
DNA can be damaged by various exogenous and

endogenous factors such as replication errors, radiation,

and alkylating agents. DNA damage can then lead to gene

mutation and cell death if not repaired [1�4]. Several

DNA repair systems have evolved to correct alkylated

nucleobases. Among such systems, base excision repair is

widely studied [5�7]. The excision of a variety of alkylat�

ed bases can be catalyzed by DNA glycosylases via the

hydrolysis of N�glycosidic bonds [6, 8]. 3�Methyladenine

DNA lesions can be processed and removed by DNA gly�

cosylases, which are found in bacteria, yeast, plants,

rodents, and humans [9, 10]. Other DNA glycosylases

with different substrates act on multiple types of damaged

DNA bases [9, 11].

Mammalian cells have only one 3�methyladenine

DNA glycosylase (MAG), which is also called 3�alkyl�

adenine DNA glycosylase [9]. Intriguingly, a gene similar

to eukaryotic MAGs exists in several mycobacterial

species, such as Mycobacterium tuberculosis, M. bovis, and

M. smegmatis. The gene is annotated as mpg (Rv1688) in

M. tuberculosis [12]. Mycobacterium tuberculosis is an

intracellular pathogen that faces multiple environmental

and endogenous factors. These factors include reactive

oxygen and nitrogen species that can induce DNA dam�

age during the infection processes [13, 14]. The genome

of M. tuberculosis has an unusually high mutation fre�

quency and drug resistance when in an infected host.

These features pose serious challenges in prevention of

tuberculosis [15]. The conservation of the MAG gene in

many mycobacterial species suggests that it may play a

significant role. However, the characteristics and regula�

tion of MAGs in M. tuberculosis are not yet fully under�

stood [16].

In a recent screen [17], the MAG (Rv1688) of M.

tuberculosis was linked to the topoisomerase I (TopA)

(Rv3646) of M. tuberculosis. In the current study, the

activities of MAGs in M. tuberculosis and M. smegmatis

were characterized. The physical and functional interac�

tions of these MAGs with TopA were also examined.

Physical interaction between the two proteins was found

to enhance MAG activity in cleaving DNA substrates that

contain hypoxanthine. In contrast, MAG inhibited TopA

ability to relax supercoiled DNA.
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Abstract—DNA glycosylases play important roles in DNA repair in a variety of organisms, including humans. However, the

function and regulation of these enzymes in the pathogenic bacterium Mycobacterium tuberculosis and related species are

poorly understood. In the present study, the physical and functional interactions between 3�methyladenine DNA glycosy�

lase (MAG) and topoisomerase I (TopA) in M. tuberculosis and M. smegmatis were characterized. MAG was found to inhib�

it the function of TopA in relaxing supercoiled DNA. In contrast, TopA stimulated the cleavage function of MAG on a dam�

aged DNA substrate that contains hypoxanthine. The interaction between the two proteins was conserved between the two

mycobacterial species. Several mutations in MAG that led to the loss of its interaction with and activity regulation of TopA

were also characterized. The results of this study further elucidate glycosylase regulation in both M. smegmatis and M. tuber�

culosis.
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MATERIALS AND METHODS

DNA and oligonucleotides. The oligonucleotides

were synthesized by Invitrogen (USA) (Table 1). The

lesion�containing DNA strand (containing hypoxan�

thine) 5′�CGATAGCATCCTICCTTCT CT CCAT�3′
and the normal DNA strand 5′�CGATAGCATCCTAC�

CTTCTCTCCAT�3′ were labeled on their 5′ ends with

[γ�32P]ATP using polynucleotide kinase. The labeled

strand was then annealed with the complementary strand

5′�ATGGAGAGAAGGTAGGATGCTATCG�3′ [10].

Cloning, expression, and purification of recombinant
proteins. The mycobacterial genes Ms3759 (a putative

MAG in M. smegmatis), MsTopA, Rv1688, and MtbTopA,

as well as their mutant variants were amplified by poly�

merase chain reaction. Each gene was cloned into a mod�

ified overexpression vector, pET28a or pGEX (Novagen,

USA), to produce recombinant vectors [18] (Table 2).

Escherichia coli BL21(DE3) cells were transformed

with the recombinant plasmid. Protein expression was

induced by the addition of 0.3 mM isopropyl β�D�1�thio�

galactopyranoside. Harvested cells were sonicated in

binding buffer (100 mM Tris�HCl, pH 8.0, 500 mM

NaCl, and 10 mM imidazole for His�tagged proteins or

1× PBS buffer for glutathione�S�transferase (GST)�

tagged proteins) and the lysate was centrifuged and the

cleared supernatant was loaded onto an affinity column

for purification. The protein was eluted using elution

buffer (100 mM Tris�HCl, pH 8.0, 500 mM NaCl, and

250 mM imidazole for His�tagged proteins or PBS buffer

containing 10 mM reduced glutathione (GSH) for GST�

tagged proteins). The eluate was then dialyzed overnight

and stored at –80°C. Protein concentrations were deter�

mined according to the method of Gill and Hippel [19].

Gene mutations and bacterial two�hybrid analysis.
Random mutations in Ms3759 were created using a previ�

ously published procedure [20]. The mutant library pro�

duced was subsequently screened using a bacterial two�

hybrid technique using a recombinant pBT�MsTopA as

the bait plasmid. Bacterial two�hybrid analysis was car�

ried out according to the procedure supplied with the

commercial kit and as described in a previous report [21].

A pair of pBT/pTRG plasmids was co�transformed into

the reporter strain, and spotted onto a screening medium

plate containing 5 mM 3�amino�1,2,4�triazole (3�AT)

(Stratagene, USA), 8 µg/ml streptomycin, 15 µg/ml

tetracycline, 34 µg/ml chloramphenicol, and 50 µg/ml

kanamycin. The plate was incubated at 30°C for 3�4 days.

A co�transformant containing pBT�LGF2 and pTRG�

Gal11P (Stratagene) was used as a positive control (CK+)

for expected growth on the screening medium. A co�

transformant containing the empty vectors pBT and

pTRG was used as a negative control (CK–).

Surface plasmon resonance (SPR) analysis. The phys�

ical interaction of MAG with TopA was analyzed using a

BIAcore 3000 instrument (GE Healthcare, UK) accord�

ing to our previously published procedures [21, 22]. The

His�tagged TopA protein was immobilized onto nitrilotri�

Gene

MtbRv1688

MtbRv3646c

Ms3759

MsTopA

Damaged substrate

Undamaged substrate

Primer

Rv1688**

Rv1688***

Rv3646c**

Rv3646c***

3759**

3759***

topA**

topA***

substrate**

substrate***

substrate**

substrate***

Sequence* (5'–3')

ATGCGAATTCGCATGAACGCTGAGGAACTGGC

ATATATTCTAGACTAGTCGCTGGCTCCCCGGG

GACCGAATTCAATTGGCTGACCCGAAAACGAA

AATTAATCTAGACTAGTCGCGCTTGGCTGCCT

ATGCGAATTCGCATGAGCGTCGACCTGCTG 

TCGACTTCTAGATCAGTCACTGCTGCCGGG 

GATCGAATTCATAGTGGAGCGTTGGCACAGTTGGCT

GGTATCTCTAGATTCGGCGGAAACCTAGGCCTTCTT

CGATAGCATCCTICCTTCTCTCCAT

GCTATCGTAGGATGGAAGAGAGGTA

CGATAGCATCCTACCTTCTCTCCAT

GCTATCGTAGGATGGAAGAGAGGTA 

Table 1. Primers used for PCR amplification

* The sites for restriction enzymes are underlined.

** Forward primer.

*** Reverse primer.
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acetic acid (NTA) chips. The purified GST�MAG protein,

to be used as a ligand, was diluted in HBS buffer (10 mM

Hepes, pH 7.4, 150 mM NaCl, 50 µM EDTA, 5 mM ATP,

and 0.005% surfactant P20 (BIAcore, Sweden)). For the

negative control, the GST protein was substituted for the

GST�DNA glycosylase protein. An overlay plot was pro�

duced to depict the interaction between the two proteins.

DNA glycosylase assay. The DNA glycosylase assays

were carried out according to procedures published previ�

ously [23]. The reaction was stopped by the addition of

1.2 µl of 1 M NaOH, and heating at 70°C for 30 min.

About 11.2 µl of formamide dye was then added to this

mixture. The products were resolved on 20% denaturing

urea�polyacrylamide gel using 1× Tris�borate�EDTA

buffer at 200 V for 3 h at room temperature. The extent of

the substrate cleavage was analyzed by phosphorimaging.

Topoisomerase relaxation assay. The topoisomerase

relaxation was assayed according to procedures published

previously [24�26]. The supercoiled pBluescript plasmid

was incubated in the presence of TopA with or without

Plasmid

pET28a�MtbRv1688

pET28a�tbRv3646c

pET28a�Ms3759

pET28a�Ms3759
G57S/M137I

pET28a�Ms3759
A92T

pET28a�MsTopA

pGEX

pGEX�MtbRv1688

pGEX�Ms3759

pGEX�Ms3759 G57S/M137I

pGEX�Ms3759 A92T

pGEX�MtbRv1246c

pBT

pBT�MtbRv3646c

pBT�MsTopA

pBT�MtbRv1246c

pBT�MtbRv1247c

pTRG

pTRG�MtbRv1688

pTRG�Ms3759

pTRG�Ms3759 G57S/M137I

pTRG�Ms3759 A92T

pTRG�MtbRv1246c

Description

pET28a derivative for expression 6×His�Rv1688

pET28a derivative for expression 6×His�Rv3646c

pET28a derivative for expression 6×His�Ms3759

pET28a derivative for expression 6×His�Ms3759G57S/M137I

pET28a derivative for expression 6×His�Ms3759 A92T

pET28a derivative for expression 6×His�MstopA

pGEX derivative for expression GST

pGEX derivative for expression GST�Rv1688

pGEX derivative for expression GST�Ms3759

pGEX derivative for expression GST�Ms3759G57S/M137I

pGEX derivative for expression GST�Ms3759A92T

pGEX derivative for expression GST�Rv1246c

bacterial two�hybrid assay bait vector

bacterial two�hybrid assay target vector

pBT derivative for bacterial two�hybrid assay

pBT derivative for bacterial two�hybrid assay

pBT derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

pTRG derivative for bacterial two�hybrid assay

Source

*

*

*

*

*

*

Stratagene

*

*

*

*

*

Stratagene

*

*

*

*

Stratagene

*

*

*

*

*

Table 2. Plasmids used for protein expression and interaction assays

* This study.
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various amounts of DNA glycosylase protein or its mutant

variants and incubated at 37°C for 45 min. Reaction was

stopped by the addition of 1 µl of 20 mg/ml proteinase K

and the proteinase K buffer (100 mM Tris�HCl, pH 7.8,

5 mM EDTA, 0.5% SDS) at 37°C for 15 min. Products

were then loaded onto a 1% agarose gel for analysis.

RESULTS

Interaction of M. smegmatis MAG (Ms3759) with M.
smegmatis topoisomerase I (MsTopA). To determine the

regulation mechanism of Ms3759, the potential association

of the glycosylase with MsTopA [17] was further examined

in M. smegmatis. The bacterial two�hybrid technique was

used. Figure 1a shows that the co�transformant containing

Ms3759/MsTopA grew well on the screening medium. No

growth was observed for the self�activation controls. An

unrelated mycobacterial protein, MtbRv1246c (a RelE�like

toxin), was unable to interact with Ms3759. This inability

was evidenced by the absence of growth in the strains co�

transformed with Ms3759 and MtbRv1246c on the same

screening medium. However, Rv1246 and Rv1247 (a RelB�

like antitoxin) clearly interacted, in accordance with a pre�

vious finding [27]. These results suggested that a specific

interaction exists between Ms3759 and MsTopA.

Fig. 1. Assays for the interaction between Ms3759 and MsTopA. a) Bacterial two�hybrid assay for the interaction between Ms3759 and

MsTopA, performed as described in “Materials and Methods”. b) SPR assays. The interaction between Ms3759 and MsTopA was monitored

using surface plasmon resonance on a BIAcore 3000.
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An SPR assay was then conducted to scrutinize this

interaction. Figure 1b shows that a 6× His�tagged

MsTopA protein was immobilized on an NTA chip. With

increased amounts of GST�tagged Ms3759 protein (200,

400, and 600 nM) passed over the chip, a substantial

response of about 500 RU was observed (Fig. 1b, left

panel). No significant response was observed for GST

alone. In another assay, an unrelated protein, Rv1246, did

not compete with the association between Ms3759 and

MsTopA; no significant change was observed in the bind�

ing curve even at a high Rev1246 concentration (800 nM)

(Fig. 1b, right panel). No interaction was observed when

a heat�denatured Ms3759 protein was used in the same

assay (Fig. 1b, right panel). All these results demonstrat�

ed that Ms3759 specifically interacts with MsTopA.

Mutual regulation of Ms3759 DNA glycosylase and
MsTopA activities. The physical interaction between

Ms3759 and MsTopA suggests a functional correlation

between these two proteins. The effects of this interaction

on the activity of MsTopA were first examined using the

pBluescript plasmid as a DNA substrate. Figure 2a shows

that upon MsTopA (300 nM) addition to the reaction

mixture, the supercoiled species of plasmids disappeared.

This finding was concomitant with the appearance of a

band corresponding to a relaxed plasmid of a slower

mobility in the gel (Fig. 2a, lane 2), and confirmed that

MsTopA could uncoil the DNA substrate. With increased

amounts of Ms3759 (200�1500 nM) added to 300 nM

MsTopA, the coiled species of plasmids reappeared. This

result indicated that Ms3759 relieved the activity of

MsTopA in inhibiting the degree of plasmid supercoiling

(Fig. 2a, left panel, lanes 3�8). No significant effect was

observed when either GST protein alone was added with

MsTopA (Fig. 2a, right panel, lanes 4�7). This finding

suggested that the functional interaction between

MsTopA and Ms3759 is specific.

The effect of MsTopA on the DNA glycosylase activ�

ity of Ms3759 was then examined using a DNA substrate

containing a damaged purine, hypoxanthine (Table 1).

Figure 2b (left upper panel) shows that Ms3759 (20 nM)

alone was able to cleave the damaged DNA. Consequently,

12 bp products appeared on the gel (compare lanes 1 and

2), as expected. The heat�inactivated MsTopA, even at a

high concentration (400 nM), did not inhibit the cleavage

activity (lanes 3�5). On the other hand, with increased

amounts of active MsTopA (100�400 nM) mixed with

20 nM Ms3759, more DNA substrates were cleaved, as

revealed by the steady increase in 12 bp products (Fig. 2b,

left lower panel, lanes 3�7). This finding indicated that

MsTopA significantly stimulated the cleavage activity of

Ms3759. The stimulation of the cleavage activity of

Ms3759 was caused neither by the unrelated protein GST

(Fig. 2b, right upper panel, lanes 5�7) nor by the mycobac�

terial protein Rv1246c (Fig. 2b, right lower panel, lanes 5�

7). No cleavage activity was observed for Ms3759 on the

undamaged DNA substrate (Fig. 2b, right panels, lanes 1).

These results showed that Ms3759 inhibits the func�

tion of MsTopA in relaxing supercoiled DNA, whereas

MsTopA stimulates the cleavage activity of Ms3759 on

damaged DNA.

Non�interaction between two Ms3759 mutant pro�
teins and MsTopA. To determine the specificity of the

interaction between Ms3759 and MsTopA, two mutant

variants of Ms3759 incapable of interacting with MsTopA

were characterized. A gene mutagenesis method previ�

ously reported [20] was used in combination with a bac�

terial two�hybrid screen. As shown in Fig. 3a, in contrast

with the wild�type Ms3759 expressing cells, the co�trans�

formant strain (containing either the Ms3759�

G57S/M137I or Ms3759�A92T mutant gene and the

MsTopA gene) did not grow well on the screening medi�

um in the two�hybrid experiment. No growth was

observed for the self�activation controls of the two mutant

Ms3759 variants. Interestingly, the two MAG residues,

A92 and M137, are conserved in two mycobacterial

species (Fig. 4).

Another SPR assay was conducted to investigate the

interaction of the two Ms3759 mutants with MsTopA.

Figure 3b shows that when wild�type or mutant GST�

Ms3759 protein (500 nM) was passed over a chip immo�

bilized with His�tagged MsTopA, the two mutant proteins

had very low responses (about 100 RU). In contrast, the

response of wild�type Ms3759 was about 500 RU. These

observations are in conformity with those obtained from

the bacterial two�hybrid assay described above.

The effects of protein interaction on the activity of

MsTopA were then examined using the pBluescript plas�

mid as a DNA substrate. Figure 3c shows that upon

MsTopA (300 nM) addition to the reaction mixture, the

supercoiled (S) species of plasmids disappeared. This

finding was concomitant with the appearance of a band

corresponding to a relaxed (R) plasmid of a slower mobil�

ity in the gel (Fig. 3c, lane 2), and confirmed that

MsTopA could uncoil the DNA substrate. With increased

amounts of Ms3759 (600�1500 nM) mixed with 300 nM

MsTopA, the supercoiled (S) species of plasmids reap�

peared. The degree of plasmid supercoiling steadily

increased with increased amounts of Ms3759, indicating

that Ms3759 relieved the activity of MsTopA in inhibiting

the degree of plasmid supercoiling (Fig. 3c, lanes 3�5).

Compared with wild�type Ms3759, the two mutant pro�

teins (Fig. 3c, lanes 6�11) only partially retained their

abilities to inhibit the activity of MsTopA even at a high

concentration (1500 nM).

On the other hand, as shown in Fig. 3d, in the

absence of topoisomerase MsTopA, the two Ms3759

mutant proteins (lanes 5�7 and 9�11) had cleavage activ�

ities comparable to that of wild�type Ms3759 (lanes 4 and

8). When increasing amounts of MsTopA (200�400 nM)

were added together with wild�type or mutant Ms3759

protein (20 nM) into the reaction mixture, MsTopA did

not significantly stimulate the cleavage activity of the
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mutant proteins (lanes 5�7 and 9�11); in contrast, it had

an obviously stimulatory effect on the activity of the

wild�type Ms3759 protein (lanes 1�3). Therefore, two

Ms3759 mutant proteins lost the interaction with

MsTopA and thus did not inhibit its activity in relaxation

of supercoiling. Meanwhile, MsTopA lost the regulatory

effect on the cleavage activity of the two Ms3759 mutant

proteins.

Conserved interaction between MAG and TopA in M.
tuberculosis and M. smegmatis. Mycobacterium tuberculo�

sis also contains a potential MAG, Rv1688, and a topo�

isomerase I, MtbTopA (Rv3646). By a bacterial two�

hybrid assay, an interaction between Rv1688 and

MtbTopA was found. Cross�interactions between Rv1688

and MsTopA, as well as between Ms3759 and MthTopA

were also confirmed by our observation that all co�trans�

Fig. 2. Assays for the mutual effects of Ms3759 and MsTopA on their respective functions. a) Topoisomerase activity assays were performed as

described in “Materials and Methods”. The plasmid pBluescript was used as a DNA substrate in all reaction mixtures. Lanes: 1) negative con�

trol (no topoisomerase); 2) positive control (+ 300 nM topoisomerase). L, linearized plasmid; R, relaxed plasmid; S, supercoiled plasmid.

Various amounts (200�1500 nM) of Ms3759 (3�8) or GST (4�7) were mixed with MsTopA (300 nM) in the reaction mixture to analyze their

effects. b) Assays for the effect of MsTopA on the cleavage activity of Ms3759 on the DNA substrate containing hypoxanthine. An undamaged

DNA substrate was also used a control (right panels, lanes 1). The protein species and their concentrations are indicated on top of the panel.

GST, heated MsTopA, and MtbRv1246 were used as negative controls to determine the effect of MsTopA on the cleavage activity of Ms3759.

The sizes of DNA�oligonucleotide substrate and product of hydrolase reaction were 25 and 12 bp, respectively.
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formant strains grew well on the screening medium (Fig.

5). This finding suggested that the two proteins, MAG

and TopA, as well as their interaction are conserved

between the two mycobacterial strains. Figure 6a shows

that both cross�interactions were confirmed by SPR

analysis. The His6�tagged MtbTopA protein was immobi�

lized onto an NTA chip. With increased amounts of GST�

tagged Rv1688 protein (150, 300, and 750 nM) passed

Fig. 3. Characterizations of two Ms3759 mutants and their effects on the interaction of Ms3759 with MsTopA. a) Bacterial two�hybrid assay

(Stratagene) for the interaction between two Ms3759 mutants and MsTopA, performed as described in “Materials and Methods”. b) SPR

assays for the interactions between the two mutants and MsTopA. c) Topoisomerase activity assays were performed as described in “Materials

and Methods”. Lanes: 1) negative control (no topoisomerase); 2) positive control (+ 300 nM topoisomerase). L, linearized plasmid; R, relaxed

plasmid; S, supercoiled plasmid. Various amounts of Ms3759 or mutant proteins (600�1500 nM) were mixed with MsTopA in the reaction mix�

ture to analyze their effects. d) Assays for the effect of MsTopA on the cleavage activity of two Ms3759 mutants on the DNA substrate con�

taining hypoxanthine. The protein species and their concentrations are indicated on top of the panel. The 25�bp DNA substrate and 12�bp

products are indicated on the right of the panel.
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Fig. 4. Alignment of the amino acid sequences of 3�methyladenine DNA glycosylase of M. tuberculosis (Rv1688), M. smegmatis (Ms3759), and

human (AAG). Two residues, A92 and M137, are conserved in two mycobacterial species and indicated by arrow.

Fig. 5. Bacterial two�hybrid assay for the cross�interaction between MtbRv1688 and MsTopA as well as between Ms3759 and MtbTopA. a)

Left panel: plate minus streptomycin (str) and 5 mM 3�amino�1,2,4�triazole (3�AT); right panel: plate plus str and 5 mM 3�AT. b) An outline

of the plates. CK+, co�transformant containing pBT�LGF2 and pTRG�Gal11P was used as a positive control; CK–, co�transformant con�

taining pBT and pTRG used as a negative control.
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over the chip, a substantial response of about 900 RU was

observed (Fig. 6a, left panel). No significant response was

observed for GST alone. Similarly, when the His6�tagged

MsTopA protein was immobilized, a substantial response

of about 850 RU was observed with increased amounts of

GST tagged�Rv1688 protein passed over the chip (Fig.

6a, right panel).

With increased amounts of Rv1688 (300�1800 nM)

mixed with MtbTopA in the reaction mixture, the degree

of plasmid supercoiling (S) steadily increased (Fig. 6b,

left panel). This result indicated that Rv1688 inhibited

the activity of MtbTopA. Similarly, Ms3759 had an

inhibitory effect on the activity of MtbTopA (Fig. 6b,

right panel). On the other hand, MtbTopA stimulated the

cleavage activity of both Rv1688 and Ms3759 (Fig. 6c).

These observations indicated that both MAG and TopA,

as well as their interaction, are conserved between the two

mycobacterial species.

Fig. 6. Cross�interactions between two mycobacterial MAGs and TopA. a) SPR assays for the interactions between Rv1688 and MtbTopA or

MsTopA. The assays were performed as described in “Materials and Methods”. b) The effects of Rv1688 and Ms3759 proteins on the topo�

isomerase activity of MtbTopA. The assays were performed as described in “Materials and Methods”. Lanes: 1) negative control (no topoiso�

merase); 2) positive control (+ 500 nM topoisomerase). L, linearized plasmid; R, relaxed plasmid; S, supercoiled plasmid. Various amounts

(300�1800 nM) of Rv1688 (left panel) or Ms3759 (right panel) were mixed with MtbTopA in the reaction mixture to analyze their effects. c)

Assays for the effect of MtbTopA on the cleavage activity of Rv1688 or Ms3759 on the DNA substrate containing hypoxanthine. The protein

species and their concentrations are indicated on top of the panel.
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DISCUSSION

Genome sequencing has revealed that the genome of

M. tuberculosis encodes a variety of MAGs. However, their

functions and regulations are still unknown. In the current

study, the physical and functional interaction between

MAGs and TopA in M. tuberculosis and M. smegmatis were

characterized. Several MAGs have previously been report�

ed to repair some deamination product of adenine, such as

hypoxanthine in Escherichia coli, yeast, rat, and human

[28�30]. Genome sequencing has revealed that the genome

of M. tuberculosis encodes a variety of MAGs, but their

functions are still unknown. In the current study, we have

successfully confirmed that the MAGs of two mycobacter�

ial species had cleavage activities on the DNA substrates

that contain hypoxanthine. Therefore, the MAGs might be

involved in the repair of hypoxanthine in mycobacteria.

Interestingly, the expression of M. tuberculosis Rv1688

(Mpg) was previously reported to be elevated in clinical

lung samples [31]. Therefore, our current results raise the

interesting possibility that the M. tuberculosis MAG might

play critical roles in response to DNA damage.

DNA topoisomerases are ubiquitous enzymes that

play vital roles in numerous cellular processes by main�

taining the superhelical density of DNA [32]. An impor�

tant finding in the current study was the existence of a

conserved interaction between MAG and TopA in M.

tuberculosis and M. smegmatis. TopA stimulated the activ�

ity of MAG in repairing damaged bases, whereas MAG

inhibited the ability of TopA in relaxing supercoiled

DNA. Two random mutants of MAG that had defective

interactions with TopA were also created. In contrast with

the wild�type protein, the mutant protein lacked the abil�

ity of inhibiting TopA activity. Therefore, the functional

interaction between DNA glycosylase and TopA is based

on the direct physical interaction between the two pro�

teins in the mycobacteria.

In summary, the activity of MAG and its interaction

TopA in M. tuberculosis and M. smegmatis were character�

ized. DNA glycosylase inhibited the function of TopA in

relaxing supercoiled DNA. In contrast, TopA stimulated

the cleavage function of DNA glycosylases on a damaged

DNA substrate containing hypoxanthine. The present

findings further elucidate the regulation of glycosylase in

both M. smegmatis and M. tuberculosis.
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