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ABSTRACT

Mycobacterium smegmatis DinB2 is the founder of
a clade of Y-family DNA polymerase that is naturally
adept at utilizing rNTPs or dNTPs as substrates. Here
we investigate the fidelity and lesion bypass capac-
ity of DinB2. We report that DinB2 is an unfaithful
DNA and RNA polymerase with a distinctive signa-
ture for misincorporation of dNMPs, rNMPs and ox-
oguanine nucleotides during templated synthesis in
vitro. DinB2 has a broader mutagenic spectrum with
manganese than magnesium, though low ratios of
manganese to magnesium suffice to switch DinB2
to its more mutagenic mode. DinB2 discrimination
against incorrect dNTPs in magnesium is primar-
ily at the level of substrate binding affinity, rather
than kyo. DinB2 can incorporate any dNMP or rNMP
opposite oxo-dG in the template strand with man-
ganese as cofactor, with a kinetic preference for syn-
thesis of an A:oxo-dG Hoogsteen pair. With magne-
sium, DinB2 is adept at synthesizing A:oxo-dG or
C:ox0-dG pairs. DinB2 effectively incorporates de-
oxyribonucleotides, but not ribonucleotides, oppo-
site an abasic site, with kinetic preference for dATP
as the substrate. We speculate that DinB2 might
contribute to mycobacterial mutagenesis, oxidative
stress and quiescence, and discuss the genetic chal-
lenges to linking the polymerase biochemistry to an
in vivo phenotype.

INTRODUCTION

We are interested in the large and distinctive roster of DNA
repair enzymes of the human pathogen Mycobacterium tu-
berculosis and its avirulent relative Mycobacterium smegma-
tis. These two mycobacterial species share a complement
of eight DNA polymerases, of which one belongs to the
A family (PolA) (1-4), two to the C family (DnaEl and
DnaE?2) (5,6), three to the AEP family (LigD-POL, PolD1

and PolD2) (7-9) and two to the Y family (DinB1 and
DinB2) (10-13). M. smegmatis encodes a third Y-family
polymerase, DinB3, not present in M. tuberculosis (13).

DinB1 and DinB3 are template-dependent DNA poly-
merases that discriminate strongly against ribonucleotide
substrates, a property that, in the case of DinBl1, corre-
lates with its aromatic steric gate side chain Phe23 (13). The
steric gate of replicative and repair polymerases guards the
genome against embedded ribonucleotides by clashing with
the 2’-OH of an rNTP substrate. This residue is a phenylala-
nine or tyrosine for the B and Y family polymerases (14).
Many studies have verified that subtraction of the aromatic
steric gate elicits a gain of function in ribonucleotide uti-
lization (14-18). We extended this theme to M. smegmatis
DinB1 by showing that changing Phe23 to leucine conferred
RNA polymerase activity (13).

DinB2 is the founder of a novel clade of Y-family poly-
merase that naturally lacks an aromatic steric gate and is
adept at incorporating ribonucleotides. DinB2’s sugar se-
lectivity factor, determined from the rates (ko) of ANMP
versus INMP incorporation at saturating dNTP/rNTP sub-
strate concentrations, is 2.7- to 3.8-fold in manganese and
2.6- to 6-fold in magnesium (13). The vigorous RNA poly-
merase activity of mycobacterial DinB2 is governed by a
leucine side chain in lieu of an aromatic steric gate. We spec-
ulated that the unique ability of DinB2 to utilize TNTPs
might allow for DNA repair with a ‘ribo patch’ when
dNTPs are limiting. Phylogenetic analysis revealed DinB2-
like polymerases, with leucine, isoleucine or valine steric
gates, in many taxa of the phylum Actinobacteria (13).

Genetic analyses of the M. tuberculosis paralogs DinB1
and DinB2 (10) highlighted stark differences in their reg-
ulation and biology vis a vis Escherichia coli DinB, also
known as DNA polymerase IV (19). E. coli DinB is im-
plicated in spontaneous and adaptive mutagenesis (19-22)
and in bypassing bulky adducts such as N2-furfuryl-dG and
alkylated purines 3-methyl-dA, and 3-methyl-dG (23-25).
E. coli dinB is under the transcriptional control of the LexA
repressor and is induced in response to DNA damage. By
contrast, mycobacterial dinB1 and dinB2 are expressed con-
stitutively during logarithmic growth and stationary phase
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and are neither induced by DNA damage nor dependent
on RecA and SOS-response (10). M. tuberculosis dinB1 and
dinB2 deletions, singly or together, have no effect on bacte-
rial growth or sensitivity to nitrofurazone, nitroquinolone
oxide, EMS, MMS or mitomycin C. There was no effect of
dinBI and dinB2 deletions on the rate of spontaneous mu-
tation to rifampin resistance (10).

These findings prompt us to interrogate more deeply the
biochemical properties of DinB2, with an eye toward gaug-
ing its potential contributions to mutagenesis and lesion by-
pass. In the present study, we focus on the following ques-
tions. How does the rate of incorporation of the correctly
base-paired nucleotide compare to the rates of misincorpo-
ration of incorrect nucleotides? Is DinB2 fidelity influenced
by whether the incoming substrate is a ribonucleotide or a
deoxyribonucleotide? Is DinB2 fidelity affected by the use
of magnesium versus manganese as the metal cofactor? The
results of this inquiry highlight DinB2 as a comparatively
unfaithful DNA and RNA polymerase with a distinctive
signature for misincorporation of dANMPs, rINMPs and ox-
oguanine nucleotides during templated synthesis in vitro.

We also address the effects of two kinds of template DNA
lesions on DinB2 activity: an abasic site and an oxoguanine
deoxynucleoside (0xo-dG). These lesions can elicit different
responses from different DNA polymerases (26,27), ranging
from elongation arrest to bypass of the lesion, with or with-
out mutagenesis. We report that DinB2 can incorporate any
dNMP or rNMP opposite oxo-dG in the template strand
with manganese as cofactor, with a kinetic preference for
synthesis of an A:oxo-dG Hoogsteen pair. With magnesium
as cofactor, DinB2 is adept at synthesis of either A:oxo-dG
or C:0x0-dG configurations. DinB2 effectively incorporates
deoxynucleotides, but not ribonucleotides, opposite an aba-
sic site, with kinetic preference for dATP as the substrate.

MATERIALS AND METHODS
Materials

Recombinant DinB2 was produced in E. coli and puri-
fied as described previously (13). 8-oxo-dGTP and 8-oxo-
GTP were purchased from TriLink BioTechnologies. DNA
oligonucleotides, including those with chemical modifica-
tions (oxo-dG or a THF abasic nucleoside), were purchased
from Eurofins MWG Operon.

Primer-templates

The 5° ¥P-labeled primer DNA strand was prepared by re-
action of a synthetic oligodeoxynucleotide with T4 polynu-
cleotide kinase and [y*’P]JATP. The labeled DNA was
heated to 95°C to inactivate the kinase. Primer DNA was
then annealed to a 3-fold excess of a complementary DNA
strand to form the primer-templates shown in the fig-
ures. The annealed DNAs were purified by electrophoresis
through a native 15% polyacrylamide gel and then eluted
from an excised gel slice by incubation for 16 h at 4°C in
300 pl of 10 mM Tris-HCI, pH 7.5, 1 mM EDTA, 50 mM
NaCl.
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Polymerase assay

Reaction mixtures containing 10 mM Tris-HCI, pH 7.5, 50
nM 5 3P-labeled primer-template, and divalent cations,
dNTPs or rNTPs and DinB2 as specified in the figure leg-
ends were incubated at 37°C. The reactions were initiated by
adding DinB2 and quenched with an equal volume of 90%
formamide, 50 mM EDTA, 0.3% bromophenol blue. The
reaction products were analyzed by electrophoresis through
a 15-cm 18% polyacrylamide gel containing 7 M urea in 8§89
mM Tris-borate, 2.5 mM EDTA. The products were visu-
alized by autoradiography and, where indicated, quantified
by scanning with a Fujix imager.

RESULTS

DinB2 misincorporates ANMPs and rNMPs with manganese
as the metal cofactor

We exploited a set of 5’ 3>P-labeled 13-mer/18-mer primer-
templates consisting of an identical 13-bp duplex plus a five-
nucleotide homo-oligomeric 5’ tail, either dAs, dCs, dGs or
dTs, that directs nucleotide addition to the primer strand.
Polymerase reactions were performed in the presence of 1
mM Mn?*, 100 uM dNTP or rNTP substrate and a 20-fold
DinB2 molar excess over primer-template. The 3>P-labeled
products generated during a 10 min reaction were analyzed
by urea-PAGE and visualized by autoradiography. For the
substrate with the oligo-dTs template strand, DinB2 cat-
alyzed five steps of dAMP addition to convert nearly all
of the input primer to a single n+5 product of full fill-in
synthesis (Figure 1, X = T). The instructive findings were
that DinB2 catalyzed near-quantitative extension of the in-
put primer by a single step of misincorporation of dCMP
and dTMP or by two steps of misincorporation of dGMP.
Thus, DinB2 is an unfaithful DNA polymerase that readily
adds a mispaired ANMP opposite a template T, but does not
readily extend with a second mispaired nucleotide from the
mismatched C:T or T:T primer terminus thereby formed, or
with a third mispaired dGMP opposite a tandem GG:TT
mispaired primer end. With rNTP substrates, DinB2 effi-
ciently extended the primer by four and five additions with
the correctly templated AMP nucleotide. It also added, al-
beit with lower efficiency, one or two mispaired CMP and
UMP nucleotides and three GMP nucleotides (Figure 1; X
=T).

When programmed by the oligo-dGs template strand,
DinB2 extended the primer by six and seven additions with
the correctly paired dCMP (Figure 1; X = G); apparently
the oligo-dC product could slip back on the template dG
tract and prime extra steps of dCMP addition. DinB2 mis-
incorporated dAAMP, dGMP and dTMP opposite G in the
template, predominantly by one addition step, with a mi-
nority of primers receiving a second mispaired nucleotide.
DinB2 added five correctly paired CMPs on the oligo-
dGs primer-template, but failed to misincorporate AMP or
GMP opposite G (Figure 1; X = G), signifying higher fi-
delity as an RNA polymerase than a DNA polymerase for
these particular N:G mispairs. On the other hand, DinB2
did misincorporate a single UMP opposite G.

The oligo-dAs template directed DinB2 to extend the
primer by five additions with the correctly paired dTMP
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Figure 1. INMP and rNMP misincorporation during Mn?*-dependent
synthesis. Polymerase reaction mixtures (10 pl) containing 10 mM Tris-
HCI, pH 7.5, 50 nM 5" 32P-labeled 13-mer/18-mer primer-template as spec-
ified, | .M DinB2, | mM MnCl,, and either no nucleotide (—) or 100 pM
of the indicated dNTP or rNTP were incubated at 37°C for 10 min. The
reaction products were analyzed by urea-PAGE and visualized by autora-
diography.

nucleotide and by one addition with the mispaired dAMP,
dCMP and dGMP nucleotides (Figure 1; X = A). In RNA
polymerase mode, DinB2 faithfully added four correctly
paired UMP nucleotides and had scant capacity to misin-

corporate AMP, CMP or GMP opposite a template A (Fig-
ure 1; X = A).

On the oligo-dCs template, DinB2 catalyzed five addi-
tions with the correctly paired dGMP nucleotide and just
one addition with the mispaired dAMP, dTMP and dCMP
nucleotides (Figure 1; X = C). DinB2 added five correctly
paired GMP nucleotides and three or four mispaired UMP
nucleotides, but was loath to misincorporate AMP or CMP
opposite C.

Kinetics of addition of paired and mispaired ANTP and rNTP
substrates

Exemplary kinetic data are shown in Figure 2 for DinB2-
catalyzed primer extension on the oligo-dTs template with
each single dNTP substrate (panel A) or rNTP substrate
(panel B). The percent of primer strand elongated by one
or more steps is plotted as a function of time. By fitting the
data to a one-phase association in Prism, we derived rate
constants (kops) for the first nucleotide addition step. The
rates are compiled in Figure 2C. Infidelity is quantified in
Figure 2C as the ratio of the rate of addition of each ANTP
or rNTP versus that of the correctly templated substrate.

The results establish that DinB2 is an especially unfaith-
ful DNA polymerase with a distinctive misincorporation
signature. For example, DinB2 was faster at adding dG op-
posite T than it was at adding the correct dA nucleotide
(infidelity = 1.2). Infidelity values of >0.3 were evident for
the generation of five other mispairs: dT:dT (0.56); dT:dG
(0.36); dG:dG (0.35); dG:dA (0.34) and dA:dC (0.33). The
hierarchy of DinB2 infidelities for the remaining six mis-
pairs was: dT:dC (0.23); dA:dG (0.16); dC:dT (0.11); dA:dA
(0.1); dC:dA (0.057) and dC:dC (0.033). The salient theme
is that DinB2 is most prone to misincorporate dGTP and
dTTP and least prone to misincorporate dCTP.

DinB2 has a narrower spectrum of infidelity as an RNA
polymerase, insofar as we were unable to derive rate con-
stants for seven of the 12 rNTP:template-dX mispairs be-
cause DinB2 did not execute a sufficient level of INMP ad-
dition during a 30 min reaction. In the cases where we were
able to quantify rNMP misincorporation kinetics, the scale
of infidelity was as follows: U:dC (0.54); G:dT (0.47); U.dG
(0.22); U:dT (0.21) and C:dT (0.21). DinB2’s ability to mis-
incorporate U and G during RNA synthesis echoes its mis-
match preferences in DNA synthesis.

DinB2 infidelity with magnesium as metal cofactor

DinB2 efficiently scavenges limiting concentrations of
dNTP and rNTP substrates in the presence of manganese
(13), thereby confounding evaluation via single-turnover ki-
netics of the affinity of DinB2 for the correct incoming
dNTP/rNTP substrate during manganese-dependent syn-
thesis. In the presence of magnesium, we found that the
rate of nucleotide addition displayed a classic dependence
on the concentration of the first correctly templated dNTP
or rNTP (13). The ko values for the correctly templated
dNTPs were remarkably similar independent of the nucle-
obase (range 8.4 t0 9.0 min~') as were the ko values for the
correctly templated rNTPs (range 1.5 to 3.2 min~') (Fig-
ure 3). Whereas DinB2 displayed only a 2.6- to 6-fold dif-
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Figure 2. Kinetic analysis of DinB2 infidelity with manganese as the metal cofactor. (A and B) Polymerase reaction mixtures containing 10 mM Tris-HCl,
pH 7.5, 50 nM 5 32P-labeled 13-mer/18-mer primer-template with an oligo-dTs tail, 1 mM MnCl,, and either 100 wM deoxynucleoside triphosphate
(panel A) or 100 M ribonucleoside triphosphate (panel B) as specified were incubated at 37°C. Aliquots (10 wl) were withdrawn at the times specified and
quenched immediately with EDTA /formamide. The reaction products were analyzed by urea-PAGE and the percent of primer strand extended by one or
more nucleotides was quantified by scanning the gel with a Fujix BAS2500 imager. The % primer extension is plotted as a function of reaction time. Each
datum in the graphs is the average of three separate experiments =SEM. The rate constants (ks == SE) for the first step of ANMP and rNMP addition to
the primer-template were obtained by non-linear regression curve fitting of the data to a one-phase association function in Prism and are shown in panel
C. A series of 5’ 32P-labeled 13-mer/18-mer primer-templates with identical duplex segments and either oligo-dGs, oligo-dAs or oligo-dCs template tails
was used to assay the kinetics of nucleotide addition to the primer strand. The rate constants are compiled in panel C. Infidelity was calculated as the ratio
of the rate of mispaired deoxynucleotide or ribonucleotide addition to the rate of addition of the correctly paired deoxynucleotide or ribonucleotide.

ferential in the rates of deoxy versus ribo addition at satu-
rating nucleotide concentrations, the Ky for nucleotide sub-
strate was strongly influenced by the nucleoside sugar. To
wit, DinB2 has a 26- to 78-fold lower affinity for rINTPs than
dNTPs (Figure 3).

Here, we surveyed misincorporation by DinB2 with mag-
nesium as the metal cofactor. Polymerase reactions were
performed in the presence of 5 mM Mg>*, 500 uM dNTP
or rNTP substrate, and a 20-fold DinB2 molar excess over
a 5’ ¥P-labeled 13-mer/18-mer primer-template with oligo-
dXs template strand. Polyacrylamide gel electrophoresis
(PAGE) analysis of the **P-labeled products of a 10 min
reaction is shown in Figure 3, left panels. With respect to
its DNA polymerase activity, DinB2 catalyzed three to five
steps of correctly templated dNMP addition in response to
each oligo-dXs template strand. Misincorporation was gen-
erally limited to a single step of mispaired dANMP addition.
The oligo-dTs template was the most conducive to misin-

corporation, with a dG:dT mispair being formed in near-
quantitative yield.

Rate constants for ANMP misincorporation on each of
the oligo-dXs templates were determined at a series of in-
creasing concentrations of ANTP substrate. By plotting kqps
as a function of [dNTP], and then fitting the data to a one-
site binding site function, we derived an apparent affinity
(Kq) and a turnover number (kpo) for each dN:dX sub-
strate:template mispair. The data are compiled in Figure
3, right panel, and are compared to the kinetic parame-
ters for correct ANMP addition on the indicated primer-
templates (13). Focusing first on kp.1, we see that the maxi-
mum rates of incorrect AINMP addition span a wide range,
from 4.7 min~! for a dG:dT mispair to 0.072 min~! for a
dC:dC mispair. By dividing the mismatch k| values by kol
for the correct dN:dX pair, we see that DinB2 displays the
highest rates of magnesium-dependent misincorporation at
dG:dT (infidelity ratio = 0.56), dT:dG (0.19) and dT:dT
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Figure 3. dNMP and rNMP misincorporation during magnesium-dependent synthesis. Left panel. Polymerase reaction mixtures (10 nl) containing 10 mM
Tris-HCI, pH 7.5, 50 nM 5’ 32P-labeled 13-mer/18-mer primer-template as specified, I M DinB2, 5 mM MgCl, and either no nucleotide (—) or 500 wM of
the indicated rNTP or ANTP were incubated at 37°C for 10 min. The reaction products were analyzed by urea-PAGE and visualized by autoradiography.
Right panel. Polymerase reaction mixtures containing 10 mM Tris-HCI, pH 7.5, 5mM MgCl,, 50 nM 5’ 32P-labeled 13-mer/18-mer primer-template, I uM
DinB2, and varying concentrations of ANTP or rNTP substrates were incubated at 37°C. Aliquots (10 pl) were withdrawn at sequential timepoints and
quenched with EDTA /formamide. The products were analyzed by urea-PAGE and quantified by scanning the gels. The % of primer extended by one or
more nucleotides was plotted as a function of reaction time for each concentration of ANTP or rNTP substrate. The data were fit by non-linear regression in
Prism to a one-phase exponential. The ks values calculated in Prism were plotted as a function of ATP concentration, with each datum being the average
of two separate kinetic experiments. The data were fit by non-linear regression to a single binding function, from which the Ky for nucleotide and turnover
number (k1) at saturating nucleotide were derived. The ko) and Ky values and kpo1/ Ky ratio (catalytic efficiency) for each dNTP and rNTP substrate
are indicated. Infidelity was calculated as the ratio of the catalytic efficiency for the mispaired versus correctly paired deoxynucleotide and ribonucleotide

substrates.

(0.17) mispairs. (These findings echo the rate hierarchy for
manganese-dependent mispair synthesis; Figure 2.) At the
other end of the spectrum, DinB2 was most faithful in its
maximum rate of misincorporation at dC:dC (infidelity ra-
tio = 0.008), dT:dC (0.026) and dG:dA (0.026) mispairs
(Figure 3, right panel).

A salient finding from the kinetic analysis of magnesium-
dependent misincorporation during DNA synthesis was
that DinB2 discriminated strongly against incorrect ANTPs
at the level of substrate binding affinity. Whereas Ky values
for the correct ANTP varied from 0.85 to 8.0 wM (13), the
affinities for incorrect dNTPs ranged from 545 to 2400 pM
(Figure 3). When we derived kpo1/Kq values as a measure
of catalytic efficiency, and then gauged infidelity via the ra-
tio of the kpo1/Kq for mispair incorporation to the kpo1/Kq
for the correct dN:dX addition, we obtained infidelity val-
ues ranging from 1.3 x 107> (for dC:dC) to 7.6 x 10~* (for
dG:dT).

Ribonucleotide misincorporation with magnesium as metal
cofactor

DinB2 catalyzed two to four steps of correctly templated
rNMP addition directed by the oligo-dXs strands (Figure 3,
left panel). Whereas low levels of misincorporation of one
or two rNMPs were noted for the G:dT, C:dT and U:dC
mispairs, there was no appreciable misincorporation at the
other nine rN:dX mispairs during a 10 min reaction (Figure
3, left panel). We were able to determine kp, and Ky val-
ues for two of the rN:dX mispairs and compare them to the
kinetic parameters for addition of the correctly templated
ribonucleotide (13). The kpo for GMP insertion opposite
dT (0.099 min~") was 32-fold slower than correct AMP ad-
dition and the affinity for GTP (K4 386 pwM) was 5.8-fold
lower than for ATP (Kg 66 M), which translated into an
infidelity value of 0.0053 (Figure 3). The ko for UMP inser-
tion opposite dC (0.12 min~!) was 17-fold slower than cor-
rect GMP addition and the affinity for UTP (K4 412 wM)
was 18-fold lower than for GTP (K4 23 pwM), yielding an
infidelity value of 0.0033 (Figure 3).
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Figure 4. Metal-dependent switch in rC:dT mispair synthesis. Polymerase
reaction mixtures (10 pl) containing 10 mM Tris-HCI, pH 7.5, 100 p.M
CTP, 50 nM 5" 3?P-labeled 13-mer/18-mer primer-template as shown, 1
M DinB2, and MgCl, or MnCl; as specified were incubated at 37°C for
10 min. The reaction products were analyzed by urea-PAGE and visualized
by autoradiography. The% of primer extended is indicated above the lanes.

Metal-dependent switch in DinB2 fidelity

Our experiments show that DinB2 has a broader spectrum
of nucleotide misincorporation with manganese as cofac-
tor than with magnesium (Figure 1 versus Figure 3). Al-
though the intracellular concentrations of magnesium and
manganese in M. smegmatis have not, to our knowledge,
been reported, it is safe to assume that magnesium is in ex-
cess over manganese. This raises the pertinent question of
how DinB2 behaves with respect to fidelity when both diva-
lent cations are present. To address the issue, we conducted
a metal mixing experiment, as shown in Figure 4, wherein
we exploited the fact that DinB2 readily misincorporates
CMP opposite dT in the presence of manganese but not in
5 mM magnesium. On the template 3’-TTGGC-5 sequence
used in Figure 4, manganese allowed extension of 76% of
the input primer to yield a predominant n+4 product, re-
flecting two steps of CMP misincorporation opposite dT
followed by two steps of correct CMP incorporation oppo-
site dG. By contrast, magnesium permitted elongation of
8% of the primer by only a single addition step. The ex-
periment entailed mixing 5 mM magnesium with increasing
concentrations of manganese. We observed a manganese
concentration-dependent binary switch in the product dis-
tribution, manifest as a steady increase in the % of primer
extended and accumulation of the n+4 product, a transition
that was virtually complete at 0.5 mM manganese, i.e. a 1:10
ratio of Mn?* to Mg”*. By plotting the increase in primer
extended as a function of [Mn?*] and fitting the data to a
simple hyperbolic binding function, we obtained a K4 of 0.2
mM Mn?" in effecting the switch from higher to lower fi-
delity in the presence of 5 mM magnesium. Thus, it appears
that DinB2 has a preference for manganese occupancy of
at least one of its two metal-binding sites (12,28) when both
magnesium and manganese are present and that this occu-
pancy suffices to shift DinB2 to a mutagenic misincorpora-
tion mode.

Infidelity of DinB2 incorporation of oxoguanine nucleotides

Oxidative damage to guanine nucleoside triphosphates gen-
erates 8-0xo-dGTP and 8-oxo-rGTP that can serve as ef-
fective substrates for certain nucleic acid polymerases (29—
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31). oxo-dGTP in the dNTP pool is a threat to genomic
integrity, because the oxidized guanine nucleobase in syn
nucleoside conformation forms a Hoogsteen pair with ade-
nine that can allow DNA polymerase to embed a mutagenic
0x0G:A mispair during DNA synthesis. Here we examine
the utilization of 0xo-dGTP and oxo-rGTP (at 100 wM con-
centration) as substrates for DinB2-catalyzed primer exten-
sion on the homo-oligo-dXs template strands in the pres-
ence of manganese (Figure 5SA). In DNA synthesis mode,
DinB2 extended virtually all of the input primer by oxo-
dGMP addition opposite either a dA or dT template nu-
cleotide, by one or two oxo-dG:dA addition steps or by one
0x0-dG:dT addition step. DinB2 was conspicuously less ac-
tive in adding oxo-dG opposite dC (the ‘correct’ paired tem-
plate nucleobase) with respect to the percent of input primer
extended by one or two oxo-dGMP steps. DinB2 was sim-
ilarly less effective in a single step of oxo-dGMP addition
opposite a dG template nucleotide (Figure 5SA). The kinetic
profiles for oxo-dGMP addition directed by the oligo-dXs
templates are shown in Figure 5B, with rate constants (kops)
derived by non-linear regression curve fitting of the data.
The fastest rate observed was for oxo-dG:dT mispair syn-
thesis (2.46 min~!), which was 63% of the rate of dG:dT mi-
spair synthesis and 77% of the rate of synthesis of a correct
dA:dT pair (Figure 2C), signifying that DinB2 barely dis-
criminates oxidized versus unmodified guanine when form-
ing its favorite dG:dT mispair. The rate of oxo-dG:dA mis-
pair synthesis (or rather, Hoogsteen pair-directed synthesis)
of 1.57 min~! was 2-fold faster than the rate of dG:dA mis-
pair synthesis and 68% of the rate of correctly paired dT:dA
addition (Figure 2C). DinB2 was least fleet in synthesizing a
‘correct’ 0x0-dG:dC pair, for which the observed rate (0.13
min~!) was 19-fold slower than oxo-dG:dT synthesis and
12-fold slower than a correctly paired dG:dC addition (Fig-
ures 5B and 2C). Thus, DinB2 is liberally mutagenic when
provided with oxo-dGTP in the presence of manganese.

The kinetics of primer extension with an oxo-rGTP sub-
strate are shown in Figure 5B and reveal a different mis-
incorporation signature compared to oxo-dGTP, whereby
DinB2 is most adept at oxo-rGMP addition opposite dA
and dC and comparatively feeble at oxo-rGMP incorpo-
ration opposite dT and dG. We were able to derive rate
constants for oxo-rG:dA (0.37 min~!) and oxo-rG:dC (0.14
min~!) additions. Whereas the oxo-rG:dA rate was one-
fourth that of oxo-dG:dA misincorporation, DinB2 in-
corporated oxo-rGMP and oxo-dGMP at virtually the
same rates opposite a dC template nucleotide (0.13 to 0.14
min~!). The vigorous activity of DinB2 in adding oxo-rG
opposite dA contrasts with its ineffectiveness in forming a
G:dA mispair (Figure 1). Although the extent of G:dA ad-
dition was too low to derive a rate constant, by comparing
initial rates, we deemed oxo-rG:dA synthesis to be 40-fold
faster than G:dA addition (data not shown), thereby attest-
ing to the positive influence of the 0xoG:A Hoogsteen pair
on DinB2 ribonucleotide addition.

Oxoguanine nucleotide misincorporation with magnesium as
metal cofactor

The products of a DinB2-catalyzed primer extension reac-
tion on the homo-oligo-dXs template strands in the pres-



12728 Nucleic Acids Research, 2014, Vol. 42, No. 20

A *CGTGTCGCCCTTC e ol
GCACAGCGGGAAGKXXXX 5 o
x=A | x=c xsG | Xx=T
- -
- &

— OXO OXO — OXO OXO
dG rG dG G
100
80
=]
Ko} 8-oxo dGTP
(=)
QO
L 60
% 0 4]
@
E 40 Kobs (min)
; m X=A 157:003
20 O X=C 0.13+0.008
0O X=G 0.34+0.03
O X=T 246+0.08
0 L L] L
0 10 20 30
Time (min)

— OX0O OXO — OXO0 OxX0
dG G dG G
100 8-oxo rGTP
| —
80

Kops (min'?)

0.37 £ 0.007
0.14 £ 0.01

60+

XX X X
nweonouon
—-oo0>r

40

204

0 10 20 30
Time (min)

Figure 5. Infidelity of manganese-dependent 8-oxo-dGMP and 8-oxo-GMP incorporation. (A) Polymerase reaction mixtures containing 10 mM Tris-HCI,
pH 7.5, 50 nM 5’ 32P-labeled 13-mer/18-mer primer-template as specified, 1 wM DinB2, 1 mM MnCl,, and either 100 .M oxo-dGTP or oxo-rGTP were
incubated at 37°C for 10 min. The reaction products were analyzed by urea-PAGE and visualized by autoradiography. (B) Kinetics. Primer extension
reactions were constituted as in (A). Aliquots were withdrawn at the times specified and quenched with EDTA /formamide. The % primer extension with
ox0-dGTP (left panel) or oxo-rGTP (right panel) is plotted as a function of reaction time for each oligo-dXs template. Each datum is the average of three
separate experiments £SEM. The rate constants (kops £ SE) for the first step of oxo-dGMP addition to the primer-template were obtained by non-linear
regression curve fitting of the data to a one-phase association function in Prism.

ence of 5 mM magnesium and either oxo-dGTP or oxo-
rGTP (at 500 wM concentration) are shown in Figure 6A.
DinB2 extended most of the input primer by two steps of
oxo-dGMP addition opposite either a dA or dC template
nucleotide, and by one oxo-dGMP step opposite a dT tem-
plate nucleotide. By contrast, there was scant incorporation
of oxo-dGMP on the oligo-dGs template. The kinetic pro-
files for magnesium-dependent DNA synthesis with oxo-
dGTP substrate are shown in Figure 6B. The fastest rate was
for 0xo-dG:dA mispair synthesis (kops 5.61 min~!), which
was 23-fold greater than the kpo value of 0.24 min~! for
dG:dA mispair synthesis (attesting to the salutary effect of
Hoogsteen pairing) and 62% of the kpoi value of 9.0 min~!
for synthesis of a correct dT:dA pair (Figure 3). The rate of
correctly paired oxo-dG:dC synthesis (kops 1.69 min~!) was
30% that of the oxo-dG:dA Hoogsteen pair and 20% of the
kpol of 8.5 min~! for a dG:dC addition (Figure 3). The kqps
0f0.54 min~! for oxo-dG:dT addition was 11% of the kpol Of
4.7 min~! for synthesis of a dG:dT mispair. It is noteworthy
that the k,ps values for the oxo-dG:dA and oxo-dG:dC ad-

ditions were greater in magnesium than manganese (by 3.6-
fold for oxo-dG:dA and 13-fold for oxo-dG:dC); by con-
trast, kops for oxo-dG:dT addition was 4.6-fold greater in
manganese than magnesium. The rate and extent of oxo-
dG:dG addition in magnesium was comparatively feeble; by
comparing initial rates, we deemed the favored oxo-dG:dA
synthesis step to be 140-fold faster than oxo-dG:dG addi-
tion.

DinB2 was able to add oxo-rG opposite dA and dC tem-
plate nucleotides in the presence of magnesium; however,
the initial rates of oxo-rG:dA and oxo-rG:dC synthesis were
160-fold and 66-fold slower than the corresponding oxo-
dG additions (Figure 6B). DinB2 was unable to incorporate
0x0-rG opposite dG or dT in the template strand. In gen-
eral, DinB2 was much less effective in utilizing oxo-rGTP
as a substrate with magnesium as cofactor than it was with
manganese.
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are indicated.

Infidelity of nucleotide addition opposite an oxo-dG lesion in
the template strand

A 5" ¥P-labeled 17-mer/36mer primer-template with a sin-
gle oxo-dG lesion in the template strand immediately fol-
lowing the primer 3'-OH terminus (Figure 7A) was used to
study the ability of DinB2 to insert deoxynucleotides and ri-
bonucleotides opposite the oxo-dG nucleobase. With man-
ganese as cofactor, DinB2 extended virtually all of the input
primer by four steps of dCMP addition, entailing: (i) initial
formation of a ‘correct’ dC:0x0-dG pair; (ii) correctly tem-
plated synthesis of the next dC:dG pair; (iii) synthesis of a
dC:dT mispair, either directly or by primer slippage on the
template GGGG tract and (iv) correctly templated synthe-
sis of the next dC:dG pair (Figure 7A). A kinetic analysis
revealed a rate constant of 2.06 min~! for dCMP incorpo-
ration opposite 0xo-dG; this value was similar to kqps of
1.9 min~! for dCMP addition opposite dG, signifying that
DinB2 is unaffected by the 8-oxo lesion when it comes to
faithful synthesis of a Watson—Crick pair with the incoming
dCTP substrate. In the presence of dATP, DinB2 extended
all of the primer, albeit predominantly by adding a single

dAMP opposite oxo-dG (Figure 7A). The rate of dA:oxo-
dG synthesis (kops 3.43 min~!) was 66% greater than that
of the dC:oxo-dG addition, and was 11-fold greater than
dA:dG mispair synthesis (0.30 min~!; Figure 2C), again tes-
tifying to the positive contribution of the Hoogsteen pair-
ing. With dTTP, DinB2 converted virtually all of the in-
put primer to an n+2 extension product, via synthesis of
a dT:0xo-dG mispair, followed by favored synthesis of a
dT:dG mispair. The rate of synthesis of the dT:0x0-dG mis-
pair (kops 0.39 min~—!) was 11% that of dA:oxo0-dG synthesis
and 57% that of dT:dG mispair synthesis (0.68 min~'; Fig-
ure 2C). With dGTP as substrate, DinB2 synthesized pre-
dominantly n+2 product (Figure 7A). The rate of dG:oxo-
dG mispair synthesis was the slowest of the lot, at 0.18
min~!, which was 27% the rate of synthesis of a dG:dG mi-
spair. In sum, DinB2 was capable of efficiently (with respect
to yield) incorporating any dANMP opposite a template oxo-
dG with manganese as cofactor, while kinetically favoring
the mutagenic dA:oxo-dG addition.

Similar trends were observed for manganese-dependent
ribonucleotide addition opposite an oxo-dG template le-
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Figure 7. Nucleotide addition opposite 0xo-dG in the template strand. Polymerase reaction mixtures containing 10 mM Tris-HCI, pH 7.5, 50 nM 5’ 32P-
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(bottom). The rate constants (kops = SE) for ANMP or rNMP addition are indicated.

sion, whereby DinB2 converted all of the primer to an n+4
product in the presence of CTP and to an n+1 product in the
presence of ATP. The rate constant for A:oxo-dG synthe-
sis (1.0 min~') was 72% greater than for the Watson—Crick
C:0x0G pair (0.58 min~"). GTP (0.09 min~')and UTP (0.10
min~!) were the less favored substrates for incorporation by
DinB2 opposite oxo-dG.

The products and rates of DinB2 synthesis opposite oxo-
dG with magnesium as cofactor are shown in Figure 7B.
The kops of 6.81 min~! for dA:oxo-dG formation (predom-
inantly a single step of dAMP addition to the primer) was
80% of the kp value for a correct dA:dT pair and 25-fold
greater than ko1 for a dA:dG mispair. The ko, for synthesis
of the Watson—Crick dC:oxo-dG pair was 6.34 min~!. Note
that the products of extension with dCTP were a mixture
of n+2 and n+4 species, suggesting that DinB2 was more
prone in magnesium than manganese to pause after adding
two G-templated dCMP nucleotides, at the first encounter
with a dT template base. dGMP and dTMP were incor-
porated comparatively slowly (0.16 min~!) opposite oxo-
dG. In RNA polymerase mode with magnesium as cofac-
tor, DinB2 was effective at incorporating AMP (one step)
and CMP (two steps, with very scant n+4 product) oppo-
site oxo-dG, in high yield with respect to primer utilization
(Figure 7B). ATP was the kinetically favored substrate (kops
0.95 min~") versus CTP (0.22 min~!). DinB2 was unable to

utilize GTP or UTP as substrates for magnesium-dependent
rNMP addition opposite oxo-dG.

Nucleotide addition opposite an abasic lesion in the template
strand

A 5 ¥P-labeled 17-mer/36mer primer-template with a sin-
gle THF (tetrahydrofuran) abasic site in the template strand
immediately following the primer 3’-OH terminus (Figure
8A) was used to study the ability of DinB2 to insert de-
oxynucleotides and ribonucleotides without immediate in-
struction from a templating nucleobase. With manganese as
cofactor, DinB2 extended most of the input primer by two
steps of dAMP or dCMP addition. Albeit with lower yield,
DinB2 also extended the primer by one and two steps of
dGMP addition and by one round of dTMP addition (Fig-
ure 8A). Kinetic analysis revealed rate constants for AINMP
incorporation opposite the abasic site as follows: 0.54 +
0.025 min~! for dAMP; 0.33 £ 0.019 min~' for dCMP,
0.12 £ 0.015 min~! for dGMP and 0.061 & 0.009 min~! for
dTMP (Figure 8B, left panel). The ks for dJAMP addition
at the abasic site was 17% of kyps for templated synthesis
of a correct dA:dT pair (3.2 min~!; Figure 2C). Although
DinB2 was relatively feeble in its ability to incorporate ri-
bonucleotides opposite the abasic site, to the extent that it
did, it preferred to use ATP over CTP and GTP, with UTP
being ineffective (Figure 8 A). The initial rate of AMP addi-
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plotted as a function of reaction time. Each datum is the average of three
separate experiments == SEM.

tion was 15-fold slower than that of dAMP addition (data
not shown). The initial rates of CMP and GMP addition
were one-third that of AMP (not shown).

With magnesium as cofactor, DinB2 extended most of the
input primer by one step of dAMP addition. The yield of ex-
tended primer was lower with dCTP and dGTP substrates,
whereas dTTP was ineffective (Figure 8A). Observed rates
constants for ANMP incorporation opposite the abasic site
were 0.25 & 0.01 min~! for JAMP, 0.08 + 0.006 min~' for
dCMP and 0.08 £ 0.01 min~! for dGMP (Figure 8B, right
panel). DinB2 was unable to utilize TNTPs as substrates
for magnesium-dependent addition opposite an abasic tem-
plate lesion (Figure 8A). Our results indicate that DinB2,
like many other DNA and RNA polymerases (26,32-34),
obeys an ‘A-rule’ whereby it prefers to incorporate an ade-
nine nucleotide opposite an abasic site in the DNA tem-
plate.

Nucleic Acids Research, 2014, Vol. 42, No. 20 12731

DISCUSSION

Our biochemical analyses of DinB2 polymerase are broadly
pertinent to three interrelated themes in mycobacterial
physiology: mutagenesis, oxidative stress and quiescence.
We discuss our findings as they relate to these themes and
attempt to draw connections between them, while highlight-
ing the challenges ahead to linking the polymerase bio-
chemistry to an in vivo readout.

Polymerase fidelity is a central issue in mycobacterial mu-
tagenesis and is relevant to public health insofar as my-
cobacterial chromosomal mutations underlie virtually all
clinical resistance to anti-tuberculosis drugs. Prior studies
implicated DnaE2 as a major agent of damage-induced mu-
tagenesis and drug resistance (5), but the biochemical prop-
erties of DnaE2 that underpin its pro-mutagenic role are
tabula rasa. The situation is inverted for DinB2, insofar as
the available genetics are unrevealing with respect to a phe-
notype (10), but the biochemical information is now sub-
stantial. Via a kinetic analysis of the fidelity of the DinB2
DNA polymerase in copying an undamaged DNA tem-
plate, we find that: (i) DinB2 is a mutagenic polymerase
with a distinctive error signature, whereby DinB2 is most
prone to misincorporate dGTP and dTTP and least adept
at misincorporating dCTP; (ii) DinB2 has a broader muta-
genic spectrum with manganese as cofactor than with mag-
nesium; (iil) low ratios of manganese to magnesium suf-
fice to switch DinB2 to its more mutagenic mode and (iv)
DinB2 discrimination against incorrect dNTPs in the pres-
ence of magnesium is primarily at the level of substrate
binding affinity, rather than k. Prior studies showed that
ablation of dinB2 had little effect on the spontaneous mu-
tation rate of M. tuberculosis to rifampin resistance, but
did alter the spectrum of base mutations within the three
codons in rpoB that confer drug resistance (10). The knowl-
edge gained here regarding DinB2’s misincorporation pref-
erences in vitro could aid in the design of more sensitive ge-
netic reporters of DinB2’s pro-mutagenic activity in vivo.

Mycobacteria encounter and respond to oxidative stress
(35,36). One consequence of oxidative stress is the gen-
eration of oxoguanine nucleoside triphosphate precursors
for nucleic acid synthesis and of oxo-dG lesions in chro-
mosomal DNA. Oxidation of the guanine nucleotide pool
is thought to underlie cell death triggered by bacterici-
dal antibiotics (37). In E. coli, overexpression of the DinB
polymerase is lethal, by virtue of its utilization of oxogua-
nine nucleotide substrates (37). Here we provide a detailed
description of the ability of DinB2 to utilize oxo-dGTP
as a substrate for DNA synthesis and the extremely pro-
mutagenic capacity of DinB2 to incorporate oxo-dGMP
opposite any template nucleobase. DinB2 easily synthesizes
an oxo-dG:dA Hoogsteen pair, and it is much better at in-
corporating oxo-dG opposite dA than dC. Most impressive
(to us) was the facility of DinB2 in forming an oxo-dG:dT
mispair, at a rate even faster (in manganese) than synthe-
sis of ox0-dG:dA. We conclude that the dG:dT mispair is a
strong mutagenic signature of DinB2, whether or not the
guanine base of the dNTP substrate is oxidized. Probing
how DinB2 handles an oxo-dG lesion in the template strand
revealed similar promiscuity, whereby any incoming dNTP



12732 Nucleic Acids Research, 2014, Vol. 42, No. 20

could be polymerized opposite oxo-dG, albeit with kinetic
preference for the A:oxo-dG Hoogsteen pair.

These findings raise the question of whether DinB2 might
mediate or exacerbate the effects of oxidative stress on
mycobacteria, by embedding oxidized nucleotides during
DNA repair and creating mutations en route, or when copy-
ing an oxidized template. In the same vein, might DinB2
contribute to antibiotic sensitivity in mycobacteria, as seen
in E. coli (37)? Answering these questions genetically may
not be straightforward, insofar as mycobacteria have mul-
tiple MutT enzymes that detoxify oxo-dGTP in the NTP
pool, by converting it to oxo-dGMP (38-40). Mycobacteria
also have a MutM glycosylase that excises the oxoG nucle-
obase at an 0xo-dG:dC pair and a MutY glycosylase that
excises the dA nucleobase at an oxo-dG:dA pair (41,42).
These cleansing systems might mask the potential of DinB2
(or other polymerases) to create oxidative damage and mu-
tations. In that case, uncovering a dinB2 deletion or overex-
pression phenotype might require the construction of my-
cobacterial strains multiply deleted for all of the enzymes
that detoxify the oxo-dGTP pool and rectify oxo-dG sites
in DNA.

Quiescence is central to the long-term carriage of M. tu-
berculosis in a clinically dormant state. Quiescent cells that
are not replicating their DNA are generally thought to have
reduced dNTP pools compared to actively dividing cells,
resulting in a high r{NTP:dNTP ratio in the polymerase
substrate pool. Whereas, to our knowledge, the intracellu-
lar concentrations of dNTPs and rNTPs in mycobacteria
have not been reported for any growth conditions, we as-
sume that TNTPs prevail in non-replicating mycobacteria.
We have suggested that DNA repair with a ‘ribo patch’ by
polymerase utilization of available rNTPs is an intelligent
strategy for quiescent cells to avoid otherwise deadly chro-
mosome damage. DinB2 is one of four mycobacterial DNA
polymerases that readily incorporate ribonucleotides dur-
ing primer extension and gap repair in vitro (9,13). DinB2 is
unique among them in its ability to synthesize longer RNA
tracts on a DNA template strand (13).

There has been a recent surge of interest in the biolog-
ical impact of ribonucleotides embedded in DNA. Many
studies, primarily in eukaryal model systems, have shown
that persistent ribonucleotides in genomic DNA are pro-
mutagenic and that there are distinct pathways of ribonu-
cleotide surveillance and ribonucleotide excision repair that
deal with these potentially harmful ‘lesions’ (reviewed in
(43)). The prevailing view is that polymerases are designed
with steric gates to avoid ribonucleotide incorporation, and
that the presence of embedded ribonucleotides reflects the
intrinsic error rate in polymerase sugar selectivity. Indeed,
many studies of embedded ribonucleotides take advantage
of DNA polymerase mutants that have reduced sugar dis-
crimination in order to force higher, non-physiological lev-
els of ribonucleotide addition during DNA synthesis in
vivo. The persistence (and hence impact) of ribonucleotides
in DNA is further amplified by eliminating RNase H2,
which incises the 5’-phosphodiester of the embedded ri-
bonucleotide to initiate the pathway of ribonucleotide exci-
sion repair (43). Similar strategies have illuminated ribonu-
cleotide excision pathways in E. coli and Bacillus subtilis
(44-46).

DinB2 is distinctive among Pol IV enzymes in being nat-
urally adept as an RNA polymerase (13). Here we show that
DinB2 is an unfaithful RNA polymerase that readily creates
rN:dX mispairs on an undamaged DNA template, particu-
larly when using manganese as the metal cofactor. DinB2’s
preference for misincorporating U and G during RNA syn-
thesis resembles its mutagenic signature in DNA synthe-
sis. The mutagenic character of DinB2’s RNA polymerase
is greatly enhanced (with either manganese or magnesium)
when using oxo-rGTP as a substrate for polymerization or
when copying with standard rNTPs across an oxo-dG le-
sion in the template DNA strand. Thus, DinB2 emerges as
a potential embedder of mispaired ribonucleotides in chro-
mosomal DNA in vivo, especially under conditions of ox-
idative stress. Embedded mispaired ribonucleotides are mu-
tagenic in vivo in E. coli in the absence of RNase H enzymes
(47). The in vivo impact of DinB2’s RNA polymerase activ-
ity is undoubtedly blunted, if not obscured, by the presence
in the M. smegmatis proteome of four different RNase H
enzymes: MSMEG_5562/RnhA (48); MSMEG _4305 (49);
MSMEG_2442/RnhB and MSMEG_5849 (50). Unveiling
the prevalence of ribonucleotides in mycobacterial genomic
DNA and the roles of DinB2 and other polymerases in their
embedding will require the systematic deletion of the genes
encoding the RNase H enzymes, singly and in all viable
combinations.

FUNDING

U.S. National Institutes of Health (NIH) [A164693]. Fund-
ing for open access charge: NIH [A164693].
Conflict of interest statement. None declared.

REFERENCES

1. Huberts,P. and Mizrahi,V. (1995) Cloning and sequence analysis of
the gene encoding the DNA polymerase I from Mycobacterium
tuberculosis. Gene, 164, 133-136.

2. Gordhan,B.G., Andersen,S.J., De Meyer,A.R. and Mizrahi,V. (1996)
Construction by homologous recombination and phenotypic
characterization of a DNA polymerase domain po/4 mutant of
Mycobacterium smegmatis. Gene, 178, 125-130.

3. Mizrahi,V. and Huberts,P. (1996) Deoxy- and dideoxynucleotide
discrimination and identification of critical 5’ nuclease domain
residues of the DNA polymerase I from Mycobacterium tuberculosis.
Nucleic Acids Res., 24, 4845-4852.

4. Arrigo,C.J., Singh,K. and Modak,M.J. (2002) DNA polymerase I of
Mycobacterium tuberculosis: functional role of a conserved aspartate
in the hinge joining the M and N helices. J. Biol. Chem., 277,
1653-1661.

5. Boshoff,H.I., Reed,M.B., Barry,C.E. and Mizrahi,V. (2003) DnaE2
polymerase contributes to in vivo survival and the emergence of drug
resistance in Mycobacterium tuberculosis. Cell, 113, 183-193.

6. Warner,D.F., Ndwandwe,D.E., Abrahams,G.L., Kana,B.D.,
Machowski,E.E., Venclovas,C. and Mizrahi,V. (2010) Essential roles
for imuA’- and imuB-encoded accessory factors in DnaE2-dependent
mutagenesis in Mycobacterium tuberculosis. Proc. Natl. Acad. Sci.
U.S.A.,107, 13093-13098.

7. Zhu,H., Nandakumar,J., Aniukwu,J., Wang,L.K., Glickman,M.S.,
Lima,C.D. and Shuman,S. (2006) Atomic structure and NHEJ
function of the polymerase component of bacterial DNA ligase D.
Proc. Natl. Acad. Sci. U.S.A., 103, 1711-1716.

8. Brissett,N.C., Martin,M.J., Pitcher,R.S., Bianchi,J., Juarez,R.,
Green,A.J., Fox,G.C., Blanco,L. and Doherty,A.J. (2011) Structure of
a preternary complex involving a prokaryotic NHEJ DNA
polymerase. Mol. Cell, 41, 221-231.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25

26.

27.

28.

. Zhu,H., Bhattarai,H., Yan,H., Shuman,S. and Glickman,M. (2012)

Characterization of Mycobacterium smegmatis PolD2 and PolD1 as
RNA/DNA polymerases homologous to the POL domain of
bacterial DNA ligase D. Biochemistry, 51, 10147-10158.

Kana,B.D., Abrahams,G.L., Sung,N., Warner,D.F., Gordhan,B.G.,
Machowski,E.E., Tsenova,L., Sacchettini,J.C., Stoker,N.G.,
Kaplan,G. et al. (2010) Role of the DinB homologs Rv1537 and
Rv3056 in Mycobacterium tuberculosis. J. Bacteriol., 192, 2220-2227.
Sharma,A. and Nair,D.T. (2012) MsDpo4 — a DinB homolog from
Mycobacterium smegmatis — is an error-prone DNA polymerase than
can promote G;T and T:G mismatches. J Nucleic Acids, 2012,
285481.

Sharma,A., Subramanian,V. and Nair,D.T. (2012) The PAD region in
the mycobacterial DinB homologue MsPollV exhibits positional
heterogeneity. Acta Crystallogr., D68, 960-967.

Ordonez,H., Uson,M.L. and Shuman,S. (2014) Characterization of
three Mycobacterial DinB (DNA polymerase 1V) paralogs highlights
DinB2 as naturally adept at ribonucleotide incorporation. Nucleic
Acids Res., 42, 11056-11070.

Brown,J.A. and Suo,Z. (2011) Unlocking the sugar “steric gate” of
DNA polymerases. Biochemistry, 50, 1135-1142.

DeLucia,A.M., Grindley,N.D. and Joyce,C.M. (2003) An error-prone
family Y DNA polymerase (DinB homolog from Sulfolobus
solfataricus) uses a ‘steric gate’ residue for discrimination against
ribonucleotides. Nucleic Acids Res., 31, 4129-4137.

Sherrer,S.S., Beyer,D.C., Xia,C.X., Fowler,J.D. and Suo,Z. (2010)
Kinetic basis of sugar selection by a Y-family DNA polymerase from
Sulfolobus solfataricus P2. Biochemistry, 49, 10179-10186.
Vaisman,A., Kuban,W., McDonald,J.P.,, Karata,K., Yang,W.,
Goodman,M.F. and Woodgate,R. (2012) Critical amino acids in
Escherichia coli UmuC responsible for sugar discrimination and
base-substitution fidelity. Nucleic Acids Res., 40, 6144-6157.
Yang,G., Franklin,M., Li,J., Lin,T.C. and Konigsberg,W. (2002) A
conserved Tyr residue is required for sugar selectivity in a Pol alpha
DNA polymerase. Biochemistry, 41, 10256-10261.

Wagner,J., Gruz,P,, Kim,S.R., Yamada,M., Matsui,K., Fuchs,R.P.
and Nohmi,T. (1999) The dinB gene encodes a novel E. coli DNA
polymerase, DNA Pol 1V, involved in mutagenesis. Mol. Cell, 4,
281-286.

McKenzie,G.J., Lee,P.L., Lombardo,M.J., Hastings,P.J. and
Rosenberg,S.M. (2001) SOS mutator DNA polymerase IV functions
in adaptive mutation and not adaptive amplification. Mol. Cell, 7,
571-579.

Yeiser,B., Pepper,E.D., Goodman,M.F. and Finkel,S.E. (2002)
SOS-induced DNA polymerases enhance long-term survival and
evolutionary fitness. Proc. Natl. Acad. Sci. U.S.A., 99, 8737-8741.
Shee,C., Gibson,J.L., Darrow,M.C., Gonzalez,C. and
Rosenberg,S.M. (2011) Impact of a stress-inducible switch to
mutagenic repair of DNA breaks on mutation in Escherichia coli.
Proc. Natl. Acad. Sci. U.S.A., 108, 13659-13664.

Jarosz,D.F., Godoy,V.G., Delaney,J.C., Essigmann,J.M. and
Walker,G.C. (2006) A single amino acid governs enhanced activity of
DinB DNA polymerases on damaged templates. Nature, 439,
225-228.

Bjedov,I., Dasgupta,C.N., Slade,D., Le Blastier,S., Selva,M. and
Matic,l. (2007) Involvement of Escherichia coli DNA polymerase IV
in tolerance of cytotoxic alkylating DNA lesions in vivo. Genetics,
176, 1431-4140.

. Shrivastav,N., Fedeles,B.1., Li,D., Delaney,J.C., Frick,L.E., Foti,J.J.,

Walker,G.C. and Essigmann,J.M. (2014) A chemical genetics analysis
of the roles of bypass polymerase DinB and DNA repair proteins
AIKB in processing N”-alkylguanine lesions in vivo. PLOS One, 9,
€94716.

Zahn,K.E., Wallace,S.S. and Doublié,S. (2011) DNA polymerases
provide a canon of strategies for translesion synthesis past oxidatively
generated lesions. Curr. Opin. Struct. Biol., 21, 358-369.
Berquist,B.R. and Wilson,D.M. (2012) Pathways for repairing and
tolerating the spectrum of oxidative DNA lesions. Cancer Lett., 327,
61-72.

Sharma,A., Kottur,J., Narayanan,N. and Nair,D.T. (2013) A
strategically located serine residue is critical for the mutator activity
of DNA polymerase IV from Escherichia coli. Nucleic Acids Res., 41,
5104-5114.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Nucleic Acids Research, 2014, Vol. 42, No. 20 12733

Taddei,F., Hayakawa,H., Bouton,M.F., Cirinesi,A.M., Matic,I.,
Sekiguchi,M. and Radman,M. (1997) Counteraction by MutT
protein of transcriptional errors caused by oxidative damage. Science,
278, 128-130.

Shimizu,M., Gruz,P., Kamiya,H., Kim,S.R., Pisani,F.M.,
Masutani,C., Kanke,Y., Harashima,H., Hanaoka,F. and Nohmi,T.
(2003) Erroneous incorporation of oxidized DNA precursors by
Y-family DNA polymerases. EMBO Rep., 4, 269-273.

Shimizu,M., Gruz,P., Kamiya,H., Masutani,C., Xu,Y., Usui, Y.,
Sugiyama,H., Harashima,H., Hanaoka,F. and Nohmi,T. (2007)
Efficient and erroneous incorporation of oxidized DNA precursors
by human DNA polymerase v. Biochemistry, 46, 5515-5522.
Obeid,S., Blatter,N., Kranaster,R., Schnur,A., Diederichs,K.,
Welte,W. and Marx,A. (2010) Replication through an abasic DNA
lesion: structural basis for adenine selectivity. EMBO J., 29,
1738-1747.

Zhou,W. and Doetsch,P.W. (1993) Effects of abasic sites and DNA
single-strand breaks on prokaryotic RNA polymerases. Proc. Natl.
Acad. Sci. U.S.A., 90, 6601-6605.

Chen,Y.H. and Bogenhagen,D.F. (1993) Effects of DNA lesions on
transcription elongation by T7 RNA polymerase. J. Biol. Chem., 268,
5849-5855.

Ehrt,S. and Schanppinger,D. (2009) Mycobacterial survival
strategfies in the phagosome: defense against host stresses. Cell.
Microbiol., 11, 1170-1178.

Voskuil,M.I., Bartek,I.L., Visconyi,K. and Schoolnik,G.K. (2011)
The response of Mycobacterium tuberculosis to reactive oxygen and
nitrogen species. Front. Microbiol., 2, 105.

Foti,J.J., Devadoss,B., Winkler,J.A., Collins,J.J. and Walker,G.C.
(2012) Oxidation of the guanine nucleotide pool underlies cell death
by bactericidal antibiotics. Science, 336, 315-319.

Vultos, T.D., Blazquez,J., Rauzier,J., Matic,I. and Gicquel,B. (2006)
Identification of nudix hydrolase family members with an
antimutator role in Mycobacterium tuberculosis and Mycobacterium
smegmatis. J. Bacteriol., 188, 3159-3161.

PatilLA.G., Sang,P.B., Govindan,A. and Varshney,U. (2013)
Mycobacterium tuberculosis MutT1 (Rv2985) and ADPRase
(Rv1700) proteins constitute a two-stage mechanism of 8-oxo-dGTP
and 8-0xoGTP detoxification and adenosine to cytidine mutation
avoidance. J. Biol. Chem., 288, 11252-11262.

Sang,P.B. and Varshney,U. (2013) Biochemical properties of MutT2
proteins from Mycobacterium tuberculosis and M. smegmatis and
their contrasting antimutator roles in Escherichia coli. J. Bacteriol.,
195, 1552-1560.

Jain,R., Kumar,P. and Varshney,U. (2007) A distinct role of
formamidopyrimidine DNA glycosylase (MutM) in down-regulation
of accumulation of G, C mutations and protections against oxidiative
stress in mycobacteria. DNA Repair, 6, 1774-1785.

Kurthkoti,K., Srinath,T., Kumar,P., Malshetty, V., Sang,P.B., Jain,R.,
Manjunath,R. and Varshney,U. (2010) A distinct physiological role
of MutY in mutation prevention in mycobacteria. Microbiology, 156,
88-98.

Potenski,C.J. and Klein,H.L. (2014) How the misincorporation of
ribonucleotides into genomic DNA can be both harmful and helpful
to cells. Nucleic Acids Res., 42, 10226-10234.

Vaisman,A., McDonald,J.P.,, Huston,D., Kuban,W., Liu,L., Van
Houten,B. and Woodgate,R. (2013) Removal of misincorporated
ribonucleotides from prokaryotic genomes: an unexpected role for
nucleotide excision repair. PLOS Genetics, 9, e1003878.

Vaisman,A., McDonald,J.P., Noll,S., Huston,D., Loeb,G.,
Goodman,M.F. and Woodgate,R. (2014) Investigating the
mechanisms of ribonucleotide excision repair in Escherichia coli. Mut.
Res., 761, 21-33.

Yao,N.Y., Schroeder,J.W., Yurieva,O., Simmons,L.A. and
O’Donnell,M.E. (2013) Cost of INTP/dNTP pool imbalance at the
replication fork. Proc. Natl. Acad. Sci. U.S.A., 110, 12942-12947.
Shen,Y., Koh,K.D., Weiss,B. and Storici,F. (2012) Mispaired INMPs
in DNA are mutagenic and are targets of mismatch repair and
RNases H. Nature Struct. Mol. Biol., 19, 98-104.

Dawes,S.S., Crouch,R.J., Morris,S.L. and Mizrahi,V. (1995) Cloning,
sequence analysis, overproduction in Escherichia coli and enzymatic
characterization of the RNase HI from Mycobacterium smegmatis.
Gene, 165, 71-75.



12734 Nucleic Acids Research, 2014, Vol. 42, No. 20

49. Watkins,H.A. and Baker,E.N. (2010) Structural and functional 50. Murdeshwar,M.S. and Chatterji,D. (2012) MS_RHII-RSD, a
characterization of an RNase HI domain from the bifunctional dual-function RNase HII-(p)ppGpp synthetase from Mycobacterium
protein Rv228¢ from Mycobacterium tuberculosis. J. Bacteriol., 192, smegmatis. J. Bacteriol., 194, 4003-4014.

2878-2886.



