks laid



4460

BROOKS ET AL.

J. BACTERIOL.

TABLE 1. Sequences of the primers and probes used in the real-time quantitative Tagman PCR assay

Sequence (5'—3")

Gene
Forward primer Reverse primer Tagman probe
recA ACCGGCGCGCTGAATA CGCGGAGCTGGTTGATG TTCGGGCACCACGGCGATC
lexA ATCCTTGCCGAGGAAGCC TCACCGATCACCTTGAGCAG TCCCGCTGCCGCGTGAGC
ruvA CTGATCACCGCGATGATTGT CGACAGCAGCGTCAGGAATA CTCGATGACGCTGTACGGGTTTCCC
ruvC GCTCAGGTCACCGCGATG CGGCCGGTGTCGGTT CACCAAAATCCTTGCGCTGCAAGCT
uvrA GTCGTATTACGCCGATTTCGA CGGACTCGGTTTGGGACAT TGCTGGCGTTCCTGCAACGC
ssb CAACGCCCCGGATCTATG AGATATTGCACCGGAGGAACA CCGTCTTTCCATTCGCCGGTCTG
dnaB TGCGTACCGGAGGCTGTATT CACAGATGCCGCAGAAACAA CGCGCCCCCAATGACCAGG
recN ACTCGACGTCTCCGAAGAAGG AGATCAACTGCGGCTTGGC ACCGGTGAGCTCGCCCACGAATTA
dinP GGGATCAACACCGTTTACCAA GGACCGAACGTGGACATCA TTGCACACACCGATTCCGGGC
dinG GGCTTCGGCTACCTTCAGTTC GATAGGTCGCCATCTCGTCATC CCGGGCCGCATTGATTGCCT
recC ACCTGCTCGACTTCTTCAAGGAT TGGACCGGTATCGAGTCCTC CCGGGCGCTGGACTACACGCT
sigA CCGATCTCGTTGGACCAGA CCTCGCTGTCTTCGATGAAAT AGCTGGCTGTCGCCCTCGTCG
gnd GTCCACAACGGCATCGAGTA GCTGTCCAGATCGCCATTG TCCGACATGCAGCTCATCGGTGA

flat in a 37°C incubator. Under these conditions of growth, the doubling time was
25 h. To induce DNA damage, mitomycin C (0.2 pg ml~") was added to growing
cultures (at A, of 0.4 to 0.6) and incubated for the time indicated.

RNA extraction and ¢cDNA synthesis. Commercially available kits were used
for the isolation of total RNA (Hybaid Ribolyser Blue kit) from bacterial cul-
tures (100 ml), to digest contaminating DNA from the RNA preparations using
RNase-free DNase (Roche), and subsequent cleanup procedures (RNeasy Mini
Kit; Qiagen). First-strand cDNA synthesis was carried out using Superscript II
(Life Technologies) according to the published protocol (24).

Real-time quantitative Tagman PCR assay. Real-time quantitative PCR was
carried out on the ABI Prism 7700 sequence detection system using the Tagman
Universal PCR Master Mix (PE Applied Biosystems). The primers and the
Tagman probes (carrying both a fluorophore and a quencher) were designed
using the Primer Express software and obtained from PE Applied Biosystems.
The sequences of the primers and the probes are listed in Table 1. In each case
the test gene and the normalizing gene (gnd) were assayed simultaneously along
with a set of standard samples for each gene.

Gel shift assay of LexA binding to individual SOS boxes. M. tuberculosis LexA
was purified from E. coli containing the expression clone pFM18 as described
previously (22) and stored at —80°C in 100 mM Tris-Cl (pH 7.5)-500 mM
NaCl-1 mM EDTA-1 mM dithiothreitol. For each putative SOS box, an oligo-
nucleotide 24 bases long (containing the particular motif and 6 bases of native
sequence on either side [Table 2]) plus its complement were annealed. These

TABLE 2. Oligonucleotides used for gel shift assays

Gene SOS box label Sequence of oligonucleotide”
recA recA0 tgaatcGAACaggtGTTCggctac
lexA lexAla cctgtcGAACacatGTTtgattct
lexAlb atatccGAACatttGaTCgaagcg
lexA2a cggttgGAgCcggacTTCeggege
lexA2b gtaatcGetCgegtGTTCgacact
ruvA ruvAOQ gctatcGAACgggtGTTCtctcag
ruvC ruvCO cgtatcGAACgattGTTCggaaat
ruvC2a atttaccAtCgcacGTTCcatagg
ruvC2b gtgtgcGAtCgagcGTTteccgaa
ssb ssb2a gaactcGAcCgccaGeTCagectc

ssb2b ccatacGAAatcatGgTCatcctc

dnaB dnaB1 gttgtcGAAtatgcGTTCgggtge
recN recN2a cggetgGtgCgcaaGTTCeggttg
recN2b catcgtcAACcggeGTTgggcget
dinP dinP2a cegetgGAcCgectGaTCgcatte
dinP2b gcaaagGeACcttgt TTCgecget
recC recCl gaagccGecACgagaGTTCgeeggt
recC2a cgacaaGAAggeccGTaCcgactg
recC2b gggataGeAgeecgaGTTCgggctg

“In each case, the complementary oligonucleotide was annealed with the
sequence given and the resulting double-stranded probe was used in the gel shift;
the bases matching the consensus SOS box sequence are shown in uppercase.

double-stranded oligonucleotides were end labeled with [y-*?P] dATP at their 5
termini, using T4 polynucleotide kinase (New England Biolabs) according to the
manufacturer’s instructions. Approximately 0.2 pmol of the labeled oligonucle-
otide was incubated with 2 pl of M. tuberculosis LexA (diluted to 80 nM in 100
mM Tris-Cl [pH 7.5]-100 mM NaCl) and 1 pg of poly(dI-dC) nonspecific com-
petitor DNA in a 20-pl binding reaction [1X binding buffer contained 20 mM
HEPES (pH 7.6), 30 mM KCI, 10 mM (NH,),SO,, 1 mM EDTA, 1 mM DTT,
and 0.2% (wt/vol) Tween 20] for 15 min at room temperature. Protein-DNA
complexes were resolved from free DNA on an 8% nondenaturing polyacryl-
amide gel by electrophoresis in 0.5X Tris-borate-EDTA buffer (26) at 180 V for
5 h at 4°C. Gels were dried, and the radioactive bands were visualized by
autoradiography.

Gel shift assay of LexA binding to overlapping fragments of upstream DNA.
PCRs were used to generate overlapping DNA fragments spanning at least 500
bp upstream of the coding region and extending at least 100 bp into it for genes
ssb and uvrA4. Three and two PCR products were generated for ssb and uvrA,
respectively, along with a control PCR product containing the SOS box from
upstream of the recA gene. The primers used and sizes of the PCR products are
given in Table 3. The PCR mixtures contained 0.5 wM each relevant forward and
reverse primer, 0.2 mM deoxynucleoside triphosphates, 5% dimethyl sulfoxide
(DMSO), 20 ng of total M. tuberculosis DNA (except for recA, for which the
template was 2 ng pEJ135 [7]), and 5 U of Pfu Turbo in 1X Pfu buffer (Strat-
agene). The program used was as follows: 1 cycle of 94°C for 2 min; 25 cycles of
94°C for 30 s, 58 or 55°C (see Table 3) for 30 s, 72°C for 45 s; and 1 cycle of 72°C
for 7 min. These PCR products were gel purified; then 0.4 pmol was end labeled
with [y-3*P]dATP, and 0.2 pmol was used in binding reactions as described above
except that the samples were run on a 6% gel.

Reverse transcription (RT)-PCR to test cotranscription of ruvCAB. The PCR
mixture contained 0.25 pg each of forward (AGCGAGGTCAAGGCGGCGG
TCACT) and reverse (GCTCGGCGGGCTCGTAGAAATCCA) oligonucleo-
tides, 1 pl of cDNA (or DNA for control), 5 U of Tag polymerase, 1 mM
deoxynucleoside triphosphates, and 10% dimethyl sulfoxide in buffer P (Invitro-
gen PCR Optimizer kit) in a total volume of 50 wl. The program used was as
follows: 1 cycle of 94°C for 2 min; 10 cycles of 94°C for 1 min, 63°C for 1 min, and
72°C for 2 min; 20 cycles of 94°C for 1 min, 63°C for 1 min, and 72°C for 2 min
plus 20 s per cycle; and 1 cycle of 72°C for 7 min.

RESULTS

Having established that expression of the recA gene is in-
duced by DNA damage in M. tuberculosis (23), we wished to
identify other M. tuberculosis DNA damage-inducible genes. In
other bacteria the majority of genes which are induced by
DNA damage are regulated by the repressor protein LexA
(11), and a binding site for mycobacterial LexA has been iden-
tified upstream of the M. tuberculosis recA gene and overlap-
ping a putative promoter element (23). Therefore, one ap-
proach to identifying other DNA-damage inducible genes
would be to search the M. tuberculosis genome sequence (6) for



VoL. 183, 2001

M. TUBERCULOSIS DNA DAMAGE-INDUCIBLE GENES 4461

TABLE 3. PCR primers

Sequence
PCR .
product Forward primer Reverse primer é?;lga(lcléf pi:)edlhg}tth (g;)
recA-up GATCTAGACCAGGCTAGCGGTGTTGAG GACTAGTAACCTTTGCCGTAACTCTTC 58 355
ssb-upl ACGGCGGAAAAGTCGAAAAGGTG GCCGCCTCCCGCCAGATA 58 488
ssb-up2 GGCCGCACACGACCACAG GAGCCTACGTAACCGCACCGACAG 58 376
ssb-up3 GCCGTTCGCGACACTGACATT TCTCCAAGGACGGGGCTAG 55 272
uvrA-upl ATCGTGGCGCCGGGCAGGAAGC GGATAACCCGGTGAAGACGAT 55 347
uvrA-up2 CTGTCGCCGTGGGTGAGCA AGCAGTGGCGCATATGACAACAGT 55 381

the presence of a mycobacterial SOS box upstream of a coding
region. When we performed this search using the sequence
GAACN,GTTC and limiting hits to being within 500 bp up-
stream of a start codon, we identified 35 exact matches which
included recA and in addition ruvA and ruvC, genes important
for recombination, but also many genes with no known role in
DNA repair or recombination. The presence of an SOS box in
this region does not necessarily mean that the corresponding
gene is regulated by LexA, as the binding site must be in a
suitable position relative to the promoter. In addition, it had
also been shown that mycobacterial LexA bound to an SOS
box found upstream of the lex4 gene (22) which had a single
mismatch from the consensus. Thus, it may be that our search
should allow for hits to have one mismatch from the search
sequence; this relaxation of the search constraints resulted in
the identification of a further 652 potential sites. Clearly, for
this approach to be useful we need to have a better idea of
which bases within the SOS box can be altered while maintain-
ing the ability to bind LexA and which cannot; studies are in
progress to determine this. Meanwhile, we decided to use the
E. coli SOS regulon as a guide to which genes may also be
DNA damage inducible in M. tuberculosis and to concentrate
on homologs of some of the E. coli SOS genes.

We chose to examine 10 genes, 7 of which are homologs of
E. coli SOS genes, in addition to recA as a positive control.
These were selected to represent different functions, i.e., reg-
ulation (lexA), resolution (ruvA), recombination (recN), exci-
sion repair (uvrA), and single-stranded DNA binding (ssb), and
two genes originally identified on the basis of their DNA dam-
age inducibility but for which functions have subsequently been
identified (dinG [helicase] and dinP/dinB [polymerase IV]).
We included ruvC, although it is not an SOS gene in E. coli,
because of the SOS box identified upstream of the M. tuber-
culosis gene. In addition, we decided to study dnaB, which is
DNA damage inducible but not part of the SOS response in E.
coli (14), and recC, which is a recombination gene that is not
DNA damage inducible in E. coli as an expected negative
control.

Induction by DNA damage. To directly determine whether
the selected genes are induced by DNA damage, we examined
their expression levels before and after exposure to mitomycin
C (0.2 pg/ml), an agent previously shown to be effective at low
concentrations in inducing the expression of recA in mycobac-
teria (23). We also analyzed the expression of sig4, encoding
the major sigma factor of M. tuberculosis which had been
shown previously to be constitutively expressed (20). We mea-
sured the amount of each specific mRNA relative to that of a
gene whose expression would not be expected to change under

these conditions, gnd (encoding 6-phosphogluconate dehydro-
genase), by real-time RT-PCR. This technique is very sensitive
and allowed us to examine the expression of multiple genes
using the same cultures. In addition to samples from unin-
duced cultures, we took samples 5, 24, and 36 h after the
addition of the DNA-damaging agent, since we had previously
discovered that induction of recA in M. tuberculosis requires
extended periods of time (23).

The basal expression levels varied among these genes, with
those of ssb, uvrA, and sig4 being higher than average and
those of ruvA, recN, and particularly recC being relatively low.
It was clear that a number of these genes were DNA damage
inducible (Fig. 1), although the extent of induction at 24 h
ranged from approximately 3- to 12-fold (Table 4). However,
there were some significant differences in the response of M.
tuberculosis to DNA damage compared with that of E. coli. The
genes induced by DNA damage in M. tuberculosis included
ruvC, which is not induced in E. coli, while three genes (recN,
dinP, and dinG) which are SOS genes in E. coli were not, or
were barely, induced in M. tuberculosis. As expected, there was
little change in the expression of either recC or sig4 under
these conditions.

Identification of potential SOS boxes. For each of the 10
genes of interest, the 500 bp immediately preceding the start
codon was searched for homology to the mycobacterial SOS
box GAACN,GTTC, allowing up to three mismatches from
the eight defined bases. In every case, numerous sequences
with three mismatches were found (data not shown), but only
a few sequences with two or fewer mismatches were identified
(Table 5). As expected from the genome search, the only genes
with sites having no mismatches were recA, ruvA, and ruvC,
while single mismatched sites were found upstream of lex4
(two sites), dnaB and recC. Several of the genes had two sites
each with two mismatches, while there were no sequences with
fewer than three mismatches for uvrA and dinG. We decided to
label the sites by gene name followed by the number of mis-
matches and finally, in the case of multiple sites with the same
number of mismatches, the letter a or b, depending on its
distance from the coding region, e.g. recN2a (Table 5).

LexA binding. We wished to assess each of these potential
SOS boxes for its ability to bind M. tuberculosis LexA. How-
ever, we first used a selection of mutated rec4 SOS boxes with
various effects on induction (details to be published elsewhere)
to determine that the concentration of LexA used for this in
vitro analysis gave binding results which paralleled the de-
duced effect on binding in vivo (Fig. 2). The in vivo analysis
used a transcriptional fusion of lacZ to the LexA-regulated
recA promoter containing the various mutations in the SOS
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FIG. 1. Gene expression following DNA damage. The amount of mRNA for each gene relative to that of a normalizing gene (gnd) was
determined by real-time quantitative RT-PCR using RNA samples from cultures harvested at various time points following the addition of
mitomycin C (0.2 pg ml™"). For each gene, at least two assays using three or four samples were performed on each of two independent inductions.
The values shown are the means; the error bars indicate the standard deviations. Note that the scales of the y axes vary according to the expression

level of the gene being analyzed.

box. An induction ratio of 1 or less in this system indicated that
LexA did not bind in vivo. Significantly, if concentrations of
LexA higher than that shown were used in the gel shift analysis,
binding became evident to those sequences which clearly did
not bind in vivo, suggesting that such weak interactions were
not physiologically relevant. We next assayed each of the iden-
tified potential SOS boxes for its ability to bind LexA by gel
shift assays using labeled double-stranded oligonucleotides
spanning the identified motif and the concentration of LexA
determined from the analysis just described. We could then be
confident that the LexA binding, or lack of it, seen with our test
sequences was significant.

Not surprisingly, LexA bound to all of the sites having no
mismatches, although the binding seen with the ruvAO site
seemed weaker than that to the recA0 and ruvCO sites (Fig. 3).
However, while some sites with a single mismatch bound LexA

(lexAla and dnaBl), others did not (lexAlb and recC1). Only
one of the sites having two mismatches was bound by LexA
(lexA2b). Intriguingly, one of the two changes in this site is the
same as the single mismatch found in the recCl site, which
failed to bind. This indicates that bases outside the currently
defined motif are important in determining LexA binding. It
had been shown previously that the recA2 site did not bind
LexA even at a concentration of LexA higher than used here
(23), and so this site was not analyzed again. The sites to which
LexA did bind were also bound by LexA at the lower concen-
tration of 6 nM rather than 8 nM (data not shown). Thus, the
mycobacterial SOS box is not defined well enough for us to
accurately predict whether or not LexA will bind. Studies are in
progress to define the consensus LexA binding site more pre-
cisely.

It is noteworthy that expression of two of the genes (ssb and
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FIG. 1—Continued.

uvrA) which did not appear from the above analysis to have a
LexA binding site was nevertheless induced by DNA damage.
To assess whether there might be a binding site for LexA
upstream of these genes which had not been identified by the
computer analysis, we decided to analyze a region spanning at
least 500 bp upstream of the coding region and extending at
least 100 bp into it for LexA binding. This was done by gen-
erating PCR products spanning this region which overlapped
by at least 100 bp to ensure that any binding site disrupted at
the end of one fragment would be intact on another. These
PCR products were then analyzed by gel shift assays using the
same molar concentration of fragment and LexA as used be-
fore with the oligonucleotides. A similar-size¢ PCR product
containing the recA0 site was used as a positive control. This
analysis (Fig. 4) confirmed that there was no LexA binding site
anywhere within 500 bp upstream of the translation initiation
codon for either ssb or uvrA.

The uvrA gene is preceded by an open reading frame which
is transcribed in the opposite direction, and so it clearly is not
part of an operon with expression regulated from a common

promoter further upstream. The ssb gene is separated from the
gene (rpsF) immediately upstream of it by 107 bp, and rpsF is
222 bp away from the gene preceding it. These distances sug-
gest that it is unlikely that ssb is a downstream gene of an
operon, although it could possibly be cotranscribed with rpsF.
However, even if ssb was transcribed from a promoter up-
stream of 7psF, owing to the small size of the rpsF gene (287
bp), almost all of the intergenic region upstream of rpsF (199
of 222 bp) was in any case included in the analysis of LexA
binding just described. It is to be noted that to confer regula-
tion, LexA must bind in the region of the promoter and the
rpsF promoter is unlikely to be further than 200 bp upstream of
the coding region. Thus, the induction of these genes cannot be
explained by transcription from a LexA-regulated promoter
preceding an upstream open reading frame; therefore, induc-
tion in these cases must be controlled by a different, non-LexA
dependent mechanism.

The ruvCAB genes form an operon in M. tuberculosis. As
stated above, in M. tuberculosis the ruvC gene as well as ruvA
was DNA damage inducible, in contrast to the situation in E.
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TABLE 4. Induction by DNA damage of genes being studied
in M. tuberculosis compared with E. coli

Gene M. tube(cul'osis LexA Indpction ratio at 24 h I'nduciblé
binding” in M. tuberculosis in E. coli
recA + 12.2 Yes
lexA + 9.5 Yes
ruvA + 11.1 Yes
ruvC + 7.5 No
uvrA - 29 Yes
ssb - 6.1 Yes
dnaB + 4.9 Yes
recN - 1.0 Yes
dinP - 1.3 Yes
dinG - 1.5 Yes
recC - 0.8 No

“ LexA binds to at least one of the sites tested from within the 500-bp upstream
of the initiation codon (Table 5 and Fig. 3).

coli. These genes are transcribed independently in E. coli,
where the ruvC gene is separated from the ruvAB operon by a
separate open reading frame lying in the opposite direction
(29, 30). When we examined the sequences encoding the ruv
genes in M. tuberculosis, we noticed that not only were the
three ruv genes contiguous but also at each junction between
pairs of genes the termination codon of one gene overlapped
the initiation codon of the next (ATGA). This arrangement
suggested that the ruv genes in M. tuberculosis form an operon
and are probably translationally coupled. The flanking genes
on either side of the ruv genes were transcribed in the opposite
orientation.

We examined this supposition experimentally by performing
RT-PCR using one primer located within ruvC and one from
within ruvB. When RNA isolated from M. tuberculosis was

TABLE 5. Potential SOS boxes identified upstream
of genes being studied

Gene  Location® Potential ) No. of SOS box L/exA _

SOS box mismatches” label binding
recA —121  GAACaggtGTTC 0 recAQ +
=276  GcACgeegGaTC 2 recA2 -
lexA —103  GAACacatGTTt 1 lexAla +
—236  GAACatttGaTC 1 lexAlb -
—170  GAgCcggacTTC 2 lexA2a -
=279 GetCgcgtGTTC 2 lexA2b +
ruvA —-362 GAACgggtGTTC 0 ruvAQ +
ruvC —-35 GAACgattGTTC 0 ruvC0 +
=94 cAtCgcacGTTC 2 ruvC2a -
=340  GAtCgagcGTTt 2 ruvC2b -
uvrA 3 -
ssb —-169  GAcCgccaGcTC 2 ssb2a -
—382  GAAatcatGgTC 2 ssb2b -
dnaB —42  GAAtatgcGTTC 1 dnaBl1 +
recN —58  GtgCgcaaGTTC 2 recN2a -
—482  cAACcgggGTTg 2 recN2b -
dinP =312 GAcCgcctGaTC 2 dinP2a -
=440  GcACcttgtTTC 2 dinP2b -
dinG 3 -
recC =399  GcACgagaGTTC 1 recCl -
—106  GAAggcccGTaC 2 recC2a -
=297  GcAgeegaGTTC 2 recC2b -

¢ Distance upstream from initiation codon.
® From consensus GAACnnnnGTTC.
¢ As determined by gel shift assay using M. tuberculosis LexA (Fig. 3).
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FIG. 2. Comparison of LexA binding to mutated SOS boxes with
their effects on induction in vivo. Double-stranded oligonucleotides
containing each mutated SOS box were end labeled with [y-**P]dATP;
following incubation with 8 nM (final concentration) purified M. tu-
berculosis LexA (lanes marked +) they were assessed for LexA binding
by gel shift compared with no-protein controls (lanes marked —). The
induction ratio obtained for each mutated SOS box when analyzed
using a transcriptional fusion of lacZ to the LexA-regulated recA pro-
moter is indicated below the gel. The wild-type recAO SOS box, which
had been shown previously to bind LexA and to regulate gene expres-
sion, is shown in the leftmost pair of tracks. The figure was compiled
using Adobe Photoshop.

Induction ratio

reverse transcribed, this primer pair did indeed yield a product
of the expected size (Fig. 5), which was the same size as that
formed with chromosomal DNA as template. In contrast, if the
RT step was not included when RNA was the template, no
product was formed, confirming that the PCR product did not
arise from contaminating DNA in the RNA preparation. Thus,
in M. tuberculosis the genes ruvCAB are cotranscribed and
form an operon.

DISCUSSION

In selecting M. tuberculosis genes for this study, we focused
on homologs of well-established members of the SOS regulon
in E. coli. These genes perform a range of functions related to
DNA repair and recombination. Thus, the genes that we ex-
amined included the regulatory genes recA and lexA, a com-
ponent of the Holliday junction resolvase (ruvA), and a com-
ponent of the excision repair complex (uvrA). We also
investigated the gene for single-stranded DNA binding protein
(ssb), a recombination gene (recN), and two genes originally
identified solely on the basis of their regulation by LexA (dinG
and dinP). The products of these latter two genes have subse-
quently been ascribed functions, with DinG being identified as
a helicase (15) and DinP (also termed DinB) recently being
recognized as a mutagenic DNA polymerase (34). These eight
genes are all part of the SOS regulon in E. coli. In addition, we
chose to analyze another component of the resolvase (ruvC),
although it is not an SOS gene in E. coli, because we had
identified a perfect match to the M. tuberculosis LexA binding
site upstream of this gene. Finally, we included the replicative
helicase gene (dnaB), which is DNA damage inducible in E.
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FIG. 3. Analysis of LexA binding to potential SOS boxes. Double-stranded oligonucleotides containing each identified motif (indicated below
the gel) were end labeled with [y-**P]dATP; following incubation with 8 nM (final concentration) purified M. tuberculosis LexA (lanes marked +)
they were assessed for LexA binding by gel shift compared with no-protein controls (lanes marked —). The recA0 SOS box, which had been shown

previously to bind LexA, was included on each gel as a positive control. The figure was compiled using Adobe Photoshop.

coli but not LexA regulated (14), and a control recombination
gene (recC).

Curiously, there are no sequence homologs in M. tuberculo-
sis for a number of other E. coli SOS genes with known func-

100bp PCR
cds product
E— size (bp)
| t ssb-upl 488
[ ssb-up2 376
ssb-up3 272
e

uvrA - up1 347
UvrA - up2 381

FIG. 4. Analysis of LexA binding to PCR products spanning at
least 500 bp upstream of the coding region and extending at least 100
bp into it for ssb and uvrA. The top part shows schematically the
locations of the PCR products in relation to the coding sequence and
gives their sizes. Shown below are results of the assay for LexA binding
to these fragments, done as described for Fig. 2. The recA-up fragment
was included as a positive control. The figure was compiled using
Adobe Photoshop and Macromedia Freehand.

tions. These include the UV mutagenesis gene umuD (al-
though there are homologs of umuC), the gene encoding DNA
polymerase II (polB, formerly dinA), the integration host fac-
tor subunit gene himA, and the filamentation gene sul4. Nev-
ertheless, while staining cultures of M. tuberculosis treated with
DNA-damaging agents for various periods of time to confirm
the purity of the culture, we noticed that the cells appeared
filamentous, particularly following longer periods of exposure.
This observation suggests that there may be an as yet uniden-
tified functional homolog of sul4 which is DNA damage in-
ducible. There may also be genes with little or no sequence
similarity performing the equivalent functions for some of the
other SOS genes. Recently, a number of other LexA-regulated
genes have been identified in E. coli, but their functions remain
to be determined (10).

Of the nine genes which are DNA damage inducible in E.
coli, only six were induced by mitomycin C in M. tuberculosis. In
addition, ruvC was induced by DNA damage in M. tuberculosis
although it is not DNA damage inducible in E. coli. This latter
observation is linked to the discovery that the ruvCAB genes
are transcribed as an operon in M. tuberculosis, unlike the gene
arrangement in E. coli. The degree of induction seen in M.
tuberculosis varied from approximately 3- to 12-fold. Some of
these values can be compared with induction ratios quoted for
the equivalent E. coli genes although these were determined in
a different way: fusions to B-galactosidase were used in a strain
lacking functional LexA repressor and related to activity in a
strain with wild-type LexA (11). recA was induced 12-fold in M.
tuberculosis and 11-fold in E. coli, lexA was induced 9.5- and
6.7-fold, respectively, and uvr4 was induced 2.9- and 3.4-fold,
respectively. Thus, for the genes which were induced in M.
tuberculosis, the induction ratios were similar to those found in
E. coli. In contrast, dinP was essentially not induced, with a
ratio of 1.3 in M. tuberculosis, compared with 7.3 in E. coli.

The induction ratio for M. tuberculosis recA in this study is
higher than the ratio that we previously reported (23). This is
almost certainly due to the fact that in the previous work the
transcript level was normalized to the amount of rRNA but the
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FIG. 5. The ruvCAB genes are cotranscribed. The top part shows
schematically the arrangement of the ruv genes in M. tuberculosis, with
the positions of the primers used for RT-PCR and the size of the
expected product indicated. The lower part shows that the product
obtained using RNA which has been reverse transcribed is the same
size as that obtained by PCR using chromosomal DNA, while no
product is formed using RNA if the RT step is omitted. The figure was
compiled using Adobe Photoshop and Macromedia Freehand.

induction conditions caused a significant degree of cell death.
It has been shown that mycobacterial rRNA is very stable and
remains present at relatively high levels even when there is a
large reduction in the number of viable cells (13), and so
normalizing to rTRNA under conditions where cell death is
occurring will lead to an underestimation of the specific tran-
script level. In the present study the transcript level of the gene
of interest was instead normalized to an mRNA for a gene
whose expression level would not be expected to change under
the conditions being investigated.

It is perhaps noteworthy that M. tuberculosis appears to lack
a homolog of umuD and that the expression of dinP is not
induced by DNA damage. These two genes encode proteins
involved in mutagenesis in E. coli, with UmuD’ (the processed
form of UmuD) interacting with UmuC to form the error-
prone DNA polymerase V (31) and dinP encoding another
error-prone polymerase, polymerase IV (34). This relative lack

J. BACTERIOL.

of mutagenic polymerases suggests that M. tuberculosis must
rely exclusively on more accurate repair mechanisms for sur-
vival following DNA damage.

A finding of particular interest is the apparent lack of cor-
relation of LexA binding to the DNA upstream of a gene with
induction of its expression by DNA damage. Excluding ruvA,
which is a downstream gene in an operon, six of the genes
examined here were induced by mitomycin C in M. tuberculo-
sis. Of these six, four possessed LexA binding sites within 500
bp upstream of the coding region and two did not. These
observations suggest that an alternative, non-LexA-dependent
mechanism of gene regulation in response to DNA damage
must exist in M. tuberculosis. While it is possible that LexA
could be controlling the expression of an activator which then
acts on genes such as ssb and uvrA, if that is the case, induction
would depend on LexA and RecA. Although the ssb and uvr4
genes have yet to be tested, it has recently been found using a
recA promoter-lacZ transcriptional fusion that the recA pro-
moter remains inducible in a rec4 deletion mutant of M. fu-
berculosis (E. O. Davis and K. G. Papavinasasundaram, unpub-
lished data). Thus, even in the case of a gene (recA) which
possesses a LexA binding site, it appears that induction in
response to mitomycin C can occur independently of LexA and
RecA. The data presented here suggest that this alternative
mechanism also operates for other DNA damage-inducible
genes. To confirm that this is indeed the case, it will be nec-
essary to examine the expression of these genes in the rec4
deletion mutant of M. tuberculosis following mitomycin C
treatment. However, the methodology presented here for the
wild type has the disadvantage that it permits the analysis of
only a limited number of genes in a rather labor-intensive way.
Hence, we plan to use microarrays to examine global gene
expression in response to DNA damage in both the wild-type
and recA deletion strains of M. tuberculosis. This more univer-
sal approach will allow us to determine what proportion of
DNA damage-inducible genes are regulated by RecA and/or
LexA and how generally the alternative mechanism applies.
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