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SUMMARY 
 

Mycobacterium tuberculosis (Mtb) is the etiological agent of tuberculosis (TB), a 

deadly human disease that kills millions of people every year. Mtb is notable for its 

survival and proliferation inside the harsh environment of the human macrophage, 

where many bacterial pathogens normally perish. This pathogen has an efficient DNA 

repair system that helps to maintain the integrity of its genome despite the severe 

genotoxic stress inside the macrophage, thereby enabling its intracellular survival 

and proliferation. Helicases, motor enzymes that unwind duplex nucleic acid strands 

into single strands, are vital enzymes required in virtually every aspect of nucleic acid 

metabolism, including DNA replication, repair, recombination and transcription. In 

order to delineate the functional role of the Mtb helicases RecG, XPB and DinG, 

biochemical characterization was conducted, with a focus on DNA binding, unwinding 

and ATPase activity. 

M. tuberculosis RecG (RecGMtb) and M. tuberculosis DinG (DinGMtb) exhibited a 

strictly DNA-dependent ATPase activity. The ATPase activity of RecGMtb and DinGMtb 

was preferentially stimulated by double and single stranded DNA cofactors, 

respectively, whereas XPBMtb was previously shown to be a single stranded DNA-

dependent ATPase. The unwinding activity of all these three helicases was fueled by 

the hydrolysis of only ATP or dATP. We demonstrated that, although RecGMtb 

unwound various model substrates such as replication forks, Holliday junctions (HJ), 

D-loops and R-loops, its highest activity was exerted on an HJ substrate. XPBMtb, 

consistent with its 3'→5' polarity, unwound 3' flaps, flayed duplex, 3' overhangs (with 

a minimum of 15 nt overhang) and 3' tailed D-loops, however, it was not active on R-

loops. DinGMtb, in addition to unwinding those substrates acted by XPBMtb, unwound 

a variety of D- and R-loop substrates and required a minimum of only 10 nt overhang 

to unwind 3' overhangs. The study showed that DinGMtb possesses a 3'→5' polarity, 

whereas all eukaryotic and prokaryotic DinG homologs studied to date possess a 

5'→3' polarity. Divalent metal ions were critical for the helicase activity of all the three 

helicases examined and this requirement was met preferentially by Mg2+and Mn2+ for 

all the three helicases under study. Interestingly, both DinGMtb and XPBMtb hydrolyzed 

ATP in the presence of Ca2+; however, they lacked any detectable unwinding activity. 

Moreover, ATP-independent strand annealing activity was demonstrated for XPBMtb 
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and DinGMtb. Quantitative gene expression analysis of M. tuberculosis recG, XPB and 

dinG indicated that neither of them was significantly upregulated when Mtb was 

treated with various chemicals that induce oxidative, nitrosative, alkylative or cross 

linking damage to DNA. The studies presented in this dissertation provide important 

insights into the function and possible roles of these helicases in M. tuberculosis and 

facilitate subsequent attempts to delineate the precise roles of RecGMtb, XPBMtb and 

DinGMtb on Mtb genome maintenance and cellular fitness. 
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I. INTRODUCTION 

1.1 Tuberculosis 

Tuberculosis (TB) is a deadly infectious disease caused by the bacterium 

Mycobacterium tuberculosis (Mtb) that primarily affects the lung. This pathogen is a 

member of the Mtb complex, which comprises the closely related mycobacterial 

species: M. tuberculosis, M. bovis, M. africanum, M. microti, M. pinnipedii, M. caprae 

and M. canetti [1]. According to the World Health Organization (WHO), TB claimed 

the lives of 1.4 million people in 2011 and nearly 9 million incident cases of TB were 

reported in the same year [2]. These reports rank TB as the leading cause of 

mortality and morbidity due to a bacterial pathogen [3]. The fact that Mtb has infected 

about 2 billion (one-third of world’s population) makes it the most successful 

pathogen globally [3]. There are two outcomes of Mtb infection: development of 

active TB, or more commonly latent TB [4]. Although an ancient disease, the battle 

against TB has remained difficult to win. There is no effective vaccine against TB to 

date. The only available vaccine, Bacille Calmette-Guerin (BCG), although important 

for preventing the dangerous form of primary TB in infants, is not effective against 

active TB in adults [5]. The emergence and spread of multi-drug resistant Mtb strains 

and the advent of HIV/AIDS pandemic are among the most important challenges that 

have made the current control of TB difficult. 

 

Figure 1. Scanning electron micrograph of M. tuberculosis. Image courtesy of CDC/ Dr. Ray 
Butler. 
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1.2 Mycobacterium tuberculosis 

Mtb is a rod shaped, aerobic, nonmotile, nonsporing, acid-fast, weakly Gram-positive, 

and facultative intracellular bacterial pathogen (Figure 1) [6]. It belongs to the order 

Actinomycetales, family Mycobacteriaceae. The mycolic acid-rich cell envelope of 

mycobacteria provides protection and exceptional impermeability to a number of 

compounds, which contributes in part to the Mtb’s inherent resistance to several 

antibiotics and chemotherapeutics [7]. Mtb is remarkable for its slow growth, with a 

generation time of ≈20 h under optimal conditions in vitro and even longer in vivo [8]. 

Unlike other pathogens such as Vibrio cholerae, Shigella dysenteriae or 

Corynebacterium diphtheriae, Mtb does not have classical virulence factors such as 

toxins [9]. However, a number of physiological and structural features of the 

bacterium were suggested to contribute to its virulence. Mycolic acid [10] and 

trehalose dimycolate (cord factor) [11] (which elicit granuloma formation in animal 

tissue), lipoarabinomannan [12] (which can induce cytokines), catalase-peroxidase 

and superoxide dismutase [13] (which resist the host cell oxidative response) and 

protein kinase G (PknG) (which blocks intracellular degradation of mycobacteria [14]) 

are a few examples of the virulence factors in Mtb. Moreover, the ESX-1 secretion 

system of Mtb, a type VII secretion system which is involved in the export of virulence 

factors that modulate the host response to infection, was found to be critical for Mtb 

virulence [15, 16]. 

The Mtb genome is notable for its unusually high guanine-cytosine (GC) content 

(65.5%) [17]. It is also rich in a repetitive DNA sequences, including insertion 

sequences, major polymorphic tandem repeats, direct repeats, polymorphic GC-rich 

repetitive sequences and mycobacterial interspersed repetitive units [18]. Studies 

suggested that there were no recent horizontal gene exchanges in Mtb [17] and that 

Mtb is a genetically isolated and clonal organism [19, 20]. 

 

1.3 A brief history of TB 

TB existed before the beginning of recorded history [21] and the etiological agent, 

Mtb, may have killed more persons than any other microbial pathogen [22]. TB can 

be documented as early as 5000, 3300 and 2300 years ago in Egypt, India and  
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China, respectively [21]. It is presumed that the genus Mycobacterium originated 150 

million years ago and that an early progenitor of Mtb probably co-evolved with 

hominids present in East Africa three million years ago [22]. TB was historically 

known as “consumption”, “wasting disease” and “the white plague”. In 1865 the 

French surgeon Jean-Antoine proved that TB was a contagious disease and later in 

1882, Robert Koch discovered its causative agent, the Mtb [22].  

 

Figure 2. Estimated global TB incidence rates, 2011. Adapted from [2]. 

 

1.4 Epidemiology of TB 

As a disease of poverty, 95% of TB cases occur in low- and middle-income countries, 

affecting mainly the young adults [23]. Highest TB burden areas are located in the 

Sub-Saharan Africa, Russian federation and South East Asian countries, where there 

are over 100 new TB cases per 100,000 population per year (Figure 2). Among 

peoples with HIV/AIDS, about one in four deaths is due to TB [23]. 
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Figure 3. Schematics of the transmission and pathogenesis of Mtb. (A) Transmission of Mtb from 
an infected to a healthy individual. (B) Phagocytosis of Mtb by alveolar macrophages and 
multiplication of Mtb inside phagosomes. (C) Attacks from host cell and Mtb’s counteracting 
mechanisms. (D) Granuloma. (E) Rupture of granuloma and release of Mtb into airways. Image 
courtesy of Dr. Michael Shiloh (http://www4.utsouthwestern.edu/idlabs/Shiloh/shilohIndex.html). 

 

1.5 Infection and pathogenesis of M. tuberculosis 

Mtb predominantly infects the lung (pulmonary TB). In addition, Mtb can infect any 

parts of the human body, including the bones, brain, gastrointestinal tract, spleen and 

skin, which constitute the extrapulmonary TB [9]. Pulmonary TB infection begins 

when Mtb is inhaled through the respiratory tract and then engulfed by alveolar 

macrophages (Figure 3). The initial interaction between Mtb and macrophage elicits a 

T-helper cell (CD4+) and a cytotoxic T-cell (CD8+) response. After entry into the 

macrophage, Mtb initially resides in an endocytic vacuole called the phagosome. 

There, it replicates by arresting the maturation and acidification of phagosomes. 

Replication of Mtb inside phagosomes proceeds until interferon gamma (IFN-γ), a 

cytokine produced mainly by CD4+ T cells during the onset of the cell-mediated 

immunity, capacitates the macrophage to proceed with the phagosomal maturation. 



  

5 

 

This activation of the macrophages poses a very hostile condition to the survival of 

Mtb. This condition includes acidic pH, reactive oxygen intermediates (ROI), reactive 

nitrogen intermediates (RNI), lysosomal enzymes and toxic peptides [9, 24].  

Mtb has mechanisms to circumvent encountering hostile conditions inside 

macrophages. The mechanisms include preventing phagosome-lysosome fusion, 

using complement receptors 1 and 3 for cell entry that do not trigger the oxidative 

burst, and producing catalase and superoxide dismutase which detoxify ROI [3]. 

Studies indicated that Mtb mutants that had not been able to prevent phagosome 

maturation were found to survive and even replicate like wildtype Mtb inside 

phagolysosome (reviewed in [25]). This may indicate that the surviving Mtb indeed 

have gone through genotoxic and other assaults primarily incurred by ROI and RNI 

inside the macrophages. Hence, Mtb relies on efficient mechanisms to repair 

damages inflicted to its genome and other cellular components in order to survive 

and replicate. 

A remarkable feature of Mtb infection is its ability to persist in the human body for 

decades without clinical manifestation of active TB, a condition known as latency. 

This is a state in which the host is able to control the infection but unable to 

completely eradicate the bacteria [4]. Untreated or incompletely treated Mtb infection 

often leads to latency [26]. In the estimated 2 billion cases of Mtb infection, the vast 

majority are clinically latent. The physiology of Mtb during latent infection is poorly 

understood [27]. In latent TB, the bacilli remain quiescent and confined in immune 

cell aggregates known as granulomas (Figure 3D). Granulomas, the hallmark of TB, 

are believed to represent an immunologic and physical barrier to contain and prevent 

dissemination [4].  

 

1.6 Current challenges in the control of TB 

One of the growing threats to the TB control programmes is the development of Mtb 

drug resistance. Mtb is inherently resistant to several drugs due to its impervious cell 

wall [7]. Drug resistance development in Mtb, unlike in many other bacterial 

pathogens, was found to be chromosomally encoded and arise almost exclusively 

due to point mutations in target or complementary genes and rarely from gene 
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inactivation by mobile genetic elements [28-30]. For example, 96% of rifampin 

resistance in Mtb result from point mutations in a defined region of the rpoB gene, 

which encodes the β subunit of RNA polymerase, called the rifampin resistance-

determining region (RRDR) [31, 32]. Since Mtb relies almost exclusively on 

mutational events to acquire drug resistance [28-30], it can be suggested that a 

transient mutator status benefits this pathogen by increasing the chances of 

acquiring drug resistance [33]. In fact, some antibiotics indirectly promote antibiotic 

resistance by inducing the SOS system and error-prone DNA polymerases [33, 34]. 

Moreover, the fact that Mtb encounters a variety of stress conditions during infection 

[9, 24] appears to favor hypermutation [35]. 

Resistance to isoniazid and rifampin, the two frontline anti-TB drugs, is defined as 

multi-drug resistant (MDR)-TB. Even more alarming is extensively drug resistant 

(XDR)-TB, which is resistant to isoniazid, rifampin, any fluoroquinolone and any of 

the second-line anti-TB injectable drugs (amikacin, kanamycin or capreomycin) [36]. 

A virtually untreatable form of resistant TB called totally or extremely drug resistant 

(XXDR)-TB was also reported recently, which exhibited in vitro resistance to all the 

first and second line drugs [37, 38]. The increased tendency of Mtb strains for 

developing resistance to the existing anti-TB drugs calls for urgent attention. 

Another important factor that has fueled the global resurgence of TB and complicated 

its control programme is the advent of the HIV/AIDS pandemic. TB has been the 

leading cause of mortality among people living with HIV [39]. Since Mtb 

predominantly resides inside macrophages, the cell-mediated immune response 

rather than the antibody-mediated response is relevant for overcoming the infection  

[40]. The fact that HIV preferentially infects CD4+ T-cells and macrophages increases 

the likelihood of developing an active TB in AIDS patients. Consequently, the 

reactivation of latent TB is ten times higher in HIV infected than non-HIV infected 

individuals [41].  

In order to curb the progress of TB, more efforts should be geared towards identifying 

novel approaches for intervention. This may include identifying new drug targets, new 

drugs and effective vaccines. To this effect, a thorough understanding of the DNA 

metabolism of the pathogen might reveal novel candidates for intervention [28]. 

Although a direct evidence for the role of DNA repair in bacterial pathogenesis is 
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lacking, DNA repair pathways are expected to play crucial roles for the survival and 

pathogenesis of Mtb in the human body [42]. Thus, the essential DNA metabolic 

pathway components may serve as potential drug targets.  

 

1.7 M. tuberculosis genome and DNA repair 

Mtb H37Rv has a genome size of 4.4 M base pairs (bp) with a characteristic high GC 

content [17]. The Mtb genome codes for 3,924 open reading frames accounting for 

≈91% of the coding capacity of the genome [17]. Mtb has one ribosomal RNA operon 

(rrn) which is located 1.5 Mbp from the origin of replication (oriC locus). While there 

are over 230 genes annotated to be involved in fatty acid metabolism in Mtb (unlike 

only 50 in E. coli) [43], the total number of genes involved in DNA metabolism is 

unknown. The integrity of Mtb genome is challenged by different genotoxic assaults 

originating from both endogenous sources as well as host-derived during infection 

and pathogenesis. Mtb is also likely to encounter ultraviolet (UV) irradiation in aerosol 

until it lands inside the host’s body [44]. Once inside the human lung and 

phagocytosed, Mtb yet encounters several host-derived stress including ROI, RNI, 

hypoxia and acidic pH [9, 24] that are detrimental to the genome. Hence, DNA repair 

pathways play crucial roles in the survival and persistence of Mtb during drug 

treatment and acquisition of drug resistance [24]. 

 



 

Figure 4. Scheme of major DNA repair pathways in Mtb
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promote double strand break (DSB) repair during latency when daughter chromatids 

are absent to allow for homology directed repair [45, 47]. In addition to homologous 

recombination (HR) and NHEJ, mycobacteria repair DSB via a distinct pathway 

known as Single strand annealing (SSA). In contrast to E. coli, the mycobacterial 

RecBCD is not dedicated for the RecA-dependent HR pathway, but to the SSA 

pathway [50, 51]. 

Although RecA/LexA-dependent DNA damage regulation is present in Mtb, most 

DNA damage inducible genes are regulated by an alternative mechanism [53, 54], 

which remains to be identified. An interesting feature of RecA from Mtb is the 

presence of an intein which is removed via a protein-slicing reaction to form the 

active RecA [55]. Mtb RecA exhibited reduced ATPase activity and pronounced pH 

dependence for strand exchange reaction as compared to its E. coli counterpart, 

nevertheless, the presence of an intein does not appear to affect the ability of Mtb 

RecA to function during the homologous recombination (reviewed in [47]).  

Multiple gene orthologs for certain DNA repair genes were found in Mtb genome, 

which includes a total of four of each of mutT and dinF genes and duplicates of each 

fpg, nei and uvrD genes [47, 56, 57]. The adaptive response genes adaA, adaB and 

alkA in Mtb were also recently reported to be organized differently to that of E. coli 

[58]. Mtb has also a non-Y family DNA polymerase called DnaE2 that promotes 

survival via inducible mutagenesis [59].  

 

1.9 Helicases 

Helicases are motor enzymes that separate/unwind duplex nucleic acid (NA) strands 

using the energy derived from nucleoside 5'-triphosphate (NTP) hydrolysis, typically 

of ATP. Unwinding of NAs primarily involves disrupting the hydrogen bonds between 

the complementary bases of duplex strands. Since the first discovery of DNA 

helicase in 1976 in E. coli [60], a large number of helicases have been discovered. 

By now, it is well-established that helicases are required in virtually every aspects of 

NA metabolism [61]. Owing to their essential roles, helicases are ubiquitous and 

evolutionary conserved proteins [62]. By unwinding, DNA helicases expose the single 

stranded (ss) NA intermediates that are substrates for various NA transactions in the 



  

10 

 

cell [63]. Helicases are required for efficient and accurate replication, repair and 

recombination of the genome. Moreover, helicase functions facilitate RNA metabolic 

processes, including transcription, ribosome biogenesis, translation, RNA splicing, 

RNA editing, RNA transport and RNA degradation [64].  

Helicases contain a series of seven or more short conserved amino acid motifs 

termed helicase signature motifs. Gorbalenya and Koonin identified seven helicase 

motifs (I, Ia, II-VI) and based on these, they proposed three superfamilies and two 

families of putative helicases [65]. It has become clear that the conserved helicase 

motifs [65] are generally present in proteins that couple NTP hydrolysis to directional 

walk along NA, known as translocases, in which the helicases are subsets of these 

proteins [66, 67]. Thus, the term helicase, although originally used for unwinding 

enzymes, now refers to a diverse group of motor enzymes that are involved not only 

in catalyzing the unwinding of NA, but also other functions, such as displacement of 

proteins from NA strands, movement of Holliday junction (HJ), annealing of two 

complementary strands and NA conformational changes [68-70]. All helicases utilize 

a RecA- or an AAA+-like ATPase core for energy transduction [66].  

 

1.9.1 Helicase superfamilies and helicase motifs 

The conserved motifs of helicases are thought to be involved in generating power for 

DNA/RNA translocation and/or unwinding [71], while the non-conserved regions of 

helicase structure may contain domains involved in protein-protein interactions, 

cellular localization signals, site-specific DNA recognition and oligomerization 

interfaces, which could be specific to the individual helicases [61]. The original 

classification of helicases proposed by Gorbalenya and Koonin [65] was expanded to 

include six superfamilies (Superfamily (SF) 1-6) on the basis of the number, 

sequence and spacers of the previously and newly identified conserved helicase 

signature motifs and other considerations [66]. An overview of the conserved motifs 

for each superfamily is presented in Figure 5.  



 

Figure 5. The six superfamilies of helicases and translocases
superfamilies is given in parenthesis. The core domains (the minimal structural unit of a translocase 
formed from neighboring RecA-like domains) and the positions of the signature motifs are shown for 
each class of helicase, while the functions and positions of the accessory domains shown are specific 
to each protein indicated in the parenthesis. Structural elements present universally in all helicases are 
colored yellow. Adapted from [66]
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Figure 5. The six superfamilies of helicases and translocases. A member for each of the 
superfamilies is given in parenthesis. The core domains (the minimal structural unit of a translocase 

like domains) and the positions of the signature motifs are shown for 
e the functions and positions of the accessory domains shown are specific 

to each protein indicated in the parenthesis. Structural elements present universally in all helicases are 
[66].  
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Figure 6.  Schematic diagram of the conserved helicase motifs of NS3 helicase (an SF2 
helicase) and their roles. The underlined residues are highly conserved in SF2 and the circled 
threonine residues are putative translocation contacts. The motif Ib is equ
indicated in Figure 5. Another motif
members and is involved in NTP binding/hydrolysis 
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box, DEAH/RHA, Rad3/XPD, Swi/snf, RIG-I-like, Ski2-like, NS3/NPH
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threonine residues are putative translocation contacts. The motif Ib is equivalent to the TxGx motif 
indicated in Figure 5. Another motif, called Q-motif, also exists upstream of motif I in some SF2 
members and is involved in NTP binding/hydrolysis [73]. The diagram was adapted from 
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indirect interaction with coupling factors [77]. For instance the processivity of PcrA  helicase 

is enhanced by interaction with RepD protein [78]. The  monomeric helicase RecG has a 

wedge that acts as a processivity factor, by keeping it bound to the DNA track [79].  

Rate/velocity. Rate is defined as the number of bp unwound or translocated per second. 

The rate of unwinding activity varies considerably among helicases and is presumably tuned 

to the in vivo role of the helicase. E. coli RecBCD is one of the fastest and the most 

processive helicases recognized to date, with a rate as high as ≈1000 bp per second and 

unwinding of 36,000 bp per binding-event (reviewed in [69]). 

Step size. Chemical step size can be defined as the number of bases unwound/translocated 

per ATP hydrolysed, whereas physical step size is the number of bp translocated in a single 

conformational cycle of the enzyme [64, 66]. 

Oligomeric/assembly state. Helicases can function as monomer or oligomers. Helicases 

such as RecG, DinG and XPB function as monomers in vitro [80-82]. In hexameric class of 

helicases, six subunits assemble to form a ring-shaped structure (E. coli DnaB, RepA, Rho, 

MCM, T7gp4) while monomers of such ring shaped helicases, such as T7gp4, are not active 

as NTPase or in an unwinding reaction [64]. Furthermore, oligomerization was found to 

enhance the activity of some helicases  that display limited helicase activity as monomers in 

vitro (e.g. NS3 and  Dda) [69]. 

Passive/active helicase. A helicase can be distinguished as passive, if it translocates along 

the NA and waits for spontaneous opening of dsNA caused by thermal fluctuations, thereby 

trapping and stabilizing the opened structure [83]. On the other hand, an active helicase 

directly interacts with dsNA region and drives strand separation. 

Translocation on ds/ssDNA. Translocation can be defined as the movement/walk of 

helicases along the NA strand. Most helicases, which include Rep, UvrD and PcrA helicases, 

translocate on ssNA and perform the unwinding [84]. On the other hand, helicases such as 

RecG, PriA and NS3 are proposed to translocate on duplex NA strands [84, 85]. 

NA preferences. Helicases may have predilection to unwind DNA/DNA, RNA/RNA, 

DNA/RNA or RNA/DNA hybrid duplexes and hence called DNA helicases, RNA helicases, 

DNA/RNA, and RNA/DNA helicases, respectively [61]. 

Strand annealing activity. Some helicases, apart from their inherent unwinding activity, 

possess strand annealing activity. These helicases facilitate the annealing/rewinding of 

complementary strands independent of ATP hydrolysis. This activity appears to oppose their 

requisite unwinding activity. Typical examples of such helicase enzymes include the human 
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RecQ helicases WRN and BLM [86]. There are also “annealing helicases” (e.g. HARP and 

AH2) that carry out only ATP-hydrolysis dependent annealing activity, without any unwinding 

activity [87, 88].  

 

1.9.4 Regulation of helicase activities 

Untimely generation of ssDNA is deleterious to a cell as the resulting ssDNA is prone 

to degradation and can also induce illicit recombination [89]. Thus, helicases need to 

function at the appropriate time and on the appropriate NA substrate [69]. Usually, 

the activity of helicases in vivo is coupled to the action of other proteins such as 

initiator proteins, primases, ssDNA binding proteins (SSB), polymerases and other 

factors depending on the specific role of the helicase in question [84]. Helicases in 

general and the oligomeric ones in particular often function in vivo as an integral 

component of various macromolecular complexes [61, 66, 90].  

 

1.9.5 Mechanisms of translocation of helicases on ssDNA 

Two models have been proposed to describe helicase translocation mechanisms on 

NA: a stepping mechanism and a Brownian motor mechanism. 

Stepping mechanisms. In this model the helicase maintains at least two NA contact 

sites that independently bind and release the NA in response to different NTP ligation 

states [64, 83]. The cycle begins when one NA contact site bound tightly and the 

second one weakly to the NA. The weakly bound site release the NA and in a power 

stroke, moves away to bind at a position ahead [64]. After the weak site has moved 

and made tight interactions, the original tight site becomes weak followed by 

releasing and moving to bind ahead. If one of the contacting site maintains the lead 

position, then it is known as inchworm mechanism, whereas if the two binding sites 

alternately take the lead position then it is known as hand-over-hand mechanism 

(rolling model or alternate) [91]. In the inchworm mechanism, the binding sites can be 

within a single monomer [79, 91], whereas the hand-over-hand mechanism requires 

a dimeric structure, with one binding site per monomer [79]. 
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Brownian motor mechanism. Unlike the stepping model, the Brownian motor 

mechanism requires only one NA binding site on the enzyme but invokes two 

conformational states of the helicase with weak and tight NA binding modes, which 

are modulated by different NTP ligation states [64, 69]. In the tight state, helicase 

movement along the NA is not possible; whereas in the weak state, the helicase-NA 

energy profile is shallow and symmetric, and the helicase can move in either direction 

(Brownian motion) or completely dissociate from the NA (accounts for low 

processivity of helicases) [64, 69].  

Table 1. Comparison of major helicases and helicase-related proteins present in E. coli 

and mycobacteria. The signs (+) and (-) refer to helicases present and absent, respectively 

and n.a, no literatures available. 

Helicase E. coli Mtb SF Polarity Remarks References 

AdnA - + 1 3'→5' 
has N-terminal UvrD- like motor and C-

terminal RecB-like nuclease module 
[92] 

AdnB - + 1 3'→5' 
has N-terminal UvrD- like motor and C-

terminal RecB-like nuclease 
[92] 

DinG + + 2 3'→5' directionality is for  E. coli protein [82] 

DnaB + + 4 5'→3'  [93] 

HelD + - 1 3'→5'  [46, 94] 

HelY - + 2 n.a   

Lhr + + 2 n.a  [95] 

Mfd + + 2 n.a exhibits no unwinding activity [96] 

PcrA + - 1 3'→5' Bacillus stearothermophilus PcrA [97] 

PriA + + 2 3'→5'  [93] 

RecB + + 1 3'→5'  [98] 

RecD + + 1 5'→3'  [98] 

RecG + + 2 3'→5'  [99] 

RecQ + - 2 3'→5'  [46, 100] 

Rep + - 1 3'→5'  [93] 

RuvA + + n.a 5'→3'  [93] 

RuvB + + 6 5'→3'
 

hexameric, AAA
+ 
 [101] 

SftH - + 2 3'→5' M. smegmatis SftH [102] 

UvrD1 + + 1 3'→5'  [103] 

UvrD2 - + 1 3'→5'  [104] 

XPB - + 2 3'→5'  [46, 80] 
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1.9.6 M. tuberculosis helicases 

Mtb H37Rv genome contains more than 15 genes encoding for probable helicases or 

helicase-related enzymes. These include dnaB, uvrD1, uvrD2, ruvA, ruvB, recG, XPB 

(also known as ercc3), dinG, recB, recD, mfd and lhr. Notably, a gene for RecQ 

helicase, which is believed to be a caretaker of the genome, is absent in the Mtb 

genome [48, 105]. M. leprae, a species that has undergone major reductive evolution 

[106], lacks homologs for some of the helicase genes present in Mtb, including dinG, 

recB, recD and sftH. The major helicases found in Mtb and E. coli are presented in 

Table 1. DnaB is an essential hexameric helicase enzyme involved in replication of 

Mtb as in E. coli [107]. UvrD1 and UvrD2 are involved in NER pathway in Mtb (Figure 

4) [103, 104, 108]. UvrD2 is an essential helicase [104]. 

Mtb RuvA together with RuvB helicase forms a complex, RuvAB, which is involved in 

branch migration of HJ during HR [109-111]. The helicases RecB and RecD, along 

with RecC, form the heterotrimeric helicase-nuclease complex RecBCD, which is 

involved in HR mediated DSB repair in E. coli [112]. In mycobacteria, unlike in E. coli, 

RecBCD was recently found to repair DSB in a distinct pathway known as single 

strand annealing, whereas the heterodimeric DNA helicase-nuclease complex AdnAB 

is involved in HR [51].  

The helicase-like protein Mfd is a transcription repair coupling factor, which is 

involved in displacing stalled RNA polymerase II and recruits the excision repair 

machinery [96], but has no unwinding activity [113]. The physiological role of Long 

helicase related (Lhr) protein, which is known to be the longest helicase in E. coli, is 

yet to be established [47, 95].  

In mammals, XPB and XPD proteins are components of the transcription factor IIH 

(TFIIH), a ten-subunit complex, involved in transcription initiation as well as NER 

[114, 115]. A homolog of XPB is absent in several bacteria including E. coli, whereas 

DinG is the closest homologue for XPD in bacteria.  

E. coli RecG (RecGE. coli) is involved in processing of HJs, similar to RuvAB [116, 

117]. Besides, RecG is widely thought to rescue arrested replication forks [99, 117, 

118].  



  

17 

 

In this dissertation, we have characterized three mycobacterial helicases that belong 

to the SF2, namely RecG, XPB and DinG. 

 

1.9.6.1 RecG helicase 

RecG is an SF2 helicase that is well conserved among bacterial species [116]. The 

recG gene was initially identified in 1971 as a gene affecting genetic recombination in 

E. coli [119]. Since then, several biochemical and genetic studies have been 

conducted to understand its physiological function. While recG or ruvAB mutations in 

E. coli had moderate effect on recombination and sensitivity to UV irradiation, the 

recG-ruvAB double mutants were extremely sensitive to UV irradiation and had highly 

reduced recombination; which initially suggested a possible functional overlap 

between recG and ruv genes [120, 121]. Moreover, many bacterial recG mutants, 

including mutants of Deinococcus radiodurans [122], Pseudomonas aeruginosa [123] 

and Staphylococcus aureus [124], exhibited sensitivity to DNA damaging agents that 

further suggested a role for RecG in DNA repair.   

RecGE. coli is a 76 kDa monomeric enzyme [81] demonstrated to have a DNA-

dependent ATPase activity [125] and a 3'→5' polarity [99]. Helicase assays showed 

that it has unwinding activity on a variety of DNA substrates such as replication forks, 

D-loops, R-loops and HJs, while it has no unwinding activity on linear duplex 

substrates [99, 118, 126, 127]. These results indicated that RecG is a branched DNA 

specific enzyme [99] which appears to translocate on duplex DNA strands [85]. 

 



 

Figure 7. A model showing RecG c
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showing RecG conversion of a replication fork to an HJ

In order to unveil the function of RecG, quite many studies have been conducted

 especially by Robert Lloyd group in UK.

suggested function of RecG has been the rescue of arrested replication forks 

branch migration of HJs [118, 130]. When a replisome 

during DNA replication, RecG is thought to unwind 

lagging and leading strands off their respective parental strands. This allows 

to re-anneal and the nascent strands also 

way junction (HJ) as illustrated in Figure 7. Fork regression 

access by excision repair enzymes into the damaged site 

the blocking lesion [118, 128]. This model was supported by 

converting a three-way junction into a four

The structure of Thermotoga maritima RecG in complex with 

gave insight as to how RecG recognizes arrested replication forks

[132].  
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Figure 8. Schematic representation of the branch migration activity of RecG and RuvAB. 

Adapted and modified from [84]. 

HJs are central intermediates arising during HR, site-specific recombination and the 

repair of arrested replication forks [133, 134]. Enzymes that drive branch migration, 

such as RecG and RuvAB, determine the amount of genetic information transferred 

between the recombining DNA molecules by extending or shortening the 

heteroduplex formation [135] (Figure 8). While both RecG and RuvAB of E. coli can 

catalyze branch migration of HJs [136], RecGE. coli was demonstrated to convert 

three-way junction into HJ but RuvAB did not [131]. By contrast, RuvAB from Mtb 

was recently found to catalyze reversal of a fork via HJ formation [109].  

More recent studies involving recG mutants suggested that the main role of RecGE. 

coli is to curb a potential pathological replication initiated via PriA protein at sites far 

from oriC [137-139]. It was proposed that following the exposure of E. coli cells to 

DNA damaging agent such as UV light, a DnaA independent initiation of DNA 

duplication known as stable DNA replication is triggered [137, 138]. These newly 

assembled replication forks lead to fork collisions outside the designated termination 

site known as Ter [138, 140]. These unscheduled multiple fork collisions may 

generate branched DNA structures possessing 3' ssDNA flaps that serve to establish 

even further new forks, causing uncontrolled amplification of DNA [138]. Pathological 

DNA replication was also attributed to the defect in chromosomal segregation and 

delay of cell division in E. coli following UV treatment [137, 141]. Hence, the role of 

RecG might be to unwind branched DNA structures such as D- and R-loops 

generated as a result of the collisions that may serve as PriA mediated initiation sites 
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for new replication forks. Notably, inactivation of the helicase activity of PriA was 

found to suppress the phenotypes of recG mutants [137], suggesting that RecG 

eliminates branched DNA structures that could otherwise be exploited by PriA to load 

DnaB and leading subsequently to replisome assembly. Another related study 

showed the need of ∆recG cells for 3' ssDNA exonucleases in order to survive the 

lethal effects associated with the helicase activity of PriA [142]. 

 

1.9.6.2 XPB and XPD helicases 

Both XPB and XPD helicases are members of the SF2. These two enzymes exhibit 

opposite polarity; XPB has a 3'→5' polarity [143], while XPD has a 5'→ 3' polarity 

[144]. In eukaryotes, XPB and XPD are components of the multi-subunit protein 

complex TFIIH. TFIIH plays crucial roles as part of the pre-initiation complex in RNA 

polymerase II mediated transcription and in DNA repair as part of the NER machinery 

[145]. TFIIH complex exists as two sub-complexes: core sub-complex (XPB, p62, 

p52, p44, p34 and p8/TTDA) and Cdk activating kinase (CAK) sub-complex (cyclin H, 

CDK7 and MAT1), in which XPD mediates the binding of CAK sub-complex with the 

core unit [145, 146]. In humans, mutations in XPB/XPD genes were attributed to the 

three rare inherited disorders: xeroderma pigmentosum (XP), Cocayne’s syndrome 

and trichothiodystrophy [115]. While XP patients are characterized by high photo-

sensitivity and 1000-fold risk of developing melanoma, trichothiodystrophy patients 

are mildly photo-sensitive, but display mental retardation, sulphur deficient brittle hair 

and nails [147]. Cocayne’s syndrome patients are also mildly sensitive to light; yet 

exhibit cachectic dwarfism, mental retardation and premature aging [115]. 

 

XPB  

Bioinformatic analysis indicated that although E. coli has no homolog to XPB, a 

number of actinomycetes (including mycobacteria), spirochaetes, clostrida, 

cyanobacteria and proteobacteria were found to possess homologs [80]. Biswas and 

colleagues characterized the biochemical activity of the XPB homologs from bacteria 

for the first time [80]. The study revealed that XPB from Mtb and Kineococcus 

radiotolerans displayed a 3'→5' polarity as do their eukaryotic counterparts, and that 
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as short as 4-nt long ssDNA was able to stimulate the DNA-dependent ATPase 

activity of the enzymes. Besides, these bacterial XPBs have either a slow ATPase 

activity or exhibit very low processivity, consistent with the nonprocessive functions of 

their eukaryotic homologs [80]. In contrast to eukaryotic and bacterial XPB, many 

archaea contain 2 homologs; XPBI and XPBII [148, 149] and found to interact with 

BAX1 endonuclease [150-152]. The crystal structure of the XPB homolog from a 

thermophilic archaeon, Archaeoglobus fulgidus, unveiled the presence of two RecA-

like domains (HD1 and HD2) and accessory domains (DNA damage recognition 

domain and flexible thumb motif) [153]. The study also suggested that XPB interacts 

with DNA lesion via its DNA damage recognition domain and that the interaction may 

allow switching the TFIIH from transcription to NER since XPB is crucial in the TFIIH 

assembly [153]. 

 

DinG 

Bacterial DinG is related to a group of eukaryotic helicases including the mammalian 

XPD and Fanconi anemia complementation group J (FANCJ/BACH1), and the yeast 

Rad3, Rad15 and Chl1. The promoter for dinG gene (damage inducible gene G) was 

first identified in a screen for damage inducible loci in E. coli [154]. Unlike E. coli 

dinG, Mtb dinG is not a DNA-damage inducible [155]. Neither the deletion nor the 

overexpression of dinG in E. coli gave a strong phenotype, except for a slight 

reduction in survival after UV irradiation [82]; which suggested that dinG is not an 

essential gene for E. coli. 

Biochemical characterization of the recombinant DinG enzyme from E. coli indicated 

that DinG is a monomeric helicase enzyme with a 5'→3' directionality, as its 

eukaryotic counterparts [82]. Further, it was found that DinG unwound flayed 

duplexes, 5' flaps, D- and R-loops, but had no activity on blunt end duplex and 

bubble structures [156]. Consistent with the in vitro activity, E. coli DinG (DinGE. coli) 

was demonstrated to remove R-loops in vivo and, together with Rep and UvrD, was 

found to be vital for efficient replication across highly transcribed regions [157]. In 

contrast to DinGE. coli and FANCJ,  the archaeal XPD was able to unwind bubble 

structure [158]. A very recent study reported that Staphylococcus aureus DinG, 

although a ssDNA-dependent ATPase, has no unwinding activity at all [159] and, 
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rather interestingly, it has evolved to an active 3'→5' exonuclease that acts on ssDNA 

and RNA substrates [159]. This enzyme also lacks the iron-sulfur (Fe-S) cluster 

which is essential for helicase activity of XPD helicases [159, 160].  

Even though there are no DinG 3D structure available at present, four XPD 3D 

structures were solved from the archaeal species Sulfolobus acidocaldarius, S. 

tokodaii and Thermoplasma acidophilum [161-164]. The structural analysis of these 

XPD helicases determined the presence of two canonical RecA-like domains (HD1 

and HD2), 4Fe-S cluster and a novel Arch domain, among which the latter two are 

inserted within the HD1 domain [161-163]. Very recently, the structure of XPD from T. 

acidophilum in complex with a short DNA fragment revealed the mechanism of 

translocation polarity [164]. 

In conclusion, even though RecG was well-characterized in E. coli, its exact role has 

been difficult to pin down [165]. Thus, it appears that there is a need to determine its 

role in Mtb too. In addition, the fact that most of the subunits of TFIIH are missing in 

bacteria [80] suggests that bacterial XPB and DinG may play roles that are different 

from those of their eukaryotic counterparts. So far, the in vivo functions of these 

enzymes are poorly understood in prokaryotes, including in Mtb. The deviation in the 

activities of Mtb RuvAB [109], S. aureus DinG [159] and oxidative DNA glycosylases 

of Mtb [166] from their respective homologs of the model organism E. coli, warrants 

investigations on these and other DNA metabolic components of Mtb. 
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II. AIMS OF THE STUDY 
 

The present study was initiated based on the assumption that DNA repair is vital for 

the growth, fitness for survival and pathogenesis of Mtb. Therefore, studies 

elucidating the components of DNA repair pathways are prerequisites for expanding 

our understanding of M. tuberculosis viability, pathogenesis and spread. Hence, the 

aim was to biochemically characterize three selected DNA repair/recombination 

helicases, i.e. Mtb RecG (RecGMtb), Mtb XPB (XPBMtb) and Mtb DinG (DinGMtb) to 

elucidate their roles in the DNA metabolism of Mtb. The specific objectives were: 

• to determine the DNA substrate specificity of RecGMtb, XPBMtb and DinGMtb 

helicases with respect to binding and unwinding 

• to examine the DNA cofactor preferences of RecGMtb and DinGMtb for 

ATPase activity 

• to identify the role of selected conserved residues in RecGMtb using site-

directed mutagenesis  

• to determine if naturally occurring recGMtb single nucleotide polymorphisms 

have any significant effect on the activity of the encoded mutant RecGMtb 

enzymes 

• to test if XPBMtb and DinGMtb exhibit strand annealing activity 

• to monitor the recGMtb, XPBMtb and dinGMtb expression profiles under 

genotoxic stress 
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III. RESULTS 
 

Although well studied in E. coli, the exact role of RecG has been difficult to establish 

and its function is also unknown in Mtb. Likewise, the role of the helicase enzymes 

XPB and XPD is relatively well-known in eukaryotes, but the function of their 

prokaryotic homologs are generally elusive, also in Mtb. Hence, to begin to 

understand their role in the DNA metabolism of Mtb, biochemical analyses were 

conducted on the three Mtb helicases which belong to SF2, i.e. RecGMtb, XPBMtb and 

DinGMtb, with respect to binding and unwinding of various DNA substrates, ATPase 

activity and for other selected helicase features.  

The RecG enzyme is present in nearly all bacteria. We report for the first time that 

the recG gene was also found to be present in the genomes of most vascular plants 

as well as in green algae, but was not found in other eukaryotes or the archaea 

(Paper I). The precise function of RecG is unclear, even though ample evidence 

shows that it plays critical roles in DNA repair, recombination and replication, and in 

avoiding pathological replication in E. coli. We demonstrated that the RecGMtb DNA 

binding activity had a broad substrate specificity, while it only unwound branched-

DNA substrates such as HJs, replication forks, D-loops and R-loops, with a strong 

preference for the HJ as a helicase substrate (Paper I). In addition, RecGMtb 

preferentially bound relatively long (≥40-nt) ssDNA, exhibiting a higher affinity 

towards the homopolymeric nucleotides poly(dT), poly(dG) or poly(dC) than for 

poly(dA). RecGMtb helicase activity was fueled by hydrolysis of ATP or dATP in the 

presence of Mg2+, Mn2+, Cu2+ or Fe2+. Like its E. coli ortholog, RecGMtb is also a 

strictly DNA-dependent ATPase. 

We further constructed ten site-directed single amino acid substitutions in selected 

regions of RecGMtb, including the wedge domain, motifs Q, I, Ib and VI of RecGMtb, 

among which three substitutions were detected as naturally occurring single 

nucleotide polymorphisms (SNPs) in the recGMtb gene in clinical Mtb isolates (Paper 

II). We investigated the RecGMtb mutant proteins with respect to their ability to bind 

and unwind HJ substrate, as well as in their ATP binding and hydrolysis activity. 

Alanine substitution mutations at key residues Q292, F286, K321 and R627 

abolished the RecGMtb unwinding activity, while RecGMtb F99A, P285S and T408A 

mutants exhibited ≈25-50% lower unwinding activity than wildtype. We also report 
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that RecGMtb binds ATP in the absence of a DNA cofactor. We further show that the 

recGMtb is not induced in cultured M. tuberculosis cells by genotoxic stress following 

exposure to oxidative, nitrosative, alkylative DNA damaging agents or a DNA cross 

linking agent 

XPB, also known as ERCC3 and RAD25, is a 3′→5′ DNA repair helicase. XPB is an 

essential core subunit of the eukaryotic basal transcription factor complex TFIIH. It 

has two well-established functions: in the context of damaged DNA, XPB facilitates 

nucleotide excision repair by unwinding double stranded DNA surrounding a DNA 

lesion; while in the context of actively transcribing genes, XPB facilitates initiation of 

RNA polymerase II transcription at gene promoters. We characterized XPBMtb, a 

3′→5′ DNA helicase with DNA-dependent ATPase activity (Paper III). XPBMtb 

efficiently catalyzed DNA unwinding in the presence of significant excess of enzyme. 

The unwinding activity was fueled by ATP or dATP in the presence of Mg2+/Mn2+. 

Consistent with the 3′→5′ polarity of this bacterial XPB helicase, the enzyme required 

a DNA substrate with a 3′ overhang of 15 nucleotides or more. Although XPBMtb 

efficiently unwound DNA model substrates with a 3′ DNA tail, it was not active on 

substrates containing a 3′ RNA tail. We also found that XPBMtb efficiently catalyzed 

ATP-independent annealing of complementary DNA strands.  

The bacterial DNA damage-inducible protein DinG is related to a group of eukaryotic 

helicases that includes mammalian xeroderma pigmentosum factor D (XPD) and 

Fanconi anemia complementation group J (FANCJ/BACH1), as well as yeast Rad3, 

Chl1 and Rad15. We demonstrated that DinGMtb, unlike its homologs, is a 3'→5' 

helicase which prefers DNA substrates containing a 3' overhang of at least 10 

nucleotides (Paper IV). The ATPase activity of DinGMtb is strictly DNA-dependent, 

with a preference for single-stranded DNA. The unwinding activity of DinGMtb requires 

cations (Mg2+ or Mn2+) and nucleoside triphosphate (ATP or dATP). In vitro, DinGMtb 

selectively unwinds DNA substrates such as 3' overhangs, replication forks, D- and 

R-loops, which resemble intermediates of various nucleic acid transactions. DinGMtb 

also possessed an intrinsic ATP-independent DNA strand annealing activity.  
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IV.  DISCUSSION 
 

Helicases are essential enzymes with activities that are required in nearly all aspects 

of NA transactions. Consequently, organisms dedicate a significant portion of their 

genome to encode these vital enzymes. It has been estimated that about 1% of the 

genes in many eukaryotic genomes apparently encode for DNA and RNA helicases 

[167]. Whereas the human genome encodes 95 non-redundant helicase proteins 

[168], 6 and 14 DNA helicases were reported in bacteriophages and E. coli, 

respectively [61]. Likewise, at least 10 helicase genes were reported in Mtb [47, 48] 

but the Mtb genome clearly encodes additional putative DNA and RNA helicase 

enzymes (Table 1). While most helicases catalyze basically similar reactions, which 

are the unwinding of duplex NA strands into single strands, it is intriguing to note that 

most organisms require multiple helicase enzymes in each cell. This may suggest a 

substantial degree of functional specialization and complementarity [72]. 

In the present investigation, we biochemically characterized three putative DNA 

helicases in Mtb, i.e. RecGMtb, XPBMtb and DinGMtb. The studies presented shed light 

on the possible functions of these three helicases in the NA metabolism of Mtb. We 

have extensively characterized the DNA substrate specificity of these helicases using 

a number of synthetic DNA substrates that mimic intermediates arising during the 

various NA transactions. Some basic helicase properties such as directionality and 

divalent metal and NTP preferences were also investigated; these are of importance 

to understand their basic helicase characteristics and possible function. We also 

examined the DNA cofactor preferences for inducing the ATPase activity of RecGMtb 

and DinGMtb helicases. XPBMtb and DinGMtb were also demonstrated to have ATP-

independent strand pairing activity, which was previously reported only in some 

helicases including BLM and WRN [86, 167].  

 

4.1 Basic helicase properties of RecGMtb, XPBMtb and DinGMtb 

Our studies showed that RecGMtb, XPBMtb and DinGMtb exhibited common features as 

well as distinct properties in their activities. The three helicases exhibited DNA-

dependent ATPase activity; however, while RecGMtb was preferentially stimulated by 
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duplex DNA (Paper I), XPBMtb [80] and DinGMtb (Paper IV) preferred ssDNA for 

maximal ATPase activity. This, in turn, may suggest that RecGMtb is a duplex DNA 

translocase like its E. coli ortholog [85], while XPBMtb and DinGMtb are ssDNA 

translocases. This result is similar to the ssDNA-dependent ATPase activity of 

archaeal XPB and XPD proteins [148]. The three helicases are fueled by the 

hydrolysis of only ATP or dATP for their unwinding activity. Such specific requirement 

for ATP/dATP is also shared by another Mtb helicase, UvrDMtb [103]. The specific 

requirement for ATP/dATP by these three Mtb helicases is not surprising as many 

bacterial helicases also appear to have the preferential ability to utilize ATP and 

dATP over other NTPs. In contrast, many viral helicases appear to have more broad 

alternative NTP preferences (reviewed in [84, 169]. Divalent metal cofactor 

requirement studies indicated that Mg2+ and Mn2+ maximally support the unwinding 

activity of the three Mtb helicases examined, a property shared also by UvrDMtb 

helicase [103]. In addition, RecGMtb and UvrDMtb had fairly good unwinding activity in 

the presence of Cu2+ (Paper I and [103]). Strikingly, Ca2+ supported the ATP 

hydrolysis of XPBMtb and DinGMtb, but it was not accompanied by unwinding activities 

(Paper III, IV and [80]) (discussed in section 4.7).  

 

4.2 RecGMtb, XPBMtb and DinGMtb exhibit unwinding activity on multiple 

DNA substrates 

One interesting feature revealed in these studies was the promiscuous substrate 

affinity of the three helicases in vitro. RecGMtb unwound several branched DNA 

structures such as replication forks (i.e. lagging strand fork, leading strand fork and a 

complete replication fork), HJ, D- and R-loop substrates (Paper I). Similarly, both 

XPBMtb and DinGMtb efficiently unwound linear and branched DNA substrates such as 

3' overhangs, flayed/forked duplex, lagging strand fork (3' flaps)  and 3' tailed D-loop 

structure (Paper III and IV). Additionally, unlike XPBMtb, DinGMtb unwound R-loop 

substrates and a variety of D-loops (without tail, 5'-tailed or hairpin tailed) (Paper IV). 

Clearly, XPBMtb and DinGMtb had no activity on an HJ substrate (Paper III and IV).  

While the broad DNA substrate affinity exhibited suggest a potential involvement of 

these helicases in multiple NA transaction pathways in vivo, it is less likely that they 
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are equally important in unwinding the whole range of the DNA substrates to which 

they exhibited affinity to. This is partly evident by the fact that some of these 

helicases displayed higher preference for certain substrates over the others. 

RecGMtb, for instance, exhibited higher affinity in binding and unwinding an HJ 

substrate than forks and D-loops (Paper I). The UvrDMtb also shares similar 

unwinding activity pattern on many of these substrates, even when tested at far lower 

concentrations than we did for XPBMtb and DinGMtb [103]. Interacting protein partners 

could also play an important role in targeting helicases to specific pathways. Indeed, 

helicases generally function in vivo as components of macromolecular machines 

[170]. Consistent with this are the capacities of the eukaryotic XPB and XPD 

helicases that function as subunits of the TFIIH complex, although it remains to be 

established whether their prokaryotic homologs XPB and DinG also operate in a 

similar fashion.  

 

4.3 Potential role of RecGMtb, XPBMtb and DinGMtb in promoting DNA 

replication 

During bacterial replication, two replication forks are established at the origin of 

replication, oriC, and the forks run in opposite directions away from the oriC  until 

they meet at the terminus [171]. However, the replication forks that are initiated at the 

oriC rarely complete the synthesis of the genome without encountering blocks or 

nicks, which could have the potential to stall or collapse the fork [72, 130, 172]. The 

progression of a replication fork machinery (replisome) can be stalled due to DNA 

lesions, DNA binding proteins, transcription units, unusual DNA structures or 

depletion of nucleotide precursors [173]. Failure to reactivate a stalled or collapsed 

fork is a threat to the integrity of the genome in both eukaryotes and prokaryotes 

[173-175]. Reactivation of stalled or collapsed replication forks in a timely fashion is 

thus critical for the survival of cells.  

Given the detrimental consequences of stalled or collapsed forks on the integrity of 

the genome, cells employ multiple pathways that ensure timely restoration of the 

replication forks [128, 174]. Some DNA lesions, such as interstrand crosslinks, stall 

the replicative helicase and the polymerase, and thus, the blocking lesions have to 
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be cleared before any advance of the fork is possible [176]. By contrast, DNA lesions 

such as intrastrand crosslinks, base adducts or abasic sites halt the advance of the 

polymerase, but not the progression of the replicative helicase [176]. In such cases 

where the replicative helicase advances without accompanying DNA synthesis (a  

case of functional uncoupling between the replicative helicase and DNA polymerase), 

unstable forks containing ssDNA regions will be generated that may fail to 

reactivation and are liable for degradation [177].  

Repriming of okazaki fragments downstream of the blockage may allow bypassing of 

the blocking lesion to proceed with replication, leaving the lesion to be repaired later 

[130]. On the other hand, lesions on the leading strand template may pose far greater 

problems, as there was no identified mechanism for repriming past those lesions 

[130]. Nevertheless, recent studies indicate that a nascent leading strand can be 

reprimed outside oriC during replication restart [175, 178].  

A myriad of proteins are implicated in the rescue of stalled replication forks, which act 

in different pathways depending on the nature of the stall. DNA helicases are major 

players in remodeling stalled replication forks and facilitating the resumption of the 

replication. For example, in E. coli,  the helicases PriA, Rep, RecG and UvrD  are 

implicated in the restart of replication forks [175]. PriA plays a central role in 

remodeling stalled replication forks and the oriC independent assembly of the 

replisome, thereby ensuring the completion of the genome replication [172, 173].  

In the present study, RecGMtb was demonstrated to unwind DNA structures that 

mimic stalled replication forks (especially lagging strand forks and complete 

replication fork substrates) (Paper I). XPBMtb and DinGMtb also readily unwound 

forked duplex and lagging strand replication fork substrates (Paper III and IV). 

Notably, UvrDMtb was also shown to have a robust unwinding activity on such 

replication fork substrates [103]. This observation is suggestive of a potential backup 

role for these Mtb helicases in the rescue of stalled replication forks. Consistent with 

this, RecGE. coli has widely been implicated in rescue of stalled replication forks via a 

fork regression pathway [118, 128, 130]. XPBMtb and DinGMtb, by virtue of their strand 

annealing activity and affinity for replication forks, may participate in the stabilization 

of stalled replication forks, which is a crucial cellular response to arrested forks [167, 

177, 179]. But this is purely a speculation that needs to be experimentally verified.  
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One important distinction between XPBMtb and DinGMtb with regard to DNA substrate 

specificity was that DinGMtb dismantles R-loops while XPBMtb lacks any appreciable 

activity (Paper III and IV). R-loops were reported to be an important source of 

genomic instability in E. coli by impairing the progression of replication fork [180]. Our 

study corroborates the recent finding that DinGE. coli removes R-loops that might form 

in highly expressed rrn operons in vivo, that have the potential to block the 

progression of the replisome [157]. The study further unveiled that DinGE. coli, along 

with Rep and UvrD, cooperate in displacing RNA polymerases ahead of advancing 

replication forks in order to avoid collision between the replication and transcription 

machineries [157]. 

Aberrant DNA replication is a major source of mutations and genome 

rearrangements [181]. Given the critical importance of maintaining genome stability 

at the replication fork, cells devote several mechanisms that promote replication fork 

integrity. It can be speculated that Mtb ensures the timely restart of stalled forks by 

enrolling multiple helicases. These helicases may provide alternative avenues to 

recognize and respond to the multitude of factors that have the potential to stall the 

advancement of the fork. Organisms may contain multiple genes encoding enzymes 

that catalyze similar or overlapping functions providing backup systems for essential 

pathways. In E. coli, it was demonstrated that ruvAB and recG single mutants were 

moderately sensitive to UV light, while the double mutants were severely sensitive to 

UV light damages suggesting synergistically overlapping functions [120, 121]. 

Multiple helicases may also have the potential benefit of allowing alternative 

possibilities for the choice of preferred repair pathway activity [72]. Such redundant 

functions of some DNA repair components in Mtb have also been attributed to the 

lack of clear phenotypes in some individual and multiple knockouts [166, 182]. 

 

4.4  Possible anti-recombination activity of RecGMtb, XPBMtb and 

DinGMtb helicases 

D-loops are bubble-like structures that are created when one strand of a duplex DNA 

is displaced by annealing of a complementary strand of DNA [183]. During HR in E. 

coli, the RecBCD helicase-nuclease processes dsDNA ends producing ssDNA tails 
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with 3' OH termini, and recruits RecA recombinase. RecA forms the nucleoprotein 

filament that facilitates homology searching and strand invasion, forming a D-loop 

structure. Processing of D-loops by helicases may have three possible outcomes 

depending on the strand on which the helicase translocates and its polarity: 

extension of heteroduplex by branch migration, unwinding of the heteroduplex by 

branch migration or bubble migration, or conversion of the D-loop in to a nascent 

replication fork [184].  

Our study showed that RecGMtb, XPBMtb and DinGMtb acted on D-loops; structures 

that mimic the initial strand invasion step during HR. The results indicated that the 

three helicases disrupted D-loop structures (Paper I, III and IV) by unwinding the 

invading strand. This may suggest a possible anti-recombination role mediated by 

these helicases in vivo. It was proposed that the unwinding activity of D-and R-loop 

structures by RecGE. coli is attributed to its ability to curb pathological replication 

following UV-irradiation [138]. Thereby, D-and R-loops, otherwise, exploited by PriA 

to establish replication forks, cause uncontrolled amplification of DNA [137, 138].  

Unwinding of the invading strands from D-loop structures may also imply a possible 

role in the repair of DSB via the synthesis-dependent strand annealing (SDSA) 

mechanism. During SDSA, the annealed 3' end of the invading strand is extended by 

repair synthesis [185]. After the repair synthesis is completed, the newly synthesized 

strand is released by the branch migration activity of helicases (RecGMtb and/or 

RuvAB) towards the 3' end direction, followed by annealing to the opposite side of 

the original break [185]. Alternatively, it can also be speculated that DinGMtb and 

XPBMtb may displace the synthesized strand and facilitate the re-annealing of the 

template strands by the combined action of their unwinding and strand-annealing 

activities. 

 

4.5 RecGMtb helicase 

The observation that RecGMtb has a preferential affinity towards binding and 

unwinding an HJ substrate compared to the other DNA substrates tested, suggests 

that HJ could be the natural substrate for RecGMtb. This is consistent with the widely 

held notion that RecG is an HJ specific helicase [99, 117]. Nevertheless, the RuvAB 
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helicase complex from E. coli and Mtb also share similar activity on HJs [109, 136]. 

Thus, RecG and RuvAB may provide alternative pathways for processing HJ 

intermediates. It appears that other factors may also determine the recruitment of 

these helicases to the relevant pathway. For example, interacting partners such as 

SSB may play a substantial role in targeting helicases to the relevant substrate in 

vivo. RecGE. coli was demonstrated to interact directly with SSB in vitro [186]. Further, 

supporting this work, Lecointe and co-workers elegantly demonstrated that RecG, 

PriA and RecQ interact with the SSB protein, and that these interactions are 

important for the sub-cellular localization of RecG, PriA and RecQ to the replication 

machinery in Bacillus subtilis [187]. Buss and colleagues also showed that RecG and 

SSB co-exist on ssDNA, and that SSB stabilize the interaction between ssDNA and 

RecG [186] in vitro. Our electrophoretic mobility shift assay (EMSA) data, however, 

revealed that RecGMtb bound stably to ≥40 nt ssDNA and branched DNA substrates, 

also in the absence of SSB (Paper I). But, the fact that RecGMtb did not form a stable 

complex with short ssDNA (≤ 20), might be overcome via an interaction with SSB or 

another unidentified interacting partner. Moreover, SSB-dependent targeting of RecG 

may compensate for the low intracellular amounts of RecG (< 10 copies per E. coli 

cell [79]) by increasing the local concentration of RecG in the vicinity of the replication 

fork machinery [187].  

The main roles of RecG have been thought to be the branch migration of HJs and the 

rescue of arrested replication forks via fork regression [99, 117, 118, 125, 128]. 

Nevertheless, the last few years have seen increasing reports which showed that 

RecG is involved in curbing a potential pathological replication in E. coli [137, 138, 

142]. In the suggested novel function of RecGE. coli, following DNA damages such as 

UV irradiation, a number of replication forks are triggered that traverse the genome, 

causing fork collisions outside the designated terminus region (ter) [138]. During such 

unscheduled fork collisions, replisomes may collide head-on and displace each other 

producing a 3' ssDNA flap. This 3' ssDNA flap evokes PriA-mediated replisome 

assembly, further establishing a new fork, which subsequently cause an uncontrolled 

amplification of DNA [138]. Moreover, D- and R-loops serve as sites for PriA to prime 

a stable DNA replication [138]. Hence, by the virtue of RecG to unwind 3' flaps, D- 

and R-loops limit a potential pathological DNA replication. The fact that RecGMtb 

exhibited a very similar unwinding activity as the RecGE. coli, i.e. unwinding a 3' flap 
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(lagging strand fork) substrate as well as D- and R-loop structures (Paper I), 

suggests that RecGMtb may also play a similar role in Mtb. 

 

4.6 Strand annealing activity of XPBMtb and DinGMtb 

A notable finding reported in our study was the efficient strand 

annealing/pairing/rewinding activity promoted by the helicases XPBMtb and DinGMtb 

(Paper III and IV). Together with the recently identified Cas3 protein [188], XPBMtb 

and DinGMtb appear to be the only bacterial helicases to date exhibiting an ATP-

independent strand annealing activity. It is fascinating to wonder why nature made 

the very enzymes that catalyze separation of duplex NA strands to perform the 

reverse activity, namely the rewinding activity. The need for catalyzing a strand 

annealing activity during various DNA transactions in cells is partly evident by the 

existence of a group of enzymes known as ‘annealing helicases’, which catalyze 

exclusively an ATP-dependent strand annealing activity, with no unwinding activity, 

for example the human HARP and AH2 [87, 88]. The strand annealing activity of the 

RecQ helicases such as WRN and BLM is relatively well-characterized and this 

activity, in concert with their intrinsic unwinding activity, was suggested to facilitate a 

coordinated strand exchange reaction mediated by these enzymes [86, 189].   

The dynamic equilibrium between the unwinding and rewinding activity of WRN and 

BLM helicases revealed that their annealing activity is so robust to an extent that the 

unwinding activity on simple duplex substrates were suppressed or even completely 

masked [86]. The reason for using an excess (100x) of trap oligonucleotide (an 

oligonucleotide having identical sequence to  the labeled strand) in our helicase 

assays was to minimize the spontaneous reannealing as well as the annealing 

mediated by the helicase enzymes, thereby allowing us to measure the actual 

strength of the helicase activity of XPBMtb and DinGMtb. 

It is interesting to speculate on how and what factors regulate the dynamics of 

unwinding and rewinding activity of such helicases. The non-hydrolysable ATP 

analogue ATPγS was found to inhibit strand annealing activity of RECQ5β and BLM 

helicases [189] suggesting that ATP binding may act as a molecular switch between 

the two activities by causing conformational changes [167]. Other factors that may 
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influence the annealing activity of these enzymes include the oligomeric state (e.g. 

higher order promote annealing while smaller order oligomers promote unwinding 

activity), interacting proteins, as well as post-translational modifications of these 

enzymes (reviewed in [167]).  

Previous studies have suggested that those helicases displaying strand annealing 

activity contain specific regions implicated in the annealing activity, as was delineated 

by region-specific mutations and truncations in human RECQ helicases [190, 191]. 

Those annealing domains were found to be present in regions distinct from the 

helicase core domain (reviewed in [167]. However, sequence alignments did so far 

not reveal any significant motifs or conserved residues responsible for the annealing 

activity, suggesting that a single conserved annealing domain may not exist [167]. It 

will be of significance to map those regions in XPBMtb and DinGMtb implicated in 

strand annealing activity.  

Annealing helicases are suggested to participate in various NA transactions. This 

includes, but is not limited to, stabilization of stalled replication forks, DSB repair 

(through double HJ or synthesis-dependent strand annealing or single strand 

annealing pathways), stabilizing DNA-RNA hybrids in transcription or telomere 

maintenance (reviewed in [167]). The strand annealing activity demonstrated for 

XPBMtb and DinGMtb may suggest potential roles in stabilizing stalled replication forks 

through pairing the parental strands, which is an important step in preventing 

collapse of replication fork. Also, the strand annealing activity of XPBMtb and DinGMtb 

may also suggest a potential role in DSB repair via SDSA. 

 

4.7  Ca2+ supports the ATPase but not the helicase activity of XPBMtb 

and DinGMtb 

Divalent metals play crucial roles in the ATP hydrolysis of motor proteins. In 

helicases with a Walker-type nucleotide-binding site (Walker box), the actual 

substrate hydrolyzed is a metal-NTP complex [192]. Our data showed that all the 

three helicases under study strictly depend on the presence of divalent metal 

cofactors for their helicase activities. In particular, Mg2+ and Mn2+ were highly 

preferred over the other divalent metals tested. Studies suggest that divalent metals 
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such as Mg2+ are required to coordinate the phosphate groups of ATP in the catalytic 

site [192]. Our results also revealed an interesting observation in which Ca2+ 

supported the hydrolysis of ATP in both XPBMtb and DinGMtb, but failed to support 

their inherent unwinding activity (Paper III, IV and [80]). This contrasted with DinGE. 

coli which actively unwound DNA in the presence of Ca2+ [82]. Notably, Ca2+ is not a 

common divalent metal in supporting ATP hydrolysis in SF1 and SF2 helicases [193], 

but even more fascinating is the inability of both Mtb helicases in unwinding DNA in 

the presence of Ca2+.  

The Cockayne syndrome group B (CSB) protein, a member of SF2 helicase enzyme, 

hydrolyses ATP maximally in the presence of Ca2+ and less with Mg2+, however, no 

unwinding activity coupled to the ATP hydrolysis was demonstrated [193]. This is not 

surprising as CSB belongs to the Snf2 subfamily, a family of chromatin remodelers 

with no unwinding activity [67]. Ca2+ also supported the ATP hydrolysis of SftH, an 

SF2 helicase from M. smegmatis [102], but no information is available as to its 

unwinding activity in the presence of Ca2+. Ca2+ also stimulates the DNA strand 

exchange activity of the human Rad51 protein (RecA homolog) by modulating the 

ATPase activity, in contrast to Mg2+ which inactivates the Rad51-ATP-ssDNA 

complex [194]. Ca2+ supported ATPase activity and inhibition of helicase (unwinding) 

activity appears similar to the case for the RecBCD helicase-nuclease complex, in 

which Ca2+ supported the ATPase activity, but inhibited its associated nuclease 

activity [195, 196]. Similarly, Zn2+ was found to act as a molecular switch to convert 

WRN helicase from DNA helicase mode to exonuclease mode [197]. Thus, it might 

also be the case in XPBMtb and DinGMtb where Ca2+ differentially modulates the 

ATPase and the unwinding activity of these helicases, when required. In support of 

this idea, only the ATPase activity and not the helicase activity of XPB was required 

to open damaged DNA during NER in eukaryotes [147, 198]. Similarly, the helicase 

activity of UvrD2Mtb was found to be not essential for Mtb [104]. Clearly, further work 

is required to prove this claim.  
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 revealed that the ATPase activity of XPB 
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given that only the helicase activity of one of the two helicases was required in TFIIH 

during NER [147, 198], it can be speculated that DinGMtb translocates on a 3'→5' 

direction on the undamaged strand of duplex DNA for opening the DNA surrounding 

the lesion. However, this contradicts with the yeast Rad3 helicase that is thought to 

translocate on the strand containing the lesion [200]. Alternatively, in the context of 

TFIIH, DinGMtb evolved to translocate in 3'→5', as XPBMtb, in order to facilitate the 

translocation of the TFIIH complex in the same direction on ssDNA, in a similar 

fashion as the helicase-nuclease complex AdnAB (in which both subunits have 3'→5' 

polarity) [92]. By contrast, in the heterotrimeric helicase-nuclease complex RecBCD, 

RecB has 3'→5' polarity, while that of RecD is 5'→3'. Thus, the two helicase subunits 

in the RecBCD complex are thought to translocate with opposite polarities on the 

antiparallel DNA duplex, but in the same direction [98].  

Recently, data obtained from structural studies on helicases have increased our 

understanding of the molecular mechanisms underlying the directionality of 

helicases. Interestingly, both SF1A and B helicases bind the translocation strand in 

the same orientation [201, 202]. However, the two groups of SF1 helicases display 

an inverted order of conformational changes between the motor domains in response 

to ATP binding and hydrolysis [164, 201]. In addition to this, the key residues 

involved in translocation were found to interact with the DNA bases in SF1A 

helicases, while with the backbone of the NA in the SF1B helicases [202]. An 

analogous means of translocation was also suggested in SF2B type of helicases as 

deduced from the structural data of an XPD helicase from T. acidophilum [164]. 

Similarly, a reversed direction of rotary ATPase wave was suggested to be a reason 

for the polarity difference between the hexameric helicases Rho (RecA-like), a 5'→3' 

and E1 (AAA+), a 3'→5' helicase, despite binding NA in a similar conformation and 

polarity [203]. Thus, while the attempts to unravel the mechanism of the directionality 

of helicases were based on comparing different helicases of type A and B 

directionality [201-204], DinGMtb may serve as a good model to fully understand the 

factors governing the directionality of SF2 helicases due to its switched polarity 

compared to its orthologs. 
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Table 2. Novel traits of RecG, XPB and DinG discovered in this study 

Discovery Potential implications Reference 

The recG gene is widely conserved 

among vascular plants and green algae, 

in addition to eubacteria 

The distribution of recG gene may help 

to explain its function 
Paper I 

RecGMtb binds ssDNA (≥ 40 nt) 

(first report that RecG binds ssDNA) 

The recruitment of RecGMtb to stalled 

replication forks and other substrates 

may be facilitated via interaction with 

ssDNA 

Paper I 

RecGMtb exhibits significantly low affinity 

towards poly(dA) than other 

homopolymeric nucleotides 

RecGMtb may exhibit sequence 

specificity or the intrinsic rigidity of 

poly(dA) affects DNA binding 

Paper I 

XPBMtb and DinGMtb drive ATP-

independent strand annealing activity 

 XPBMtb and DinGMtb may participate in 

synthesis-dependent strand annealing 

(SDSA) or related reactions 

Paper III & IV 

DinGMtb exhibits a 3'→5' directionality, a 

polarity opposite to its orthologs 

characterized to date 

 DinGMtb may serve as a good model to 

study the basis for directionality of 

helicases 

Paper IV 

Ca2+ supports ATP hydrolysis but not the 

unwinding activity of XPBMtb and DinGMtb 

A novel observation where ATPase 

activity is uncoupled from unwinding 

activity  

Paper III & IV 

 

4.9 Methodological considerations 

We employed standard biochemical techniques to determine the DNA binding and 

unwinding, and ATPase activities of the Mtb helicase enzymes. In the DNA binding 

and unwinding assays, synthetic DNA substrates with 32P end-labeled 

oligonucleotides annealed to complementary oligonucleotide(s) forming structures 

that mimic various putative DNA metabolism intermediates were used. Biologically 

even more relevant substrates such as plasmid D-loops can be made by using RecA 

protein to catalyze strand exchange with a negatively supercoiled plasmid [205].  
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EMSA (also known as gel mobility shift or gel retardation assay) was used in our 

study to measure the DNA binding affinity of the three helicases studied. Ease of use, 

versatility and high sensitivity are some of the merits of this method [206]. For this 

assay, we used a low ionic strength electrophoresis buffer in order to enhance 

stabilization of transient protein-DNA interactions. Modern instruments such as 

Biacore (employing surface plasmon resonance technology) enable the generation of 

quantitative information regarding specificity, kinetics and affinity of DNA-protein 

interaction in a real time.  

The standard gel-based helicase assay was utilized to monitor the processing, that is 

the unwinding activity, of these helicases. This method is also a commonly used 

procedure and provides invaluable information regarding the various unwound 

product species; however, it lacks the aspect of real-time measurements. Modern 

fluorescence-based helicase assays would enable us to monitor the unwinding 

kinetics in a real time [207] and are also amenable to high-throughput studies [208]. 

However, fluorescence probes have the potential to disrupt the natural system under 

study and the protein-DNA interaction may be modified by the presence of dye 

moiety [209].  

A radioactive ATPase assay based on separating hydrolyzed 32P from [γ-32P]ATP by 

using thin layer chromatography was employed in our study to measure the ATP 

hydrolysis activity. This method is a relatively simple and sensitive method to detect 

ATP hydrolysis and requires no additional components to be present in the reaction 

buffer. However, this method sacrifices continuity. Alternatively, a number of enzyme-

coupled assays also exist for monitoring the product of the ATP hydrolysis, ADP or 

inorganic phosphate. Those techniques measure the absorption change or 

fluorescence signal. In one variant, the hydrolysis of ATP is coupled to the oxidation 

of NADH, thereby a change in absorption at 340 nm is recorded [210]. In another 

assay, the released inorganic phosphate can react with a dye (e.g. malachite green) 

that forms a colored complex [211]. Coupled enzyme assays inevitably require the 

addition of  additional reagents (such as dyes) in the reaction buffer, and these might 

interfere with the activity of the ATPase enzyme [209]. Despite this limitation, 

colorimetric assays are most amenable for real time analysis and high throughput 

screening. 
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Collectively, using the methods indicated above, ample information regarding the 

biochemical properties of the helicases under study was obtained. However, studies 

involving high-resolution 3D structural analysis are required to elucidate their actual 

mechanism of unwinding and translocation. The 3D structure of T. maritima RecG in 

complex with forked DNA and ADP cofactor suggested the mechanisms of how 

RecG recognizes and unwinds branched DNA structures, although the co-crystallized 

DNA was not long enough to reach to the motor domains [132]. Hence, solving 

RecGMtb structure in complex with and without ATP, and DNA cofactor may provide 

new insights into the conformational changes happening, and how the RecA-like 

domains interact with DNA cofactors. On the other hand, solving the structure of 

DinGMtb in complex with DNA may also enhance our understanding of the actual 

basis for directionality of helicases (Paper IV). Similarly, solving the structure of 

XPBMtb may enable to better understand its role. Moreover, owing to the similarity of 

XPBMtb to human XPB in its domain organization (Paper III), it may serve as a better 

model to study human XPB helicase than the existing A. fulgidus structure [153]. 

Moreover, 3D structures of helicases also allow the designing of inhibitors by a de 

novo drug design approach. This is exemplified by the discovery of novel NS3 

helicase inhibitors for HCV [212] and flavivirus [213].  

The analysis of proteins using circular dichroism (CD) spectroscopy provides 

valuable information about the secondary structure of helicases and other 

biomolecules [214]. In this regard, a recent study using CD spectroscopy technique 

revealed a unique conformational changes taking place in RecGE. coli, a change from 

an α-helix to a β-sheet, upon ATP binding under dilute conditions [215]. This analysis 

thus lead to the suggestion that α-helix is the preactive, while the β-strand is the 

active form of RecG [215].  

Finally, delineating the precise functional roles of these Mtb helicases still require 

more work to be done. Studies involving Mtb null mutants (in recG, dinG and XPB 

genes), singly or in combination with other related genes, may provide valuable 

information as to their biological role. The null mutants can be interrogated with 

respect to their ability to survive and proliferate under various genotoxic stress 

conditions in vitro and ability to cause infection. Genetic studies in Mtb have not 

progressed as fast as in other bacteria such as E. coli and B. subtilis. Some of the 
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challenges of working with Mtb include long replication time of Mtb, fastidious nature, 

cell clumping (due to cord factor), lack of generalized transducing phages, high 

frequency of illegitimate recombination and safety concerns (requiring biosafety level 

3 containment) [216, 217]. Despite those obstacles, in the last two decades, an 

increasing number of tools have been introduced to manipulate Mtb, representing 

significant progress in mycobacterial genetics.  
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V. CONCLUSIONS AND PERSPECTIVES 
 

This dissertation has investigated the biochemical properties of three putative DNA 

helicases from Mtb, i.e. RecGMtb, XPBMtb and DinGMtb, in order to shed light on their 

possible roles in the DNA metabolism of Mtb. The studies demonstrated that the 

three Mtb helicases were strictly DNA-dependent ATPases with a propensity to bind 

and unwind a variety of model DNA substrates that mimic intermediates arising 

during DNA replication, recombination and repair. The observed affinity of these 

helicases in unwinding replication forks suggest possible roles during DNA 

replication, presumably by promoting the rescue of stalled replication forks. Also, 

RecGMtb and DinGMtb actively unwound a variety of D- and R-loop substrates, similar 

to their E. coli counterparts, and hence by analogy, RecGMtb may also function in 

curbing pathological DNA replication, while DinGMtb in promoting the advance of DNA 

replication fork across highly transcribed DNA regions. The relatively high affinity of 

RecGMtb to bind and unwind HJ substrate, may suggest its preferential role in branch 

migration of HJ during Mtb HR.  

Considering the overall data from the present study and previously characterized 

helicases such as UvrDMtb, it appears that the Mtb helicases under study show 

considerable overlap in their in vitro DNA substrate specificities, albeit with variable 

efficiency. In addition, there is a tendency of each of these helicases to target a 

variety of DNA substrates. Collectively, the redundancy and/or overlap in DNA 

substrate affinity may suggest a possible involvement in various DNA transaction 

pathways and may provide backup functions in Mtb. It may also be likely that the 

promiscuity of these helicases in DNA substrate specificity are seen only under in 

vitro conditions, and  interacting proteins could play substantial role in directing these 

helicases to specific DNA transaction pathways. This notion is also in accord with the 

existence of the many helicase genes (n >15) in Mtb genome. Fishing out interacting 

protein partners for these helicases will be of much help to define the specific DNA 

metabolic pathways in which they are recruited. As helicases are generally thought to 

function within macromolecular complexes, the interacting proteins are expected to 

play crucial roles in determining their recruitment as well as modulating their activity. 

Particularly, more research is needed to identify possible interacting partners for 
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XPBMtb and DinGMtb helicases thereby verifying if a functionally analogous TFIIH 

system exists in prokaryotes.  

The present study focused on characterizing the in vitro properties of these helicases 

and thus limited by the absence of data involving Mtb null mutants deficient in 

recGMtb, dinGMtb and XPBMtb genes (singly or in combination with related genes). 

Genetic studies that involve assessing Mtb mutant phenotypes under various forms 

of genotoxic stress and evaluating their ability to survive and cause infection will lead 

to defining their biological role in the propagation, spread and pathogenesis of Mtb.  

Helicases are increasingly being studied as targets for antiviral, antibacterial and 

anticancer drugs [212, 218-221]. Thus, a better understanding of the functions of Mtb 

helicases may also lead to identifying novel antimycobacterial drug targets. In 

general, given the considerable impact of DNA repair pathways for the survival of Mtb 

during infection, an in depth study of Mtb DNA repair components may eventually 

lead to identifying novel targets for combating TB infection.  
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The RecG enzyme, a superfamily 2 helicase, is present in nearly all bacteria. Here we report for the

first time that the recG gene is also present in the genomes of most vascular plants as well as in

green algae, but is not found in other eukaryotes or archaea. The precise function of RecG is

poorly understood, although ample evidence shows that it plays critical roles in DNA repair,

recombination and replication. We further demonstrate that Mycobacterium tuberculosis RecG

(RecGMtb) DNA binding activity had a broad substrate specificity, whereas it only unwound

branched-DNA substrates such as Holliday junctions (HJs), replication forks, D-loops and R-

loops, with a strong preference for the HJ as a helicase substrate. In addition, RecGMtb

preferentially bound relatively long (¢40 nt) ssDNA, exhibiting a higher affinity for the

homopolymeric nucleotides poly(dT), poly(dG) and poly(dC) than for poly(dA). RecGMtb helicase

activity was supported by hydrolysis of ATP or dATP in the presence of Mg2+, Mn2+, Cu2+ or

Fe2+. Like its Escherichia coli orthologue, RecGMtb is also a strictly DNA-dependent ATPase.

INTRODUCTION

Mycobacterium tuberculosis, the aetiological agent of the re-
emerging disease tuberculosis (TB), remains a global health
threat, killing at least 1.5 million individuals every year
(WHO, 2011). The emergence of extensively and extremely
drug-resistant M. tuberculosis strains, coupled with the
HIV/AIDS pandemic, has exacerbated the risk of TB
resurgence, underlining the urgent need to develop
interventions that halt the spread of this disease. M.
tuberculosis, an intracellular human pathogen, successfully
combats many host cell defence mechanisms, including
genotoxic stress, using efficient DNA repair pathways
that help to maintain its genome integrity, in spite of
accumulating DNA damage during infection (Ambur et al.,
2009; Dos Vultos et al., 2009; Gorna et al., 2010; Mizrahi &
Andersen, 1998; Stallings & Glickman, 2010). It is believed
that these DNA repair pathways promote M. tuberculosis
survival and increase its pathogenicity and virulence
(Gorna et al., 2010; Warner, 2010). Thus, in-depth
characterization of the mechanisms that protect the M.
tuberculosis genome and promote its virulence and/or

capacity to develop drug resistance may lead to novel
therapeutic targets and attenuate the increasing risk of
global resurgence of TB.

Escherichia coli RecG, a 76 kDa monomeric helicase with a
particular affinity for branched-DNA substrates such as
replication forks, Holliday junctions (HJs), and D- and R-
loops, has been shown to play roles in DNA repair,
recombination and replication (Lloyd & Sharples, 1993;
McGlynn et al., 1997; McGlynn & Lloyd, 2000, 2001;
Rudolph et al., 2010b; Vincent et al., 1996; Whitby &
Lloyd, 1998). E. coli RecG is widely believed to promote
regression of stalled replication forks, when fork progres-
sion is blocked by lesions in the DNA template strand,
thereby facilitating repair or bypass of the lesion (McGlynn
& Lloyd, 2001, 2002). In vitro studies suggest that RecG
actively unwinds stalled replication forks, generating a
four-way junction product that resembles an HJ (McGlynn
& Lloyd, 2000, 2001; McGlynn et al., 2001), and also pro-
motes HJ branch migration (Müller & West, 1994; Whitby
et al., 1994). Structural characterization of a complex
between Thermotoga maritima RecG and a forked-DNA
substrate has revealed the mechanism by which RecG
recognizes junctions (Singleton et al., 2001). E. coli RecG
inhibits inappropriate DNA amplification and aberrant
chromosome segregation in cells exposed to UV irradiation

Abbreviations: HJ, Holliday junction; RecGMtb, M. tuberculosis RecG.

Three supplementary figures are available with the online version of this
paper.
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(Rudolph et al., 2009a, b), and is also essential in cells
lacking 39 ssDNA exonucleases to counteract PriA helicase-
mediated DNA re-replication (Rudolph et al., 2010a).
Furthermore, a recent study has revealed that RecG pro-
motes resolution of intermolecular recombination inter-
mediates that are poorly recognized/resolved by RuvABC
(Fonville et al., 2010).

Strains with mutations in recG have been shown to exhibit
complex and variable phenotypes, including transforma-
tion deficiency in Neisseria meningitidis (Sun et al., 2005),
growth defects and reduced radio-resistance in Deinococcus
radiodurans (Wu et al., 2009), and sensitivity to UV
irradiation and oxidative stress in Pseudomonas aeruginosa
(Ochsner et al., 2000). recG mutation has also been suggested
to be responsible for the susceptibility of Staphylococcus
aureus to quinolone (Niga et al., 1997) and of E. coli to
bleomycin, metronidazole and ciprofloxacin (Kosa et al.,
2004; Tamae et al., 2008).

In this study, we have characterized the recombinant RecG
enzyme from M. tuberculosis H37Rv (RecGMtb) for its DNA
binding, unwinding and ATPase activities in order to
delineate its potential roles in the DNA metabolism of M.
tuberculosis.

METHODS

Cloning the M. tuberculosis recG gene. M. tuberculosis genomic

DNA was isolated from a M. tuberculosis H37Rv (ATCC 25618)
culture. The M. tuberculosis recG (Rv2973c) gene was PCR-amplified
using a forward primer (59-CGCATATGGCGTCGTTAAGCGA-

TCGGCTC-39) and reverse primer (59-CGCTCGAGTCATGACTT-
ATCTAAGTATTCGATGC-39) which contained NdeI and XhoI

restriction sites, respectively (underlined). The PCR product was
digested with NdeI and XhoI and ligated into a similarly digested
pET28b(+) vector (Novagen). The resulting construct, pET28b–recG

with an N-terminal His6-tag, was then transformed into E. coli
ER2566 (New England Biolabs; NEB). The nucleotide sequence of the
construct was verified by DNA sequencing (ABI).

Overexpression and purification of the RecGMtb protein. The
recombinant RecGMtb protein was purified to homogeneity as follows.

E. coli ER2566 harbouring pET28b–recG was inoculated into Luria–
Bertani broth (Difco) supplemented with 50 mg kanamycin ml21,
2.5 mM betaine hydrochloride and 0.5 M sorbitol, and grown at

37 uC to OD600 ~0.4. The culture was then transferred to 18 uC and
induced at OD600 ~0.6 with 0.5 mM IPTG. After overnight growth,
cells were harvested, lysed and purified using a nickel-nitrilotriacetic

acid agarose column as described in the QIAexpressionist protocol for
native purification of His6-tagged proteins from E. coli (Qiagen,
2003). b-Mercaptoethanol (5 mM) was added to the lysis, wash and

elution buffers as indicated in the protocol. After elution from the
column, the eluates containing RecGMtb were pooled and dialysed
overnight against buffer comprising 50 mM NaH2PO4 (pH 7.5),

300 mM NaCl and 1 mM DTT. The N-terminal His6-tag was cleaved
off using biotinylated thrombin (Novagen) following the manufac-
turer’s protocol. Further purification was carried out on a HiTrap Q

HP column (GE Healthcare) after the buffer had been exchanged with
20 mM Bistris (pH 7.2), 100 mM NaCl and 1 mM DTT. Fractions

containing pure RecGMtb were pooled and dialysed against storage
buffer [20 mM Bistris (pH 7.5), 300 mM NaCl, 1 mM DTT, 20 %
glycerol (w/v)] and stored at 280 uC until use. RecGMtb protein

concentration was determined using the Bradford method (Bio-Rad)
using BSA as standard.

Model DNA substrate preparation for DNA binding, unwinding

and ATPase assays. DNA substrates were prepared essentially as
described by Brosh et al. (2006) with some modifications. Briefly,
oligonucleotides were 59 end-labelled using [c-32P]ATP (PerkinElmer)
and T4 PNK enzyme (NEB) for 1 h at 37 uC, followed by enzyme
inactivation at 65 uC for 20 min. Unincorporated ATPs were
removed using illustra MicroSpin G-25 columns (GE Healthcare).
Labelled and unlabelled complementary oligonucleotides were mixed
at a molar ratio of 1 : 2.5 in annealing buffer [40 mM Tris/HCl
(pH 8.0), 50 mM NaCl], denatured at 95 uC for 5 min, and allowed
to cool to room temperature for about 3 h. The annealed products
were resolved on an 8 % non-denaturing polyacrylamide gel. The
bands containing the completely annealed substrates were excised and
DNA was eluted into buffer comprising 10 mM Tris/HCl (pH 8.0)
and 0.5 mM EDTA by incubating overnight at 4 uC. The concentra-
tions of the eluted DNA substrates were estimated as described by
Brosh et al. (2006) and are given in moles of substrate molecules. For
ATPase assays, DNA cofactors employed were prepared by annealing
equimolar concentrations of complementary strands. Proper anneal-
ing of the prepared DNA cofactors was verified by resolving on a non-
denaturing 10 % polyacrylamide gel and staining with SYBR Safe
DNA Gel Stain (Invitrogen). The oligonucleotides used and the
schematics of the model DNA substrates constructed are presented in
Tables 1 and 2, respectively.

DNA binding assays. DNA binding assays were carried out as
described by Whitby & Lloyd (1998) with some modifications. Assays
were performed in reactions (20 ml) containing binding buffer [50 mM
Tris/HCl (pH 8.0), 5 mM EDTA, 100 mg BSA ml21, 6 % (w/v) glycerol,
2 mM DTT, 50 ng poly(dI-dC) ml21 (Thermo Scientific)] and 0.1 nM
of the indicated DNA substrate. Where indicated, poly(dI-dC) was
omitted from the binding buffer. Reactions were initiated by adding
indicated concentrations of RecGMtb. After 15 min incubation on ice,
4 ml of 60 % (w/v) glycerol was added and immediately loaded onto a
pre-cooled and pre-run (30 min) 4 % non-denaturing polyacrylamide
gel (29 : 1). Electrophoresis was performed using low-ionic-strength
buffer at 200 V for 5 min and at 160 V for an additional 85 min in an
ice-water bath with buffer recirculation. Gels were dried, exposed to a
phosphorimaging screen, visualized using a phosphorimager (Typhoon
9410, Amersham Biosciences) and quantified by ImageQuant TLv
2003.02 software (GE Healthcare).

Helicase assays. Unless otherwise specified, all helicase assays were
conducted in a 20 ml reaction containing helicase buffer [20 mM Tris/
HCl (pH 7.5), 2 mM MgCl2, 2 mM ATP, 100 mg BSA ml21, 2 mM
DTT], 0.5 nM DNA substrate and the indicated concentrations of
RecGMtb. For divalent metal cofactor studies, MgCl2 in the aforemen-
tioned buffer was replaced by 2 mM of the indicated metal chloride.
Similarly, in fuel preference studies, 2 mM of the tetrasodium salt of
the indicated NTP/dNTP was used in place of ATP in the helicase
buffer. Helicase reactions were initiated by adding RecGMtb and, after
incubating at 37 uC for 30 min, were terminated with 10 ml of 36
helicase stop solution [50 mM EDTA, 40 % (w/v) glycerol, 0.9 % SDS,
0.1 % bromophenol blue, 0.1 % xylene cyanol] containing a 10-fold
molar excess of trap oligonucleotide. For helicase time-course assays,
the reaction was scaled up to 140 ml and RecGMtb was added into pre-
incubated (3 min) reaction mixture at 37 uC. An aliquot (10 ml) of the
reaction mixture was withdrawn at the indicated time points and
mixed with 5 ml 36 helicase stop solution. All helicase reaction
products were resolved by 10 % non-denaturing polyacrylamide (19 : 1)
gel electrophoresis at 150 V for 2 h at room temperature using 16
Tris/borate-EDTA buffer. Gels were dried and analysed as described for
DNA binding assays. The proportion of helicase substrate unwound
(%) was calculated as described by Brosh et al. (2006).

Mycobacterium tuberculosis RecG helicase
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ATPase assays. RecGMtb ATP hydrolysis activity was monitored by
TLC, as described by Kornberg et al. (1978) with some modifications.
Briefly, RecGMtb was added to initiate a 10 ml reaction in ATPase
buffer [20 mM Tris/HCl (pH 7.5), 2 mM MgCl2, 100 mg BSA ml21,
25 mM cold ATP, 0.023 nM [c-32P]ATP, 2 mM DTT] and the
indicated DNA cofactor. The reaction was incubated at 37 uC for
the indicated times and terminated by adding 5 ml 0.5 M EDTA
(pH 8.0). Samples (2 ml) were spotted onto TLC plates (Cellulose PEI
F, Merck) at 1.5 cm intervals and resolved using a solution containing
1 M formic acid and 0.5 M LiCl. The TLC plates were air-dried,
exposed to a phosphorimaging screen, imaged and quantified as
described above for the DNA binding assays. The proportion of
hydrolysed ATP (%) was calculated as {counts for c-32Pi/(counts for
c-32Pi+counts for [c-32P]ATP)}6100. The values obtained from

samples lacking RecGMtb were subtracted from the samples contain-

ing RecGMtb to account for background ATP hydrolysis. An unpaired
Student’s t test was used to determine statistical significance.

To determine the steady-state kinetic parameters of ATP hydrolysis, a
20 ml reaction was set up with ATPase buffer [20 mM Tris/HCl (pH 7.5),

4 mM MgCl2, 100 mg BSA ml21, cold ATP, 0.023 nM [c-32P]ATP, 2 mM
DTT], 125 ng plasmid DNA (pET28b) ml21 and 150 nM RecGMtb. The

cold ATP concentration was varied between 100 and 800 mM. The
reactions were incubated at 37 uC for 10 min and quenched with 10 ml

0.5 M EDTA (pH 8.0). The concentration of hot ATP was negligible and
thus not considered in the calculations. The velocity data points versus

cold ATP concentrations were non-linearly fitted to Michaelis–Menten
and Hill equations using Prism 5 software (GraphPad).

Table 1. List of oligonucleotides used to construct model DNA substrates

Oligonucleotide

no.

Oligonucleotide

name

Length

(nt)

Sequence (5§–3§) Reference or source

1 A 40 CGTGACATGCCGTGACTAGCTTTTTTTTTTTTTT-

TTTTTT

Biswas et al. (2009)

2 B 20 GCTAGTCACGGCATGTCACG Biswas et al. (2009)

3 C 40 TTTTTTTTTTTTTTTTTTTTCGTGACATGCCGTGACTAGC Biswas et al. (2009)

4 HJSO1 49 GACGCTGCCGAATTCTGGCTTGCTAGGACATC-

TTTGCCCACGTTGACCC

Lloyd & Sharples (1993)

5 HJSO2 50 TGGGTCAACGTGGGCAAAGATGTCC-

TAGCAATGTAATCGTCTATGACGTT

Lloyd & Sharples (1993)

6 HJSO3 51 CAACGTCATAGACGATTACATTGCTAGGACAT-

GCTGTCTAGAGACTATCGA

Lloyd & Sharples (1993)

7 HJSO4 50 ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCA-

GAATTCGGCAGCGT

Lloyd & Sharples (1993)

8 HJSO5 49 CGGGTCAACGTGGGCAAAGATGTCCTAGC-

AAGCCAGAATTCGGCAGCGT

This study

9 RFSO1 50 GTCGGATCCTCTAGACAGCTCCATGATCACTGGC-

ACTGGTAGAATTCGGC

McGlynn & Lloyd (2001)

10 RFSO2 50 CAACGTCATAGACGATTACATTGCTACATGGAG-

CTGTCTAGAGGATCCGA

McGlynn & Lloyd (2001)

11 RFSO3 25 TAGCAATGTAATCGTCTATGACGTT McGlynn & Lloyd (2001)

12 RFSO4 26 TGCCGAATTCTACCAGTGCCAGTGAT McGlynn & Lloyd (2001)

13 DLO1 61 GGGTGAACCTGCAGGTGGGCGGCTGCTCATCGT-

AGGTTAGTTGGTAGAATTCGGCAGCGTC

McGlynn et al. (1997)

14 DLO2 61 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGG-

ACATCTTTGCCCACCTGCAGGTTCACCC

McGlynn et al. (1997)

15 DLO3 41 TAAGAGCAAGATGTTCTATAAAAGATGTCCTA-

GCAAGGCAC

McGlynn et al. (1997)

16 DLO4 41 AAAGATGTCCTAGCAAGGCACGATCGACCGGAT-

ATCTATGA

McGlynn et al. (1997)

17 DLO5 61 TATAGAACATCTTGCTCGTTTTCGAGCAAGATGTTC-

TATAAAAGATGTCCTAGCAAGGCAC

This study

18 DLO6 61 AAAGATGTCCTAGCAAGGCACGATCGACCGGATA-

TCTACTTTTGTAGATATCCGGTCGATC

This study

19 DLO7 21 AAAGATGTCCTAGCAAGGCAC McGlynn et al. (1997)

20* 2-Methyl RNA-1 41 UAAGAGCAAGAUGUUCUAUAAAAGAUGU-

CCUAGCAAGGCAC

This study

21* 2-Methyl RNA-2 41 AAAGAUGUCCUAGCAAGGCACGAUCGACC-

GGAUAUCUAUGA

This study

22 HJSO6 66 TGGGTCAACGTGGGCAAAGATGTCCTAGCAATG-

TAATCGTCTATGACGTTGTTTTTTTTTTTTTTT

This study

*29-O-Methyl-RNA.
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RESULTS

RecG is conserved in bacteria and is present in
vascular plants

The full-length E. coli RecG protein sequence was used as a
query to search NCBI protein sequence databases (Sayers
et al., 2012) for conserved homologues in bacteria, archaea,
and plants and other eukaryotes. Homologues of recG were

found to be present in the genomes of most bacteria, except
Chlamydiae and Mollicutes, as reported earlier (Rocha
et al., 2005; Sharples et al., 1999). However, recG homolo-
gues were not found in any of the .90 archaeal genomes in
the current version of the database (Sayers et al., 2012).
Notably, full-length recG was also present in the genomes
of most vascular plants, including Arabidopsis thaliana, the
castor oil plant (Ricinus communis), common grape vine
(Vitis vinifera), California poplar (Populus trichocarpa) and

Table 2. Summary of RecGMtb DNA binding and unwinding activity

Minus and plus symbols indicate the absence or presence of RecGMtb activity on the indicated substrate,

respectively.

*c-32P-Labelled 59 end.
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the lycophyte Selaginella moellendorffii, as well as in green
algae such as Ostreococcus tauri and Nannochloris bacillaris.
The recG gene was not detected in eukaryote species
outside the kingdom Plantae. The plant genes are localized
to the nuclear genomes and do not appear to be recently
acquired from bacteria. For example, A. thaliana (Arabidopsis
Genome Initiative, 2000) and V. vinifera (Jaillon et al., 2007)
have intron-rich recG genes encoded on chromosomes 2 and
1, respectively, with all 16 introns shared between the two
species. The RecG homologues, including RecGMtb, have two
RecA-like helicase domains, an N-terminal wedge-containing
domain and a C-terminal TRG (translocation in RecG) motif
(Mahdi et al., 2003) (Fig. 1).

RecGMtb binds a wide variety of DNA substrates

RecGMtb bound to a wide variety of model DNA sub-
strates, including partial and complete replication forks,
HJ, bubble, and D- and R-loop substrates (Fig. 2a, b,
Table 2), with the highest affinity for HJs (Fig. 2c). In
contrast, the affinity of RecGMtb for a linear DNA duplex
(49 bp) was very low, and it did not bind DNA substrates
containing 20 nt 59 or 39 overhangs, in the presence of
poly(dI-dC) competitor (Fig. 2a, c, Table 2). When we
analysed the binding affinity of RecGMtb to homopoly-
meric nucleotides (40 nt) in the absence of poly(dI-dC)
competitor, poly(dA) showed very weak binding com-
pared with poly(dC), poly(dG), poly(dT) and random
nucleotides (dN) (Fig. 2d). However, the binding affi-
nity of RecGMtb to poly(dA) appeared to increase with
increasing length of nucleotides as for poly(dT) and

poly(dA : dT), yet with less stable protein–DNA com-
plexes (Fig. 2e; data not shown). The binding activity of
RecGMtb was not influenced by the presence or absence
of ATP, ADP or ATPcS (see Fig. S1 available with the
online version of this paper).

RecGMtb unwinds DNA replication forks, D-loops,
R-loops and HJ substrates

The unwinding activity of RecGMtb was examined using a
variety of DNA substrates, including flayed DNA duplex,
and lagging, leading and complete replication fork sub-
strates. RecGMtb did not exert any unwinding activity on
flayed DNA duplex, but demonstrated weak and strong
unwinding activities on leading and lagging strand replica-
tion forks, respectively (Fig. 3a–c). Moreover, RecGMtb

unwound both strands of a complete replication fork
substrate (Fig. 3d). These results suggested that RecGMtb,
like E. coli RecG, requires more than one duplex arm to
unwind a three-way junction (Whitby & Lloyd, 1998).
Interestingly, both RecGMtb and E. coli RecG (McGlynn &
Lloyd, 2001) unwound the lagging strand replication fork
more efficiently than the leading strand replication fork
substrate (Fig. 3b, c; see also Fig. 5c).

RecGMtb also unwound an HJ substrate with a 12 bp cen-
tral homologous ‘movable core’, producing flayed duplexes
(Fig. 4a). To determine the direction of RecGMtb-mediated
branch migration of the HJ, RecGMtb was challenged
with an HJ substrate containing a 16 nt extension on one
of the four duplex arms (Fig. 4b). Interestingly, RecGMtb

appeared to drive branch migration bidirectionally. The

Fig. 1. RecG, with its unique wedge-containing domain, is found in bacteria and plants. Domain organization showing the N-
terminal wedge-containing domain that is unique to the RecG helicase family, the N- and C-terminal RecA-like helicase
domains, and the C-terminal TRG motif for RecG from the bacteria M. tuberculosis, E. coli and T. maritima, and the vascular
plant Arabidopsis thaliana. Numbers indicate approximate domain boundaries.
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time course of HJ substrate unwinding indicated that
nearly half (47 %) of the substrate was converted to
flayed duplex by RecGMtb within 1 min (Fig. 4c).

RecGMtb also unwound a variety of synthetic D- and R-
loop structures. These included D-loops without tail
(substrate J), D-loops with 59 or 39 tails (substrates L and

Fig. 2. RecGMtb DNA binding specificity. (a) Titrations of the DNA binding activity of RecGMtb using 0.25, 0.5, 1.0, 1.5, 2.0 and
2.5 mM RecGMtb (lanes 2–7, respectively) and 0.1 nM linear DNA duplex (substrate C), lagging strand replication fork
(substrate E), leading strand replication fork (substrate F) and HJ (substrate H). (b) Gel shift assay on a bubble and a variety of
D- and R-loop substrates in the presence of 2 mM RecGMtb. Lanes: (”), absence of RecGMtb; (+), presence of RecGMtb.
(c) Quantification of the gel images in (a). (d) Shift assays using 0.1 nM of 40 nt poly(dA), poly(dC), poly(dG), poly(dT) and
random nucleotide (dN), and 1 mM RecGMtb in the absence of poly(dI-dC). (e) ssDNA and dsDNA binding activity of RecGMtb

using 0.1 nM poly(dA) (A), poly(dT) (T) and poly(dA : dT) (A : T) of increasing length and 1 mM RecGMtb in the absence of
poly(dI-dC). Data presented in (c–e) are means±SD from at least three independent experiments.
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K, respectively), D-loops with a hairpin end at the 59 or 39

tail (substrates N and M, respectively), and R-loops with 59

and 39 (29-O-methyl-RNA) tails (substrates P and O,
respectively) (Fig. 5a, b). The 29-O-methyl modification
was introduced to protect the RNA against nuclease
degradation (Inoue et al., 1987). The ability of RecGMtb

to unwind D- and R-loops regardless of the absence or
presence of a tail suggests that RecGMtb may preferentially
interact with such DNA structures at the junction. RecGMtb

might also pull one side or a segment of the duplex arm of
the D- or R-loop structure through the wedge-containing
domain, thereby stripping the invading strand off the loop
structure, as previously proposed for unwinding of the
lagging strand from a partial replication fork (Rudolph
et al., 2010b; Singleton et al., 2001).

We determined the efficiency with which RecGMtb un-
wound HJ, replication fork and D-loop substrates, and
identified HJ as the preferred DNA substrate of RecGMtb

helicase, followed by the lagging strand replication fork
(Fig. 5c). These two DNA substrates were also preferen-
tially bound by RecGMtb (Fig. 2c). On the other hand,
RecGMtb did not unwind blunt-end DNA duplex (Fig. S2a),
39- or 59-tailed DNA duplex (Fig. S2b, c), or a bubble
substrate (Fig. 5b).

Divalent metal ion and nucleotide requirements
for RecGMtb unwinding activity

The RecGMtb helicase was active in the presence of
magnesium, manganese, copper, iron or cobalt ions, but

completely inactive in the reactions lacking divalent
cations (Fig. 6a). No significant difference was observed
in RecGMtb unwinding activity in the presence of Mn2+ or
Mg2+ (P50.125). RecGMtb unwound DNA substrates in
the presence of ATP or dATP, but was inactive in the
presence of other NTP/dNTPs (Fig. 6b). RecGMtb unwind-
ing activity was significantly higher in the presence of ATP
than dATP (P50.023). Furthermore, ADP and the slowly

Fig. 3. RecGMtb unwinds nascent DNA strands from partial and
complete replication fork substrates. Titration of helicase activity
using 0.5 nM flayed DNA duplex (a), leading strand replication fork
(b), lagging strand replication fork (c) and complete replication fork
(d) substrates, and 250, 200, 150, 100, 50 and 25 nM RecGMtb

(lanes 1–6, respectively). Lanes: (”), reaction lacking RecGMtb;
(D), heat-denatured substrate.

Fig. 4. RecGMtb dissociates HJ substrates to flayed duplexes.
(a) Titration of branch migration activity using 250, 200, 150, 100,
50 and 25 nM RecGMtb (lanes 1–6, respectively) and 0.5 nM
HJ substrate. Lanes: (”), reaction lacking RecGMtb; (D), heat-
denatured substrate. (b) Direction of branch migration of HJs.
Reactions were conducted in the same way as in (a) except that a
modified HJ substrate in which oligonucleotide 5 was replaced
with oligonucleotide 22 was used (Tables 1 and 2). Lanes 9 and
10 show size markers for the expected branch migration products.
(c) Time course of dissociation of HJ substrate by RecGMtb. The
helicase reaction (140 ml) was carried out using 150 nM RecGMtb

and 0.5 nM HJ substrate. Data in (c) are the average of two
independent experiments.
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hydrolysable ATP analogue ATPcS did not support the
unwinding activity of RecGMtb (Fig. S3).

RecGMtb is a DNA-dependent ATPase

The ATPase activity of RecGMtb was measured in the
presence of 50 nM ssDNA (49 nt), dsDNA (49 bp) or an
HJ substrate (assembled from four ~49 nt oligos). The

efficiency of ATP hydrolysis was 68, 32 and 0 % in the
presence of HJ, dsDNA and ssDNA, respectively (Fig. 7a).
Moreover, no ATP hydrolysis was observed in the reactions
containing 20–100 nt poly(dT) (data not shown). We also
tested ATP hydrolysis in the presence of 10 nM circular
DNA cofactors, M13mp18 (ssDNA) or pET28b (dsDNA);
pET28b (51 %) stimulated threefold higher ATP hydrolysis
than M13mp18 (16 %) (Fig. 7b). To avoid intramolecular
duplex formation, all the ssDNA cofactors tested in this
study were heated to 95 uC for 5 min immediately before
use.

Steady-state kinetic analysis of RecGMtb ATPase activity
was performed by titrating ATP in the presence of
saturating circular dsDNA (pET28b). Under these condi-
tions, ATP hydrolysis was linear for at least 15 min (data
not shown). Michaelis–Menten (hyperbolic) curve-fitting

Fig. 5. RecGMtb unwinds the invading strands from a variety of
synthetic D- and R-loop structures. (a) Titration of helicase activity
using 250, 200, 150, 100, 50 and 25 nM RecGMtb (lanes 1–6,
respectively) and 0.5 nM 59-tailed D-loop (substrate L, Table 2).
(b) Helicase assay using 150 nM RecGMtb and 0.5 nM of the
indicated substrates (substrates I–P, Table 2). Lanes: (”), absence
of RecGMtb; (+), presence of RecGMtb; (D), heat-denatured
samples. (c) RecGMtb has a predilection for dissociating HJ
compared with D-loop and replication fork substrates. The
helicase assay was conducted using 150 nM RecGMtb and
0.5 nM of the indicated DNA substrates. Data are means±SD

from three independent experiments.

Fig. 6. Divalent cation and NTP/dNTP specificity of RecGMtb for its
helicase activity. (a) Effects of divalent metal cofactors on RecGMtb

helicase activity. The helicase assay was performed in the
presence of 2 mM of the indicated divalent metal cofactor,
RecGMtb (150 nM) and lagging strand replication fork substrate
(0.5 nM). (b) Fuel specificity for RecGMtb helicase activity. The
helicase assay was performed in the presence of 2 mM of the
indicated NTP/dNTP, RecGMtb (150 nM) and lagging strand
replication fork substrate (0.5 nM). Data are means±SD from four
independent experiments.
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analysis showed that the mean (±SE) Vmax, Km and Kcat of
RecGMtb were 477 (±27) mM min21, 202 (±35) mM and
3180 (±59) min21, respectively. Using the Hill (allosteric
sigmoidal) equation to model the data, the mean (±SE)
Hill coefficient (H) obtained was 1.0±0.3, which suggests a
monomeric state during ATP hydrolysis.

DISCUSSION

The M. tuberculosis genome is susceptible to the effects of
genotoxic and general cellular stress, including nitrosative
and oxidative damage to DNA, RNA and other biomole-
cules (Stallings & Glickman, 2010; Warner & Mizrahi,
2006), owing to the harsh internal environment, the human
macrophage, in which it usually resides. Mechanisms that
promote genome maintenance and function are likely to be
essential for M. tuberculosis survival and virulence, because
persistent unrepaired DNA damage can completely block
replication of the genome (Masai et al., 2010; McGlynn &
Lloyd, 2001; Mirkin & Mirkin, 2007). RecG is an important
enzyme widely thought to play a role in remodelling
replication forks stalled at DNA lesions, mediating replica-
tion restart via fork regression (McGlynn & Lloyd, 2001,
2002). In the present study, the biochemical activities of
RecGMtb are characterized, providing considerable insight
into the potential role(s) of RecG in DNA/nucleic acid
metabolism in an intracellular pathogen.

This study demonstrated that RecGMtb binds and unwinds
a variety of DNA substrates that mimic intermediates in
DNA replication, recombination and repair, like its E. coli
orthologue. Among the substrates examined here, RecGMtb

had the highest affinity for HJ, while 39- and 59-overhang
DNA substrates and blunt-end duplex DNA substrates
were bound very poorly (Table 2). In general, the binding
and unwinding activity of RecGMtb required protein
concentrations that were considerably higher than those

described for E. coli RecG. Whereas E. coli RecG shifted an
HJ substrate at protein concentrations of 0.1 nM (Briggs
et al., 2005), the same shift was only observed with 0.25 mM
RecGMtb. This might be due to suboptimal assay condi-
tions. Generally, M. tuberculosis helicases exerted their
activities at concentrations .100 nM (Balasingham et al.,
2012; Biswas et al., 2009; Curti et al., 2007).

Unexpectedly, RecGMtb had very low affinity for poly(dA),
and much higher affinity for poly(dT), poly(dG) and
poly(dC). Generally, RecGMtb and other superfamily 2
helicases make extensive contact with the sugar-phosphate
DNA backbone and this interface is the dominant func-
tional mode of interaction (Büttner et al., 2007; Kim et al.,
1998; Pyle, 2008; Singleton et al., 2001). DNA helicases also
tend to exhibit low DNA sequence specificity, presumably
because higher sequence specificity might hinder the
translocation and/or processivity of the helicase (Rocak &
Linder, 2004; Tanner & Linder, 2001; Tuteja & Tuteja,
2004). However, a recent report has revealed that Vaccinia
viral helicase NPH-II, a superfamily 2 helicase, favours
purine-rich over pyrimidine-rich dsDNA helicase sub-
strates (Taylor et al., 2010). The sequence bias of RecGMtb

reported here might be an intrinsic property of this heli-
case; however, this conclusion is preliminary and requires
additional investigation.

Notably, another interesting observation reported here
is that the affinity of RecGMtb for ssDNA and dsDNA is
length-dependent. RecGMtb had higher affinity for longer
oligomers (¢40 nt) than for shorter oligomers (20 nt).
This suggests that 20 nt/bp DNA substrates are not long
enough to form a stable complex with RecGMtb. The
relatively more stable binding of RecGMtb ¢40 nt poly(dT)
is consistent with the site size determined for E. coli RecG
for poly(dT), 36 nt (Slocum et al., 2007). RecGMtb may be
recruited to stalled replication forks via an interaction with
ssDNA binding protein (SSB) (as for E. coli RecG) (Buss

Fig. 7. ATP hydrolysis by RecGMtb. (a) Effects of DNA cofactors on RecGMtb ATPase activity. The assays were conducted in the
presence of 300 nM RecGMtb and 50 nM of the indicated unlabelled DNA cofactor (a) or 10 nM of the indicated circular
plasmid DNA (b). Plasmid pET28b was purified using Qiagen Midi kits, whereas M13mp18 (NEB) was used as obtained. Data
are means±SD from at least three independent experiments.
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et al., 2008; Lecointe et al., 2007; Liu et al., 2011).
Nevertheless, the observed interaction between RecGMtb

and ssDNA may represent an alternative mechanism for
targeting RecG to stalled replication forks or other
branched DNA substrates.

Even though RecGMtb binds a variety of DNA substrates,
including ssDNA, it only unwinds branched DNA sub-
strates, including HJs, replication forks, and D- and R-
loops. This specificity suggested a potential involvement of
RecGMtb in multiple DNA metabolic pathways of myco-
bacteria, including recombination, replication and repair.
The relatively high affinity of RecGMtb for the HJ and the
fact that HJs maximally stimulate RecGMtb ATPase activity
indicate that HJs could be a relevant in vivo substrate for
RecGMtb.

RecGMtb required Mg2+ for its optimal activity, although
unwinding activity is also supported by Mn2+, Cu2+,
Co2+ and Fe2+. A similar observation was also reported
for another mycobacterial helicase, UvrD (Curti et al.,
2007). This property, shared by these two M. tuberculosis
helicases, could contribute to the pathogenicity of M.
tuberculosis, because Mg2+ is scarce in the phagosomes of
macrophages (Groisman, 1998). The observation that the
ATPase activity of RecGMtb was stimulated to a greater
extent in the presence of dsDNA than of ssDNA suggests
that the enzyme may translocate on dsDNA, as does E. coli
RecG (Mahdi et al., 2003).

Evidence shows that expression of recG in M. tuberculosis is
upregulated in infected human cells and mouse macro-
phages, suggesting that RecG may actively promote
virulence and/or pathogenicity during infection of mam-
malian cells (Davis & Forse, 2009; Rachman et al., 2006;
Schnappinger et al., 2003). It is also interesting that recG is
conserved in the related human pathogen Mycobacterium
leprae, in which there is an extreme case of reductive
evolution (Vissa & Brennan, 2001). This suggests a
potentially important metabolic role for RecG in other
mycobacteria also. The genotoxic stress that M. tuberculosis
encounters inside the macrophage with reactive nitrogen
and oxygen species is very different from that to which E.
coli cells are exposed in their various environmental niches.
Thus, the metabolic conditions inside an intracellular
pathogen such as M. tuberculosis might be considerably
different from those of E. coli cells and other model species.
This is exemplified by the facts that the genome of M.
tuberculosis comprises an unusually high number of genes
involved in lipid metabolism (.233), that its genome has a
high G+C content (Cole et al., 1998), and that there is a
lack of MutS-based mismatch repair in M. tuberculosis
(Mizrahi & Andersen, 1998). The existence of a non-
homologous end-joining pathway (Della et al., 2004) as
well as an alternative regulatory mechanism for DNA
damage-inducible genes (Davis et al., 2002) have also been
indicated in M. tuberculosis. A recent study further has
indicated that RuvAB of M. tuberculosis, unlike E. coli
RuvAB, can convert replication forks to HJs (Khanduja &

Muniyappa, 2012). Moreover, biochemical characteriza-
tion of DNA repair components indicates that oxidative
DNA glycosylases of M. tuberculosis exhibit substrate
preferences different from their E. coli counterparts (Guo
et al., 2010). Taken together, these findings suggest that the
DNA metabolism of M. tuberculosis might differ consid-
erably from that of E. coli.

Conclusions

The novel findings presented here that RecG exists in
vascular plants and algae, in addition to eubacteria, and
that RecGMtb preferentially binds relatively long ssDNA,
exhibiting a higher affinity for poly(dT), poly(dG) and
poly(dC) than for poly(dA), shed new light on the
occurrence and role of RecG in nature. Furthermore, the
finding that the preferred helicase substrate for RecGMtb is
HJ, a key intermediate in DNA repair, recombination and
replication fork restart (Kepple et al., 2005; Liu & West,
2004), may suggest that RecGMtb is preferentially involved
in such processes in vivo. However, future studies involving
M. tuberculosis recG-null mutants are needed to clarify the
precise role of RecG in the DNA metabolism, survival,
fitness and virulence of M. tuberculosis and possibly of
other related mycobacteria.
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Fig. S1. Effect of nucleotide cofactor on the DNA binding activity of RecGMtb. Shift assay was carried 

out in the presence of RecGMtb (1000 nM), 0.1 nM lagging strand replication fork, 2 mM Mg
2+ 

and 2 mM 

of the indicated nucleotide cofactors in binding buffer. 
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Fig. S2. RecGMtb has no unwinding activity on blunt- end and tailed DNA duplex substrates. Titration of 

RecGMtb helicase activity was done in the presence of 250, 200, 150, 100, 50, and 25 nM RecGMtb and 0.5 

nM of blunt-end DNA duplex (a), 3′-tailed DNA duplex (b), and 5’-tailed DNA duplex (c) substrates. 

Lanes depicted by (-) and (∆) represent reactions lacking RecGMtb and heat-denatured substrate, 

respectively. 
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Fig. S3. ADP and ATP analogue (ATPγS) do not support the RecGMtb-catalyzed unwinding. Helicase 

assays were carried out using 150 nM RecGMtb and 0.5 nM HJ (a) and lagging strand replication fork (b) 

substrates and 2 mM of the indicated nucleotide cofactor.  
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Abstract

XPB, also known as ERCC3 and RAD25, is a 39R59 DNA repair helicase belonging to the superfamily 2 of helicases. XPB is an
essential core subunit of the eukaryotic basal transcription factor complex TFIIH. It has two well-established functions: in the
context of damaged DNA, XPB facilitates nucleotide excision repair by unwinding double stranded DNA (dsDNA)
surrounding a DNA lesion; while in the context of actively transcribing genes, XPB facilitates initiation of RNA polymerase II
transcription at gene promoters. Human and other eukaryotic XPB homologs are relatively well characterized compared to
conserved homologs found in mycobacteria and archaea. However, more insight into the function of bacterial helicases is
central to understanding the mechanism of DNA metabolism and pathogenesis in general. Here, we characterized
Mycobacterium tuberculosis XPB (Mtb XPB), a 39R59 DNA helicase with DNA-dependent ATPase activity. Mtb XPB efficiently
catalyzed DNA unwinding in the presence of significant excess of enzyme. The unwinding activity was fueled by ATP or
dATP in the presence of Mg2+/Mn2+. Consistent with the 39R59 polarity of this bacterial XPB helicase, the enzyme required
a DNA substrate with a 39 overhang of 15 nucleotides or more. Although Mtb XPB efficiently unwound DNA model
substrates with a 39 DNA tail, it was not active on substrates containing a 39 RNA tail. We also found that Mtb XPB efficiently
catalyzed ATP-independent annealing of complementary DNA strands. These observations significantly enhance our
understanding of the biological roles of Mtb XPB.
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Introduction

Mycobacterium tuberculosis is a human pathogen that targets

macrophages and causes significant mortality and morbidity

especially in the developing countries. Notably, M. tuberculosis is

resistant to reactive oxygen intermediates (ROI) and reactive

nitrogen intermediates (RNI), which are produced and secreted by

host macrophages specifically to attenuate the deleterious effects of

intracellular pathogens [1]. M. tuberculosis also survives environ-

mental stresses such as exposure to UV irradiation, nutrient

starvation, dehydration and low temperature during host transfer

[2], in addition to endogenous stresses such as low pH and

hypoxia. This suggests that M. tuberculosis has efficient DNA repair

and/or other mechanisms that protect against ROI- and RNI-

induced cellular damage. Consistent with this notion,M. tuberculosis

expresses many well conserved genes that play roles in base

excision repair (BER), nucleotide excision repair (NER), re-

combination repair and the SOS response to cellular stress [3,4].

However, homologs of mismatch repair (MMR) genes, such as

mutL, mutS and mutH, have not been identified in M. tuberculosis

[4,5].

Helicases are ubiquitous enzymes that play essential roles in

DNA repair, recombination, replication, transcription and RNA

processing [6,7]. DNA damage recognition requires an initial step

by helicases, identifying helical distortions in the DNA. Typically,

helicases move along the phosphodiester backbone of duplex

nucleic acid strands in a directional manner, using energy derived

from NTP/dNTP hydrolysis to unwind and separate the

complementary nucleic acid strands. DNA helicases are thus

among the first proteins that encounter DNA damage and play

important roles in its repair.

The XPB/ERCC3/RAD25 protein, belonging to the helicase

superfamily 2 (SF2), is an integral subunit of the eukaryotic basal

transcription factor IIH (TFIIH), which is involved in proofread-

ing of transcription initiation and NER [8,9]. The TFIIH complex

comprises up to 10 protein subunits and contains two helicases:

XPB and XPD. XPB is missing in the genomes of many

prokaryotes, but several actinobacterial species, including M.

leprae, M. tuberculosis and Kineococcus radiotolerans express a XPB

homolog [10,11]. In contrast, the TFIIH XPD/ERCC2 homolog

DinG, (damage-inducible G) is commonly expressed in many
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bacterial species [12]. The function of these two helicases, XPB

and DinG, in bacteria, is not well understood. Homologs of other

subunits of the TFIIH complex, such as p44 and p52, have not

been found in bacteria. The p44 and p52 subunits are believed to

have crucial roles in regulating XPB and XPD enzymatic function

in mammals [13]. In humans, mutations in XPB or XPD cause

defects in both RNA transcription and DNA repair, leading to at

least three severe genetic disorders: Xeroderma pigmentosum

(XP), Cockayne syndrome (CS) and Tricothiodystrophy (TTD)

[14,15,16]. The biological consequences of defects in bacterial

XPB or DinG are still poorly understood.

NER recognizes and repairs bulky DNA adducts and helix

distorting lesions, including photoproducts [17]. In Escherichia coli

and mycobacteria, NER requires the UvrABC excinuclease

enzyme complex and the UvrD helicase [18,19,20], while in

human cells, NER is a complex pathway involving many proteins

in addition to the TFIIH complex [21,22]. Mycobacteria have two

UvrD helicase homologs: UvrD1 and UvrD2 [23,24,25].

Eukaryotic XPB contains a central helicase core domain and N-

and C-terminal domains [8]. Bacterial XPB also contains the main

helicase core and a shorter N-terminal domain, but lacks the C-

terminal domain [10,11]. The N-terminal domain of eukaryotic

XPB interacts with the p52 subunit of TFIIH which stimulates the

ATPase activity of XPB [13]. The three-dimensional crystal

structure of a XPB homolog from Archaeoglobus fulgidus revealed the

presence of two RecA-like helicase domains and a short N-

terminal domain which showed structural similarity to the

mismatch recognition domain of MutS, termed the damage

recognition domain (DRD) [26]. This protein structure also

revealed two sequence motifs that may be functionally important

in XPB, a long flexible loop unique to XPB (RED) and a Thumb

domain (ThM) [26].

M. tuberculosis XPB is an ATP-dependent 39R59 DNA helicase,

whose ATPase activity is preferentially stimulated by single

stranded DNA (ssDNA) [10]. However, the biological role of

XPB in bacteria, including M. tuberculosis and in archaea, is at

present poorly understood. Furthermore, Mtb XPB contains key

domains that can help to understand the human XPB (hXPB). To

improve our understanding of its biological role, we have purified

and characterized recombinant Mtb XPB, focusing on its catalytic

helicase activities, extended DNA substrate specificities and strand

annealing activities. Here, we report the novel observation that

Mtb XPB exhibited ATP-independent strand annealing of

complementary DNA strands, in addition to its DNA unwinding

activity. These observations elucidates the important role of this

helicase in genome maintenance and pathogenesis of M.

tuberculosis.

Results

Structural and sequence analysis of Mtb XPB and
homologs
Sequence searching in publicly available databases revealed

prokaryotic homologs of eukaryotic XPB in the majority of

archaea, in most spirochaetes and actinobacteria, including the

mycobacteria, in some firmicutes, but in few, if any, proteobac-

teria, cyanobacteria, chlamydiae, or bacteroidetes. Within the

XPB protein family, the two core RecA-like helicase domains

(Fig. 1 A–C), found in all SF2 helicases/translocases, were highly

conserved (Fig. 1E). In addition, there was a conserved N-terminal

domain (Fig. 1 A and D) of 120–130 residues that might be unique

to XPB. This latter domain appeared to be present in all the

bacterial and eukaryotic XPB homologs and also in the family

Halobacteriaceae of archaea. In most archaea, however, including

A. fulgidus, this domain had been replaced with a shorter domain

termed the DNA damage recognition domain (DRD, Fig. 1A) by

Fan et al. [26]. Secondary structure predictions and sequence

comparisons suggested that the archaeal DRD and the N-terminal

domain of bacterial and eukaryotic XPBs are structurally un-

related.

Protein structure disorder predictions indicated that the flexible

N-terminus (50–70 residues in human XPB), the C-terminal ,80

residues and the linker between the N-terminal and the helicase

domains (approximately residues 200–260) were structurally

disordered in human and other vertebrate XPB homologs and

that none of these disordered segments were present in Mtb XPB.

The 3D structure of the N-terminal XPB-domain could not be

reliably modeled, but secondary structure predictions suggested

that the domain had a mixed a/b-class structure. Some residues

and short segments of the N-terminal domain appeared to be

almost universally conserved in XPB in bacteria/eukaryotes,

including Mtb XPB. 3D models of the N- and C-terminal helicase

domains of Mtb XPB were generated with comparative modeling

based on the experimentally determined structure of A. fulgidus

XPB [26]. The classical helicase motifs [27] are shown mapped

onto the structural models (Fig. 1, B and C) and in the multiple

sequence alignments of bacterial, archaeal and eukaryotic XPBs

(Fig. 1E).

Nucleic acid binding and unwinding activity of Mtb XPB
In order to understand the role of helicase XPB in DNA repair

inM. tuberculosis, the DNA substrate requirements and specificity of

this helicase were investigated using a variety of model DNA

substrates. Initially, the DNA binding activity was examined in the

presence of increasing concentrations of enzymes and 100 pM

DNA substrates using an electrophoretic mobility shift assay

(EMSA). As shown in Fig. 2 i–iv, Mtb XPB bound to all the DNA

Figure 1. XPB domain organization and functional motifs. A) Domain organization showing the N- and C-terminal RecA-like helicase domains
and the N-terminal domain unique to the XPB family of proteins. This latter domain is found in eukaryote, bacterial and some archaeal XPBs, but
appears to be replaced by a shorter DNA damage recognition domain (DRD, see [26]) in A. fulgidus and a subset of archaea. Numbers indicate the
approximate domain boundaries. B) Structural model of the Mtb XPB N-terminal RecA-like helicase domain (in light cyan) showing bound ADP (sticks)
and a divalent cation (sphere), the Q-motif (colored red) [31], the RED motif (purple) conserved in the XPB family [26] and the helicase motifs I
(orange), Ia (yellow), II (green) and III (blue). The hinge region linking the two RecA-like domains is shown in pink. C) Model of the Mtb XPB C-terminal
RecA-like helicase domain (in yellow) with helicase motifs IV (red), V (green) and VI (blue). The hinge region is shown in pink. D) A multiple sequence
alignment (MSA) of XPB homologs demonstrates that the N-terminal domain unique to the XPB family of proteins is present in eukaryotes, in yeast
(Saccharomyces cerevisiae RAD25, NCBI Refseq identifier NP_012123) and human XPB/ERCC3 (NP_000113), in bacteria, e.g. M. tuberculosis H37Rv
(NP_215376), Propionibacterium acnes (YP_003580697), Bacillus tusciae (YP_003589555) and Treponema pallidum (NP_218820) and in some archaea,
including Haloferax volcanii (YP_003535766). Sequence numbering is given at the line ends. E) An MSA of the two RecA-like helicase domains of XPB
from the three domains of life shows the location of classical helicase motifs, the hinge region linking the two domains, the Q- and RED-motifs and
the flexible thumb motif (ThM, grey) that is unique to a subset of archaea including A. fulgidus (NP_069194). The coloring of the motifs is identical to
panels B) and C).
doi:10.1371/journal.pone.0036960.g001
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substrates examined. However, it bound more efficiently to the

duplex DNA, bubble and forked DNA structures than to ssDNA

(Fig. 2 ii–iv, respectively). Binding affinity of Mtb XPB increased

with increasing length of the ssDNA (Fig. 2 v). A weak binding to

a 30 bp duplex was seen, however, a 30 base ssDNA substrate did

not bind to Mtb XPB (Fig. 2 v and iv, lane 2). The binding affinity

to a forked DNA substrate appeared to be stronger than to the

other substrates tested (Fig. 2 iv and vi). While the Mtb XPB

bound duplex DNA and bubble DNA, the enzyme was unable to

exert its unwinding activity on these substrates (data not shown).

Next, the linear range of the DNA unwinding reaction was

determined by incubating a forked DNA substrate with increasing

concentrations of Mtb XPB (Fig. 3). Mtb XPB unwound ,10% of

the input DNA when present at 250 nM, but unwound nearly

80% of the DNA substrate when present at $2 mM. In contrast,

E. coli RecQ, which was used as the positive control, unwound the

same substrate to nearly 100% at a 10 nM concentration under

the same experimental conditions (Fig. 3). Thus, efficient Mtb

XPB unwinding activity was observed only under these in vitro

conditions and when the enzyme was present in relatively high

concentration. This finding is similar to previous reports showing

that eukaryotic XPB helicases possess weak unwinding activity in

vitro [28]. To investigate whether contaminating host proteins were

responsible for the DNA unwinding attributed to recombinant

Mtb XPB, we performed helicase assays in which the DNA

substrate was incubated with volume titration of ‘mock’ purifica-

tion from E. coli host strain harboring vector without Mtb XPB

insert. These showed no unwinding activity (Fig. 3, lanes 11–13).

Figure 2. Mtb XPB binds DNA substrates. Representative gels of resolved Mtb XPB-DNA binding mixtures using the DNA substrates given in
Table S1. Increasing Mtb XPB concentrations were incubated with the indicated DNA substrate (100 pM) for 15 min on ice in EMSA buffer. i) ssDNA
(T1), ii) duplex DNA (T1+B2), iii) bubble DNA ( T1+B3), iv) forked DNA (T1+B1). Lane 1. no enzyme; lanes 2–6. Mtb XPB [nM] 500, 1000, 2000, 4000 and
5000, respectively. v) 2000 nM Mtb XPB was incubated with ssDNA substrates containing 30 (B5, 1 & 2); 60 (T1, 3 & 4) and 80 (C80, 5 & 6) bases.
Lanes 1, 3 and 5–reactions without enzyme; lanes 2, 4 and 6–reactions with enzyme. vi) 2000 nM Mtb XPB was incubated with 30 bp duplex (B5+B6, l
& 2), 60 bp duplex (T1+B2, 3 & 4), forked DNA (T1+B1, 5 & 6), bubble DNA (T1+B3, 7 & 8) and 80 bp duplex (C80+G80, 9 & 10). Lanes 1, 3, 5, 7 and 9-
reactions without enzyme; lanes 2, 4, 6, 8 and 10–reactions with enzyme.
doi:10.1371/journal.pone.0036960.g002
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Metal ion and nucleotide requirements for Mtb XPB
unwinding activity
The metal ion and nucleotide requirements for Mtb XPB

helicase were determined in reactions containing a forked DNA

substrate (as described above). Maximum unwinding activity was

observed in the presence of 2 mM ATP and 2 mMMg2+ (Fig. S2).

When we replaced the 2 mMMg2+ with 2 mMMn2+, Ca2+, Cu2+,

Co2+, Fe2+, Ni2+, or Zn2+ in the reactions containing 2 mM ATP,

Mtb XPB was active only in the presence of Mn2+ (Fig. 4A). The

extent of DNA unwinding was similar in the presence of Mn2+ or

Mg2+ (about 80%) (Fig. 4B). When we tested the nucleotide

requirements in the presence of 2 mM Mg2+, unwinding activity

was observed with ATP (89%) or dATP (70%), but not in the

presence of other nucleotides tested (Fig. 4C and 4D). In the

absence of either metal ion or nucleotide, we did not observe DNA

unwinding activity of Mtb XPB (Fig. 4, A and C). All the negative

control experiments were performed in the absence of Mtb XPB,

but in the presence of Mg2+ and ATP. We further examined the

requirement of ATP hydrolysis for the unwinding activity of Mtb

XPB. The experiments were done in the presence of ATP, dATP,

ATPcS (non-hydrolyzable ATP), or ADP and the results clearly

indicated that unwinding activity required ATP hydrolysis (Fig. 5).

Mtb XPB requires a 15–20 nucleotide 39 extension for

efficient unwinding. Previous studies showed that Mtb XPB

helicase catalyzes DNA unwinding in the 39R59 direction [10].

Here, we examined the minimal length of 39 ssDNA required for

initiation of Mtb XPB unwinding. For this purpose, DNA

unwinding was analyzed using DNA substrates with 20 bp dsDNA

and a 0, 5, 10, 15, 20, or 25 nucleotides (nt) 39 dT overhang

(Table S1). The results showed that Mtb XPB did not unwind

blunt end dsDNA and very inefficiently unwound DNA substrates

with 5 and 10 nt overhangs (,5% input DNA unwound) and

partially unwound DNA substrates with a 15 nt 39 overhang

(Fig. 6A). For optimal unwinding under the chosen experimental

conditions, Mtb XPB required a 39 overhang of 20 or 25 nt in

length (Fig. 6).

Mtb XPB exhibited unwinding activity on DNA replication
and recombination intermediates
Mtb XPB helicase was challenged with additional DNA

structures, including 39- and 59-overhangs, forked, 39- and 59-

flaps, a nicked 3-way junction and a Holliday junction (Table S2),

which resemble intermediates in DNA replication or DNA

recombination. As previously reported by Biswas et al. [10], Mtb

XPB was active on a 39 overhang but not on a 59 overhang and

Figure 3. Titration of Mtb XPB unwinding activity. DNA unwinding activity was titrated in the presence of 1 nM forked DNA (T1+B1- a 30mer
complementary region with non-complementary 30mer tails) and increasing concentrations of Mtb XPB. A) Representative gel analysis showing
unwinding reaction products. Lanes: 1. no enzyme; 2. HD-heat-denatured substrate; 3. 250 nM; 4. 500 nM; 5. 1000 nM; 6. 2000 nM; 7. 3000 nM; 8.
4000 nM; 9. 5000 nM; 10. E. coli RecQ (10 nM); 11–13. mock dilutions, 1:1, 1:10 and 1:100, respectively. B) Quantitation of unwinding activity of Mtb
XPB. The average of 3 independent experiments and standard deviations (error bars) are shown.
doi:10.1371/journal.pone.0036960.g003
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efficiently unwound forked DNA substrates with up to 30 nt arms

(Fig. 7A and 7B). We also observed that Mtb XPB readily

unwound 39 flap DNA but not 59 flap DNA (Fig. 7C, i and ii) [10].

Since flap structures resemble replication intermediates, this

observation may suggest that Mtb XPB could potentially trans-

locate along the leading DNA strand and unwind dsDNA ahead of

a stalled replication fork. Finally, Mtb XPB was challenged with

a three-way junction, which resembles a replication fork with no

gap on the leading or lagging DNA strand and a Holliday

junction, which is a typical recombination intermediate. As

expected, Mtb XPB did not unwind these two DNA substrates,

likely because neither has a 39 ssDNA overhang.

Mtb XPB displaced the invading strand containing a 39tail
from D-loop but not from R–loop substrates
RNA oligonucleotides were made as 29-OMe modified RNA.

This RNA provides a more stable and rigid functional analog of

natural RNA [29,30]. First, we examined the Mtb XPB unwinding

activity on DNA:RNA hybrids. For this purpose, DNA oligo D2

was annealed with D3, R1, D4 or R2 (D3 and R1 as well as D4

and R2 were composed of the same nucleotide sequences)

(Table S1). Mtb XPB efficiently unwound DNA:DNA or

DNA:RNA structures, since the D2 DNA oligo provided a 39

overhang (Fig. S3). Mtb XPB unwinding activity was then

examined using bubble, D- and R-loop substrates. The DNA

bubble structure and DNA oligonucleotide fully complementary to

one of the unpaired DNA strands in the bubble remained

unwound when incubated with Mtb XPB (Fig. 8, i and ii and

Table S2). As expected, Mtb XPB was capable of unwinding D-

loop structure with a 39 tail but not with a 59 tail (Fig. 8, iii and v).

However, R-loops with either a 39 or 59 non-homologous tail were

resistant to unwinding by Mtb XPB (Fig. 8. iv and vi). These

results indicated that Mtb XPB required a 39 DNA tail to exert its

unwinding activity, even though the enzyme bound D- and R-

loops (Fig. S4).

Mtb XPB facilitates strand annealing
Mtb XPB was also tested for its ability to anneal fully

complementary 80 nt DNA oligonucleotides (1 nM each) (Ta-

ble S1), one of which was labeled with [c32P]ATP. First, the DNA

annealing assay was performed with increasing concentrations of

Mtb XPB. The efficiency of strand annealing increased with

increasing Mtb XPB concentration (Fig. 9A). No strand annealing

activity was observed with volume titration of ‘mock’ preparation

(Fig. 9A, lanes 11–13). The DNA annealing was also performed

with increasing concentration of unlabeled oligo G80 (0.5–

2.5 nM) with/without Mtb XPB in the reactions. Efficient strand

annealing was clearly seen with increasing concentration of G80

oligo in the presence of Mtb XPB while no annealing was seen in

the absence of enzyme (Fig. 9B). Spontaneous annealing of DNA

oligos was minimal (about 30%) after 60 min and reached < 50%

after 150 min (Fig. 9C and 9D), whereas Mtb XPB catalyzed 66%

strand annealing in 10 min (Fig. 9C and 9D). In contrast,

considerable strand annealing was not catalyzed by E. coli RecQ,

Mtb SSB or E. coli UvrD under same experimental conditions

(Fig. 9C and S5). The presence of Mtb SSB (10 nM) in the

reactions as well as incubation of reaction mixtures on ice before

incubating at 37uC inhibited the strand annealing activity of Mtb

XPB to some extent (Fig. S6). We also tested Mtb XPB unwinding

activity on forked substrate (T1+B1) in the absence of unlabeled

competitor or in the presence of 10 nM Mtb SSB (Fig. S7). While

a reduced unwinding was observed in the absence of unlabeled

competitor (due to re-annealing) the presence of Mtb SSB

inhibited the unwinding activity. These experiments suggest that

Mtb XPB has intrinsic DNA strand annealing activity.

We further investigated the effect of ATP and Mg2+ concen-

tration on the DNA strand annealing activity of Mtb XPB. Mtb

XPB catalyzed DNA strand annealing efficiently in the absence or

presence of moderate concentrations of ATP (Fig. 10A, lanes 4–8),

but the DNA annealing reaction was slightly inhibited by

Figure 4. Influence of divalent cations and nucleotide cofactors
on Mtb XPB DNA unwinding activity. A) Representative gel
showing products of DNA unwinding. Labeled forked DNA substrate
(T1+B1- a 30mer complementary region with non-complementary
30mer tails) was incubated with 2000 nM Mtb XPB in the presence of
2 mM ATP and 2 mM of each metal ion for 30 min at 37uC. HD – heat-
denatured DNA substrate. The control reaction lacked metal ion (-). B)
Quantitation of Mtb XPB unwinding activity in the presence of different
metal ions. The data represents the average of 3 independent
experiments. C) Representative gel showing products of DNA un-
winding. Labeled forked DNA substrate (T1+B1- a 30mer complemen-
tary region with non-complementary 30mer tails) was incubated with
2000 nM Mtb XPB in the presence of 2 mM Mg2+ and 2 mM of each
NTP or dNTP for 30 min at 37uC. HD – heat-denatured DNA substrate.
The control reaction lacked nucleotide (-). D) Quantitation of Mtb XPB
unwinding activity in the presence of different nucleotides. Data shown
are the average of three independent experiments and standard
deviation (error bars).
doi:10.1371/journal.pone.0036960.g004
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increasing concentrations of ATP or non-hydrolysable ATPcS
(Fig. 10B). These results suggest that ATP hydrolysis is not

required for optimal strand annealing, but that Mtb XPB may be

competent for nucleotide binding during the strand annealing

reaction. In contrast, Mg2+ is required for Mtb XPB-mediated

DNA strand annealing in the presence or absence of ATP

(Fig. 10C), although Mn2+ or Ca2+ also supported the reaction

(data not shown). In the absence of ATP, optimal strand annealing

was observed in the presence of 1–2 mM Mg2+ (Fig. 10D).

Discussion

Mtb XPB is an ATP-dependent 39R59 DNA helicase with

DNA-dependent ATPase activity [10]. Human XPB and XPD

helicases are subunits of TFIIH, a protein complex that plays

essential roles in nucleotide excision repair and RNA polymerase

II transcription initiation. However, bacterial XPB is not thought

to participate in a TFIIH-like protein complex formation since

homologs of other subunits of the TFIIH complex have not yet

been identified in bacteria, and the exact biological role(s) of

bacterial XPB and XPD are not well understood. Therefore, the

goal of this study was to characterize Mtb XPB catalytic activities

and DNA substrate specificity in vitro, thus enhancing our

understanding of its role in DNA repair or other cellular functions.

Comparison of the protein sequences of XPB homologs across

multiple phyla revealed that archaeal, bacterial and eukaryotic

XPB contain two RecA-like domains within the helicase core

region. The A. fulgidus XPB 3D structure, which is the only

available structure to date, was used to compare the structural

organization of XPB from other organisms. The helicase core of

Mtb XPB includes the Q-motif [31], seven classical helicase motifs

[27] as well as an absolutely conserved XPB-specific motif (RED)

[26] (Fig. 1E). The thumb motif (ThM) found as an insertion in the

C-terminal RecA-like domain in A. fulgidus XPB [26] is much

shortened, most likely completely missing, in Mtb XPB as well as

in homologs from bacteria and eukaryotes (Fig. 1E). In eukaryotic

TFIIH, the RED motif of XPB stimulates the DNA-dependent

ATPase activity and is thereby thought to anchor TFIIH to DNA

[32].

In addition to the helicase core, eukaryotic and bacterial XPB

homologs contain a unique N-terminal domain that appears to be

absent in A. fulgidus XPB. Although it was not possible to model the

3D structure of the N-terminal XPB domain, there are several

conserved amino acids of interest within the N-terminal domain.

Within this domain, a F99S substitution in human XPB found in

XP patients [16] weakened the interaction between TFIIH p52

and XPB, and resulted in reduced ATPase activity [13]. Phe99 in

human XPB is conserved in yeast and other eukaryotes, but not in

bacteria or archaea (Fig. 1D). A putative helix-turn-helix DNA

binding domain was also predicted in this N-terminal domain [8].

This indicates that the N-terminal domain of Mtb XPB might play

a crucial role in DNA-protein and/or protein-protein interactions.

In the context of the TFIIH complex, the ATPase activity of XPB

is required for DNA unwinding during NER and RNA

transcription, while its helicase activity is required for promoter

escape during RNA transcription [33]. The sequence and domain

identities between eukaryotic and bacterial XPB suggest possible

functional identity or overlap, even though it is likely that bacterial

XPB acts independent of a TFIIH-like complex. A. fulgidus is

apparently a slightly atypical XPB since it has a DRD and ThM

that is lacking in most XPBs and it appears not to have a standard

XPB N-terminal domain. Mtb XPB might be a useful model

system for studying eukaryotic XPB and elucidating the structure-

function relationships of the N-terminal domain, since it has all the

same domains as human XPB, but none of the structurally

disordered segments found in human XPB.

The present study demonstrated that Mtb XPB bound ssDNA

and dsDNA substrates with variable affinity. Even though Mtb

XPB bound these substrates, it did not unwind blunt duplex DNA

and bubble DNA. In the band-shift analysis, we observed slowly

migrating bands when longer oligos (.60mer) were incubated

with high concentrations of Mtb XPB (Fig. 2). This phenomenon

may be due to either a high protein:DNA ratio or protein binding

to both nonspecific and specific sites [34]. The binding of ssDNA

and dsDNA to Mtb XPB suggests that the enzyme may utilize

these properties for its unwinding and annealing activities. Even

though clear homologs of other subunits of the TFIIH complex,

except XPB and XPD, have not been found in bacteria, existence

of other proteins that are acting together with XPB can not be

excluded. It has recently been reported that in archaea, XPB

forms a complex with Bax1 (Binds archaeal XPB) and functions as

a helicase-nuclease complex [35]. Existence of such a complex of

XPB in bacteria has not been identified yet. The present study also

demonstrated that Mtb XPB helicase was active in vitro only when

present in high molar excess with respect to its DNA substrate.

Recently, Biswas et al. reported similarly that the ATPase activity

of XPB is relatively inefficient (50 ATP hydrolyzed per minute per

Figure 5. Requirement of ATP hydrolysis for Mtb XPB unwinding activity. Labeled forked DNA substrate was incubated with Mtb XPB in the
presence of 2 mM ATP, dATP, ATPcS, or ADP for 30 min at 37uC. Lane 1. no enzyme; lane 2. heat-denatured substrate; Lanes 3, 5, 7 and 9. 1000 nM
Mtb XPB; Lanes 4, 6, 8 and 10. 2000 nM Mtb XPB; lanes 11–14. ‘mock’ preparation (1:10 dilution); lane 15. reaction containing Mtb XPB (2000 nM) and
without any nucleotide cofactors.
doi:10.1371/journal.pone.0036960.g005
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monomer of XPB) [10]. Generally, M. tuberculosis helicases exerted

their activities at concentrations .100 nM [10,23]. This might be

due to the metabolic conditions inside an intracellular pathogen

such as M. tuberculosis, which might be considerably different to

those of E. coli cells. One could also speculate that more enzyme is

needed to carry out DNA unwinding processes, since the M.

tuberculosis genome is particularly rich in GC content (66%) and

repeat sequences, in addition to its long replication time [36].

Mtb XPB was equally active in the presence of Mn2+ and Mg2+

(Fig. 4B), but was inactive in the presence of other metal ion

cofactors tested. This observation corroborated the reported

cation requirement for ATPase activity of Mtb XPB [10]. In

addition, in the presence of Ca2+, a lower rate of Mtb XPB

ATPase activity was seen previously [10], but unwinding activity

was not observed in the presence of Ca2+ in our study. In contrast,

Mtb UvrD helicase is active in the presence of Mg2+, Mn2+, Cu2+,

Figure 6. DNA unwinding activity on DNA substrates with 39 ssDNA overhangs of different length. A) Representative gels of Mtb XPB
(2000 nM) unwinding activity on DNA substrates with 0, 5, 10, 15, 20 and 25 nt 39 –overhangs (A0, A5, A10, A15, A20 and A25). Reactions were
incubated for 0, 5, 10, 20, 30 and 40 min. Controls: C-reaction without Mtb XPB incubated for 40 min; HD–heat-denatured substrate. B) The average
of 3 independent experiments and standard deviations (error bars) are shown.
doi:10.1371/journal.pone.0036960.g006
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Figure 7. Mtb XPB unwinding of DNA substrates that represent DNA replication and recombination intermediates. The oligos used in
this experiment are given in Tables S1 and S2. A) 39 and 59 overhangs. Lanes 1 and 5. no enzyme; lane 2. heat-denatured DNA substrate; lanes 3 and
6. 2000 nM Mtb XPB; lanes 4 and 7. 1000 nM Mtb XPB. Open arrow- dsDNA; closed arrow- unwound products. B) forked DNA substrates comprising
30mer complementary region and 15mer (lanes 1–3) or 30mer (lanes 4–6) non-complementary tail. Lanes 1 and 4. substrates alone; lanes 2 and 5.
heat-denatured substrates; lanes 3 and 6. 2000 nM Mtb XPB. C) i) 39 flap; ii) 59 flap; iii) 3 way junction. Lane 1. no enzyme; lane 2. heat denatured
substrate; lanes 3–5. increasing concentration of XPB Mtb, 500 nM, 1000 nM and 2000 nM, respectively; lane 6. 10 nM E. coli RecQ. D) Holliday
junction. Lane 1. substrate alone; lane 2. heat-denatured substrate; lanes 3–4. 1000 nM and 2000 nM Mtb XPB, respectively; lanes 5. 10 nM E. coli
RecQ.
doi:10.1371/journal.pone.0036960.g007
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Co2+ or Ni2+ [23]. Cockayne syndrome protein (CSB) ATPase is

activated by Ca2+ [37], while Werner syndrome (WRN) helicase is

active in the presence of Mg2+, Mn2+ or Ni2+ (44). All these

observations indicate that the metal ion dependent catalytic

activity differs considerably among helicases. Mtb XPB helicase

required ATP or dATP as cofactor, a characteristic shared by Mtb

UvrD and E. coli Rep and UvrD [23,38].

Mtb XPB helicase efficiently unwinds DNA substrates contain-

ing a $20 nt 39 overhang and partially unwinds DNA substrates

with a 15 nt 39 overhang. This finding indicates that 15 to 20 nt

ssDNA is required for loading Mtb XPB onto DNA and initiation

of DNA unwinding. Longer 39 overhangs may increase the

efficiency of unwinding by allowing more than one helicase

monomer to bind to each DNA substrate molecule [39]. As

expected, Mtb XPB cannot unwind DNA substrates that lack a 39

ssDNA tail, including blunt-end, bubble, 59 flap, 3-way junction

and Holliday junction DNA substrates. Interestingly, Mtb XPB

displaces an incoming/invading DNA strand with a 39 tail from

a D-loop, but does not displace RNA with 39 tail from an R-loop.

These observations clearly indicate that Mtb XPB loads and

translocates only on DNA strands containing a 39 tail. Unwinding

of lagging strand replication fork (39 flap) and D- loop DNA with

39 extension indicate that Mtb XPB could be active during DNA

replication and recombination. However, another prokaryotic

helicase, E. coli DinG, can unwind D-loops and R-loops [40].

In addition to thoroughly characterizing its unwinding activity,

we report for the first time that Mtb XPB efficiently anneals

complementary DNA strands in an ATP hydrolysis independent

manner. To our knowledge, similar studies for other prokaryotic

helicases have not been reported. However, eukaryotic RecQ

family helicases WRN, BLM, RecQ1, RecQ5b and DmBLM also

have inherent strand annealing activity [41,42,43] while E. coli

RecQ, E. coli UvrD and viral NS3 helicases did not show this

property [41]. The ability of Mtb XPB to unwind D-loops and

anneal complementary strands implicates that this enzyme might

be involved in other DNA repair pathways apart from NER. A

previously proposed model for synthesis-dependent strand anneal-

ing (SDSA) during double strand break repair (DSBR) is consistent

with the idea that a single enzyme catalyzes DNA unwinding and

DNA annealing. In the SDSA model, the newly synthesized DNA

strands are displaced from the template and returned to the

broken molecule, allowing the two newly synthesized strands to

anneal to each other [44]. Gupta et al. [45] recently reported that

DSBR in mycobacteria is facilitated by homologous recombina-

tion, non-homologous end-joining or single-strand annealing

(SSA) pathways while in mammalian and yeast cells, DSBR can

also be achieved through an SDSA-like pathway. The SSA

pathway occurs only for double-strand breaks flanked by copies of

directly duplicated sequence [46]. In this pathway, after resection

of one strand on each side of the break, exposing complementary

sequences are annealed, followed by flap resection and ligation.

Thus, it is possible that an SDSA-like mechanism, in addition to

SSA, also promotes DSBR in mycobacteria, and that XPB may

play a role in these pathways. However, further genetic studies are

necessary to delineate these mechanisms.

In conclusion, we characterized the enzymatic activity and

substrate specificity of helicase XPB from Mtb in order to

delineate its role in DNA repair and genome maintenance. The

studies presented here showed that in addition to its unwinding

activity, Mtb XPB possesses intrinsic strand annealing activity.

These studies have implications for subsequent delineation of the

role of XPB in M. tuberculosis genome dynamics and, in turn, on

antigenicity and drug resistance development. Clearly, further

studies are required to understand the biological significance of the

strand annealing and DNA helicase activities of Mtb XPB.

Materials and Methods

Structure and sequence analysis
Sequence data was extracted from the NCBI protein sequence

databases [47]. Structural disorder predictions were performed

with DISOPRED2 [48] and the VSL1 algorithm [49] and

secondary structure predictions with PSIPRED v3.0 [50]. The

structural models of the Mtb XPB helicase domains were

generated from the 2FWR template of the A. fulgidus XPB

structure [26] employing standard homology modeling with

SwissModel [51]. Cofactors were modeled into the XPB structure

by structurally aligning the model with the Thermotoga RecG

structure [52] (structure identifier 1GM5). Multiple sequence

alignments were generated with MAFFT [53] from a set of 37

XPB homologs from all three domains of life. The alignments were

manipulated in JalView [54], and the protein structure illustrations

were generated with PyMOL [55].

Cloning, expression and purification
Genes encoding XPB and single strand binding protein (ssb)

from M. tuberculosis H37Rv (ATCC 25618) and recQ from E. coli

K12 [56,57] were PCR amplified from respective genomic DNA

Figure 8. Mtb XPB unwinding activity on bubble, D- and R-loop structures. The oligos used in this experiment are given in Tables S1 and
S2. i) bubble substrate; ii) D-loop with fully complementary invading strand with no tail; iii) D-loop with 39 tail; iv) R-loop with 39 tail; v) D-loop with 59
tail; vi) R-loop with 59 tail. Lane 1. no enzyme; lane 2. heat-denatured substrate; lanes 3–5. 500, 1000 and 2000 nM Mtb XPB, respectively. Open arrow-
complex DNA substrates; closed arrow- unwound products.
doi:10.1371/journal.pone.0036960.g008
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Figure 9. DNA strand annealing activity of Mtb XPB. A) Enzyme concentration-dependent strand annealing activity of Mtb XPB. Labeled C80
oligo (1 nM) incubated with unlabeled G80 oligo (1 nM) in the absence of ATP and increasing concentration of Mtb XPB for 15 min. Lane 1. no
enzyme; lanes 2–10. Mtb XPB [nM] 25, 50, 100, 200, 400, 800, 1600, 2000 and 5000 respectively; lanes 11–13. mock dilution: 1:1, 1:10, 1:100,
respectively; lane 14. M- duplex marker (80 bp). (B) Unlabeled G80 oligo concentration-dependent strand annealing activity of Mtb XPB. Labeled C80
oligo incubated for 15 min with increasing concentration of unlabeled G80 oligo and with/without 250 nM Mtb XPB in the absence of ATP. Lanes 1–
6. reactions in the absence of Mtb XPB (-); lanes 7–11. reactions in the presence of Mtb XPB; lane 11. M- duplex marker (80 bp). C) Time course of

M. tuberculosis DNA Helicase XPB
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strand annealing activity carried out at different time intervals in the absence of enzyme or in the presence of Mtb XPB [250 nM] or E. coli RecQ
[10 nM]. M- duplex marker (80 bp). D) Quantitation of % reaction product at the indicated time points.
doi:10.1371/journal.pone.0036960.g009

Figure 10. ATP and Mg2+-dependence of DNA Mtb XPB strand annealing. A) Strand annealing assays were performed in the presence of
250 nM Mtb XPB with increasing concentration of ATP (lanes 4–8) or ATPcS (lanes 10–14) and 2 mM Mg2+. Controls, lane 1. no enzyme and
nucleotides; lane 2, without enzyme and with 5 mM ATP; lane 9. without enzyme and with 5 mM ATP-analogue; lane 15. M-duplex marker (80 bp). B)
The average of 3 independent experiments and standard deviations (error bars) are shown. C) Strand annealing activity of Mtb XPB (250 nM) in the
presence of increasing concentration of Mg2+ in the absence of ATP. Lane 1. control reaction without enzyme and Mg2+; lane 2. without enzyme and
with 2 mM Mg2+; lane 3–8. increasing [Mg2+] from 0–10 mM, as indicated; lane 9. M- duplex marker (80 bp). D) Reactions were performed in
triplicates and average % product calculated. Error bars show standard deviation from the average value.
doi:10.1371/journal.pone.0036960.g010
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using primer pairs given in Table S1. TheMtb XPB, Mtb ssb and E.

coli recQ genes were cloned in pET-28b(+) vector. The Mtb XPB

and Mtb ssb were cloned as C-terminal His-tag and E. coli recQ

cloned as N-terminal His-tag containing proteins. The sequences

of the constructs were verified at the Oslo University Hospital,

Rikshospitalet DNA sequencing core. The recombinant proteins

were expressed in E. coli BL21 (DE3) (Mtb XPB) or in ER2566

(Mtb SSB and E. coli RecQ). The bacterial cells were grown at

37uC until OD600 nm < 0.5 and induced with 0.5 mM IPTG,

grown at 18uC overnight, harvested by centrifugation, and frozen

at 280uC.
For Mtb XPB, the cell pellet was resuspended in a buffer

containing 50 mM NaH2PO4, pH 8, 600 mM NaCl, 10%

Glycerol, 5 mM b-mercaptoethanol, 2 mM MgCl2 and Complete

protease inhibitor without EDTA (Roche). The cells were

disrupted by sonication and the lysate was treated with 2.5 U/

ml benzonase (Novagen) to remove nucleic acid contaminants.

The lysate was cleared by centrifugation, imidazole added to

10 mM final concentration and the protein was loaded onto a Ni-

NTA column (Qiagen). The column was washed and the protein

eluted with increasing concentrations of imidazole up to 250 mM

in the same buffer but without MgCl2. The fractions containing

Mtb XPB were concentrated by ultrafiltration (Amicon) and

injected onto a Superdex 200 size exclusion column (GE

Healthcare) equilibrated and run with a buffer containing

40 mM Tris-HCl, pH 8, 600 mM NaCl, 10% glycerol and

1 mM DTT. The fractions containing the purest protein were

pooled and used in the biochemical assays (Figure S1). A mock

preparation from the host strain harboring vector without insert

was also carried out with the same procedure but without the

Superdex 200 step and the eluates were dialyzed immediately

against buffer containing 40 mM Tris-HCl, pH 8, 600 mM NaCl,

10% glycerol and 1 mM DTT. The mock preparation was used in

all assays to verify any cell contamination that might contribute to

the activity.

For E. coli RecQ, the cell pellet was resuspended in buffer

containing 50 mM NaH2PO4, pH 8, 300 mM NaCl, 10 mM b-
mercaptoethanol and Complete protease inhibitor without EDTA

(Roche). The cells were disrupted by sonication and the lysate was

treated with 6.25 U/ml benzonase to remove nucleic acid

contaminants. To the cleared lysate, 10 mM imidazole was added

before purifying the protein on a Ni-NTA column according to the

manufacturer’s directions (Qiagen, Germany). The eluted recom-

binant protein was dialyzed immediately against a buffer contain-

ing 50 mM NaH2PO4, pH 8.0, 300 mM NaCl and 10 mM b-
mercaptoethanol. The His-tag was cleaved off by adding thrombin

(Sigma-Aldrich) at 1:500 wt:wt ratio, and incubated on ice for

14 hours. The cleaved protein, after addition of 10% glycerol to

final concentration, was kept at 280uC.
For Mtb SSB, the cell pellet was resuspended in a buffer

containing 50 mM NaH2PO4, pH 8, 300 mM NaCl, 5 mM b-
mercaptoethanol and 10 mM imidazole. The cells were disrupted

by sonication, and the protein was purified from the cleared cell

lysate on a Ni-NTA column according to the manufacturer’s

directions (Qiagen). The eluted recombinant protein was dialyzed

immediately against a buffer containing 50 mM NaH2PO4, pH

8.0 and 300 mM NaCl and glycerol was added to 20% before

freezing at 280uC.
The identity of the purified proteins was verified by mass

spectrometry analysis. Any possible DNA contamination from E.

coli host cells was verified by running the purified proteins in an

agarose gel followed by ethidium bromide staining.

Preparation of DNA substrates for assays
Desalted DNA oligomers (Table S1) were purchased from

Operon Biotechnologies, Inc. Oligonucleotides were 59-end-

labeled using [c32P]ATP and T4 polynucleotide kinase (New

England Biolabs) as per the manufacturer’s directions. After

removal of unincorporated radio-nucleotides by a illustra Micro-

spinTM G-25 column (GE Healthcare, UK), radiolabeled oligo was

annealed to complementary oligo at a 1:2 molar ratio (in the buffer

containing 40 mM Tris HCl pH 8.0 and 50 mM NaCl). The

reaction mix was heated to 95uC for 5 min and then allowed to

cool down slowly to room temperature. For purification of the

individual fragment, the labeled fragments were separated on 8%

native polyacrylamide gel. The gel pieces containing the required

fragments were excised, and DNA was eluted into buffer

containing 10 mM Tris-HCl pH 8.0 and 0.5 mM EDTA by

incubating overnight at 4uC. The molar concentrations of the

substrates were calculated after measuring the specific activity on

a liquid scintillation counter. The substrates were stored at 4uC.

Electrophoretic mobility shift assay (EMSA)
EMSA was carried out by adding Mtb XPB (at indicated

concentration) in the buffer (10 ml) containing 40 mM Tris-HCl

(pH 8), 2.5 mM EDTA, 2 mM MgCl2, 100 mg/ml bovine serum

albumin (BSA), 6% glycerol, 1 mM DTT and 100 pM of the

indicated DNA substrate. After incubating for 15 min on ice, 2 ml
of 60% glycerol was added immediately before loading on to a pre-

run (30 min) 5% native PAGE gel (29:1, acrylamide: bisacryla-

mide). Electrophoresis was done using low ionic strength buffer

(6.7 mM Tris HCl pH 8, 3.3 mM sodium-acetate pH 5.5 and

2 mM EDTA pH 8) at 200 V for 5 min followed by 160 V for

85 min in ice water bath with continuous buffer recirculation

between the upper and lower chambers. Products were visualized

using Typhoon PhosphorImager (Typhoon 9410) and quantitated

using ImageQuant software (GE Healthcare). Percent DNA

bound was calculated as follows: percent DNA bound = (B/

(B+F))6100, where B is the bound DNA and F is the free DNA.

Helicase assay
The helicase assay was performed in 10 ml of helicase buffer

(20 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM DTT, 2 mM

MgCl2, 2 mM ATP and 50 mg/ml BSA) using XPB (at indicated

concentrations) and 1 nM radiolabeled DNA substrate. The

reaction mixtures were immediately incubated at 37uC for

30 min. The reaction was terminated by adding 3x stop dye

(50 mM EDTA, 40% glycerol, 0.9% SDS, 0.1% bromophenol

blue and 0.1% xylene cyanol) along with 100x molar excess

unlabeled competitor DNA (complement of an unlabeled strand)

and kept at 37uC for an additional 5 min. The reaction products

were analyzed on 6 or 8% native polyacrylamide (19:1) gels in 1x

Tris/ borate/EDTA buffer. Products were visualized using

Typhoon PhosphorImager and quantitation was performed using

ImageQuant software (GE Healthcare). Percent helicase unwound

was calculated as follows: percent unwound = (P/(S+P)) 6100,

where P is the product and S is the residual substrate. Values of P

and S were determined by subtracting background values in

controls having no enzyme and heat denatured substrate, re-

spectively.

DNA strand annealing assay
The DNA strand annealing activity of Mtb XPB was measured

using complementary oligonucleotides, one of which was [c32P] 59

end-labeled as described above. In the strand annealing reactions

(10 ml final volume) labeled oligo (1 nM) was added to helicase
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reaction buffer (20 mM Tris-HCl, pH 8.0, 2 mM MgCl2, 40 mg/
ml BSA and 1 mM DTT). Where specified, ATP or ATPcS
(2 mM) was also added. Subsequently, Mtb XPB, Mtb SSB, E. coli

RecQ or E. coli UvrD (Biohelix, USA) was added at concentrations

as specified in the figure legends. Reactions were initiated by the

addition of the unlabeled oligonucleotides (1 nM), followed by

immediate incubation at 37uC for 15 min. The protein-indepen-

dent annealing was measured in identical conditions over longer

intervals (0–3 h). The reactions were stopped by adding 5 ml 3x
stop dye (50 mM EDTA, 40% glycerol, 0.9% SDS, 0.1%

bromophenol blue and 0.1% xylene cyanol) along with 10x molar

excess of unlabeled competitor oligonucleotide. The reaction

products were analyzed on nondenaturing 8% polyacrylamide gels

at room temperature in 1x Tris/borate/EDTA. Products were

visualized using Typhoon PhosphorImager and quantitated using

ImageQuant software.

Supporting Information

Figure S1 A) Coomassie stained SDS-page gel showing the

purification of Mtb XPB on a Ni-NTA column. Lanes 1. Lysate; 2.

Pellet; 3. Cleared lysate; 4. Flow-through; 5–7: Wash 10 mM, 20

mM and 30 mM imidazole, respectively; 8–14: Elutions contain-

ing 40, 60, 80, 100, 140, 180, 220 mM imidazole, respectively.

Elution fractions containing 40–180 mM imidazole were pooled,

concentrated and further purified on Superdex 200. B) Coomassie

stained SDS-page gel showing the purification of Mtb XPB on

a Superdex 200 column. Lanes: 1. Pooled fractions from Ni-NTA;

2–18. fractions from the Superdex 200 column. Fractions in lanes

12–13 were pooled and used in the biochemical assays. Protein

molecular weight markers (kD) are indicated on the left.

(TIF)

Figure S2 Optimization of Mg2+ and ATP concentra-
tions needed for unwinding activity of Mtb XPB. Un-

winding activity of Mtb XPB (2000 nM) was titrated with

increasing concentrations of Mg2+ and ATP using forked DNA

substrate (T1+B1). Lanes: 1. no enzyme; 2. heat denatured

substrate; 3–8. increasing concentration of ATP in the presence of

2 mM Mg2+; 9–14. increasing concentration of Mg2+ in the

presence of 2 mM ATP.

(TIF)

Figure S3 Mtb XPB unwinding activity on DNA:RNA
hybrid duplexes. All substrates contain D2 oligonucleotide as

bottom strand and annealed with D3, R1, D4 or R2 oligonucleo-

tides. i) DNA:DNA hybrid duplex with D2:D3; ii) DNA:RNA

hybrid duplex with D2:R1; iii) DNA:DNA hybrid duplex with

D2:D4; iv) DNA:RNA hybrid duplex with D2:R2; Lane 1.

substrate alone; lane 2. heat-denatured substrate; lanes 3–5. 500,

1000 and 2000 nM Mtb XPB, respectively. Open arrow- dsDNA

substrates; closed arrow- unwound products.

(TIF)

Figure S4 Mtb XPB binds D- and R- loop substrates. i)
D-loop with 39 tail (D1+D2+D4); ii) D-loop with 59 tail

(D1+D2+D3); iii) R-loop with 59 tail (D1+D2+R1); vi) R-loop

with 39 tail (D1+D2+R2). Lanes 1. no enzyme; 2. 2000 nM Mtb

XPB.

(TIF)

Figure S5 Strand annealing activity of Mtb SSB and E.
coli UvrD. Labeled C80 oligo incubated with unlabeled G80

oligo in the absence of ATP and increasing concentration of Mtb

SSB or E. coli UvrD. Lane 1. no enzyme (-); lanes 2–7. increasing

concentration of enzymes 5, 10, 50, 100, 200 and 400 nM,

respectively; lane 8. M- duplex marker (80 bp).

(TIF)

Figure S6 Influence of Mtb SSB and cold incubation on
strand annealing activity of Mtb. A) Labeled C80 oligo

incubated with unlabeled G80 oligo, increasing concentrations of

Mtb XPB and 10 nM Mtb SSB. Lanes 1–4. reactions in the

absence of 10 nMMtb SSB; lanes 5–8. reactions in the presence of

10 nM Mtb SSB; lane 8. M- duplex marker (80 bp). B) Labeled

C80 oligo incubated with unlabeled G80 oligo in the presence of

increasing concentrations of Mtb XPB. Lanes 1–4. reactions kept

at 37uC for 15 min only; lanes 5–8. reactions kept on ice for

15 min and then kept at 37uC for 15 min; lane 8. M- duplex

marker (80 bp).

(TIF)

Figure S7 Unwinding activity of Mtb XPB in the absence
of unlabeled competitor or in the presence of Mtb SSB.
Unwinding activity of Mtb XPB was titrated with increasing

concentration of Mtb XPB in the absence of unlabeled competitor

or in the presence of 10 nM Mtb SSB. Lanes: 1. no enzyme; 2.

heat denatured substrate; 3–5. in the presence unlabeled

competitor (T1); 6–8. in the absence of unlabeled competitor; 9–

11 in the presence of 10 nM Mtb SSB; 12. Mtb SSB alone

incubated with forked substrate.

(TIF)

Table S1 DNA oligos used in this study.

(PDF)

Table S2 Summary of DNA unwinding activity of Mtb XPB.

(PDF)
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Table S1 

DNA oligos used in this study. Restriction sites are underlined. 
Oligos Sequence (5´  3´) Source 

Gene 

amplification 

  

SVB91  

(Mtb XPB-F) 

cgtctagaaataattttgtttaactttaagaaggagatataccatgcagtccgataagacggtgct This study 

SVB92  

(Mtb XPB-R) 

gcctcgagaattgccgggcccagcaggt This study 

Mtb ssb-F cgtctagaaataattttgtttaactttaagaaggagatataccatggctggtgacaccac This study 

Mtb ssb-R cgctcgaggaatggcggttcgtcat This study 

SVB107-F (E. 
coli K12 recQ) cgaagcttatggcgcaggcggaagtgttg 

This study 

SVB108-R (E. 
coli K12 recQ) cgctcgagctactcttcgtcatcgccat   

This study 

Assay 

substrates 

  

T4 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCA (1) 

B4 CTAGACAGCTCCATGTAGCAAGGCACTGGTAGAATTCGGCAGCGT (1) 

T1 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAG
GTTCACCC 

(1) 

B1 ATCGATAGTCGGATCCTCTAGACAGCTCCATGTAGCAAGGCACTGGTAGAATT
CGGCAGCGT 

(1) 

B2 GGGTGAACCTGCAGGTGGGCAAAGATGTCCTAGCAAGGCACTGGTAG
AATTCGGCAGCGTC 

This study 

B3 GGGTGAACCTGCAGGTGGGCCCCACGACGACGATGGAAACCTGGTAG
AATTCGGCAGCGTC 

This study 

B5 TAGCAAGGCACTGGTAGAATTCGGCAGCGT This study 

B6 ACGCTGCCGAATTCTACCAGTGCCTTGCTA This study 

A CGTGACATGCCGTGACTAGCTTTTTTTTTTTTTTTTTTTT (2) 

B GCTAGTCACGGCATGTCACG (2) 

C TTTTTTTTTTTTTTTTTTTTCGTGACATGCCGTGACTAGC (2) 

A0 CGTGACATGCCGTGACTAGC This study 

A5 CGTGACATGCCGTGACTAGCTTTTT This study 

A10 CGTGACATGCCGTGACTAGCTTTTTTTTTT This study 

A15 CGTGACATGCCGTGACTAGCTTTTTTTTTTTTTTT This study 

A25 CGTGACATGCCGTGACTAGCTTTTTTTTTTTTTTTTTTTTTTTTT This study 

RF1 GTCGGATCCTCTAGACAGCTCCATGATCACTGGCACTGGTAGAATTCGGC (3) 

RF2 CAACGTCATAGACGATTACATTGCTACATGGAGCTGTCTAGAGGATCCGA (3) 

RF3 TAGCAATGTAATCGTCTATGACGTT (3) 

RF4 TGCCGAATTCTACCAGTGCCAGTGAT (3) 

HJ1 GACGCTGCCGAATTCTGGCTTGCTAGGACATCTTTGCCCACGTTGACCC (4) 

HJ2 TGGGTCAACGTGGGCAAAGATGTCCTAGCAATGTAATCGTCTATGACGTT (4) 

HJ3 CAACGTCATAGACGATTACATTGCTAGGACATGCTGTCTAGAGACTATCGA (4) 

HJ4 ATCGATAGTCTCTAGACAGCATGTCCTAGCAAGCCAGAATTCGGCAGCGT (4) 

D1 GGGTGAACCTGCAGGTGGGCGGCTGCTCATCGTAGGTTAGTTGGTAGAATTCG
GCAGCGTC 
 

(5) 



D2 GACGCTGCCGAATTCTACCAGTGCCTTGCTAGGACATCTTTGCCCACCTGCAG
GTTCACCC 
 

(5) 

D3 TAAGAGCAAGATGTTCTATAAAAGATGTCCTAGCAAGGCAC (5) 

D4 AAAGATGTCCTAGCAAGGCACGATCGACCGGATATCTATGA 
 

(5) 

D5 AAAGATGTCCTAGCAAGGCAC This study 

R1 TAAGAGCAAGATGTTCTATAAAAGATGTCCTAGCAAGGCAC This study 

R2 AAAGATGTCCTAGCAAGGCACGATCGACCGGATATCTATGA This study 

C80 GCTGATCAACCCTACATGTGTAGGTAACCCTAACCCTAACCCTAAGGACAACC

CTAGTGAAGCTTGTAACCCTAGGAGCT 

(6) 

G80 AGCTCCTAGGGTTACAAGCTTCACTAGGGTTGTCCTTAGGGTTAGGGTTAGGG

TTACCTACACATGTAGGGTTGATCAGC 

(6) 

 
 
 
 

References: 
1. Rossi, M. L., Ghosh, A. K., Kulikowicz, T., Croteau, D. L., and Bohr, V. A. (2010) DNA 

Repair (Amst) 9, 796-804 
2. Biswas, T., Pero, J. M., Joseph, C. G., and Tsodikov, O. V. (2009) Biochemistry 48, 2839-

2848 
3. McGlynn, P., and Lloyd, R. G. (2001) Proc Natl Acad Sci U S A 98, 8227-8234 
4. Lloyd, R. G., and Sharples, G. J. (1993) Embo J 12, 17-22 
5. McGlynn, P., Al-Deib, A. A., Liu, J., Marians, K. J., and Lloyd, R. G. (1997) J Mol Biol 270, 

212-221 
6. Machwe, A., Xiao, L., Groden, J., Matson, S. W., and Orren, D. K. (2005) J Biol Chem 280, 

23397-23407 
 
 



Table S2. Summary of DNA unwinding activity of Mtb XPB. 

 
Substrate name 
 

Oligonucleotide 
combination 

Structure 
 

Unwinding 
activity 
 

 
Blunt end duplex 
 

A0+B* 
 

 
- 

 
3´-overhang 
 

A+B* 
 

 + 

 
5´-overhang 
 

C+B* 
 

 - 

 
Fork 
 

T4*+B4/T1*+B1 
 

+ 

 
3´ flap 
 

RF1+RF2+RF3* 
 

+ 

 
5´ flap 
 

RF1+RF2+RF4* 
 

- 

 
Nicked 3-way junction 
 

RF1+RF2+RF3*+RF4 
 

- 

 
Holliday junction 
 
 

HJ1*+HJ2+HJ3+HJ4 
 

- 

 
Bubble 
 

D1+D2* 
 

- 

D-loop with fully 
complementary invading strand D1+D2+D5*  - 

3´-tailed D-loop 
 
D1+D2+D4* 
 

 + 

3´-tailed R-loop 
 
D1+D2+R2* 
  - 

5´-tailed D-loop 
 
D1+D2+D3* 
 

 - 

5´-tailed R-loop 
 
D1+D2+R1* 
 

- 

 
 * -indicates the 5´-end-labeled substrates 
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