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Mycobacterium tuberculosis displays remarkable genetic stability despite continuous exposure to the hostile environment
represented by the host’s infected macrophages. Similarly to other organisms, M. tuberculosis possesses multiple systems
to counteract the harmful potential of DNA alkylation. In particular, the suicidal enzyme O6-methylguanine-DNA methyl-
transferase (OGT) is responsible for the direct repair of O6-alkylguanine in double-stranded DNA and is therefore sup-
posed to play a central role in protecting the mycobacterial genome from the risk of G·C-to-A·T transition mutations. No-
tably, a number of geographically widely distributed M. tuberculosis strains shows nonsynonymous single-nucleotide
polymorphisms in their OGT-encoding gene, leading to amino acid substitutions at position 15 (T15S) or position 37
(R37L) of the N-terminal domain of the corresponding protein. However, the role of these mutations in M. tuberculosis
pathogenesis is unknown. We describe here the in vitro characterization of M. tuberculosis OGT (MtOGT) and of two
point-mutated versions of the protein mimicking the naturally occurring ones, revealing that both mutated proteins are
impaired in their activity as a consequence of their lower affinity for alkylated DNA than the wild-type protein. The analy-
sis of the crystal structures of MtOGT and MtOGT-R37L confirms the high level of structural conservation of members of
this protein family and provides clues to an understanding of the molecular bases for the reduced affinity for the natural
substrate displayed by mutated MtOGT. Our in vitro results could contribute to validate the inferred participation of mu-
tated OGTs in M. tuberculosis phylogeny and biology.

During its entire life, Mycobacterium tuberculosis is exposed
to a variety of potential physical and chemical DNA-dam-

aging stresses that could compromise the settling, contain-
ment, and reactivation of the infection (1). In order to main-
tain high genome stability, signaled by a remarkably low level
of genetic diversity among isolates (2), it is therefore manda-
tory for M. tuberculosis to possess efficient systems to counter-
act the effects of such environmental and host-generated DNA-
endangering assaults (3–6). In particular, during its long-term
persistence inside infected macrophages, M. tuberculosis must
deal with endogenous DNA-alkylating chemical species origi-
nated by the action of highly reactive oxidative and nitrosative
radicals (7). The majority of living organisms attain alkylated-
base repair by deploying different strategies, depending upon
the chemical nature of the alkyl group, the entity of the damage,
and the physiological condition of the cell: (i) the multistep
excision of a short, lesion-containing strand followed by new
DNA synthesis; (ii) the substitution of the modified base in
toto; or (iii) the direct surgical removal of the alkyl-substituting
group from the base by sacrificing one molecule of a DNA-
protein alkyltransferase (8, 9), such as the O6-methylguanine-
DNA methyltransferase (OGT) (EC 2.1.1.63). All OGT mem-
bers studied until now invariably act through a suicidal
mechanism (10), by performing the stoichiometric transfer of
the O6-alkyl group from the modified guanine to a strictly con-
served cysteine residue in the protein active site, which is
hosted in the C-terminal domain of the protein. This covalent
modification leaves OGT permanently inactivated and possibly
more prone to degradation (11, 12) (Fig. 1).

Paralleling observations of other bacteria (13), the mycobacte-

rial OGT-encoding sequence (adaB; Rv1316c) is part of an adap-
tive response operon, which was recently functionally character-
ized (14). Gene inactivation experiments demonstrated that adaB
(here referred to as OGT, in analogy to orthologs in other species)
is not essential for infectivity and survival either in vitro or in the
mouse model of M. tuberculosis infection (15, 16). However, sev-
eral observations support the importance of OGT activity in pro-
tecting the mycobacterial GC-rich DNA from the promutagenic
potential of guanine O6-methylation. First, the OGT gene expres-
sion profile changes during infection and in response to alkylating
compounds (14, 17, 18), signaling a requirement for fine-tuned
OGT modulation under stressful conditions; moreover, the het-
erologous expression of M. tuberculosis OGT (MtOGT) in the
Escherichia coli KT233 ada-ogt-defective strain suppresses its MNNG
(N-methyl-N=-nitro-N-nitrosoguanidine) sensitivity (14) and res-
cues the hypermutator phenotype.

Interestingly, two nonsynonymous single-nucleotide poly-
morphisms (nsSNPs) have been identified in the OGT genes of
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both M. tuberculosis Beijing strains and multidrug-resistant iso-
lates (19–21), leading several authors to postulate that corre-
sponding mutated OGTs may contribute to the success of these
strains in terms of worldwide distribution; indeed, it has been
suggested that a defective OGT might result in an increased mu-
tation frequency and, thus, in a better capability of the bacterium
to rapidly adapt to the host (14, 19).

Notably, both these nsSNPs result in amino acid substitutions
at the poorly structurally conserved and functionally character-
ized N-terminal domain of OGT, thus limiting the possibility of
predicting their effect on protein activity exclusively based upon
preexisting information. Many years of intense investigations ren-
dered a detailed picture of the catalytic mechanism used by these
proteins as well as of the structural elements of the C-terminal
domain playing essential roles in DNA binding and alkyl group
removal (8, 10); in contrast, a more limited number of studies
put the focus onto the N-terminal domain, which could play a
role in the coordination of the catalytic cycle (22) and/or in
mediating protein assembly at the site of damage upon DNA
binding (23–25).

In the present work, we exploited a recently described fluores-
cence-based approach (26) to analyze the kinetics of the reaction
performed by wild-type MtOGT and by two point-mutated vari-
ants of the protein mimicking the ones occurring in M. tuberculo-
sis clinical isolates (i.e., MtOGT-R37L and MtOGT-T15S). The
method relies on the use of a fluorescent derivative of O6-benzyl-
guanine, an inhibitor of human O6-alkylguanine-DNA alkyltrans-
ferase (AGT), and allows the dissection of the OGT reaction in its
DNA binding and alkylguanine transfer steps, thereby leading to
the determination of the DNA binding affinity and the alkyltrans-
ferase reaction rate.

The results of our biochemical studies reveal that although
neither mutation affects the intrinsic alkyl-guanine-transferase
reaction rate, both variants display reduced DNA binding affinity
although to different extents, with MtOGT-R37L showing a 10-
fold-lower affinity for alkylated double-stranded DNA (dsDNA)
than the wild-type protein. Moreover, the crystal structures of
MtOGT and its R37L mutant reported here give a contribution to
the overall description of this structurally conserved class of pro-
teins and provide a framework to investigate the possible molec-
ular bases of the observed DNA binding defect.

MATERIALS AND METHODS
Chemicals. All reagents were obtained from Sigma-Aldrich unless other-
wise specified.

Construction of expression vectors. The open reading frame coding
for M. tuberculosis O6-methylguanine methyltransferase (Rv1316c) was
isolated by PCR using the clone MTCY130 (Institute Pasteur, Paris,
France) as the template, the Hot-Star PCR system (Qiagen), and primers
MtOGTfwd and MtOGTrev (see Table S1 in the supplemental material).
The NcoI-BamHI double-digested PCR product was then ligated into the
similarly digested pET16b vector (Novagen) by standard techniques (27),
resulting in the pET-MtOGT construct. Plasmids encoding the T15S and
R37L point mutants of MtOGT (pET-MtOGT-T15S and pET-MtOGT-
R37L) were obtained by using the pET-MtOGT construct as the DNA
template, the two primers pairs T15Sfwd/T15Srev and R37Lfwd/R37Lrev
(see Table S1 in the supplemental material), and the QuikChange II site-
directed mutagenesis kit (Stratagene). In each construct, the region en-
coding the wild-type protein or its point-mutated variant was verified by
sequencing (Eurofins MWG Operon).

Expression and purification of wild-type MtOGT and point mu-
tants. The following procedure was invariably used to express and purify
the wild-type protein and the relative point-mutated versions used in
biochemical analyses. E. coli strain BL21(DE3) bacteria (Novagen), freshly
transformed with one of the three expression constructs, were spread onto
LB agar plates with 50 �g/ml ampicillin and grown at 37°C overnight. The
next day, colonies were scraped and inoculated in 1 liter of selective ZYP-
5052 medium (28) to reach a starting optical density at 600 nm (OD600) of
0.1. This culture was further grown at 37°C for 3 h and then brought to
17°C for 16 h with vigorous shaking to autoinduce the expression of the
recombinant protein. A bacterial pellet was obtained by centrifugation
(11,000 � g for 15 min at 4°C), washed once in phosphate-buffered saline
(PBS), dissolved in 50 ml of buffer A (20 mM Tris-HCl, pH 7.8), and
disrupted by ultrasonication. Upon the addition of a protease inhibitor
cocktail, the insoluble material of the lysate was removed by centrifuga-
tion (14,000 � g for 45 min at 4°C), and the recombinant protein was
purified from the supernatant by fast protein liquid chromatography
(FPLC) (Akta Basic Instrument; GE Healthcare), using, in sequence,
HiTrapQ, MonoQ, HiTrap heparin, and Superdex 200 prepacked chro-
matography media (GE Healthcare), as further detailed in the supplemen-
tal material (see Fig. S1 in the supplemental material). During the entire
procedure, the recombinant protein was monitored by standard SDS-
PAGE analysis (29), and the protein concentration was determined by the
Bradford assay (30), using bovine serum albumin as the standard.

Activity assays. To measure the alkyltransferase activity of wild-type
MtOGT and relative mutants, a fluorescence assay using SNAP-Vista
Green reagent (New England BioLabs) (here referred to as VG for brevity)
was used, as previously described (26) (see Fig. S2A in the supplemental
material). Protein bands from SDS-PAGE were visualized by direct gel
imaging (VersaDoc 4000; Bio-Rad), and their fluorescence intensities
(FIs), corresponding to the reacted protein, were corrected for the actual
amount of protein loaded into each lane by measuring the intensity of
bands after Coomassie brilliant blue R250 staining. Activity assays at dif-
ferent pH values were performed with 1� Fluo reaction buffer containing
50.0 mM different buffering species, allowing the determination of the pH
optimum of the reaction used in all subsequent experiments (data not
shown).

Enzyme kinetics analysis. Assuming a 1:1 substrate-enzyme stoichi-
ometry and irreversible binding, incubation of a fixed amount of protein
(5.0 �M) with VG (in the range of 0.1 to 20.0 �M) for 1 h at 25°C gave
corrected FI data, which were fitted by a linear equation whose slope gave
a direct reference value of FI/�M protein, which was then used to estimate
the amount of covalently modified protein (expressed in picomoles) in
time course experiments. The latter assays were performed at 25°C using
different protein/VG molar ratios and taking 10.0-�l aliquots at time
intervals, as detailed in Fig. S2B in the supplemental material. Plots of the
picomoles of reacted protein versus time were fitted by exponential equa-
tions to determine the apparent rates for covalent modification (kobs).
These values were plotted versus the VG doses ([VG]) by using the fol-
lowing hyperbolic equation:

FIG 1 Schematic representation of transfer of O6-alkyl group from modified
guanine to strictly conserved cysteine in the protein active site.
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kobs �
k

1 � KVG ⁄ �VG� (1)

where k and KVG are the rate of covalent linkage and the dissociation
constant for the free enzyme and free VG reagent during the first collision
step (before covalent modification), respectively (see Fig. S2C in the sup-
plemental material). In order to calculate the apparent KVG values
(KVG

app) of proteins for VG as a function of the double-stranded methyl-
ated DNA (dsDNAmet) concentration, time course experiments such as
those described above were performed in the presence of increasing fixed
doses of dsDNAmet (see Table S1 and Fig. S3 in the supplemental mate-
rial). Data were fitted according to the following linear equation:

KVG
app �

KVG

KDNA
�dsDNAmet� � KVG (2)

where KDNA is the dissociation constant of the protein for the
dsDNAmet substrate. The results of these enzyme kinetics analyses are
summarized in Table 1.

Electrophoretic mobility shift assay (EMSA). A 40-bp 6-carboxyte-
tramethylrhodamine (TAMRA)-labeled double-stranded DNA probe
(0.1 �M) was incubated at 25°C for 10 min with different amounts of
proteins in the range of 0.0 to 120.0 �M in a total volume of 10.0 �l in 1�
binding buffer (20.0 mM Tris-HCl [pH 7.5], 50.0 mM KCl, 0.1 mM di-
thiothreitol [DTT], and 10% glycerol). Samples were loaded onto an 8%
polyacrylamide-bisacrylamide native gel in 1� Tris-borate-EDTA (TBE).
Signals were visualized by direct gel imaging using a green light-emitting
diode (LED)/605-nm-band-pass filter as excitation/emission parameters,
respectively.

Crystallization. Initial conditions for MtOGT crystallization were
identified by means of a robot-assisted (Oryx4; Douglas Instruments),
sitting-drop-based spare-matrix strategy using screen kits from Hampton
Research. The best crystals were obtained by mixing 2 �l of a protein
solution at 5 mg/ml with an equal volume of a reservoir solution contain-
ing 0.1 M HEPES (pH 7.5), 6% (wt/vol) polyethylene glycol 8000 (PEG
8000), and 6% (wt/vol) ethylene glycol and equilibrating the drop against
800 �l of the reservoir solution at 4°C in sitting-drop format. Crystals
used in X-ray diffraction experiments grew to maximum dimensions of
0.2 mm in about 2 weeks. Similarly, crystallization of the MtOGT-R37L
mutant enzyme was obtained by mixing 2 �l of the protein solution at 4
mg/ml with an equal volume of crystallization buffer (0.1 M HEPES [pH
7.5], 12% [wt/vol] PEG 8000, 4% ethylene glycol) and equilibrating the
drop against 800 �l of the reservoir at 4°C in sitting-drop format, yielding
0.2-mm crystals in about 2 weeks.

Structure determination. For X-ray data collection, crystals of both
wild-type MtOGT and MtOGT-R37L were taken directly from the crys-

tallization droplet, rapidly equilibrated in a solution containing the crys-
tallization buffer and 15% glycerol as a cryoprotectant, and flash-frozen at
100 K under liquid nitrogen. A complete data set of the wild-type MtOGT
crystal was collected at 100 K to a 1.8-Å resolution using synchrotron
radiation (� � 0.933 Å) at the ID14-EH1 beam line (European Synchro-
tron Radiation Facility [ESRF], Grenoble, France), equipped with an
ADSC detector. Analysis of the collected diffraction data set allowed us to
assign the crystal to the orthorhombic space group P21212, with the cell
dimensions a � 59.13 Å, b � 81.75 Å, and c � 38.16 Å, containing 1
molecule per asymmetric unit, with a corresponding solvent content of
52%. For all data collections, diffraction intensities were evaluated, inte-
grated, and scaled by using the CCP4 suite of programs (31). The structure
of MtOGT was solved by molecular replacement using the program
Phaser (32) and the structure of E. coli O6-methylguanine-DNA methyl-
transferase AdaC protein as the search model (Protein Data Bank [PDB]
accession number 1SFE) (33). The resulting electron density map was of
high quality and allowed automatic tracing by the program ARP/wARP
(34), which was also used for adding solvent molecules. The program
Coot (35) was used for manual rebuilding, and the program PHENIX (36)
was used for crystallographic refinement.

A complete data set of the MtOGT-R37L crystal was collected at 100 K
to a 2.8-Å resolution using synchrotron radiation (� � 0.99 Å) at the ESRF
ID23 beam line equipped with an ADSC detector. Since the analysis of the
diffraction data set showed the MtOGT-R37L crystal to be isomorphic
with those of the wild-type protein, we used the refined set of atomic
coordinates of the MtOGT protein (in which water/ligand molecules and
Arg37 side-chain atoms were omitted) for MtOGT-R37L structure deter-
mination; model building and crystallographic refinement were per-
formed following the same procedure described above for the wild-type
protein. Data collection, phasing, and refinement statistics are given in
Table 2. Structural superpositions were performed with the Superpose

TABLE 1 Kinetic constants of the reaction catalyzed by MtOGT and
mutated proteins

Protein
dsDNAmet

concn (�M)
Mean k (s�1)
� SD

Mean KVG

(�M) � SD
Mean KDNA

(�M) � SD

MtOGT 0 0.12 � 0.02 1.82 � 0.4 0.24 � 0.11
0.63 0.14 � 0.03 3.53 � 0.5
1.00 0.10 � 0.03 5.29 � 0.9
1.25 0.14 � 0.02 8.68 � 0.8

MtOGT-T15S 0 0.10 � 0.01 1.73 � 0.5 0.48 � 0.26
0.63 0.11 � 0.01 2.29 � 0.4
1.00 0.13 � 0.02 3.46 � 0.5
1.25 0.12 � 0.03 5.40 � 0.7

MtOGT-R37L 0 0.07 � 0.02 3.17 � 0.5 2.16 � 0.23
0.63 0.09 � 0.02 4.23 � 0.7
1.00 0.07 � 0.01 4.55 � 0.6
1.25 0.08 � 0.02 5.11 � 0.5

TABLE 2 Data collection, phasing, and refinement statistics

Parameter

Valuea

MtOGT MtOGT-R37L

Data collection
Space group P21212 P21212
Wavelength (Å) 0.933 0.99
Resolution (Å) 1.8 2.8
Total no. of reflections 70,150 16,209
No. of unique reflections 17,690 4,572
Mean I (SD) 15.8 (4.4) 10.2 (3.6)
Completeness (%) 99.5 (100) 96.2 (100)
Multiplicity 4.0 (4.0) 3.5 (3.6)
Rmerge (%) 4.8 (27.2) 8.2 (31.6)
Rmeas (%) 5.5 (31.3) 9.4 (36.4)
Rpim (%) 2.7 (15.3) 4.5 (17.5)

Refinement
Rfactor/Rfree (%) 21.8/26.4 18.6/26
No. of protein atoms 1,251 1,258
No. of ligand atoms 19
No. of water molecules 141 48
RMSD bond (Å) 0.007 0.009
RMSD angles (°) 1.016 1.151
Avg B (Å2)

Protein 34.3 63.4
Solvent 40.5 50.2

Residues in Ramachandran plot areas (%)
Preferred 96.3 98
Allowed 3.7 2

a Values in parentheses refer to the highest-resolution shell.
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program of the CCP4 suite (31). Figures 3 through 6 were generated with
PyMol (37).

Protein structure accession numbers. The atomic coordinates and
structure factors of MtOGT and MtOGT-R37L have been deposited in the
Protein Data Bank (http://www.rcsb.org/) under accession numbers
4BHB and 4BHC, respectively.

RESULTS AND DISCUSSION
Expression and purification of wild-type and point-mutated
MtOGT variants. In order to perform a molecular characteriza-
tion of the M. tuberculosis OGT protein, the corresponding open
reading frame was subcloned into the pET16b vector within the
NcoI/BamHI sites of the polylinker to eliminate the standard
polyhistidine coding region. Once transformed into E. coli strain
BL21(DE3), the resulting pET-MtOGT expression construct
drives the synthesis of an untagged version of the protein
(MtOGT) (predicted molecular mass of 17,844 Da; 165 amino
acid residues; Ile in position 2 replaced by Val as a consequence of
the adopted subcloning strategy) that could be reproducibly pu-
rified at a high yield by FPLC-based standard techniques. pET-
MtOGT was also used as the template for PCR-based site-directed
mutagenesis to generate the expression vectors for the production
in E. coli of two point-mutated variants of the enzyme (MtOGT-
T15S and MtOGT-R37L), which mimic those naturally occurring
in M. tuberculosis strains bearing nsSNPs at codon 15 (ACC mu-
tated to AGC) or codon 37 (CGC mutated to CTA) of their OGT
coding sequence (19–21). We obtained pure and highly homoge-
neous preparations of both MtOGT-R37L and MtOGT-T15S, and
we observed that, similar to other OGTs, our recombinant pro-
teins behave as monomers in solution (see Fig. S1 in the supple-
mental material). These observations indicate that the R37L and
T15S amino acid substitutions do not affect the overall stability of
the corresponding mutated proteins and do not alter their quater-
nary structure in the absence of ligands.

Biochemical characterization of MtOGT. From a biochemi-
cal point of view, OGT proteins are at the same time the catalyst
and one of the stoichiometric reagents of the alkyl group transfer
from the modified base to the reactive cysteine (Cys126 in
MtOGT) in the active site, resulting in permanent inactivation of
the protein (10). We exploited this feature to characterize the ki-
netics of the reaction performed by MtOGT and its variants by
adopting a recently developed procedure (26) that makes use of
derivatives of O6-benzylguanine (a well-known inhibitor of
AGTs), which acts by covalent transfer of the benzylic group to the
active-site cysteine (see Fig. S2A in the supplemental material).
The method allows the determination of the MtOGT catalytic
activity from the direct measurement of the covalent protein-in-
hibitor fluorescent complex. Specifically, the fluorescein-labeled
O6-benzylguanine derivative SNAP-Vista Green (VG) was used to
measure the activities of MtOGT, MtOGT-T15S, and MtOGT-
R37L by quantifying the intensity of the signal emitted by the
VG-modified protein analyzed by SDS-PAGE. In all three cases,
the fluorescence intensity of the band showed a linear dependence
on the VG reagent concentration, reaching a plateau at a 1:1 pro-
tein/VG ratio, thus confirming the predicted stoichiometry and
the suicide nature of the reaction catalyzed by MtOGT, regardless
of the presence of either the T15S or R37L mutation (data not
shown).

Notably, this analysis also revealed that the MtOGT active site
is in principle capable of housing bulky base adducts, as shown

previously for the Sulfolobus solfataricus protein (26); in addition,
it confirmed the robustness of the fluorescent VG-based assay and
its applicability for the careful characterization of OGT proteins in
general as a reliable alternative to classical and laborious assays for
DNA-alkyltransferase activity.

Time course experiments, performed with different pro-
tein/VG ratios, allowed us to determine the kinetic constants for
the covalent modification of MtOGT, MtOGT-T15S, and
MtOGT-R37L. The values obtained in the presence of the syn-
thetic substrate VG were similar for all the three proteins (Table
1), suggesting that neither mutation affects the alkyltransferase
reaction rate.

Previous work with the S. solfataricus OGT protein showed
that the assay can also be applied to determine the activity of OGT
proteins toward their natural substrate (i.e., alkylated DNA) in
competition experiments (26). We thus repeated the time course
experiments described above in the presence of increasing
amounts of a double-stranded DNA fragment bearing an internal
O6-methylated guanine (dsDNAmet), which is expected to com-
pete with the VG reagent in the alkyltransferase reaction. Accord-
ing to equation 2, a linear plot of the KVG values as a function of the
dsDNAmet concentration (see Fig. S3 in the supplemental mate-
rial) allowed the calculation of the dissociation constant (KDNA) of
MtOGT and of the two point mutants for this substrate. Our data
indicate that both mutations affect the protein affinity for meth-
ylated DNA albeit to different extents: whereas the MtOGT-R37L
point mutant exhibited a 10-fold-lower affinity for dsDNAmet

(KDNA � 2.16 � 0.23 �M) than the wild-type protein (KDNA �
0.24 � 0.11 �M), this difference appeared less pronounced for
MtOGT-T15S (Table 1). Thus, although neither mutation results
in impaired intrinsic alkyltransferase activity, both MtOGT vari-
ants, and MtOGT-R37L in particular, exhibit reduced affinity for
an alkylated DNA molecule.

To investigate the reasons for the reduced activity of the mu-
tated MtOGTs toward their physiological substrate, we studied
direct protein-DNA associations using a fluorescent dsDNA
probe (see Table S1 in the supplemental material) in an EMSA-
based analysis. Figure 2 shows that wild-type MtOGT binds ds-
DNA in a cooperative manner with a plateau at a DNA/protein
molar ratio of 1:150 and a dissociation constant value (K) of ap-
proximately 7 �M, a value comparable to that determined for
human AGT by using the same method (38). In contrast, MtOGT-
T15S and MtOGT-R37L showed a significant reduction in dsDNA
binding, with a plateau at DNA/protein molar ratios of 1:300 and
1:600 (K values of approximately 14 �M and 26 �M), respectively.

Taken together, our data indicate that although neither muta-
tion affects specifically the kinetics of the alkyl group transfer from
the synthetic VG substrate to the protein, both mutations signifi-
cantly decrease the protein’s capability of associating with DNA
molecules and, consequently, the protein’s ability to efficiently
perform alkylated-DNA repair. To assess whether this catalytic
defect translates in vivo into a “hypermutator” phenotype, possi-
bly beneficial to the fitness of the bacillus under circumstances of
selective pressure, will require further microbiological studies.

Structural analysis of MtOGT. The N-terminal domain of the
DNA-protein alkyltransferase family members features a low de-
gree of both sequence and length conservation between different
species, thus precluding an in silico mapping of the residues af-
fected by the nsSNPs under study based exclusively upon infor-
mation currently available in the Protein Data Bank (see Fig. S4 in
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the supplemental material). Therefore, to shed light on the mo-
lecular basis of the functional defect characterizing the MtOGT
variants, we determined the crystal structures of the wild-type
protein and of the MtOGT-R37L mutant at 1.8-Å and 2.8-Å res-

olutions, respectively, revealing in both cases one monomer in the
asymmetric unit.

An excellent electron density was visible for the entire MtOGT
protein chain (residues 2 to 165) and allowed the modeling of two
molecules of glycerol used as the cryoprotectant. Since the crystals
of MtOGT-R37L were isomorphic with those of MtOGT, we used
the model of the wild-type protein to solve the structure of the
mutant. The stereochemistry of the refined MtOGT and MtOGT-
R37L structures was assessed with the program PROCHECK (39),
revealing 96% and 98% of residues in the preferred region of the
Ramachandran plot, respectively (Table 2).

MtOGT overall structure. Similar to structures of other ar-
chaeal (40, 41) and eubacterial (33) OGTs as well as of human
AGT in its ligand-free (42) and alkylated (43) states or in complex
with modified dsDNA (25, 44), both MtOGT and MtOGT-R37L
fold into a roughly globular molecular architecture built up by two
domains connected by a long loop and ending in a 10-residue-
long tail. In both structures, the tail adopts a fully extended con-
formation, pointing straight outwards from the bulk body of the
protein (Fig. 3) and contacting the C-terminal domain of the ad-
jacent symmetry mate within the crystal lattice (see Fig. S5 in the
supplemental material).

The N-terminal domain consists of an antiparallel three-
stranded �-sheet and connecting loops (residues 2 to 27) sand-
wiched between a mainly randomly coiled region (residues 28 to
46) containing a single helical turn at its middle (residues 35 to 39)
(h1 in Fig. 3) on one side and a structurally conserved �-helix on
the opposite one (residues 47 to 59) (H2 in Fig. 3).

The C-terminal domain (residues 75 to 155) adopts the proto-
typical all-�-fold and houses the highly conserved functional ele-
ments that previous biochemical and mutational studies (45, 46)
demonstrated to be required to perform efficient catalysis. Refer-
ring to the MtOGT primary sequence, these motifs are (i) the
helix-turn-helix (HTH) motif, which is responsible for DNA
binding at its minor groove and bears Arg109, whose structural
equivalent in human AGT (i.e., Arg128) has been demonstrated to
act as a temporary substitute for the modified base upon its flip-

FIG 2 DNA binding activity of wild-type MtOGT and point-mutated proteins.
(A) Band shift analysis of MtOGT (wild type [WT]), MtOGT-T15S (T15S), and
MtOGT-R37L (R37L) proteins. Lane 1, 1 pmol of fluorescent double-stranded
DNA probe (DNA); lanes 2 to 9, increasing amounts of protein (P) incubated in
the presence of the probe at the indicated DNA/protein molar ratios. The white
and black arrowheads point to the free and protein-bound probes, respectively.
(B) Plot of the DNA-bound protein fractions at the DNA/protein molar ratios
indicated in panel A. K, dissociation constant (�M).

FIG 3 Crystal structure of MtOGT. Shown are cartoon representations of the MtOGT structure, as observed from two different points of view. In both images,
the N-terminal domain, the C-terminal domain, and the connecting loop are colored in green, gray, and magenta, respectively. The catalytic cysteine residue
(Cys126) is invariably drawn as sticks. Functional element labeling and secondary structure element numbering appear in the image at the left and at the right,
respectively. aa, amino acids.
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ping out from the regular base stacking (25, 44); (ii) the “Asn
hinge” building up one wall of the deep ligand binding cavity that
accepts the modified base for repairing; (iii) the strictly con-
served PCHR consensus motif surrounding the catalytic cysteine
(Cys126); (iv) the active-site loop that participates in the correct
positioning of the alkylated base inside the ligand binding pocket;
and (v) the structurally conserved H6 helix that, by shielding the
ligand binding cavity on the opposite side of the Asn hinge, con-
tributes essential residues for completing both the catalytic triad
(His127 and Glu153) and the modified-base-bonding network
(Lys146) (Fig. 3, left) (25, 33, 40–44).

The active-site loop of MtOGTs is observed in a solvent-ex-
posed conformation. Our crystallographic analysis confirms the
high degree of structural conservation displayed by the catalytic
C-terminal domain among members of the protein-DNA alkyl-

transferase protein family. However, different from what was ob-
served in all the crystal structures of OGTs, in both the MtOGT
and MtOGT-R37L models the active-site loop is oriented toward
the exterior of the protein body (Fig. 4A), adopting a conforma-
tion that closely resembles the one displayed by the equivalent
region in the structures of alkyltransferase-like proteins (ATLs)
(47) in complex with alkylated DNA (48, 49) (Fig. 4B).

In principle, such a solvent-exposed conformation of the
MtOGT active-site loop still allows the HTH motif to peculiarly
bind the substrate DNA at its minor groove, as disclosed by struc-
tural studies of AGT and ATLs (25, 44, 48, 49), and is fully com-
patible with the housing of the modified base inside the active site
(Fig. 4C, left). In fact, by overlaying our structures upon that of an
inactive variant of human AGT (catalytic Cys145 mutated to Ser)
in complex with O6-guanine-methylated dsDNA (Fig. 4C, right)

FIG 4 The active-site loop of MtOGT is observed in a solvent-exposed conformation. (A) Close-up views of equivalent regions of MtOGT (MTB) (both the
wild-type protein and the R37L variant are shown at the left), E. coli AdaC (ECO) (PDB accession number 1SFE), and human AGT in the absence of ligand
(HUM) (PDB accession number 1EH6), upon optimal structural superposition of their C-terminal domains. In each panel, residues of the region highlighted in
the sequence alignment (top) and the catalytic cysteine are shown as sticks. The red arrow points to the OH group of the structurally equivalent Tyr residue. GOL,
glycerol. (B) Cartoon representation of optimally superimposed MtOGT (green), the Schizosaccharomyces pombe alkyltransferase-like protein (SpATL) in the
absence of ligands (yellow) (PDB accession number 3GVA; average RMSD � 1.8 Å), and SpATL in complex with O6-methylguanine dsDNA (magenta) (PDB
accession number 3GX4; average RMSD � 1.5 Å) (the DNA strands appear as black ribbons). (C) Possible mode of binding of alkylated dsDNA to MtOGT (left),
resulting upon optimal superposition of MtOGT on the structure of a Cys145Ser mutant of human AGT (*AGT) in complex with O6-methylguanine (O6-metG)
dsDNA (right) (PDB accession number 1T38; average RMSD � 2.4 Å). Cys126 of MtOGT is observed at 3.8 Å from the methyl group of the O6-methylguanine.
In panels B and C, residues discussed in the text appear as sticks, and the water molecule in panel C (W22) is rendered as a sphere.
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(25), we noted that the ligand molecule perfectly fits into the
MtOGT active site, which appears fully accessible to the flipped-
out base without requiring any side-chain repositioning. In this
unprecedented conformation, the hydroxyl group of the highly
conserved Tyr139 residue is correctly oriented to establish a hy-
drogen bond with the DNA sugar-phosphate backbone at the 5=
side of the modified base (Fig. 4C, left), apparently compensating
for the absence at position 116 of the recognition helix H5 of a
residue functionally equivalent to Arg135 of human AGT (Gly116
in MtOGT) (Fig. 4C). Although in this conformation, Tyr139 is
no longer available for stacking against the alkylated base on the
opposite side with respect to the recognition helix H5, the pres-
ence in the active site of Arg27 could contribute to anchoring the
base by contacting its O6 position through a water-mediated hy-
drogen bond (Fig. 4C).

At present, we cannot univocally discern whether the confor-
mation adopted by the active-site loop in our MtOGT structures
represents a unique, distinctive trait of the mycobacterial proteins
or is a consequence of crystal packing (see Fig. S5 in the supple-
mental material); nonetheless, the reported data provide further
independent support for the proposed conformational plasticity
of this region and its central role in the control of alkylated-DNA
binding (25, 40–44, 48, 49).

MtOGT structures provide clues to explain the DNA binding
impairment displayed by MtOGT-R37L. Optimal superposition
of the available OGT three-dimensional (3D) models from differ-
ent species confirmed the limited structural conservation of their
N-terminal domain (see Fig. S4 in the supplemental material). In
this respect, the MtOGT structure allowed us to directly observe
the intradomain contacts involving the mutated residues under
study. In particular, Thr15 and Arg37 seem to play a central role in
coordinating the network of contacts established between a small
number of residues of strands �1 and �2 and the region bearing
the h1 helix of the facing random coil. In fact, in the structure of
MtOGT (Fig. 5A), the Thr15 OH group is observed within hydro-
gen-bonding distance of the Arg37 NH2 atom, which is engaged in
an ion pair with Glu30; in turn, the latter residue coordinates a
water molecule that is also in hydrogen-bonding contact with the
Thr15 OH group. The observed hydrogen bond arrangement
could provide a likely explanation for why the MtOGT-R37L pro-
tein displays a more reduced affinity toward alkylated DNA than
does MtOGT-T15S. Indeed, in the structure of the MtOGT-R37L

variant (Fig. 5B), the interactions involving Arg37 and the chem-
ical identity of the local environment are lost, whereas the analysis
of a model of the MtOGT-T15S mutant (Fig. 5C) suggests that
these biochemical features remain unaltered, due to the presence
in Ser15 of a hydroxyl group structurally equivalent to the one
present in the substituted threonine.

How might a nonconservative substitution of MtOGT Arg37,
which maps far away from both the Cys126 reactive center and the
currently identified DNA binding motifs, produce an impact on
protein function, as revealed by our in vitro biochemical charac-
terization? In principle, there are three possible—and not mutu-
ally exclusive—scenarios: the R37L mutation could (i) induce
conformational changes of the N-terminal random-coiled region
that can affect catalysis, (ii) alter the assembly of protein com-
plexes at the damaged site during cooperative DNA binding, and
(iii) impair an unexpected participation of the Arg37-bearing ran-
dom coil to direct DNA binding (Fig. 6).

For the first scenario, it must be noted that by comparing the
structures of wild-type MtOGT and the MtOGT-R37L variant
(Fig. 5), we did not observe any dramatic conformational change
affecting the protein backbone (average root mean square de-
viation [RMSD] � 0.3 Å). Moreover, even taking into account
the more limited resolution of the MtOGT-R37L model, the
only appreciable differences at the level of the N-terminal do-
main are represented by Glu30 and Arg27, whose side chains
appear largely undefined in the structure of the mutated pro-
tein (Fig. 5B). Similarly, the low increase of the thermal factor
values of the N-terminal random-coil residues is comparable
for both the MtOGT and MtOGT-R37L models (not shown).
Thus, our data do not indicate an increased conformational
flexibility of this region in the mutated protein, possibly di-
rectly interfering with the catalysis.

Regarding the second scenario, seminal studies on human
AGT revealed a participation of discrete regions of the N-terminal
domain in the cooperative behavior displayed by the protein dur-
ing DNA recognition (10, 23, 24), and our biochemical character-
ization shows a severe undermining of MtOGT DNA binding ac-
tivity upon R37L mutation (Table 1 and Fig. 2); these observations
prompted us to speculate that the lack of Arg37 might alter the
possibility of establishing optimal protein-protein contacts re-
quired for a tight assembly of OGT monomers at the alkylated site.
Consequently, although we did not observe any significant struc-

FIG 5 Possible structural role of Arg37. (A and B) Close-up views of the superposed N-terminal domain and part of the active site of wild-type MtOGT (A) and
MtOGT-R37L (B), as observed in their respective crystal structures. (C) Equivalent regions of a structure-based model of the MtOGT-T15S variant. In all images,
residues cited in the text appear as sticks, dotted lines indicate close interactions (distances appear in angstroms), and water molecules are rendered as spheres.
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tural difference between the wild-type and mutated MtOGT, we
cannot rule out that a repositioning of the N-terminal random coil
could become evident only in the presence of DNA, therefore
affecting the cooperativity of DNA binding.

The third hypothesis mentioned above, implying a direct in-
volvement of the Arg37-bearing protein moiety in DNA binding,
is strongly suggested by the results of our biochemical analysis but
needs further site-directed mutagenesis analysis and structural in-
vestigations to be definitively assessed.

Overall, our results, besides revealing a high level of structural
conservation among DNA-protein alkyltransferases, could pro-
vide a framework to orient future studies aimed at an understand-
ing of the molecular mechanism leading to the observed func-
tional defect shown by the analyzed MtOGT variants.

In conclusion, we showed that while the catalytic activity of the
mutated MtOGT variants toward the synthetic substrate used is
not diminished relative to the wild-type protein, the same muta-
tions result in decreased affinity toward the physiological alkyl-
ated-DNA substrate. Consequently, the mutants under analysis
are less efficient than the wild-type protein in carrying out the
complete catalytic cycle required for alkylated-DNA direct repair
in vitro. However, due to the critical contribution of the physio-
logical context in determining whether or not a specific mutation
in a protein impacts its function, definitive proof of a role of these
MtOGT nsSNPs in altering alkylation damage sensitivity and mu-
tation frequency of the corresponding M. tuberculosis strain will
come only from future in vivo studies.
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