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The RecA-dependent DNA damage response pathway (SOS
response) appears to be the major DNA repair mechanism in
most bacteria, but it has been suggested that a RecA-indepen-
dent mechanism is responsible for controlling expression of
most damage-inducible DNA repair genes in Mycobacterium
tuberculosis. The specific reparative responses and molecular
mediators involved in the DNA repair mechanism remain
largely unclear in this pathogen and its related species. In this
study, a mycobacterial ClpR-like regulator, corresponding to
Rv2745c in M. tuberculosis and to Ms2694 in M. smegmatis
mc?155, was found to interact with the promoter regions of mul-
tiple damage-inducible DNA repair genes. Specific binding of
the ClpR-like factor to the conserved RecA-independent pro-
moter RecA-NDp motif was then confirmed using in vitro elec-
trophoretic mobility shift assays as well as in vivo chromatin
immunoprecipitation experiments. The ClpR knock-out exper-
iments, in combination with quantitative real time PCR assays,
demonstrated that the expression of these RecA-independent
genes were significantly down-regulated in the mutant strain of
M. smegmatis in response to a DNA-damaging agent compared
with the wild type strain. Furthermore, the ClpR-like factor was
shown to contribute to mycobacterial genomic stability. These
results enhance our understanding of the function of the ClpR
regulator and the regulatory mechanism of RecA-independent
DNA repair in mycobacteria.

Mycobacterium tuberculosis, the causative agent of tubercu-
losis, infects nearly one-third of the world population and kills
~2 million people annually (1). As an intracellular pathogen,
M. tuberculosis must confront a variety of DNA-damaging
assaults during infection such as antimicrobial reactive oxygen
intermediates and reactive nitrogen intermediates generated by
the host (2). M. tuberculosis has the ability to respond to DNA
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damage and overcome gene mutations for survival, but the
mechanisms of the DNA damage response are not well under-
stood (3).

Two different mechanisms, RecA/LexA-dependent and
RecA-independent, have been described for DNA damage
repair in the SOS response. In most bacteria, the SOS response
depends on the RecA/LexA system and constitutes transcrip-
tional regulation in response to DNA damage (4). In the classi-
cal RecA/LexA-dependent mechanism, RecA coordinates the
expression of reparative genes in response to DNA damage,
whereas LexA is a repressor protein and binds to the SOS boxes
of other promoters to inhibit transcription. The RecA protein
can stimulate LexA autocatalytic cleavage and alleviate the
repression by LexA to increase the expression of DNA repair
genes after DNA damage. Expression of DNA repair genes and
recA are suppressed by the LexA repressor under normal
growth conditions. Following DNA damage, RecA, in conjunc-
tion with LexA, controls the expression of a set of DNA repair
and cell division genes to promote bacterial survival (5).

The majority of inducible DNA repair genes in M. tubercu-
losis show RecA-independent activation (6—8), although the
RecA/LexA-dependent mechanism has also been reported in
this human pathogen (9). Transcription of the M. tuberculosis
recA gene can be activated by two different promoters. Both
transcription pathways are induced by DNA damage but only
one is regulated by the RecA/LexA mechanism (9). This sug-
gests that an unknown RecA-independent mechanism for DNA
damage repair exists in M. tuberculosis. However, little is
known about this RecA-independent mechanism for recA
expression, previously reported only in Acinetobacter calcoace-
ticus (10). Therefore, although RecA-dependent regulation
appears to be a major mechanism for the DNA damage
response in most bacteria, a RecA-independent mechanism
may be responsible for regulating expression of damage-induc-
ible DNA repair genes in the human pathogen M. tuberculosis
(6-9, 11).

Recently, a highly conserved motif was characterized by
bioinformatics within the promoter regions of 47 RecA-inde-
pendent genes in M. tuberculosis (12). The identified motif had
high conservation in two blocks of consensus sequences,
tTGTC(G/A)gtg and TAnnnT, which are similar to 67° recog-
nition elements except that the two motifs in the RecA-inde-
pendent gene promoters are positioned only eight nucleotides
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apart (12). This RecA-independent promoter (RecA-NDp) has
been associated with DNA repair genes in M. tuberculosis and
in many other Actinomycetales (12). However, the transcrip-
tion factor that recognizes the motif remains to be character-
ized in M. tuberculosis and related species.

The clp gene regulator CIgR acts as transcriptional activator
of the clp protease, and orthologs (termed ClpRs) have been
found in all mycobacteria, for example Rv2745c in M. tubercu-
losis, and in some other actinomycetes (13—15). A transcrip-
tome analysis implicated that ClpR not only controls transcrip-
tion of clp protease but also controls genes involved in DNA
repair in Corynebacterium glutamicum (16). Recent studies
have also found that Rv2745c is involved in the regulation of clp
genes in M. tuberculosis (17, 18). However, the correlation
between Rv2745c and its mycobacteria homologs in the expres-
sion of DNA damage-inducible repair genes remains largely
unclear.

An important role for transcriptional regulation during the
infection of M. tuberculosis is suggested by the presence of
genes encoding >140 putative regulatory proteins as well as 13
RNA polymerase o-factors in the M. tuberculosis genome (19,
20). In this study, the ClpR-like regulator Rv2745c of M. tuber-
culosis and Ms2694 in M. smegmatis were shown to bind spe-
cifically to the conserved RecA-NDp motif in mycobacteria.
We show that the regulator could play an essential role in
inducing expression of these DNA repair genes in response to
DNA damage. These findings are the first detailed description
of the RecA/LexA-independent DNA repair mechanism in
mycobacteria.

EXPERIMENTAL PROCEDURES

Strains, Enzymes, Primers and Plasmids—Escherichia coli
DH5a« strains (Stratagene) were used for cloning, whereas
E. coli BL21 (DE3) cells (Novagen) were used as the host strain
to express recombinant proteins. The pBT and pTRG vectors
and E. coli XR host strain were purchased from Stratagene. The
pGEX-4T-1 vector was purchased from GE Healthcare.
Restriction enzymes, T4 ligase, Pyrobest DNA polymerase,
modification enzymes, and all antibiotics were obtained from
TaKaRa Bio, Inc.. All reagents for the one-hybrid assay were
purchased from Stratagene. All PCR primers were synthesized
by Invitrogen (supplemental Table S1). Nickel-nitrilotriacetic
acid-agarose was obtained from Qiagen.

Bacterial One-hybrid Assay—About 150 putative transcrip-
tion regulatory genes were cloned into the pTRG vector. A sub-
genomic library containing 150 putative transcription factor
genes of M. tuberculosis was produced by mixing these recom-
binant plasmids as described previously (21). The promoters of
the M. tuberculosis and M. smegmatis genes were amplified
using their primers (supplemental Table S1) and were then
inserted directly into the Xcml site of pBXcmT. A pair of pBX/
pTRG plasmids was co-transformed into the reporter strain as
anegative control, and its growth was then tested, together with
the self-activation control on the selective medium containing
3-amino-1,2,4-triazole, Kan', Str*, and Chl". Positive growth co-
transformants were selected on a screening medium plate con-
taining 20 mm 3-amino-1,2,4-triazole, 16 pug/ml streptomycin,
15 wg/ml tetracycline, 34 wg/ml chloramphenicol, and 50
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pg/ml kanamycin. The plates were incubated at 30 °C for 3-4
days. CK™ refers to co-transformant containing pRomoter-
Rv2031p and pTRG-Rv3133c as a positive control (21). CK™
refers to co-transformant containing pRomoter-Rv2031p and
pTRG-Rv3133c-deltaC as a negative control (21).

Protein Expression and Purification—Rv2745c, Ms2694, and
their mutant genes were amplified from genomic DNA using
their primers (supplemental Table S1) and were cloned into the
pGEX-4T-1 vector to produce recombinant plasmids (supple-
mental Table S2). E. coli BL21 (DE3) cells transformed with the
recombinant plasmids were grown at 37 °C in 1 liter of LB
medium containing 100 ng/ml ampicillin up to an optical den-
sity of 0.9 at 600 nm. Protein expression was induced at 16 °C
for 20 h by the addition of 1 mm isopropyl 1-thio-B-p-galacto-
pyranoside. Harvested cells were resuspended and sonicated.
The cell lysate was centrifuged at 10,000 X g for 30 min, and the
clear supernatant was loaded on to a GST affinity purification
column. The column-bound protein was washed with PBS
buffer. The protein was then eluted using PBS buffer containing
10 mm reduced glutathione (GSH). The elution was then dia-
lyzed overnight at 4 °C and stored at —80 °C until needed. Puri-
fied proteins were resolved by 12% SDS-PAGE. Protein concen-
tration was detected by the Bradford method.

EMSA—DNA probes for gel shift assays were obtained by
PCR amplification from M. tuberculosis and M. smegmatis
genomic DNA. Amplification products were purified with Bio-
Flux PCR DNA Purification kit (BioFlux). Purified DNA frag-
ments were labeled with [y->*>P]JATP using T4 polynucleotide
kinase (Takara) following the manufacturer’s instructions. **P-
labeled DNA fragments were incubated at room temperature
for 30 min with various amounts of proteins in a total volume of
15 pul of an EMSA butffer consisting of 50 mm Tris-HCI, pH 7.5,
10 mm MgCl,, 1 mm DTT, and 50 mm NaCl. The protein-DNA
mixtures were directly subjected to 5% native PAGE containing
0.5XTris borate-EDTA (TBE) buffer. Electrophoresis was per-
formed at 150 V at 4 °C in an ice-cold bath until bromphenol
blue reached the bottom of the gel. Gels were exposed to a
storage phosphor screen overnight at room temperature. The
images were acquired by Typhoon Scanner (GE Healthcare).

Construction of Ms2694 Deletion Mutant of M. smegmatis
mc*155—Knock-out of the Ms2694 gene from M. smegmatis
mc?155 was performed. A suicide plasmid pMind carrying a
hygromycin resistance gene was constructed, and a sacB gene
was inserted to confer sensitivity to sucrose as a negative selec-
tion marker. The recombinant plasmid pMind2694 was elec-
troporated into M. smegmatis mc*155 and selected on LB
medium containing 100 ug/ml hygromycin and 2% sucrose.
Genomic DNA from allelic-exchange mutants in which the
Ms2694 gene had been deleted was identified by restriction
digestion and confirmed by PCR analysis using primers on each
side of the Ms2694 and the hygromycin gene.

Preparation of Gene Probes and Southern Blot Assays—A
317-bp probe corresponding to the sequence of the Ms2694
upstream genomic fragment of M. smegmatis was obtained by
PCR wusing the primer pair 5-AGGTGCTCGACGCT-
GTCGGT-3' and 5'-GTGGGATGTCTTACCGCAGC-3').
The PCR product was labeled with digoxigenin dUTP (Roche
Applied Science) and was used to detect the size change of the
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Mlul-digested genomic fragment of M. smegmatis before and
after recombination. Total DNA of M. smegmatis or M. smeg-
matis AMs2694 was digested completely using Mlul, and the
resulting fragments were fractionated by agarose gel electro-
phoresis (1%), transferred to a nylon membrane, and hybridized
with the 317-bp probe. Southern blotting and DNA hybridiza-
tion were performed according to the manufacturer’s instruc-
tions (Roche Applied Science).

Scanning Electron Microscopy Observation—AM. smegmatis
cells prepared for SEM observation were grown and harvested
by centrifugation. The bacterial pellets were resuspended and
incubated at 4 °C for 24 h in 2.5% glutaraldehyde solution. The
cells were washed and then dehydrated by sequential 15-min
treatments in 30, 50, 75, 85, 95, and 100% ethanol. The incuba-
tion in 100% ethanol was repeated to ensure complete dehydra-
tion. Samples were dried up to the critical point, sputter-coated
with gold, and observed using a scanning electron microscope
(S570; Hitachi, Tokyo, Japan). The p values of the cell length
data were calculated by unpaired two-tailed Student’s ¢ test
using GraphPad Prism (version 5).

Quantitative Real-time PCR Assay—Isolation of mRNA and
c¢DNA preparation of wild type and AMs2694 M. smegmatis
strains were performed as described previously (22). For real-
time PCR analysis, gene-specific primers (supplemental Table
S1) were used, and first-strand cDNAs were synthesized using a
ReverTra Ace first-strand cDNA synthesis kit (TOYOBO) and
SuperScript II reverse transcriptase (Invitrogen), according to
the manufacturer’s instructions. Each PCR reaction (20 wul)
contained 10 pl of 2X SYBR Green Master Mix Reagent
(Applied Biosystems), 1.0 ul of cDNA samples, and 200 nm
primers. The reactions were performed in a Bio-Rad IQ5 real-
time PCR machine. The thermocycling conditions were 95 °C
for 5 min and 40 cycles at 95 °C for 30s, 60 °C for 30 s,and 72 °C
for 30 s. Amplification specificity was assessed using melting
curve analysis. Relative expression levels were normalized using
sigA as an invariant transcript (internal control), and data were
analyzed using the AAC, method as described previously (23).
The average relative expression levels and S.D. were deter-
mined from three independent experiments. For a positive con-
trol, the total genomic DNA of each strain was used as a tem-
plate to amplify a product. The cDNA of a recombinant strain
containing empty pMind was used as a template for a negative
control.

ChiP Assay—The in vivo interactions between Ms2694 and
the promoters of M. smegmatis DNA repair genes were inves-
tigated by ChIP assays. Exponentially growing M. smegmatis
cells were fixed with 1% formaldehyde at room temperature for
10 min, and the reaction was stopped by adding glycine (final
concentration 0.125 m). Cross-linked cells were harvested and
resuspended in 1 ml of TBSTT (TBS + 0.2% Triton X-100 +
0.05% Tween-20). The sample was sonicated on ice, and the
average DNA fragment size was determined to be ~0.5 kb. A
100-ul sample of the extract was saved as the input fraction.
The remaining 900 ul was then incubated with 10 ul of anti-
bodies against Ms2694 under rotation for 3 h at 4 °C. The com-
plexes were immunoprecipitated with 20 ul 50% protein A-aga-
rose for 1 h under rotation at 4 °C. The immunocomplex was
recovered by centrifugation and resuspended in 100 ul TE (20
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mwm Tris-HCI, pH 7.8, 10 mm EDTA, 0.5% SDS). Cross-linking
was reversed for 6 hat 65 °C. The DNA samples of the input and
ChIP were purified, resuspended in 50 ul TE and analyzed by
PCR. Each experiment was performed in duplicate and
repeated twice. The amplification protocol included one dena-
turation step of 5 min at 95 °C and then 32 cycles of 1 min at
95°C, 1 min at 60 °C, and 1 min at 72 °C.

Estimation of Mutation Frequencies and Rates—The muta-
tion frequency of the streptomycin-resistant gene in the wild
type strain and AMs2694 mutant strain were analyzed accord-
ing to a previously published procedure (24). Briefly, single col-
onies from M. smegmatis strains were used to generate the
inocula, which were grown in Middlebrook 7H9 medium
(Difco) supplemented with 10% (v/v) albumin-dextrose-cata-
lase (Merck), 0.2% glycerol, 0.1% Tween 80 to an optical density
at 600 nm of 1.2~1.5. Cell suspensions of M. smegmatis were
harvested and passed through a sterile filter (5 wm) before dilu-
tion to ensure a single cell suspension. Then, 1 ml of the cul-
tures were plated onto 7H10 solid medium containing strepto-
mycin (50 pg/ml) in triplicate to monitor spontaneous
mutation frequencies. The remaining cultures were diluted to
10~%,and 200 ul of the dilution were plated on 7H10 antibiotic-
free solid medium in triplicate for cfu determination. Mutation
frequencies were calculated as reported previously (24).

Rates of spontaneous mutation of M. smegmatis strains to
streptomycin resistance were determined by Luria-Delbriick
fluctuation analysis (25) using the method described by
Machowski et al. (26) with a little modification. Single colonies
from M. smegmatis wild type strain, Ms2694 deletion strain,
and the Ms2694 deletion strain complemented with a Ms2694
expression plasmid pMindD2694 were used to generate the
inocula, which were grown in Middlebrook 7H9 medium
(Difco) supplemented with 10% (v/v) albumin-dextrose-cata-
lase (Merck), 0.2% glycerol, 0.1% Tween 80 to an optical density
at 600 nm of 1.2~1.5. Additional kanamycin (50 ng/ml) was
added in the medium for the stabilization of pMindD2694 in
the complemented mutant strain. The inocula were diluted to a
cell density of ~10° cfu/ml and 0.5-ml aliquots were grown at
37 °Cin 5-ml culture tubes for 3 days, with shaking at 180 rpm.
To ensure that no pre-existing Str" mutants were present after
expansion from the colonies and dilution to seeding density,
inocula were plated directly onto medium containing strepto-
mycin (12.5 ug/ml). The final number of cells in the culture (N,)
and the observed number of mutant in the same culture (r) were
determined by plating without and with streptomycin, respec-
tively. For determination of r values, the entire contents of a
culture tube were plated on streptomycin supplemented
medium following the removal of a 100-ul aliquot for cfu deter-
mination. For determination of N, values, the 100-ul cultures
were diluted to 10”7 and plated on the 7H10 solid medium
without streptomycin. cfu were scored after 3 days of growth.
Mutation rates were calculated by the method of the median
(27) using the formula: mutation rate = m/N,, where m was
calculated from r via the Lea-Coulson equation: r/m — In(m) —
1.24 = 0 using the web tool FALCOR (Fluctuation Analysis
Calculator) (28). p values of the results were calculated by
unpaired two-tailed Student’s ¢ test using GraphPad Prism
(version 5).
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FIGURE 1. Bacterial one-hybrid and EMSA assays for binding of Rv2745c specifically with the RecA-NDp motif. A, bacterial one-hybrid assays. The
promoter of the M. tuberculosis recA gene containing the RecA-NDp motif was cloned into pBXcmT (21). Rv2745¢ and Ms2694 in M. smegmatis mc®155 were
cloned into pTRG vectors, respectively. The E. coli XL1-Blue MRF’ Kan strain was used for the routine propagation of all pBXcmT and pTRG recombinant
plasmids. A pair of pBXcmT/pTRG plasmids was co-transformed into the reporter strain, and then its growth was tested together with the self-activation
controls on a selective medium containing 3-amino-1,2,4-triazole (3-AT), Kan', Str", and Chl" as described under “Experimental Procedures.” An outline of the
plates is shown in the right panel. Each unit represents the corresponding co-transformant in the plates. The Rv1395 promoter does not contain the RecA-NDp
motif and was used as an additional negative control to confirm the specificity of the binding of Rv2745c or Ms2694 to the RecA-NDp motif. B, DNA substrates
designed for EMSA assays. Four DNA substrates were amplified from M. tuberculosis and M. smegmatis mc?155 genomic DNA. Both substrate S1and S3 contain
the RecA-NDp. S2 and S4 do not contain the conserved motif. Primers for amplifying the DNA substrates and the location of the RecA-NDp motif are indicated.
C, EMSA assays for the binding of Rv2745c with the DNA substrate with or without the RecA-NDp motif. Rv2745c bound to DNA S1, but not DNA S2. Unlabeled
cold DNA substrates were used to compete with the [y->?P]ATP-labeled DNA. GST was used as a negative control. Cold DNA S1, but not S2, could competitively
inhibit the binding of Rv2745c to the labeled DNA substrate S1.

RESULTS
ClpR-like Regulator of M. tuberculosis, Rv2745c¢, Binds Specif-

an unrelated mycobacterial gene promoter cloned in pBX-
Rv1395p that lacked the RecA-NDp motif. In addition, positive

ically to RecA-NDp Motif—To identify the as yet unknown reg-
ulator that binds with the conserved RecA-NDp motif, we first
screened the transcriptional regulator library of M. tuberculosis
(21), focusing on the regulatory sequences of 20 previously
reported genes containing the RecA-NDp motif in their pro-
moter regions (14). Using a one-hybrid technique (21), we iso-
lated a ClpR-like regulator of M. tuberculosis, Rv2745¢c, which
could interact with the regulatory sequences of these genes. As
shown in Fig. 1A, the co-transformants containing pTRG-
Rv2745c/pBX-RecA-NDp grew well on the screening medium.
In contrast, no growth was observed for their self-activated
controls or for the co-transformant with pTRG-Rv2745¢ and
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controls (CK™) also grew well on the medium, whereas negative
controls (CK™) were incapable of growth on the same screening
medium (Fig. 1A4). These results suggested that the selective
system we used worked well and that Rv2745c could interact
with the conserved RecA-NDp motif in M. tuberculosis.

An EMSA assay confirmed the specificity of Rv2745c¢ binding
to the RecA-NDp motif. We designed two DNA substrates, S1
with the conserved motif and S2 without the conserved motif,
and amplified them from M. tuberculosis genomic DNA (Fig.
1B). As shown in Fig. 1C, Rv2745c¢ strongly bound to DNA S1 as
evidence by the protein-DNA complex that appeared on the gel
as the concentration of Rv2745c¢ increased stepwise from 0.4 to
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FIGURE 2.In vivo and in vitro assays for binding of the M. smegmatis Ms2694 with the RecA-NDp motif. A, BLAST search for the conserved RecA-NDp motif
and the DNA repair genes in M. smegmatis. Positions conserved in the sequences of the M. smegmatis genes are shaded. B, EMSA assays for the binding of
Ms2694 with the DNA substrates S3 and S4. Ms2694 bound to DNA S3, but not DNA S4. The unlabeled cold DNA substrates were used to compete with the
[y->?P]ATP-labeled DNA. GST was used as a negative control. Cold DNA S3, but not S4, could competitively inhibit the binding of Ms2694 to the labeled DNA
substrate S3. Free DNA substrate and DNA-protein complex are indicated. C, ChIP assays for the binding of Ms2694 with the RecA-independent promoter motif.
Chromatin immunoprecipitation using preimmune (P) orimmune (/) sera raised against Ms2694. Exponentially growing M. smegmatis cells were fixed with 1%
formaldehyde. Cross-linked cells were resuspended and sonicated on ice. A 100-ul sample of the extract was saved as the input fraction. The remaining 900 ul
was then incubated with 10 ul of antibodies against Ms2694 at 4 °C. The complexes were immunoprecipitated with 20 ul 50% protein A-agarose. The
immunocomplex was recovered by centrifugation and resuspended in 100 ul of TE. Cross-linking was reversed for 6 h at 65 °C. The DNA samples of the input
and ChIP were purified and resuspended in 50 ul of TE. DNA recovered from immunoprecipitates was amplified with primers specific for DNA repair genes or

to an unrelated mycobacterial promoter of Ms5879, which was used as a negative control.

6.4 um (Fig. 1C, left panel). In contrast, no complex was
observed for DNA S2 as the concentration of Rv2745c
increased. In a competition EMSA experiment, the amount of
the Rv2745c¢ protein-DNA S1 complex decreased as more unla-
beled cold DNA S1 (from 20 nm to 200 nMm) was added to the
reactions. This indicated that cold DNA S1 could competitively
inhibit the binding of Rv2745c to the labeled DNA substrate. In
contrast, DNA S2, which did not have the conserved motif, did
not compete with Rv2745c¢ binding to the labeled DNA sub-
strate (Fig. 1C, right panel), strongly suggesting that Rv2745c
could bind specifically to the RecA-NDp motif.

ClpR-like Regulator of M. smegmatis, Ms2694, Interacts with
RecA-NDp Motif Both in Vitro and in Vivo—In the bacterial
one-hybrid assays (Fig. 14), the Rv2745c homolog Ms2694 and
the ClpR-like regulator of M. smegmatis also interacted with
the RecA-NDp motif (Fig. 1A4). In a BLAST search, a conserved
RecA-NDp motif was also found within the regulatory regions
of 49 M. smegmatis genes, of which 15 genes were annotated as
being involved in DNA repair (Fig. 2A). To assay the specificity
of Ms2694 binding, we designed a pair of DNA substrates, S3

SEPTEMBER 9, 2011 «VOLUME 286+NUMBER 36

and S4, and amplified them from M. smegmatis genomic DNA.
The S3 fragment contained the conserved RecA-NDp motif,
whereas S4 did not (Fig. 1B). Similar to Rv2745c, Ms2694 exhib-
ited concentration-dependent DNA binding activity to DNA
S3, but not to DNA S4, in EMSA assays (Fig. 2B). In addition,
cold DNA S3 could competitively inhibit the binding of Ms2694
with the labeled DNA substrate, whereas cold DNA S4 had no
effect on Ms2694 binding (Fig. 2B, right panel).

The physiological significance of the in vitro EMSA assays was
investigated with ChIP experiments. Fifteen DNA repair genes,
including recA (Ms2723), recB (Ms3907), dnaN (Ms0001), ligA
(Ms2362), uvrA (Ms3808), uvrB (Ms3816), dnaE (Ms3178), and
radA (Ms6079), were selected for in vivo DNA-binding assays.
As shown in Fig. 2C, the interaction of Ms2694 with the pro-
moters of these DNA repair genes were validated by the obser-
vations that the specific target DNA could be amplified from
immunoprecipitates pulled down using the Ms2694 antibody
(Fig. 2C). In contrast, the Ms2694 antibody could not immuno-
precipitate the DNA from the promoter region of a negative
control gene (Ms5879) that did not contain the conserved
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FIGURE 3. Construction of the Ms2694 knock-out strain of M. smegmatis and Southern blot assays. A, schematic representation of the recombination
strategy for removing Ms2694 from the genome of M. smegmatis. B, a map of the recombinant vector pMind2694 containing upstream and downstream
sequences of Ms2694 and the gene that confers resistance against hygromycin. C, validation of the Ms2694 knock-out M. smegmatis strain. D, agarose gel
electrophoresis of Mlul-digested genomic DNA products from the Ms2694 knock-out M. smegmatis strain and the wild type strain. £, Southern blot assays. A
317-bp probe corresponding to the sequences of Ms2694 upstream genomic fragment of M. smegmatis was obtained by PCR and was labeled with digoxige-
nin dUTP (Roche Applied Science). The probe was used to detect the size change of the Mlul-digested genomic fragment of M. smegmatis before and after

recombination.

RecA-NDp motif. These results indicate that Ms2694 can inter-
act specifically with the RecA-NDp motif in vivo in
M. smegmatis.

ClpR-like Factor of M. smegmatis Regulates Expression of
RecA-independent Genes in Response to DNA Damage—We
produced a Ms2694-deletion mutant strain of M. smegmatis by
a gene replacement strategy (Fig. 3, A and B) to further examine
the regulation of DNA damage inducible genes by Ms 2694. A
knock-out plasmid containing the up and down regions of the
Ms2694 gene, and the selective hygromycin resistance gene
(Hgr) was constructed and transformed into M. smegmatis. A
AMs2694 strain, in which the Ms2694 gene was deleted (as
confirmed by PCR results) was successfully produced by this
method (Fig. 3C). A 900-bp Hgr gene fragment could be ampli-
fied by PCR from the genomic DNA of the AMs2694 strain but
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not from that of wild type M. smegmatis strain. In contrast, a
339-bp Ms2694 gene fragment could be amplified from the
genomic DNA of wild type M. smegmatis but not from the
AMs2694 strain. A Southern blot assay confirmed this result.
As shown in Fig. 3, D and E, a signal band of ~1.8 kb was
detected (Fig. 3E) using a 317-bp probe from the Mlul-digested
genomic DNA of the mutant M. smegmatis strain. In contrast, a
signal band of only ~1.2 kb was seen in the wild type strain (Fig.
3E). This is consistent with the band sizes expected upon
replacement of the Ms2694 gene with the Hygromycin® gene
and indicated that the Ms2694 gene was successfully deleted in
the mutant strain.

We used SEM to compare the morphological features of wild
type and AMs2694 M. smegmatis. Ms2694 deletion did appear
to alter the surface characteristics and the mutant cells were
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FIGURE 4. Cell growth and gene expression assays in the Ms2694-deficient M. smegmatis strain. A, bacterial morphology. Wild type and mutant M. smeg-
matis cells were prepared for SEM as described under “Experimental Procedures.” Morphological changes of M. smegmatis strains induced by 6 mm H,0, were
visualized by SEM, and images are representative of different fields of bacteria from exponentially growing cultures at 37 °C. Bars, 1 um. B, quantitative
real-time PCR assay for relative expression levels of DNA repair genes in the AMs2694 M. smegmatis strains. The myobacterial cDNA was amplified as described
under “Experimental Procedures.” Relative expression levels of genes were normalized using sigA as an invariant transcript, and a non-RecA-NDp promoter
gene Ms5879 was used as a negative control. Data were analyzed using the AAC; method as described previously (23). As a positive control, the total DNA of
each strain was used as the template for PCR amplification. The cDNA of a recombinant strain containing an empty pMind vector was used as a template in
negative controls. p values of the relative expression data were calculated by unpaired two-tailed Student's t test using GraphPad Prism (version 5).

rough and irregular (Fig. 44 and supplemental Fig. S1). In con-
trast, wild type M. smegmatis cells had a smooth appearance.
Another distinguishing morphological feature for the mutant
M. smegmatis strain in comparison to wild type strain was
increased cell lengths when induced by 6 mm H,O, (Fig. 44).
We calculated lengths of the bacterial cells from representative
fields as visualized by SEM (Table 1). Wild type M. smegmatis
cells had lengths of 4.0 = 1.5 um and deletion of Ms2694
resulted in increased cell lengths of 6.0 = 1.5 wm when induced
by 6 mm H,O, (Table 1). The p values of the cell length data
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TABLE 1

The cell length of wild type and mutant M. smegmatis strains with or
without induction of 6 mm H,0,

The cells were examined by scanning electron microscope, and the sizes of 50
bacteria from each set were measured. The length measurement unit is micrometer
(mum). The statistical significance (p values) of the cell length data was calculated by
unpaired two-tailed Student’s ¢ test using GraphPad Prism (version 5). p values of
the results (indicated by an asterisk) were <0.01.

M. is M. is
M. smegmatis M. smegmatis AMs2694 AMs2694
mc?155 AMs2694 (pMindD2694) (pMind)
No induction 40*1.0 35+05 40=*05 35*05
H,0, induction 40*15 *6.5*+ 1.5 4.5+ 1.0 6.0 £ 1.8
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were calculated and were <0.01. These differences had a statis-
tical significance (Table 1). Transfection of mutant M. smegma-
tis with a pMind plasmid containing the Ms2694 gene
(AMs2694/pMindD2694) restored the wild type growth pat-
tern and morphology to the mutant strain, indicating that the
phenotypic differences between AMs2694 and the wild type
strain were due to loss of Ms2694. In contrast, the empty pMind
plasmid without the Ms2694 gene did not rescue the aberrant
AMs2694 phenotype (Fig. 44).

Relative gene expression levels in response to DNA damage
were measured by quantitative RT-PCR. As shown in Fig. 45,
the expression of most of the tested genes containing the RecA-
NDp motif was significantly down-regulated (p value < 0.01)
after induction by 6 mm H, O, for 3 h in the AMs2694 M. smeg-
matis strains compared with the wild type strain. In contrast,
the expression of the negative control gene Ms5879 was not
significantly different between the two strains. Strikingly, it was
shown that we were able to complement the down-regulation
of RecA-NDp genes in strain AMs2694/pMindD2694 (Fig. 4B)
compared with the wild type strain. This indicated that Ms2694
could be a positive regulator or an inducer of genes regulated by
promoters containing the RecA-NDp motif in response to
DNA damage in M. smegmatis.

ClpR-like Factor of M. smegmatis Regulates Gene Mutation
Frequencies and Rates—The ClpR-like factor of M. smegmatis,
Ms2694, could directly bind to promoter regions of RecA-inde-
pendent genes and positively regulate their expression in
response to DNA damage. This strongly suggested that Ms2694
could regulate gene mutation frequencies in M. smegmatis. To
examine this idea, we compared the gene mutation frequencies
and rates in wild type and AMs2694 M. smegmatis strains. As
shown in Table 2, the AMs2694 strains had a 7-fold higher
streptomycin resistant gene mutation frequency (7.2 = 1 X
107°) compared with wild type M. smegmatis (1.2 = 0.4 X
10™%). When expressing the Ms2694 gene through a pMind in
AMs2694 strain, the recombinant strain of M. smegmatis
AMs2694/pMindD2694 reobtained a similar resistant muta-
tion frequency (0.8 * 0.3 X 10~ °) compared with the wild type
strain (Table 2). The empty pMind plasmid had no effect on
mutation frequency (Table 2). An assay of mutation rates using

TABLE 2

The mutation frequencies of wild-type and mutant M. smegmatis
strains

SM Mutation
Strain frequencyx 10°
M. smegmatis mc*155 1.2+ 04
M. smegmatis AMs2694 72=*1
M. smegmatis AMs2694/pMindD2694 0.8 0.3
M. smegmatisAMs2694/pMind 8.0=*0.7

TABLE 3

a fluctuation experiment obtained a similar result (Table 3, and
supplemental Table S3). p values of the rates were calculated
and only the value for the AMs2694 mutant was <0.05 if com-
pared with wild type (Table 3). Thus, the difference was statis-
tically significant. Ms2694 contributes significantly to genomic
stability in M. smegmatis.

DISCUSSION

Like any organism, the intracellular pathogen M. tuberculo-
sis possesses an inducible DNA repair system that responds to
DNA damage, but unlike many other bacterial species, the
identity of the regulators involved was unclear. In this study, we
identified mycobacterial CIpR (Rv2745c in M. tuberculosis and
Ms2694 in M. smegmatis mc>155) as a regulator that specifi-
cally binds to a conserved RecA-NDp motif both in vivo and in
vitro. Compared with the wild type strain, the expression of
these RecA-independent genes was down-regulated in the
ClpR-deficient M. smegmatis strain in response to a DNA dam-
age agent. These results provide important information for fur-
ther understanding the function of the ClpR regulator and the
regulatory mechanism of RecA/LexA-independent DNA repair
in mycobacteria.

The RecA/LexA-dependent and RecA-independent path-
ways are the two known mechanisms of DNA repair in myco-
bacteria during the SOS response. In contrast to other species,
the majority of inducible DNA repair genes in M. tuberculosis
were found to RecA-independent (6 —8). However, the molec-
ular mechanisms of RecA-independent regulation of DNA
repair genes had not yet been clearly defined in M. tuberculosis
and related species. Using a bioinformatic approach, Gamulin
et al. (12) mapped out a highly conserved RecA-NDp motif
within the promoter regions of 47 RecA-independent genes in
M. tuberculosis. However, aregulator that recognizes and binds
to the conserved RecA-NDp motif within these promoter
regions had not been characterized. In the current study, we
conducted a bacterial one-hybrid assay in combination with
EMSA assays and discovered that Rv2745c in M. tuberculosis
and its M. smegmatis homolog Ms2694 could bind to the RecA-
NDp motif. Furthermore, we demonstrated that the Ms2694 in
M. smegmatis could bind to the promoter region of multiple
DNA damage repair genes in vivo and thus regulate their
expression in response to DNA damage. Our findings are con-
sistent with several recent reports. For example, Rv2745c was
shown to be induced in M. tuberculosis by multiple stress fac-
tors, including diamide stress (29), heat stress (30), SDS stress
(31), hypoxia (32), infecting macrophages (31), vancomycin
(33), and low pH (31). In addition, an anti-mycobacterial drug,
thioridazine, which damages the bacterial cell wall, also
induced Rv2745c expression (34). These reports indicate

Mutation rates of M. smegmatis strains examined by fluctuation experiment

Fluctuation experiment group number Strain No. of cultures N, value® Lea-Coulson m value’ Mutation rate®
1 M. smegmatis mc*155 30 32X10° 9 2.8X107°

2 M. smegmatis AMs2694 30 3.5X10° 13 *3,7X107°

3 M. smegmatis AMs2694/pMindD2694 30 45x10° 11 2.4X107°

“ Final number of cells in the culture.
? Number of mutations per culture.

¢ Probability of mutation per cell per generation. p values of the results were calculated by unpaired two-tailed Student’s ¢ test using GraphPad Prism 5. p value of the re-

sult (indicated by an asterisk) was <0.05.
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that Rv2745c plays an important role in the response to mul-
tiple environmental stress factors. Taken together with these
results, the current observations strongly suggest that
Rv2745c is a broad regulator of reparative genes that can be
induced to activate the expression of DNA repair genes in
response to stressful environmental signals and DNA dam-
age agents in mycobacteria.

Rv2745c homologs have been found in all mycobacteria and
in some other actinomycetes. They are usually called ClgRs and
act as transcriptional activators of clp protease (13-15). An
interesting finding of our work is that Ms2694, the M. smegma-
tis CIpR, regulates genomic stability by affecting gene mutation
frequencies in M. smegmatis. This is consistent with a previous
study in C. glutamicum in which the mRNA levels of the DNA
repair genes recR, recN, and uvrA were found to decrease in a
ClpR mutant strain compared with a wild type strain (16).
Therefore, ClpR could be involved in expression of DNA repair
genes in C. glutamicum although it was first characterized as a
regulator of the clp protease gene (16). Interestingly, Rv2745¢
has also been found to play a role in regulating the c/p genes in
M. tuberculosis (17, 18). However, a recent study found that
expression of the DNA repair genes recA and recG were
induced, and two other DNA repair genes, uvrB and uvrD2,
were repressed when Rv2745¢ was overexpressed in M. tuber-
culosis CDC1551 (31). Curiously, all four DNA repair genes
contain the conserved RecA-NDp motif in their promoter
sequences (12). Using the MycoRegNet web tool, which
is based on the the C. glutamicum transcriptional network
CoryneRegNet (35) for analyzing mycobacterial transcriptional
regulatory networks, Krawczyk et al. (36) suggested that
Rv2745c¢ is involved in the SOS stress response and controls the
expression of recR in M. tuberculosis. In addition, the recA gene
in M. tuberculosis can be expressed through two different pro-
moters, P1 and P2, both of which are DNA damage-inducible
(9). Interestingly, only the P1 promoter contains the RecA-NDp
motif (8, 9). In the present study, we provided evidence that
Rv2745c and its homolog Ms2694 specifically recognized
RecA-independent target genes, including RecA, in mycobac-
teria. Furthermore, by creating a ClpR-knock-out mutant
strain, we found that the mycobacterial ClpR could respond to
DNA damage and directly regulate expression of multiple DNA
repair genes. These results, together with previous findings,
strongly support the ClpR-like regulator as a core transcrip-
tional factor that significantly contributes to damage-induced
DNA repair in mycobacteria. These findings provide important
insights into the function of CIpR regulators and the regulatory
mechanism of RecA/LexA-independent DNA repair and gene
mutation in mycobacteria.
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