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Single subunit RNA polymerases have evolved 2 mechanisms to synthesize long transcripts without falling off a DNA
template: binding of nascent RNA and interactions with an RNA:DNA hybrid. Mitochondrial RNA polymerases share a
common ancestor with T-odd bacteriophage single subunit RNA polymerases. Herein we characterized the role of the
thumb subdomain of the yeast mtRNA polymerase gene (RPO41) in complex stability, processivity, and fidelity. We
found that deletion and point mutants of the thumb subdomain of yeast mtRNA polymerase increase the synthesis of
abortive transcripts and the probability that the polymerase will disengage from the template during the formation
of the late initial transcription and elongation complexes. Mutations in the thumb subdomain increase the amount of
slippage products from a homopolymeric template and, unexpectedly, thumb subdomain deletions decrease the
binding affinity for mitochondrial transcription factor (Mtf1). The latter suggests that the thumb subdomain is part of an
extended binding surface area involved in binding Mtf1.

Introduction

Mitochondrial RNA polymerases are evolutionary related to
the T-odd bacteriophage single subunit RNA polymerases.1,2

Crystal structures of the human mitochondrial RNA polymerase
(hmtRNAP) and T7 RNA polymerase (T7RNAP) reveal the
structural conservation of the C-terminal or polymerase domain
which resembles a cupped right hand in which specific subdo-
mains dubbed palm, fingers and thumb are arranged to interact
with an RNA:DNA hybrid, bind NTPs and catalyze rNMP
incorporation.3-6 In comparison to T7RNAP, yeast mitochon-
drial RNA polymerase (ymtRNAP) and hmtRNAP have an extra
N-terminal domain implicated in transcription-translation cou-
pling.7,8 This N-terminal domain, folds as a pentatricopeptide
repeat that interacts with the nascent RNA and possibly with
translation associated proteins.4 Structural elements like the pro-
moter recognition and DNA intercalating b-hairpin loops fulfill
analogous functions in promoter recognition and opening in
ymtRNAP and T7RNAP.9-11 In contrast to phage RNAPs, mito-
chondrial RNAPs require accessory factors for promoter recogni-
tion, melting and termination.12,13

T7 DNA and RNA polymerases achieve complex stability
while allowing lateral movement via their thumb subdomains.
In T7DNAP, an extended loop of the thumb subdomain
interacts with thioredoxin to present a large surface that
interacts with DNA, and in T7RNAP the thumb subdomain
is a flexible element important for processivity, stability of
the late initiation and elongation complexes, and recognition
of Class II termination sequences.14-16 Mutagenesis studies of
the thumb subdomain in hmtRNAP shown that this
structural element contributes to the stability of the elonga-
tion complex.3 The thumb subdomain of nucleic acid poly-
merases has functions in addition to complex stability, such
as maintain frame-shift fidelity on homopolymeric runs,17

primer delivery in T7 DNAP,18 and recognition of Class II
termination sequences in T7 RNAP.19 In comparison to
human mitochondrial and T7 RNAPs, little is known about
roles of the thumb subdomain during transcription.3,14,19 In
order to fill this gap, we present an extensive characterization
of the thumb subdomain of ymtRNAP and its role in tran-
scription complex stability, processivity and frame-shift
fidelity.
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Results

The thumb subdomains of ymtRNAP and T7 RNAP share
low amino acid sequence identity

A structure-based sequence alignment of the thumb subdo-
main of T7RNAP, hmtRNAP and ymtRNAP shows that the 2
a helices that comprise their thumb subdomains (L and N
according to the crystal structure of the T7RNAP elongation
complex) only share 15% in amino acid identity (Fig. 1A). Since
the poor sequence conservation meant that we could not identify
residues in ymtRNAP that would correspond to functionally
assigned residues in the T7RNAP thumb, and because the thumb
subdomain consists of more than 45 residues, we created 3 con-
structs in which we replaced 2 positively charged residues with
alanine in different regions of the thumb subdomain. Construct
TH_A mutates residues R780 and K783, located at the N-termi-
nal tip of thumb subdomain; construct TH_B mutates amino
acids K787 and K792 at the middle of the predicted a helix N;
and construct TH_C mutates residues R797 and R800 located at
the C-terminal end of a helix N of the thumb subdomain. As the
thumb subdomain is a flexible subdomain that encircles the

RNA-DNA hybrid in elongation complexes of T7RNAP and
hmtRNAP,3,20 we constructed 2 deletion mutants of 5 and 11
amino acids in the putative loop that connects aL and aN
(TH_D5 and TH_D11). Misfolded ymtRNAPs have a strong
tendency to aggregate. Our point and deletion mutants present a
similar elution profile in a S200 gel filtration column, indicating
that they are properly folded and that the deletion mutants only
cause local changes in structure (data not shown).

Alanine Scanning and deletion mutants increase abortive
termination

To determine the effect of mutations in the thumb subdo-
main we analyzed the transcription pattern for the wild-type and
mutants in a 35-mer run-off transcription reaction using the dou-
ble-stranded mitochondrial 14S rRNA promoter in the presence
of 20-fold molar excess of Mtf1. Abortive and run-off products
were resolved on 20% polyacrylamide denaturing gels. All thumb
mutants were active and efficiently synthesized run-off transcripts
(Fig. 2A), indicating that mutations in the thumb subdomain
did not alter the active site of the enzyme. Point and deletion
mutants synthesized longer RNA products when compared to

Figure 1. Structure-based sequence alignment of single subunit RNAPs and location of thumb subdomain mutants. (A) Structure based sequence
alignment of single subunit RNAPs thumbs, showing the amino acid sequence of the thumb subdomains of T7RNAP, and yeast (ymtRNAP) and human
(hmtRNAP) mitochondrial RNAP. Conserved residues are highlighted in gray and the 3 positively charged amino acids in the center of aN, are indicated
by a red asterisk. The amino acids that comprise a-helices L and N are highlighted by purple and red lines respectively. The red line indicates the amino
acids corresponding to a 40 amino acid deletion of hmtRNAP3 (B) Structural model of an elongation complex of ymtRNAP showing the thumb subdo-
main. a-helices L and N are in purple. Alanine substituted residues are shown in stick representation, deleted regions are colored in yellow (TH_D5) and
green (TH_D11). RNA is in cyan, Non template (NT) strand in magenta and Template (T) strand in orange. (C). Table indicating the location of residues for
the alanine substitution and deletion mutants generated in this work. (D). Expanded view of the thumb subdomain mutants.
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the wild-type enzyme. These products may represent addition of
non-templated NTPs or misincorporation (Fig. 2A, lanes 2 to
6). As previously observed, wild-type ymtRNAP synthesized
abortive products, from 2 to 8-mers, before beginning processive
transcription (Fig. 2A, lane 1). As the syn-
thesis of the more abundant 2-mer and
run-off transcripts may mask other prod-
ucts, the quantification of the abortive syn-
thesis focuses on products from 3 to 11 nts
(Fig. 2B). Point mutants, with the excep-
tion of TH_A, presented a decrease in the
amount of abortive 2-mers (Fig. 2A, lanes
1 to 4). In contrast to the synthesis of 2-
mers, the TH_B mutant increased the syn-
thesis of abortive 3-mers by 5-fold, TH_A
increased synthesis of 4-mer by 2-fold,
whereas TH_C and the deletion mutants
did not increase the synthesis of abortive
transcripts. Mutants TH_D5 and
TH_D11 synthesized fewer abortive tran-
scripts, and TH_D11 synthesized aberrant
short transcripts that may be the result of
misincorporation due to template strand
slippage (Fig. 2A, lanes 5 and 6).

All mutants presented an increase in
abortion and termination products after
the synthesis of a 6-mer. There were multi-
ple differences in the transcription patterns
between the thumb mutants during elon-
gation. TH_A and TH_B present a tran-
scription termination pattern centered at
»22 nts whereas TH_C termination is
centered at »11-nts, and the deletion
mutants increase termination between 24
to 33 nts before reaching the end of the

template. These results indicate that mutations at the thumb sub-
domain decrease the overall stability of the initial transcription
(ITC) and elongation complexes (EC).

Figure 2. Thumb mutants increase abortive
and early termination transcripts. (A) Dena-
turing 15% acrylamide, 7M urea gel showing a
run-off transcription assay of wild-type and
mutant ymtRNAPs. RNAPs were present at a
concentration of 0.1 mM with 2 mM Mtf1. The
55 nt long 14S rRNA promoter was at 0.01 mM.
The length of the run-off (35-mer) and abortive
transcripts (2–9 mers) as well as early termina-
tion products (10–22 mers) are indicated. Lane
1. Wild-type enzyme; Lane 2, TH_A mutant;
Lane 3, TH_B mutant; Lane 4, TH_C mutant;
Lane 5, TH_ D5 and lane 6 TH_D11 mutant.
The RNA products are indicated with arrows.
Aberrant transcription products are indicated
by a triangle. (B) Quantification of abortive and
early termination products for the mutants
TH_A (cyan), TH_B (red), TH_C (green) com-
pared with the wild-type enzyme (black). The
intensity of the bands was normalized with
respect to the run-off product of each enzyme
(at 35-mer).

516 Volume 12 Issue 5RNA Biology



Alanine Scanning and deletion mutants decrease the stability
of early and late transcription initiation complexes

To further evaluate the effect of mutations in the thumb sub-
domain on the stability of transcription complexes, we measured
the steady-state transcript synthesis of complexes halted at the 2-,
7-, and 12-mer points by NTP omission. Under such conditions
the rate of transcript synthesis is limited by the stability (turn-
over) transcription complexes if the rate of complex dissociation
is slower than the sum of the rates of the other steps in the reac-
tion.14,21 The TH_A, deletion mutants and WT polymerases
exhibited similar amounts of 2-mer synthesis (Fig. 3A, B), while
the TH_B and TH_C mutants exhibited a modest 2.5-fold
increase in 2-mer synthesis relative to WT (Fig. 3A, B). These
data indicate either that the thumb subdomain is not important
for the stability of the 2-mer complex or that, as in T7RNAP,
the 2-mer complex is so unstable that 2-mer synthesis is not lim-
ited by complex turnover14. In contrast, there was a large increase
in transcript synthesis for all mutants halted at the 7-mer stage,
especially for TH_B and TH_D11 which increased synthesis
rates by 7 and 9-fold, respectively. This indicates that the thumb

subdomain is involved in stabilizing the late ITC (RNA > 5
mer), and is consistent with the idea that short (2–3 mer) tran-
scripts readily dissociate from the transcription complex, but that
upon growth of the RNA chain and formation of an extended
RNA:DNA hybrid, the complex is stabilized by the thumb sub-
domain as in other single-subunit RNA polymerases.3,14

Mutations in the thumb subdomain destabilize elongation
complexes in supercoiled, but not linearized, templates

To determine if thumb deletions destabilize the elongation
complex (EC), we measured the turnover rate of 12-mer elonga-
tion complexes on supercoiled and linear templates (pUC19–
14S). We found that the turnover rate of the thumb mutants was
similar to the wild-type polymerase on a linear template
(Fig. 4A, B). However, when we measured the turnover rate on a
supercoiled template, only the complex formed with the wild-
type enzyme was as stable as on a linear template complex.
TH_A and TH_B strongly destabilized these complexes, while
TH_C and TH_D5 had lesser effects on stability (Fig. 4C, D).
This surprising result is entirely consistent with previous

Figure 3. Effect of the thumb subdomain on the stability of the 2-mer and 7-mer complexes measured by steady-state transcript synthesis. (A and D)
Representative turnover experiments of transcription reactions with wild-type and mutant ymtRNAPs in which transcript extension was limited to 2 nts
(A) or 7nts (D) by inclusion of only ATP, or ATP and UTP, respectively. Time points were at 2, 8, 16 and 32 minutes. Mitochondrial RNAPs were at 10 nM
and Mtf1 at 200 nM, with synthetic 14s promoter at 20 nM. (B and E) Relative turnover rates for 2-mer and 7-mer synthesis. The relative turnover rate
was calculated from the slope of the accumulation of transcription products in (A). Error bars indicate the ranges from 3 independent experiments. (C
and F) Structural model of ymtRNAP in the early initiation complex (ITC3) or late initiation complex (ITC7) based on T7RNAP ITC structures. The thumb
subdomain is in blue, point mutations in red, deletion mutants in yellow (5 amino acids) or green (11 amino acids). Non-template DNA strand is in light
purple, the template strand is in orange, and RNA is represented as blue spheres.
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observations with T7RNAP that simi-
larly showed that thumb mutations in
T7RNAP destabilizes ECs on super-
coiled, but not linear, templates21.
This was shown to be due to formation
of extended RNA:DNA hybrids on
supercoiled templates which resulted in
disruption of T7RNAP interactions
with the nascent single-stranded RNA.
The combination of loss of nascent
RNA:RNAP contacts with thumb
mutations led to exceptional EC insta-
bility. Our results indicate that the
ymtRNAP thumb is similarly involved
in EC stability.

Mutations of the thumb
subdomain decrease synthesis of long
transcripts

Once ymtRNAP synthesizes a tran-
script longer than »9 nts it switches
from abortive to processive RNA synthe-
sis. During processive synthesis the RNA
polymerase elongates the RNA chain
without falling off the template.8 Since
point and deletion thumbmutant results
unstable late ITC and ECs we were
interested in determining if the mutants
show a decrease in the synthesis of long
transcripts. We measured the total
amount of RNA product from a linear-
ized template that generates a transcript
of 2.7 kb. The amount of full-length
transcript synthesized by the thumb
mutants ranged from 19 to 25% of that
transcribed by wild-type ymtRNAP
(Fig. 5, lanes 1 to 6). In contrast, on a template that allows synthesis
of a 34-mer transcript, the wild-type and thumbmutants synthesize
similar amounts of run-off products. This specific deficit of the
thumb mutants in synthesizing long runoff transcripts indicate that
these mutants reduce ymtRNAP processivity, most likely by
increasing the rate at which the EC dissociates so that fewer com-
plexes reach the end of a long template.

Deletion mutants affect frameshift fidelity
Mutations in the thumb subdomain of DNA polymerases

decrease frameshift fidelity but not base substitution fidelity.17

Because thumb ymtRNAP mutants synthesize longer transcripts in
a 35-mer run-off assay (Fig. 2A), we decided to test if mutations in
the thumb subdomain have any effect on fidelity of transcription of
homopolymeric templates that promote template:RNA slippage.
The experiment consisted of incubating preassembled DNA:RNA
scaffolds in which the templating bases consisted of runs of increas-
ing numbers of thymines, from 1 (1T) to 6 (6T). Fidelity is assayed
in individual transcription reactions in the presence of ATP, CTP,
GTP or UTP. In transcription reactions using a scaffold with one

thymine in the presence of ATP only, wild-type and deletion
mutants incorporate 1 or 3 AMP (T7RNAP incorporated 2–3
AMPs on this template; Fig. 6A, lane 22). However, no misincor-
poration of GTP, UTP or CTP was observed when these NTPS
were added (Fig. 6A, lanes 2,7,12,17), indicating that misincorpo-
ration remains low in the reactions with thumbmutants. On a tem-
plate with 2 thymines, the wild-type, thumb mutants and T7
RNAPs incorporated 4 AMPs (Fig. 6B, lanes 2,7,12,17). However,
in contrast to the ymtRNAPs, T7 RNA polymerase also misincor-
porated GTP and CTP (Fig. 6B, lanes 21–24). On a template with
3 thymines, all mutants, except TH_D11, incorporated 4–6 AMPs.
The TH_D11 mutant synthesized a ladder of 4–11 AMPs
(Fig. 6C, lanes 16) and also misincorporated GMP (Fig. 6C, lanes
2,7,12,17). With a run of 5 thymines, wild-type and mutant
RNAPs incorporated 6–7 AMPs, while the TH_D11 mutant syn-
thesized a ladder of 7–18 AMPs, and also misincoporated GMP.
On a run of 6 thymines, the wild-type enzyme incorporated 7–8
AMPs, the TH_B mutant incorporated 7–9 AMPs, TH_D5 incor-
porated primarily 8 AMPs but also produced a ladder of 8 to 12
AMPs, while TH_D11 produced a ladder of 8 to>20 AMPs.

Figure 4. Effect of the thumb subdomain on the stability of the 12-mer elongation complex as mea-
sured by steady-state transcript synthesis. (A and C). Representative experiment for measuring the
turnover of wild-type and mutant RNAPs during synthesis of 12-mer transcripts on Hind III linearized
or supercoiled pUC-14S templates with 0.5 mm ATP, GTP, and 3’-dCTP. Proteins and template concen-
trations are as in Figure 3. (B and D). Steady-state rates of 12-mer synthesis on linear (A and B) or
supercoiled (C and D) templates. Error bars indicate SE for 3 independent experiments.
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The thumb subdomain is involved in Mtf1 binding
The interface between ymtRNAP and Mtf1 is not completely

defined but deletions in the N-terminal domain of ymtRNAP
weaken the interactions with Mtf1.8 Since the thumb subdomain
is adjacent to the N-terminal domain we were curious to see if
thumb mutants affected this interaction. In our standard tran-
scription reactions Mtf1 was maintained at 20-fold molar excess
over ymtRNAP (Fig. 2). Since wild-type ymtRNAP and Mtf1
form a 1:1 complex and this interaction is necessary for transcrip-
tion on duplex promoters, we decided to assay run-off transcrip-
tion reactions with increasing concentrations of Mtf1, from 1 to
16-molar excess. The rationale for this experiment is that if
thumb mutants are deficient in Mtf1 binding, then increasing
Mtf1 concentrations should at least partially correct the deficits
in thumb mutant activity. We observed that the total amount of
run-off transcription is not altered as the Mtf1 concentration was
increased from 1 to 16-fold excess in reactions with wild-type

polymerase or the point mutants (Fig. 7A, lane 1 to 5 and data
not shown). However, the thumb deletion mutants required a 4-
fold molar excess of Mtf1 to reach the maximum level of tran-
script synthesis (Fig. 7A, lanes 8 and 14). As observed in
Figure 2, wild-type ymtRNAP transcribed the expected 35-mer
run-off product, whereas deletions in the thumb subdomain tran-
scribed longer RNA products (Fig. 7A). To more directly iden-
tify possible binding defects between the deletion mutants and
Mtf1, we performed an electrophoretic mobility shift assay
(EMSA) assay with fixed concentrations of ymtRNAP and
increasing concentrations of Mtf1 and a duplex 14S rRNA pro-
moter. As previously reported, wild-type ymtRNAP shifts the
labeled probe at 1:1 molar ratio of Mtf1.9 However, TH_D5
requires a 4-fold excess of Mtf1 to shift the probe, and TH_D11
requires a 16-fold excess. The apparent Kd (measured as the inter-
action of the ymtRNAP-Mtf1 complex with a DNA template)
for wild-type, TH_D5, and TH_D11 RNAPs on a duplex tem-
plate were found to be 0.5 £ 10¡6 M, 1.5 £ 10¡6 M, and 5 £
10¡6 M respectively (Fig. 7B). To see if these the observed bind-
ing differences are due to an interaction between Mtf1 and the
RNAPs, and not due to the ability of the thumb mutant RNA
polymerases to bind the promoter, we performed the same
EMSA assay with a ‘pre-melted’ promoter (containing mis-
matches between the T- and NT-strands) (Fig. 7C). On such
promoters, Mtf1 is not required for promoter melting. In con-
trast to the apparent dissociation constants on a duplex promoter
in which the wild-type and TH_D11 Kd values differ by 10-fold,
the apparent dissociation constants on a pre-melted promoter
were 0.14 £ 10¡6 M, 0.16 £ 10¡6 M and 0.21 £ 10¡6 M for
wild-type, TH_D5 and TH_D11 mutants respectively. We also
measured the affinity of Mtf1 for the RNAPs by ultrafiltration of
reactions with equimolar ymtRNAP and Mtf 1through mem-
branes with 100 kDa MW cut-offs. Retenate and filtrates were
collected and analyzed on 10% SDS PAGE (Fig. 8). In reactions
with wild-type (Fig. 9, lanes 2 and 3) or the thumb point
mutants (data not shown) all the Mtf1 is present in the retenate.9

The deletion mutants, however, were deficient in interacting
with Mtf1 as all detectable Mtf1 was found in the filtrate (Fig. 8,
lanes 6 and 9).

Discussion

Rationale for targeting a region on helix N of the ymtRNAP
subdomain for structure-function analysis

Structural and biochemical data from human mitochondrial
and T7 RNA polymerases indicate that the thumb subdomain
mediates elongation complex stability via the interaction with
positively charged amino acids with the sugar-phosphate back-
bone of the RNA:DNA hybrid.3,14,15,22 In contrast to those
RNA polymerases, no structural information for ymtRNAP has
been obtained to date. Thus, structure-function hyphothesis on
ymtRNAP are driven by structural models and amino acid align-
ments.8,9 Crystal structures of elongation complexes of T7RNAP
show that residues R386 to R394 are involved in stabilizing a 7-
base pair RNA:DNA hybrid,22 whereas residues K767 to E788

Figure 5. ymtRNAP thumb mutants decrease synthesis of long tran-
scripts. (A) Representative experiment for wild-type and modified RNAPs
measuring the ability to synthesize transcripts of 2.6 Kb using a linear-
ized pUC-14S rRNA template. Reactions were pre-incubated with DNA,
ymtRNAP, Mtf1, 2 mM MgCl2, ATP, UTP and GTP for 5 minutes to allow
RNAP binding and transcription initiation. CTP and 0.01 mg/mL of hepa-
rin (to inhibit reinitiation) were then added. Samples were loaded onto a
denaturing formaldehyde gel, which was dried and exposed to a phos-
phor-screen (B) Percentage of the total transcript signal for each mutant
with reference to wild-type (considered as 100%). Error bars indicate SE
for 3 independent experiments.
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stabilize a 9-base pair RNA:DNA
hybrid in human mitochondrial RNA
polymerase.3 In human mitochondrial
RNA polymerase, residues H748 to
Q766 of the thumb subdomain con-
tact DNA 10 to 13 base-pairs upstream
of the RNA 30-end, whereas in the
T7RNAP elongation complex this
region of the upstream DNA contacts
the N-terminal domain. Thus, differ-
ences in the architecture of the tran-
scription bubble and location of the
upstream DNA mean that the thumb
subdomain of hmtRNAP makes more
DNA interactions than its T7RNAP
counterpart. A structural alignment of
ymtRNAP with T7RNAP and
hmtRNAP indicates that the thumb
subdomain of ymtRNAP is comprised
of residues 737 to 813 (Fig. 1) and pla-
ces a set of positively charged amino
acids close to the center of aN of the
thumb subdomain. Based on this
structural alignment and taking into
account the structural differences
between T7RNAP and hmtRNAP
elongation complexes, we constructed
thumb subdomain mutants of ymtR-
NAP distributed across an interval of
20 amino acids (from R780 to R800)
(Fig. 1).

The thumb subdomain is involved
in complex stability

Thumb subdomain mutants and
wild-type ymtRNAP displayed similar
run-off transcriptional activity on a 35-
mer template. However, point and
deletion mutations increased the syn-
thesis of abortive transcripts, indicating that they weaken initial
transcription complex (Fig. 2). Deletions in the thumb subdo-
main also increased the addition of extra nucleotides at the 3’
end of the run-off transcript. It is interesting to note that differ-
ent single-subunit RNA polymerases have different propensities
for extra 30 NMP incorporation. For instance, in T7RNAP 15 to
70% of the transcripts can contain extra nucleotides, whereas
RNAP from bacteriophage Syn5 does not incorporate extra
nucleotides.23,24 As bacteriophage Syn5 RNAP is more proces-
sive than T7RNAP, it is possible that the addition of extra
nucleotides in thumb mutants is due to an RNA:template strand
misalignment, suggesting that an enzyme defective in interactions
with the RNA:DNA hybrid would increase extra nucleotide
addition.25

Transcription reactions are divided into an early initiation
(»2–5mer), late initial transcription (»6–12mer) and elongation
(>»8–14mers; the specific base lengths at which these phases

transition can vary for different RNAPs or promoters). The
thumb subdomain of T7RNAP does not detectably stabilize the
early ITC at the 2-mer stage as assessed by the effects of thumb
mutations on turnover.14,21 In the case of ymtRNAP, TH_A
mutation did not affect 2-mer synthesis rates, while the TH_B
and TH_C mutants increased 2-mer synthesis by ~2-fold
(Fig. 3A), suggesting that while the ymtRNAP thumb may inter-
act with RNAs as short as 2 nts, the contribution of the thumb
subdomain to the stability of the 2-mer initial complex is mini-
mal. This is in agreement with a crystal structure of a T7RNAP
initial transcription complex with a 3-mer RNA, which reveals
the thumb positioned to interact with RNA:DNA hybrids longer
than 4-nt, but not with 2- or 3-mers,26 and with biochemical
experiments showing that the thumb subdomain of ymtRNAP is
not involved in stabilizing an early ITC.14 In contrast to the min-
imal effect of thumb mutations on 2-mer synthesis, thumb
mutants increased the turnover of the late ITC 7-mer by 2–8

Figure 6. Frameshifting by transcriptional slippage is increased in thumb deletion mutants.
Right Side: Representative experiment for determining frame-shift fidelity by wild-type and mutant
RNAPs. Each panel (A–D) contains the following experimental setup: no NTPs (¡), ATP (A), UTP (U),
GTP (G) or CTP (C). RNA polymerases were assayed in the following order: WT, TH_B, TH_D5, TH_D11,
and T7RNAP. Reactions were performed in the presence of 0.1 mM enzyme and 0.05 mM template.
Panels from A (scaffold with one thymine) to E (scaffold with 6 thymines) correspond to templates
with increasing runs of thymines. Solids arrows indicate frameshift errors, and dotted arrows indicate
base substitution errors. Left Side: Graphical Representation of the RNA:DNA scaffolds. RNA probe in
blue, DNA probe in black, thymine homopolymers in red.
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fold, with TH_B and D11 mutants forming most unstable com-
plexes (Fig. 3D). The T7RNAP-based model for the late ymtR-
NAP IC (Fig. 3F), indicates that the 2 residues mutated in

TH_B (K787 and K792) are positioned to interact with the -4
and -5 nucleotides of the RNA:DNA hybrid. We also observed
that the thumb mutants increase turnover of a halted 12-mer EC

with respect to the wild-type enzyme. This effect is specially
observed on super-coiled templates (Fig. 4). This may be because

Figure 8. MTF1 binding to wild-type and deletion mutants assessed
by ultra-filtration. Equimolar mixtures of wild type, TH_ D5 or TH_D11
ymtRNAPs with Mtf1 were mixed in transcription buffer and filtered
through a 100 kDa MW cut-off Microcon centrifugal filter unit. Samples
were analyzed by 10% SDS-PAGE. Unfiltered reactions corresponding to
wild type, TH_ D5, TH_D11 yeast mtRNAPs with Mtf1 are in lanes 1, 4
and 7. Retentates were run in lanes 2, 5 and 8, and filtrates in lanes 3, 6,
and 9.

Figure 9. Homology model of ymtRNAP showing mutants that alter
MTF1 binding. Ribbon representation of ymtRNAP based on the crystal
structure of the elongation complex of hmtRNAP. The putative PPR
domain is colored in purple, and the RNA polymerase domain is colored
in orange. Point mutations that decrease the interaction between ymtR-
NAP and Mtf1 are located on the promoter specificity loop, intercalating
b-hairpin and thumb subdomain. Amino acids whose mutation weakens
the interaction between ymtRNAP and Mtf1 are in space filling
representation.

Figure 7. Thumb subdomain mutants shown reduced activity and
complex formation with limiting amounts of Mtf1. (A) Representative
run-off experiment for wild-type and thumb deletion mutants and
increasing Mtf1 concentrations. The ratio of Mtf1 to ymtRNAP mutants
was varied from 1 to 16 fold. The run-off product (35-mer) and longer
RNA products are indicated by arrows. In the reactions in which wild-
type ymtRNAP is present the synthesis of RNA does not change as the
concentration of Mtf1 is increased. However, the thumb deletion
mutants need 4-fold excess of Mtf1 to reach achieve the maximal
amount of synthesis. Differences in transcript length (Fig. 7A lanes 1–
5 vs lanes 8–14) correspond to aberrant transcripts synthesized by
thumb mutants (as observed in Fig. 2). (B) Electrophoretic mobility shift
assay with wild-type and deletion mutants on synthetic double stranded
14S rRNA promoters with increasing Mtf1:ymtRNAP ratios as in panel A.
Wild-type ymtRNAP forms a complex with Mtf1 at 1:1 molar ratio, how-
ever deletion mutants require 4-fold (TH_D5) or 8-fold (TH_D11) excess
of Mtf1. C. Electrophoretic mobility shift assay with wild-type and dele-
tion mutants on a synthetic pre-melted 14S rRNA promoter with increas-
ing RNAP concentrations.
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transcription on supercoiled templates results in ECs with
extended RNA:DNA hybrids which disrupt interactions between
the normally single-stranded RNA and the RNAP. This disrup-
tion, coupled with mutations in the thumb, results in EC instabil-
ity, as shown previously for T7RNAP.21 In contrast, a large
deletion of 40 amino acids in the hmtRNAP thumb exhibits a
decrease in complex stability mainly at high salt concentrations.3

The thumb subdomain is important for frame-shift fidelity
Mutations in the thumb subdomains of DNAP decrease

frame-shift fidelity.17,27 Because of the appearance of longer aber-
rant transcripts in run-off transcription reactions in our thumb
mutants, we tested their fidelity on templates with runs of thy-
mines, which have been shown to cause frame-shifts during tran-
scription or replication. We found that deletions in the thumb
subdomain increase the number of AMPs incorporated at thy-
mine runs. This phenomena starts with a run of 3 thymines, and
AMP incorporation is seen to increase as the length of the thy-
mine run increases (Fig. 6). In yeast and bacterial multi-subunit
RNAP, mutants that increase transcript slippage map to residues
involved in stabilizing the RNA:DNA hybrid of the EC.

28,29

The thumb subdomain is involved in Mtf1 binding
Mtf1 is a 341 amino acid protein homologous to rRNA meth-

yltransferases, and consists of an a-b domain, a 4 helix domain
and a disordered 17 amino acid C-terminal region.30 The bind-
ing surface between ymtRNAP and Mtf1 is not fully defined and
ymtRNAP mutants that are deficient in binding to Mtf1 are dis-
tributed across the polymerase in regions that are far from each
other.8,31,32 ymtRNAP is unable to melt a double stranded pro-
moter in the absence of Mtf1. We determined if thumb mutants
would have an effect on Mtf1 binding, and found that deletions
of 5 and 11 amino acids in the thumb subdomain of ymtRNAP
exhibit weakened Mtf1 binding as assed by EMSA and ultra-fil-
tration experiments (Figs. 7 and 8). On a model of ymtRNAPs
based on the elongation complex of hmtRNAP (Fig. 9), amino
acids that decrease Mtf1 binding when mutated span multiple
regions of ymtRNAP including the N-terminal region, and the
promoter specificity and intercalating b-hairpin loops.8,31,32 As
the thumb subdomain is located near the intercalating hairpin
and N-terminal domain, a contribution of the thumb subdomain
to Mtf1 interaction is structurally reasonable, and consistent with
recent EM studies of the human mitochondrial transcription ini-
tiation complex and the Mtf1 ortholog (TFB2M)33 and of the
ymtRNAP ITC.34

Material and Methods

Molecular biology methods
Mutant ymtRNAPs were constructed using Quick-Change

directed mutagenesis kit as previously described.10 Wild-type
and mutant ymtRNAPs were over-expressed in E. coli BL21
(DE3) Star and purified as previously described.9

Transcription assays
Transcription (run-off) reactions (15 mL volume) were con-

ducted at room temperature for 15 min in 20 mM Tris-HCl
(pH 8.0), 4 mM MgCl2, 10 mM DTT, and 50 mM NaCl
(Transcription Buffer) with synthetic promoter templates at
0.05 mM, ymtRNAPs at 0.3 mM and Mtf1 (when present) at
1.8 mM, NTPs at 0.5 mM, and 0.1 mCi/mL of 3000 Ci/mM
32P-a- ATP to label the transcripts. One to one volume of 98%
formamide - 100 mM EDTA (stop buffer) was used to stop the
reaction. Transcription reactions were resolved by denaturing
polyacrylamide gel electrophoresis and quantified on a Molecular
Dynamics Storm Phosporimager. Synthetic promoter templates
with modified 14S mitochondrial promoter sequences were used
in these reactions. The oligonucleotide sequences to assemble the
14S duplex promoter (annealing of 14S¡NT C 14ST) were pre-
viously described.9,10

Stability on supercoiled versus linear template experiments
was measured at room temperature following the conditions
described above except that only ATP (2-mer complex) or
ATP and UTP were added to the master mix, and the reac-
tion was sampled at different incubation times as indicated in
figure legends. Templates used for these experiments were
constructed by annealing of oligonucleotides (14Sn_T and
14Sn_NT). These oligonucleotides have the 14S native
promoter sequence reported previously35 but with restriction
sites for EcoRI and BamH I at their 5’ and 3’ ends,
respectively. After annealing, the probe was digested and
cloned into pUC19 between the EcoRI and BamH I restric-
tion sites to create pUC19–14S. Linear versions of this tem-
plate were generated by digestion with Hind III enzyme.
Reagents and enzymes for cloning were from Thermo Scien-
tific and, oligonucleotide sequences were as described in sup-
plementary data.

Termination experiments were done using the same condi-
tions as for the run-off experiments, but with a different set
of promoters: pUC-14S was digested with BamH I and Sca I,
and the hybridized products were subcloned into these
restriction sites, producing 2 new template sequences: 14S-
T7term-pUC (14S promoter and T7 termination signal) and
pUC-14S- extended. These promoters were used as templates
in an amplification reaction with Pfu polymerase (Thermo
Scientific) using the primers pUC19_FW and Hind III_RW
in order to generate the template for termination experi-
ments. Reaction conditions were as follows: 50 ng/mL of
amplified template, 0.3 mM ymtRNAP and 1.5 mM Mtf1 in
a final volume of 20 mL.

Frameshift fidelity experiments were performed as
described by Temiakov and coworkers36 but with the follow-
ing modifications: DNA promoters were constructed to
hybridize with an 8 base RNA (supplementary data) and at
the 3’ end of the hybridization sequence one thymine residue
was added to create the 1T template. This process was
repeated to construct templates 2T, 3T, 5T and 6T contain-
ing increasing numbers of thymines. Transcription reactions
contained template at a concentration of 0.1 mM, RNAPs at
0.5 mM, and 100 mM of each NTP. Reactions were stopped
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with formamide-EDTA buffer. Transcription reactions on
linearized and supercoiled plasmids were conducted based on
the protocol described previously37 except that the ymtR-
NAPs and Mtf1 concentration and transcription buffer were
as described for the run off experiments. Transcription prod-
ucts were resolved on 1% agarose-formaldehyde gels. The gel
was dried and exposed on a phosphor-screen for visualization
and analysis.

Electrophoretic mobility shift assay
Electrophoretic mobility shift analysis experiments were con-

ducted with duplex or pre-melted 14S rRNA promoters. Reac-
tion mixtures contained fixed amounts of ymtRNAP and
synthetic promoter DNA (0.2 and 0.02 mM respectively) incu-
bated with increasing concentrations of Mtf1 (from 0.2 mM to
3.2 mM). Reactions were incubated in 20 mM Tris-HCl (pH
8.0), 75 mM NaCl, 5 mM DTT, 1 mM EDTA, and 10% glyc-
erol for 10 minutes and resolved on an 8% native acrylamide gel.
Data were fit to a quadratic equation to determine the equilib-
rium dissociation constant (Kd).

Structural Modeling

The structure of the elongation complex of ymtRNAP was
based on the crystal structures of the initiation and elongation
complexes of T7RNAP and the elongation complex of human
mitochondria RNA polymerase. Ten initial models were built
using the program MOE with the CHARMM22 force field.
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