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Background: Mycobacterium tuberculosis LexA is thought to repress the expression of a small number of genes.
Results: 25 in vivo binding sites were identified by ChIP-seq, including nine novel sites.
Conclusion: M. tuberculosis LexA also shows examples of positive regulation, binding without apparent regulation, and binding

to genes encoding small RNAs.

Significance: This investigation identified new aspects of LexA regulation in M. tuberculosis.

The DNA damage response is crucial for bacterial survival.
The transcriptional repressor LexA is a key component of the
SOS response, the main mechanism for the regulation of DNA
repair genes in many bacteria. In contrast, in mycobacteria gene
induction by DNA damage is carried out by two mechanisms; a
relatively small number of genes are thought to be regulated by
LexA, and a larger number by an alternate, independent mech-
anism. In this study we have used ChIP-seq analysis to iden-
tify 25 in vivo LexA-binding sites, including nine regulating
genes not previously known to be part of this regulon. Some of
these binding sites were found to be internal to the predicted
open reading frame of the gene they are thought to regulate;
experimental analysis has confirmed that these LexA-binding
sites regulate the expression of the expected genes, and tran-
scriptional start site analysis has found that their apparent
relative location is due to misannotation of these genes. We
have also identified novel binding sites for LexA in the pro-
moters of genes that show no apparent DNA damage induc-
tion, show positive regulation by LexA, and those encoding
small RNAs.

Tuberculosis, the result of infection by the bacterium Myco-
bacterium tuberculosis, causes more deaths worldwide than any
other infectious disease (1). The preferred ecological niche of
M. tuberculosis is the macrophage, a cell type that has evolved
to kill most invading bacteria. A hallmark of M. tuberculosis
infection is its ability to grow in this type of cell. When macro-
phages are activated, they produce reactive oxygen and nitro-
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gen intermediates that can damage DNA (2, 3). Thus, a major
critical step during infection by M. tuberculosis is the replica-
tion of the bacterium within macrophages, and its ability to
survive these assaults depends on the DNA damage response
(4). M. tuberculosis has two DNA damage response pathways as
follows: the RecA/LexA-dependent, or SOS, response, and the
RecA/LexA-independent response (5—8).

LexA is an essential component of the SOS response. Under
normal growth conditions, LexA represses transcription of
DNA damage-inducible genes by binding to an upstream DNA
sequence termed the SOS box. Upon DNA damage, the pres-
ence of single-stranded DNA activates RecA, which in turn
stimulates autocatalytic cleavage of LexA, lifting repression of
the regulated genes (4, 9, 10). LexA has been well characterized
in organisms such as Escherichia coli where the LexA/RecA
SOS response seems to be the main mechanism of regulation of
DNA repair genes following DNA damage.

The LexA-binding motif for M. tuberculosis was origi-
nally characterized by comparison with that of other bacte-
ria and found to be similar to that of Bacillus subtilis (10),
following which the consensus sequence was defined as
TCGAAC(N,)GTTCGA by use of a mutagenic approach (9).
This information enabled the identification of genes and oper-
ons that appeared to be LexA-regulated (9); however, the num-
ber of these sites was relatively small, being 15, and some of the
binding sites were found to be internal to the annotated coding
sequences. Global comparison of genes induced by DNA dam-
age found that the majority of genes remained inducible in a
recA mutant strain, in particular the genes involved in DNA
damage repair, confirming the lack of LexA/RecA regulation
(7). The genes whose regulation was dependent upon RecA
included 21 of those previously predicted based on an appro-
priately located SOS box or being co-transcribed with genes
that do and three genes with no association with an SOS box.
These were predicted to be artifacts due to their location down-
stream of highly inducible genes. A number of genes were
found to show dual regulation, being regulated by both the
RecA-dependent and -independent responses, showing partial
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induction in a recA deletion strain. However, the majority of
these had no identifiable SOS box indicating that this regula-
tion might not due to direct binding by LexA (7). Comparison
of the promoters of genes whose regulation is wholly or par-
tially independent of LexA and RecA identified a consensus
sequence termed the RecA nondependent promoter (RecA-
NDp), which has subsequently been shown to be regulated by
the clp gene regulator CIpR (11, 12).

In this study, we have used chromatin immunoprecipitation
combined with high throughput sequencing (ChIP-seq) to
identify the LexA-binding sites across the entire M. tuberculosis
genome iz vivo. In conjunction with promoter assays and tran-
scriptional start site analyses, we confirmed many of the previ-
ously identified start sites for LexA-regulated genes and recti-
fied gene misannotations. Significantly, we also identified nine
novel LexA-binding sites, for most of which we were able to
identify sequences similar to the consensus of the mycobacte-
rial SOS box. Interestingly, among the newly identified LexA-
binding sites, some were associated with genes not previously
known to be DNA damage-inducible, and one was found to be
positively regulated by LexA, and two were linked to potential
small RNAs.

EXPERIMENTAL PROCEDURES

Bacterial Strains and Culture Conditions—E. coli strain
DH5a (Invitrogen) was used for all plasmid constructions,
strain XL1-Blue (Stratagene) was used for site-directed
mutagenesis, and strain BL21 (DE3) pLysS (Stratagene) was
used for protein expression (13). The mycobacterial strains
used were wild-type M. tuberculosis strains H37Rv and 1424
and M. tuberculosis ArecA mutant of 1424 (6, 14). Mycobacte-
rial strains were grown in modified Dubos medium (Difco) sup-
plemented with 4% albumin and 0.2% (w/v) glycerol in a rolling
incubator at 2 rpmat 37 °C or on Difco Middlebrook 7H11-agar
(BD Biosciences) plates supplemented with 4% albumen and
0.5% (w/v) glycerol. All procedures with live M. tuberculosis
were carried out under Advisory Committee on Dangerous
Pathogens Containment Level 3 conditions. Where appropri-
ate, 50 wg ml™" (for E. coli) or 25 ug ml~" (for mycobacteria)
kanamycin was included, and 250 ug ml ™! (for E. coli) or 50 ug
ml ™" (for mycobacteria) hygromycin was included. To induce
DNA damage, cultures were divided into 2 aliquots at mid-log
phase (A4o0 ~0.4), and one sample was induced with mitomy-
cin C (0.02 pug ml™ ') for 24 h at 37 °C. The other sample was
incubated in parallel, without treatment, to provide an unin-
duced control.

Plasmid Construction—The plasmids used and their con-
struction are described in supplemental Table S1, and the prim-
ers used in this study are listed in supplemental Table S2. In
general, standard DNA protocols were followed (13). Site-di-
rected mutagenesis was performed using the QuikChange site-
directed mutagenesis kit (Stratagene). All plasmids were veri-
fied by DNA sequencing.

Preparation of Cell-free Extracts, Western Blot, and B-Galac-
tosidase Assays—Cultures were grown as described above;
the bacteria were harvested, washed three times in PBS, and
cell-free extract prepared as described previously (9). In the
case of M. tuberculosis extracts, the supernatant was filtered
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through a low-binding Durapore 0.22 wm membrane filter
(Ultrafree-MC; Millipore) to ensure complete removal of
bacteria before removal from containment facilities.

For [-galactosidase activity, protein levels of cell-free
extracts were quantified using a BCA kit (Pierce), and 8-galac-
tosidase activity was determined as described (9) and expressed
in Miller units el "' mg of protein (15).

Antibody Preparation—Recombinant LexA was produced by
expression of His-tagged M. tuberculosis LexA from plasmid
pFM18 in E. coli strain BL21 (DE3) pLysS (10). Purified LexA
was then used to immunize rabbits to produce polyclonal anti-
LexA antibody by BioServ UK Ltd. (Sheffield University); spec-
ificity was determined by Western blot against M. tuberculosis
cell-free extract.

Chromatin Immunoprecipitation (ChIP)—ChIP was per-
formed using a method adapted from Sala et al. (16). Mycobac-
terial cultures were grown to mid-log phase (A4, ~0.4) before
cross-linking by addition of 1% formaldehyde for 5 min at 37 °C.
The reaction was then quenched with 125 mm glycine, and cells
were washed in TBS and pellets stored at —80 °C. Pellets were
resuspended in IP buffer (50 mm Hepes-KOH, pH 7.5; 150 mm
NaCl; 1 mm EDTA; 1% Triton X-100; 0.1% sodium deoxy-
cholate; 0.1% SDS; protease inhibitor cocktail Roche Applied
Science) and sonicated to lyse cells and shear DNA using a
Bioruptor (Diagenode). Samples were sonicated until the DNA
fragment size was ~250 bp as determined by extracting the
DNA from 50 ul and running on a 2% agarose gel. Once
sheared, 100 ul was removed as the input control, and the rest
of the sample was split in two. Anti-LexA antibody was added to
one aliquot, and the other was a no antibody mock control; the
samples were incubated overnight at 4 °C. Immunoprecipita-
tion was performed using Dynabeads M280 sheep anti-rabbit
IgG-conjugated magnetic beads (Invitrogen). Dynabeads and
antibody/extract samples were mixed for 90 min at 4 °C; the
beads were washed twice with IP buffer, once with IP buffer
with 500 mm NaCl, once with wash buffer III (10 mm Tris-HCI,
pH 8.0; 250 mm LiCl; 1 mm EDTA; 0.5% Nonidet P-40; 0.5%
sodium deoxycholate), and once in Tris-EDTA buffer, pH 7.5.
Elution and DNA extraction were then performed using IPURE
DNA extraction kit (Diagenode). Samples were used directly in
qPCR or whole genome sequencing or stored at —20 °C until
required.

Library Preparation and DNA Sequencing—Concentrations
of DNA samples were measured using Qubit HS DNA kit
(Invitrogen). ChIP-enriched or input DNA was prepared for
sequencing using ChIP-seq DNA sample preparation kit
(Illumina). The quality of the prepared library was assessed
using an Agilent BioAnalyzer 2100 (Agilent Technologies)
before sequencing using an Illumina GA IIx platform
(Illumina).

High Throughput Sequencing Analysis of Protein Binding
Regions—Sequences were mapped to M. tuberculosis H37Rv
genome using Bowtie 0.12.7 (17) allowing for one mismatch
and removing any sequence that did not map uniquely.
Sequences were further analyzed using SAMtools (18) and
BEDtools (19) to create genome coverage plots, and statistical
analysis was performed using R version 2.13.2. For each base
position, the number of reads that mapped to that position was
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calculated, then normalized to the total number of mapped
reads X 10 million, followed by subtraction of the input con-
trols. Genome coverage plots were visualized and binding peaks
determined using Artemis Genome Browser (20). The cutoff
value to determine binding peaks was calculated from the num-
ber of reads per base as the mean + 2.5 S.D. A binding peak was
defined as any region where the normalized number of reads
went above this value for over 50 bases. In addition, binding
peaks were also determined using BayesPeak (21, 22). Nucleo-
tide sequences of peaks were analyzed using Multiple Expecta-
tion Maximization for Motif Elicitation (MEME) to give posi-
tion weight matrices of potential binding motifs (23). Other
occurrences of the MEME-derived motif in the M. tuberculosis
H37Rv genome were determined using Find Individual Motif
Occurrences (FIMO)? (24).

RNA Isolation and ¢cDNA Synthesis—RNA was prepared
from mycobacteria using the FastRNA Pro Blue kit (Qbiogene).
Contaminating DNA was removed using TURBO DNA-free kit
(Ambion). RNA quality was determined using an Agilent Bio-
Analyzer 2100 (Agilent Technologies). cDNA synthesis was
performed using Superscript III (Invitrogen) and random hex-
amer primers.

Quantitative PCR—Real time quantitative PCR was carried
out using Fast SYBR Green master mix (Applied Biosystems) on
an Applied Biosystems 7500 Fast instrument and analyzed with
7500 Fast SDS software version 1.4. Gene-specific primers
(supplemental Table S2) were designed using Primer Express
version 3.0 (Applied Biosystems). For each gene, cDNA sam-
ples (and their RT negative controls) or DNA extracts were run
along with a set of genomic DNA standards to give a quantity of
specific cDONA/DNA per sample. For quantitative RT-PCR, val-
ues for the RT negative controls were subtracted, followed by
normalization to the corresponding value of the housekeeping
genes rrs, encoding 16 S rRNA, or sigA to give relative expres-
sion level.

Transcriptional Start Site Mapping—Transcriptional start
sites were mapped using the GeneRacer kit (Invitrogen) for
RNA ligase-mediated rapid amplification of 5 cDNA ends or
5'-rapid amplification of cDNA ends version 2 (Invitrogen)
along with gene-specific primers (supplemental Table S2).
Amplified cDNA ends were cloned into pCR 4-TOPO (Invitro-
gen) for sequencing.

Northern Blot—Northern blot analysis was performed as in
Ref. 25. Briefly, total RNA was separated on 8% denaturing
acrylamide gels and electroblotted onto Brightstar membranes
(Ambion). Riboprobes were made as in Ref. 25 using the mir-
Vana probe construction kit (Ambion), [**P]JUTP (PerkinElmer
Life Sciences), and the primer MTS2823 probe (supplemental
Table S2). Membranes were incubated overnight with probes in
Ultrahyb and exposed to phosphorimaging after washing.
Transcript sizes were compared with RNA marker low (20 —500
nucleotides, Abnova).

3 The abbreviations used are: FIMO, find individual motif occurrences; MEME,
maximization for motif elicitation.

22006 JOURNAL OF BIOLOGICAL CHEMISTRY

RESULTS

Chromatin Immunoprecipitation Analysis of LexA Binding
Regions

A previous computational search of the M. tuberculosis
genome for the LexA binding consensus sequence TCGAAC-
(N,)GTTCGA identified 24 potential LexA-binding sites with
zero or one mismatch (9), although only 15 of these were
thought to be able to bind LexA. To clarify LexA binding
regions in vivo, ChIP experiments were performed. As LexA is a
transcriptional repressor that binds to DNA during normal
growth of wild-type M. tuberculosis strain H37Rv, cross-linking
was performed at mid-log phase (A,, ~0.4), followed by lysis,
DNA shearing, and immunoprecipitation using anti-LexA anti-
body and then purification of DNA fragments. Quantitative
PCR was performed to confirm that known LexA binding
regions were enriched in the immunoprecipitated DNA sam-
ples using primers that amplified the SOS boxes of Rv3074,
Rv3776, and dnaE?2, in contrast to the control primers located
within the coding regions of sigA and dnaE2, which showed no
enrichment (supplemental Fig. S1). High throughput sequenc-
ing was then performed on three independent replicates, using
the input as a control. For each sample we obtained 17-43
million reads of 39 bp that could be mapped to the M. tubercu-
losis H37Rv genome. Approximately 2% of the genome con-
tained no mapped reads due to the inability to map reads that
aligned more than once. The number of reads per nucleotide
position was normalized to the total number of mapped reads
(see supplemental Fig. S2 for individual genome coverage
plots). The coverage across the genome in the input control
gave little variation with some exceptions, in particular the
entire ribosomal RNA operon, consisting of rrs, rrl, and rrf
encoding 16 S rRNA, 23 S rRNA and 5 S rRNA, respectively,
was above background with an average of 213.8 = 59.07 reads
per base, and maximum of 588.7. Therefore, to correct for this,
each immunoprecipitated sample was compared with its input
control. To ensure correct detection of binding peaks, two differ-
ent peak-calling methods were used. The first method is based on
peak height. The genome coverage maps containing the normal-
ized number of reads per nucleotide position for the input was
subtracted from the immunoprecipitated sample and then the
cutoff for binding was calculated as the means + 2.5 S.D. for each
replicate. LexA DNA binding regions were identified as any peak
where the normalized number of reads went above this value for
over 50 bases. The second method, BayesPeak, calculates the prob-
ability of peaks using a Hidden Markov model and also takes into
account the orientation of reads (21, 22). This gives a posterior
probability (PP) score for each peak, with values closer to one being
highly probable specific peaks (details of peaks identified in each
replicate are in supplemental Table 3). LexA binding peaks were
then defined as any peak occurring in at least two replicates by
height cutoff and one replicate by BayesPeak. This gave 25 individ-
ual LexA binding peaks, which were ranked according to their
average peak height (Table 1 and Fig. 1B). The average peak height
gives an indication of the strength of binding or binding in a higher
proportion of cells.

The LexA binding peaks identified here correspond to all 15
SOS boxes originally predicted to bind LexA, one site containing
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TABLE 1
LexA binding regions identified by ChIP-seq
SOS motif DNA damage
Peak no.” Coordinates” Length Score® pPP? Regulated gene® mismatches” induction®
1 3811492-3811767 275 1043.43 1.00000 Rv3395¢ 1 RecA dep.
2 606414—606533 145 904.10 0.99998 Rv0515 1 RecA dep.
3 4221005-4221184 180 750.71 1.00000 Rv3776 0 RecA dep.
4 400043-400176 133 712.58 1.00000 Rv0336 1 RecA dep.
5 3784705-3784908 203 662.63 1.00000 Rv3370c (dnaE2) 0 RecA dep.
6 3640223-3640410 187 582.17 1.00000 Rv3260c (whib2) 1 RecA dep. (negative)”
7 3031660-3031838 178 555.65 1.00000 Rv2720 (lexA) 1 RecA dep.
8 1552433-1552634 201 524.12 1.00000 Rv1378c 0 RecA dep.
9 3436693-3436862 168 512.89 1.00000 Rv3074 0 RecA dep.
10 3051452-3051646 194 497.64 1.00000 Rv2737c (recA) 1 RecA par.
11 1928504—-1928710 206 360.23 1.00000 Rv1702c 1 RecA dep.
12 1117075-1117251 175 356.95 0.99999 Rv1000c 1 RecA dep.
13 1178795-1178934 139 346.42 1.00000 Rv1057 2 Positive”
14 3031533-3031633 100 343.3 0.72267 Rv2719c 2,2,3 RecA par.
15 1547104-1547230 126 315.41 0.87757 MTS1082 2 None'
16 2358446-2358578 132 310.47 0.99891 Rv2100 1 RecA par.
17 79429-79535 106 280.49 0.99929 Rv0071 1 RecA dep.
18 2925356-2925457 101 260.48 0.99911 Rv2594c (ruvC) 1 RecA par.
19 105113-105205 91 213.99 0.35445 Rv0095¢ 3 RecA par.
20 2903479-2903605 126 197.87 0.99754 Rv2578¢/Rv2579 (dhaA) 1 RecA dep.
21 1789838-1789976 138 195.42 0.13059 Rv1588c 3 RecA par.
22 2833811-2833900 89 188.50 0.20288 Rv2517c 3 Not known
23 4100757-4100877 121 185.50 0.99993 MTS2823 None'
24 2925113-2925226 113 181.51 0.17685 Rv2593c (ruvA) 2 RecA dep.
25 1179233-1179323 96 158.83 0.73687 Rv1057 Positive

“ Identified LexA binding peaks; only peaks that occurred in at least two replicates by height cutoff analysis and confirmed by BayesPeak are included and are ranked by
score. LexA binding regions not previously identified or thought to be functional are shown in boldface.

? Peak start and end genome coordinates were averaged across replicates.
¢ Average height for whole peak region, averaged across replicates.

4 PP means posterior enrichment probability calculated using BayesPeak, where PP = 1 shows positive peak and PP = 0 shows no enrichment (21, 22). PP value was averaged

across replicates.

¢ LexA-regulated gene; if binding peak was between divergent genes, then DNA damage induction was taken into account.
/The number of mismatches to SOS consensus identified within the LexA binding peak (see Fig. 1, C and D).
€ Unless indicated, DNA damage induction was described in Ref. 7. dep indicates induction RecA-dependent; and par. indicates induction partially RecA-dependent.

" Induction is shown in Fig. 3.
‘Induction is shown in Fig, 4.

three SOS boxes with more than one mismatches to the consen-
sus, which has also been shown to bind LexA, and nine novel bind-
ing sites (9, 26). No LexA binding peaks were detected in the pro-
moter regions of three genes (Rv0516¢, Rv1376, and Rv3393)
whose DNA damage induction was found to be dependent on
RecA but were not associated with identifiable SOS boxes (7), con-
firming that these genes are not LexA-regulated.

DNA sequences contained within each peak were then ana-
lyzed using Motif-based sequence analysis tool, MEME-ChIP
(23). This identified a potential DNA-binding motif for LexA
with high statistical significance (E-value 6.8 X 10~ %, see Fig.
1C), which matched the previously defined SOS box (9) with
some additional bases. This motif was found in 21 of the peaks
with one peak (peak 14) containing three motifs (labeled a, b
and ¢, Fig. 1D and Table 1). The position-specific probability
matrix for the MEME-identified binding motif was used to
identify occurrences in the M. tuberculosis H37Rv genome
using FIMO (24). This identified SOS motifs overlapping two
further binding peaks (peaks 19 and 21). Peak 21 (associated
with Rv1588c) is located next to a region of no sequence align-
ment, which may have caused the peak to be slightly off center
compared with the actual binding site, as fewer sequences were
able to align on one side. Peak 19, associated with Rv0095c, is
adjacent to a potential second peak not confirmed by BayesPeak
(supplemental Table 3), and so these two peaks may represent
one binding site. Both of these genes (Rv1588c and Rv0095¢) are
highly similar, and the SOS motifs are identical, which may
also cause lower levels of alignment across these regions. No

JUNE 22,2012 +VOLUME 287+NUMBER 26

identifiable SOS box could be found in the remaining two
LexA binding peaks. FIMO analysis identified a further 15
occurrences of the LexA-binding motif throughout the M.
tuberculosis genome (p value < 0.000001). This included two
occurrences where potential binding sites were found by the
initial height-based peak detection but was not confirmed by
BayesPeak. These are located in the promoter regions of rbsK
and dnaB, which are know to be induced by DNA damage par-
tially dependent on RecA (7) and so may represent false nega-
tives and be weaker LexA-binding sites. The 13 other motif
occurrences had no evidence of LexA binding, and all of these
were located in intragenic regions. Interestingly, of the eight
SOS box consensus sequences identified containing one mis-
match that were thought unlikely to bind LexA (9), only one
(peak number 6 located between whiB2 and fbiA, average
height 582.2, posterior probability (PP) value 1) was identified
using FIMO, indicating that the modified SOS motif is a much
more accurate predictor of LexA binding.

Analysis of LexA-binding Sites

Sites Associated with DNA Damage-inducible Genes—Of the
25 identified LexA DNA binding peaks, 16 were previously
identified as containing SOS boxes thought to be functional (9,
26) (peaks 1-5, 7-12, 14, 16 -18, and 20). A further three are
associated with genes known to be DNA damage-inducible
wholly or partially dependent on RecA (7) (peaks 19, 21, and
24). They were associated with SOS boxes containing more
mismatches to the consensus (two or three compared with zero
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C D
Motif 1 TCGAACH--ficTTCGA--
SOS_box TCGAAC----GTTCGA--

GTTCGATT
GTTCGAGA

TTCGATA
TT TGATT
TTCGAAT
TTCGATA
TTCGATT
TTCGAAT
TTCGAAG
TTCGAGA
#3 TCGAACGTAEGTTCGAGA
$17 TCGAACTC. TTCGAAT
$12 TCGAACGRAABGTGCGATA
#18 CCGAACEATCGTTCGATA
#20 TCGAACEACCGTTCTATA
$22 TCGCT TTCGAAT
$14a CCGAACAT TEGATCGAAG
$14b TCGAACACARGAGTGACT
#14c TCGAACHACGCGAGCGATT
#24 GAGAACECCCGTTCGATA
15 ACGAAAGTCEGTTCGAAG
#19 TCGCTzIC TTCGAAT
$21 TCGCTAHC. TTCGAAT

FIGURE 1. Overview of ChIP-seq results. A, box-plot showing average num-
ber of reads per base; dotted line indicates mean + 2.5 S.D. used as cutoff for
peak calling. B, genome coverage plot of number of reads per base normal-
ized to the total number of reads then normalized to the input control; peak
numbers as in Table 1; average plot from three independent replicates. C,
motif generated from MEME analysis on peak DNA sequences. D, alignment
of motifs in different peaks with MEME-generated motif (motif_1) and previ-
ously defined SOS consensus sequence (SOS_box) (9); dark gray shows iden-
tity to motif_1; light gray shows identity to both motif_1 and SOS_box.

or one). Interestingly, one of these potential LexA binding
peaks was identified within the coding region of ruvC (peak 24),
as well as the previously identified SOS box located within the
ruvC promoter (peak 18). This second peak ( peak 24) contains
an SOS box with two mismatches to the consensus sequence
(Fig. 1D), and it may indicate more stringent regulation of the
two downstream genes in the operon, ruvA and ruvB, the
expression of both of which is dependent on RecA, whereas
ruvC shows only limited RecA dependence (7, 27). The diver-
gent genes lexA and Rv2719c¢ contain two separate LexA bind-
ing peaks (peaks 7 and 14, respectively). This region contains
four potential SOS boxes, only one of which was shown to reg-
ulate LexA, and this is located within peak 7. The other three,
located within peak 14 (Fig. 1D), regulate Rv2719c, although the
majority of its induction is thought to be due to the RecA non-
dependent promoter, RecA_NDp (5, 26, 28).

Of the LexA binding peaks, six were found to be associated
with genes belonging to the 13E12 family, including Rv0515,
Rv0336, Rv1702¢, Rv2100, Rv1588c, and Rv0095¢ (peaks 2,4, 11,
16, 21, and 19, respectively). This family includes other genes/
operons such as Rv1128c, Rv1148c, Rv1945, and Rv3466, all of
which have been shown to be induced by DNA damage and
contain the RecA_NDp (7, 11). Potential SOS boxes could be
identified in all four of these other operons with either two or
three mismatches to the consensus, but for three of these
regions LexA binding could not be determined as the genome
coverage plots did not align over the potential SOS boxes
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because of the repeated DNA sequences within the genes. How-
ever, these SOS boxes were also not identified by FIMO using
the modified SOS motif so are unlikely to represent true bind-
ing sites for LexA.

Sites Located within Annotated Coding Sequences of DNA
Damage-inducible Genes—The LexA-binding sites associated
with Rv1378¢, Rv3074, and Rv2100 (peaks 8, 9, and 16) were
found to be within the annotated coding sequences and so were
analyzed further, along with Rv3395¢, which gave the highest
ranking peak, and RvI000c (peak 12) that was previously mis-
annotated as being on the forward strand (29, 30). Therefore,
we constructed transcriptional fusions to the reporter gene
lacZ with DNA fragments that included the upstream regions
of these genes and extended sufficiently far into the coding
sequences to include the SOS boxes. We then introduced base
changes into the SOS boxes by site-directed mutagenesis at the
+/— four position in the consensus repeat (changing the T/A to
C/G), which are known to prevent LexA binding (9). Following
introduction of the constructs into M. tuberculosis, the expres-
sion levels directed by the various inserts with and without
DNA damage were determined by assaying the resulting 3-ga-
lactosidase activity. In each case, the wild-type promoter
sequence exhibited DNA damage-inducible expression on the
reporter gene (Fig. 2). Where DNA damage induction is known
to be dependent on RecA (Rv3395¢, Rvi378¢, Rv3074, and
Rv1000c (7)), mutation of the SOS box resulted in reporter gene
expression that was no longer increased by exposure to DNA
damage. In fact, the resulting constitutive level of expression
was highly elevated, even relative to the induced level seen with
the wild-type promoter. This indicates that, perhaps unsurpris-
ingly, the level of DNA damage caused by the treatment used
was insufficient to fully inactivate all of the LexA in the cell.
Taken together, these data confirmed that the LexA-binding
sites in question were required for DNA damage regulation.

DNA damage induction of Rv2100 is partially dependent on
RecA and has two potential SOS boxes each with one mismatch
to the consensus, one located 16 bp downstream of the anno-
tated start site (box 2) and the other 106 bp downstream (box 1).
ChIP-seq analysis revealed the LexA binding peak only covered
box 1, and only box 1 was detected by FIMO analysis using the
modified SOS motif from MEME analysis of LexA binding
peaks. So box 2 is unlikely to be functional. Mutation of each
SOS box individually in the lacZ reporter promoter fusion vec-
tor for Rv2100 resulted in reporter gene expression that could
still be induced by DNA damage, as the promoter could still be
regulated by the RecA-independent mechanism. However,
mutation of box 1 but not box 2 resulted in higher expression
levels for both uninduced and induced cultures, and the unin-
duced level was essentially the same as the wild-type promoter
after induction (Fig. 2E). Mutation of both boxes 1 and 2
resulted in activity similar to mutation of box 1 only (data not
shown). Therefore, LexA binds to box 1 of Rv2100, and box 2 is
not functional.

Next, we mapped the transcriptional start sites of Rv3395c,
Rv1378¢, Rv3074, Rv1000c, and Rv2100 by 5'-rapid amplifica-
tion of cDNA ends. The transcriptional start site for Rv3395¢
was found to be 7 bp upstream of the annotated start codon,
within the SOS box (Fig. 24). Transcription of Rvi378¢ was
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FIGURE 2. LexA-dependent DNA damage induction of Rv3395c (A),
Rv1378c (B), Rv3074 (C), Rv1000c (D), and Rv2100 (E). For each gene, the
localized genome coverage plot, B-galactosidase activity of promoter fusion
constructs, and DNA sequence of promoter region are shown. Genome cov-
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shown to start 138 bp downstream of the annotated start site,
indicating the annotated translational start codon to be incor-
rect. Translation most likely starts at the same site as the tran-
scriptional start site, within the SOS box (Fig. 2B). Transcrip-
tion of Rv3074 starts 15 bp downstream from the annotated
translational start, indicating translation most likely starts at
the next GTG codon, 123 bp from the annotated start (Fig. 2C).
The transcriptional start site of RvZ000c was shown to be 21 bp
downstream of the annotated start codon and coincides with a
GTG, the probable actual start codon (Fig. 2D). Transcriptional
start site mapping of Rv2100 showed that the transcription
starts 248 bp downstream of the annotated translational start
codon, within the functional SOS box (Fig. 2E). It is likely that
translation also starts at this site. Therefore, in each case the
SOS box is actually located upstream of the coding region or at
the translated start site of the gene.

Sites Associated with Genes Not Linked with DNA Damage
Induction—Six of the LexA binding peaks were found to be
associated with genes not known to be induced by DNA-dam-
aging agents (peaks 6, 13, 15, 22, 23, and 25). The peak located
between whiB2 and fbiA (peak 6), was previously shown to con-
tain an SOS box with one mismatch to the consensus sequence
but was not thought to be functional (9); however, it is the sixth
highest ranking LexA-binding peak. Two LexA-binding peaks
(peaks 13 and 25) were found to be associated with Rv1057, but
only one of these (peak 13) contains an identifiable SOS box.
This SOS box is located 520 bp upstream of the start codon of
Rv1057; the intervening region contains sequences associated
with DNA bending (31), suggesting that it is possible that the
smaller downstream peak 25 does not represent direct binding
of LexA but indirect association from the SOS box of peak 13.

To determine whether LexA regulates the expression of
these three genes, induction by the DNA-damaging agent mito-
mycin C was assessed in both wild-type M. tuberculosis strain
1424 and a ArecA mutant, in which autocatalytic cleavage of
LexA following DNA damage does not occur. Expression of the
RecA/LexA-dependent Rv3074 and RecA/LexA-independent
uvrA was determined as the control; uvrA shows induction by
mitomycin C in both strains, and expression of Rv3074 in the
ArecA strain is equivalent to the uninduced wild-type expres-
sion regardless of treatment (Fig. 3A). Expression of fbiA
showed a slight induction by mitomycin C in the ArecA strain
but no induction in the wild-type strain; in contrast, expression
of whiB2 was reduced after exposure to mitomycin C in the
wild-type strain only and was higher in the ArecA strain than in
the wild type (Fig. 3B). This indicates that peak 6 regulates

erage plots normalized to the total number of reads for individual peaks show
location relative to annotated coding regions. Black line indicates immuno-
precipitated sample; dark gray line indicates input control; number in upper
right corner of each plot represents the scale; plots are the average of three
independent replicates. For B-galactosidase activity of transcriptional lacZ
fusion constructs of either the wild-type promoter sequence (WT pr) or pro-
moters containing mutations of the SOS box (ASOS) expressed in M. tubercu-
losis H37Rv, induction is for 24 h with 0.2 g ml™~ " mitomycin C; data represent
mean * S.D. from at least three replicates statistical significance is by two-
tailed t test (p values: *, <0.1; **, <0.01; and ***, <0.001). Promoter DNA
sequences show positions of the experimentally determined transcriptional
start sites in a box; the most probable translational start site is in shaded
capital letters; the annotated translational start site if different is shown in
shaded boldface; and the location of the SOS box underlined.
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FIGURE 3. DNA damage induction in wild-type (WT) and ArecA strains of
Rv3074 and uvrA (A), whiB2 and fbiA (B), and Rv1057 (C). For each relative
expression, levels are shown, and the localized genome coverage plots are
shown for Band C. Genome coverage plots normalized to the total number of
reads for individual peaks show location relative to annotated coding
regions; black line indicates immunoprecipitated sample; dark gray line indi-
cates input control; number in upper right corner of each plot represents the
scale, and plots show average of three independent replicates. Relative
expression shows RNA levels normalized to 16 S rRNA of each gene in either
the wild-type (WT) or ArecA strains; induction is 24 h with 0.02 ug ml~" mito-
mycin C; data represents mean = S.D. from at least three replicates, and sta-
tistical significance was by two-tailed t test (p values: *, <0.1; **, <0.01; and
**¥% <0.001).

whiB2 rather than fbiA and also that in this case LexA acts as an
activator; the increased expression in the ArecA strain indicates
that even without induction some of the RecA in the wild-type
strain is active. Expression of Rv1057 showed a slight but sig-
nificant induction by mitomycin C; however, expression in the
ArecA strain remained inducible and was higher than in the
wild-type (Fig. 3C), indicating that regulation of Rv1057 is more
complex.

Binding Peaks Associated with Small RNAs—LexA binding
peaks not found to be regulating the nearest annotated protein-
encoded gene could instead be regulating a previously unanno-
tated gene. This is possibly the case for peaks 15 and 23 that are
located within recently identified small RNAs (32). Peak 15 is
located within MTS1082, encoded opposite Rv1374c, which is
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FIGURE 4. DNA damage induction in potentially LexA-regulated small RNAs
MTS1082 (A) and MTS2823 (B) is shown. For each small RNA, the localized
genome coverage plot and relative expression levels are shown. Genome
coverage plots normalized to the total number of reads for individual peaks
show location relative to the small RNA encoding gene; black line indicates
immunoprecipitated sample; dark gray line indicates input control; numberin
upper right corner of each plot represents the scale, and plots average the
three independent replicates. Relative expression shows RNA levels normal-
ized to 16 S rRNA of each gene in either the wild-type (WT) or ArecA strains in
strain 1424 for MTS1082 (A), or wild-type 1424 and H37Rv, and ArecA strains
for MTS2823 (B). Induction is 24 h with 0.02 ug ml~" mitomycin C; data rep-
resentmean = S.D. from at least three replicates, and statistical significance is
shown by two-tailed t test (p values: *, <0.1; **, <0.01, and **¥*, <0.001). C,
Northern blot analysis showing the presence of MTS2823 in wild-type 1424,
H37Rv, and ArecA with and without addition of mitomycin C (MitC), and level
of 5 S RNA in each sample is shown as a control.

thought not to be expressed (32). Expression of MTS1082
showed no significant differences following mitomycin C expo-
sure in wild-type M. tuberculosis 1424 or in ArecA according to
quantitative RT-PCR (Fig. 4A4). Similarly, there was no signifi-
cant increase in expression of MTS2823, associated with peak
23, after mitomycin C exposure in wild-type 1424 or in ArecA
(Fig. 4B). However, both the basal and induced levels of
MTS2823 were higher in ArecA (Fig. 4B). We also compared
induction by mitomycin C in 1424 and H37Rv by quantitative
PCR. Expression of MTS2823 was lower in H37Rv compared
with 1424. Although no induction by mitomycin C was
observed in 1424, a slight, but not significant, increase in
expression was seen in H37Rv. Northern blot confirmed the
higher level of expression in 1424 compared with H37Rv (Fig.
4C). The binding peak located at MTS2823 does not contain an
identifiable SOS box, and so LexA binding is likely occurring via
another unidentified factor.
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DISCUSSION

For mycobacteria, the majority of DNA damage-inducible
genes, including many genes known to be involved in DNA
repair, are not controlled by LexA and instead are controlled by
a RecA-independent mechanism controlled by ClpR (7, 12).
Previous identification of the LexA consensus binding
sequence identified 15 apparently functional binding sites con-
taining up to one mismatch. A further 351 sites in the M. tuber-
culosis genome contain two mismatches, and three functional
SOS boxes have been identified that regulate Rv2719¢, which
contain two and three mismatches, and so there are many more
potential LexA-binding sites (9, 26). To determine LexA-bind-
ing sites in vivo, we performed ChIP-seq experiments, which
identified 25 LexA-binding sites throughout the M. tuberculo-
sis genome, including all 16 previously known. Of these 25
binding sites, we found that all but two shared a common motif,
which matched the previously defined SOS box (9). The com-
mon motif identified in this study was longer than that origi-
nally defined, showing that some of the surrounding nucleo-
tides, although less critical in transcription reporter assays, are
highly conserved. LexA is able to bind to sites with up to three
mismatches to the original consensus and with mismatches not
previously thought to be tolerated, which may indicate interac-
tion with other factors.

Of the nine novel binding sites identified in this study, one
was previously recognized but not thought to be functional due
to the position of the single mismatch to the consensus, coupled
with the lack of induction of the associated genes (peak 6,
whiB2) (9). In this study, we now show that LexA does in fact
bind to this region and positively regulates expression of whiB2.
Although LexA generally acts as a transcriptional repressor,
activation of gene expression by LexA has been reported previ-
ously. In Corynebacterium glutamicum, three SOS boxes were
found to activate expression of four genes; in the cyanobacte-
rium Synechocystis sp. PCC 6803 LexA positively regulates the
hox operon, and in Rhodobacter sphaeroides positive or nega-
tive regulation of recA was shown to correlate with LexA abun-
dance (34-36).

Of the remaining novel binding sites, four were associated
with DNA damage-inducible genes and contained identifiable
SOS boxes (peaks 13, 19, 21, and 24, regulating Rv1057,
Rv0095¢, Rv1588¢, and ruvA/B, respectively); one was associ-
ated with DNA damage induction with no SOS box (peak 25
also regulating Rv1057), and three were associated with genes
thatare not known to be induced by DNA damage (peaks 15, 22,
and 23 associated with MTS1082, Rv2517¢, and MTS2823).

Peaks 25 and 23 do not contain any identifiable binding con-
sensus for LexA. Binding without a consensus sequence has
been shown to occur with other transcription factors. Examples
include fumarate and nitrate reductase regulator (FNR) of
E. coli in which 10 of the 63 identified binding sites had no
identifiable binding consensus (37). Furthermore, with E. coli
LexA, 19 novel sites lacking a consensus binding site were iden-
tified, and these sites were associated with genes that did not
show DNA damage induction (38). Computer-generated anal-
ysis of the region upstream of Rv1057 predicted that it contains
regions of DNA curvature (31). Our evidence agrees with this as
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two LexA-binding sites were identified within this region with
only the more distal one (located 520 bp from the start codon,
immediately upstream of the regions of DNA curvature) con-
taining the SOS box. It is likely that the smaller second peak
(which overlaps the transcriptional start site for Rv1057) is
where LexA binding to the SOS box located at the larger peak
bends around and comes into contact with the DNA. Positive
regulation of the hox operon in the cyanobacterium Syn-
echocystis was due to LexA binding 600 —700 bp upstream of the
translational start site, and this was also assumed to be medi-
ated via DNA looping (36).

Binding without apparent regulation has been shown for
E. coli transcription factors such as LexA, RutR, PurR, and
FNRs, where binding sites have been identified with no associ-
ated effects on the transcriptome (37—40). Also, 60% of the
identified binding sites for the alternative o factor, SigF, of M.
tuberculosis were not linked with effects on transcription (41).
Here, five LexA binding peaks were identified with genes that
are not DNA damage-inducible or the induction remained in a
RecA mutant strain, in which the LexA repression should not
be able to be lifted. Regulation of these genes could involve
multiple factors so that removal of LexA repression alone is
insufficient for induction or that LexA remains bound to these
specific promoters under the conditions tested. Alternatively,
such binding sites could regulate genes located distant to the
binding site on the chromosome but physically located closer
due to folding of the DNA or could regulate previously unan-
notated genes or small RNAs. One such FNR-binding site was
subsequently found to regulate a small RNA (37, 42). Also, a
SigF binding peak was found to be associated with the small
RNA F6 (25, 41). Recent analysis of the transcriptome of M.
tuberculosis identified a number of previously unannotated
transcripts, many of which represent small RNAs, including
MTS1082 and MTS2823 which are both associated with LexA-
binding sites (32). In addition, LexA was shown to bind
upstream of Rv1057, which showed some DNA damage induc-
tion in wild-type M. tuberculosis. However in a recA mutant,
this induction still occurred indicating that its regulation is
more complex. This gene is induced by envelope stress and
regulated by two different two-component regulatory systems,
MprAB and TrcRS (31, 43). Alternatively, this LexA-binding
site, due to being located distant from the start codon of
Rv1057, could regulate a different factor. There are no other
annotated genes in the region between Rv1057 and Rv1056 of
M. tuberculosis strain H37Rv; however, it does contain a small
unannotated ORF, which is annotated in the equivalent region
of M. tuberculosis strain CDC1551. This ORF encodes a hypo-
thetical protein that is a member of the 13E12 repeat family;
however, it is not known whether it is expressed (43, 44).

Binding of transcription factors to intragenic regions is also
increasingly being recognized due to ChIP analyses. For exam-
ple, 14 of 20 identified binding sites for RutR were found to be
internal to coding regions (39), and 27 of 67 SigF-binding sites
were also intragenic (41). In this study, we performed transcrip-
tional reporter fusion assays to confirm LexA-dependent DNA
damage induction for five of these sites where either the SOS
box was found to be located internal to the coding sequence or
where the gene was originally misannotated (29, 30). This con-
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firmed the re-annotation of Rv3395¢ and revealed that the
annotated start sites of Rv1378c, Rv3074, Rv1000c, and Rv2100
are incorrect and are most likely located 138, 123, 21, and 248
bp downstream, respectively. Because of the high GC content of
the M. tuberculosis genome and the prevalence of GTG as a
start codon, there are many more start than stop codons, and so
misannotation of coding regions is common, as is also shown
for LexA itself (45). The LexA-binding motif for E. coli was
found to be restricted to promoter regions and to be sufficient
for binding, as artificial insertion of the motif elsewhere on the
genome led to binding (38). This indicates that the E. coli
genome is permissive for transcription factor binding, in con-
trast to eukaryotic genomes where histones prevent inappro-
priate binding outside of promoters. Of the 40 sites identified in
this study that contain the modified LexA-binding motif, 13
showed no evidence of binding LexA, all of which were intra-
genic, indicating that M. tuberculosis LexA binding may be
restricted to promoter regions and that the M. tuberculosis
genome may not be as permissive to transcription factor bind-
ingasthe E. coli genome. Alternatively, LexA may require other
factors for binding to lower affinity motifs, which are not pres-
ent at these 13 sites.

There is very little overlap of LexA-regulated genes between
E. coli and M. tuberculosis, as the majority of genes that are
up-regulated by DNA damage in M. tuberculosis are regulated
independently of LexA/RecA (7, 38). In both species LexA does,
however, regulate itself, recA, dnaE2 (dinB in E. coli), ruvAB,
and imuAB (umuDC in E. coli). DnaE2 is the error-prone «
subunit of DNA polymerase III essential to DNA damage-in-
duced mutagenesis (46), and the Rv3395/4c operon, encoding
ImuA’ and ImuB, forms a complex with DnaE2 (47). The ruv-
CAB operon is involved in recombination repair. In E. coli, this
operon lacks ruvC; interestingly, we show here that in M. tuber-
culosis this operon is regulated by two LexA-binding sites. One
is located within the ruvC promoter, although the RecA_NDp s
responsible for the majority of its regulation (9, 27). The second
LexA-binding site is internal to ruvC and possibly just regulates
ruvAB, whose DNA damage induction is dependent on RecA/
LexA (7). The genes lexA, dnaE2, imuA, and imuB are thought
to represent the evolutionary core regulon of LexA. Bacteria
from many different phyla contain these cassettes in many dif-
ferent combinations, but they are all associated with LexA reg-
ulation (33, 48). For M. tuberculosis, these four genes are
formed from three different transcriptional units, all regulated
by LexA.

Of the other genes regulated by LexA in M. tuberculosis, a
large number are members of the 13E12 repeat family, which
are insertion elements containing phage attachment sites. Only
one of these attachment sites, located within the biotin operon
in H37Rv (starting at Rv1588c), has a phage inserted within it
(49). DNA damage induces phage production, and in many bac-
teria this induction is often linked to the SOS response either
through RecA-dependent cleavage of a repressor protein or
LexA-mediated repression of an anti-repressor (50). In M.
tuberculosis, the majority of the 13E12 family is controlled
directly by LexA, regardless of phage insertion. The SOS
response also regulates genes involved in inhibition of cell divi-
sion, which functions to prevent cell separation before the DNA
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is repaired and replicated (33, 51). M. tuberculosis LexA binds
to the promoters of two genes known to function in cell divi-
sion, negatively regulating Rv2719c, a cell division suppressor
(52), and positively regulating whiB2, shown to be essential for
cell division in M. smegmatis (53).

In addition, this investigation identified LexA-binding sites
associated with genes encoding two recently identified small
RNAs, MTS1082 and MTS2823 (25, 32). MTS1082 is located
on the opposite strand of Rv1374c, annotated as a hypothetical
protein; however, transcriptional profiling revealed that this
OREF is unlikely to be expressed (32). MTS2823 is the most
abundant transcript in M. tuberculosis, apart from the ribo-
somal RNA, and its expression is increased 10-fold in stationary
phase. Overexpression of this small RNA results in a global
down-regulation of gene expression, particularly of genes
involved in energy metabolism (32). Thus, LexA regulation of
this small RNA may have the consequence of diversifying the
effect of LexA. Alternatively, as no SOS box was identified in
this region of enrichment, LexA binding could be an artifact
associated with the high level of transcription at this part of the
chromosome.

In this study we identified the regulon of M. tuberculosis
LexA on a global scale in vivo using ChIP-seq. Most of the iden-
tified LexA-binding sites were associated with identifiable SOS
boxes and were located in the promoters of genes up-regulated
by DNA damage. However, novel binding sites were identified
that were not linked with SOS boxes and associated with genes
that were not induced by DNA damage. Plus in one case LexA
binding was found to result in down-regulation by DNA dam-
age. This highlights that regulation by LexA in M. tuberculosis
is much more complex than previously recognized.
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