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Mycobacterium tuberculosis O6-methylguanine-DNA methyl-
transferase (MtOGT) contributes to protect the bacterial GC-rich
genome against the pro-mutagenic potential of O6-methylated
guanine in DNA. Several strains of M. tuberculosis found
worldwide encode a point-mutated O6-methylguanine-DNA
methyltransferase (OGT) variant (MtOGT-R37L), which displays
an arginine-to-leucine substitution at position 37 of the poorly
functionally characterized N-terminal domain of the protein.
Although the impact of this mutation on the MtOGT activity
has not yet been proved in vivo, we previously demonstrated
that a recombinant MtOGT-R37L variant performs a suboptimal
alkylated-DNA repair in vitro, suggesting a direct role for
the Arg37-bearing region in catalysis. The crystal structure of
MtOGT complexed with modified DNA solved in the present
study reveals details of the protein–protein and protein–DNA

interactions occurring during alkylated-DNA binding, and the
protein capability also to host unmodified bases inside the active
site, in a fully extrahelical conformation. Our data provide the
first experimental picture at the atomic level of a possible mode
of assembling three adjacent MtOGT monomers on the same
monoalkylated dsDNA molecule, and disclose the conformational
flexibility of discrete regions of MtOGT, including the Arg37-
bearing random coil. This peculiar structural plasticity of MtOGT
could be instrumental to proper protein clustering at damaged
DNA sites, as well as to protein–DNA complexes disassembling
on repair.

Key words: co-operativity, crystal structure, DNA-bind-
ing protein, DNA repair, Mycobacterium tuberculosis,
O6-methylguanine-DNA methyltransferase.

INTRODUCTION

Mycobacterium tuberculosis displays a remarkable genetic
stability despite the continuous exposure to potentially
promutagenic and genotoxic stresses that could compromise the
pathogen’s capability of establishing a latent infection in
the human host and exiting from the dormant state at reactivation
[1,2]. Generated by the M. tuberculosis-infected macrophages
as part of the antimicrobial response, highly reactive oxygen and
nitrogen intermediates can directly damage several mycobacterial
targets, including DNA, and can trigger the endogenous synthesis
of potent DNA-alkylating metabolites [3–5].

As observed in other organisms, M. tuberculosis repairs
alkylated bases in DNA either by using multi-enzymatic systems
or through the action of single proteins [6,7], such as the
O6-methylguanine-DNA methyltransferase (OGT, EC 2.1.1.63).
Genes encoding O6-alkylguanine-DNA alkyltransferases (altern-
atively abbreviated as AGT or MGMT) have been identified
in the genome of the most diverse organisms, and numerous
studies aimed at the functional characterization of members
of this protein family have been published (reviewed by Pegg
[8,9]). These analyses reveal that alkyltransferases preferentially
repair O6-alkylated guanine in DNA, invariably performing the
stoichiometric transfer of the alkyl group from the modified base
to a conserved cysteine residue buried in their active site [10–
12]. Much less is known about the cellular fate of the inactivated
protein resulting from DNA repair, although it has been proposed
that the irreversible alkylation of the catalytic cysteine could

induce conformational changes, which might increase protein
instability in vitro and its propensity to degradation in vivo [13,14].

The M. tuberculosis OGT (MtOGT)-encoding gene is part of
the mycobacterial adaptive response operon [15], and evidence
was obtained pointing at MtOGT as a main player in protecting
the M. tuberculosis chromosome against the risk of G:C-to-A:T
transition mutations associated with O6-alkylated guanine in DNA
[3,6,16,17]. It is interesting that a number of geographically
widely distributed M. tuberculosis strains and multidrug-resistant
isolates are characterized by point-mutated OGTs carrying an
amino acid substitution at position 15 or 37 of the N-terminal
domain (T15S and R37L), and it has been proposed that a
defective alkylated-DNA repair could have played a role in
tuning the balance between genome stability preservation and
adaptability to the host during the evolutionary history of the
pathogen [18–20]. Although the functional consequences of
the presence of these MtOGT variants on the biology of the
corresponding strains have not yet been determined, we showed
that a recombinant MtOGT-R37L is significantly impaired in
alkylated-DNA damage reversal in vitro, displaying a 10-fold
lower affinity for methylated dsDNA (dsDNAmet) with respect to
the wild-type protein [21].

Parallel X-ray crystallography studies of the ligand-free form
of MtOGT showed that Arg37 belongs to a mainly random coiled
region (residues 28–47) of the N-terminal domain, the sequence
and overall structure of which significantly vary among OGTs
from different species [21]. Moreover, Arg37 maps away from the
protein active site and the DNA-binding motifs so far identified,
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based on structural analyses of the human orthologue O6-
alkylguanine-DNA alkyltransferase (hAGT) [22–25]. Finally, the
structural comparison of MtOGT and MtOGT-R37L showed that
the Arg37-to-Leu substitution produces a negligible impact on the
protein conformation in the absence of ligands [21], underlining
the need to obtain the structure of MtOGT in alternative substrate-
bound states in order to elucidate the molecular determinants of
the observed suboptimal catalysis performed by the MtOGT-R37L
variant.

In the present study we describe the crystal structure
of wild-type MtOGT complexed with a modified dsDNA
molecule, N1-O6-ethano-2′-deoxyxanthosine-containing dsDNA
(MtOGT::E1X-dsDNA), which reveals similar as well as peculiar
traits when compared with the equivalent structure of human AGT
[24]. Indeed, in the MtOGT::E1X-dsDNA structure, we directly
observed, for the first time, a possible mode of assembling three
adjacent protein chains on to the same damaged DNA duplex.
This allowed us to gain insight into the architecture of protein–
DNA complexes that could explain the co-operative DNA-binding
mechanism of MtOGT, which was suggested by EMSA-based
analyses [21] and the present study. It is interesting that, in the
MtOGT::E1X-dsDNA structure, the protein monomers that are
not engaged in binding the modified base are equally observed
to host an unmodified adenine in their active site, contributing
further information to the vision of a mechanistic model of the
alkylation damage detection process. Finally, discrete regions of
both the N- and the C-terminal domains of MtOGT display a
high level of structural plasticity, a specific MtOGT feature that
could be required for proper protein assembly at the alkylated
site during DNA repair, as also suggested by the biochemical
and structural characterization of additional MtOGT mutated
variants.

EXPERIMENTAL

Chemicals

All reagents were obtained from Sigma–Aldrich unless otherwise
specified.

Expression and purification of point-mutated MtOGT variants

The pET-MtOGT construct coding for the wild-type M. tuber-
culosis O6-methylguanine methyltransferase (ORF: Rv1316c)
[21] was used as the DNA template in PCR-based site-directed
mutagenesis experiments, using the QuikChange II site-
directed mutagenesis kit reagents (Stratagene) and the primer
pairs R37K fwd/R37K rev, R37E fwd/R37E rev, and Y139F
fwd/Y139F rev (see Supplementary Table S1). The region
encoding the corresponding point-mutated MtOGT variant in
each resulting expression construct (namely pET-MtOGT-R37K,
pET-MtOGT-R37E and pET-MtOGT-Y139F) was verified by
sequencing (Eurofins MWG Operon). The expression and
purification of the three new point-mutated versions of MtOGT
used in crystallization trials and activity assays were achieved
by adopting the same procedure used for the wild-type protein
[21]. All proteins are monomeric and display similar stability in
solution (results not shown).

Synthesis of the E1X-containing oligonucleotide

The E1X monomer [26] was prepared adopting the reaction
scheme illustrated in Supplementary Figure S1. The full procedure

used for the synthesis of the E1X-modified oligonucleotide
(ON473 in Supplementary Table S1 and Supplementary Figure
S2) appears in the Supplementary Methods section. The ON473
oligonucleotide was annealed to 1.2 molar equivalents of the
complementary strand (anti-ON473 in Supplementary Table S1)
in 20 mM Tris/HCl, pH 7.5, and 25 mM NaCl, resulting in the
E1X-dsDNA used in crystallization trials.

Crystallograpic studies

Crystallization

Wild-type MtOGT was purified as previously described [21],
with buffer exchanged against 20 mM Tris/HCl, pH 7.5, and
25 mM NaCl (PD10 column, GE Healthcare), mixed with E1X-
dsDNA in equimolar ratio, and incubated for 18 h at 4 ◦C. The
reaction mixture was concentrated (10-kDa molecular mass cut-
off, Vivaspin, Vivascience, Fisher Scientific) and loaded on to
a size-exclusion chromatography column (Superdex 200 10/300,
GE Healthcare). The MtOGT::E1X-dsDNA complexes eluted in
a broad peak corresponding to absorption maxima at wavelengths
280 nm and 260 nm; the corresponding fractions were pooled, and
concentrated up to 5 mg/ml as described above. Crystallization
conditions for the MtOGT::E1X-dsDNA complex were identified
by means of a robot-assisted (Oryx4, Douglas Instruments)
sitting-drop-based spare-matrix strategy using kits from Hampton
Research and Qiagen. The initially obtained needle clusters
were used as micro-seeds to inoculate 1 µl of freshly prepared
MtOGT::E1X-dsDNA complex mixed with an equal volume of
reservoir solution (0.2 M ammonium acetate, 22% PEG 3350
and 0.1 M Hepes, pH 7.5), and equilibrated in a hanging drop
against 800 µl of the reservoir solution at 4 ◦C. Single thin rod
crystals grew up to their maximum dimensions of 0.05 mm in
about 6 weeks. Crystals of the R37K or Y139F MtOGT variants
were grown using the hanging-drop vapour-diffusion method by
mixing 2 µl of the corresponding protein solution at 5 mg/ml with
an equal volume of a reservoir solution containing 0.1 M Hepes,
pH 7.5, 4% PEG 8000, and either 4% or 8% ethylene glycol
(for MtOGT-R37K and MtOGT-Y139F, respectively); the drops
were equilibrated against 800 µl of the corresponding reservoir
solution at 4 ◦C until crystals reached their maximum dimensions
of 0.2 mm in about 2 weeks.

Data collection

All crystals used in diffraction experiments were directly taken
from the corresponding crystallization drop, rapidly equilibrated
in the specific reservoir solution containing 15% glycerol as
cryoprotectant, and flash-frozen under liquid nitrogen. Diffraction
experiments were conducted at 100 K using synchrotron
radiation at the ID-29 (MtOGT::E1X-dsDNA complex) or ID14-
EH4 (MtOGT-R37K and MtOGT-Y139F variants) beamlines
(European Synchrotron Radiation Facility, Grenoble, France).
Complete diffraction datasets were collected up to 3.0-,
2.3- and 2.6-Å resolution (1 Å=0.1 nm) for crystals of the
MtOGT::E1X-dsDNA complex, and the MtOGT-R37K and
the MtOGT-Y139F variants, respectively. For all data collections,
diffraction intensities were integrated and scaled by using the
CCP4 suite of programs [27].

Structure determination

Analysis of the MtOGT::E1X-dsDNA diffraction dataset assigned
the crystal to the orthorhombic space group P212121, with cell
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Table 1 Data collection, phasing and refinement statistics

Values in parentheses refer to the highest resolution shell.

MtOGT::E1X-dsDNA MtOGT-R37K MtOGT-Y139F

Data collection
Space group P212121 P21212 P21212
Wavelength (Å) 0.972 0.979 0.99
Resolution (Å) 3.0 2.3 2.6
Total reflections 62 363 50 946 17 965
Unique reflections 12907 8668 5719
Mean(I)/S.D.(I) 8.8 (1.6) 26.7 (8.5) 10.8 (2.4)
Completeness (%) 99.7 (99.9) 99.5 (100) 95.9 (100)
Multiplicity 4.8 (5.0) 5.9 (6.0) 3.1 (2.9)
Rmerge (%) 15.0 3.9 6.1
Rmeas (%) 16.9 4.3 7.3

Refinement
R factor/R free (%) 19.4/26.5 18.4/22.5 20.4/27.6
Protein/DNA atoms 4257 1257 1258
Ligand atoms 6 12 4
Water molecules 8 61 9
RMSD bonds (Å) 0.011 0.009 0.014
RMSD angles (◦) 1.42 1.05 1.75
Average B (Å2)

Protein 62.0 41.7 55.0
Solvent 27.2 40.9 50.8

dimensions a = 43.48 Å, b = 102.90 Å and c = 137.09 Å,
containing three protein chains and one dsDNA molecule per
asymmetrical unit, with a corresponding solvent content of
50%. The structure of the MtOGT::E1X-dsDNA complex was
solved by molecular replacement using the program Phaser [28].
The starting search model for the protein component was the
structure of MtOGT (PDB accession code 4BHB) [21], edited
to omit Tyr139 of the active-site loop and the C-terminal tail
(residues 156–165); the starting search model for the DNA
component was the E1X-dsDNA, as crystallized in complex
with hAGT (PDB accession code 1T39) [24], omitting bases
12–13 and 14–15 of the duplex. The resulting electron density
map was of good quality, allowing manual model rebuilding,
using the program Coot [29]. The programs PHENIX [30] and
Refmac [27] were used for crystallographic refinement and to add
water molecules. The structures of MtOGT-R37K and MtOGT-
Y139F were solved by molecular replacement using the program
Phaser [28] and the structure of wild-type MtOGT as the search
model (PDB accession code 4BHB) [21], omitting water/ligand
molecules and either Arg37 or Tyr139 respectively. In both cases,
the procedure yielded high-quality electron density maps. Manual
model building, crystallographic refinement and solvent addition
were performed as described above for the MtOGT::E1X-dsDNA
structure. The stereochemistry of the refined models has been
assessed using the program PROCHECK [31]. Data collection
and refinement statistics are summarized in Table 1. Structural
superimpositions were performed with the Superpose program
of the CCP4 suite [27]; figures were generated using PyMol
(http://www.pymol.org).

Deposition

The atomic co-ordinates and structural factors of the
MtOGT::E1X-dsDNA complex, MtOGT-R37K and MtOGT-
Y139F have been deposited in the Protein Data Bank

(http://www.rcsb.org) under PDB accession codes 4WX9, 4WXC
and 4WXD, respectively.

Biochemical analyses

To measure the alkyltransferase activity of the new MtOGT point-
mutated variants. MtOGT-R37K, MtOGT-R37E and MtOGT-
Y139F, competitive assays using the fluorescent SNAP-Vista
Green reagent (VG; New England Biolabs) were performed as
previously described [21,32]. Similarly, the EMSA-based analysis
of the three mutated variants of MtOGT was performed adopting
the same protocol used to characterize the wild-type protein and
its R37L and T15S mutated versions [21].

RESULTS

Overall structure of MtOGT complexed with E1X-dsDNA

In order to clarify the functional role of Arg37 in MtOGT-
mediated catalysis, we co-crystallized the wild-type protein in
the presence of the 13-bp-long E1X-dsDNA, thus choosing the
same experimental strategy first adopted by Daniels et al. [24]
to solve the structure of wild-type hAGT covalently bound to a
modified dsDNA (PDB code 1T39). Different from the equivalent
structure of the human enzyme, in the MtOGT::E1X-dsDNA
crystal structure, three protein chains (A, B and C) and one E1X-
dsDNA molecule are present in the asymmetrical unit, with chain
A binding the E1X base at position 7 of the modified strand (E1X7)
(Figure 1a). It is of interest that, by applying crystallographic
symmetry operators, a peculiar supramolecular assembly can be
observed in the MtOGT::E1X-dsDNA crystal lattice (Figure 1b).
By focusing on a unit consisting of chain A bound to the E1X7

base, and counting nitrogenous bases starting from the 5′-end of
each strand, a symmetry equivalent of chain C (‘C sym. mate’)
binds the deoxyadenosine residue at position 4 of the modified
strand (dA4), and a symmetry equivalent of chain B (‘B sym.
mate’) does the same with the deoxyadenosine residue at position
5 of the complementary strand (dA18). In all cases, the bound base
adopts a fully extrahelical conformation, and is deeply inserted
into the protein active site. Overall, the MtOGT::E1X-dsDNA
complex can be described as consisting of two co-oriented MtOGT
monomers sharing 1 bp of their 4-bp-long DNA-anchoring site
on the damaged strand and displaying a reciprocal ‘N-to-C’
domain arrangement (‘chain A’ and ‘C sym. mate’), whereas
the third chain (‘B sym. mate’), which binds the intact strand,
shows a ‘C-to-C’ domain arrangement with respect to chain A
(Figure 1c).

The association of each MtOGT chain on to the E1X-
dsDNA molecule is mainly stabilized by the strong protein–DNA
interactions established by the helix–turn–helix (HTH) motif and
a few conserved active site residues of each subunit, with the DNA
minor groove and the flipped base, respectively (see below). In
contrast, protein–protein interchain contacts are limited to a weak
interaction engaging the co-oriented monomers ‘chain A’ and
‘C sym. mate’ (Figure 1b, inset). However, it must be noticed
that, different from the crystal structures of wild-type MtOGT
and point-mutated variants of the protein in their ligand-free
forms [21] (and the present study), in the MtOGT::E1X-dsDNA
structure no electron density was visible for chain A residues 33–
35 (omitted from the final model), and a poor electron density
characterizes region 29–36 of the N-terminal domain random coil
in each chain. For this reason, we cannot assume, under physiolo-
gical conditions, that a higher number of contacts are established
between the MtOGT chain binding the alkylated base and the
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Figure 1 The overall structure of MtOGT complexed with modified DNA

(a) Cartoon representation of the asymmetrical unit content of the MtOGT::E1X-dsDNA crystal; the E1X-containing dsDNA is observed complexed with chain A, the C-terminal domain of which hosts
the modified base (E1X, red arrowhead). (b) Cartoon representation of three MtOGT chains assembled on to the same E1X-dsDNA molecule, resulting from applying crystal symmetry operators;
extrahelical bases are rendered as sticks and indicated by an arrowhead (inset: close-up view of the contact region between the co-oriented chains that bind bases of the modified DNA strand).
(c) Representation of the reciprocal arrangement of the protein chains and DNA duplex illustrated in (b); the broken arrow points to a scheme of the covalent adduct formed between the chain A
catalytic cysteine (Cys126) and the E1X base. The colour codes for protein domain and DNA strand identification appear at the bottom of the figure.

adjacent protein subunit locking the unmodified base at 4 bp
upstream to the lesion (‘chain A’ and ‘C sym. mate’ in Figure 1).

The structure of the MtOGT active site complexed with E1X-dsDNA

Ground-breaking X-ray crystallography-based studies on
recombinant versions of hAGT complexed with modified dsDNA,
containing either a physiologically relevant O6-methylguanine
residue [24] or base analogues carrying bulky substituting groups
[24,25], disclosed the molecular details of the protein association
with alkylated DNA. These results showed that hAGT invariably
binds the dsDNA substrate at the level of its minor groove, by
exploiting the conserved HTH motif of the protein C-terminal
domain. In this peculiar mode of protein–dsDNA assembly, the
modified nitrogenous base is flipped out from the regular base
stacking and clamped into the enzyme active-site pocket, thus
resulting in proper placement of the reactive cysteine (Cys145 in
hAGT) to catalyse the SN2-like dealkylation reaction [24,25].

The architecture of the substrate-binding site of the three
MtOGT chains building up the MtOGT::E1X-dsDNA crystal
structure is quite similar to the one described for the human
orthologue complexed with different dsDNA species (Figure 2a).
Inspection of the active site of MtOGT chain A reveals a
continuous density signal contouring the catalytic Cys126 and
the modified E1X7 base (Figure 2b). Other close protein–DNA
contacts involve: the strictly conserved ‘arginine finger’ (Arg109)
which, by invading the double helix from the minor groove
side, and stacking between the planes of the dG6 and dC8

bases, structurally compensates for the flipped-out E1X7 base; the
carboxamide group of Asn115, observed at a 2.9-Å mean distance
from the E1X7 O2 position; the hydroxy group of Tyr95, standing at
a 3.4-Å mean distance from both the N3 atom and the deoxyribose
moiety of the E1X7 base; the active-site loop residues Thr137 and
Gly140, the backbone oxygen and nitrogen atoms of which are
observed at a distance of 2.8 and 2.7 Å from E1X7 O4′ and
O6, respectively; and Tyr139 which contributes to narrowing of
the active site and increasing the aromatic nature of the ligand-
binding pocket. In addition, the positive charge at the N-side
of helix H3 and the main-chain nitrogen atom of Ala132 appear to

lock, from both sides, the sugar–phosphate backbone downstream
of the lesion (Figure 2c).

With the obvious exception of contacts involving E1X7-specific
positions, an almost identical bonding scheme is observable in the
active site of chains B and C – which host the symmetry equivalent
of the dA18 and dA4 unmodified bases, respectively (Figure 2d),
thus indicating that MtOGT can efficiently bind nitrogenous bases
independently of the presence of the alkyl adduct.

In principle, the insertion of an undamaged adenine residue into
the MtOGT ligand-binding pocket would not expose the DNA
substrate to an increased risk of chemical modifications. In fact,
the reactivity of the purine ring N1 and N6 positions, as they
were observed in the active site of the B and C chains of the
MtOGT::E1X7-dsDNA structure, does not appear significantly
enhanced by the nearby catalytic cysteine, nor by the presence
of the other residues co-ordinating the base (see Supplementary
Figure S3a).

Notably, one of the three protein chains (chain hAGT-B)
building up the crystal structure of hAGT in complex with a
dsDNA containing an N4-alkylcytosine base (PDB code 1YFH)
[25] binds the thymine base at the 3′-end of the modified strand.
However, different from what we observed in the active site
of the B and C monomers of the MtOGT::E1X-dsDNA structure,
the thymine base appears to be only partially inserted into
the hAGT-B ligand-binding pocket (see Supplementary Figure
S3b). We therefore speculated that MtOGT could perform lesion
searching through a non-selective base-flipping mechanism, with
the flipped-out base fully inserted into the active site. If this
assumption is correct, MtOGT could not adopt a gate-keeping
mechanism in discriminating between normal and damaged bases
in vivo, different from what was hypothesized for the human
counterpart [25,33].

MtOGT undergoes structural rearrangements on DNA binding

The structure of MtOGT complexed with E1X-dsDNA discloses
a further unique feature of the mycobacterial protein, i.e. its
conformational plasticity. In fact, the structural analyses of hAGT
[22–25] and Sulfolobus solfataricus OGT [36], at different stages
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Figure 2 Structural analysis of the MtOGT protein complexed with E1X-dsDNA

(a) Cartoon representation of the optimally superimposed structures of MtOGT (chain A) and hAGT (PDB code 1T39), each in complex with the E1X-dsDNA substrate; the E1X base is rendered as
sticks and coloured, applying the same colour codes used for the corresponding protein chain (shown on the top of the panel). (b) Close-up view of the active site of the MtOGT::E1X-dsDNA chain
A housing the modified base (E1X7), with σ A-weighted 2F o−F c electron density contoured at 1.0 σ ; the Cys126 thiol group is observed at a distance of 2.1 Å from E1X7, the C11 atom; the protein
backbone appears as a ribbon. (c) Close-up view of the MtOGT chain A active site complexed with E1X-dsDNA; secondary structural elements and functional motifs are indicated in italic (the colour
codes for protein domain/DNA strand identification appear in a). (d) Cartoon representation of the active site of optimally superimposed MtOGT::E1X-dsDNA chains A, B and C (average RMSDs are
0.671 and 0.456 Å for the couples B/A and C/A, respectively); DNA appears as a cartoon and coloured, applying the same colour codes used for the corresponding protein. Protein residues and DNA
bases mentioned throughout the text are rendered as sticks.

of the transalkylation reaction, suggest that the active site of the
human and archaeal proteins is largely pre-shaped to perform
the catalysis, without requiring heavy structural rearrangements.
On the contrary, the association of MtOGT with the E1X-
dsDNA substrate induces the repositioning of three solvent-
exposed protein regions: a random coiled segment (residues
29–39) of the N-terminal domain, part of the active-site loop
(residues 135–142) and the C-terminal tail (residues 156–165)
(Figure 3a). As a consequence, each protein monomer in the
MtOGT::E1X-dsDNA complex appears more compact than
the ligand-free protein (Figure 3b). These conformational changes
are accompanied by the side-chain repositioning of a number of
residues of both protein domains (Figure 3c). It is interesting that,
in the MtOGT::E1X-dsDNA structure, the segment encompassing
residues 29–35 moves away from the three-stranded β-sheet that
builds up the core of the N-terminal domain, and gets closer to
the DNA-binding surface of the C-terminal domain, behaving as
a flap that sees Arg37 as its pivotal point.

We underline that this analysis was mainly conducted by
inspecting the conformation adopted by chains B and C, because,
different from chain A, their α-carbon backbone at the level of the
flap is fully defined. However, given the minimal average RMSD
resulting from superimposing the three protein chains building
up the MtOGT::E1X-dsDNA crystal structure, and taking into
account that the B and C monomers host a nitrogenous base in their
active site (Figure 2d), we propose that an equivalent structural

repositioning of the flap might also occur in the MtOGT subunit
binding the modified base.

The Arg37-containing random coil could participate in the
co-operative assembly of protein clusters on to the dsDNA
substrate

The analysis of the MtOGT::E1X-dsDNA crystal structure seems
to exclude direct participation of Arg37 in DNA binding, because
the protein residue and the sugar-phosphate backbone of the
E1X-dsDNA substrate are observed at a distance of >16 Å
(Figure 3a). Instead, we propose that Arg37 could function as
a hinge limiting the conformational plasticity at the C-side of the
flap, by participating to keep it in contact with the bulk core of
the N-terminal domain, and also on the formation of the protein–
DNA complex (Figure 3c). In principle, the absence of such
an anchoring site, as exemplified by the MtOGT-R37L variant
characterizing a number of frequently isolated M. tuberculosis
strains, could affect the capability of the flap to undergo discrete
movements. In turn, the resulting unrestrained flexibility of the
N-terminal domain random coil could hamper the correct
assembly of MtOGT clusters at the damaged DNA sites.

To test this hypothesis, we expressed and purified two new
mutated versions of MtOGT (MtOGT-R37K and MtOGT-R37E),
and analysed their dsDNAmet-repairing activity, by adopting the
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Figure 3 The conformation adopted by discrete protein regions differs in the ligand-free and DNA-bound MtOGT structures

(a) Structural superposition of MtOGT in its apo form (PDB code 4BHB, green coloured) and complexed with E1X-dsDNA (PDB code 4WX9), highlighting the main structural rearrangements
characterizing the DNA-bound chain A (in white) and chain C (in violet). (b) Surface representation of a MtOGT monomer in ligand-free and DNA-bound states; the arrows indicate the direction of
the movements of the flap (1), the active site loop (2) and the tail (3) of the protein on DNA binding. (c) close-up views of selected residues, with a side-chain conformation that differs between the
superimposed structures of ligand-free (upper panel) and E1X-dsDNA-bound (lower panel) MtOGT.

same VG-based assay [32] previously used to characterize the
wild-type protein and the MtOGT-R37L variant [21]. Our data
(see Supplementary Table S2) show that the MtOGT-R37E
mutant exhibits a 5-fold lower affinity for the methylated duplex
(KDNA

met
R37E = 1.14+−0.15 µM) with respect to MtOGT (KDNA

met
wt

= 0.24+−0.11 µM [21]), whereas the more conservative Arg37-to-
Lys substitution produces a more limited effect on the dsDNAmet-
binding constant (KDNA

met
R37K = 0.38+−0.2 µM).

In parallel, we performed direct EMSA-based experiments
(Figure 4a), using a (carboxy)tetramethylrhodamine (TAMRA)-
labelled, non-alkylated dsDNA probe (see Supplementary Table
S1). It is interesting that the MtOGT-R37E protein reaches a
plateau in band-shift activity at a DNA/protein molar ratio of
1:600 (KDNA-R37E = 41.4+−1.1 µM), whereas both the wild-type
MtOGT and the MtOGT-R37K variant induce a complete shift
at a DNA/protein molar ratio in the range of 1:150 (KDNA-wt =
7.2+−0.2 µM [21], KDNA-R37K = 13.2+−0.7 µM). The results of the
EMSA-based analysis match well with those obtained from the
VG-based competitive assays, and are consistent with previously
published data showing that the recombinant MtOGT-R37L
variant displays a 10-fold lower affinity towards the dsDNAmet

substrate compared with the wild-type MtOGT, although the co-
operativity of DNA binding is maintained [21]. Taken together,
our previous study [21] and the present study confirm that the
Arg37 residue, although not being directly involved in substrate
binding, plays an active role during catalysis, a role that can
be performed almost equally well by the positively charged
lysine residue. By contrast, the presence of a hydrophobic or

negatively charged side chain at position 37 of the MtOGT protein,
which characterizes the MtOGT-R37L and MtOGT-R37E proteins
respectively, translates into less efficient DNA binding and repair.

By analysing the crystal structure of the MtOGT-R37K variant
(Figure 4b and Table 1), we noticed that the lysine residue
could partially substitute for arginine, in terms of charge and
size, inside the peculiar network of contacts established between
the second β-strand and the facing random coiled region of the
N-terminal domain. In the structure of the loss-of-function
MtOGT-R37L protein, the presence of leucine at position 37
destroys this bonding scheme [21]. However, in both of these
ligand-free structures, no relevant changes of the local fold
are observable. Given the requirement of a positively charged
group at position 37 of the protein for a fully efficient catalysis,
we speculate that Arg37 could play a role in co-ordinating the
repositioning of the flap during proper DNA recognition and
binding, thus optimizing molecular contacts between adjacent
monomers assembled on to the damaged DNA, as observed in the
MtOGT::E1X-dsDNA structure.

The intrinsic flexibility of the MtOGT active site loop

As mentioned above, the active-site loop and the C-terminal
tail of MtOGT adopt different conformations, depending on the
association of the protein with the DNA substrate (Figure 3).
Different from what has been reported for all OGTs for which
the crystal structure has so far been solved [22–25,34–36], but
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Figure 4 A positively charged residue at MtOGT position 37 is required for
optimal dsDNA binding

(a) Upper image: EMSA-based analysis of wild-type MtOGT (WT) [21], and of the indicated
point-mutated proteins, performed by using 1 pmol of TAMRA-labelled dsDNA (Table 1) as the
probe (DNA); lanes 2–9: increasing amounts of protein (P) incubated in the presence of the
probe at the indicated DNA/protein molar ratio; in each panel the open arrowheads point to
the shifted DNA probe. Lower image: plot of the DNA-bound protein fraction at each DNA/protein
molar ratio tested by EMSA (upper image); [P], protein concentration (M); K , dissociation
constant (µM). (b) Close-up of the N-terminal domain and part of the of the active site of the
ligand-free MtOGT (PDB code 4BHB) [21] and MtOGT-R37K (PDB code 4WXD), on optimal
structural superimposition; residues mentioned in the text appear as sticks; secondary structure
elements are labelled in italic.

reminiscent of what was observed in the OGT structure of
Methanococcus jannaschii in solution [37], the C-side region
of the active-site loop (residues 136–141) of the ligand-free
structures of MtOGT and its mutated variants is invariably
oriented towards the bulk solvent. This conformation is stabilized
by contacts established between the conserved Tyr139 of the active-
site loop and the stretched-out C-terminal tail of the closest
symmetry mate within the crystal lattice [21] (and the present
study). On the contrary, the C-side of the active-site loop of each
protein chain that builds up the MtOGT::E1X-dsDNA structure
is bent inwards towards the catalytic pocket, where it participates
in making the ligand-binding cavity fit the flipped-out base
(Figure 5a). These observations raise the possibility that the

Figure 5 Tyr139 could help the active-site loop movements during DNA
binding

(a) Close-up view of the active site of MtOGT (PDB code 4BHB) [21] and MtOGT-Y139F (PDB
code 4WXC), both crystallized in ligand-free form, and of the A, B and C chains building up
the MtOGT::E1X-dsDNA complex (PDB code 4WX9), resulting from optimal superimposition of
the corresponding structures (colour codes for protein/chain identification appear on the right);
residues mentioned in the text appear as sticks; secondary structure elements are labelled in
italic. (b) Upper image: EMSA-based analysis of MtOGT (WT) [21] and its Y139F mutated
variant, performed as detailed in Figure 4. Lower image: plot of the DNA-bound protein fraction
at each DNA/protein molar ratio tested by EMSA (upper image); [P], protein concentration (M);
K , dissociation constant (µM).

active site of MtOGT could exist in two alternative conformations
(‘ligand-free/active-site loop out’ or ‘DNA-bound/active-site loop
in’) also in a physiological context, displaying a degree of
structural plasticity higher than that characterizing the equivalent
region of hAGT.

However, if Tyr139 of the active-site loop of MtOGT performed
exactly the same molecular tasks highlighted for the equivalent
residue of the human protein (Tyr158), namely narrowing of the
ligand-binding pocket and providing an aromatic environment
for the alkyl adduct [24,25], then the replacement of Tyr139 by a
phenylalanine should have little effect on catalysis.

Data from VG-based assays (see Supplementary Table
S2) reveal that a MtOGT-Y139F variant displays a 10-fold
lower affinity for dsDNAmet compared with wild-type MtOGT
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Figure 6 Structure-based model of MtOGT clustering on to a DNA duplex

(a) The possible negative effect of the presence of a MtOGT monomer (‘B sym. mate’), which is bound to the complementary strand opposing the lesion, on the growth of the protein cluster towards
the 5′-end of the damaged strand. (b) Structure-based model of five co-oriented MtOGT monomers assembled on to the same dsDNA molecule; the close-up images show the interchain contacts
observed at the chain 2/chain 3 (left) and chain 1/chain 5 (right) interfaces; the colour codes for protein domain and DNA strand identification appear at the top of the panel. In (a) and (b), the protein
chains are rendered as on the surface and the DNA appears as a cartoon. (c) Schematic representations of the protein–DNA assemblies depicted in (a) and (b), viewed perpendicular to the dsDNA
axis; the MtOGT monomers that bind bases of the damaged or intact strand are depicted as red or green ovals, respectively; the dashed ovals represent the MtOGT subunit that would come into
collision with pre-assembled monomers.

(KDNA
met

Y139F = 2.19+−0.5 µM; KDNA
met

wt = 0.24+−0.11 µM [21]),
confirming the MtOGT requirement of a tyrosine residue at
position 139 for optimal repair of an O6-methylated guanine in
dsDNA. Instead, the ability of MtOGT to bind unmodified dsDNA
appears less affected by the Tyr139-to-Phe substitution; in fact,
when analysed in EMSA, both proteins reach a plateau in band-
shift activity at a DNA/protein molar ratio of approximately 1:150,
displaying an affinity towards the unmodified probe that differs
3-fold (KDNA-wt = 7.2+−0.2 µM [21], KDNA-Y139F = 20.5+−3.2 µM;
Figure 5b). Therefore, we speculate that Tyr139 could play a role
not only in properly fixing the base inside the protein active
site on DNA binding, as proposed for hAGT Tyr158 [24,25,38–
40], but also in making MtOGT able to discriminate between
intact and alkylated dsDNA molecules, albeit through a molecular
mechanism that will need further study for elucidation.

The MtOGT::E1X-dsDNA crystal structure provides insights into
co-operative DNA binding

The architecture of MtOGT in a stable complex with the E1X-
dsDNA substrate could be regarded as a snapshot of a potential
reaction step at which the modified base has already been
recognized and bound by one monomer (chain A), whereas two
other subunits (the chain B and C symmetry mates) occlude
available binding sites on both strands of the dsDNA substrate,
at the highest possible density allowed in the close proximity
of the lesion, by housing unmodified nucleobases in their
active site (Figure 1). From this standpoint, the supramolecular
assembly revealed by our structure could represent a model
of the MtOGT clustering on a monoalkylated dsDNA
molecule.
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Figure 7 Preliminary model of MtOGT-mediated direct alkylated DNA repair

Schematic diagrams of possible modes of DNA binding, protein cluster assembly and protein–DNA complex dismantling in M. tuberculosis emerging from crystallographic studies. The single steps
are described in the Discussion.

However, we cannot rule out the possibility that longer more
physiological DNA substrates might sustain the nucleation of
MtOGT protein clusters larger in size than the one characterizing
the MtOGT::E1X-dsDNA crystal structure. To verify this
hypothesis, we tried to model further DNA-bound MtOGT
monomers towards the 5′-end of the modified strand, starting
from the experimental ‘C sym. mate’ (monomer ‘2’ in Figure 6),
and using the ‘chain A/C sym. mate’ dimer as the moving unit
(monomers ‘1’ and ‘2’ in Figure 6).

It is of interest that the unprecedented association of a MtOGT
monomer with the region of the intact DNA strand facing the
alkylated base (i.e. the ‘B sym. mate’-binding dA18) would hamper
the recruitment of additional protein subunits at the 5′-side of the
damaged base (Figure 6a).

On the other hand, the MtOGT::E1X-dsDNA crystal structure
itself does not provide any indication regarding the dynamics
of the alkylated-DNA damage reversal performed by MtOGT.
Therefore, we can also assume that the binding of co-oriented
MtOGT monomers on to the modified strand could be favoured
on assembly of protein clusters with components that display
unbiased binding to both strands. To visualize the former situation,
we reiterate the superimposition procedure mentioned above,
by omitting the chain B symmetry mate. We obtained a model
of MtOGT protein clusters (Figure 6b) that proves to be more
compact compared with the one proposed for hAGT [45,46],
possibly due to the structural plasticity of MtOGT, which could
allow more crowded protein assembling on to DNA. It is
interesting that the DNA binding-associated repositioning of the

flap (Figure 3) enables additional contacts between adjacent
subunits. In particular, residues 32–34 of chain 2 are clamped
between the active site entrance of the same chain, and the turn
element of the HTH motif of adjacent chain 3 (residues 100–105)
(Figure 6b, inset on the left), thus strengthening our hypothesis
of a possible direct contribution of the flap to co-operative DNA
binding. Moreover, by considering chains 1 and 5 in our model
(Figure 6b, inset on the right) we noticed that the N-terminal
domain random-coiled region of chain 1 collides with the tail of
chain 5.

This analysis suggests that both short- and long-range steric
hindrance phenomena could play a role in regulating MtOGT–
DNA association and dissociation, resulting in protein clusters
that are capable of self-limiting their size, similar to what has been
experimentally determined by direct atomic force microscopy
(AFM)-based studies of hAGT [47].

DISCUSSION

The architecture of the protein–DNA complexes revealed by
the MtOGT::E1X-dsDNA crystal structure could provide a
potential solution to an inconsistency present in the literature
concerning the DNA-binding mechanism of O6-alkylguanine-
DNA alkyltransferases. Indeed, in spite of the fact that previous
X-ray crystallography-based studies revealed a 1:1 pro-
tein/modified DNA stoichiometry [24,25,34]: (i) the co-operative
binding of DNA has been demonstrated as a bona fide activity
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of hAGT [41–46], (ii) structure-based models of hAGT/dsDNA
supramolecular complexes have been built and experimentally
tested in solution [45], and, more importantly, (iii) the protein
assembling into discrete clusters on physiological DNA substrates
was directly observed by AFM-based experiments [47].

Several authors have analysed the possible functional benefits
of performing alkylated-DNA direct repair in a co-operative
manner. It has been pointed out that co-operative assembly of
protein–DNA complexes might contribute to the efficiency
of lesion search and removal, by concentrating the repair activity
on the DNA substrate at a higher density than that expected in a
non-co-operative DNA-binding model [44]. Furthermore, a small
protein cluster size could allow tracking of a lesion wherever
short regions of free DNA were made available, i.e. during DNA
replication and transcription, on chromatin remodelling [48].
Moreover, an inherent capability of the protein of limiting its
own distribution on DNA could influence the rates of binding to
and dissociation from the target, and hence the kinetics of the
lesion search; in fact, the repositioning of a subunit placed in the
middle of a single long protein cluster should probably be slower
than the repositioning of subunits mapping at the ends of many
short clusters [44,47].

These arguments could work well with our results to outline
a preliminary model of alkylated-DNA recognition and repair
performed by MtOGT (Figure 7). In principle, to guarantee
efficient scouting of alkylated bases inside the genome, both
intact and damaged DNA molecules should represent a ligand
for MtOGT. However, the binding of the protein to an adduct-free
DNA region could be less efficient compared with the binding
to an alkylated substrate, or the protein could form suboptimal
protein clusters (Figure 7, step 1a), leading to a weaker assembly
(or an easier dissociation) of the protein–DNA complex. Our
structural studies show that the insertion of a modified base inside
the MtOGT active site triggers conformational modifications of
solvent-exposed regions of the protein which could act as a
signal that a lesion has been encountered (Figure 7, step 1b).
Additional protein subunits could now be tightly packed, also by
virtue of their peculiar structural flexibility, at the 5′-side of the
lesion, where they undergo the same structural rearrangements
to host extrahelical nucleobases in their active site. In this way,
the GC-rich mycobacterial DNA could be scanned, at a fixed
space interval, for the presence of other alkylated sites (Figure 7,
step 2).

Our results suggest that, although an O-alkylated guanine is a
potential substrate for the catalysis (leading to permanent protein
inactivation), both purine bases could behave as reversible protein
ligands; as a consequence, an unmodified guanine temporarily
occupying the MtOGT active site could be safely checked
for chemical modifications. This corroborates the concept that
identifies, in the alkylated DNA, direct damage reversal performed
by OGTs, a smart system to oversee genome quality [48].
Finally, the conformational changes induced in MtOGT by its
association with DNA appear to directionally bias protein–protein
interaction towards the 5′-end of the modified strand; however, the
harmful sequestration of MtOGT in the form of a continuous
coat on the DNA substrate could be limited either by steric
hindrance phenomena involving co-oriented monomers (Figure 7,
step 3a) or by the association of an MtOGT subunit with the
intact strand region opposing the alkylated base (Figure 7, step
3b), leading to the release of the unreacted monomers into the
free protein pool (Figure 7, step 4), ready to initiate a new
cycle.

Further experiments, using different DNA substrates and
crystallization-independent techniques, have been undertaken to
verify this model.
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