CrossMark

&dlick for updates

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 290, NO. 40, pp. 24119-24139, October 2, 2015
© 2015 by The American Society for Biochemistry and Molecular Biology, Inc.  Published in the US.A.

Mycobacterium tuberculosis RecG Protein but Not RuvAB or
RecA Protein Is Efficient at Remodeling the Stalled

Replication Forks

IMPLICATIONS FOR MULTIPLE MECHANISMS OF REPLICATION RESTART IN

MYCOBACTERIA*

Received for publication, June 9, 2015, and in revised form, August 11,2015 Published, JBC Papers in Press, August 14,2015, DOI 10.1074/jbcM115.671164

Roshan Singh Thakur', Shivakumar Basavaraju’, Jasbeer Singh Khanduja®, K. Muniyappa,

and Ganesh Nagaraju*

From the Department of Biochemistry, Indian Institute of Science, Bangalore-560012, India

Background: Helicases are implicated in fork remodeling.

Results: Mycobacterium tuberculosis RecG helicase/translocase remodels stalled replication forks.
Conclusion: M. tuberculosis RecG but not RuvAB or RecA is efficient in fork reversal activity.
Significance: This study identifies a fork remodeling enzyme and provides insights into fork restart mechanisms in M.

tuberculosis.

Aberrant DNA replication, defects in the protection, and
restart of stalled replication forks are major causes of genome
instability in all organisms. Replication fork reversal is emerging
as an evolutionarily conserved physiological response for restart
of stalled forks. Escherichia coli RecG, RuvAB, and RecA pro-
teins have been shown to reverse the model replication fork
structures in vitro. However, the pathways and the mechanisms
by which Mycobacterium tuberculosis, a slow growing human
pathogen, responds to different types of replication stress and
DNA damage are unclear. Here, we show that M. tuberculosis
RecG rescues E. coli ArecG cells from replicative stress. The
purified M. tuberculosis RecG (MtRecG) and RuvAB (MtRuvAB)
proteins catalyze fork reversal of model replication fork struc-
tures with and without a leading strand single-stranded DNA
gap. Interestingly, single-stranded DNA-binding protein sup-
presses the MtRecG- and MtRuvAB-mediated fork reversal with
substrates that contain lagging strand gap. Notably, our com-
parative studies with fork structures containing template dam-
age and template switching mechanism of lesion bypass reveal
that MtRecG but not MtRuvAB or MtRecA is proficient in driv-
ing the fork reversal. Finally, unlike MtRuvAB, we find that
MtRecG drives efficient reversal of forks when fork structures
are tightly bound by protein. These results provide direct evi-
dence and valuable insights into the underlying mechanism of
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MtRecG-catalyzed replication fork remodeling and restart
pathways in vivo.

Accurate transmission of genetic information requires error-
free duplication of chromosomal DNA during every round of
cell division. Defects associated with replication are considered
as a major source of genome instability in all organisms (1-3).
Normal DNA replication is hampered when the fork encoun-
ters road blocks that have the potential to stall or collapse a
replication fork. The types of lesions that potentially block rep-
lication fork include lesions on the template DNA, various sec-
ondary structures, R-loops, or DNA bound proteins (2, 4-7).
Experimental evidence from various model organisms, includ-
ing bacteria, suggests that stalled fork undergoes remodeling
through replication fork reversal (RFR)” to facilitate restart of
stalled replication. RFR leads to the annealing of nascent
strands to generate a four-stranded structure called “chicken
foot” that resembles a Holliday junction (HJ) (4, 5, 8, 9).

Studies carried out over several decades propose various
mechanisms of replication restart upon fork reversal. In Esche-
richia coli, recombination-dependent and -independent path-
ways of replication restart have been identified (5, 10-14).
Cleavage of reversed forks results in the generation of DNA
double strand breaks (DSBs), and processing of DSBs by
nucleases and subsequently by recombination enzymes leads to
the formation of D-loops. E. coli PriA binds to D-loops and
facilitates replisome reassembly to restart the replication in an
origin (oriC)-independent fashion (15). In addition, recombi-
nation-mediated replication restart can occur before the cleav-

> The abbreviations used are: RFR, replication fork reversal; SSB, single-
stranded DNA-binding protein; RPA, replication protein A; NER, nucleotide
excision repair; BER, base excision repair; MMS, methyl methane sulfonate;
HU, hydroxy urea; nt, nucleotide; ssDNA, single-stranded DNA; HJ, Holliday
junction; iso-C, iso-cytosine; ATPvS, adenosine 5’-O-(thiotriphosphate);
ROS, reactive oxygen species; RNI, reactive nitrogen intermediate; RPA,
replication protein A.
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Remodeling of Stalled Forks by M. tuberculosis RecG

age of the reversed fork. Degradation of nascent duplexes by
exonucleases can generate ssDNA substrate for initiation of
recombination followed by D-loop formation. Reassembly of
the replisome at the D-loop can generate an active replication
fork with two upstream HJs (5, 10, 15). However, replication
can resume only after resolution/dissolution of HJs by endonu-
cleases or helicases/topoisomerases. RFR can also provide a
template switching mechanism for replication restart in a re-
combination-independent manner. When there is a template
lesion and if it is not bypassed by repriming, replication forks
continue to stall and may be refractory to NER/BER because of
the lack of complementary strand. In this scenario, upon fork
reversal, nascent lagging strand can serve as a template for DNA
synthesis from the 3’ end of nascent leading strand. This tem-
plate switching reaction may allow bypass of the lesion after
restoration of the reversed fork to resume the replication. The
lesion on the template strand can be repaired later by NER/BER
machinery (5, 10, 15). In an alternative mechanism, RFR at the
site of template lesion allows reannealing of the parent strands
such that NER/BER factors can eliminate the lesion. Later,
reversal of the regressed fork can facilitate reassembly of the
replisome to restart the replication. When there are road blocks
created due to DNA-bound proteins, RFR can provide a mech-
anism for fork restoration. In addition, action of nucleases on
the nascent duplex DNA at the reversed fork restores the fork
structure to which the replisome can be reassembled to resume
the replication (5, 10, 15).

Investigations into the search for enzymes that catalyze RER
have led to the identification of various helicases/translocases
having the potential to remodel stalled replication forks (4, 5,
10). A number of biochemical studies show that E. coli RecG
helicase/translocase (10, 16 —20) and RuvAB proteins that cat-
alyze HJ branch migration promote RFR (21-23). The recG or
ruv mutations in E. colilead to UV light-induced sensitivity (24,
25), implying that RecG and RuvAB participate in the pro-
cessing of replication forks arrested by UV light-induced tem-
plate damage. Interestingly, the combined mutations of recG
with ruv lead to exacerbated sensitivity of E. coli cells to UV
light and severe growth defects compared with either recG or
ruv single mutants (24—27), indicating the likely overlapping
functions of RecG and RuvAB in processing the stalled replica-
tion forks. The bacterial RecA and its orthologs in eukaryotes
play a central role in DNA repair and recombination (28 —38).
In addition to RecG and RuvAB, E. coli RecA has been impli-
cated in mediating RFR after UV irradiation (39) and denatur-
ation of thermosensitive DnaB replicative helicase (40). A bio-
chemical study by Robu et al. (41) demonstrated that RecA can
catalyze reversal of model replication forks. Although these
proteins are known to act on stalled forks, the participation of a
specific enzyme varies depending on the type of damage that is
used to arrest the replication fork (12, 42). Moreover, model
substrates that were used to analyze the fork reversal activities
of RecG, RuvAB, or RecA did not have the lesion on the leading
strand template DNA. Recently, RFR activities of E. coli RecG
and RuvAB have been demonstrated with model substrates
containing template damage (22). Using a similar approach, a
parallel study showed that SSB prevents RecA-catalyzed RFR
(43). However, further studies are required to gain insights into
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the mechanism of RecG-, RuvAB-, or RecA-mediated fork
reversal with the model substrates that mimic the type of tem-
plate damage expected to occur in in vivo.

Mpycobacterium tuberculosis, the causative agent of tubercu-
losis, is responsible for the highest number of deaths worldwide
by a single infectious agent (44). M. tuberculosis cells are
extremely slow growing with a generation time of ~24 h. In the
host macrophage, this pathogen is exposed to reactive oxygen
species (ROS) and reactive nitrogen intermediates (RNI), which
are known to cause various types of DNA damage (45, 46).
Moreover, M. tuberculosis genome is GC-rich (65%) and hence
is susceptible to excessive oxidative as well as alkylating damage
(47, 48). In addition, because of the GC-rich genome, this
pathogen is known to contain >10,000 G-quadruplex-forming
motifs (49, 50). Such secondary structures as well as oxidative
and alkylating lesions induced by ROS and RNI are known to
cause replicative stress. Under these conditions, it is unclear
how this pathogen deals with circumventing replicative stress.
Moreover, the enzymes that participate in RFR and restart of
stalled/collapsed replication forks in this pathogen are obscure.
Although orthologs of E. coli RecG, RuvAB, and RecA are con-
served in this pathogen (51, 52), their role in remodeling the
stalled replication forks and subsequent restart of stalled forks
is elusive. Our previous study showed that M. tuberculosis RecG
catalyzes unwinding of DNA repair/recombination substrates
and is able to rescue E. coli ArecG cells from DNA damage-
induced toxicity (53). Another report demonstrated that M.
tuberculosis RuvAB catalyzes fork reversal of model replication
forks (54). However, the mechanism underlying RFR of DNA
substrates having lesions on the template DNA has not been
addressed. The template lesions are expected to occur in the
latently infected mycobacteria or during its active replication in
the host macrophage cells. In this study, we show that M. tuber-
culosis RecG (MtRecG) rescues E. coli ArecG cells from HU-
induced replicative stress. Notably, our comparative studies
with fork structures containing leading strand template lesion
and with an in vitro template switching mechanism of lesion
bypass reveal that MtRecG but not MtRuvAB or MtRecA is
proficient in driving the fork reversal. Finally, we demonstrate
that MtRecG drives efficient reversal of forks when fork struc-
tures are bound by protein. Our data suggest that MtRecG
might participate in the replication restart pathways via rever-
sal of stalled forks and provide insights into the possible mech-
anisms of replication restart in mycobacteria.

Experimental Procedures

Reagents—Fine chemicals were purchased from Sigma and
GE Healthcare. T4 DNA ligase, polymerase I Klenow fragment,
and restriction enzymes were purchased from New England
Biolabs. T4 polynucleotide kinase, Gene Ruler 50-bp DNA lad-
der (SM0371), and Gene Ruler Ultra low range DNA ladder
(SM01211) were purchased from Thermo Scientific. Wheat
germ topoisomerase I was from Promega. [y->**P]ATP was pur-
chased from Bhabha Atomic Research Center, Mumbai, India.

Proteins, Plasmids, and DNA—MtRecG and K321A MtRecG
proteins were purified as described previously (53). MtRuvA
(55), MtRuvB (54), MtRecA (56), EcSSB (57), and MtSSB (58)
proteins were purified as described. Kpnl H149A mutant
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TABLE 1
Sequence of oligonucleotides used in this study
Ref. or

Oligonucleotide ~ Length Sequences 5’3’ source

a 50 GTCGGATCCTCTAGACAGCTCCATGATCACTGGCACTGGTAGAATTCGGC 17

b 50 CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCGA 17

c 26 TGCCGAATTCTACCAGTGCCAGTGAT 17

d 25 TAGCAATGTAATCGTCTATGACGTT 17

A 94 TCCTTTTGATAAGAGGTCATTTTTGCGGATGGCTTAGAGCTTAATTGCTAAATCTGGTGCTGTAGGTCAACATGTTGTAAATATGCAGCTARAG 54

B 94 CTTTAGCTGCATATTTACAACATGTTGACCTACAGCACCAGATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGA 54

C 64 CTTTAGCTGCATATTTACAACATGTTGACCTACAGCACCAGATTTAGCAATTAAGCTCTAAGCC This study
D 64 GGCTTAGAGCTTAATTGCTAAATCTGGTGCTGTAGGTCAACATGTTGTAAATATGCAGCTAAAG This study
E 34 CTTTAGCTGCATATTTACAACATGTTGACCTACA This study
F 34 TGTAGGTCAACATGTTGTAAATATGCAGCTAAAG This study
G€ 81 CTTTAGCTGCATATTTACAACATGTTGACCTTCAGTA/is0odC/AATCTGCTCTGATGCCGCATAGTGTCATGCCAGAGCTTTGTAC 60

G 81 CTTTAGCTGCATATTTACAACATGTTGACCTTCAGTACAATCTGCTCTGATGCCGCATAGTGTCATGCCAGAGCTTTGTAC This study
H 81 GTACAAAGCTCTGGCATGACACTATGCGGCATCAGAGCAGATTGTACTAAAGGTCAACATGTTGTAAATATGCAGCTARAG This study
I 43 GTACAAAGCTCTGGCATGACACTATGCGGCATCAGAGCAGATT This study
] 48 AGTACAATCTGCTCTGATGCCGCATAGTGTCATGCCAGAGCTTTGTAC This study
K 81 CGGGTGTCGGGGCGCATGACACTATGCGGCATCAGAGCAGATTGTACTGAAGGTCAACATGTTGTAAATATGCAGCTAAAG 60

L 30 GTACAAAGCTCTGGCATGATACTATGCGGC 60

M 50 TCAGTACAATCTGCTCTGATGCCGCATAGTATCATGCGCCCCGACACCCG 60

N 75 AGCTACCATGCCTGCCTCAAGGTACCGTAATATGCCTACACTGGAGTACCGGAGCATCGTCGTGACTGGGARAAC This study
(¢] 75 GTTTTCCCAGTCACGACGATGCTCCGGTACTCCAGTGTAGGCATATTACGAATTCTTGAGGCAGGCATGGTAGCT This study
P 40 TGTAGGCATATTACGGTACCTTGAGGCAGGCATGGTAGCT This study
Q 40 AGCTACCATGCCTGCCTCAAGGTACCGTAATATGCCTACA This study
R 40 AATATGCCTACACTGGAGTACCGGAGCATCGTCGTGACTGGGAARAAC This study
S 40 GTTTTCCCAGTCACGACGATGCTCCGGTACTCCAGTGTAGGCATATT This study

enzyme was purified as described previously (59). All oligonu-
cleotides used in this study were purchased from Sigma, and the
oligonucleotide containing iso-cytosine (iso-C) modification as
used in an earlier report (60) was purchased from IDT, Inc. The
sequences of oligonucleotides are shown in Table 1, and the
structures of substrates and respective oligonucleotides used to
assemble these substrates are shown in Table 2. Oligonucleo-
tides were further purified on denaturing PAGE, estimated, and
stored in —20 °C.

Construction of DNA Substrates—Heterologous replication
fork substrates were prepared as described previously (53).
Briefly, labeled oligonucleotides were annealed with unlabeled
oligonucleotides in a molar ratio of 1:1.5 in an annealing buffer
containing 1X SSC (150 mm sodium chloride and 15 mm
sodium citrate). The reaction mixture was incubated 95 °C for 5
min and then cooled slowly in the thermal cycler. The assem-
bled substrates were purified by resolving on 8% native poly-
acrylamide gel in 1X TBE buffer. Identities of assembled sub-
strates were tested by mobility shift and restriction digestion.
Homologous substrates were assembled as described previ-
ously (54) with few modifications. In two-step annealing reac-
tions, the first labeled leading strand was annealed with unla-
beled template strand (Table 2) in an annealing buffer
containing 1X SSC, 5 mm MgCl,, and 50 mm KCI. In an identi-
cal annealing reaction, lagging strands and the respective com-
plementary strands were taken to anneal. Reactions were dena-
tured 95 °C for 5 min and then cooled slowly in the thermal
cycler. Annealed products were mixed together and incubated
at 37 °C for 1 h and later maintained at room temperature for
1 h. Finally, annealed substrates were loaded onto 6% native
polyacrylamide gel, separated in a buffer containing 1X Tris
borate buffer containing 50 mm KCl and 2 mm MgCl,, and visu-
alized by autoradiography. Identities of assembled substrates
were tested by mobility shift and restriction digestion. Plasmid-
based replication fork substrates were prepared as described
previously (61). Briefly, gapped pG46-B plasmid was radiola-
beled with **P and annealed with gapped pG68-A in buffer
containing 50 mM Tris-HCl (pH 7.5) and 10 mm MgCl,. Reac-
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tion was incubated at 80 °C for 15 min and then gradually
cooled to room temperature. Reactions were further treated
with wheat germ topoisomerase I in a reaction buffer contain-
ing 50 mMm Tris-HCI (pH 7.5), 50 mm NaCl, 0.1 mm EDTA, 1 mm
DTT, and 10% glycerol at 37 °C for 30 min. Finally, assembled
substrates were resolved on 0.8% agarose gel using 0.5X TBE
and purified. For preparation of joint molecule substrate, radio-
labeled gapped pG46-B plasmid was annealed with Xhol-di-
gested gapped pG68-A plasmid in an annealing buffer contain-
ing 50 mm Tris-HCI (pH 7.5) and 10 mm MgCl, at 55 °C for 15
min.

DNA Damage Sensitivity Assays—Sensitivity to HU was
determined by growing wild-type E. coli AB1157 and N3793
(ArecG) strains carrying either vector alone or pGS772 E. coli
recG plasmid or pGS772MtrecG plasmid (subcloned from
PET28aMtrecG) at 37 °C to an A of 0.6 in LB broth contain-
ing 100 wg/ml ampicillin. Appropriate dilutions were made in
M9 minimal media, and aliquots were either plated (~ 300 cells
for quantitative measurement) or spotted onto LB agar plates
(for qualitative assay) supplemented with 100 pg/ml ampicillin
and indicated concentrations of HU. Following overnight incu-
bation in the dark at 37 °C, colonies were counted, and images
were acquired using FUJIFILM LAS3000 gel documentation
system.

Fork Reversal Assays—Plasmid-based fork reversal assays
were performed as described previously (61). Briefly, 2 num rep-
lication fork or joint molecule substrates were incubated in a
buffer containing 50 mm Tris-HCl (pH 7.5), 1 mM DTT, 10 mm
KCl, 5 mm MgCl,, 1 mm ATP, 100 ug/ml BSA. Reactions were
initiated by addition of the indicated concentration of MtRecG
or K321A MtRecG and incubated at 37 °C for 30 min. Reactions
were terminated by addition of excess ATPvS and subsequently
digested with indicated restriction enzymes for 30 min at 37 °C.
Reactions were deproteinized by incubation with SDS (0.4%)
and proteinase K (0.5 ug/ul) at 37 °C for 30 min. Following
addition of 2 ul of gel loading dye (0.1% (w/v) of bromphenol
blue and xylene cyanol in 20% glycerol), samples were electro-
phoresed on 10% polyacrylamide gel in 1X TBE (90 mm Tris
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TABLE 2
DNA substrates used in this study
Oligonucleotide
S.No Name of the substrate c9mpog|t|on Structure
(* Indicates  P-labeled
strand)
5%
1 Heterologous replication fork with a+bct 5-ﬂ/ f
only leading strand 3‘m\
&
2 Heterologous replication fork with a+b+d* 5-ﬂ4
only lagging strand e\ \%
\\3
&,
3 Heterologous replication fork atbtc+d 5 ﬂé ﬁ’
labeled leading strand TN
>
25
Heterologous replication fork 5 5250 ;‘”e
% labeled lagging strand atbierd b (50) ”\'g
\Jo
3
5 Homologous replication fork A+B+C*+D s 269 “f‘
without any gap e\,
N4
V5
6 Homologous replication fork with A+B+D+E* sA0a/ “
template leading strand gap 3W
N
Py
i i i A (94) A‘:
7 Homologous replication fork with A+B+C*+F s 280/ /0
template lagging strand gap Y en
o
&
/&
8 Homologous replication fork GH+H+I*+J goen /&
without any lesion 3. e
HE) \ \”o
\, 5.
5
9 Homologous replication fork with GC+H+*+J gocen/ &
iso-C lesion containing 5 nt gap 2 L
H(81) \ \"’g
o o
P
[/
43
10 lHomoIogous repli(.:a.tion fork with GC+K+L*+M _CE(81)
iso-C lesion containing 17 nt gap 3 P
K (81) <
¥
op
4 S
11 | Homologous replication fork with N+O*+P*+Q g R/ 74
Kpnl binding sites on both arms W‘%,
DN\2
DN,

borate buffer (pH 8.3) containing 1.0 mM EDTA) at 150 V for 2 h
at room temperature. Gels were dried and exposed to a phos-
phorimaging screen and visualized using Fuji FLA-5000 phos-
phorimager. Reaction products were quantified using FUJIE-
ILM MultiGauge software (version 3.0), and the data were
subjected to nonlinear regression analysis and plotted using
GraphPad Prism (version 5.0).

Homologous replication fork reversal assays were performed
in a reaction mixture (10 ul) containing 50 mm Tris-HCI (pH
7.5), 1 mm DTT, 10 mm KCl, 5 mm MgCl,, 1 mm ATP, 100
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ug/ml BSA, and 10 nm of indicated **P-labeled homologous
replication fork substrate. Reactions were initiated with the
addition of MtRecG, MtRuvAB, or MtRecA and incubated at
37 °C for 30 min followed by addition of termination buffer
containing 25 mm EDTA, 0.4% SDS, 0.5 mg/ml proteinase K.
After incubation for 15 min at 37 °C, 1 ul of gel loading dye
(0.1% (w/v) of bromphenol blue and xylene cyanol in 20% glyc-
erol) was added, and samples were resolved on 8% polyacryl-
amide gel in 1X TBE (90 mm Tris borate buffer (pH 8.3) con-
taining 1.0 mm EDTA) at 135V for 1.5 h at room temperature.
Gels were dried and exposed to phosphorimaging screen and
visualized using a Fuji FLA-5000 phosphorimager. Reaction
products were quantified using FUJIFILM MultiGauge soft-
ware (version 3.0), and data were subjected to nonlinear regres-
sion analysis and plotted using GraphPad Prism (version 5.0).
For reactions in the presence of Mt/EcSSB,10 nm homologous
replication fork substrate containing a 50-nt gap was incubated
with increasing concentrations of Mt/EcSSB in a buffer con-
taining 50 mm Tris-HCI (pH 7.5), 1 mm DTT, 10 mm KCI, 5 mm
MgCl,, 1 mm ATP, and 100 pg/ml BSA for 15 min at 37 °C.
Later, fork reversal reaction was initiated by addition of
MtRecG or MtRuvAB, and incubation was continued for 15
min at 37 °C. Reaction products were resolved and analyzed as
described above. Fork unwinding with heterologous substrates
was carried out as described previously (53).

In Vitro DNA Lesion Bypass by Template Switching Assay—
Stalled replication forks containing iso-C lesion on leading
strand template DNA was generated as described above (60). 10
nM homologous replication fork substrate was incubated in a
reaction buffer containing 50 mm Tris-HCl (pH 7.5), 1 mm
DTT, 10 mm KCl, 5 mm MgCl, 1 mm ATP, 100 ug/ml BSA, and
25 um ANTP mix. Reactions were initiated by addition of DNA
polymerase I Klenow fragment (0.05 units), and incubation was
continued for 10 min at 37 °C. Later, the indicated proteins
were added, and incubation was continued for an additional 20
min. Reactions were terminated by addition of formamide con-
taining 0.1% bromphenol blue and 0.1% xylene cyanol, incu-
bated for 5 min at 95 °C, and analyzed by 15% denaturing PAGE.

Electrophoretic Mobility Shift Assays—Reactions were per-
formed as described previously (53). Briefly, 0.5 nm heterolo-
gous or 10 nM homologous replication fork substrates were
incubated in a binding buffer containing 25 mm Tris-HCI (pH
7.5), 5 mm MgCl,, 10 mm KCI, 1 mm DTT, 100 ug/ml BSA, and
3% glycerol. Reactions were started with an addition of increas-
ing concentrations of protein and terminated with addition of
1X DNA loading dye (0.1% (w/v) bromphenol blue and xylene
cyanol in 20% glycerol). Samples were resolved on 6% polyacryl-
amide gel in 0.25 X TBE (22.5 mm Tris borate buffer (pH 8.3)
and 0.25 mMm EDTA) at 150 V for 4 h at 4 °C. Gels were dried,
and the DNA-protein complexes were visualized using a Fuji
FLA-5000 phosphorimager. Reaction products were quantified
using FUJIFILM MultiGauge software (version 3.0), data were
subjected to nonlinear regression analysis and plotted using
GraphPad Prism (version 5.0).

Homologous Replication Fork Reversal Assay in the Presence
of H149A Kpnl—Homologous replication fork substrate (10
nM) containing the Kpnl-binding site was incubated with 100
nM H149A Kpnl in a buffer containing 50 mm Tris-HCl (pH
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7.5), 1 mm DTT, 10 mm KCl, 5 mm MgCl,, 1 mm ATP, and 100
pg/ml BSA for 15 min at 37 °C. Later, fork reversal reaction was
initiated by addition of MtRecG or MtRuvAB, and incubation
was continued for 15 min at 37 °C. Reaction products were
resolved and analyzed as described above.

Results

M. tuberculosis recG Rescues E. coli ArecG Cells from Repli-
cative Stress—Genotoxic agents such as MMS and UV light
induce template damage and lead to fork stalling when the
replisome encounters lesions on the template DNA. E. coli
ArecG cells exhibit sensitivity to MMS and UV light (24, 25),
suggesting that RecG participates in replication fork repair and
restart of stalled forks. Previously, we have shown that M. tuber-
culosis recG rescues E. coli ArecG cells from replicative stress
induced by UV light and MMS (53). Here, we extended our
studies to test whether E. coli ArecG cells exhibit hypersensitiv-
ity to HU, which depletes dNTPs, thereby causing replication
arrest. E. coli ArecG cells (N3793) transformed with empty vec-
tor showed a modest growth defect in the absence of HU com-
pared with the wild-type E.coli (AB1157) (Fig. 1A). When
examined with HU, the surviving fraction of E. coli ArecG cells
declined with increasing doses of HU, and this defect could be
rescued by expression of EcRecG (Fig. 1, B and C). Strikingly,
ectopic expression of MtRecG was able to significantly rescue
the hypersensitivity of E. coli ArecG cells from HU-induced
replication stress (Fig. 1, B and C). These data are in agreement
with our previous study (53) and imply that M. tuberculosis
RecG might have a similar function as that of E. coli RecG in
replication fork repair and restart of stalled forks.

M. tuberculosis RecG Promotes Regression of Model Replica-
tion Fork—In response to replication stress, replisome stalls
and fork reversal catalyzed by helicases/translocases are a
prominent mechanism by which replication restarts (4, 5, 10,
62). To test whether purified M. tuberculosis RecG helicase/
translocase can drive RFR, we used a previously characterized
replication fork substrate (61). The substrates were prepared as
described previously using two plasmids (pG68-A and pG46-B)
that contain 68- and 46-nt gaps (61). Annealing of these two
plasmids followed by incubation with topoisomerase I results in
a replication fork structure with a plectonemic joint (Fig. 24).
Because of the differences in the gap of these two plasmids, it
provides a 14-nt gap on the leading strand template that can
arise due to uncoupling of leading and lagging strand synthesis.
Fork reversal by RecG is expected to transfer daughter strand
chromosome-containing restriction endonuclease sites into
the regressed arm of the fork (Fig. 2B). Thus, fork regression can
be monitored by the generation of linear fragments after incu-
bation with restriction endonucleases. To test the ability of M.
tuberculosis RecG (MtRecG)-mediated reversal of the model
replication fork, we incubated the substrate with 10 nm
MtRecG, followed by incubation with Avrll, BamHI, EcoRI,
Pvull, and AlwnlI restriction endonucleases. The products were
resolved on 10% polyacrylamide gel and analyzed as described
under “Experimental Procedures.” As can be seen in Fig. 2C,
release of linear fragments (36 —266 bp) corresponding to the 5
end of the reversed arm was evident in the reactions that con-
tained MtRecG, suggesting that MtRecG can catalyze reversal
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FIGURE 1. M. tuberculosis recG functionally complements E. coli ArecG
cells from replicative stress induced by HU. Survival of wild-type E. coli
(AB1157) and E. coli ArecG (N3793) mutant strains were transformed with
either empty vector or plasmids encoding E. coli recG and M. tuberculosis recG
without (A) and with HU treatment (B). For qualitative analysis, the indicated
dilutions of cells were plated and incubated overnight. The images of the
plates were captured by the gel documentation system. For quantitative mea-
surement, serially diluted cells were plated and counted after overnight incu-
bation (C). The error bars represent standard error of the mean (S.E.) from
three independent experiments.

of the model replication fork. The presence of 266-bp Pvull
product suggests that MtRecG can promote fork regression
efficiently for distances of >250 bp. The Walker motif MtRecG
K321A mutant was devoid of fork reversal activity (Fig. 2C),
indicating that fork reversal catalyzed by MtRecG requires ATP
hydrolysis.

M. tuberculosis RecG and RuvAB Promotes Reversal of
Homologous Replication Fork Structures—E. coli RecG and
RuvAB proteins are known to catalyze regression of model rep-
lication forks (16, 17, 21-23). To gain insights into the RFR
activities of M. tuberculosis RecG in comparison with M. tuber-
culosis RuvAB (MtRuvAB), we prepared oligonucleotide-
derived homologous replication fork substrates as described
under “Experimental Procedures.” RFR activity results in the
formation of HJ (chicken foot) structure, and subsequent
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FIGURE 2. M. tuberculosis RecG catalyzes efficient fork reversal with plasmid-based replication fork structure. A, schematic representation of assembly
of plasmid-based replication fork structure. Annealing of the 5'-phosphate-labeled pG46-B with pG68-A followed by topoisomerase | treatment results in
catenation of the two plasmids through the plectonemic joint. B, schematic diagram of RecG-mediated fork reversal of the substrate shown in A. Fork reversal
activity leads to annealing of the two strands (regressed arm) that contain restriction endonuclease sites (A, Avrll; B, BamHI; E, EcoRl; P, Pvull and N, Alwnl).
Expected products of indicated restriction endonucleases are shown below. G, analysis of fork reversal products with wild-type MtRecG and ATPase-deficient
MtRecG. Reaction mixture contained 2 nm replication fork substrate in a reaction buffer containing 1 mm ATP and 5 mm MgCl, in the absence (lanes 1-5) or
presence of either 10 nm K321A MtRecG (lanes 6-10) or presence of 10 nm MtRecG (lanes 11-15). Reactions were stopped with addition of ATPyS and
subsequently digested with indicated restriction enzymes. Products were resolved on 10% native polyacrylamide gel and visualized by autoradiography. Lane
16, ultra-low range (10-300 bp) DNA ladder.

branch migration of these structures results in the generation of
two linear dsDNA products (Fig. 34). Radiolabeled substrates
were incubated with increasing concentrations of M. tubercu-
losis RecG and RuvAB, and the products were resolved on 8%
polyacrylamide gel and visualized as described under “Experi-
mental Procedures.” Incubation with increasing concentra-
tions of MtRecG (0.005—1 nm) resulted in an increase in the
reversal of forks to generate linear dsDNA products (Fig. 3B).

24124 JOURNAL OF BIOLOGICAL CHEMISTRY

Quantitative data reveal that MtRecG was able to reverse up
to ~80% substrates (Fig. 3C). MtRecG activity remained
unchanged even at higher concentrations of protein (up to 5
nM) (data not shown). In a parallel reaction, we examined the
ability of MtRuvAB to reverse the replication fork structures by
incubating with increasing concentrations of MtRuvAB (50 nm
RuvA and 25-300 nm RuvB). At concentrations between 100
and 300 nM MtRuvB, the MtRuvAB complex was able to exhibit
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FIGURE 3. RFR activity of M. tuberculosis RecG and RuvAB proteins. A, schematic representation of oligonucleotide-based replication fork reversal and
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parentheses. B, analysis of RFR in the presence of increasing concentrations of MtRecG and MtRuvAB. Reaction mixture contained 10 nm >2P-labeled substrates,
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25,50, 100,200, and 300 nm MtRuvB (lanes 9-13, respectively). Lane 1, reaction mixture in the absence of any protein; lane 2, 10 nm K321A MtRecG; lane 14 shows
heat-denatured substrate, and lanes 15 (M1) and lane 16 (M2) represents markers. Reaction products were resolved on 8% native polyacrylamide gel and
analyzed by autoradiography. G, quantitative data for the ability of MtRecG- and MtRuvAB-mediated RFR. D, kinetics of fork reversal catalyzed by MtRecG and
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and visualized by autoradiography. The error bars represent standard error of the mean (S.E.) from three independent experiments.

optimal (~65%) reversal of model replication fork structures
(Fig. 3, B and C), and this activity did not alter with a further
increase in MtRuvAB (data not shown). To determine the rate
of RFR by MtRecG and MtRuvAB, we measured kinetics of fork
reversal promoted by MtRecG and MtRuvAB. As shown in Fig.
3D, MtRecG exhibited a robust activity to reverse up to 80% of
substrates in about 5 min. In contrast, MtRuvAB was able to
reverse only ~40% of substrates (Fig. 3D), suggesting that
MtRuvAB is catalytically less efficient in promoting fork
reversal.

Fork Reversal Activities of M. tuberculosis RecG, RuvAB, and
RecA Proteins on Model Substrates That Contain Leading and
Lagging Strand Gaps—Lesions on the leading strand template
DNA cause replication stalling and result in the generation of
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leading strand gaps. Because lagging strand synthesis occurs in
a discontinuous fashion, the replisome can bypass the lesions
that are present on the lagging strand template DNA. In this
scenario, repriming ahead of the lesion leads to the generation
of a gap in the lagging strand. The presence of a lesion on the
leading strand template DNA causes replication arrest, and it
has been implicated that such stalled forks are acted upon by
specialized helicases/translocases to resume the replication via
reversal of stalled forks (4, 7, 10, 12, 42). In addition to E. coli
RecG and RuvAB, RecA has also been reported to promote RFR
(41). To investigate whether MtRecG, MtRuvAB, and MtRecA
can mediate RFR on the substrates that contain the leading
strand gap, we assembled radiolabeled model replication fork
substrates with a leading strand gap (Fig. 44) and examined the
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D, kinetics of fork reversal activities of MtRecG, MtRuvAB, and MtRecA proteins. The reactions were initiated by addition of 0.1 nm MtRecG, 100/300 nm
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time intervals, and products were resolved on 8% native polyacrylamide gel and analyzed by autoradiography. The error bars represent standard error of the
mean (S.E.) from three independent experiments.

activities of MtRecG, MtRuvAB, and MtRecA. Incubation of  (Fig. 4B). Quantitative data show that the extent of MtRuvAB-
increasing concentrations of MtRecG resulted in an increase in  catalyzed fork reversal was near similar to MtRecG (Fig. 4C). In
reversal of gapped fork structures (Fig. 4B). Under similar con-  contrast, MtRecA displayed lower activity compared with
ditions, MtRuvAB and MtRecA also exhibited increasing activ- ~MtRecG- and MtRuvAB-promoted fork reversal (Fig. 4C). To
ity at different concentrations of tested MtRuvAB and MtRecA  measure the rate of fork reversal with leading strand gap struc-
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tures, we performed kinetic analyses. As shown in Fig. 4D,
MtRecG was proficient and exhibited a higher rate of fork
reversal compared with MtRuvAB and MtRecA.

To determine whether reversal of leading strand gap struc-
tures by MtRecG requires the presence of lagging strand at the
fork junction, we assembled heterologous replication struc-
tures with either only leading or lagging strands. Interestingly,
MtRecG failed to unwind the substrates that lacked the lagging
strand (Fig. 5, A and C), and this was not due to its inability to
bind to these structures (Fig. 5, E and G). To validate our obser-
vation, we prepared heterologous replication fork structures by
labeling either leading or lagging strands, and we examined the
unwinding activity of these structures by MtRecG. Similar to
our previous data, MtRecG was able to efficiently unwind lag-
ging strand-labeled substrates (Fig. 5, B and D). As expected,
binding of MtRecG to these substrates was similar (Fig. 5, F and
H). These data suggest that MtRecG targets the lagging strand
containing stalled forks for its fork reversal activity. In an earlier
study, it was shown that the decrease in the length of lagging
strand results in a decrease in the unwinding of replication fork
structures by E. coli RecG (17). A similar observation has been
made with MtRecG (data not shown).

Furthermore, we analyzed the ability of MtRecG-, MtRuvAB-, and
MtRecA-mediated RFR with substrate containing the lagging
strand gap. Fig. 64 shows the schematic representation of lag-
ging strand gap fork structure. Unlike substrates with a leading
strand gap, MtRecG-mediated RER was evident only at higher
concentrations of protein with lagging strand gap (Fig. 6, B and
C). In a similar reaction, MtRuvAB exhibited lower activity (Fig.
6, Band C), and MtRecA failed to reverse the lagging strand gap
fork structures (Fig. 6, B and C).

Role of M. tuberculosis SSB in Modulating the RFR Activities
of MtRecG and MtRuvAB—SSB or RPA proteins are abundant
ssDNA-binding proteins that load onto the gaps generated dur-
ing replication stalling (63— 65). Binding of SSB/RPA proteins is
known to stabilize the forks, and it has been shown that RPA
modulates the activity of eukaryotic helicases/translocases that
participate in RFR (4). To examine whether MtSSB has any role
in modulating the activity of MtRecG- and MtRuvAB-mediated
RFR with a leading strand gap, we carried out fork reversal
activity in the presence of MtSSB. In our leading strand gap
substrate, we maintained a 50-nt gap, and SSB was used in a
stoichiometric ratio corresponding to the ssDNA gap. MtSSB
showed efficient binding to this substrate but not to the fork
structure that lacked ssDNA gap (data not shown). MtSSB did
not affect the activity of MtRecG even at the tested highest
concentration (Fig. 7, A and B). In contrast, increasing concen-
trations of MtSSB caused moderate reduction in the fork rever-
sal activity of MtRuvAB (Fig. 7, A and B). In a parallel study, we
also examined the role of E. coli SSB in modulating the MtRecG
or MtRuvAB-mediated fork reversal activity. However, in our
assays, E. coli SSB behaved similar as that of MtSSB (Fig. 7, A
and B).

Next, we examined whether MtSSB has any influence on
MtRecG- and MtRuvAB-mediated fork reversal activity with
lagging strand gap structures. MtSSB was proficient in binding
to lagging strand gap structures (data not shown) and by itself
was devoid of fork reversal activity with this substrate (Fig. 8, A
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and B). Strikingly, incubation of 25 nm MtSSB, which is in stoi-
chiometric amounts in relation to the 50-nt gap in the substrate
followed by addition of 0.5 nM, MtRecG caused significant
reduction (p < 0.05) in MtRecG-catalyzed fork reversal activity
(Fig. 8, A and B). This inhibition further increased with higher
concentrations of MtSSB (Fig. 8, A and B). Interestingly, this
inhibition was also found with E. coli SSB (Fig. 8, A and B).
Strikingly, a stoichiometric amount (25 nMm) of MtSSB was
sufficient to maximally inhibit MtRuvAB-mediated fork
reversal on the lagging strand gap fork substrates (Fig. 8, A
and B). A similar inhibition was also noted with E. coli SSB
(Fig. 8, A and B).

M. tuberculosis RecG but Not RuvAB or RecA Is Proficient in
Remodeling the Fork with a Template Lesion—Helicases/trans-
locases are implicated in reversing the stalled forks in vivo when
there is a lesion on the leading strand template DNA, and this
activity has been proposed for the restart of stalled forks from
the sites of DNA lesions (4, 10). To mimic a DNA lesion that
stalls replication fork, we utilized a previously reported (60)
oligonucleotide with a single iso-C that represents leading
strand template DNA. Using the other complementary strand,
we assembled a replication fork substrate with lesion on the
leading strand template with a single base pair heterology at
the junction. In addition, our assembled substrate contains a
5-nt leading strand gap (Fig. 94). As a control, we assembled a
similar substrate without a lesion on the template DNA. Using
these substrates, we examined the ability of MtRecG-,
MtRuvAB-, or MtRecA-mediated reversal of forks. Data pre-
sented in Fig. 9, B-D, shows that MtRecG was proficient in
reversing the forks with and without a lesion on the leading
strand template. Compared with homologous fork structure
with leading strand gap (Fig. 4B), it required higher concentra-
tions of MtRecG (1-10 nm) for its activity with these substrates.
This could be due to of the presence of single base pair heter-
ology at the fork junction. In contrast to MtRecG, MtRuvAB
was less efficient in reversing the forks without lesion, and this
activity was further reduced with fork substrate containing
leading strand template lesion (Fig. 9, B, C, and E). In a similar
reaction, MtRecA was devoid of reversing the fork with and
without a lesion (Fig. 9, B and C). However, in our earlier reac-
tions, MtRecA was able to promote fork reversal with a sub-
strate that contained a 50-nt leading strand gap. It is possible
that the 50-nt gap provides a better loading site for RecA nucle-
ation and filament formation, which can drive fork reversal.
Together, these data suggest that unlike MtRuvAB or MtRecA,
MtRecG is proficient in reversing the fork with a lesion on the
template strand.

M. tuberculosis RecG but Not RuvAB or RecA Promotes Lesion
Bypass via Template Switch Mechanism in Vitro—Template
switching after fork reversal is one of the proposed mechanisms
for lesion bypass and restart of replication (5, 7, 10). To examine
the role of MtRecG, MtRuvAB, and MtRecA in the in vitro
model of lesion bypass and template switch mechanism of rep-
lication restart, we used previously characterized substrates
(60) that contained lesion (iso-C) on the leading strand tem-
plate (Fig. 10A4). Data presented in the Fig. 10B show that DNA
polymerase 1 (Klenow) can extend the radiolabeled leading
strand to synthesize 13 nt up to the iso-Clesion on the template
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strand (43-nt product). However, Klenow failed to bypass the
lesion to synthesize further. Interestingly, Klenow could
extend its synthesis beyond the lesion when the reactions
were incubated with increasing concentrations of MtRecG
(Fig. 10B). These data suggest that MtRecG reverses the
forks such that the leading strand anneals with the lagging
strand and thereby Klenow can extend leading strand syn-
thesis using lagging strand as a template (50-nt product).
Such an extension by Klenow was not observed when the
reaction was incubated with ATPase mutant of MtRecG (Fig.
10B). Notably, Klenow extended leading strand synthesis
was insignificant when MtRuvAB was incubated along with
Klenow (Fig. 10, Band C). However, at higher concentrations
of RuvB (750 and 1000 nMm), mild activity was observed (data
not shown). These results suggest that MtRuvAB is less effi-
cient in promoting fork reversal compared with MtRecG. In
a similar reaction when MtRecA was present, Klenow-syn-
thesized 50-nt product was not evident compared with con-
trol reactions, suggesting that MtRecA was devoid of fork
reversal activity (Fig. 10B). Quantitative data clearly show
that MtRecG is proficient in reversing the stalled fork,
whereas MtRuvAB was inefficient in promoting fork reversal
(Fig. 10C). Interestingly, in our assays with MtRecG, a small
amount of full-length product (81 nt) (Fig. 10B) was also
evident, and this product marginally increased with increas-
ing concentrations of MtRecG. This product is expected to
arise when RecG catalyzes restoration of the reversed fork
followed by unwinding of the parental strands.

M. tuberculosis RecG but Not RuvAB Efficiently Reverses
Model Replication Fork Bound by a Protein—Stalled forks con-
tain many ssDNA- or dsDNA-bound proteins such as SSBs,
DNA polymerases, and other replisome proteins. In this sce-
nario, these DNA-bound proteins may impede the fork reversal
activities of helicases/translocases. To examine the efficiency of
MtRecG- or MtRuvAB-mediated fork reversal of substrates
that are bound by protein, we designed homologous replication
fork substrates having Kpnl restriction enzyme-binding sites. A
scheme of the assay and the resulting products after protein
displacement-coupled fork reversal is shown in Fig. 11A. In our
assays, we used a Kpnl H149A mutant that binds to its specific
dsDNA sequences with a higher affinity but lacks endonuclease
activity (59). We investigated the DNA binding ability of variant
Kpnl to the fork structures that contain Kpnl recognition sites
in comparison with control substrates. Variant Kpnl exhibited
sequence-specific binding to the fork structures where the Kpnl
binding sequences were placed either on the arms or on the
parental duplex (data not shown). Using these substrates, we
monitored the ability of MtRecG or MtRuvAB to reverse the
KpnlI-bound fork structures in comparison with the KpnI-free
substrates. In the absence of Kpnl, both MtRecG and MtRuvAB

Remodeling of Stalled Forks by M. tuberculosis RecG

were able to reverse the forks at their optimal concentrations
(Fig. 11, B and C). Interestingly, MtRecG promoted efficient
reversal of the forks that were bound by variant Kpnl (Fig. 11, B
and C). In contrast, MtRuvAB exhibited decreased activity with
Kpnl-bound fork structures (Fig. 11, B and C). The shorter
duplex DNA generated after fork reversal and annealing of nas-
cent strands was quantified, and data in Fig. 11C clearly show
that 1 nm MtRecG was able to reverse the Kpnl-bound fork
structures with an efficiency of up to ~100% when compared
with control substrates. In contrast, ~30-50% of reduction was
evident with Kpnl-bound versus -unbound substrates at all
tested concentrations of MtRuvAB (Fig. 11C). These data
clearly suggest that MtRecG but not MtRuvAB is proficient in
reversing the stalled forks that are bound by the Kpnl enzyme.
Recent study shows that RPA stimulates protein displacement
activities of FANC] or RecQ1 helicase (66). However, such
stimulation was not observed with MtSSB when MtRecG/
MtRuvAB-catalyzed fork reversal was tested with Kpnl-bound
fork structures (data not shown).

Discussion

Multiple studies show that replisome efficiently bypasses
the lesion on the lagging strand template, whereas damage on the
leading strand template presents a serious problem for the
error-free duplication of the genome (7, 10). Although replica-
tion can resume by repriming downstream to the lesion on
leading strand template, fork reversal is emerging as an evolu-
tionarily conserved physiological response from prokaryotes to
eukaryotes for restart of stalled forks (7, 10). Evidence from
various studies indicates that fork reversal plays a central role in
the multiple mechanisms of replication restart in bacteria (5,
10, 12,42, 67). Defects in the processing of stalled forks can lead
to genetic instability and cell death. Thus, enzymes that cata-
lyze fork reversal play a crucial role in the stabilization and
restart of stalled replication forks. Consistent with our previous
data (53), this study demonstrates that MtRecG rescues the
hypersensitivity of E. coli ArecG cells from agents that cause
replicative stress via depletion of the ANTP pool. In agreement
with these observations, our biochemical studies show that
MtRecG catalyzes remodeling of fork structures that resemble
stalled forks with leading strand gap and template damage.
MtSSB suppresses MtRecG- and MtRuvAB-mediated fork
reversal activity with substrates that contain lagging strand gap.
Strikingly, our comparative studies show that MtRecG is more
efficient in promoting fork reversal than MtRuvAB or MtRecA.
Moreover, MtRecG but not MtRuvAB was proficient in exhib-
iting a template switch mechanism of fork restart in vitro.
Finally, unlike MtRuvAB, our data show that MtRecG drives
efficient reversal of forks when fork structures are bound by

FIGURE 5. M. tuberculosis RecG prefers replication fork substrates containing lagging strand at the fork junction. 4, reactions contained 1 nm3?P-labeled
substrate (shown on top of each panel) in the absence (lanes 1 and 8) or presence of 0.5, 5, 50, 100, and 200 nm MtRecG (lanes 2- 6 and lanes 9-13, respectively).
Reactions were terminated and resolved on 8% native polyacrylamide gel and visualized by autoradiography. Lanes 7 and 74 show heat-denatured substrates.
B, rates of unwinding of replication fork with indicated time points (shown on top) with 100 nm MtRecG. C and D, quantitative data for the experiments shown
in A and B, respectively. Electrophoretic mobility shift assay showing binding affinity of MtRecG to partial (E) or complete (F) replication fork structures.
Reactions contained 0.5 nm >2P-labeled substrate (shown on top of each panel) in the absence (lanes 7and 8) or presence of 10, 20, 50, 100, 200, and 400 nm
MtRecG (lanes 2-7 and lanes 9-14, respectively). G and H, graphical representation of the amount of DNA substrate bound by MtRecG for experiments shown

in E and F, respectively.
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protein. These data suggest that MtRecG might participate in
replication fork stabilization and restart pathways in vivo.

E. coli ArecG cells exhibit sensitivity to UV light, MMS, and
HU, which induce genome-wide replicative stress (24, 25). The
fact that MtRecG rescues the hypersensitivity of E. coli ArecG
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cells from replicative stress implies that MtRecG participates in
the rescue pathways of stalled replication forks in vivo. In cor-
roboration with these data, purified MtRecG was robust in
reversing the model replication forks, and this activity was de-
pendent on ATP hydrolysis at catalytic concentrations. The
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8% polyacrylamide gel and analyzed by autoradiography. Lanes 15 and 16 represent markers. B, quantitative data for the reactions shown in A. The error bars
represent standard error of the mean (S.E.) from three independent experiments.

semi-discontinuous mode of DNA synthesis suggests that lag-
ging strand synthesis continues to occur despite the presence of
lesions on the lagging strand template (68). In contrast, when
leading strand polymerase encounters lesions on template
DNA, it generates ssDNA gaps in the leading strand as replica-
tion continues to progress beyond the lesion via lagging strand
synthesis. However, the replication fork is expected to stall due
to uncoupling of leading and lagging strand synthesis. Such
forks need to be restarted, and fork reversal by helicases/trans-
locases plays an important role in rescuing the stalled forks (10,
67). MtRecG was proficient in driving the reversal of model fork
structures that contain leading strand gap. Notably, MtRecG
was efficient in reversing the fork structures that contained
leading strand template lesions and forks that are bound by
protein. Indeed, a recent study showed that E. coli RecG pro-
motes reversal of model forks that contain cyclobutane pyrim-
idine dimer lesion on the leading strand template DNA (22). In
addition, a biochemical study with oligonucleotide DNA sub-
strates (17) and a recent single molecule study (69) utilizing a
combination of optical and magnetic tweezers show that E. coli
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RecG preferentially binds and unwinds forks with lagging
strand. Similar to E. coli RecG, the presence of lagging strand at
the fork junction was required for efficient fork reversal by
MtRecG, indicating that MtRecG might target forks that are
stalled by leading strand template lesion. Structural studies
from Thermatoga maritima RecG bound to a replication fork
structure reveal that the “wedge” domain is critical for binding
to the branched DNA molecules, and the two helicase domains
interact with parental duplex of the fork (70). Structural data
support the notion that RecG translocates on dsDNA-catalyz-
ing disruption of hydrogen bonding of the two daughter
duplexes, resulting in reannealing of the parental duplexes and
consequent annealing of two nascent strands (20, 71). The fact
that MtRecG also possesses a conserved wedge domain and
other helicase motifs as that of T. maritima and E. coli RecG
(53), it is likely that the mechanism of the MtRecG-mediated
fork reversal may be similar to that of E. coli RecG.

Previous studies implicate the participation of RuvAB pro-
teins in replication fork repair when there is a defect in repli-
some components or accessory replicative helicase (72-74).

JOURNAL OF BIOLOGICAL CHEMISTRY 24131



Remodeling of Stalled Forks by M. tuberculosis RecG

A
MtRUVA/B(100/300nM) — — — — — — — — — + + + + + — —
K321AMtRecG (InM) — + — — — = — — — = — — — — — —
MtRecG(O.SnM)___ - = F F F o o = e o o= e ‘Q*
59
MSSB(NM) - — & — — @ ® - — - & - — — - 5,A(94)/$4§’
ECSSB(NM) - - — & - — — ¥ & - - f\?@——J‘?’B(M)\&«;
\u’
' %
Do | e e e - - - . . AR
= 23
(Y
S-M -
: » -l s re0//8
B (94) vt by \ 0
> v C (64
Y 4 C (64) 3
1 2 3 456 7 8 9 10111213 1415 16 3—5'
F (34)
%64
B
c 80 iRE0:03 *p <0.001
] <0, \
= pebioe, p <0.001
$ - 604
g%
T 40
2o
X Qo
o
o 20
(e
= B N PR
F L L LS S P
FEFSETE T T e 5 6% 6 S
e &S i
AN C 1t |
& MSSB  EcSSB

"MtSSB EcSSB

0.5 nM MtRecG

100/300 nM MtRuvA/B

FIGURE 8.SSB suppresses M. tuberculosis RecG- and RuvAB-mediated fork reversal of substrates that contain lagging strand gap. A, effect of MtSSB and
EcSSB proteins in the MtRecG- and MtRuvAB-mediated fork reversal of lagging strand gap substrates. Reaction mixture contained 10 nm *2P-labeled substrate
inthe presence of 1 mm ATP and 5 mm MgCl,. Reactions were carried out either in the presence or absence of indicated proteins, and the products were resolved
on 8% polyacrylamide gel and analyzed by autoradiography. Lanes 15 and 16 represents markers. B, quantitative data for the reactions shown in A. The error
bars represent standard error of the mean (S.E.) from three independent experiments.

Consistently, biochemical studies showed that E. coli RuvAB
promotes RFR with oligonucleotide substrates (21, 23). A more
recent study demonstrated that E. coli RuvAB catalyzes RFR
with structures that contain cyclobutane pyrimidine dimer
lesion on the leading strand template (22). Interestingly, our
comparative studies reveal that only MtRecG was proficient in
driving the reversal of replication forks either with leading
strand template damage or when the forks are bound by pro-
tein. In contrast, although MtRuvAB was able to promote fork
reversal with leading strand gap, this activity was suppressed
with template damage and when the forks were bound by pro-
tein. It is likely that MtRecG preferentially acts on stalled forks
to promote fork reversal and then MtRuvAB can catalyze
extended branch migration of HJs formed by MtRecG. Indeed,
Gupta et al. (22) showed that E. coli RecG stimulates RuvAB-
catalyzed fork reversal. Moreover, it has been shown that RecG
binds to fork structures with higher affinity than RuvAB, and
SSB inhibits RuvAB-mediated fork reversal activity (23). Our
comparative studies clearly show that MtRecG is robust in
reversing the forks with lesion on the template strand and when
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forks are bound by protein, implying that RecG could be an
evolutionarily conserved translocase that preferentially acts on
stalled forks.

E. coli RecG efficiently drives fork reversal at as low as a 0.01
nM concentration (21), which correlate with its in vivo levels
(<10 molecules) (75). In our assays, MtRecG was also able to
drive robust fork reversal between 0.01 and 0.1 nm concentra-
tions. Our previous study shows that RecG is present at ~3
molecules in M. tuberculosis cells, and its level marginally
increases with DNA damage (53). In contrast to RecG, the basal
levels of E. coli RuvA and RuvB proteins are known to exist at
~700 and 200 molecules, respectively (75, 76). E. coli RuvA
assembles into a tetramer, whereas RuvB exists as hexamer and
such oligomeric forms of RuvA/RuvB are required for its opti-
mal activity to catalyze unwinding of HJ as well as fork struc-
tures (21, 77-79). Conceivably, because of its intrinsic property
of oligomerization, E. coli RuvA/RuvB is required at higher
amounts to exhibit fork reversal activity. It is likely that M. tuber-
culosis RuvAB might function in a similar fashion as that of E. coli
RuvAB. Indeed, for optimal fork reversal activity, MtRuvAB was
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required at much higher concentrations (100/300 nm of RuvA/
RuvB) than MtRecG. Although the basal levels of MtRuvAB need
to be determined, microarray data reveal an up-regulation in
MtRuvAB transcripts upon macrophage infection (80, 81).
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In addition to RecG and RuvAB, E. coli RecA has been impli-
cated in fork repair and restoration activities (39, 67). In a
recent study, Gupta et al. (43) examined the role of RecA in RFR
activity in the presence of SSB. In contrast to the earlier report
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(41), RecA was unable to catalyze reversal of stalled forks (43).
In the previous report (41), substrates were incubated first with
RecA, and SSB, which is an abundant protein that exhibits
higher affinity to ssDNA, was added later. Our data demon-
strate that MtRecA was modest in its fork reversal activity with
leading strand gap substrates, and this activity was inhibited
when SSB was added first in the reactions (data not shown).
Moreover, with a template lesion, the fork reversal activity of
RecA was completely abolished. E. coli RecFOR proteins are
known to facilitate RecA filament formation onto the ssDNA
(30), and it will be interesting to test whether RecFOR stimu-
lates RecA-mediated fork reversal activity. Moreover, in our
assays, the substrates with a template lesion contained aleading
strand gap of 5 nt, which may be a limitation for efficient load-
ing of RecA molecules. However, further studies are required to
rule out this possibility.

24136 JOURNAL OF BIOLOGICAL CHEMISTRY

Although fork reversal provides a mechanism for recoupling
helicase and polymerase to resume the replication, fork reversal
activity should be regulated to prevent interference with ac-
tively elongating forks and maturation of Okazaki fragments. A
recent study shows that human SMARCALI fork reversal activ-
ity is regulated by RPA such that binding of RPA to the lagging
strand gap template prevents SMARCALLI activity, although it
stimulates SMARCAL1-mediated fork reversal when there is a
leading strand gap (82). Interestingly, in our assays, MtSSB sup-
pressed MtRecG- and MtRuvAB-catalyzed fork reversal when
the fork structures contain lagging strand gap. It is likely that
MtSSB modulates the fork reversal activity of MtRecG by its
direct interaction with MtRecG. Indeed, E. coli SSB interacts
with E. coli RecG via its C-terminal domain, and this interac-
tion facilitates RecG binding to the stalled forks (83, 84). How-
ever, a similar physical interaction between SSB and RuvAB was
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not found in their study (83). SSB/RPA has been shown to
modulate the activity of various helicases including PriA,
RecQ, and FANC] (66, 85, 86). Moreover, heterologous SSB
proteins have been shown to functionally replace cognate
SSBs in RecA-catalyzed strand exchange reactions (37). Inter-
estingly, similar to MtSSB, E. coli SSB was able to suppress the
MtRecG- and MtRuvAB-mediated fork reversal of lagging
strand gap structures. However, the mechanism(s) underlying
SSB modulation of MtRecG- and MtRuvAB-mediated fork
reversal activities require further studies.

A recent study has provided direct evidence that T4 UvsW
helicase fork reversal activity is coupled to the template switch-
ing mechanism of replication restart (62). Strikingly, our data
with in vitro template switching mechanism of fork start fur-
ther supported the efficient fork reversal activity of MtRecG.
DNA synthesis bypassing the lesion involves fork reversal by
helicases/tranlocases. MtRecG was proficient in catalyzing the
stalled forks such that DNA polymerase could resume its activ-
ity. In contrast, MtRuvAB was less efficient to exhibit fork
reversal activity; thereby, an extended synthesis past the lesion
was not observed in reactions incubated with MtRuvAB. Simi-
larly, MtRecA was also unable to catalyze fork reversal with
lesion on the template DNA as the final product of DNA syn-
thesis was not evident when RecA was examined in our assays.
Interestingly, an extended full-length product was visible in the
reactions carried out with MtRecG. This product is expected to
arise only when reversed forks are restored possibly by reverse
branch migration catalyzed by RecG. Indeed, such an activity is
documented for E. coli RecG (16, 87). The increasing appear-
ance of the full-length final product suggests that RecG can
restore the reversed forks to facilitate replication restart. How-
ever, a more specific assay, similar to what has been used for
analyzing RecQ1-mediated fork restoration (88), is required for
validating the fork restoration activity of MtRecG.

The robust and efficient fork reversal activity of MtRecG
with substrates with template lesions or when forks are bound
by protein suggests that MtRecG could play an important role
in the replication fork repair and restart pathways in mycobac-
teria. The MtRecG-catalyzed RFR may support the template
switching mechanism of replication restart in mycobacteria
(Fig. 12A). Indeed, in our assays MtRecG was able to facilitate
DNA synthesis beyond the lesion, which supports the template
switching model of replication restart. In this scenario, upon
fork reversal, lesion containing template strand is reannealed to
the parental complementary strand, and replication will be
resumed bypassing the lesion upon DNA synthesis from the 3’
end of leading strand utilizing lagging strand as a template fol-
lowed by fork restoration (Fig. 12A). The lesion can be repaired
by the BER/NER pathway subsequently. Indeed, a recent study
with T4 UvsW helicase supports the template switching mech-
anism of replication restart via fork reversal (62). Alternatively,
fork reversal may provide the opportunity for NER/BER
machinery to excise the lesion, and DNA synthesis with tem-
plate switching followed by fork restoration can resume the
replication (Fig. 12B). There are other possibilities that replica-
tion can be restarted from a stalled fork. Fork reversal generates
four-stranded HJs that are substrates for cleavage by RuvC
junction-specific endonuclease (Fig. 12C). Indeed, a recent
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study shows that RecG-driven reversed forks undergo cleavage
by RuvC (22). Upon cleavage, generated DSBs can be processed
by nucleases for a recombination-mediated restart of replica-
tion via D-loop formation (Fig. 12C). Finally, exonucleolytic
degradation (5" — 3') of nascent strand leaving the comple-
mentary 3’ ssDNA provides a substrate for initiation of recom-
bination using homologous sequences in the reannealed paren-
tal duplex DNA. Resolution/dissolution of the HJs coupled with
assembly of a replisome at the D-loop can restore a replication
fork (Fig. 12D).

M. tuberculosis genome is GC-rich (65%), and during infec-
tion, this pathogen is exposed to macrophage-induced ROS and
RNI, which cause oxidative and alkylating lesions (89). In addi-
tion, G-rich sequence motifs that have the potential to form
G-quadruplex (G4) DNA secondary structures are also abun-
dant in this pathogen (49, 50). During M. tuberculosis infection
and propagation in host macrophages, the ROS- and RNI-in-
duced DNA damage, different types of secondary structures,
including G4 and ongoing transcription, exert enormous repli-
cative stress. Under these conditions, it is intriguing and also
the least understood regarding how this pathogen circumvents
a high dose of replicative stress to survive, multiply, and cause
pathogenesis. It is likely that M. tuberculosis could have evolved
with an efficient mechanism(s) to evade the replicative stress.
Thus, it is crucial to understand the mechanisms and the path-
ways by which M. tuberculosis deals with replication problems.
Fork reversal by RecG provides one such mechanism to protect
and restart stalled forks in M. tuberculosis. Our studies reveal
that catalytic amounts of RecG promote efficient reversal of
stalled forks when there is template damage or when forks are
bound by protein. In E. coli, RecG protein levels are unchanged
during SOS response (75). Notably, a microarray data with
macrophage infection (80, 90) and our previous in vitro study
(53) show that MtRecG levels are moderately up-regulated
(~2-fold) when DNA damage was induced. It is likely that this
induction of RecG may be required for circumventing the rep-
licative stress incurred during infection, survival, and patho-
genesis. Thus, RecG in M. tuberculosis could be a potential drug
target. However, further studies are required to understand the
pathways and the mechanisms by which this pathogen circum-
vents replication problems for its survival, persistence, and
pathogenesis.
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