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Abstract

Fidelity of RNA synthesis is essential for the faithful transfer of information from DNA to RNA. A
comprehensive analysis of the nucleotide selectivity by the mitochondrial RNA polymerase (RNAP) RpoTm,
from Arabidopsis thaliana, has been carried out. The kinetic parameters for the incorporation of cognate,
noncognate, and oxidized bases have been determined. The results establish high fidelity of mitochondrial
transcription resembling those of replicative polymerases in the absence of repair. In addition, RpoTm
incorporates oxidized nucleotides with similar efficiency compared with mismatches and is capable of
extending the RNA beyond the insertion of the oxidized base. Furthermore, lesion bypass study on RpoTm
demonstrates that the enzyme bypasses 8-oxo-guanine by insertion of adenine leading to C to A mutations in
RNA. Homology modeling of RpoTm elongation complex allows delineation of the residues necessary for
stabilizing the incoming NTP substrate and for posing the template nucleotide residue. Substitution of these
residues leads to compromise in the activity of the enzyme corroborating their importance in RNA synthesis.
Comparison of the data with T7 RNAPs indicates that low efficiency of misincorporation is a universal strategy
used by single-subunit RNAPs for maintaining high fidelity in the absence of proofreading and repair activity in
mitochondria.

© 2019 Elsevier Ltd. All rights reserved.
Introduction

Transcription is central to the process of expres-
sion of genetic material in the cell. Transcriptional
fidelity is essential to preserve the integrity of the
genetic code and overall health of the organism [1].
Transcriptional errors result in the production of
erroneous mRNAs which in turn can result in
translational and splicing defects and shortened
lifespan of an organism [2,3]. Transcriptional errors
can be transient or can lead to a heritable phenotype
causing growth defects and diseases [4,5]. Fidelity
of transcription is a multistep process controlled at
the nucleotide addition cycle and slow misincorpora-
tion allows exchange by the correct base in case of
multisubunit RNA polymerases (RNAPs). The incor-
rect bases are removed with factors that stimulate 30
RNA cleavage activity such as Gre factors in
bacterial enzymes and TFIIS in human RNAPII.
Thus, the multisubunit RNAP achieves fidelity
through substrate selection and proofreading.
r Ltd. All rights reserved.
Restructuring of the trigger loop in RNAPII has
been shown to be essential for efficient catalysis of
the phosphodiester bond which occurs solely in the
presence of complementary nucleotide triphosphate
[6,7].
In addition to the nucleus, the mitochondria and

plastids also possess their own genomes and
transcription machinery. Single-subunit RNAPs are
involved in transcription of small genomes in
mitochondria, plastids, and phages. Mitochondria
are involved in the ATP production for the cell, the
by-products of which are the reactive oxygen
species (ROS) such as hydrogen peroxide, super-
oxide, and singlet oxygen. ROS can damage the
nucleic acids and their precursor ribonucleotides
(NTPs) such as GTP and ATP resulting in the
formation of 8-oxo-GTP and 2-hydroxy-ATP, respec-
tively. 8-Oxo-GTP, the product of guanosine oxida-
tion, is known to accumulate in the mitochondrial
DNA under pathological conditions and during aging
[8,9]. 8-Oxo-guanine also gets incorporated into
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RNA leading to transcriptional and translational
errors [10,11]. Although there have been studies
regarding the incorporation of 8-oxo-guanine and 2-
hydroxy-adenine into RNA by the multisubunit
RNAP from E. coli and human [12], there is no
such study on the single-subunit RNAPs.
The transcriptional mutagenesis can also be

induced when oxidatively damaged DNA templates
are bypassed by RNAPs. In vitro studies have
shown that the RNAP can efficiently bypass the
nonbulky lesions, with base misinsertion leading to
transcriptional mutagenesis [13,14]. However, the
RNAPs also get permanently stalled when they
encounter bulky lesions in DNA [15].
The mitochondrial transcription in Arabidopsis

thaliana is mediated by two nuclear-encoded sin-
gle-subunit (~100 kDa) RNAPs e RpoTm and
RpoTmp [16]. While RpoTmp transcribes a subset
of mitochondrial genes that are not defined by a
common promoter sequence, RpoTm is the primary
RNAP in the mitochondria and is essential for plant
development. RpoTm is 976 amino acid (110 kDa)e
containing enzyme which is required for the tran-
scription of most of the mitochondrial genes includ-
ing those that are involved in the oxidative
phosphorylation for ATP generation. Its deletion is
lethal to the plant [17,18]. There is no report on the
transcriptional fidelity and efficiency of incorporation
of correct and incorrect bases by any of the plant
RNAPs.
In the present study, we have carried out a

comprehensive characterization of the nucleotide
selectivity of the mitochondrial RNAP of Arabidopsis
thaliana e RpoTm by examining its transcriptional
fidelity. In addition, we probe the propensity of
RpoTm to misincorporate unmodified as well as
oxidized nucleotides into RNA and for translesion
bypass on oxidatively damaged DNA template. Our
study reveals that fidelity of RpoTm is akin to the
other single-subunit RNAPs and is higher than that
of multisubunit RNAP of Escherichia coli. In addition,
RpoTm has lower efficiency for addition of oxida-
tively damaged ribonucleotides into RNA as
opposed to normal bases. The rates of addition of
oxidatively damaged ribonucleotides into RNA are
comparable to the mismatch frequency. Homology
modeling allowed identification of residues which
when mutated compromise the transcription effi-
ciency of the enzyme.
Results

Purified RpoTm extends RNA in the primer
extension assay in the presence of Mg2

The Arabidopsis thaliana single-subunit mitochon-
drial RNAP RpoTm without the mitochondrial target-
ing peptide was overexpressed in E. coli as a fusion
protein with N-terminus His tag. Site-specific clea-
vage by the PreScission Protease was carried out to
remove the tag. We developed promoter-free in vitro
transcription assay using a synthetic DNA:RNA
hybrid for analysis of the kinetics of incorporation
of nucleotides by RpoTm. The scaffold consists of a
38-nucleotide-long template DNA annealed to an
eight-nucleotide-long 50 6-FAMelabeled RNA and a
38-nucleotide-long nontemplate strand forming a
9bp melted region (transcription bubble). The
DNA:RNA hybrid in Fig. 1a contains thymine as
the þ1 template base (ES8T). It was observed that,
in the presence of NTP mix and increasing concen-
trations of RpoTm, the RNA gets extended in a
template-dependent fashion (Fig. 1b, lane 2, 3, and
4). Based on sequence alignment with T7 RNAP,
D909 and D677 were identified as the two conserved
catalytic residues. The residues corresponding to
D909 and D677 in T7 RNAP form coordination
bonds with the two Mg2þ ions in the crystal structure
[19]. In RpoTm, the substitution of D909 to alanine
(D909A) fails to extend RNA, confirming that the
catalytic activity observed is specific to RpoTm
(Fig. 1b lane 5, 6, and 7). This also rules out that
the RNA extension activity might be due to contam-
inating nucleic acid polymerase.
Full-length protein was unstable and prone to

aggregation. Sequence alignment of RpoTmwith the
extensively studied T7 RNAP shows that plant
protein is longer by 57 amino acids at the N-
terminus. Secondary structure prediction server
PSIPRED [20] predicts that this region is disordered
in RpoTm. A smaller construct of RpoTm (58e976
amino acids e 101 kDa- DRpoTm) was thus
designed by sequence alignment with T7 RNAP
(Fig. S1a). DRpoTm was purified using the same
protocol as the full-length protein. Compared with the
full-length protein, the shorter construct was more
soluble and less prone to aggregation, resulting in
five-fold more protein as compared with the full-
length RpoTm (Fig. S1b). N- and C-terminus trunca-
tions have been known to stabilize proteins [21]. The
in vitro transcription assay with the DRpoTm shows
activity comparable with the full-length construct
(Fig. 1c). Hence, all further experiments were
performed with the truncated construct.
To test if the transcription activity was metal

dependent, the assay was performed in the pre-
sence and absence of Mg2þ ions. No extension was
observed in the absence of Mg2þ ions demonstrat-
ing that the activity of RpoTm is metal ionedepen-
dent, analogous to T7 RNAP (Fig. 1d). We next
measured the equilibrium dissociation constant (Kd)
and off-rate (koff) of DRpoTm for the ES8T nucleic
acid scaffold using fluorescence anisotropy experi-
ments. To determine the affinity (Kd), 5 nM of the
scaffold (ES8T) was titrated against increasing
concentration of the enzyme (Fig. 1e). The Kd was



Fig. 1. Activity of RpoTm (a) The DNA:RNA scaffold used in the assay is shown. The eight base RNA is 50 6-FAM
labeled and is shown in italics. The dsDNA is 38 nucleotides long with 9bp melted region. The base in bold in DNA is the
templating base. (b) The gel image showing the elongation of 8-mer RNA using ES8T (300 nM) and 10 mM NTP in a
reaction containing either 0.25 mM (lane 2) 0.5 mM (lane 3), 1 mM (lane 4) of full-length wtRpoTm, or 0.25 mM (lane 5),
0.5 mM (lane 6), and 1 mM (lane 7) of mutant RpoTm (D909A). Lane 1 shows no enzyme control (c) The gel image showing
products of the reaction containing ES8T (300 nM) in the presence of 0.25 mM (lane 2), 0.5 mM (lane 3), and 1 mM (lane 4) of
DRpoTm. Lane 1 is no enzyme control (d) The gel shows the effect of metal ions on the activity of DRpoTm. Reaction
products in the presence of ES8T (300 nM) and 0.5 mM of DRpoTm in the presence (lane 2) and absence (lane 3) of 15 mM
MgCl2 are shown. No enzyme control is in lane 1. (e) The plot showing fluorescence anisotropy of 5 nM FAM-labeled ES8T
complex in the presence of increasing concentration of the enzyme. (f) The plot depicting fluorescence anisotropy as a
function of time when a complex of 6-FAMelabeled ES8T (5 nM) and DRpoTm (60 nM) is chased with unlabeled ES8T
(500 nM).
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calculated to be 11.6 nM, confirming a high-affinity
complex. The off-rate of the complex was calculated
by adding excess of unlabeled scaffold to a
preformed complex of DRpoTm with the labeled
scaffold (Fig. 1f). Time-dependent decrease in
anisotropy was recorded and a dissociation rate of
3.1 � 10�8 s�1 was observed as would be expected
for a high-affinity complex.
Fidelity and mismatch frequency of RpoTm

The study on the fidelity of the other single-subunit
polymerases (T7, POLRMT, and Rpo41) shows that
the transcriptional accuracy is comparable with that
of the fidelity of DNA polymerases in the absence of
DNAmismatch repair [22,23]. However, this analysis
has not been carried out for any of the plant
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mitochondrial polymerases. To ascertain the strin-
gency of the substrate specificity of RpoTm, assays
were performed with four different promoter-free
DNA:RNA scaffolds, where one of the four bases
was present at the template position (ES8A, ES8T,
ES8G, and ES8C) and in the presence of only one
NTP at a time (Fig. 2a). DRpoTm incorporated the
correct nucleotide opposite to template base for all
ES8 complexes (Fig. 2b). Steady-state kinetics was
performed and kinetic parameters (Km, Vmax, Kcat)
were determined for all cognate (Watson-Crick) and
noncognate base pairs formed (a representative
Michaelis-Menten and Lineweaver-Burk plots are
shown in Fig. S2). For all incoming Watson-Crick
base pairings, the Km values were found to be in the
range of 30e90 nM (Table 1). The catalytic efficiency
for correct nucleotide incorporation was found to be
in the range of about 1240.7e4957.8 min�1mM�1.
Noncognate insertions into the RNA were also

observed. Compared with all other bases, cytosine
Fig. 2. The fidelity profile of DRpoTm toward NTPs (a)
template base and the adjacent base (in bold) on DNA is dep
single nucleotide addition by DRpoTm in the presence of diffe
NTP (lane 1, 7, 13, and 19) or 2 mM of NTP (lane 2, 8, 14, and 2
4, 10, 16, and 22) or GTP (2 mM) (lane 5, 11, 17, and 23) or CT
diagram showing the percentage incorporation of each of the fo
in the template position shows the lowest fidelity,
with ATP, UTP, and CTP misincorporations (Fig. 2a:
lane 21, 22, and 24). However, the kinetics reveals
that the catalytic efficiency of the miscoding was low
with the mismatch efficiency of dC:ATP and dC:UTP
being 63-fold and 328-fold lower, respectively, than
that of cognate pairing (Table 2). The ratio of the
insertion efficiency of the incorrect and correct base
pair indicates the misinsertion frequency (f) or the
error rate of the polymerase. The mismatch fre-
quency for dC:ATP and dC:UTP was calculated to
be 15 � 10�3 and 3 � 10�3, respectively.
Similarly, for dT as the template, UTP, GTP, and

CTP were misincorporated (lane 10, 11, and 12)
(Fig. 2a). Amongs these, the efficiency of dT:GTP
misincorporation was calculated to be 23.2 min-
�1mM�1, about 135-fold lower than that of cognate
(dT: ATP) pairing with the error rate of 7 � 10�3. For
dA templating base ATP, GTP, and CTP (Fig. 2a:
lane 3, 5, and 6) and for dG template low amounts of
The DNA:RNA hybrid used in the assay is shown. The
icted for each gel. The gel image showing the products of
rent DNA:RNA hybrids at 150 nM incubated with either no
0) or ATP (2 mM) (lane 3, 9, 15, and 21) or UTP (2 mM) (lane
P (2 mM) (lane 6, 12, 18, and 24), respectively. (b) The bar
ur nucleotides against the four template bases by DRpoTm.



Table 1. Table showing Km, Kcat, and catalytic efficiency
of DRpoTm for insertion of cognate nucleotides.

Base pair Km (mM) Kcat (min�1) Kcat/Km
(min�1mM�1)

dT: ATP 0.08 ± 0.005 0.24 ± 0.005 3133.8
dA: UTP 0.09 ± 0.011 0.12 ± 0.011 1240.7
dC: GTP 0.03 ± 0.002 0.17 ± 0.002 4957.8
dG: CTP 0.08 ± 0.005 0.16 ± 0.013 2034.7
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ATP and GTP (Fig. 2a lane 15 and 17) were
misincorporated. The efficiencies of RpoTm for
dA:ATP and dG:GTP mismatches were 459-and
56-fold lower than that of cognate base pair,
respectively. The error rates for these were calcu-
lated to be 2 � 10�3 and 18 � 10�3, respectively.
The kinetic measurements could not be performed
for other mismatches because product at lower
enzyme concentrations could not be quantified and
multiple bands were observed on the gel at higher
enzyme concentrations, showing RNA extension
beyond misincorporation.
Complete data on fidelity by RpoTm indicate that

the catalytic efficiency of misincorporations by
RpoTm is about 103-fold lower than that of correct
pairing. In addition, the Km values of incorrect
pairings were about 100-fold higher than that of
correct pairing. Overall, the U to A and G to U errors
are more frequent for RpoTm.

Incorporation of oxidized nucleotides into RNA
by RpoTm

Incorporation and extension beyond oxidized
nucleotides of RNA by any single-subunit RNAPs
have not been documented thus far. The ability of
RpoTm to incorporate 8-oxo-GTP into RNA opposite
different templating nucleotides (ES8A, ES8T,
ES8G, and ES8C) was investigated. It was observed
that the DRpoTm was able to insert 8-oxo-GTP
opposite to dA, dC, and dT (Fig. 3a, lane 3, 4, and 6).
While 8-oxo-GTP can base pair with C through
Watson-Crick pairing, it can base pair efficiently with
A through Hoogsteen base pairing by adopting a syn
conformation, triggered by steric repulsion between
the 8-oxo group and the O40 oxygen atom [24].
Table 2. Table showing Km, Kcat, catalytic efficiency, and
nucleotides.

Base pair Km (mM) Kcat (min�1) Kca

dA: ATP 8.0 ± 0.4 0.02 ± 0.002
dT: GTP 8.3 ± 1.4 0.19 ± 0.02
dG:GTP 0.5 ± 0.05 0.02 ± 0.001
dC: ATP 1.9 ± 0.02 0.15 ± 0.002
dC: UTP 15.9 ± 3.8 0.23 ± 0.024
However, the Km of DRpoTm for 8-oxo-GTP is 154-
and 88-fold higher against dC and dA, respectively,
as compared with unmodified nucleotides (Table 3).
Similarly, the catalytic efficiency of the enzyme is
117- and 50-fold less than that of the incorporation of
unmodified nucleotides (Fig. 3b and Table 3). The
error rate for the incorporation of 8-oxo-GTP against
dC, dA, and dT was calculated to be 8.5 � 10�3,
20 � 10�3, and 1.5 � 10�3, respectively. These
error rates are similar to the mismatch frequency
calculated above.
We tested the ability of DRpoTm to incorporate

another commonly occurring oxidatively damaged
nucleotide 2-hydroxy-ATP opposite to different
templating nucleotides (ES8A, ES8T, ES8G, and
ES8C). It was observed that RpoTm incorporated 2-
hydroxy-ATP correctly opposite to dT (Fig. 3c, lane
4). Incorporations against dA and dC were also
observed (lane 3 and 6). Subsequently, the kinetic
analysis reveals that the apparent affinity (Km) of
DRpoTm for 2-hydroxy-ATP was approximately 21-
fold less than that of ATP and catalytic efficiency for
the incorporation of oxidized ATP against dT is about
31-fold less than that of unmodified NTP (Fig. 3d and
Table 4). The error rate of 2-hydroxy-ATP insertion
into RNA is 3 � 10�2, highest for any noncognate
incorporation tested. Oxidized ATP was also seen to
be incorporated against dC and dA with very low
efficiency.
Thus, data on insertion of oxidized nucleotides into

RNA by RpoTm show that the polymerase has a
similar propensity of insertion of oxidized bases into
RNA as compared with noncognate bases with
higherpropensity for insertion of 2-hydroxy-ATP.

Incorporation of oxidized nucleotides into RNA
by T7 RNAP

Multisubunit RNAP from E. coli has lower Km in
nucleotidyl transfer reaction for 8-oxo-GTP incor-
poration opposite to template dA and dC than that of
normal NTP [12], which is contrary to what was
observed for RpoTm. To generalize if it is the case
with other single-subunit RNAPs, we investigated
the ability of T7 RNAP to incorporate oxidized
nucleotides into RNA. We procured T7 RNAP from
New England Biolabs (catalog number M0251S) and
error frequency of DRpoTm for insertion of noncognate

t/Km (min�1mM�1) Transcriptional error rates (Kcat/Km)
incorrect/(Kcat/Km) correct)

2.7 2 � 10�3

23.2 7 � 10�3

36.5 18 � 10�3

78.6 15 � 10�3

15.1 3 � 10�3



Fig. 3. Incorporation of 8-oxo-GTP and 2-hydroxy-ATP by DRpoTm: The gel image showing the addition of (a) 8-
oxo-GTP and (c) 2-hydroxy-ATP against each of the four template nucleotide by 150 nM of DRpoTm.150 nM of scaffold
was incubated with no NTP (lane 1), all NTP (2 mM) (lane 2), and oxidized nucleotides (2 mM) (lane 3, 4, 5, and 6). (b) The
bar diagram showing the comparison of catalytic efficiency of DRpoTm for incorporating 8-oxo-GTP and correct NTPs (d)
The bar diagram showing the comparison of catalytic efficiency of DRpoTm for incorporating 2-hydoxy-ATP and correct
NTPs.

Table 3. Table showing Km, Kcat, catalytic efficiency, and error frequency of DRpoTm for insertion of 8-oxo-GTP.

Base pair Km (mM) Kcat (min�1) Kcat/Km (min�1mM�1) Transcriptional error rates ((Kcat/Km)
incorrect/(Kcat/Km) correct)

dA: 8-oxo-GTP 7.9 ± 1.15 0.19 ± 0.007 24.9 20 � 10�3

dC: 8-oxo-GTP 4.63 ± 0.84 0.19 ± 0.024 42.3 8.5 � 10�3

dT: 8-oxo-GTP 4.48 ± 0.22 0.02 ± 0.004 4.9 1.5 � 10�3

Table 4. Table showing Km, Kcat, catalytic efficiency, and error frequency of DRpoTm for insertion of 2-hydroxy-ATP.

Base pair Km (mM) Kcat (min�1) Kcat/Km (min�1mM�1) Transcriptional error rates ((Kcat/Km)
incorrect/(Kcat/Km) correct)

dT: 2-hydroxy-ATP 1.7 ± 0.07 0.17 ± 0.021 102 3 � 10�2

dC:2-hydroxy-ATP 87.7 ± 24.2 0.06 ± 0.005 0.7 2 � 10�4

dA: 2-hydroxy-ATP 13.8 ± 4.9 0.04 ± 0.01 3 9 � 10�4
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Fig. 4. Incorporation of 8-oxo-GTP by T7 RNAP: (a) The gel image showing the addition of 8-oxo-GTP against each
of the four template nucleotide by 300 nM of T7 RNAP. 150 nM of scaffold was incubated with no NTP (lane 1), all NTP
(50 mM) (lane 2) and oxidized nucleotide (50 mM) (lane 3, 4, 5, and 6). (b) The bar diagram showing the comparison of
catalytic efficiency of T7 RNAP for incorporating 8-oxo-GTP against dA and dC and cognate base pair.
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generated the fidelity profile for the incorporation of
8-oxo-GTP. As observed in the case of RpoTm, T7
RNAP predominantly incorporated 8-oxo-GTP oppo-
site to dA and dC (Fig. 4a). The efficiency of
incorporation of 8-oxo-GTP against dA and dC was
1294- and 289-fold lower than that of GTP against
dC (Fig. 4b and Table 5). Thus, the T7 RNAP is more
stringent for 8-oxo-GTP insertion compared with
RpoTm. This also implies that the lower rate of
incorporation of oxidized bases into RNA may be a
general feature of single-subunit RNAPs.
Unlike multisubunit RNAPs and replicative DNA

polymerase, proofreading activity has not been
reported for single-subunit RNAPs [25]. To determine
if the polymerase stalls or bypasses the oxidized
nucleotides in RNA, we assayed for RNA elongation
after 8-oxo-GTP incorporation by RpoTm using ES8C
(Fig. 5a). When NTP mix or the ribonucleotide
complementary to the þ2 position was added 5 min
after the 8-oxo-GTP was incubated with the enzyme,
further extension of RNA beyond the incorporation of
the oxidized nucleotide was observed (Fig. 5a, lane 6
and 7). Addition of NTP 5 min after preincubation with
GTP (þ1 nucleotide) shows extension similar to
where only NTPs have been added (Fig. 5a, lane 3
and 4). Thus, the enzyme was able to bypass the
misincorporated 8-oxo-GTP. Similar results were
obtainedwith 2-hydroxy-ATPwhereRpoTmextended
the RNA beyond addition of 2-hydroxy-adenine
(Fig. 5b, lane 6 and 7). This indicates that these
insertions are expected to lead to mutations in the
Table 5. Table showing Km, Kcat, catalytic efficiency, and erro

Base pair Km (mM) Kcat (min�1) K

dC: 8-oxo-GTP 34.7 ± 2.0 0.06 ± 0.001
dA: 8-oxo-GTP 79.6 ± 1.9 0.03 ± 0.002
dC: GTP 0.09 ± 0.002 0.04 ± 0.002
RNA. In contrast, the multisubunit RNAPs and DNA
polymerases are known to slow down, and their
proofreading activity is stimulated in the presence of
mismatches [26].

8-oxo-guanine bypass by RpoTm is associated
with transcriptional mutagenesis

Apart from the oxidation of endogenous NTP pool,
the mitochondrial DNA is also under the attack from
the oxidative environment. Most abundant DNA
lesions in oxidative environments are 8-oxo-gua-
nine, 8-oxo-adenine, and apurinic/apyrimidinic (AP)
base. The ability of RpoTm to bypass these lesions
was assessed using a minimal scaffold. The DNA
template containing three different DNA lesions at
the 9th position of template DNA were hybridized to
a 6-FAMelabeled 8-mer RNA and standing start
reactions were performed. Addition of few bases
was observed for DNA template containing AP site
and 8-oxo-adenine in the presence of NTPs (Fig. 6a
and b, lane 2). Only a few bases were added after
the DNA lesion followed by either stalling or
termination of the reaction (Fig. 6a and b). When
single NTP was used opposite to the AP DNA lesion,
only ATP was seen to get incorporated. Interestingly,
a majority of the replicative and repair DNA
polymerases stall at the abasic site followed by
predominantly inserting adenine opposite to it. This
strong preference for adenine as also observed in
RpoTm is referred to as the A-rule [27].
r frequency of T7 RNAP for insertion of 8-oxo-GTP.

cat/Km (min�1mM�1) Transcriptional error rates ((Kcat/Km)
incorrect/(Kcat/Km) correct)>

1.7 3.4 � 10�3

0.38 7.7 � 10�4
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Fig. 5. Extension beyond inserting of 8-oxo-GTP and 2-hydroxy-ATP by DRpoTm: (a) The DNA:RNA scaffold
used in the experiment is depicted at the top. The 50-FAMelabeled RNA is in italics, the template base is in bold. The gel
showing the extension of ES8C (150 nM) in the presence of 150 nMDRpoTmwhere no NTP (lane 1), 5 mMGTP (lane 2, 4),
5 mMNTP (lane 3), and 5 mM 8-oxo-GTP (lane 5, 6, and 7) was used. Lane 2 and 4 were preincubated with GTP (5 mM) for
5 min followed by the addition of CTP (5 mM) and NTP (5 mM), respectively. Lane 6 and 7 were preincubated with 8-oxo-
GTP (5 mM) for 5 min followed by addition of CTP (5 mM) and NTP (5 mM), respectively. (b) The DNA:RNA scaffold used in
the experiment is depicted at the top. The 50-FAMelabeled RNA is in italics, the template base is in bold. The gel showing
extension of ES8T (150 nM) in the presence of 150 nM DRpoTm where no NTP (lane 1), 5 mM ATP (lane 2, 4), 5 mM NTP
(lane 3), and 5 mM 2-hydroxy-ATP (lane 5, 6, and 7) was used. Lane 2 and 4 were preincubated with ATP (5 mM) for 5 min
followed by the addition of CTP (5 mM) and NTP (5 mM), respectively. Lane 6 and 7 were preincubated with 2-hydroxy-ATP
(5 mM) for 5 min followed by the addition of CTP (5 mM) and NTP (5 mM), respectively.
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Fig. 6. DNA lesion bypass byDRpoTm: The gel pictures showing extension using DNA:RNA scaffolds with (a) abasic
lesion, (b) 8-oxo-adenine lesion, and (c) 8-oxo-guanine lesion. The scaffolds were incubated with 50 mM of no NTP (lane
1), NTP (lane 2), ATP (lane 3), UTP (lane 4), GTP (lane 5), and CTP (lane 6). Reactions were initiated by adding 300 nM of
DRpoTm and incubating for 30 min at 27 �C.
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T7 RNAP, E. coli RNAP, and mammalian and
yeast RNAPII are all known to bypass 8-oxo-guanine
in DNA [28e31]. T7 RNAP also prefers to add
adenine opposite to 8-oxo-guanine. E. coli and yeast
RNAP II incorporate both adenine and cytosine with
similar efficiencies. In case of RpoTm, ATP and CTP
were seen to be efficiently incorporated opposite to
8-oxo-guanine lesion in the DNA strand (Fig. 6c, lane
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3, 6). This behavior is also similar to the human
mitochondrial RNAP (POLRMT) that incorporates
ATP and CTP opposite to 8-oxo-guanine DNA lesion
as seen in preesteady-state kinetics [23]. This
indicates that possibly the template base is present
in syn conformation for the formation of the stable
Hoogsteen base pair with the incoming adenine,
leading to misincorporations. Incubation of enzyme-
scaffold complex with NTP led to RNA extension
(Fig. 6c, lane 2) demonstrating that the lesion does
not block RpoTm during elongation. Thus, it can be
concluded that the transcriptional bypass of 8-oxo-
gaunine by RpoTm will be associated with C to A
mutagenesis in RNA.

Modeling of RpoTm aids in the identification of
the residues that stabilize the incoming and
template nucleotide

Crystal structure of single-subunit mitochondrial
RNAP from Arabidopsis thaliana is not available. To
delineate the residues that stabilize the incoming
and the template nucleotide, a homology-based
model of elongation complex was constructed. The
protein sequence of RpoTm was obtained from the
National Center for Biotechnology Information data-
base. The full-length RpoTm shares 35% and 29%
identity with POLRMT and T7 RNAP, respectively.
Sequence alignment with T7 and POLRMT shows
that RpoTm is a two-domain protein the N-terminus
domain (NTD) and a C-terminus domain (CTD)
(Fig. S3). RpoTm has an extension at the amino
terminus (residues 1e57) that is absent in T7 RNAP.
This region does not show any significant homology
with the N-terminus region of hPOLRMT and hence
could not be modeled in RpoTm. The NTD, which
has been shown to be vital for promoter recognition
for T7 RNAP and POLRMT [32,33], differs consider-
ably in length and sequence between the three
Fig. 7. Homology Model of DRpoTm: (a) The model of D
finger (green), palm (orange), and thumb (yellow) domains are c
(b) Zoomed in view of the active site is depicted. The Mg2þ ions a
in stick representation. The side chains of the residues interact
proteins particularly, the two functional loops, the
recognition region and the intercalating hairpin which
are essential for promoter binding and promoter
melting, respectively, in T7 RNAP [19,34]. The
recognition loop is longer in RpoTm compared with
the other two polymerases. The CTD, which shares
high sequence homology with T7 and hPOLRMT,
adopts a “right-handed topology” with the three
major domains e fingers (693e845), palm
(407e462, 546e692, 867e976), and the thumb
(463e545). The palm domain accommodates the
catalytic centre of the enzyme with the two con-
served catalytic residues (D909 and D677) which
coordinate the metal ion and come close to the 30
end of the RNA.
We modeled RpoTm using the elongation com-

plex crystal structure of T7 RNAP (PDB: 1S76)
which includes the NTP substrate and metal ion
(Fig. 7a). The metal ion and the incoming substrate
are absent in the elongation complex of human
mitochondrial RNAP structure which is in the
pretranslocation state where the 30 terminal RNA
nucleotide occupies the site for the incoming
nucleotide. We built separate models where the
incoming nucleotide was replaced with either the 8-
oxo-GTP or 2-hydroxy-ATP. Mg2þ ions were
included in the models. The models show that the
incoming 8-oxo-GTP will form the Hoogsteen base
pairing with the template base dA. The 2-hydroxy-
ATP, on the other hand, forms Watson-Crick base
pairing with the template thymine.

Alanine substitutions of the residues that stabi-
lize the template or the incoming nucleotide are
defective in transcription

Based on the homology model (Fig. 7a), the
residues that contact the incoming as well as the
template nucleotides, were identified and substituted
RpoTm is shown in ribbon representation. The NTD (gray),
olored. The DNA is shown as blue sticks and RNA is in red.
re seen as cyan spheres. The incoming nucleotide is shown
ing with the incoming and template nucleotides are shown.
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with alanine to evaluate their effect on the overall
transcript ional activity as well as f idel i ty
toward incorporation of oxidized ribonucleotides.
Fig. 7b shows the active site of the RpoTm in the
model. Based on the model, a total of five mutants
were prepared (numbers in parenthesis are for
corresponding residues in T7 RNAP and POLRMT,
respectively) e Q770A (Q649, Q1009), Q753A
(R632, Q992), Q753R (R632, Q992), H883A
(H784, H1125), and Y760A (Y639, Y999). Based
on the sequence alignment with T7 RNAP and
POLRMT, the residues Q770, Q753, and Y760 of
RpoTm are present in the finger subdomain whereas
H883 is located in the palm subdomain. Transcrip-
tion assay was carried out with the mutant enzymes.
All the mutants were impaired for their transcription
ability in the presence of all NTPs (Fig. 8, lane 2).
The mutants were also assessed for their ability to
incorporate 8-oxo-GTP and 2-hydroxy-ATP into
RNA. Incorporation was tested against all the four
templating bases (dA, dT, dG, and dC). The results
revealed that all the mutants incorporated 8-oxo-
GTP opposite to dA and dC (Fig. 8a, lane 3 and 6)
although with severely compromised efficiency
compared with the wild-type enzyme, indicating
that the identified amino acid residues are essential
for stabilization of the oxidized NTP substrate.
Significant 2-hydroxy-ATP was seen to be incorpo-
rated opposite to dT as seen for the wild-type RpoTm
(Fig. 8b, lane 4). A plot showing percentage insertion
of 2-hydroxy-ATP by wtDRpoTm and the mutants
shows that substitution of Q753A has mild effect on
insertion of 2-hydroxy-ATP compared with wtRpoTm
and Q770A substitution is impaired for incorporation
of oxidized nucleotide opposite to dT (Fig. 8c).
Similar residues in T7 RNAP have been implicated

in transcriptional fidelity. Residue Y639 has been
determined to be critical for differentiating between
the ribonucleotide and deoxyribonucleotide. Substi-
tution of Y639F in T7 RNAP reduces the ability of the
RNAP to discriminate between the rNTPs and
dNTPs while substitution of Y639A causes loss of
activity [35]. Similarly, substitution of H784 with
alanine in T7 RNAP is associated with a slower rate
of misincorporation but increased mismatch exten-
sion [36]. The Q649S substitution in T7 causes
modest reduction in Km for various NTPs [37,38].
The R632G mutation in T7 RNAP is known to reduce
the overall activity of the enzyme [39].
Discussion

The fidelity of an RNAP is primarily determined at
the selection step of the correct nucleotide over the
incorrect nucleotide. The RNAP forms the complex
with DNA and this is followed by magnesium-
mediated incorporation of the incoming nucleotide
on to the 30 prime end of RNA thereby increasing the
length of growing RNA chain by one nucleotide and
release of PPi [33]. Multisubunit RNAPs possess
RNA proofreading activity among them is the
intrinsic RNA cleavage activity where, in the event
of misincorporation, the polymerase backtracks and
a 30 terminal transcript segment containing noncog-
nate nucleotide residue is cleaved [40]. In yeast, the
transcription elongation factor S-II interacts with
stalled RNAPII after misincorporations in the nas-
cent mRNA. S-II relieves the arrest by stimulating the
cleavage of the incorrect base [41].
A detailed mechanism of how the cells handle

oxidatively damaged RNA under normal physiologi-
cal conditions remains largely unexplored,
although enzymes such as polynucleotide phos-
phorylase in E. coli and YB1 in human are known to
scavenge oxidatively damaged RNA [42]. On the
other hand, oxidized bases in the DNA are repaired
in bacterial and mammalian cells by enzymes that
are involved in the base excision repair (BER)
pathway which can excise 8-oxo-guanine from
DNA [43]. These enzymes are localized in both the
nucleus and mitochondria and include adenine DNA
glycosylase (homolog of MutY) and 8-oxo-guanine
DNA glycosylase/lyase (OGG). These enzymes
function together to maintain the high fidelity of
DNA replication and transcription under oxidative
stress [44,45]. In addition, Mut-T in E. coli hydrolyzes
8-oxo-GTP to 8-oxo-GMP which cannot be used by
the cells for RNA synthesis, thus sanitizing the
cellular pools of the oxidized nucleotides [46].
Equivalent function in humans is performed by
MTH1 [47].
In the present study, we characterize the tran-

scriptional fidelity of RpoTm from Arabidopsis
thaliana during the elongation phase on a complete
DNA scaffold. In addition, we probe the propensity of
RpoTm to misincorporate normal as well as oxidized
NTPs into RNA and for translesion bypass on
oxidatively damaged DNA template. Among oxi-
dized ribonucleotides tested, 8-oxo-GTP and 2-
hydroxy-ATP both get incorporated into growing
RNA by RpoTm opposite to adenine, cytosine, and
thymine. Steady-state kinetics reveals that the
misincorporation of 8-oxo-GTP and 2-hydroxy-ATP
into RNA ensues with higher Km and lower catalytic
efficiency compared to the correct base. This is in
contrast to what has been observed earlier for
multisubunit RNAP from E. coli [12]. The oxidized
bases are incorporated with similar efficiency as the
mismatches by RpoTm into the growing RNA.
Similarly, the catalytic efficiency of 8-oxo-GTP
incorporation by T7 RNAP was calculated to be
lower than that of guanine incorporation opposite to
dC, indicating that this may be a general feature of
the single-subunit RNAP. In addition, the experi-
ments reveal that abasic site or 8-oxo-adenine DNA
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lesions cause a block of transcription, while 8-oxo-
guanine DNA lesion is mutagenic because exten-
sion beyond 8-oxo-guanine was observed.
Single-polypeptide RNAPs have neither back-

tracking activity nor auxiliary proofreading-enhan-
cing protein factors [25,48,49]. Moreover, the
absence of a MuT-T type hydrolase and nonexisting
BER pathway in mitochondria of plants suggests that
plants may have evolved unique strategies against
the oxidized nucleotides. Through our study, we
demonstrate that RpoTm uses three mechanisms to
combat the oxidative environment of mitochondria:
(i) stringent selection against misincorporation of the
noncognate nucleotides as compared with unmodi-
fied nucleotides, (ii) inefficient incorporation of the
oxidized nucleotides, and (iii) stalling of transcription
upon encountering lesions such as abasic site and
8-oxo-dA in the DNA. Thus, the fidelity of RpoTm is
entirely relying on its ability to discriminate between
the correct and incorrect nucleotide in the absence of
postincorporation proofreading. These properties
are in contrast to what was observed for multisubunit
RNAP of E. coli where 8-oxo-GTP incorporation
opposite to dA and dC was found to be more efficient
as compared with unoxidized guanine.
Transcriptional error rates range from 10�4 to 10�5,

which are much higher than those in DNA replication
(10�9 per residue). Although higher fidelity is desir-
able for the faithful transfer of genetic information, the
transcriptional errors are transient and have received
much less attention. The errors during replication are
the basis of evolution and are transmitted to subse-
quent generation and hence the DNA polymerases
have evolved to be high-fidelity enzymes. Transcrip-
tional errors on the other hand are more endured.
Estimates of the error rates of single-subunit enzymes
show that their fidelity is closer to DNAPs in the
absence of proof reading activity. The fidelity of the
polymerase is dictated by the active site conforma-
tions which differ significantly between the multi-
subunit and single-subunit RNAPs.
However, the catalytic mechanism between differ-

ent RNAP is highly conserved. In addition, the
various factors such as Gre and TFIIS modulate
the error rates of multi-subunit enzymes. Hence, the
efficiency of incorporation and the error rates are
significantly different. Evolutionarily, the multisubunit
enzymes are unrelated to the single-subunit RNAPs.
The single-subunit RNAPs share their architecture
with phage and DNA polymerases and are believed
Fig. 8. The transcriptional efficiency of mutant DRpoT
scaffolds incubated with 2 mMof no NTP (lane 1), 8-oxo-GTP (la
different gels were initiated by adding various DRpoTm mutant
(b) The gel pictures showing extension of 150 nM of different D
2-hydroxy-ATP (lane 3, 4, 5, and 6), and NTP mix (lane 2). R
DRpoTmmutants at 300 nM. The mutant for each gel is depicte
hydroxy-ATP by wtDRpoTm and various mutants.
to be evolved from them [50]. Thus, the stringency of
selection of the substrate and hence the fidelity of
base incorporation by single-subunit RNAPs resem-
bles that of DNA polymerases when compared in the
absence of proof reading activity of the latter.
Materials and Methods

Cloning of full-length RpoTm

For cloning RpoTm (locus tag At1g68990), RNA was
extracted from the leaves of Arabidopsis thaliana (con-
centration: 1 mg/ml). High-capacity RNA-to-cDNA Kit
(Applied Biosystems) was used for cDNA synthesis.
From the cDNA, RpoTm (locus tag At1g68990) (from
amino acid 43 to 946 without the mitochondrial targeting
peptide) was fished out and cloned into EcoRI and NotI
sites into a modified pET21b plasmid. The gene segment
of RpoTm was fused to an upstream hexa-histidine tag
with a PreScission-cleavable linker (pDJN1) to yield
plasmid pDJN1 RpoTm. DRpoTm (58e976 amino acids)
was cloned using the full-length clone as the template.

Site-directed mutagenesis

RpoTm D909A mutant protein was prepared by
Quick Change site-directed mutagenesis kit (Agilent
technologies) using full-length RpoTm as the template.
For the Q770A, Q753A, Q753R, H883A, and Y760A
mutants DRpoTm was used as a template. Clones
obtained were confirmed by sequencing for the presence
of the mutation.

Overexpression and purification

RpoTm plasmid was transformed into codon plus cells
and grown at 37 �C in LB till OD600 reached to 0.6e0.8.
Overexpression of the protein was induced by addition of
0.1 mM of IPTG at 18 �C for 18 h. Cells were harvested and
resuspended in lysis buffer (25 mM Tris pH-7.5, 500 mM
NaCl, 5% glycerol, 2 mM b-mercaptoethanol, and 1 mM
PMSF). Cells were sonicated and centrifuged at
16,000 rpm for 45 min. The supernatant was filtered and
used for His-trap affinity chromatography with a step
gradient (imidazole concentration) elution. The eluent from
His-trap affinity chromatography was subjected to Pre-
Scission protease for cleavage of the tag. Heparin
chromatography and size exclusion chromatography
(HiTrap™ Heparin HP and Superdex 200 GE) were
performed after digestion. Protein was finally eluted in
gel filtration buffer (25 mM Tris pH 7.5, 250 mM NaCl, 5%
m: (a) The gel pictures showing extension of 150 nM of
ne 3, 4, 5, and 6), and NTPmix (lane 2 and 8). Reactions in
s at 300 nM. The mutant for each gel is depicted on the top.
NA:RNA scaffolds incubated with 2 mM of no NTP (lane 1),
eactions in different gels were initiated by adding various
d on the top (c) Plot showing percentage incorporation of 2-
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glycerol, and 2 mM DTT). The purity of the protein was
assessed by sodium dodecyl sulfateepolyacrylamide gel
electrophoresis and the final concentration was estimated
using the bicinchoninic acid (BCA) protein assay (Thermo
Scientific). The protein was also subjected to mass
spectrometry to assess its purity and confirm the molecular
weight. DRPoTm mutants (Q770A, Q753A, Q753R,
H883A, and Y760A) were purified using the affinity
chromatography as performed for the wild-type enzyme.

Oligonucleotide annealing

The oligonucleotides were custom synthesized and
HPLC purified by Eurofins Genomics. The oligonucleo-
tides containing DNA lesion were custom synthesized and
HPLC purified from Sigma-Aldrich. The template (38nt),
nontemplate DNA (38nt) strands were mixed with 506-
FAMelabeled RNA (8nt) in the ratio 1.25:1.5:1 and
annealed by heating at 90 �C for 5 min followed by cooling
at room temperature. For DNA containing the lesion, the
DNA and RNA strands were mixed in the ratio 1.2:1 and
annealed as previously described.

Fluorescence anisotropy

6-FAMelabeled ES8T (5 nM) was titrated with increas-
ing concentration of DRpoTm in the buffer containing
25mMTris pH, 7.5, 100 mMNaCl, and 2mMDTT at 25 �C.
Fluorescence anisotropy readings (SpectraMax M5 plate
reader, Molecular Devices) were recorded at 492 nm
(excitation) and 517 nm (emission) and plotted against the
DRpoTm concentration. The data were then fitted to the
specific binding with the Hill slope equation to obtain the
equilibrium dissociation constant (Kd) in GraphPad Prism
7. The off-rates (koff) of ES:RpoTm complex were
determined by chasing a complex of FAM-labeled ES8T
(5 nM) and DRpoTm (60 nM) with unlabeled ES8 (500nM)
and the dissociation of FAM-labeled ES8 from the
DRpoTm was observed by monitoring the decrease in
fluorescence anisotropy. The data were fitted to one phase
decay equation (GraphPad Prism 7) to obtain the off-rates
(koff).

Transcription assay

150 nM of the ES8 was taken in the 1X reaction buffer
containing 25 mM Tris pH 7.5, 15 mM MgCl2, 1 mM DTT,
and 0.05 mg/ml BSA in a total of 10 ml reaction volume and
mixed with 2 mMNTP or the modified bases such as 8-oxo-
GTP or 2-hydroxy-ATP. The reaction was initiated using
RpoTm at 300 nM and incubated at 27 �C for 30 min.
Reaction was stopped using 5 ml of stop solution contain-
ing 20 mM EDTA, 80% formamide, 1 mg/ml xylene cyanol,
and 1 mg/ml bromophenol blue. The samples were heated
for 5 min at 95 �C before loading on a 24% PAGE
containing 8 M urea and run in the 1X TBE buffer.
Resolved products were then observed by excitation at
488 nm and the bands were visualized and recorded using
a Typhoon FLA 7000 scanner (GE Healthcare). The
intensity of the observed bands was quantified using
Image Quant TL, 1D gel analysis software. T7 RNAP was
procured from NEB (Catalog number M0251S) and the
assay was performed as previously described using
300 nM of enzyme and 50 mM of NTPs.
For lesion bypass, synthetic DNA oligonucleotides

containing lesions (8-oxo-guanine, AP site, 8-oxo-ade-
nine) (Sigma) at the ninth position from the 30 position were
hybridized with the corresponding 8-mer FAM-labeled
RNA. The assay is performed by taking 150 nM of scaffold,
50 mM NTP, and 300 nM DRpoTm at 27 �C. Any deviation
in the reaction condition is mentioned in the corresponding
figure legend.

Steady-state kinetics

Initially time course reactions were carried out to
establish a time point at which not more than 20% of the
primer had been extended [45]. These reactions were
carried out for the template baseeincoming nucleotide
combinations. Two hundred nM of the scaffold was mixed
with varying concentrations of the incoming NTP and
15 nM of RpoTm (except for some miss incorporation
kinetics). The reaction was carried out at 27 �C for 10 min.
In case of (1) dA:ATP, dC:2-hydroxy-ATP; (2) dG:GTP,
dA:2-hydroxy-ATP; and (3) dT:8-oxo-GTP misincorpora-
tions, the enzyme concentration taken was 60 nM, 80 nM,
and 100 nM, respectively, and the reaction was carried out
at 27 �C for 15 min. For Q753A DRpoTm, the kinetics of
dT:ATP and dT:2-hydroxy-ATP was carried out at 20 nM
and 50 nM of enzyme, respectively. The products were
then resolved on a 24% polyacrylamide gel containing 8 M
urea. The resolved products were observed by excitation
at 488 nm, and the bands were visualized and recorded
using a Typhoon FLA 7000 scanner (GE Healthcare). The
intensity of the observed bands was quantified using
Image Quant TL, 1D gel analysis software. Steady-state
kinetic parameters, Km and Vmax for each combination of
template and incoming nucleotide were determined using
a Lineweaver-Burk plot.

Homology modeling of RpoTm

A homology model of RpoTm was constructed based on
the elongation complex structure of T7 RNAP (PDB ID:
1S76). Themodel includes the RNA primer, DNA template,
and two bound Mg2þ ions. The modeling was carried out
using Discovery Studio 3.5 (Dassault Syst�emes BIOVIA,
Discovery Studio Modelling Environment). Subsequently,
the nonhydrolyzable ATP (i.e., APC) was modified to GTP,
ATP, 8-oxo-GTP, and 2-OH ATP, and the templating base
dT was mutated to dA and dC in Coot [51]. The sequence
of the 1S76 structure was aligned against the target
sequence to identify the matched regions. Based on the
atomic coordinates of the T7 RNAP structure, the DRpoTm
structure was modeled. After modification, the final model
was energy minimized using the steepest descent (steps
200) with the CHARMM (Chemistry at HARvard Molecular
Mechanics) force field. During energy minimization, the
DNA-RNA complex was constrained to reduce distortion in
the DNA-RNA backbone. Constructed models were
verified by Ramachandran plot in Coot and the figure
was generated in PyMol. For further analysis, the CON-
TACT program of CCP4 [52] was used to find the
interacting amino acid residues with incoming NTP within
the 4 Å radius.
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