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Making Sense of a Missense Mutation: Characterization of MutT2, a Nudix
Hydrolase from Mycobacterium tuberculosis, and the G58R Mutant Encoded in
W-Beijing Strains of M. tuberculosis’
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ABSTRACT: Recent polymorphism analyses of Mycobacterium tuberculosis strains have identified missense
mutations unique to the W-Beijing lineage in genes belonging to the Nudix hydrolase superfamily. This
study investigates the structure and function of one of these Nudix hydrolases, MutT2, and examines the
effect that the W-Beijing mutation (G58R) has on enzyme characteristics. MutT?2 has a preference for
cytidine triphosphates, and although the G58R mutation does not alter nucleotide specificity, it reduces
the protein’s affinity for divalent cations. The Kp of free Mg?™ is 79-fold higher for the G58R mutant
(3.30 £ 0.19 mM) compared with that for the wild-type (41.7 &£ 1.4 uM). Circular dichroism and nuclear
magnetic resonance spectroscopy measurements show that while the mutation does not perturb the overall
structure of the protein, protein stability is significantly compromised by the presence of the arginine
with AG (H;0), the free-energy of unfolding, being reduced by 2.48 kcal mol™" in the GS8R mutant.
Homology modeling of MutT2 shows that Gly-58 is in close proximity (10.8 A) to the Mg?" binding site
formed by the highly conserved Nudix box residues and hydrogen bonds with Ala-54 in the preceding
o-helix. This may explain the increased divalent cation requirement and decreased stability observed
when an arginine is substituted for glycine at this position. A role for MutT2 in the regulation of cytidine-
triphosphates available for nucleotide-dependent reactions is postulated, and the impact that the G58R
mutation may have on these reactions is discussed.

Tuberculosis (TBI), an infectious disease responsible for
the deaths of 1.6 million people each year, is caused by
different strains of Mycobacterium tuberculosis with varying
degrees of virulence. Of these, the W-Beijing family of
strains is particularly successful and has been associated with
many major TB outbreaks in recent years. The W-Beijing
strains are thought to have originated in China, but are now
disseminating throughout the world, having been implicated
in epidemics in the USA, South Africa, Russia, and
Spain (/, 2). They exhibit strong pathological features such
as multidrug resistance, high virulence, and exogenous
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reinfection, and display altered expression of antigens,
virulence factors, and glycolipids, which may be important
factors in determining their success (/).

Two recent studies have investigated the variation in
putative DNA repair genes from the mutT family in clinical
isolates of W-Beijing M. tuberculosis (3, 4). Resistance to
antimycobaterial drugs occurs, almost exclusively, as a result
of genomic mutations in specific genes (5, 6). In other
bacteria, mutated phenotypes commonly result from defects
in DNA repair and it has been hypothesized that W-Beijing
strains may have defective DNA repair systems, allowing
an increased mutation rate that, in turn, would lead to a
selective advantage during drug exposure and niche adapta-
tion (4). A polymorphism analysis of 139 M. tuberculosis
strains (including 55 with a W-Beijing genotype) found
alterations in two putative mutT genes (Rv1160 (mut7T2) and
Rv3908, designated by the authors to be mutT4) that were
characteristic and unique to the W-Beijing lineage (4). Each
of the mutations would result in a nonconservative amino
acid change in the encoded protein, G58R in mut7T2 and
R48G in mutT4. A second, smaller analysis of 30 W-Beijing
strains confirmed the presence of these specific missense
mutations in the Beijing lineage but did not find a significant
association between the presence of the mutations and
whether the strains displayed drug resistance (3). The authors
suggest that this does not discount the possibility that the
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mutations contribute to a mutator phenotype but that the
phenotype might only appear when strains are subject to the
selective pressure of antimycobacterial therapy. However,
there is an alternative explanation for the lack of mutator
phenotype observed, that the proteins encoded by the putative
mutT genes do not function as part of a DNA repair pathway.

The mutT genes in M. tuberculosis have been annotated
as such because they encode a highly conserved amino acid
motif called a Nudix box that is present in E. coli MutT
(EcMutT) and in all other proteins in the large and diverse
Nudix superfamily (4, 7, 8§). The preferred substrate of
EcMutT, the prototypical member of the Nudix family, is
the oxidatively damaged nucleotide 8-oxo-dGTP. Incorpora-
tion of this nucleotide into DNA can cause mispairing leading
to transitions and transversions, and EcMutT prevents DNA
damage by hydrolyzing the damaged nucleotide (9). How-
ever, other Nudix enzymes have been shown to hydrolyze a
wide range of organic pyrophosphates including nucleoside
di- and triphosphates, nucleotide sugars and alcohols, di-
nucleoside polyphosphates, dinucleotide coenzymes, and
capped RNA, many of which are in no way involved in, or
result in, DNA damage. Commonality in function across the
diverse superfamily is limited to the broad observation that
the enzymes act on nucleoside diphosphates linked to another
moiety, X. The residues that form the Nudix box,
GxsExsUXREUXEExGU (where U is a hydrophobic amino
acid, and x stands for any residue), do not participate in the
binding of substrate but coordinate catalytically essential
Mg?* ions (reviewed in 10—12).

In the present study, we have investigated the structure
and function of M. tuberculosis MutT2 (MtMutT2) and the
G58R mutant protein observed in W-Beijing strains. On the
basis of sequence similarity with EcMutT, MfMutT2 has been
annotated as a probable mutator protein and an 8-oxo-
dGTPase (http://genolist.pasteur.fr/TubercuList/). However,
we show that it has a preference for cytidine triphosphates,
rather than guanosine triphosphates. The W-Beijing mutation
(G58R) maps to the last glycine in the conserved Nudix box
(GxsExsUXREUXEExGU), and we have explored the effect
this mutation has on nucleotide hydrolysis, Mg>" dependence,
and protein stability. The results reveal that significant
differences in these properties are caused by the single amino
acid substitution. With the aid of a homology model of
MiMutT2, we have examined the effects the G58R mutation
may have on molecular structure and discuss the potential
impact of the mutation on the bacterium in vivo.

EXPERIMENTAL PROCEDURES

Cloning and Mutagenesis of MtMutT2. The ORF encoding
MMutT2 (Rv1160) was amplified by nested PCR from M.
tuberculosis H37Rv genomic DNA and cloned using Gate-
way cloning methods as published previously (/3). Briefly,
first round PCR was performed with primers containing
15—18 base pairs of gene specific sequence and 12 base pairs
that overlap with the second round generic primers. The
generic primers contain attB sequences necessary for sub-
sequent Gateway cloning. First round PCR primer sequences
were forward, 5-GGCAGCGGCGCGATGCTGAATCA-
GATC-3"; reverse, 5-GAAAGCTGGGTG;CTAACAGC-
GACGGTGGAC-3". The gene specific sequence is under-
lined. Following second round PCR with generic primers,
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the amplified product was purified using a spin column
(Qiagen). A BP reaction® was performed with the aB-
flanked PCR product and pDONR221 (Invitrogen) to gener-
ate an entry clone. The entry clone was, in turn, subcloned
via an LR reaction? into pDEST17, an N-terminal His-tag
expression vector (Invitrogen).

Site-directed mutagenesis of residues G58R and D119N
was carried out using the QuickChange Kit (Stratagene) and
pDEST17-Rv1160 as a template. Primer pairs for G58R were
forward, 5-CTCGCCGAAGAACTGCGACTCGAGGTCGC-
CGAC-3; reverse, 5-GTCGGCGACCTCGAGTCGCAGT-
TCTTCGGCGAG-3'. Primer pairs for D119N were forward,
5’-CTGGGTACCAGCCAACCGCGGCTGGATTG-3’; re-
verse, 5'-CAATCCAGCCGCGGTTGGCTGGTACCCAG-
3’. The nucleotides changed to allow specific amino acid
replacement are underlined. Mutations were verified by DNA
sequencing.

Expression and Purification of Recombinant Proteins. The
expression constructs were transformed into Escherichia coli
BL21 (DE3) cells and plated on Luria—Bertani agar medium
containing 100 ug/mL ampicillin. All MfMutT2 expression
was performed in autoinduction media (/4) supplemented
with ampicillin. For the expression of native protein, a single
colony was used to inoculate a seeder culture, grown
overnight at 37 °C in MDG? noninducing medium. The
MDG culture was used at a dilution of 1:1000 to seed the
autoinduction medium ZYM-5052° for expression. For
expression of ’N-enriched protein, a single colony was used
to inoculate a seeder culture of LSG> noninducing medium.
Following an overnight incubation at 37 °C, the LSG culture
was used at a dilution of 1:40 to seed the 'SN-supplemented
minimal medium LS-5052%. Both ZYM-5052 and LS-5052
expression cultures were routinely grown at 37 °C for 4 h
followed by 20 h at 18 °C.

Native and ""N-enriched proteins were purified using
immobilized metal ion affinity chromatography (IMAC)
followed by size exclusion chromatography (SEC). Cells
from Escherichia coli BL21 (DE3) expression cultures were
harvested by centrifugation (3,500g, 15 min, 4 °C). Cell
pellets were resuspended in lysis buffer (20 mM Hepes at
pH 7.2, 150 mM NaCl, 2 mM f-mercaptoethanol, and 10
mM imidazole) supplemented with two, EDTA-free, protease
inhibitor tablets (Roche Applied Science). Resuspended cells
were passed through a cell disrupter (Constant Systems Ltd.)
set at 18 kpsi and centrifuged at 16,000g for 45 min (4 °C).
The soluble fraction containing His-tagged MfMutT2 was

2 BP reaction is a Gateway cloning reaction in which an artB-flanked
PCR product is recombined with an attP substrate (pDONR221;
Invitrogen) using BP Clonase (Invitrogen) to generate an entry clone.
LR reaction is a Gateway cloning reaction in which an entry clone
containing attL sequences is recombined with an a#fR destination vector
using LR Clonase (Invitrogen).

3 MDG, noninducing medium comprising 25 mM Na,HPO,, 25 mM
KH,PO4, 50 mM NH4Cl, 5 mM Na,SOy4, 2 mM MgSOs, 0.2x trace
metals, 0.5% glucose, and 0.25% aspartate; ZYM-5052, autoinduction
medium comprising 1% N-Z-amine AS, 0.5% yeast extract, 25 mM
NazHPO4, 25 mM KH2P04, 50 mM NH4C1, 5 mM Nast4, 2 mM
MgSO,, 1x trace metals, 0.5% glycerol, 0.05% glucose, and 0.2%
a-lactose; LSG, noninducing medium comprising 12.5 mM Na,HPOy,,
12.5 mM KH2PO4, 50 mM NH4C1, 5 mM Nast4, 2 mM MgSO4, 0.2x
trace metals, 0.5% glucose, and 20 mM succinate; LS-5052, 'N-
supplemented minimal media comprising 12.5 mM Na,HPO,, 12.5 mM
KH,PO,, 50 mM NH4CIl, 5 mM Na,SO,, 2 mM MgSO,, 1x trace
metals, 0.5% glycerol, 0.05% glucose, 0.2% o-lactose, and 20 mM
succinate.
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loaded onto a Ni-NTA column (Amersham Biosciences) pre-
equilibrated with lysis buffer. Captured MfMutT2 was eluted
with an imidazole gradient of 10—700 mM. Fractions
containing MfMutT2 were incubated overnight at 4 °C with
1 mg of recombinant tobacco etch virus (rTEV) protease to
remove the His-tag prior to further purification by SEC using
a Superdex75 10/300 column. The standard SEC buffer was
20 mM Hepes at pH 7.2, 150 mM NaCl, and 2 mM
[B-mercaptoethanol, but this was varied depending on the
down-stream application of the protein as detailed below.
Fractions from Superdex75 containing MfMutT2 were con-
centrated as required using a centrifugal concentrator (Vivaspin
5,000 MWCO).

Circular Dichroism. Circular dichroism (CD) spectra in
the far-UV region (200 to 260 nm) were obtained at 24 °C
with a PiStar spectrometer (Applied PhotoPhysics) in a 0.1
cm quartz cell. All protein samples were purified by SEC in
10 mM sodium phosphate at pH 7.2 and concentrated to 10
UM. Measured circular dichroism ellipticity values were
converted to mean residue ellipticity [0] in deg cm? deci-
mol ™! using the equation [0] = 100A0/Cnl where A0 is the
difference in millidegrees between the protein sample and
buffer alone, C is the protein concentration (mM), n is the
number of residues in the protein, and / is the path length of
the cuvette (cm).

The stabilities of wild-type MfMutT2 and the G58R mutant
were determined from urea denaturation curves produced
from circular dichroism measurements at 218 nm. The urea
used was Sequenal grade (Pierce), and each sample was
incubated for at least 2 h before measurements were made
to ensure the folding reaction had reached equilibrium.
Analysis of the denaturation curves was performed using the
two-state folding model and the linear extrapolation method
(15), where the fraction of unfolded protein (fy) at a given
urea concentration is calculated as fu = (yg — ¥)/(yr — Yv),
where y is the measured value (0), and yr and yy are values
of y in the folded and unfolded states, respectively. Experi-
mental curves were fitted to this equation using SigmaPlot
data analysis software v10 (Systat Software Inc.). Denatur-
ation curves were performed at least three times for both
the wild-type and mutant proteins. Using the fitted data, the
equilibrium constant, K, between the folded and unfolded
forms of the protein and the corresponding free energy
change, AG, were calculated using K = fu/(1 — fy) and AG
= —RT In K, where R is the gas constant, and 7 is the
absolute temperature. Plots of AG versus the urea concentra-
tion were fitted by linear regression according to the two-
state model in which AG = AG (H,O) — m[urea], where
AG (H,0) is the free-energy of unfolding in the absence of
urea, and m is the measure of AG dependence on urea. The
midpoint of denaturation, C,, corresponds to the urea
concentration where AG = 0.

Nuclear Magnetic Resonance Spectroscopy. All protein
samples intended for NMR analysis were purified by SEC
in 10 mM Hepes at pH 7.2, 50 mM NaCl, 2 mM Tris (2-
carboxyethyl) phosphine hydrochloride (TCEP), and con-
centrated to 70 uM. Following the addition of D,O to 7%
(v/v), 'TH—"N HSQC spectra were recorded at 25 °C on a
Bruker AV600 NMR spectrometer equipped with a z-axis
pulsed-field gradient 'H/'SN/!3C cryoprobe optimized for 'H
detection. Data matrices consisted of 128*% x 1024* data
points (were n* refers to complex points) with acquisition
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times of 62 (zx) and 136 ms (fan). A total of 128 scans per
complex ty increment were collected, and the total measuring
time for each experiment was 5.5 h. Data sets were processed
using NMRPipe (/6) and spectra visualized using CcpNmr
Analysis (17).

Enzyme Assays. Hydrolysis of the substrates and release
of pyrophosphate (PPi) was measured using a colorimetric
method adapted from Ames and Dubin (/8). This method is
routinely used to detect Pi, but we and others have found
that by extending the incubation time in the colorimetric step
it can also be used to reliably measure PPi (19, 20). All
protein samples were purified in the standard SEC buffer
and concentrated to 180 M. Standard reactions contained
50 mM Tris-HCI at pH 8.0, 15 mM MgCl,, 25 mM NacCl,
2.5 mM substrate, and 5 uM of enzyme in a final volume of
30 uL. Reactions were incubated at 37 °C for 25 min and
stopped by the addition of 100 mM EDTA. The reaction
mixture (25 uL) was transferred into 125 uL. of reagent A
(four parts 10% w/v ascorbate and one part ammonium
molybdate in 15 mM zinc acetate at pH 5.0) and incubated
at 45 °C for 45 min. Ay, was determined using a Spectra-
MAX microplate reader (Molecular devices), and all absor-
bance readings were corrected for enzyme-unrelated absor-
bance change. The amount of PPi released was determined
with a standard curve, and all assays were carried out in
triplicate.

The colorimetric assay was used to determine kinetic
parameters (Vima and Kp,) toward dCTP and the affinity
constant (Kp) toward Mg?t for wild-type and G58R Mt-
MutT2. To ensure that Kp represents affinity for enzyme-
bound metal, Mg>" concentration was corrected for nucle-
otide bound metal using a Kp of 10 uM for Mg>"-dCTP (21).
The data were fitted to the Michaelis—Menten equation, and
kinetic constants were calculated using SigmaPlot v10 (Systat
Software Inc.).

Anion-exchange HPLC was used to quantify the ratio of
substrate to product formed in the enzyme reactions as
previously described (22). Following the incubation of a 30
uL reaction at 37 °C and the addition of 100 mM EDTA to
stop the reaction as above, aliquots were loaded onto a
MonoQ column (GE Healthcare) pre-equilibrated with 2 mM
NaOH. Elution of the products (and remaining substrate) was
achieved with a gradient of 0—100% of buffer comprising
2 mM NaOH and 1 M sodium acetate. Detection was
performed with UV absorbance at 260 nm.

Homology Model of MtMutT2. A three-dimensional (3D)
homology model of MtMutT2 was built on the basis of the
NMR structure of EcMutT bound to Mg?>" and 8-0xo-dGMP
(PDB accession code 1PUQ (23)) using ESyPred3D (24).
This program derives a consensus alignment between the
target and template sequences, on the basis of the results of
several alignment algorithms, and uses the modeling package
MODELER (25) to build the final 3D structure. The metal
binding site was located using GRID (26) and an Mg>" probe.
Figures were created with Pymol (www.pymol.org).

RESULTS AND DISCUSSION

MtMutT?2 and Related Nudix Hydrolases. A BLAST search
of the M. tuberculosis genome using EcMutT as the amino
acid query sequence returned nine related sequences. All
contained the highly conserved Nudix box amino acids, but
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FIGURE 1: Alignment of MfMutT2 and the related E. coli Nudix hydrolases EcMutT and Orf135. Alignments were prepared with ClustalW
(49). The secondary structure prediction for MfMutT2 was generated using PSIPRED (50) and is shown above. Secondary structure elements
from the EcMutT NMR structure (PDB accession code 1PUQ) are shown below. Conserved Nudix box is outlined in black, and divalent

metal binding residues (*) and active site residues (@) are as indicated.

outside this short stretch of conservation, the sequences were
extremely variable and differed in length by over 200 amino
acids. Only MMutT?2 showed significant sequence conserva-
tion with EcMutT over the entire sequence length (Figure
1), and being the closest match, with an overall sequence
identity of 27% (E-value = 2.7 x 1071, it appears
reasonable that MfMutT2 has been annotated as a probable
mutator protein and an 8-oxo-dGTPase (http://genolist.pas-
teur.fr/TubercuList/). However, when MfMutT2 was used as
the query sequence in a BLAST search of the E. coli genome,
a protein named Orf135 was identified as the closest match
with an overall sequence identity of 39% (E-value = 2.0 x
10719). EcMutT was the second closest match (E-value =
8.0 x 107%). Furthermore, a reciprocal BLAST search of
the M. tuberculosis genome using Orfl35 as the query
sequence identified MtMutT?2 as the closest match (E-value
= 7.0 x 107'?). Like EcMutT, Orf135 contains the highly
conserved Nudix box residues, but it has been shown to have
specificity for cytidine triphosphates, rather than guanosine
triphosphates (27). An alignment of MfMutT2 with EcMutT
and Orfl35 illustrates the higher level of conservation
between MMutT2 and Orfl135 (Figure 1). Therefore, al-
though MfMutT?2 is designated an 8-oxo-dGTPase, sequence
analysis suggests that it may be more like the E. coli Nudix
hydrolase Orf135. To test this, we investigated the substrate
specificity and kinetic properties of MtMutT?2.

The specific missense mutation (G58R) found in MMutT2
in the highly virulent W-Beijing strains maps to the last
glycine of the conserved Nudix box (Figure 1). The residues
of the Nudix box form part of a conserved loop—helix—loop
structural motif seen in all members of the Nudix superfamily
for which structural information is available (10, 11, 28).
To examine the likely structural effects of the GS58R
mutation, we have generated a homology model of MMutT?2
using MODELER (25) with the most recent NMR structure
of EcMutT as a template (PDB accession code 1PUQ (23)).
Although the sequence identity between the two proteins is
only 27% overall, the 23 residue Nudix box region is highly
conserved with a sequence identity of 52% (Figure 1), giving
confidence that it can be modeled accurately. MfMutT2 is
predicted to form an a/f/a sandwich like EcMutT, with the
Nudix box mapping to the helix within the conserved
loop—helix—loop structural motif shown in Figure 2A. The

Nudix box residues do not participate in binding of the
substrate but have been shown to coordinate a catalytically
essential Mg?" ion (10, 11). In EcMutT (Figure 2A), Gly-
38 and Glu-53, Glu-56, and Glu-57 within the Nudix box
(together with two water molecules) coordinate the divalent
cation (23, 28), and mutations of the corresponding residues
to alanine in Orfl35 markedly reduced activity (29). An
independent prediction of the metal binding site in MfMutT2,
using GRID (26) and an Mg>* probe, pointed to the same
residues (Gly-37 and Glu-52, Glu-55 and Glu-56) providing
validation of the accuracy of this region of the homology
model (Figure 2B).

Gly-58, the residue mutated to arginine in the W-Beijing
strains, forms part of a tight turn following the conserved
helix in our model (Figure 2B), as does the corresponding
residue in EcMutT (Gly-59; Figure 2A) (23). The residues
have (¢, W) values that place them in a region of the
Ramachandran plot that is disallowed for nonglycine resi-
dues; (¢ = 61 °, W = —55 °) for MMutT2 Gly-58 and (¢
=67 °, ¥ = —33 °) for EcMutT Gly-59. Substitution of
glycine by the more bulky arginine residue at this position
would introduce steric constraints on the backbone of the
turn that may disturb the end of the conserved helix and
consequently the coordination of Mg?>". We set out to
experimentally investigate this predicted structural distur-
bance and establish its consequences on protein stability and
substrate specificity.

Biophysical Properties of WT and G58R Mutant MtMutT?2.
MtMutT2 and the G58R mutant protein were purified by
IMAC using the poly histidine tag attached to the N-terminus
of the fusion proteins. The His-tags were subsequently
removed with rTEV protease before further purification using
SEC. Following SEC, both proteins were >95% pure as
judged by SDS—PAGE analysis with no evidence of pro-
teolysis. Both the wild-type and the G58R mutant protein
eluted as a single peak that corresponds to the predicted
molecular weight for an MfMutT2 monomer (15 kDa, data
not shown). EcMutT and Orf135 have also been shown to
be monomeric in solution (27, 30).

We examined the spectroscopic properties of the wild-
type and G58R mutant proteins using far-UV CD and NMR
("H—"5N HSQC spectra) to assess the effects the W-Beijing
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FIGURE 2: (A) Superposition of EcMutT (green; PDB 1PUQ) onto the homology model of MtMutT?2 (cyan). 8-oxo-GMP from the EcMutT
NMR structure is shown in pink. (B) Homology model of MfMutT2. Conserved Nudix box residues are highlighted in dark blue. (C)
Chemical structures of the preferred substrates and nucleotide binding residues for EcMutT (8-oxo-dGTP) and MtMutT2 (dCTP).

mutation has on secondary structure. The far-UV CD
spectrum of MfMutT?2 (Figure 3A) shows minima of negative
ellipticity at 208 and 218 nm, typical of a protein with
considerable content of both a-helix and f-sheet (37). The
CD spectrum for the mutant protein is essentially superim-
posable on that of the wild-type, and an estimation of the
proportion of secondary structure elements using CDNN (32)
showed no significant differences between wild-type and
G58R (27% a-helices, 40% [-sheet and turns, and 33%
random coil).

To provide additional information about specific residues
in MMutT2, two-dimensional '"H—"N HSQC spectra were
collected from '“N-enriched samples. The spectra for both
wild-type and G58R show good dispersion of peaks indica-
tive of a well structured protein (Figure 3B) (33, 34). The
resonance for Gly-58 has been assigned in the wildtype
spectrum on the basis that it is absent in the G58R spectrum
and is observed in the chemical shift range typically occupied
by glycine residues. While the majority of resonances in the
two spectra overlay, there are several distinct differences in
G58R compared with the wild-type. Taken together with the
CD spectra, this suggests that although the overall fold of
the protein is unchanged, the local environment of some
residues has been altered by the introduction of the mutation.
It seems likely that these residues would be located at the
end of the conserved helix and in the following loop in
MMutT2 (Figure 2B), but without complete assignment
information, we are unable to show this definitively.

MtMutT2 Has Specifity for Cytidine-Triphosphates. The
substrate specificity of wild-type and G58R MMutT2 were
determined using modifications of a previously described
colorimetric end point assay (/8). Both wild-type and the
G58R mutant show an identical activity profile against a
range of nucleotides (Figure 4A). Like EcMutT, MfMutT2
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FIGURE 3: (A) Far-UV CD spectra of wild-type (®) and G58R (O)
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is capable of hydrolyzing (deoxy)ribonucleoside triphos-
phates but with markedly different substrate specificity.
Whereas EcMutT has a preference for guanosine triphos-
phates (8-oxo-dGTP, dGTP, and GTP) (9, 35), MtMutT?2 has
a preference for cytidine triphosphates (CTP, dCTP, and
5-methyl-dCTP) (Figure 4A). The specificity for cytidine
triphosphates is the same as that observed for Orf135 (27)
and is confirmation of the bioinformatic prediction that
MMutT?2 is not an 8-oxo-dGTPase, but rather a cytidine
triphosphatase. As with Orf135, the presence of a hydroxyl
group at the C2” position on the ribose does not have a large
effect on activity since marked hydrolysis of both CTP and
dCTP is observed. However, the location of an additional
methyl group on the nucleotide base can affect activity. Both
MMutT2 and Orf135 can hydrolyze 5-methyl-dCTP, but
neither is capable of hydrolyzing 4-methyl-dCTP (Figure 4A
(27)). Limited hydrolysis of dTTP by MtMutT2 is observed,
which also has a methyl group at the C5 position, suggesting
that there is room in the active site to accommodate a
5-methyl but not a 4-methyl group on the nucleotide base.

The proposed nucleotide binding site of MtMutT2 is
relatively distant from Gly-58 in the homology model (Figure
2B), explaining why nucleotide specificity is unaltered in
G58R. The structure of EcMutT bound with 8-0xo-dGMP,
the hydrolysis product of its preferred substrate 8-oxo-dGTP
(Figure 2A), shows that the nucleotide binding site comprises
a large hydrophobic cleft on the S-sheet some distance away
from Gly-59 (the corresponding residue to Gly-58 in Mt-
MutT?2). Several residues have been shown to interact with
substrate in EcMutT, including Asn-119, which hydrogen
bonds with the purine ring, and Lys-39 which interacts with
the o-phosphate of 8-oxo-dGMP (Figure 2C (23)). Lys-39
is conserved in MMutT2 and Orfl135 (Figures 1 and 2B)
and mutations of this residue to alanine in Orf135 drastically
reduced cytidine triphosphatase activity, confirming a role
in substrate binding (29, 36). The residue equivalent to Asn-
119 in MtMutT2 and Orf135 is an aspartate (Asp-119 and
Asp-118, respectively; Figures 1 and 2B). Since the aspar-
agine in EcMutT interacts directly with the purine ring of
the substrate, this residue may be involved in determining
nucleotide specificity. Mutating this residue to an aspartate
(N119D) significantly weakened the binding of 8-oxo-dGMP
to EcMutT (37). The reverse mutation in Orf135 (D118N)
reduced hydrolysis of dCTP and overall catalytic efficiency
(kea/Km) by approximately half (36). Similarly, when we

mutated Asp-119 to an asparagine (D119N) in MMutT2 we
observed a decrease in dCTP hydrolysis of over 50%
compared with that of the wild-type (data not shown). Taken
together, these results suggest that the carboxyl group
(COO7) of an aspartate at this position is necessary for
binding to cytidine, whereas the amide moiety (CONH,) of
an asparagine selects for guanosine binding. Asn-119 in
EcMutT has been shown to donate one hydrogen bond to
8-0x0-GMP and accept another (37), while the aspartate in
MMutT2 and Orfl135 would accept two hydrogen bonds
from dCTP. This is illustrated in Figure 2C.

Divalent Metal Requirement Is Increased in the G58R
Mutant. The metal dependence of wild-type and G58R
MMutT2 was monitored using the modified colorimetric
method (/8) and dCTP as substrate. As with EcMutT (21),
little or no activity is detected for MfMutT2 until the
concentration of magnesium exceeds that of the nucleotide
(2.5 mM, Figure 4B). EcMutT-catalyzed hydrolysis requires
two divalent cations, one coordinated by the conserved Nudix
residues and a second that is coordinated to the nucleotide
triphosphate (NTP) substrate via the - and y-phosphates
(Figure 2C). The relatively low dissociation constant for
metal nucleotide complexes (approximately 10 M) means
magnesium is not available to bind the Nudix residues until
the metal concentration exceeds the NTP concentration.
When the titration curves for MfMutT2 are corrected for
nucleotide bound Mg”" and plotted against the concentration
of free magnesium (Figure 4B), the reaction becomes
hyperbolic. This is also observed with EcMutT when activity
is plotted as a function of total and free magnesium,
respectively, and is evidence of a metal-bound nucleotide
21).

The substrate screen was performed at a saturating
concentration of Mg?" (15 mM), and under these conditions,
there was no significant difference in hydrolysis between the
wild-type and G58R MrMutT2 (Figure 4A). However, the
Mg?* titration shows a clear difference in Mg?* requirement
between the wild-type and G58R (Figure 4B). The wild-
type enzyme displays maximal hydrolysis at 5 mM Mg?>*,
whereas the mutant does not reach maximal hydrolysis until
15 mM Mg?*. Kinetic analysis, to determine affinity for free
Mg?*, also showed significant differences between the wild-
type and G58R MitMutT2 enzymes. Protein concentrations
were kept constant, substrate concentration (dCTP) was
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saturating, and Mg>" concentration was varied (0—50 mM).
The Mg?*t concentration was corrected for nucleotide bound
Mg?* using a Kp of 10 uM for Mg?*-dCTP. The Kp, of free
Mg?* is 79-fold higher for the G58R mutant (3.30 + 0.19
mM) compared with that of the wild-type (41.7 + 1.4 uM),
showing that the metal binding capability of G58R has been
greatly affected by the introduction of the bulky arginine
residue in the Nudix box. The homology model for MfMutT2
(Figure 2B) suggests that this is due to the proximity of Gly-
58 to the residues involved in Mg?* coordination in the Nudix
box (Gly-37 and Glu-52, Glu-55 and Glu-56); the distance
from the a-carbon of Gly-58 to the Mg2" is 10.8 A.

Product Formation Following CTP Hydrolysis. The hy-
drolysis products formed by incubation of CTP with Mt-
MutT2 were monitored by anion-exchange HPLC as previ-
ously described (22). As seen in Figure 5A, the method
clearly separates CTP from its corresponding mono- and
diphosphate forms. Following a five-minute incubation of
wild-type MtMutT2 with CTP, a marked increase in the
area of the CMP peak is observed. There is no change in
the CDP peak compared with time zero (Figure SA). Over
a 35-min time period, the concentration of CMP continued
to increase, and no CDP formation was detected (Figure 5B).
An incubation of the G58R mutant with CTP also resulted
in an increase in CMP and no change in CDP concentration
(data not shown).

The products formed are the same as those observed
when Orf135 is incubated with CTP (27). EcMutT has been
shown to hydrolyze dGTP to dGMP (35), and in general,
Nudix enzymes hydrolyze the a-f3 phosphate bond to yield
a monophosphorylated product (7, 12). Protein NMR studies
utilizing the paramagnetic effects of Co*", 3'P NMR spec-
troscopy in H,'80 water, and site-directed mutagenesis have
been used to determine the contribution of certain EcMutT
residues to enzyme-catalyzed hydrolysis of the a-(3 phosphate
bond (12, 38). Of the residues involved in substrate binding
(Lys-39 and Asn-119) and divalent cation binding (Gly-38,
Glu-53, Glu-56, and Glu-57), it is the glutamates in the Nudix
box, and in particular Glu-53 and Glu-57, which have been
shown to be most critical for catalysis. It is thought that a
water ligand, involved in coordinating the divalent cation
with the conserved Nudix box residues (Figure 2A), attacks
the 5 phosphate of the NTP resulting in hydrolysis. Glu-53
and Glu-57 are thought to be crucial for correct positioning
of the divalent cation and, in turn, the water ligand, to ensure
displacement of the 3 phosphate occurs. Given the conserva-
tion of Nudix box residues between EcMutT and MMutT?2,

Table 1: Kinetic Parameters for Wild-Type and G58R Mutant MMutT?2
with dCTP¢

Km (mM) kcul (S_l) kcut/Km (M_l S_l) X 102
wild-type 2.60 £0.51 1.72 £0.14 6.63 £1.17
G58R 0.72 £0.27 0.55 £0.06 7.55£0.70

“ kear was calculated from V. All values are means + S.E.M.

and the formation of a monophosphorylated product follow-
ing incubation of MfMutT2 with CTP, it is likely that the
corresponding residues in MfMutT2 (Glu-52 and Glu-56;
Figure 2B) are similarly crucial for hydrolysis of the a-f
phosphate bond.

Kinetic Properties of the Wild-Type and G58R MtMutT2.
A kinetic analysis of wild-type and G58R MMutT2 with
one of the preferred substrates (dCTP) was performed using
the modified colorimetric method (/8). The Mg?* concentra-
tion was saturating (15 mM), protein concentrations were
kept constant, and substrate concentration was varied (0—7.5
mM). Although the wild-type enzyme hydrolyses dCTP
approximately three times faster (ke, 1.72 s~1) than the G58R
mutant (k. 0.55 s71), there is no significant difference in
the overall catalytic efficiency of the two due to the smaller
apparent Ky, value for G58R (0.72 mM) compared with wild-
type (2.60 mM) (Table 1). These Ky, values are comparable
to those reported for Orf135 with dCTP in two separate
studies; 0.77 mM and 0.99 mM (27, 29).

The lower rate of dCTP hydrolysis in the G58R mutant
compared with wild-type is most likely a result of pertuba-
tions in the metal binding site of GS8R. As discussed above,
Glu-52 and Glu-56, which coordinate Mg?" in the MfMutT2
homology model (Figure 2B), are thought to play a key role
in catalysis by correctly positioning a water ligand for
phosphate bond hydrolysis. The proximity of Gly-58 to these
metal binding residues and the higher concentration of Mg>*
required by the G58R mutant for NTP hydrolysis (Figure
4B) suggest that the arginine substitution has affected the
metal binding site in G58R. Any change in the conformation
of Glu-52 and Glu-56 would impact on positioning of the
water ligand and enzyme-catalyzed hydrolysis of the phos-
phate bond. The lower K;, for G58R is harder to explain,
and while it may suggest tighter substrate binding, this is
complicated by the reaction mechanism. EcMutT catalyzed
hydrolysis has been shown to occur via an iso-uni-bi kinetic
mechanism such that the K, of the substrate is not a
dissociation constant, but contains at least seven rate
constants (/2). It is likely that MfMutT?2 catalyzed hydrolysis
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Table 2: Parameters Characterising the Urea Unfolding Curves of
Wild-Type and G58R MMutT2 Derived Using the Two-State Model
and the Linear Extrapolation Method”

C, M) AG (H,0) (kcal mol™") m-value (kcal mol~! M)

wild-type ~ 4.57 7.04 1.54
G58R 3.68 4.56 1.24

“All values were calculated using fitted data. R> values for curve
fitting are 0.988 (wild-type) and 0.992 (G58R).

occurs via a similar mechanism making the K of dCTP
difficult to interpret in isolation. Over and above this, the
79-fold increase in Kp of free Mg observed for the G58R
mutant should be considered. This is likely to have a much
greater impact on activity in vivo than the modest decrease
in K, for dCTP.

Wild-Type MtMutT2 Is More Stable Than G58R. The
stabilities of wild-type and G58R mutant MfMutT2 were
measured by monitoring the CD signal at 218 nm during
unfolding with urea. Unfolding experiments were performed
at least three times for both the wild-type and G58R proteins,
and typical results are shown in Figure 6. The transition
curves were fitted using SigmaPlot (R? for wild-type and
G58R are 0.988 and 0.992, respectively) with the sigmoidal
change in the curves being indicative of two-state unfolding.
The unfolding of wild-type and G58R was shown to be
reversible, and transition curves were analyzed using the
linear extrapolation method (/5). The concentration of urea
at which half the protein is unfolded (C,,) is markedly lower
for G58R (3.68 M) compared with that of the wild-type (4.57
M). Similarly, the stability (AG (H,0)) of G58R (4.56 kcal
mol™!) is reduced by 2.48 kcal mol~! compared with that of
the wild-type (7.04 kcal mol™') demonstrating that the
introduction of an arginine destabilizes MfMutT2 (Table 2).
Interestingly, the m-value for G58R is 20% lower than that
for wild-type (1.24 compared with 1.54 kcal mol™' M™1).
As the m-value is proportional to the number of groups in a
protein exposed to solvent in the denatured state (/5), it
follows that additional residues in G58R remain inaccessible
to solvent when the protein is unfolded. This suggests that
the introduction of an aginine affects not only protein stability
but also the nature of the unfolded state of MMutT2.

The large decrease in stability seen in the G58R mutant
suggests that Gly-58 is necessary to maintain a stable
structure. Gly-58 forms part of a tight turn following the

Moreland et al.

conserved helix in our homology model and, as discussed
earlier, falls in a region of the Ramachandran plot that is
disallowed for nonglycine residues. Analysis of modeled
MtMutT2 indicates that a geometrically favorable backbone
hydrogen bond is formed between Gly-58 and Ala-54 (Figure
2B). A hydrogen bond is also seen at this position in EcMutT
(between Gly-59 and GIn-55). When arginine was substituted
for Gly-58 in the MtMutT2 model and the model energy
minimized, a change in backbone conformation from (¢ =
61 ° W=-55°to(p="72°W = —8°) was observed
to accommodate the bulky arginine side chain. Arg-58 was
then located in the additionally allowed region of the
Ramachandran plot, and while its peptide nitrogen was still
able to form a hydrogen bond with the carbonyl oxygen of
Ala-54, the geometry was markedly less favorable (N—H...O
angle of 115° for Arg-58 compared with 150° for Gly-58).
Weakening of this backbone hydrogen bond may explain
the reduced stability observed for the G58R mutant in vitro.

Mutational studies with the human homologue of EcMutT
(MTH1) have also demonstrated a destabilizing effect
following substitution of a glycine by arginine at this position
(39). Although sequence identity between MtMutT2 and
MTHI is relatively low (18%), the conserved Nudix box
shows a high level of identity (56%), and Gly-58 in MTHI1
also forms part of a tight turn following the conserved helix
(40). The G58R mutant of MTH1 possessed substantial
8-0x0-dGTPase activity, but the expression of the protein
in cells was significantly reduced compared with that of the
wild-type. The authors suggest that this is due to protein
destabilization, with Gly-58 being integral in maintaining a
stable MTHI1 structure in vivo (39).

CONCLUDING REMARKS

MMutT?2 has a preference for cytidine triphosphates rather
than guanosine triphosphates and is thus unlikely to function
as a DNA repair enzyme by hydrolyzing the damaged
nucleotide 8-0x0-dGTP, nor contribute to a mutator pheno-
type in W-Beijing strains as previously proposed (3, 4). The
specificity for cytidine triphosphates is the same as that
observed for Orf135 (27), and although Orf135 has been well
characterized in vitro, there have been no in vivo studies
investigating cellular function to date. What then are the
possible roles of MfMutT2 and other cytidine specific Nudix
hydrolases in the cell? The preferred substrates for MtMutT?2
in vitro are dCTP, CTP, and 5-methyl-dCTP, and MMutT2
may regulate the levels of these or other cytidine triphosphate
analogues in wvivo. Nucleotides are essential for RNA
synthesis and DNA replication, and CTP is a key metabolite
in both pyrimidine and polysaccharide synthesis (4/). By
controlling the levels of cytidine triphosphates available for
central cellular pathways (via hydrolysis to a monophos-
phorylated product), MfMutT2 may function as part of a
network of enzymes that regulate nucleotide-dependent
processes. In E. coli, Nudix hydrolases have been identified
with specificity for each of the four major NTPs (117, 42). It
is possible that among the nine sequences containing Nudix
box amino acids we identified in an initial BLAST search
of the M. tuberculosis genome there are Nudix hydrolases
with nucleotide specificities to complement MMutT2.

MMutT?2 is upregulated 2-fold in a nutrient starvation
model of M. tuberculosis that is thought to mimic the
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persistent state of the bacterium observed in vivo (43). Viable
bacilli residing within granulomas in the Iungs of tuberculosis
patients are maintained in a dormant state through conditions
such as low oxygen tension and nutrient limitation. The
nutrient starvation model showed a slowing of transcriptional
apparatus, energy metabolism, lipid biosynthesis, and cell
division. A 2-fold upregulation of MfMutT2 and the con-
comitant drop in cytidine-triphosphates available for nucle-
otide-dependent cellular processes this may induce are
consistent with the general slowdown of metabolism ob-
served in the persistent state.

What impact would the observed differences between the
wild-type and G58R proteins have on MfMutT2 function in
W-Beijing strains in vivo? The large protein destabilization
effect caused by the arginine substitution would result in
decreased levels of MfMutT2 in the cell, and the protein that
remains is likely to hydrolyze cytidine triphosphates in a
less efficient manner because of a significantly reduced
affinity for Mg?>" and a 3-fold reduction in k.. The
physiological concentration of free Mg?* in bacteria has been
estimated as approximately 1 mM (44, 45). The K of the
G58R mutant for free Mg?" is higher than this (3.30 & 0.19
mM), whereas that of the wild-type is significantly lower
(41.7 £ 1.4 uM). This suggests that the wild-type enzyme
would normally be saturated with Mg>*, but not all of the
mutant enzyme would be bound to catalytically essential
Mg?* in W-Beijing strains. If the role of MMutT2 were to
regulate the levels of cytidine-triphosphate available for
cellular processes (by hydrolysis to the monophosphate), then
W-Beijing strains expressing the G58R mutant protein would
have higher levels of cytidine-triphosphates in their nucle-
otide pool. This may enable the bacterium to perform
nucleotide-dependent reactions when environmental cues
such as nutrient starvation would normally stop these from
occurring. Interestingly, some W-Beijing strains have shown
increased replication rates within in vitro grown macrophages
(46—48) suggesting an increase in nucleotide-dependent
reactions may be one of the many features that contribute to
the global success of these strains.
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