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ABSTRACT The chemical integrity of the nucleotide pool and its homeostasis are
crucial for genome stability. Nucleoside diphosphate kinase (NDK) is a crucial en-
zyme that carries out reversible conversions from nucleoside diphosphate (NDP) to
nucleoside triphosphate (NTP) and deoxynucleoside diphosphate (dNDP) to deoxy-
nucleoside triphosphate (dNTP). Guanosine nucleotides (GDP, GTP, dGDP, and dGTP)
are highly susceptible to oxidative damage to 8-oxo-GDP (8-O-GDP), 8-O-dGTP, 8-O-
GTP, and 8-O-dGTP. MutT proteins in cells hydrolyze 8-O-GTP to 8-O-GMP or 8-O-
dGTP to 8-O-dGMP to avoid its incorporation in nucleic acids. In Escherichia coli,
8-O-dGTP is also known to be hydrolyzed by RibA (GTP cyclohydrolase II). In this
study, we show that E. coli NDK catalyzes the conversion of 8-O-dGDP to 8-O-dGTP
or vice versa. However, the rate of NDK-mediated phosphorylation of 8-O-dGDP to
8-O-dGTP is about thrice as efficient as the rate of dephosphorylation of 8-O-dGTP
to 8-O-dGDP, suggesting an additive role of NDK in net production of 8-O-dGTP in
cells. Consistent with this observation, the depletion of NDK (Δndk) in E. coli ΔmutT
or ΔmutT ΔribA strains results in a decrease of A-to-C mutations. These observations
suggest that NDK contributes to the physiological load of MutT in E. coli.

IMPORTANCE Nucleoside diphosphate kinase (NDK), a ubiquitous enzyme, is known
for its critical role in homeostasis of cellular nucleotide pools. However, NDK has
now emerged as a molecule with pleiotropic effects in DNA repair, protein phosphoryla-
tion, gene expression, tumor metastasis, development, and pathogen virulence and
persistence inside the host. In this study, we reveal an unexpected role of NDK in
genome instability because of its activity in converting 8-O-dGDP to 8-O-dGTP. This
observation has important consequences in escalating A-to-C mutations in Esche-
richia coli. The severity of NDK in enhancing these mutations may be higher in the
organisms challenged with high oxidative stress, which promotes 8-O-dGDP/8-O-
dGTP production.
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The fidelity of genome replication and repair is dependent on the cellular ability to
maintain an optimal balance and integrity of the deoxynucleoside triphosphate

(dNTP) pools. A number of enzymes contribute to the synthesis of dNTPs. Ribonucle-
otide reductase (RNR), an allosterically regulated enzyme, catalyzes the conversion of
nucleoside diphosphates (NDPs) into deoxynucleoside diphosphates (dNDPs) (1–4).
Nucleoside diphosphate kinase (NDK) then converts dNDPs into dNTPs, and it also
maintains their optimal relative concentrations by interconversions between dNDPs
and dNTPs (5–7). The chemical nature of the dNTPs is also at constant risk of incurring
damages by reactive oxygen species (ROS) and reactive nitrogen species (RNI) gener-
ated by the exogenous and endogenous sources. Among the most common chemical
modification of dNTPs is the oxidation of dGTP to 8-oxo-dGTP (8-O-dGTP) (8, 9). Also,
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deamination of dCTP to dUTP occurs by dCTP deaminase (10, 11). MutT and Dut
hydrolyze 8-O-dGTP and dUTP, respectively, into their monophosphate forms and
prevent their incorporation in DNA. Although the incorporation of dUTP in DNA
(opposite A) is not directly mutagenic, any deficiencies in MutT activity may lead to
incorporation of 8-O-dGTP in DNA opposite A or C and result in T-to-G (or A-to-C) or to
a lesser extent C-to-A (or G-to-T) transversion mutations (12, 13). An excessive incor-
poration of 8-O-dGTP in the genome could also be lethal because of the increased
double-stranded DNA breaks (14). RNA polymerases are also known to bypass 8-O-G in
the DNA, giving rise to aberrant transcripts (15). Moreover, RNA polymerase can utilize
8-O-GTP as a substrate for incorporation in RNA, leading to erroneous translation. MutT
proteins also act on the 8-O-GTP to avoid its incorporation in RNA (16, 17). Living
systems have evolved a variety of mechanisms to reduce the adverse effects of 8-O-G.
MutM, a DNA glycosylase, excises 8-O-G from DNA and initiates base excision repair
(18). Another DNA glycosylase, MutY, excises the misincorporated A (opposite 8-O-G)
from DNA (19, 20). Together, the activities of MutM and MutY avoid C-to-A transver-
sions in the genome (21). In Escherichia coli, 8-O-dGTP can also be hydrolyzed by GTP
cyclohydrolase II (ribA product), and its overexpression is known to rescue the ΔmutT
strain of E. coli. Interestingly, the Nudix box motif, which is essential for the catalytic
activity of MutT, is absent from GTP cyclohydrolase II (22). The presence of multiple
MutT proteins in humans (23–25), and in G�C rich organisms like mycobacteria (26–29),
further highlights the importance of 8-O-dGTP detoxification mechanisms in the main-
tenance of genome stability.

NDK, a housekeeping enzyme with broad substrate specificity, catalyzes reversible
phosphorylation to generate dNTPs from the corresponding dNDPs. Deficiency of NDK
decreases dATP and increases dCTP and dGTP levels, leading to altered dNTP pool
composition. However, the levels of nucleoside triphosphates (NTPs) remain unaffected
(6, 7). The loss of nucleotide pool homeostasis has been reasoned to be the basis for
the contribution of NDK to the mutator phenotype (30). However, such a role for NDK
remains unclear. For example, the human NDK homolog complements the mutator
phenotype of the E. coli �ndk strain but without restoring its dNTP pools (31). On the
other hand, a synergistic increase in mutation frequency of dut1 Δndk strain and
occurrence of high-level mutations at A·T base pairs in the genome argues for the role
of NDK in reducing dUTP levels (31). While the primary role of NDK is in generating
optimum levels of dNTPs and NTPs, it has also been shown to convert 8-O-dGDP into
8-O-dGTP (32, 33). Such an activity of NDK on 8-O-dGDP could be counterproductive for
genome integrity during oxidative stress and compromised nucleotide pool sanitiza-
tion. In this study, we addressed the role of NDK in the metabolism of 8-O-dGDP/8-O-
dGTP and its impact on genome stability. We show that NDK favors the formation of
8-O-dGTP. Mutational analysis for the specific transversions arising from the incorpo-
ration of 8-O-dGTP shows that NDK contributes to the mutator phenotype of the
MutT-deficient strains.

RESULTS
Purification of EcoNDK. To examine the role of NDK in metabolism of 8-O-dGTP

and 8-O-dGDP, which are otherwise well-known substrates of MutT (NudA), we over-
expressed and purified EcoNDK from an E. coli MG1655 ΔmutT strain to eliminate any
contamination from EcoMutT in the preparation. C-terminally His-tagged EcoNDK was
expressed in the soluble fraction and purified by affinity chromatography (Ni-
nitrilotriacetic acid [Ni-NTA]). The analysis of purified protein on a 15% SDS-PAGE gel
revealed a single band (Fig. 1A) close to its expected molecular weight (with a His tag)
of 16.5 kDa.

Enzymatic activities on mutagenic substrates and determination of initial
rates. The function of NDK has been established in maintaining pools of dNTPs and
NTPs by catalyzing reversible phosphorylation reactions between nucleoside diphos-
phates and triphosphates. While catalyzing the reaction, NDK hydrolyzes the terminal
pyrophosphate bond of the donor nucleoside triphosphate for transfer of the terminal
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phosphate to the acceptor nucleoside diphosphate to convert it into nucleoside
triphosphate. We tested the activity of EcoNDK in hydrolyzing the mutagenic nucleo-
tide 8-O-dGTP in the presence of ADP (an acceptor). We maintained a five times higher
concentration of normal nucleoside derivatives in comparison to that of the modified
nucleoside derivatives (in the cellular context, the abundance of the modified nucleo-
side derivatives will be much less compared to that of the normal nucleoside deriva-
tives). On incubation of EcoNDK with 8-O-dGTP and ADP, we detected the presence of
two new peaks corresponding to 8-O-dGDP and ATP (Fig. 1B), indicating that EcoNDK
utilizes the modified nucleotide as a phosphate donor. As NDK-mediated reactions are
reversible, we next analyzed the rates for the forward (generation of 8-O-dGTP by
transfer of phosphate from ATP to 8-O-dGDP) and reverse (hydrolysis of 8-O-dGTP to
transfer the phosphate from 8-O-dGTP to ADP) reactions because a difference in the
rate of the two reactions would elucidate the role of EcoNDK in the homeostasis of
8-O-dGTP nucleotides. The initial rate analyses showed that EcoNDK-catalyzed forma-
tion of 8-O-dGTP is 2 to 3 times more efficient than its hydrolysis (compare Table 1,
rows A and B). As a control, under the same experimental conditions, we also calculated
the rates for the generation and hydrolysis of a normal nucleotide (GTP), and we
observed that EcoNDK-mediated forward and reverse reaction rates for a normal
nucleotide are not much different (compare Table 1, rows C and D). We conclude that
EcoNDK favors generation of 8-O-dGTP rather than its hydrolysis (Fig. 2).

Mutation frequency analysis upon overexpression of EcoNDK. To investigate the
physiological consequences of our biochemical findings (Table 1), we introduced
plasmids overexpressing either EcoMutT (control) or EcoNDK (test) in an MG1655

FIG 1 Purification of EcoNDK from the E. coli mutT null strain and activity analysis on 8-O-dGTP. (A) Representative 15% SDS-PAGE gel
showing the purity and migration of the purified EcoNDK. M stands for the protein size markers. (B) Chromatograms indicate
NDK-catalyzed reaction on 8-O-dGTP. Reaction analytes were separated on a DNAPac column through high-performance liquid
chromatography (HPLC), using a gradient of 1 M LiCl (0% to 40%). The retention times of different analytes are shown on the x axis
and the corresponding peak intensities (given in arbitrary units) are shown on the y axis. (i) Control. Shown is the migration profile
of ADP and 8-O-dGTP. (ii) Reaction in the presence of NDK. Shown is the emergence of ATP and 8-O-dGDP peaks due to NDK-mediated
transfer of terminal phosphate from 8-O-dGTP to ADP.

TABLE 1 Rates of NDK-catalyzed reactions from two independent (I and II) experiments

Reaction
label

NDK-catalyzed reactions
(forward/reverse)

Rate (�mol/min/mg) for expt:

I II

A 8-O-dGDP¡8-O-dGTP 5.81 � 0.10 6.78 � 0.23
B 8-O-dGTP¡8-O-dGDP 2.69 � 0.14 2.24 � 0.06
C GDP¡GTP 11.36 � 0.35 16.57 � 0.78
D GTP¡GDP 9.67 � 0.45 14.35 � 0.60
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ΔmutT::kan strain to examine their impact on the mutation frequencies of the strain (Rifr

phenotype). We observed a mutation frequency of 2.78 � 10�5 in the MG1655 ΔmutT::
kan strain. As expected, complementation of the strain by EcoMutT rescued the
mutation frequency to 9.21 � 10�7 (30-fold reduction). However, overexpression of
EcoNDK resulted in a 4.6-fold increase in mutation frequency (12.85 � 10�5) of the
MG1655 ΔmutT::kan strain (Fig. 3A). As seen from the Coomassie blue-stained SDS-
PAGE gel (Fig. 3B), EcoMutT and EcoNDK were expressed sufficiently upon induction by
0.02% arabinose.

Assessment of A-to-C mutations on overexpression of EcoNDK. In the experi-
ment shown in Fig. 3, we evaluated the overall mutation frequency of the strain,
inclusive of non-A-to-C mutations. To score specifically for A-to-C (or T-to-G) mutations,
we tested the function of EcoNDK in the CC101 ΔmutT::kan strain. This strain produces
inactive �-galactosidase due to an amber mutation (G to T) in the lacZ gene. The
absence of mutT enables the strain to undergo T-to-G reversions due to increased
misincorporations of 8-O-dGTP in the genome, leading to the gain of an Lac-positive
(Lac�) phenotype. As shown in Fig. 4A, the CC101 ΔmutT::kan strain had a reversion
frequency of 5.21 � 10�6. The introduction of EcoMutT decreased it to an undetectable
level. However, the introduction of EcoNDK did not significantly alter the frequency of
A-to-C mutations (5.7 � 10�6). Such an observation implies that either the biochemical
observation of EcoNDK-mediated production of 8-O-dGTP is not physiologically impor-
tant or that, for the in vivo conversion of 8-O-dGDP to 8-O-dGTP, the cellular levels of
EcoNDK are already adequate as far as the A-to-C mutations are concerned. Moreover,
in these experiments, the possible lack of a discernible impact of EcoNDK overexpres-
sion in the CC101 ΔmutT::kan strain (for A-to-C mutations) due to the variable levels of
NDK expression in the two different strain backgrounds (compare Fig. 3B with Fig. 4B)
could also not be ruled out.

Deletion of ndk and the study of A-to-C transversions by mutation frequency
and mutation rate analyses. To further investigate the biological significance of the

FIG 2 Summary of the reaction rate analysis.

FIG 3 Mutation frequency analyses. (A) Mutation frequency analysis of MG1655 ΔmutT::kan strain harboring a plasmid
(pBAD or pBAD_Eco_mutT or pBAD_Eco_ndk [refer to Table S2]). Mutation frequencies (using 4 replicates for each strain)
were determined by dividing the number of colonies that appeared on the LB plus Amp plate containing rifampin by the
corresponding viable counts obtained on the LB plus Amp plate. (B) The expression of plasmid-borne EcoMutT or EcoNDK
in the MG1655 ΔmutT::kan strain was verified under the experimental conditions.
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in vitro activity of EcoNDK in contributing to the cellular levels of 8-O-dGTP, we wished
to analyze the A-to-C (or T-to-G) mutations in CC101 ΔmutT and CC101 ΔmutT Δndk
strains. To generate the CC101 ΔmutT Δndk strain, we first created an unmarked
deletion of mutT in the CC101 ΔmutT::kan strain, followed by transduction of the
Δndk::kan allele (see the supplemental material), and validated the strains by amplifying
the two loci using flanking primers (Fig. S1). In two independent experiments, we noted
that CC101 ΔmutT Δndk strain has 3.4-fold (from 3.41 � 10�6 to 1.00 � 10�6)- and
2.5-fold (6.19 � 10�6 to 2.45 � 10�6)-reduced reversion frequencies in comparison to
those of the CC101 ΔmutT strain (Fig. 5). These observations clearly support the
biochemical role of EcoNDK in contributing to the cellular pools of 8-O-dGTP.

Importantly, RibA has also been reported to hydrolyze 8-O-dGTP. In an E. coli mutT
deletion background, deletion of ribA was shown to enhance mutation frequencies by
2- to 4-fold, whereas its overexpression decreased the mutation frequency by 200-fold
(22). Thus, to further validate the biochemical activity of EcoNDK in building the cellular
levels of 8-O-dGTP (from 8-O-dGDP), we compared the reversion frequencies of the
CC101 ΔmutT ΔribA strain in the presence and absence of native ndk. The CC101 ΔmutT
ΔribA strain was created by disrupting the ribA gene in the ΔmutT strain with a
chloramphenicol marker. We then transduced the Δndk::kan allele into the CC101
ΔmutT ΔribA strain to obtain the CC101 ΔmutT ΔribA Δndk strain (see the supplemental
material) and confirmed the strains by PCR amplification of the respective loci (Fig. S2).

In two independent reversion frequency comparisons, we observed decreases of
5.4-fold (from 1.85 � 10�5 to 3.39 � 10�6) and 3.5-fold (from 1.33 � 10�5 to

FIG 4 Mutation frequency analyses. (A) Analysis of A-to-C (or T-to-G) mutation frequency of the CC101 ΔmutT::kan strain
harboring the pBAD vector or its derivatives expressing EcoMutT or EcoNDK (refer to Table S3). Reversion frequencies (using
9 or 10 replicates for each strain) were calculated by dividing the number of colonies that appeared on the minimal medium
Amp plate containing lactose by the corresponding CFU on the minimal medium Amp plate containing glucose. (B) The
expression of plasmid-borne EcoMutT or EcoNDK in the CC101 ΔmutT::kan strain was confirmed during the assay conditions.

FIG 5 Comparisons of Lac� reversion frequencies between CC101 �mutT and CC101 �mutT �ndk strains.
Panels A and B show two independent data sets. Reversion frequencies were calculated by dividing the
number of spontaneous revertants by the corresponding viable counts. The plotted median and
confidence intervals are calculated with �95% of the confidence of the coefficient, using 10 replicates
for each strain (refer to Table S4).
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3.73 � 10�6) upon deletion of native ndk in the ΔmutT ΔribA background (Fig. 6A
and B). As an additional validation of this observation, we assessed A-to-C transversion
rates, which showed a 3.0-fold decrease in appearance of Lac� colonies (4.32 � 10�7 to
1.41 � 10�7) upon deletion of ndk in the CC101 ΔmutT ΔribA strain (Fig. 6C), suggesting
a three-times-higher spontaneous transversion rate due to the presence of ndk. These
in vivo assays confirm the role of EcoNDK in promoting A-to-C mutations and suggest
its role in generating 8-O-dGTP in the physiological conditions.

DISCUSSION

Owing to its low redox potential, guanines (G) in DNA or the guanosine nucleotides
are particularly susceptible to oxidative damage, which results in the generation of
8-O-G, a mutagenic base (34). Interestingly, the overexpression of MutT has also been
shown to rescue the effect of oxidative damages to G (14, 35). This observation
emphasizes the significance of nucleotide pool sanitization in mutation prevention. In
this study, we investigated the role of EcoNDK in the metabolism of 8-O-dGTP. The ndk
is an antimutator gene whose product (EcoNDK) regulates the levels of NTPs/dNTPs in
response to dynamic cellular needs and its absence results in a complex mutation
spectrum, not fully understood from its in vitro activities. Nonetheless, the imbalances
in the nucleotide pool (6, 7, 30) and increased insertion of uracil in the genome (31)
have been proposed as possible explanations. A marked decrease in mutation frequen-
cies under anaerobic conditions in comparison to that in aerobic conditions was also
noticed for the E. coli Δndk strain (6). A similar phenotype has been reported previously
for the E. coli ΔmutT strain and is ascribed to the extent of 8-O-dGTP incorporation in
DNA (36). However, it remained undetermined whether the same molecular phenom-
enon is responsible for the decrease in mutation frequency of the ndk-deficient strain.
Besides, an increase in the GC/AT ratio is also observed in the genome of the ΔmutT
strain upon repeated subculturing (37). Thus, we were interested in understanding the
function of NDK in the possible homeostasis of 8-O-dGTP, in order to gain better
understanding for its mutator phenotype. Earlier studies on the metabolism of 8-O-
dGTP using mammalian and E. coli systems showed that 8-O-dGTP is hydrolyzed into
8-O-dGMP by MutT. The return of the 8-O-dGMP into the dNTP pool is prevented by the
absence of guanylate kinase activity, which is specific for conversion of cellular dGMP
into dGDP. It was emphasized that dGDP present in the cellular pools can be oxidized
to 8-O-dGDP. Interestingly, in mycobacteria, some of the MutT proteins (e.g., MutT1)
also convert 8-O-dGTP to 8-O-dGDP (27). Broad-specificity enzymes like NDK and
adenylate kinase (ADK) can facilitate reconversion of 8-O-dGDP to 8-O-dGTP. Ribonu-
cleotide reductase, the enzyme which catalyzes the conversion of NDP into dNDP, is
inactive on 8-O-GDP (17, 32, 33). However, the physiological consequences of the role
of NDK in returning cellular pools of 8-O-dGDP to 8-O-dGTP had not been investigated.

FIG 6 Comparisons between CC101 �mutT ΔribA and CC101 �mutT ΔribA �ndk strains. Panels A and B represent two independent
comparisons of Lac� reversion frequencies. Reversion frequencies were obtained by dividing the number of Lac� revertants by the
respective viable counts. (C) Lac� reversion rates were estimated as described in Materials and Methods. Each comparative plot represents
median and �95% confidence intervals estimated using 10 or 11 replicates of each strain (refer to Tables S5 and S6).
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In this study, we have shown that NDK promotes the generation of 8-O-dGTP from
8-O-dGDP (however, as a control, the rates for reversible conversions between GTP and
GDP were approximately the same). Furthermore, using an in vivo E. coli model
compromised in 8-O-dGTP sanitation mechanisms, we have validated the results
obtained from the biochemical assays and provided evidence that native NDK increases
the cellular pools of 8-O-dGTP, which are mutagenic in the absence of the antimutator
functions. NudB (orf17) has been reported to hydrolyze 8-O-dGTP and serves as backup
for the MutT function in E. coli (38, 39). It should be noted that orf17 was unperturbed
in our strain background. Similarly to DNA polymerase III-mediated incorporation of
8-O-dGTP in DNA opposite A (40), we have demonstrated a mechanism wherein the
ubiquitously present NDK increases A-to-C mutations in the genome. Our findings have
implications for organisms such as Mycobacterium tuberculosis that not only possess a
G�C rich genome but also sustain an ROI-rich niche of the host macrophages that
promotes oxidative damage of dGTP to 8-O-dGTP. Interestingly, in these organisms a
true homolog of EcoMutT is yet to be identified. The MutT proteins identified in
mycobacteria so far either are catalytically inefficient as MutT or convert 8-O-dGTP to
8-O-dGDP (26–29).

MATERIALS AND METHODS
Bacterial strains, plasmids, and DNA oligomers. Strains and plasmids used in this study are listed

in Table 2. Sequences of DNA oligomers are provided in Table S1 in the supplemental material. Enzymes
used for DNA manipulations were procured from Thermo Fisher and New England Biolabs.

Strains, media, and growth conditions. E. coli strains were cultured in Luria-Bertani (LB) medium.
For growth on the solid surface, 1.6% agar was added to liquid medium. Minimal medium plates used
for reversion assays contained 1� M9 salts (1.28% Na2HPO4, 0.3% KH2PO4, 0.05% NaCl, and 0.1% NH4Cl),
2 mM MgSO4, 0.1 mM CaCl2, 5 �g/ml thiamine, 0.2% glucose (or lactose), and 1.6% agar. Media were
supplemented with ampicillin (Amp; 100 �g/ml), kanamycin (Kan; 25 �g/ml), hygromycin (Hyg; 150 �g/
ml), or gentamycim (Gm; 20 �g/ml) as required. Medium components were obtained from BD Difco
(Franklin Lakes, NJ).

Cloning of Eco_ndk. The gene sequence of Eco_ndk was PCR amplified from E. coli MG1655 genomic
DNA using the primers Eco_ndk_NcoI_Fp and Eco_ndk_BglII_Rp. The PCR mixture (20 �l) contained
250 ng of E. coli genomic DNA, 0.5 units of Pfu DNA polymerase, 1� Pfu buffer, 250 �M dNTPs, and
10 pmol each of the forward and reverse primers. Initial denaturation was done at 94°C for 4 min,
followed by 30 cycles of 94°C for 1 min, 52°C for 35 s, 70°C for 1 min, and a final extension of 10 min

TABLE 2 Description of strains and plasmids used in the study

Strain or plasmid Relevant details
Reference or
source

Strains
E. coli MG1655 K strain, F� �� rph-1 44
E. coli MG1655 ΔmutT::kan MG1655 strain, where the mutT gene is disrupted with a kan cassette 28
E. coli BW25113 F� Δ(araD araB)567 ΔlacZ4787(::rrnB-3) �� rph-1 Δ(rhaD rhaB)568 hsdR514 45
E. coli JW2502-1 Δndk::kan BW25113 strain with Δndk-764::kan 45
E. coli CC101 F= ara-600 Δ(gpt lac)5 �� relA1 spoT1 thiE1 F128� (used to screen for A-to-C

or T-to-G mutation)
42

E. coli CC101 ΔmutT::kan CC101 strain with ΔmutT::kan allele 28
E. coli CC101 ΔmutT A derivative of CC101 ΔmutT::kan strain in which the kanamycin marker

cassette has been removed from the ΔmutT::kan locus to create an
unmarked deletion of mutT

This study

E. coli CC101 ΔmutT Δndk CC101 ΔmutT cured strain, in which the ndk allele has been disrupted by
insertion of kan cassette

This study

Plasmids
pQE60 An E. coli expression vector harboring ColE1 origin of replication, ampicillin

resistance marker, and T5 promoter (containing the lac operator) and
provides a C-terminal His tag

Invitrogen

pQE60_Eco_ndk pQE60 plasmid harboring Eco_ndk cloned (NcoI, BglII) under T5 promoter This study
pBADHisB (pBAD) An E. coli expression vector harboring ColE1 origin of replication, ampicillin

resistance marker, and an arabinose-inducible promoter
Invitrogen

pBAD_Eco_mutT Derivative of pBAD plasmid harboring Eco_mutT cloned (NcoI, NheI) under
arabinose promoter

28

pBAD_Eco_ndk A derivative of pBAD plasmid harboring Eco_ndk cloned (NcoI, BglII) under
arabinose promoter

This study
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at 70°C. The PCR amplicon (450 bp) was digested with NcoI/BglII restriction enzymes and ligated
with the similarly digested pQE60 vector to obtain the pQE60_Eco_ndk construct. For generating the
pBAD_Eco_ndk construct, the open reading frame (ORF) of ndk was amplified using the primers
Eco_ndk_NcoI_Fp and Eco_ndk_BglII_Rp_Stop (amplifies the ORF with its stop codon) and cloned into
the pBAD vector using NcoI/BglII restriction sites. All constructs were verified by DNA sequence analysis.

Expression and purification of EcoNDK. EcoNDK was expressed and purified using pQE60_Eco_ndk
construct in MG1655 ΔmutT strain. To prepare primary culture, a single transformant was inoculated in
50 ml of LB plus Kan and Amp and grown to the stationary phase at 37°C, under shaking at 180 rpm for
12 h. Primary culture (1%) was inoculated in 3 liters of LB plus Amp and incubated at 37°C under shaking
at 180 rpm until the optical density at 600 nm (OD600) reached 0.6, followed by induction with 0.05 mM
isopropyl-�-D-galactopyranoside (IPTG) for 2 h. Cells were harvested and resuspended into 30 ml of
buffer A (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 10% glycerol, and 2 mM �-mercaptoethanol). The
successive steps were performed at 4°C. The cells were lysed using 4 or 5 cycles of sonication at 36%
amplitude. Each 1-min sonication cycle comprised 2-s pulses with on/off and a 5-min gap between 2
consecutive cycles. The clarified cell lysate was obtained by centrifugation at 24,000 rpm at 4°C for 2 h,
loaded on a Ni-NTA column preequilibrated with buffer A, and washed with 10 column volumes of buffer
B (20 mM Tris-HCl [pH 7.5], 500 mM NaCl, 10% glycerol, 2 mM �-mercaptoethanol, and 20 mM imidazole).
The proteins were eluted with a gradient (0 to 1 M) of imidazole in buffer C (20 mM Tris-HCl pH 7.5,
500 mM NaCl, 10% glycerol, 2 mM �-mercaptoethanol) at a flow rate of 1 ml/min in 30 min. The fractions
containing protein purified to near homogeneity (as judged by a single band in SDS-PAGE) were pooled,
dialyzed against buffer (20 mM Tris-HCl [pH 7.5], 200 mM NaCl, 50% glycerol, and 2 mM �-mercaptoethanol),
stored at �20°C, and quantified using bovine serum albumin (BSA) as standard.

Enzyme activity assays. Assays were performed in 10-�l volumes containing 1� reaction buffer
(20 mM Tris-HCl [pH 8.0], 8 mM MgCl2, 5 mM dithiothreitol [DTT], 40 mM NaCl, and 2% glycerol), and
100 ng of protein and substrates specific to the forward and the reverse reactions. For the forward
reaction, 1 mM donor nucleoside triphosphate (ATP) and 0.2 mM acceptor nucleoside diphosphate
(8-O-dGDP or GDP) were added, whereas 0.2 mM donor nucleoside triphosphate (8-O-dGTP or GTP) and
1 mM acceptor nucleoside diphosphate (ADP) were included for the reverse reaction. The reaction
mixture was incubated at 37°C for 30 min, followed by termination of the reaction by adding 10 �l of
0.1% SDS. Samples were separated on a DNAPac column (PA200 analytical, 4 by 250 mm) by high-
performance liquid chromatography (HPLC) using 25 mM Tris-HCl (pH 8.0) as a binding buffer with a
gradient of 1 M LiCl (0% to 40%) for 25 min at a flow rate of 0.5 ml/min. While determining the rates for
the forward and the reverse reactions, 0.2 to 2 ng of EcoNDK was used and the time points between 0
to 6 min were taken. Reaction components were detected by UV absorbance at 252 nm (ATP, ADP, GTP,
GDP 8-O-dGTP, and 8-O-dGDP) and quantified by determining the area under the peak using Chrome-
leon software (Dionex). Modified nucleotides (8-O-dGTP and 8-O-dGDP) and normal nucleotides (ATP,
ADP, GTP, and GDP) were purchased from Jena Bioscience and Sigma, respectively.

Mutation frequency determination using rifampin resistance as reporter. Strains were generated
by introducing respective plasmids in the MG1655 ΔmutT::kan strain. Four replicates of each strain were
inoculated in 2 ml LB medium containing 0.02% arabinose and Amp and allowed to grow at 37°C and
180 rpm for 12 h. For individual cultures, serial dilutions were made and 100-�l aliquots from 10�5 and
10�6 dilutions were plated on LB plates containing Amp to estimate the viable counts. To evaluate the
number of spontaneously arising mutants, cells from undiluted cultures (1 ml for MG1655 ΔmutT::kan/
pBAD_Eco_mutT and 100 �l for rest of the strains) were plated on LB plate containing rifampin (50 �g/ml)
and Amp. After 24 h of incubation at 37°C, the colonies were counted, and mutation frequencies of the
strains were calculated by dividing the number of colonies obtained on rifampin plate by the corre-
sponding total viable counts (obtained from the Amp plate). Using replicate values, the median and
confidence of intervals were calculated (41), and fold differences were expressed by comparing the
medians. Tables comprising raw values and statistical significance parameters are provided as supple-
mental data (Tables S2 to S6).

Analysis of A-to-C mutations using Lac� to Lac� reversion assay. Reversion assay was carried out
in E. coli CC101 strain background, which has a point mutation in the lacZ gene that results in a
growth-deficient phenotype on lactose as the sole carbon source. The mutT deletion allows the strain to
undergo enhanced reversions, leading to a Lac� phenotype and growth on lactose (42). To execute the
assay, strains were obtained by either fresh transformation of specific plasmids in CC101 ΔmutT::kan
strain or streaking from glycerol stocks of recently generated mutant strains and grown on an LB plate
containing 50 �g/ml X-Gal (5-bromo-4-chloro-3-indolyl-�-D-galactopyranoside; specific for the CC101
strain) and respective antibiotics. Riboflavin at a concentration of 0.25 �g/ml was maintained while
culturing ΔribA strains. For each strain, 10 replicates were inoculated in 2 ml LB medium containing 0.02%
arabinose (only where ectopic expression of genes from an arabinose-inducible promoter is required)
and an appropriate antibiotic and grown at 37°C and 180 rpm for 12 h (CC101 ΔmutT and CC101 ΔmutT
Δndk) to 16 h (CC101 ΔmutT ΔribA and CC101 ΔmutT ΔribA Δndk). Serial dilutions were made for each
culture, and 100-�l fractions of 10�5 and 10�6 dilutions were spread on a minimal medium plate
containing 0.2% glucose and respective antibiotic for determining the viable counts. For estimating Lac�

revertants, cells from 100 �l culture were spread on a minimal medium plate containing 0.2% lactose and
a respective antibiotic. The number of colonies were enumerated after an incubation period of 24 h
(CC101 ΔmutT and CC101 ΔmutT Δndk) to 48 h (CC101 ΔmutT ΔribA and CC101 ΔmutT ΔribA Δndk) at
37°C. The reversion frequency was assessed by dividing the number of colonies obtained on the lactose
plate by the corresponding number of colonies on the glucose plate.
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Analysis of A-to-C reversion rates. Reversion rates were determined as described before (43).
Briefly, 11 replicates for each strain were inoculated in LB supplemented with riboflavin and chloram-
phenicol and incubated for 16 h to achieve saturation. Aliquots of 50 �l from a 10�5 dilution were used
to determine viable counts (N0; plated on minimal medium containing 0.2% glucose, riboflavin, and
chloramphenicol), spontaneous mutants (number of mutants in the seeding culture [M0]; plated on
minimal medium containing 0.2% lactose, riboflavin, and chloramphenicol), and also seeded in 2 ml LB
supplemented with riboflavin and chloramphenicol. After 24 h of incubation, cultures were used to
estimate the number of cells after 24 h (Nt) and the number of mutants after 24 h (Mt). Reversion rates
were calculated according to the equation a � 2 ln2[(Mt/Nt) � (M0/N0)]/n, where a refers to mutation rate
and n stands for the number of generations. N0 corresponds to the number of cells in the seeding culture.
The value of n was calculated using (log Nt/log N0)/0.301.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.5 MB.
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